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Abstract: An oxygen reduction reaction (ORR) is the key half reaction of proton exchange membrane
fuel cells (PEMFCs), and is highly dependent on Pt-based nanocrystals as core electrocatalysts. Despite
the exceptional ORR activity from adjusting the electronic structures of surface or near-surface atoms,
several serious issues, including the corrosion of carbon supports, the preferential leaching of active
metal elements, the instability of surface low-coordinated atoms and the sintering/agglomeration of
nanocrystals, still exist, challenging the ORR durability of developed Pt-based ORR catalysts. From
the point of view of the catalyst structure design, in this review, we summarized the state-of-the-art
structural regulation strategies for improving the ORR durability of Pt-based catalysts. The current
limitation of Pt-based binary catalysts for ORR electrocatalysis is firstly discussed, and the detailed
strategies are further classified into the optimization of supports, metal-doped alloys, core/shell
structures, intermetallics and high-entropy alloys, etc. The structure–performance relationship is
detailedly explained, especially emphasizing the elimination of the above restrictions. Finally, the
existing challenges and future research direction are further presented, aiming at practicing the
PEMFC devices of the ultradurable Pt-based catalysts.
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1. Introduction

The ever-increasing energy consumption and accelerating environmental destruction
have stimulated the development of alternative renewable energy [1–3]. As a favorable
candidate for fossil fuels, hydrogen (H2) has attracted more and more attention due to
its high energy density and the absolute cleanliness of its oxidation products, especially
the green hydrogen obtained using water electrolysis technology [4–7]. Proton exchange
membrane fuel cells (PEMFCs) are the typical devices used to realize the sustainable energy
conversion, which have shown the advantages of efficient power generation, low operation
temperature and environmental friendliness [8–11]. At the anode, a half reaction of PEMFCs
is the hydrogen oxidation reaction (HOR), which generally shows fast kinetics in an acidic
medium [12–14]. However, the oxygen reduction reaction (ORR), another key half reaction
of PEMFCs, shows extremely slow catalytic kinetics, making the overall efficiency of
PEMFCs significantly low [15–21]. Therefore, highly efficient ORR catalysts are necessary,
which brings opportunities for state-of-the-art Pt-based materials. Despite the extensive
applications, the low CO tolerance, poor durability and high cost of Pt catalysts limit the
further development and application of PEMFCs [22–25]. Although tremendous efforts for
seeking efficient and practical ORR electrocatalysts from earth-abundant materials, such as
carbon-based and transition metal-based catalysts, their activities are still uncompetitive
compared with Pt-based materials [26–29].
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A mainstream means for reducing the cost of Pt-based catalysts and improving the
ORR catalytic performance is to alloy Pt with nonprecious metals (M) to form PtM alloys
or M/Pt core/shell structures [30–33]. The consistency of experiments and theories has
proved that alloying can not only improve the utilization efficiency of Pt, but also optimize
the adsorption strength towards oxygen-containing intermediates through a potential
ligand/strain effect [34–36]. In this case, Hyundai and Toyota have deployed Pt-based alloy
nanoparticles for their commercialized fuel cell vehicles rather than pure Pt metals [37,38].
On the other hand, to further increase the exposure of surface-active atoms, a series of
anisotropic Pt-based catalysts were developed, such as nanowires, nanotubes, nanoplates,
nanoflowers and nanoframes, etc. [39–45]. These unique structures also endow them with
stronger interactions between catalysts and supports than their 0D counterparts, thus
accelerating the transfer of electrons and protons [46–49]. In addition, the combination of
several typical strategies, including defect engineering, (near)-surface regulation and local
coordination optimization, etc., can stimulate catalytic activity by adjusting the adsorption
of intermediates and enhancing the utilization of active sites [50–54]. These advanced
attempts make it possible for various highly active Pt-based ORR electrocatalysts.

Although extraordinary activities have been achieved, the above-mentioned promising
results of those Pt catalysts are frequently not reproduced under practical PEMFCs in
industry [22,55–58]. This further challenges the durability of these Pt-based catalysts, which
is also an important parameter for evaluating their catalytic performance. Considering the
aspect of catalysts, the dominant factor for which the stability of catalysts is not enough
to meet the actual PEMFCs is the inevitable leaching of nonprecious metals during the
operation of the electrocatalytic reactions [59,60]. This is mainly due to the fact that the
alloying metals are inherently less resistant than Pt under acidic and oxidative conditions.
Moreover, the instability of the exposed active facets with high surface energies is another
issue, in that the Pt-based catalysts with an anisotropic morphology cannot operate under
a harsh PEMFC environment for a long time [61–63]. This is also the reason why the
commercial PEMFC catalysts are alloy nanoparticles instead of having highly controlled
morphologies [9,64]. The utilization of carbon supports is also a bottleneck to improve
the stability of PEMFCs, because carbon supports will be seriously oxidized and corroded
during the electrochemical process, especially under transient conditions such as startup
or shutdown as well as the local fuel starvation events at the anode [55,65,66]. This will
lead to the separation and aggregation of Pt particles, decreasing the electrochemical
specific areas (ECSAs). Over the past several decades, tremendous progress has been made
in developing highly durable Pt-based ORR catalysts and exploring their degradation
mechanisms [10,67–71]. Therefore, a report which can systematically review the strategies
to boost the durability of Pt-based ORR catalysts and establish the degradation mechanism
from the atomic scale seems timely and significant.

In this review, several typical strategies to alleviate the degradation and improve
the durability of Pt-based alloys during ORR electrocatalysis will be systematically sum-
marized. The mechanism of the PEMFC operation and the essential reasons behind the
degradation of Pt-based catalysts will be firstly elucidated. Then, a series of latest strategies
for designing ultradurable Pt-based catalyst systems will be proposed, mainly including
the optimization of supports, metal-doped alloys, core/shell structures, intermetallics and
high-entropy alloys, etc. (Scheme 1). The improved mechanism behind these advanced
systems will be focused on the structure–property relationship. These ultradurable Pt-
based catalysts are anticipated to show promising applications in ORR electrocatalysis.
Finally, this hot field is prospected from the aspects of catalysts and support structure
designs, the structure–activity relationship revealed through in situ characterizations and
the integration of multiple advantages, with the purpose of promoting the fruitful research
in the field of PEMFCs.
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Scheme 1. Typical strategies for enhancing ORR durability of Pt-based catalysts.

2. Operation Mechanism of ORR Electrocatalysis

In the cathode of PEMFCs, O2 is electrochemically reduced through ORR electro-
catalysis, mainly involving either the direct four-electron reduction pathway from O2
to H2O or the two-electron reduction pathway from O2 to H2O2. Generally, the favor-
able path for PEMFCs is the direct four-electron reduction pathway, because H2O2 will
accelerate the degradation of the proton-conducting polymer electrolyte and reduce the
energy-conversion efficiency. The oxygenated (O*), hydroxyl (OH*) and superhydroxyl
(OOH*) species are several dominant intermediates for ORR electrocatalysis, of which mu-
tual transformations complicate the ORR process (Figure 1a) [72]. To date, there is still no
accurate explanation to determine the ORR rate-determining step. As a matter of fact, three
possible rate-determining steps have been proposed, involving the first electron transfer
to an adsorbed O2 molecule, the hydration of O2 and the final desorption of H2O [73].
However, the underlying mechanism is still under debate, which is mainly due to the
complex reaction pathway depending on the catalyst type and operation environment,
including the solvent, temperature and applied potential. In addition, oxygen coverage
may affect the ORR performance, supported by associative and dissociation mechanisms.
Specifically, a high oxygen coverage induces the O–O cleavage after the formation of OOH*,
while the low one cleaves the O–O bond before the formation of OH* [74,75].

According to the adsorbed O2 dissociation mechanism, the ORR activity can be de-
picted as a function of O* or OH* binding energy. To clearly elucidate the rule of binding
energy towards ORR intermediates on various metals, a well-known “volcano”-type plot
was depicted (Figure 1b) [76]. Under the guidance of this rule, the metals (such as Au)
with a more positive binding energy than Pt show a lower ability for adsorbing O* or
OH*; thus, the transfer of protons and electrons to oxygen cannot occur. However, the
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metals (such as Ni) with a more negative binding energy than Pt tend to bind O* or OH*
strongly to induce the very slow step for transferring protons. By comparison, Pt possesses
the optimal binding energy towards O* and OH*, thereby becoming a best ORR catalyst
located at the apex of the volcano curve. Alloying Pt with other metals can further optimize
the ORR performance. Similarly, the volcano trend can be found in terms of the d-band
center for these Pt-based alloy catalysts (Figure 1c) [77]. In this case, two opposing effects,
the strong adsorption energy of O2 and intermediates and the low coverage by adsorbed
anions, can also be observed on the Pt-based alloys, which are highly similar to those of
single metal catalysts. Consequently, the ORR reaction rate is limited by the availability
of OH*/anion-free Pt sites due to the strong binding of O2 molecules on Pt. For example,
in the case of Pt3Ti and Pt3V, due to the fact that the d-band center is too far away from
the Fermi level, the surface is less covered by OH* and anions, while the low adsorption
energy of O2 is found, thus limiting the ORR electrocatalysis.
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Figure 1. Reaction mechanism of ORR electrocatalysis. (a) Illustration scheme of various possible
ORR intermediates and mechanisms. (The gray, red and white spheres represent catalyst, oxygen and
hydrogen atoms, respectively. The yellow and blue arrows display O–O bond cleavage step and the
proton or electron transfer process). Reprinted with permission from Ref. [72]. Copyright 2016 Wiley.
Relationships between ORR activity of (b) different metals and (c) Pt3M alloys vs. the oxygen binding
energy. Reprinted with permission from Refs. [76,77]. Copyright 2004 ACS; copyright 2006 Wiley.

