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ABSTRACT

Proton exchange membrane fuel cells (PEMFCs) have received a sustained world-wide attention owing to their promising
applications based on clean energy. However, their widespread applications are still restricted by the sluggish oxygen reduction
reaction (ORR) process. Over the past decades, significant efforts have been devoted to developing efficient ORR catalysts,
which have been summarized in numerous previous reviews. Unfortunately, most of them mainly focused on ORR activity on the
rotating disk electrode (RDE) level, which cannot truly represent the performance in real applications. Developing and
showcasing efficient catalysts evaluated at the membrane electrode assembly (MEA) level is of vital importance. In this review,
we first briefly showcased the recent development of ORR catalysts and then put more emphasis on the discussion of designing
efficient catalysts at MEA and full-cell level, aiming to help stimulate more attention on their practical applications.
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1 Introduction

With the growth of global population and economic expansion,
the energy and environment are under severe threat due to the
excessive consumption of fossil energy. Therefore, it is urgently
demanded to develop environment-friendly and sustainable
energy technologies. Green hydrogen, generated through solar and
wind energies or from biomass waste conversion, is one of the
most promising energy carriers to build an absolutely zero-
emission and sustainable economy [1-3]. Hydrogen fuel cells,
which can convert the chemical energy of hydrogen into electricity
without the limitation of the Carnot cycle, show great potential as
power sources. In particular, the proton exchange membrane fuel
cells (PEMFCs) have attracted enormous interest owing to the
high density, sufficient efficiency, and zero environmental impact.
The values of the vehicles are greatly influenced by the
performance of PEMFCs. Up to now, the hydrogen fuel cell
electric vehicles (HFCEVs) have achieved commercialization.
However, to realize broader application, several key issues are still
existing to hinder further technological breakthrough. Particularly,
the cathodic oxygen reduction reaction (ORR), which is in the
heart of the electrochemical conversion processes, determines the
overall performance of the cells and remains the roadblock to the
wide application of this promising technology.

Since the Pt was introduced as the fuel cell catalyst by William
R. Grove in 1840s, it remains the most widely used and best-
efficient catalyst in PEMFCs [4]. However, the large amount of Pt
usage puts substantial limitation on the broad application of
PEMEC techniques, because it takes up about 40%-50% of the

overall fuel-cell stack cost [5]. Therefore, over the past decades,
enormous effort has been made to develop low-cost ORR
electrocatalysts and achieved efficient catalytic activities.
Nevertheless, it should be noticed that most of reported works are
devoted to the performance of catalysts on the rotating disk
electrode (RDE) level, which cannot be directly translated to the
membrane electrode assembly (MEA) and fuel-cell performance,
since there are several differences between RDE and MEA
measurements, such as mass transfer (O, diffusion) resistance,
catalyst layer, concentration of O,, and operating temperature.
Consequently, the insufficient data on the real MEA and fuel-cell
performance becomes a serious impediment for its development.
Although most of researchers have realized it, the corresponding
improvement remained stagnant and most of the investigations
are still on the laboratory level. Therefore, it is of great significance
to make insightful investigations on MEA and fuel-cell test.

In this review, we first summarize the fundamental points and
development of ORR catalysts and then discuss their advantages
and insufficiencies in practical applications. Then we put more
emphasis on the discussion of ORR catalysts on MEA or fuel cell
level and discuss the important issues of developing catalyst from
RDE to MEA and fuel-cell level. We hope it can help stimulate
more attention in this field and promote significant development
of more desirable catalysts for the widespread practical
applications of PEMFCs in the near future.

1.1 Introduction of a hydrogen fuel cell

The complex hydrogen fuel cell system mainly consists of fuel cell
stack, gas supply system, and control system, among which the
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fuel cell stack is the core component and it accounts for ~ 60% of
the total cost of fuel cell (Fig. 1(a)). For a fuel cell stack system, it
mainly includes bipolar plates, MEA, and packaging. The MEA is
the core component, which consists of gas catalyst layer, proton
(ion) exchange membrane, and gas diffusion layers (Fig. 1(b)) [6].
In practical application, the cell mainly operated in the low-
current-density regions, and the catalytic ORR activity at cathode
strongly influences the energy conversion efficiency of fuel cell [6].
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(2)
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Figure1 (a) Schematic and (b) configuration of the PEMFC (the middle inset
in (b) represents the microstructure of a cathode catalyst layer). Reproduced
with permission from Ref. [6], © Kodama, K. et al. 2021.