3. Limitation of Traditional Pt-Based ORR Catalysts

Although exceptional activity of Pt-based catalysts has been achieved, only a few
Pt-based catalysts are used in practical PEMFCs due to the limitation of durability. This
is because of the fact that most Pt-based alloys tend to experience obvious structural and
compositional evolutions to lose their activity under long-term operation [78,79]. In fact,
the degradation of the overall performance is not only related to the catalytic layer, but also
closely related to the membrane electrode assembly (MEA) system, such as the ionomer
distribution and catalyst–ionomer interface structure, ionomer adsorption on the active
surface as well as local oxygen transport resistance [22,80]. However, in this review, we
pay more attention to the influence of the catalyst structures on stability, which is because
of the fact that the cost of the catalysts occupies the main body of the whole MEA. The first
thing to be mentioned is the oxidation of the carbon supports caused by the relatively low
CO2/C standard potential (0.207 V vs. normal hydrogen electrode (NHE)) (Figure 2a). The
corrosion of the carbon supports becomes especially obvious when the cathode potential is
as high as 1.5 V (vs. NHE) during the event of start/stop or H2 starvation. Therefore, the
porous structure of the carbon supports will collapse, weakening the interaction with the
Pt particles and accelerating the shedding and degradation of particle catalysts [81,82].
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Compared with pure Pt, binary or ternary Pt-based alloy catalysts tend to display
an enhanced electrocatalytic performance. For example, alloying Ga and Pt atoms can
achieve an unconventional p–d hybridization interaction to obtain remarkable ORR activity
and durability [39]. In addition to the corrosion of carbon supports, the preferential
leaching of active metal elements is also a non-negligible issue (Figure 2b). Generally,
Pt has a higher dissolution potential than the alloying metals, including Fe, Co, Ni and
Cu, etc. which gives the non-noble metals a greater dissolution tendency [55,57]. Therefore,
although the alloying of transition metals is beneficial for enhancing the catalytic activity,
their dissolution may lead to the decline in ORR performance. In addition, under acidic
conditions, the dissolved metals are more willing to form cations, with a stronger affinity
for sulfonic acid groups than protons. They are also undesirable for ORR electrocatalysis.

In half-cell conditions, compared with 0D counterparts, those with an anisotropic
morphology often show better ORR performance due to the increased active sites, the
enhanced electron and mass transport as well as the improved chemical stability [47,83].
However, most of these anisotropic Pt-based nanocrystals possess the exposed active facets
with high surface energy, which are unstable during long-term ORR tests (Figure 2c).
Especially for the nanocrystals with high-index facets, the surface low-coordinated atoms
will be destroyed during the electrocatalytic processes, despite the fact that they have
displayed remarkable catalytic activity [63,84–86]. This is also the dominant reason why
most of anisotropic nanocrystals are not suitable for MEAs, thus necessitating further
optimization of the surface and/or near-surface atomic structures to boost ORR durability.

The sintering and agglomeration of catalysts are also the main factors affecting the
ORR durability of nanocrystals (Figure 2d). Under the long-term operating conditions,
the agglomeration of catalysts is inevitable due to the electrochemical Ostwald ripening
phenomenon [87–89]. In other words, owing to the excellent electronic conductivity of the
carbon supports, the quasiequilibrium is difficult to achieve in the case of two particles
with different sizes, leading to the disappearance of small particles and the growth of large
particles. Such a sintering process induces the redistribution of Pt sites, decreasing the active
sites and attenuating the performance. In order to weaken this undesirable agglomeration
phenomenon, the size of the most commonly used catalyst is usually 3–5 nm, while the
large size reduces the surface atom utilization of Pt atoms. Nanoparticles with too small of
a particle size will aggravate the agglomeration during the catalytic process due to the high
surface energy. This also explains why the commercial ORR catalyst are carbon-supported,
uniform 3 nm Pt nanoparticles.
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4. Main Catalyst Systems for Ultradurable ORR Electrocatalysis

Over the past few decades, superior ORR activity has been observed on numerous
Pt-based catalysts, many of which have already exceeded the 2025 DOE target [41,90–92].
However, the main problem is that their structures are difficult to maintain during the
potential cycle processes. With the extensive theoretical and experimental research on the
Pt surface and the better understanding of the size-dependent trend in ORR electrocatalysis,
a series of typical strategies for obtaining highly durable Pt-based catalysts have been
developed. Note that the design of these catalysts should not only consider the improve-
ment of durability, but also, the loss of activity cannot be ignored. In this section, we
focus on the strategies to improve the durability from the perspective of catalyst structure
designs, including the optimization of supports, metal-doped alloys, core/shell structures,
intermetallics and high-entropy alloys, etc. The principle of these designs is to solve the
problem of durability while maintaining the high activity of the catalysts by optimizing the
electronic structure and adsorption energy, such as through inhibiting the loss of transition
metals, maintaining the surface-active facets with a high surface energy and improving the
anti-agglomeration performance during ORR operations.

4.1. The Optimization of Supports

The utilization of supports is one of the most key factors for affecting the durability
of Pt-based catalysts. Generally, enhancing the graphitization can efficiently improve the
chemical and thermal stability of carbon supports, presenting several advanced carbon
supports including carbon nanofibers, carbon nanotubes, ordered mesoporous carbon
spheres and carbon nano-onions, etc. [93–95]. Nevertheless, highly graphitized carbon
compromises the specific surface area, porous structure and anchoring sites, challenging
the uniform dispersion of Pt-based catalysts, which is unfavorable for the improvement
in electrocatalytic activity and durability. To address this issue, it is necessary to intro-
duce functional groups and defect sites through proper surface modifications such as
heteroatoms doping, oxidation treatment and polymer modification, aiming at boosting the
interaction between the Pt-based nanocrystals and carbon supports [95–98]. In this respect,
a 3D N-doped porous graphitic carbon, produced from the carbonization of a 3D polymer
hydrogel with the assistance of Mn, was presented as a highly durable and active support
to load Pt nanoparticles (Pt/PGC) (Figure 3a) [98]. In this synthesis, the introduction of Mn
salts endowed the polymer hydrogel-derived carbon with high graphitization, alleviating
the loss of nitrogen doping and the reduction in the surface area caused by the traditional
high temperature. Due to the doping of electronegative N atoms, the electronic state of
the carbon support was optimized to generate stronger binding between the Pt atoms and
bridge sites adjacent to the N dopant compared with the pristine carbon matrix (Figure 3b).
Therefore, as-optimized Pt/PGC showed an enhanced ORR electrocatalysis compared
with other carbon-supported Pt catalysts, especially in terms of durability. Especially, the
advantages of such catalysts in the MEA system are more obvious, reflecting the fact that
the voltage loss at a current density of 1.5 A cm−2 of the MEA, with Pt/PGC as the cathodic
catalyst, is only 9 mV after 5000 potential cycles (Figure 3c). In contrast, the MEA with
Pt/TEC10V20E (Vulcan support) showed a more serious attenuation under the similar
operation conditions (Figure 3d). In addition to the enhanced durability, the graphitization
and porous structure of PGC supports also balance the ORR activity of Pt catalysts.
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Compared with traditional carbon supports, supports embedded with single atoms
are more appealing as stable supports to load Pt-based materials. The introduction of
single atoms into carbon materials can not only provide a strong interaction between the
supports and active metals, but also optimize the adsorption behavior of active Pt-based
catalysts, enhancing the ORR performance [99–101]. To this end, Shao’s group improved
the durability of Pt nanoparticles by using the Fe- and N-codoped carbon (Fe–N–C) [102].
In acidic and alkaline media, the retention rate of ECSAs for the Pt/Fe–N–C catalyst during
the potential cycles is much better than that of commercial Pt/C, and the dissolution rate of
Pt in Pt/Fe–N–C is three times lower than that of Pt/C. In this catalysis, Fe–N–C supports
can provide strong and stable support for Pt nanoparticles, and the formation of oxides
can be reduced by adjusting the electronic structure. A strong metal-support interaction
and low metal dissolution rate, as well as the highly stable supports are dominant in
the remarkable enhancement of Pt/Fe–N–C durability. Therefore, the selection of carbon
supports represents a typical strategy for achieving the ultradurable Pt-based catalysis
for PEMFCs.

In order to avoid the corrosion of carbon materials, several noncarbon supports with
a strong chemical and structural stability have been proposed. For instance, by using
mesoporous TiO2 as the support, Pt/TiO2 catalysts with a high anticorrosive ability were
prepared to enhance the ORR durability [103]. However, metal oxide supports are not a
long-term choice due to their poor conductivity and low specific surface area. Therefore,
the composites of carbon and metal oxides become potential candidates for promising
supports to load Pt-based catalysts to enhance the durability [104]. In the case of metal
compound supports, transition metal nitrides and carbides have also been widely spread
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around as highly stable support materials, including TiN, WC, CrN and MoN, etc. Very
recently, as a kind of emerging 2D transition metal carbide, MXene has been considered as a
novel support to load Pt catalysts that can achieve high ORR activity and durability, which
is because of the fact that MXene features a unique 2D structure, metallic conductivity, large
surface area, abundant surface functional group and high electrochemical stability [105,106].

4.2. Heteroatom-Doped Alloys

Doping engineering is a common strategy for regulating the electronic structures of
Pt-based nanocrystals by introducing a small number of foreign atoms into nanocrystals in
the form of interstitial or substitution atoms. The doping of heteroatoms can usually inhibit
the dissolution of alloying metals, so that alloying metals can play a role in regulating
the electronic structure to maintain the activity during the whole test process [107,108].
In addition, this strategy can also maintain the special shape of anisotropic nanocrystals
during electrocatalysis [109,110]. More importantly, in terms of the enhanced activity, the
doping of heteroatoms can not only adjust the energy band structure to enhance the catalytic
activity and selectivity, but also optimize the surface energy of catalysts and control the
binding strength towards reaction intermediates to accelerate the reaction kinetics [111–113].
Therefore, doping engineering has been considered as one of the most efficient methods to
improve the electrocatalytic performance, not only in terms of durability, but also activity.
Moreover, dopants can sometimes participate in the growth of nanocrystals and change the
growth mechanism of nanocrystals, inducing the nanocrystals with controllable shapes or
phases [114–116].

In light of the fact that the doping of heteroatoms can boost the activity and durability
of Pt-based nanocrystals, various transition metals have been introduced into Pt-based alloy
catalysts. In this case, a series of transition metals (V, Cr, Mn, Fe, Co, Mo, W and Re) were
surface doped into carbon-supported Pt3Ni octahedra to improve the ORR performance
of Pt3Ni octahedra [117]. Among these well-designed doped catalysts, Mo-doped Pt3Ni
octahedra showed the highest ORR specific activity of 10.3 mA cm−2 and a mass activity of
6.98 A mgPt

−1, much higher than those of undoped counterparts. More importantly, after
Mo atom doping, the durability of the octahedra was also significantly improved, which
can be confirmed by the fact that the specific activity of Mo-doped Pt3Ni octahedra was
only attenuated by 6.2% after 8000 cycles, while that of Pt3Ni octahedra was decreased
by 33%. The post-test characterizations showed that the loss of Ni atoms in Pt3Ni was
serious during the ORR electrocatalysis, while this phenomenon was obviously weakened
after doping Mo atoms. In addition, the shape of the Mo-doped Pt3Ni octahedra was
well maintained after ORR durability tests, while the undoped octahedra became more
spherical. Density functional theory (DFT) calculations revealed that Mo atoms tended to
enhance the ORR performance by locating nearing the subsurface of the nanocrystal edge
in vacuum and the surface vertex/edge sites under oxidation conditions.

The above research stimulated a series of works to explore the role of doping ele-
ments in improving the ORR activity and durability of catalysts. In view of the enhanced
ORR performance of 1D Pt-based nanostructures compared with the 0D counterparts, Rh
atoms were doped into ultrathin Pt nanowires with an average diameter of 1.3 ± 0.3 nm
(Figure 4a) [118]. At 0.9 V (vs. RHE), the ORR specific and mass activities of Rh-doped Pt
nanowires are 1.63 mA cm−2 and 1.41 A mgPt

−1, respectively, 1.2 and 1.6 times higher than
those of pure Pt nanowires, respectively. More importantly, after 10,000 continuous cycles,
the activity retention of Rh-doped Pt nanowires was 90.8%, much higher than that of Pt
nanowires (80.5%), confirming that the durability had been significantly improved after
Rh-doping (Figure 4b). The unique 1D anisotropic structure and the introduction of a small
number of Rh atoms were the dominant reasons for the enhanced durability. In this respect,
the incorporation of Rh atoms can suppress the dissolution of Pt atoms through preferen-
tially sacrificing Rh atoms during long-term electrocatalytic tests, which can be confirmed
by the fact that the atomic ratio of Pt/Rh was significantly decreased after 10,000 cycles,
while Pt nanowires showed an obvious dissolution under the similar conditions. DFT
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calculations revealed that the vacancy formation energy of Pt atoms in Rh-doped Pt models
was obviously higher than in those without Rh atom doping, verifying that the enhanced
durability can be achieved by improving the oxidation resistance of Pt atoms (Figure 4c).
Similar observations were also found in Rh-doped Pt-based alloy systems [40,119]. Long-
term durability tests made the shape of PtNi octahedral nanoparticles more spherical, while
Rh doping can well maintain the octahedral shape, thus improving the ORR durability
(Figure 4d) [119]. In terms of the PtNi nanowires, apart from maintaining the basic shape,
the introduction of Rh atoms can substantially slow down the leaching of Ni atoms from
nanowires [40]. Note that Rh atoms can further boost the vacancy formation energy of
Ni atoms to reduce the leaching of Ni atoms from PtNiRh, on the basis of increasing the
vacancy formation energy of Pt atoms.
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Figure 4. Enhancing ORR durability of Pt-based catalysts by Rh atoms doping. (a) Representative
TEM image of ultrathin Rh-doped Pt nanowires. (b) The mass activities of Rh-doped Pt nanowires,
Pt nanowires and commercial Pt/C catalysts after different potential cycles. (c) The Pt vacancy
formation energy (∆Evac) of different models. Reprinted with permission from Ref. [118]. Copyright
2017 ACS. (d) The shape evolutions of PtNi octahedral nanoparticles with and without Rh atom
doping during ORR electrocatalysis. Reprinted with permission from Ref. [119]. Copyright 2016 ACS.
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It has been found that Ga atoms have a similar effect to the Rh atoms in terms of boost-
ing the durability of Pt-based catalysts. Taking Ga-doped PtNi octahedral nanoparticles as
an example, the doping of Ga atoms dramatically enhanced the ORR durability of PtNi
octahedral nanoparticles, confirmed by the significantly improved activity retention after
30,000 cycles [120]. This conclusion was also reflected by the decreased ECSA of Ga-PtNi,
decreased from 49 to 44 m2 gPt

−1, while that of PtNi was more obvious (28 m2 gPt
−1),

because a small amount of surface Ga doping can effectively hinder the dissolution of Pt
and Ni atoms from PtNi nanoparticles and the collapse of the preferred octahedral shape.
Additionally, lavender-like Ga-doped Pt3Co nanowires were rationally designed to further
elucidate the key role of Ga atom doping in improving the ORR durability of Pt-based alloy
catalysts (Figure 5a) [114]. The increase in the Ga atom content not only made the surface
of the nanowires denser and denser, but also significantly improved the ORR durability
of the nanowires. Among all kinds of nanowires, the half-wave potential of 8% Ga-doped
Pt3Co nanowires only decayed by 4 mV after 20,000 cycles, and the retention of the specific
and mass activity was as high as 89.3% and 95.3%, respectively (Figure 5b). However,
excessive Ga doping reduced the catalytic activity of Pt3Co nanowires, putting forward a
balance between the activity and durability by presenting an optimized idea. In this system,
the decrease in the surface energy caused by Ga atom doping explained the enhanced
durability of Pt3Co nanowires (Figure 5c).

A strong metal bond can be formed by combining W atoms with Pt metal, which is
extremely stable in an acidic environment, thus providing a new idea for W doping to
enhance the ORR durability of Pt-based alloy catalysts [121,122]. To this end, W atoms
served as an adhesive to stabilize the dissolution of transition metals from PtCu-based
alloys (Figure 5d) [123]. After 30,000 durability tests, as-optimized Pt2CuW0.25 showed
the lowest activity losses of 4.1% and 10.5% towards mass and specific activities, respec-
tively, much superior to those of Pt2Cu catalysts (Figure 5e). The enhanced durability
of Pt2CuW0.25 mainly originated from the raised vacancy formation energy of Pt atoms
caused by the stronger bonding between W and Pt/Cu atoms, leading to structural stability
during the electrocatalytic tests (Figure 5f). This work presented a reasonable design to
enhance the electrocatalytic durability by using high melting point metals to maintain
the thermodynamic stability of Pt-based alloys. In addition, other high melting point
metals can also act as dopants to improve the electrocatalytic durability, including Au, Ir
and Re atoms, etc. [124–126]. Especially for the early transition metals, it has been found
that alloying with Pt has been regarded as an efficient strategy to improve ORR perfor-
mance [127]. Huang’s group further introduced Re atoms into ternary PtNiGa ultrafine
nanowires to construct a novel ORR catalyst with excellent activity, long-term stability
and high atomic utilization [128]. The mass activity of as-optimized Re-doped PtNiGa
nanowires was 19.6 times higher than that of commercial Pt/C, and the mass activity was
only attenuated by 10.6% after 20,000 cycles. The optimal electronic structure of Re-doped
PtNiGa nanowires caused the weakened binding strength towards oxygen-containing
intermediates and elevated the dissolution potential, thus boosting the ORR activity and
stability. More importantly, this catalyst also exhibited excellent performance as a cathode
catalyst in the MEA tests, with a peak power density of 961 mW cm−2 and a current density
decrease of only 4.9% after a discharge voltage of 0.75 V for 100 h.