Since the efficiency of cathodic ORR reaction dominates the
overall performance of the fuel cell, therefore, developing robust
ORR electrocatalysts with low price is decisive to extend
application of this clean and sustainable energy technology. Up to
now, the most widely used catalysts in practical acidic PEMFCs
are still novel metals, such as platinum group metals (PGMs),
whereas, its cost is responsible for up to ~ 23% of the fuel cell’s
expenses and is the main source of the fuel cell cost. Decreasing
the amount of Pt utilization is the core to the broader usage of
PEMEFCs. However, most low-cost catalysts are usually unstable in
acidic conditions, especially used in acidic fuel cell devices.
Consequently, it is a great challenge to develop robust catalysts
with good durability without sacrificing the performance and cost.

1.2 The catalytic kinetics and mechanism of ORR

The mechanism of ORR involves two pathways named four-
electron pathway (pathways (1) and (2) in Fig 2(a)) and two-
electron pathway (pathway (3) in Fig. 2(a)), which produce H,0
and H,0,, respectively [7].

Effective four-electron pathway

0, +4H" +4e” — 2H,0
Ineffective two-electron pathway
0,+2H" +2¢ — H,0,

2H,0, + 2H" +2e~ — 2H,0

Both of the oxygen reduction pathways are possible for different
kinds of catalysts. In practical application, the desired ORR
pathway is the four-electron pathway. However, the two-electron
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Figure2 (a) Illustration of the different reaction pathways of the ORR. The
signal of * means the adsorbed state. (b) The chemisorption energy relationships
of *OOH vs. *O and *O vs. *OH for the (111) surface of the typical metals (Rh,
Pt, Ir, Pd, Pt, and Au). (c) The relationship between the strongly bound *OH
region (solid blue line) and weakly bound *OOH region (solid green line) for
the four-electron process. Reproduced with permission from Ref. [12], ©
American Chemical Society 2018.

pathway is unavoidable no matter for PGM or low-cost ORR
catalysts. It is speculated that many factors, such as crystal faces,
defects, and the amounts of active sites, relate to this ORR
pathway [8-10]. Typically, for an indirect two-electron reduction
pathway, O, molecules adsorbed on the surface of catalysts first
can be reduced to H,O,, which then transforms to H,O. By
contrast, for the direct four-electron ORR, the O, can be reduced
through either a dissociative or an associative route, depending on
whether the O-O bond dissociates before or after the protonation
(Fig. 2(a)) [11]. When the O, binds on the surface strongly or the
surface oxygen coverage is low, the dissociation pathway is
favored, otherwise, the association pathway is preferred [12].
During the associative reaction, three different intermediates (*O,
*OH, and *OOH) are involved, whereas, only *O and *OH are
involved in the dissociative pathway. Because these multiple
oxygen intermediates bind to the surface through O atom
similarly and their binding energies can be revealed by a “scaling
relationship”. The slopes are close to 1 and 2 for the lines of
*OOH vs. *OH and *O vs. *OH, respectively (Fig.2(b)), which
indicates the *OOH and *OH have a similar metal-oxygen single
bond and *O has a double bond to the surface [12, 13]. In general,
only one adsorbate is introduced to explain the adsorption energy
of all intermediates and products [12]. For ORR, the *O binding
free energy is initially to describe the catalytic activity. Afterwards,
because of the better scaling between *OOH and *OH, the *OH
binding free energy has become a more convenient indicator to
illustrate the variations of electronic structure between different
catalysts. However, it should be noticed that the adsorption
energies of *OH and *O are essentially related to the states of
metal d-band center (¢y) associated with the bonding [14]. Neither
too high nor too low binding energy of these intermediates are
suitable for the high activities of ORR, which follows the “Sabatier
principle” [15]. As shown in Fig. 2(c), *OH - H,0 is the potential
limiting process (solid blue line) when the metal binds *OH
strongly and O, > *OOH is potential limiting (solid green line) for
the weakly bonding metals [12].