Catalysts 2024, 14, 57 11 of 34Catalysts 2024, 14, x FOR PEER REVIEW  11  of  34 
 

 

 

Figure 5. Enhancing ORR durability of Pt-based catalysts by other metal atom doping. (a) Repre-

sentative TEM  image  and  the  corresponding  schematic  illustration of  4% Ga-doped Pt3Co nan-

owires.  (b) ORR polarization curves of 8% Ga-doped Pt3Co nanowires before and after different 

potential cycles. (c) Surface energy and ΔE0 of the pure Pt, Pt3Co and Ga-doped Pt3Co (111) surfaces 

(the insets are the corresponding computational models, and the gray, blue and green spheres rep-

resent Pt, Co and Ga atoms, respectively). Reprinted with permission  from Ref.  [114]. Copyright 

2020 ACS.  (d) Representative HRTEM  image  of  Pt2CuW0.25  nanoparticles.  (e) ORR  polarization 

curves of Pt2CuW0.25 nanoparticles before and after different potential cycles (inset is the partial en-

largement). (f) Structures of Pt vacancies formed on different sites of the PtCu (111) or PtCuW (111) 

surfaces and the corresponding ΔEvac values (the yellow circles are the locations of the vacancies, the 

Pt, Cu and W atoms are shown in dark blue, orange and light blue). Reprinted with permission from 

Ref. [123]. Copyright 2020 Wiley.   

In addition to the transition metal doping engineering, the designs of light element 

doping are also of great interest for stabilizing the dissolution of Pt and transition metals 

during the long-term ORR cycles, such as F, H, N, P and B [129,130]. Among these light 

element-doped Pt-based alloys,  light elements  tend  to occupy  the  largest available gap 

position to form interstitial alloys rather than substitute alloys. In contrast to traditional 

alloys,  such  interstitial alloys maintain  the  lattice  structure of  the original alloy  to  the 

greatest extent, which can optimize the electronic structure of surface-active sites through 

strong orbital hybridization, thus enhancing the activity and durability of the catalysts. B 

atoms have been interstitially doped into 3 nm Pt nanoparticles with a doping amount of 

6.6% to improve the ORR activity and durability of Pt nanoparticles [131]. Due to the dop-

ing of interstitial B atoms, the half-wave potential was only decreased by 5 mV after 10,000 

cycles, superior to that of pure Pt nanoparticles, with a decreased half-wave potential of 

23 mV. In addition, under H2-O2 fuel cell conditions, the MEA with B-doped Pt nanopar-

ticles as cathodic catalysts showed a smaller attenuation in the power density compared 

with that based on Pt nanoparticles. Theoretical calculations indicated that the downshift 

of the d-band center caused by the interstitial doping of B atoms suppressed the oxidative 

disruption of surface Pt atoms, thus enhancing the ORR durability. 

4.3. Core/Shell Structures 

Since only the surface atoms of the catalysts can contact the electrolyte to participate 

in the reactions, Pt-based core/shell structures with a high Pt utilization have been widely 
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sentative TEM image and the corresponding schematic illustration of 4% Ga-doped Pt3Co nanowires.
(b) ORR polarization curves of 8% Ga-doped Pt3Co nanowires before and after different potential
cycles. (c) Surface energy and ∆E0 of the pure Pt, Pt3Co and Ga-doped Pt3Co (111) surfaces (the
insets are the corresponding computational models, and the gray, blue and green spheres represent
Pt, Co and Ga atoms, respectively). Reprinted with permission from Ref. [114]. Copyright 2020
ACS. (d) Representative HRTEM image of Pt2CuW0.25 nanoparticles. (e) ORR polarization curves of
Pt2CuW0.25 nanoparticles before and after different potential cycles (inset is the partial enlargement).
(f) Structures of Pt vacancies formed on different sites of the PtCu (111) or PtCuW (111) surfaces and
the corresponding ∆Evac values (the yellow circles are the locations of the vacancies, the Pt, Cu and
W atoms are shown in dark blue, orange and light blue). Reprinted with permission from Ref. [123].
Copyright 2020 Wiley.

In addition to the transition metal doping engineering, the designs of light element
doping are also of great interest for stabilizing the dissolution of Pt and transition metals
during the long-term ORR cycles, such as F, H, N, P and B [129,130]. Among these light
element-doped Pt-based alloys, light elements tend to occupy the largest available gap
position to form interstitial alloys rather than substitute alloys. In contrast to traditional
alloys, such interstitial alloys maintain the lattice structure of the original alloy to the
greatest extent, which can optimize the electronic structure of surface-active sites through
strong orbital hybridization, thus enhancing the activity and durability of the catalysts. B
atoms have been interstitially doped into 3 nm Pt nanoparticles with a doping amount
of 6.6% to improve the ORR activity and durability of Pt nanoparticles [131]. Due to
the doping of interstitial B atoms, the half-wave potential was only decreased by 5 mV
after 10,000 cycles, superior to that of pure Pt nanoparticles, with a decreased half-wave
potential of 23 mV. In addition, under H2-O2 fuel cell conditions, the MEA with B-doped
Pt nanoparticles as cathodic catalysts showed a smaller attenuation in the power density
compared with that based on Pt nanoparticles. Theoretical calculations indicated that the
downshift of the d-band center caused by the interstitial doping of B atoms suppressed the
oxidative disruption of surface Pt atoms, thus enhancing the ORR durability.

4.3. Core/Shell Structures

Since only the surface atoms of the catalysts can contact the electrolyte to participate
in the reactions, Pt-based core/shell structures with a high Pt utilization have been widely
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developed, especially those with low-cost cores and a thin layer of catalytically active
shells [132–134]. Generally, the cores will not take part directly in electrocatalysis, yet
they play an indispensable role in affecting the performance of the active shells through
the potential strain and/or ligand effects. In the case of the mismatched lattice between
the core and shell, the strain effect becomes more obvious compared with solid solution
alloy counterparts, which is significantly important for regulating the electrocatalytic
performance [135,136]. More importantly, the overlayers on cores can also improve the
durability by inhibiting the loss of transition metals in the overall core/shell catalysts.

The core/shell structures with a Pt monolayer are the most classical catalysts to miti-
gate the drawbacks of traditional alloy catalysts, which can provide ultralow Pt loading
and ultrahigh Pt utilization, as well as the possibility of optimizing the catalytic perfor-
mance by the interactions between the overlayers and metal or alloy cores [137]. Sasaki
et al. designed a kind of highly durable ORR electrocatalyst composed of Pt monolayers
on PdAu alloy nanoparticles (PtML/PdAu) (Figure 6a) [138]. After testing for as long as
100,000 cycles under fuel cells, as-designed PtML/PdAu showed an attenuation of ~8% in
terms of its mass activity, much more excellent than those of PtML/Pd and commercial Pt/C
(Figure 6b). The introduction of Au atoms into the core made the Pt monolayer significantly
tolerant, thus showing a high durability towards ORR electrocatalysis and being very
promising for the practical fuel cells. Driven by these unique core/shell structures with
Pt monolayers, the catalysts with a Pt-skin structure were further presented to inhibit the
dissolution of transition metals internally [139,140]. By replacing the Cu atoms in three
surface layers of the AuCu intermetallics by Pt atoms, a Pt skin on a AuCu intermetallic
catalyst can be elaborately designed, which can maximize the Pt utilization to enhance
ORR activity and durability (Figure 6c) [141]. The theoretical calculations showed that the
Pt-skin structure composed of a 1.5 Pt-skin layer on a AuCu (111) substrate can display
a weakened oxygen affinity compared with that on Pt (111), thus contributing to more
favorable ORR electrocatalysis (Figure 6d). In fact, most Pt-based catalysts prepared by
annealing or activated under acidic conditions are likely to form a Pt-skin surface, which
is generally caused by atomic segregation under high temperature and the loss of surface
transition metals [57,140,142]. In this part, we only discuss the elaborate Pt-skin core/shell
catalysts, while neglecting the spontaneously formed Pt-skin structures.

Beyond core/shell catalysts with Pt-skin layers, several new attempts were further
presented to optimize the ORR performance of Pt-based core/shell catalysts, including
doping foreign atoms into cores, adjusting the thickness of shells, tuning the composition of
the core and/or shell and morphology-controlled core/shell structures [143,144]. In terms
of doping engineering, anion doping has been regarded as an efficient strategy to enhance
the ORR activity and durability. This is because of the fact that the doping of anions can not
only provide the optimal strain fields for surface Pt atoms, but also form chemically stable
cores by reacting with selected elements. For example, a high-pressure nitriding strategy
was conducted to adjust the doping amount of N atoms in PtCo core/shell nanoparticles,
aiming at maintaining the electrochemical surface area to further improve the ORR stability
(Figure 6e) [145]. Compared with commercial Pt/C, the mass activity and durability of
N-PtCo core/shell catalysts were enhanced by two times and five times, respectively. After
180,000 cycles, the mass activity of N-PtCo core/shell catalysts can still retain 80% of the
initial activity, and the core/shell structure can be well maintained after 1,000,000 cycles.
In this system, the higher concentration of N atoms in core/shell nanoparticles is more
favorable through optimizing the oxygen binding energy on the Pt surface and preventing
the dissolution of Pt/Co atoms.
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Figure 6. Enhancing ORR durability of Pt-based catalysts by core/shell nanoparticles. (a) HAADF-
STEM image and the corresponding line-scan result of carbon-supported PtML/Pd9Au1 nanoparticles.
(b) The mass activities of the PtML/Pd9Au1, PtML/Pd and Pt/C catalysts after different potential
cycles. Reprinted with permission from Ref. [138]. Copyright 2012 Springer Nature. (c) The specific
and mass activities of Pt-skin AuCu and Pt nanoparticles. (d) Oxygen adsorption energy (∆EO) for
AuCu(111) surfaces covered with different thicknesses of Pt skin and Pt (111) surface. Reprinted with
permission from Ref. [141]. Copyright 2014 ACS. (e) The normalized ECSA values of PtCo core/shell
nanoparticles with different doping amount of N atoms after different potential cycles (insets are the
corresponding atomic models). Reprinted with permission from Ref. [145]. Copyright 2021 ACS.

Strain and ligand engineering are the most common effects in core/shell structure
catalysts, which can optimize the catalytic activity by regulating the electronic structure of
surface atoms [146–148]. In fact, when the shell thickness is less than three atomic layers, the
ligand and strain effect jointly dominate the electrocatalytic performance, while the ligand
effect disappears beyond three atomic layers [135,149]. Note that the bifunctional effect will



Catalysts 2024, 14, 57 14 of 34

be reflected in the core/shell catalysts with the further increase in shell thickness. Hence,
the shell thickness plays an important role in enhancing the ORR activity and durability
of core/shell catalysts, and the optimized thickness of Pt layers required to obtain the
optimal performance may depend on the properties of the cores. In order to search the
optimal Pt-layer thickness for ORR electrocatalysis, DFT calculations were conducted to
study the influence of Pt-layer thickness on various L10-PtM (M = V, Cr, Fe, Co, Ni and
Cu) catalysts on the oxygen binding energy [150]. It was found that the oxygen binding
energy decreased with the increase in Pt-shell thickness, leading to the improved catalytic
performance, making the Pt–M catalyst with three Pt layers display a better ORR activity
than those with one or two Pt layers. Experimentally, Pt layers were deposited on the
corners and (100) terraces of the Pd nanocubes (Ptcorner/PdNC and Ptterrace/PdNC), and
the corrosion kinetics were further studied using in situ transmission electron microscopy
(TEM) [132]. The corners of Ptcorner/PdNC were protected by Pt layers, inhibiting the
etching of the overall particles, thus boosting the durability of the catalysts. However, the
Ptterrace/PdNC exhibited a preferential dissolution at the corner of PdNC to show a low
catalytic durability during ORR tests.

Constructing the Pt-based alloy shells on the cores is another effective strategy to
reduce the cost of Pt-based core/shell catalysts and further improve the ORR activity
and durability. Combining the Au cores and PtCo-based shells, the ORR durability was
significantly improved, which was mainly due to the strong electronic interaction of
subsurface segregated Au atoms [151]. The well-designed Au-core@Co-interlayer@PtCoAu-
shell multilayer structure showed the specific activity of 1.730 mA cm−2 and mass activity
of 0.692 A mgPt

−1, 7.0 and 4.0 times higher than those of commercial Pt/C catalysts,
respectively. More importantly, the activity loss for the multilayered catalyst was only
6.14% while that of the commercial Pt/C exceeded 35%. Therefore, the alloy shell can
also overcome the problem of composition loss by optimizing the electronic structure
of surface Pt atoms and finely designing the composition distribution to enhance the
electrocatalytic durability.

Considering that the multidimensional structures can provide a strong interaction
with supports to induce the well’s structural stability, the Pt-based core/shell structures
with an anisotropic morphology will be the ideal platforms to obtain excellent ORR dura-
bility [152–154]. Although segregated Pt-skin structures are extraordinarily active towards
ORR electrocatalysis, this is difficult to achieve on the surface of nanocrystals with high-
index facets [88,142,155]. To address this challenge, Guo et al. achieved the highly ac-
tive and stable Pt-skin surface with high-index facets via annealing the presynthesized
Pt3Fe zigzag-like nanowires under H2/Ar environments (Figure 7a–c) [142]. The unique
nanowire morphology and Pt-skin surface enable as-prepared Pt-skin Pt3Fe nanowires
to have an extremely high ORR mass activity of 2.11 A mgPt

−1 and specific activity of
4.34 mA cm−2. More importantly, high-index facets enclosed Pt-skin Pt3Fe nanowires were
also electrochemically stable under harsh electrocatalytic conditions with a little mass
activity decay of 24.6%, yet the pristine Pt3Fe nanowires showed serious activity decay,
especially after a long-term cycle (Figure 7d,e). The optimal oxygen adsorption energy in-
duced by the combination of a strong ligand and strain effect dominated the enhanced ORR
performance, revealed by the density functional theory calculations (Figure 7f). In addition,
the Pt-skin Pt3Fe nanowires also showed a high resistance to morphological and structural
transformations during ORR electrocatalysis, and can protect favorable Fe atoms from
being dissolved, thus maintaining a high activity under operating conditions. This strategy
can further extended into PtCo zigzag-like nanowires, which showed a Pt-skin surface with
high-index facets and high electrocatalytic performance [156]. Recently, the mesoporous
Pt/Pt-skin Pt3Ni core/shell framework nanowires were designed to finely integrate the
anisotropic advantages of 3D porous nanoframes and 1D nanowires (Figure 7g) [157]. This
catalyst was composed of 1D ultrafine Pt nanowires (~3 nm) and mesoporous Pt-skin
Pt3Ni framework (Figure 7h), which has displayed excellent ORR activity and durability,
as well as ultrahigh Pt atom utilizations. Surprisingly, the well-designed Pt/Pt-skin Pt3Ni
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core/shell framework nanowires exhibited an ultradurable stability, with the activity less
than 3% after continuous 50,000 cycles (Figure 7i).
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Figure 7. Enhancing ORR durability of Pt-based catalysts by core/shell nanostructures with
anisotropic morphologies. Representative (a) low- and (b) high-magnification HAADF-STEM
images of Pt-skin Pt3Fe zigzag-like nanowires. (c) Structural illustration of the Pt-skin Pt3Fe zigzag-
like nanowire. ORR polarization curves of (d) Pt-skin Pt3Fe and (e) pristine Pt3Fe zigzag-like
nanowires before and after different potential cycles. (f) DFT calculations of oxygen adsorption
energy on different models. Reprinted with permission from Ref. [142]. Copyright 2018 Wiley.
(g) Representative HAADF-STEM and (h) HRTEM images of mesoporous Pt/Pt-skin Pt3Ni core-
shell framework nanowires. (i) ORR polarization curves of mesoporous Pt/Pt-skin Pt3Ni core-shell
framework nanowires before and after ORR durability tests. Reprinted with permission from
Ref. [157]. Copyright 2023 Springer Nature.

Two-dimensional Pt-based core/shell nanocrystals are also ideal catalyst models to
achieve highly durable ORR electrocatalysis. A typical example is the biaxially strained
PtPb/Pt core/shell nanoplates synthesized using a one-step wet-chemical method [158].
The PtPb/Pt core/shell nanoplates showed a side length of about 16 nm and a thickness of
4.5 ± 0.6 nm, where two different interfaces, the (010) PtPb//(110) Pt interface between
PtPb core and edge Pt shell and the (001) PtPb//(110) Pt interface between PtPb core
and top (bottom) Pt shell, exist. The top Pt layer was completely connected with the
PtPb core, resulting in a tensile strain of 7.5% along [100]Pt and a compressive strain of
11% along [01-1]Pt. On the other hand, in the edge Pt layer, the [001] direction of Pt was
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completely restricted, resulting in a 7.5% tensile strain and very small compressive strain
along [110]Pt. In this catalytic system, a compressive strain can weaken the Pt–O binding
energy on the surface of Pt (111) and promote the ORR activity. The tensile strain was
beneficial for optimizing the low-coordination atoms with strong Pt–O bonds to enhance the
ORR properties. Therefore, the resulting biaxial strain effect made the PtPb/Pt core/shell
nanoplates show a much better ORR catalytic activity and durability than the commercial
Pt/C and PtPb nanoparticles.

4.4. Intermetallics

Over the past decade, Pt-based intermetallics have been extensively studied as electro-
catalysts for fuel cell devices, which is due to their lower negative entropy and stronger
electronic interaction between different atoms [159–161]. In light of the strong d-orbital
interaction between different atoms originated from the sufficient atomic acquaintance
within an alternated distribution, the promoted ligand effect and obviously downshifted
d-band center have been observed on various Pt-based intermetallics [162–164]. The reg-
ulation of the electronic structure enables the optimized adsorption/desorption towards
oxygenated intermediates, thus contributing to the enhanced ORR electrocatalysis. In
addition, the different lattice compressive strains will be caused by the highly spaced atoms
with different radii, further optimizing the energy band structure of nanocrystals. More
importantly, in terms of durability, the excessive corrosion under harsh ORR conditions can
be prevented by the close combination of alloying elements originated from the intrinsic
ordered structure and strong atomic interaction of intermetallics, thus endowing Pt-based
intermetallics with a high ORR durability.

Owing to the unique structural characteristics of intermetallics, the significantly en-
hanced ORR activity and durability have been observed on various Pt-based intermetallic
nanocrystals [140,165–169]. For instance, the core/shell L10-CoPt/Pt nanoparticles with an
intermetallic structure showed a higher ORR activity and durability than the disordered
counterparts [168]. The intermetallic CoPt/Pt nanoparticles were synthesized via annealing
the cashew-like CoPt nanoparticles at 650 ◦C (Figure 8a). In this structure, the core exhibited
alternative layers of Pt and Co atoms, and the shell was 2–3 atoms thick of Pt, thus provid-
ing a stronger ability to protect the acidic etching of Co atoms (Figure 8b). As a result, a high
mass activity of 0.56 A mgPt

−1 and excellent durability with a negligible activity loss after
30,000 cycles can be achieved on the intermetallic CoPt/Pt nanoparticles (Figure 8c), while
the disordered A1-CoPt nanoparticles showed a 41% drop in the mass activity under the
same cycle conditions. Note that the cashew-like shapes cannot be well maintained despite
the conversion from a disordered to intermetallic L10 structure, because of the unavoidable
nanocrystal aggregation induced by Ostwald ripening under high-temperature conditions.
Therefore, the rational selection of synthetic methods to avoid sintering and aggregation is
vital for further optimizing the ORR performance through limiting the particle sizes and
narrowing the size distributions.