2 ORR catalysts

In this review, we mainly discuss the ORR catalysts from the
following four aspects: PGM-based catalysts, non-PGM catalysts,
carbon-based (C-based) catalysts, and single-atom catalyst (SACs).
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2.1 PGM-based catalysts

To date, Pt is still the benchmark and demonstrates the best
performance among the PEMFCs catalysts. To further improve
the intrinsic activity and active sites of the Pt catalysts, the
strategies of reducing the particle size, alloying, and optimizing its
shape are widely accepted. For example, in practical application, to
control the particle size and reduce aggregation, the Pt
nanoparticles (NPs) are usually loaded on carbon blacks with high
surface area. More importantly, the comprehensive understanding
of the ORR process on the surface of the catalysts plays a
significant role in designing highly active and stable catalysts. Over
the past decades, enormous experimental and theoretical
researches have focused on it. The theories for the design of highly
active Pt-based catalysts are mainly based on d-band theory.

The d-band theory describes the relationship between the d-
states of the transition metals and the surface adsorbates. Since all
transition metals have similar broad sp-bands, it can be speculated
that they have little influence on the adsorption behavior between
different metals. Therefore, the energy level of d-bands plays a
main role in regulating the adsorption behaviors. It is widely
accepted that the ¢ is relative to the Femi-level, which represents
the average energy of the d-band. In general, the adsorption
strength of oxygen species on the catalyst surface can be regulated
by the surface electronic structure (d-band) of the metals and then
the ORR activity can be modified. For the same metal, the &
mainly depends on the d-band bandwidth (W), which is in
proportion to the interatomic matrix element (V). Therefore, the
relationship between &g coordination number (CN), the
characteristic length (r,), and the distance between the atoms (d;)
can be illustrated by the following equation (the i and j represent
the atomic arrangement of the surface atom and its neighboring
atoms, respectively) [4]

o (rd.ird.j)l5

‘gd‘uwg'wa:Z &
b

j=1

Based on this theory, the improvement of ORR performance for
Pt-based catalysts mainly focuses on the ¢y modulation through
facet effect, ligand effect, and strain effect [4].

2.1.1 Facet effect

In 1979, Ross et al. first studied the structure sensitivity toward
ORR and its relationship with the CN of surface atoms for three
low index Pt planes [16]. However, because the Pt surface became
rough at high cycling potential (0-1.5 V vs. reversible hydrogen
electrode (RHE)), the results showed the same activity for different
planes. Then, the experiment was improved by Yeager, E. B. et al.
and they found that the ORR activity of Pt surfaces increases in
the order of (110) > (111) > (100) within the potential range of
-0.07 to 0.8 V (vs. RHE) [17]. According to the above-mentioned
d-band theory, ¢, is dependent on the CN. The average CN of
surface Pt atoms is listed in the following order: (110) < (100) <
(111), and &4, O-adsorption energy, varies accordingly. The higher
ORR performance of (110) face was caused by the surface
reconstruction that occurred during the reaction. For the
unreconstructed (110), the activity was lower than (111) [18].
Therefore, understanding the structural factor, especially the key
role of surface geometry playing in ORR, is of significance.

2.1.2 Ligand effect

The ligand effect refers to the Pt atoms on the surface can be
regulated by the surrounding foreign atoms in an alloy system. For
example, density functional theory (DFT) results studied by
Kitchin et al. indicated that the energy of ¢; on Pt surface can be
decreased by interacting with diverse subsurface 3d metals, such as
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the transition metal from Ni to Ti in the periodic table [19]. This
phenomenon was also confirmed by ultraviolet photoemission
spectroscopy (UPS) for Pt;M (M = Ni, Co, Fe, V, and Ti)
experimentally [20, 21]. Afterwards, it was demonstrated that the
ligand effect was also related to the amount of transition metal
atoms. For example, the specific activity showed a volcano-shaped
relationship with the increasing amount of Cu atom at the sub-
surface [22].

2.1.3 Strain effect

The difference of lattice constants between surface Pt and the
neighboring crystal structure results in the strain effect. Briefly, the
expanded strain on Pt surface, which comes from the increase
distance between surface Pt atoms, can cause stronger O-
adsorption. On the contrary, the O-adsorption can be weakened
by the compressive strain [23-25].

The above theory provides valuable information to design
highly efficient Pt-based catalysts and numerous robust Pt-based
catalysts have developed. The typical example was reported in
2016 by X. Duan et al, and the one-dimensional (1D) jagged Pt
nanowires (J-PtNWs, Fig. 3(a)) achieved the highest ORR activity
(an electrochemical active surface area (ECSA) of 118 m*gp" and
specific activity (SA) of 11.5 mA-cm™ at 0.9 V vs. RHE), which is
more than 50 times higher than the commercial Pt/C catalyst [26].
Besides, based on the mass activity (MA) Tafel plot, the J-PtNWs
demonstrated 30 times higher MA than the 2017 target of U.S.
Department of Energy (DOE) (0.44 A-mgp" at 0.90 V for MEA).
Experimental and DFT results show the improved ORR activity is
derived from the under-coordinated surface atoms (coordination
number ranges between 6 and 8), and highly stressed and
rhombus-rich surface. In this way, the surface-active sites can be
effectively improved and the binding energy of the surface
adsorbent can be reduced.