Several typical strategies have been presented to avoid the agglomeration during
annealing treatment, such as shell-protected annealing [170], oxide-driven atomic order-
ing [167,171], matrix protection methods [172], and nanoconfinement strategies [173–175], etc.
Herein, we take two typical examples to clarify the size control of these methods and
the significance towards the enhanced electrocatalytic performance. The first one is to
anneal Pt nanoparticles encapsulated in a ZnO matrix at 600 ◦C for 2 h under a H2/Ar
atmosphere to achieve the ordering of PtZn intermetallic nanoparticles, after which the
excess ZnO matrix was removed through acidic treatment (Figure 8d) [176]. The ZnO
matrix can not only be partially reduced to Zn atoms to interdiffuse with Pt atoms to form
intermetallics, but also prevent the further sintering and agglomeration of nanoparticles
during annealing processes. The biaxial strain of Pt shells with 3.9% compression along the
<011> and <101> directions and 2.23% tension along the <110> direction was achieved on
PtZn intermetallic nanoparticles (Figure 8e,f), thus leading to an optimal oxygen adsorption
energy (Figure 8g). The biaxially strained PtZn intermetallic nanoparticles displayed a high
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mass activity of 1.02 A mgPt
−1 and a specific activity of 1.68 mA cm−2, as well as excellent

durability with a negligible activity attenuation after 10,000 cycles (Figure 8h). In contrast,
the disordered PtZn nanoparticles suffered from severe degradation with a downshifted
half-wave potential of 15 mV.
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Figure 8. Enhancing ORR durability of Pt-based catalysts by intermetallic nanoparticles. (a) Repre-
sentative TEM image and (b) structural illustration of core/shell L10-CoPt/Pt nanoparticles. (the
silver color atom is Pt and the blue color atom is Co) (c) ORR polarization curves of core/shell
L10-CoPt/Pt nanoparticles before and after different potential cycles. Reprinted with permission
from Ref. [168]. Copyright 2019 Elsevier. (d) Schematic illustration of the synthesis of L10-PtZn/Pt
nanoparticles. (e) Schematic illustration of biaxial strain between L10-PtZn core and A1-Pt shell.
(f) Simulation model of 3 nm L10-PtZn/Pt3L nanoparticle and strain distribution on the (111) surface
of the L10-PtZn/Pt nanoparticle. (g) ∆EO of compressive strain on the Pt (111) surfaces. (h) ORR
polarization curves of L10-PtZn and A1-PtZn nanoparticles before and after 10,000 cycles. Reprinted
with permission from Ref. [176]. Copyright 2020 Wiley.

In addition, Liang et al. presented a sulfur-anchoring strategy for achieving the
strong interaction between Pt and S atoms in the carbon matrix to suppress the sintering
of nanoparticles even at annealing temperatures up to 1000 ◦C, thus being a promising
method to prepare small-sized Pt-based intermetallic nanoparticles [177]. In light of the
advantages of the sulfur-anchoring approach, a Pt-based intermetallic (PtM, Pt3M and
PtM3) library can be constructed, demonstrating the possibility of the general synthesis
of small-sized intermetallic nanoparticles by escaping from the trouble of simultaneously
accelerated interparticle sintering dynamics and the intraparticle atomic order dynamics
with the increased temperature. The optimized intermetallic PtCo nanoparticles showed
the highest ORR activity among the prepared Pt-based intermetallics, and their potential
application in practical H2-air fuel cells with an ultralow Pt loading of 0.02 mgPt cm−2

and a maximum power density of 1.08 W cm−2. To this end, transforming disordered
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nanocrystals into ordered intermetallics has been considered as a promising way to improve
the ORR activity and durability of Pt-based catalysts.

Pt-based ternary intermetallics constructed by introducing an additional element
into Pt-based ternary systems seem to be a long-awaited answer to further improve the
catalytic durability. Through synthesizing a series of L10-PtMCo (M = Mn, Fe, Ni, Cu and
Zn) nanoparticles, the optimal position of the theoretical volcano plot was successfully
achieved due to the anisotropic strain levels on distorted Pt (111) surfaces [178]. Among
various PtMCo intermetallic nanoparticles, the L10-PtNiCo nanoparticles showed the
highest ORR activity of 3.1 A mgPt

−1 and 9.3 mA cm−2. In terms of durability, the mass
activity loss of L10-PtNiCo nanoparticles was only 15.9% after 30,000 cycles, demonstrating
the enhanced ORR performance on ordered Pt-based ternary systems.

Shape-controlled synthesis of intermetallics has always been a research hotspot but
has only displayed limited success. This is mainly because of the fact that the necessary
annealing conditions will break and coarsen the pristine nanocrystals, thus necessitating
the robust initial structures or relatively low annealing temperatures. In this case, a shell-
protected annealing strategy may be an efficient strategy to maintain the initial anisotropic
structures when using the robust nanocrystals as precursors [179–181]. Taking the PtFeIr
nanowire as an example, the use of SiO2 shells can alleviated the breakage, aggregation and
sintering of initial nanowires during annealing (Figure 9a) [179]. Without the protection
of SiO2, PtFeIr nanowires will be transformed into nanoparticles under such a harsh
annealing environment. However, such an ordered phase transformation with negligible
shape change is still highly dependent on the robust thermally stable precursors, confirmed
by the fact that the SiO2-protected PtFe nanowires would be broken into nanoparticles
under the same annealing conditions. This is because that the existence of Ir with a high
melting point was beneficial for the maintenance of 1D nanostructures by improving the
thermal stability of nanowires. Combining the advantages of ordered intermetallics and
1D nanostructures, as-prepared ordered PtFeIr nanowires show a high ORR activity, with
a specific activity of 2.40 mA cm−2 and a mass activity of 2.03 A mgPt

−1, as well as the
minimum activity loss after 10,000 cycles (Figure 9b).

An important method for controlling the anisotropic morphology of nanocrystals is
template method, which has been extended to the preparation of intermetallic nanocrystals.
The template method can be further divided into the soft-template method and hard-
template method. The former mainly uses ordered aggregates formed by amphiphilic
molecules as soft templates to control the shape of nanocrystals. To this end, various
Pt-based intermetallic nanoplates have been synthesized by using the reasonably selected
surfactants, including PtPb, PtBi and nanoplates [158,182]. In addition, the hard-template
method can be used to construct the mesoporous materials via introducing the metal
precursors into the hard-template channels. The subsequent roasting and template removal
make the corresponding mesoporous materials become possible. The KIT-6 templates
have been used to create various Pt-based intermetallic mesoporous nanocrystals [183].
A typical example is the preparation of ordered mesoporous intermetallic Ga–Pt (meso-i-
Ga–Pt) nanoparticles through synergizing the anion induction and concurrent template
methods (Figure 9c) [184]. As-prepared meso-i-Ga-Pt nanoparticles presented a uniform and
monodisperse polyhedron-like morphology, and the mesoporous channels run through
the whole nanoparticles in an inversed double-gyroid structure (Figure 9d). Benefiting
from the unique structures of meso-i-Ga1Pt1 nanoparticles, a high ORR mass activity of
66.7 A gPt

−1 can be achieved in 0.1 M KOH, much higher than those of meso-i-Ga3Pt5,
meso-Pt and commercial Pt/C. In addition, after 15,000 cycles, the activity decline was only
47%, and the basic structures could be well maintained, indicating the excellent durability
of meso-i-Ga1Pt1 nanoparticles (Figure 9e). The surface electronic structure analysis and
DFT calculations revealed that the high ORR performance of meso-i-Ga1Pt1 was mainly
caused by the arrangement of chiral atoms and the abundance of exposed Pt sites, which
is beneficial to the optimization of the adsorption/desorption towards reactants and the
optimal Gibbs free energy of ORR electrocatalysis (Figure 9f,g).
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Figure 9. Enhancing ORR durability of Pt-based catalysts by intermetallic nanostructures with
anisotropic morphologies. (a) Schematic illustration for the synthesis of fct-PtFeIr nanowires through
the silica-protected strategy. (b) The mass activities of fct-PtFeIr nanowires, fcc-PtFeIr nanowires
and commercial Pt/C catalysts before and after 10,000 cycles. Reprinted with permission from
Ref. [179]. Copyright 2022 Wiley. (c) Schematic illustration for the synthesis of ordered meso-i-Ga-Pt
nanoparticles with precisely controlled intermetallic phases induced by different Ga salts (NO3

− and
I−). (d) Representative HAADF-STEM image and the corresponding elemental mappings of ordered
meso-i-Ga-Pt nanoparticle. (e) ORR polarization curves of ordered meso-i-Ga-Pt nanoparticles before
and after different potential cycles. (f) Configurations of adsorbed intermediates (*OOH, *O and
*OH) ordered meso-i-Ga-Pt nanoparticles. (g) ORR pathways for meso-i-Ga1Pt1, meso-i-Ga3Pt5 and
meso-Pt nanoparticles summarized at U = 0 V and 1.23 V. Reprinted with permission from Ref. [184].
Copyright 2023 Wiley.

It has been found that the ORR performance of Pt-based intermetallics is also highly
dependent on the ordering degree [168,185,186]. Generally, the ORR activity and stability
will be enhanced with the increase in the ordering degree [185,187]. However, most reported
Pt-based intermetallic electrocatalysts tend to show a low ordering degree, challenging
the further enhancement of ORR activity and durability. In order to obtain highly ordered
PtCo-based intermetallics, Liang’s group presented a low-melting-point metal (M = Ga,
Pb, Sb and Cu) doping strategy to boost the ordering degree (Figure 10a) [188]. Owing
to the decreased atom diffusion energy barrier caused by the low-melting-point metal
doping, the ordering degree of the M-doped PtCo intermetallics increases with the decrease
in the melting point of M (Figure 10b). The optimized Ga-doped PtCo intermetallics not
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only showed superior ORR performance in a half-cell environment, but they can also be
used as high-efficient cathodic catalysts for the practical fuel cells. A high mass activity
of 1.07 A mgPt

−1 at 0.9 V in H2-O2 fuel cells and a peak power density of 1.05 W cm−2 in
H2-air fuel cells can be achieved, far exceeding the US Department of Energy (DOE) 2025
target (Figure 10c). Due to the high ordering degree, the Ga-doped PtCo intermetallics
cathode still maintained a high mass activity of 0.88 A mgPt

−1 with an attenuation of 17.8%.
This work not only put forward an effective strategy to regulate the ordering degree of
intermetallics, but also highlighted the importance of foreign metal doping in intermetallics
for boosting the catalytic performance.
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Figure 10. Enhancing ORR durability of Pt-based catalysts by combining the intermetallics
and doping engineering. (a) Representative HAADF-STEM image of ordered Ga-doped PtCo
intermetallic nanoparticle. (b) The disorder–order phase transition energy barrier of the low-melting-
point metal doping PtCo nanoparticles (insets are the atomic model for disordered and ordered
M-doped PtCo nanoparticle). (c) The mass activities at 0.9 V in H2-O2 fuel cell and the voltage at
0.8 A cm−2 in H2-O2 fuel cell before and after durability tests. Reprinted with permission from
Ref. [188]. Copyright 2023 Springer Nature. (d) Schematic illustration for the synthesis of W-doped
PtCo intermetallic nanoparticles. (e) ORR polarization curves of L10-PtCo with different metal doping.
(f) ORR polarization curves of L10-W-PtCo intermetallic nanoparticles before and after durability tests
at room temperature and 60 ◦C. (g) Mass activity of L10-W-PtCo/C and Pt/C at 0.9 ViR-free before and
after voltage cycles at 80 ◦C under practical fuel cell conditions (black and red dash lines indicate the
DOE beginning-of-life (BOL) and end-of-life (EOL) targets, respectively). (h) Correlations between
ORR mass activities and Pt–Pt band distance of different catalysts. Reprinted with permission from
Ref. [71]. Copyright 2019 Wiley.

In the case of doping engineering, a small number of W, Ga and Zn atoms was
introduced into the PtCo intermetallic nanoparticles derived from the core/shell Pt/CoOx
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nanoparticles [71]. The introduction of the third metals was achieved via simply mixing
the appropriate amounts of third metal precursors with Co precursors during the synthesis
process (Figure 10d). Among all kinds of metal-doped PtCo intermetallics, W-doped PtCo
intermetallic nanoparticles showed the highest ORR mass activity of 2.21 A mgPt

−1 and
specific activity of 3.60 mA cm−2, as well as the negligible activity loss after 10,000 cycles
under both room temperature and 60 ◦C (Figure 10e,f). In light of the superior activity
and durability of the W-doped PtCo intermetallic nanoparticles, the nanoparticles can be
served as cathodic catalysts for fuel cells, which can achieve an initial mass activity of
0.57 A mgPt

−1 and only a 70% activity loss after 50,000 cycles (Figure 10g). In this system,
the desired compressive strain and reduced surface energy of Pt surface caused by W atom
doping in an ordered intermetallic structure are the dominant reasons for high activity and
durability (Figure 10h).

As discussed in the previous section, the core/shell nanocrystals have shown the
improved electrocatalysis through the adjustable electronic structure of the surface environ-
ment caused by the potential strain and ligand effect. During the thermal treatment process,
as the common preparation strategy for intermetallics, it is easy to form a Pt-skin shell,
which is mainly due to the migration of metal atoms under a high-temperature environ-
ment [167,178]. The favorable compressive strain can be generated by the thin shells, thus
achieving the shift down of the d-band center to enhance the electrocatalytic performance.
In addition, the unique electrocatalytic properties can be further generated by deliberately
designing Pt-based intermetallics with core/shell structures, which mainly derives from
the difference of core or shell with intermetallic structures [189,190]. A noteworthy catalyst
platform is one where both the core and shell are replaced by different intermetallics [189].
The PtBi intermetallic shells that were 2–3 ordered layers thick were covered on annealed
carbon-supported FePt intermetallic nanoparticles. The intermetallic FePt/PtBi core/shell
nanoparticles can be obtained with the shortened Pt–Pt bond, which can greatly alleviate
the adverse effect of the interlayer tensile strain effect induced by the large Bi atoms for
ORR electrocatalysis. As a result, a 0.39 eV remission of oxygen adsorption was achieved
compared to crude Pt (111) and a 10-times enhancement of specific activity than commercial
Pt/C catalyst was obtained. Moreover, after 30,000 cycles, the mass activity retention of
FePt@PtBi core/shell nanoparticles was as high as 82%, while those of PtFeBi and FePt
nanoparticles were 36% and 37%, respectively. To this end, the indispensable role of bi-
axial and even multiaxial strain from different zone axis directions caused by the unique
intermetallic nanocrystals is highly appealing for enhancing ORR electrocatalysis.

4.5. High-Entropy Alloys

Due to the ability to continuously adjust the surface electronic structure of alloy cat-
alysts, high-entropy alloys have attracted increasing attention in electrocatalysis. This
can break through the barrier where the adsorption energy of traditional alloys towards
oxygen-containing intermediates cannot approach the vertex of the volcanic curve [191,192].
In particular, the core effects, including high-entropy, lattice distortion, sluggish diffusion
and cocktail effect, also endow the high-entropy alloys with high structural stability, thus
becoming kind of ideal candidate catalysts for ultradurable electrocatalysis [193]. Generally,
the Sabatier theory has indicated that a desired catalyst should show the optimal bonding
strength towards oxygen-containing intermediates, which has been widely reflected on
various single metals or binary alloys [45,194,195]. Nevertheless, the traditional methods,
including the d-band model and generalized coordination number model, etc., for associat-
ing adsorption energy cannot be extended to the complex high-entropy alloys [196,197].
To this end, Rossmeisl et al. developed a simple model to build the linear regression
models via calculating the adsorption energies of *OH and *O on the IrPdPtRhRu (111)
surface (Figure 11a,b) [198]. The ORR performance can be maximized through adjusting the
whole compositions of high-entropy alloys, and the adsorption energies near to the apex
of the volcano curve can be achieved on the optimized Ir0.102Pd0.320Pt0.093Rh0.196Ru0.289.
Afterwards, they further simplified the performance optimization of high-entropy alloys by
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combining the dynamic simulations and DFT calculations with Bayesian optimization [199].
Therefore, the feasibility of high-entropy alloys in fuel cell-related electrocatalysis has been
theoretically demonstrated by these studies.

However, high-entropy alloys are traditionally prepared through top-down methods,
creating the bulk materials with very few active sites [200]. In order to make the high-
entropy alloys meet the electrocatalysis, reducing the size is an inevitable trend to guarantee
catalytic reaction occurrence. In light of the near-continuum distribution of the relevant
adsorption energies, PtPdFeCoNi nanoparticles showed a positive-shifted ORR polariza-
tion curve compared with that of commercial Pt/C, with a positive half-wave potential of
0.920 V [201]. The lattice distortion effect and sluggish diffusion effect also endowed Pt-
PdFeCoNi nanoparticles with a high mass activity of 1.23 A mgPt

−1 and specific activity of
1.80 mA cm−2. This is not only superior to the commercial Pt/C, but also higher than that of
low-entropy counterparts (PtCo nanoparticles). Furthermore, an anchoring-carbonization
strategy was presented to embed Pt-based high-entropy alloys with sizes below 3 nm onto
the pore walls of ordered mesoporous carbon (Figure 11c) [202]. The method was highly
general and can be extended to the synthesis of a series of Pt-based ultrasmall high-entropy
alloys, including senary PtFeCoNiCuZn, septenary PtRuIrFeCoNiCu, octonary PtRuIr-
FeCoNiCuZn and denary PtRuIrRhFeCoNiCuZnSn nanoparticles. As-prepared senary
PtFeCoNiCuZn high-entropy alloy nanoparticles showed a higher ORR activity than those
of low- and medium-entropy counterparts, demonstrating the enhanced electrocatalysis
of high-entropy alloys (Figure 11d). In addition, such ultrasmall high-entropy alloys also
exhibited a superior durability than that of commercial Pt/C catalysts, implying that the
high-entropy alloys may be a promising model for ultradurable electrocatalysis.