Considering practical application, lowing the catalyst cost by
increasing the Pt utilization efficiency or decreasing the amount of
Pt utilization is highly demanded. Alloying Pt with other metals or
designing core-shell structure has been confirmed to be the
effective strategy. Meanwhile, the chemical environment of Pt
atoms, such as coordination environment and catalytic surface,
can be optimized by this method. For example, Pt-Pd alloys and
Pd@Pt core-shell structures have been widely studied due to their
suitable lattice matching and the ORR activity can be efficiently
enhanced by modulating the Pt/Pd ratio and the facet structure
[27]. Reactive molecular dynamics simulations indicate that the
oxygen adsorption energy can be decreased at the compressed Pt
surfaces, which is induced by the coexistence of Pd. However, the
high cost of Pd is still a stumbling block for its wide spread. To
decrease the contents of Pt or Pd and increase the metal atom
utilization efficiency, nanocage structures are designed and
investigated subsequently. As an example, under optimized
conditions, the hollow Pt-Pd (Pd 6.4 wt.%) nanocages could
achieve higher ORR activity compared with Pd@Pt (Pd 66.1 wt.%)
solid nanoparticles. The specific ECSAs values of 46.8 and
38.2 square meters per gram of Pt (m*gp ') were achieved for
cubic and octahedral nanocages, respectively, which were
comparable with the value of the Pt/C catalyst (56.8 m*gp"), even
though the size of Pt-Pd nanocage was much higher than the Pt
NPs in Pt/C catalyst (~ 20 vs. 2.8 nm). Besides, the octahedral
nanocages showed a mass activity of 0.75 A-mgp" at 0.9 V (vs.
RHE), which was five times higher than the value of Pt/C
(0.14 A-mgp") and also greater than the 2017 target of U.S. DOE
(044 A-mgp' at 0.90 V for MEA). Considering the practical
application, the Pt octahedral nanocages also exhibited decent long-
term stability. The MA and ECSA were dropped only 36% and
23%, respectively, after 10,000 cycles. These values were still much
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Figure 3 (a) High-resolution transmission electron microscopy (HRTEM) images of the 1D jagged Pt nanowires supported on carbon. Reproduced with permission
from Ref. [26], © The American Association for the Advancement of Science 2016. (b) The relationships between the d-band centre position and the ORR
performance on Pt;M surfaces at 0.9 V. Reproduced with permission from Ref. [44], © Nature Publishing Group 2007. (c) Transmission electron microscopy (TEM)
image of the obtained fct-Pt-Co@Pt octahedral nanocrystals supported on carbon. (d) High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images for a nanoparticle. (e) Atomic-resolution STEM image selected from (d). (f) Schematic of the nanoparticle featuring the configuration of the
Pt (red) and Co (green) atoms. Reproduced with permission from Ref. [46], © American Chemical Society 2021. (g) The schematic diagram of Pt-Fe electronic
coupling effect for O, activation. Reproduced with permission from Ref. [47], © Gao, R. J. et al. 2021. (h) HAADF-STEM image (inset: the fast Fourier transform (FFT)
pattern), (i) standard atomic arrangement from the 112 direction, and (j) the corresponding elemental mappings of Pt and Zn for a L1j-PtZn nanoparticle. Reproduced
with permission from Ref. [49], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2020.

higher than the pristine Pt/C, indicating the potential application
in fuel cells. Combined with DFT and experimental results, the
enhanced ORR performance is due to the increased active sites
and the shortened Pt-Pt interatomic distance [28].