Morphological regulation has been regarded as an efficient method to enhance ORR
electrocatalysis, while the high-entropy alloys with anisotropic shapes are still difficult to
synthesize in view of their harsh preparation conditions. Recently, several strategies have
been presented to address this problem, such as the wet-chemical methods via introducing
appropriate capping agents or strong reductants [203,204], the use of templates to control
the anisotropic growth of multimetal nanocrystals [205] and the combination of auto-
combustion and low-temperature reduction methods [206]. To obtain high-performance,
high-entropy alloy-based ORR electrocatalysts, Guo, et al. used Ag nanowires as the
templates to achieve the construction of ultrathin 2D high-entropy alloy subnanometer
ribbons with a thickness of ~0.8 nm (Figure 12a,b) [207]. Several elements were uniformly
distributed in the subnanometer ribbons, demonstrating the successfully formation of
high-entropy alloys (Figure 12c). Note that this is the thinnest high-entropy alloy so far, and
this method can be used to synthesize various high-entropy alloy subnanometer ribbons
containing five to eight noble metal elements, such as senary PtPdIrRuAuAg, septenary
PtPdIrRuAuRhAg and octonary HEA PtPdIrRuAuRhOsAg subnanometer ribbons. They
demonstrated that the formation of high-entropy alloy subnanometer ribbons mainly in-
volved the galvanic exchange pathway and co-reduction process during the wet-chemical
synthesis, as well as the dealloying strategy realized the 2D structural evolution of the
high-entropy alloy subnanometer ribbons (Figure 12d). In alkaline conditions, the ORR
mass activity of the optimized quinary PtPdIrRuAg subnanometer ribbons was 21.0 times
higher than that of commercial Pt/C (Figure 12e). After 10,000 potential cycles, there was
almost no change in the ORR polarization curves of the PtPdIrRuAg, and over 30,000 po-
tential cycles, the mass activities of PtPdIrRuAg were still as high as 2.42 A mgPt

−1 and
0.95 A mgPGMs

−1, and their quinary high-entropy alloy phase and porous 2D structures
can be well maintained (Figure 12f,g), confirming the advantages of high-entropy alloys
with anisotropic structures.
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Figure 11. Enhancing ORR durability of Pt-based catalysts by high-entropy alloys. (a) Full span of
predicted adsorption energies of (a) *OH and (b) *O based on DFT calculations (each color represents
an individual binding site). Reprinted with permission from Ref. [198]. Copyright 2019 Elsevier.
(c) Representative HAADF-STEM image of porous carbon-supported PtFeCoNiCuZn high-entropy
alloy nanoparticles. (d) ORR polarization curves of porous carbon-supported PtFeCoNiCuZn high-
entropy alloy nanoparticles and the medium- and low-entropy counterparts and commercial Pt/C
catalysts. Reprinted with permission from Ref. [202]. Copyright 2022 Wiley.

It has been found that the electrocatalytic behavior can be affected by the atomic
ordering structures, which has been further extended into high-entropy alloy systems.
Combining the advantages of high-entropy and ordered intermetallic structures, high-
entropy intermetallics have been presented to serve as highly stable catalysts for ORR
electrocatalysis [187,208]. However, the formation of high-entropy intermetallics not only
needs to overcome the mutual solubility of various elements, but also needs to cross the
energy barrier of disorder-to-order phase transition, challenging more severe synthesis
problems of high-entropy intermetallics. In order to overcome this difficulty, Xia’s group
added the carbon supports into a prereaction solution to avoid the agglomeration of
nanoparticles under the very high annealing temperature environment [167]. After anneal-
ing at 850 ◦C, (PtIr)(FeCoCu) high-entropy intermetallic nanoparticles with an average
diameter of 6 nm and a uniform distribution were directly synthesized with a similar phase
structure as L10-PtFe intermetallics. The significantly enhanced activity and durability
were reflected on the (PtIr)(FeCoCu) high-entropy intermetallic nanoparticles, revealing
the advantages of the combination of high-entropies and intermetallic structures.
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Figure 12. Enhancing ORR durability of Pt-based catalysts by high-entropy alloys with anisotropic
morphologies. Representative (a) HAADF-STEM and (b) high-magnification TEM images of Pt-
PdIrRuAg high-entropy alloy subnanometer ribbons. (c) STEM-elemental mappings of PtPdIrRuAg
high-entropy alloy subnanometer ribbons. (d) Schematic illustration for the formation mechanism of
PtPdIrRuAg high-entropy alloy subnanometer ribbons. (e) ORR polarization curves of PtPdIrRuAg
high-entropy alloy subnanometer ribbons and commercial Pt/C catalysts. (f) ORR polarization curves
of PtPdIrRuAg high-entropy alloy subnanometer ribbons before and after different potential cycles.
(g) The mass activities of PtPdIrRuAg high-entropy alloy subnanometer ribbons and commercial
Pt/C catalysts before and after different potential cycles. Reprinted with permission from Ref. [207].
Copyright 2022 ACS.

4.6. Others

Beyond the above interesting structural designs, there are still several special strate-
gies to further improve the ORR durability. The basic principle of these strategies is to
maintain/improve activity while enhancing durability. Similarly, inhibiting the loss of
active metal and improving the structural stability are the dominant reason for the enhance-
ment of durability. For example, the heterostructure represents a new idea to adjust the
adsorption capacity towards intermediates and achieve a high structural stability [209–211].
Such a heterostructure involves the metal/metal, metal/compounds and metal/supports
interfaces. For this purpose, Yin et al. constructed PtCo–PtSn heterostructural nanoparticles
to achieve ultradurable electrocatalysis [212]. Specifically, the ORR activity of the optimized
PtCo–PtSn nanoparticles was 1158 mA mgPt

−1, and after 30,000 cycles, the activity degrada-
tion was only 27.4%. The charge redistribution caused by the construction of heterointerface
adjusted the electronic structures of Pt, thus the d-band center was reduced to −2.45 eV.
The strong interaction between PtCo and PtSn efficiently inhibited the separation of two
phases and limited the leaching of nonprecious metals. Additionally, the Ostwald ripen-
ing and Pt migration were also weakened, thereby boosting ORR durability. In addition
to the interface engineering, surface engineering, strain effect and atomic arrangement
engineering are also effective methods to achieve ultradurable ORR electrocatalysis.
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5. Conclusions

The performance of fuel cells is highly dependent on the ORR catalysts. Although the
alloying strategy has well addressed the low activity issues of Pt metals, the poor durability
still exists due to the corrosion of carbon supports, the preferential leaching of active metal
elements, the instability of surface low-coordinated atoms and the sintering/agglomeration
of nanocrystals. Recently, the advanced structural regulation strategies have witnessed
the development of ultradurable ORR catalysts. In this review, the operation mechanism
of ORR electrocatalysis and limitation of traditional Pt-based catalysts are first discussed,
and then several important structural designs for ultradurable ORR catalysts are summa-
rized from the following aspects: the optimization of supports, heteroatom-doped alloys,
core/shell structures, intermetallics, high-entropy alloys and others. In particular, the
structure–performance relationship between these unique advanced structures and ultra-
durability is emphatically concerned. Although the significant achievements in this field
have been made in recent years, several existing obstacles and issues are still expected to
be addressed.

(1) Developing new support materials to strengthen the interaction between active
metals and supports. The corrosion of carbon is still the dominant reason why most
catalysts cannot be reproduced in practical fuel cells, especially at such a large current.
Although some strategies have been developed to improve the stability of traditional
support materials, it is still difficult to meet the needs of long-term operation. Therefore,
the development of new corrosion-resistant supports may provide an insightful scientific
basis for the further commercialization of fuel cells in the future.

(2) Developing the new catalyst systems to further eliminate the effect of poor dura-
bility of Pt-based catalysts. Although a large number of strategies have been reported to
address the poor durability of Pt-based catalysts during the long-term ORR cycles, the
influencing factors have not been thoroughly eliminated. For example, despite the loss of
alloying metals in the ORR process which can be effectively reduced by the doping of a
third metal, there will still be a leaching phenomenon, which still decreases the durability.
Therefore, the development of new routes to further improve durability, especially focusing
on the combination of reported strategies, will be necessary in the future.

(3) Establishing the relationship between the catalysts structure and ORR durability
through in situ and ex situ characterizations. The rapid development of (sub)-nanomaterials
has stimulated the requirement of more advanced characterizations. In terms of ultra-
durable Pt-based ORR catalysts, it is important to characterize the structure more accurately.
Particularly, it is meaningful to reveal the structural evolution of the catalysts during the
long-term ORR tests through in situ or ex situ characterizations. For example, using in situ
synchrotron radiation technologies to reveal the change of metal bond length in Pt-based
catalysts during ORR processes may help us to better understand the essence of catalyst
durability enhancement. These advanced characterization techniques may guide us to
design more effective catalysts.

(4) The application of ultradurable Pt-based catalysts in practical fuel cells. Most of
catalysts have shown excellent catalytic performance under the condition of half-cell, but
they are rarely used in practical fuel cells. This is mainly due to the fact that the harsh
operating environment of proton exchange membrane fuel cells makes Pt-based catalysts
more unstable. Therefore, it is very important to explore the attenuation behavior of these
ultradurable catalysts in practical fuel cells and develop catalysts suitable for long-term
durability and practical fuel cells. In addition, the decay behavior of catalysts under
working conditions may be different from that under half-cell conditions, so understanding
the evolution of catalyst structure under working conditions will also be a research trend in
this field in the future.

In summary, it has been shown that the designs of ultradurable ORR catalysts have
clearly contributed to the fast development of PEMFCs, and it has been believed that this is
a research frontier in the material science community and will open up new possibilities
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to obtain more efficient catalysts for advanced energy conversion devices in terms of
long-term operation conditions.
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