Another effective strategy to decrease the cost of Pt-based
catalysts is introducing non-noble metals. Alloy catalysts
containing lower percentage of Pt not only inherit the merits of
the Pt constituent but also usually demonstrate an improved
performance compared with monometallic Pt [29, 30]. Over the
past decades, various Pt-based alloy catalysts, such as PtCu, PtFe,
PtNi, PtCo, and PtW, have been explored [31-43]. As early in
2007, Stamenkovic et al. have investigated the roles of 3d metals in
the Pt;M alloys (M = Ni, Co, Fe, and Ti). As shown in Fig. 3(b),
the results indicated the ORR activities (in 0.1 M HCIO, at 333 K)
have a “volcano-type” relationship between the surface electronic
structures (the d-band center) [44]. It seems that the Ni, Co, and
Fe are the preferred alloying elements with Pt. For example, in
2007, it has been reported by V. R. Stamenkovic et al. that the
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specific activity of Pt;Ni (111) surface can reach up to 10 times
higher than the corresponding Pt (111) surface and 90 times
higher than traditional Pt/C catalysts (~ 0.2 mA-cm™ at 0.9 V vs.
RHE when the paper published) for PEMFC [29]. In addition,
The ORR activity of the well-designed Pt;Ni nanoframe with open
architecture can reach up to that of polyhedra structure. Due to
the advantage of the well-designed structure, the reactants can be
more easily accessed on both internal and external surfaces and
the electronic structure on the surface Pt atoms could weaken the
oxygen binding energy. The mass activity (5.7 A-mgp" at 0.9 V vs.
RHE) was more than an order of magnitude higher than the 2017
target of the US. DOE (044 A-mgp™) [45]. Y. Xia et al
successfully obtained a robust ORR catalyst of fct-Pt-Co@Pt
intermetallic nanocrystals with {111} facets as the dominant facets
(Figs. 3(c)-3(f)). The mass and specific activities could reach up to
2.82 A-mgp' and 9.16 mA-cm™, which are 134 and 29.5 folds
higher than the commercial Pt/C catalyst, respectively. The value
of mass activity was also greater than the 2025 target set by the
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US. DOE (044 A-mg' at 0.9 V vs. RHE). More importantly,
because of the enhanced metal-support interaction and well
dispersed nanoparticles, the mass activity only dropped 21% after
30,000 cycles of accelerated durability test (ADT), indicating the
promising application potential [46]. Very recently, J. Zou et al.
constructed a Pt/Fe,O; hybrid with dispersed Pt-Fe pair site,
which overcomes the weakness of single-site Pt. The mass activity
was calculated to 14.9 A-mgp* (at 0.95 V vs. RHE) and no obvious
activity decay was detected after 50,000 cycles. Besides, according
to the specific energy density and Pt utilization efficiency, it also
exhibited enhanced performance than 20% Pt/C in a H,-O, fuel
cell. It is proposed that the electronic coupling effect existed in
Pt-Fe pairs leads to the partially occupied orbitals and optimized
oxygen binding strength. The O, can be adsorbed on the Pt-Fe
pairs cooperatively with the O=0 bond dissociation (Fig. 3(g)).
Meanwhile, the OH* can desorb from the Pt site [47]. Another
exciting example is the PtCo alloy, which has been successfully
applied in the Toyota MIRALI fuel cell vehicle (FCV). The ORR
activity in the MIRAI has been improved 1.8-fold compared with
the 2008 FCV model which used Pt as ORR catalyst by regulating
the composition of the PtCo catalyst [48]. Except Fe, Co, and Ni,
Zn has also been investigated as a potential metal to alloy with Pt
due to its advantage of antioxidant in Fenton reaction. In 2020, Q.
Li et al. successfully synthesized ultrasmall L1)-PtZn NPs with a
“Pt-skin” structure by using a three-dimensional (3D) Pt@ZnO
matrix as precursor (Figs. 3(h)-3(j)). This well-designed ORR
catalyst demonstrated both excellent activity (0.52 A-mgp " at
0.9 Virges Virgee indicates the voltage of the fuel cell where the
internal resistance is compensated) and stability (16.6% loss in
mass activity after 30,000 cycles) in PEMFC tests, outperforming
the U.S. DOE 2020 targets. It was proposed that the optimized
surface Pt-Pt distances and Pt-O binding account for the
enhanced activity and the increased vacancy formation energy of
Zn atoms leads to the increased stability [49]. In addition to the Pt-
riched alloys, Chen et al. also studied the Pt-enriched alloys. The
PtW, alloys demonstrated both higher mass activity (nearly four
times increase) and stability than the Pt/C, demonstrating the
great potential to solving the catalyst issues in existing PEMFCs
[50]. Except Pt alloys, the Pd is another classic Pt group metal that
can be used as efficient ORR catalyst. For example, S. Guo et al.
successfully obtained a Pd-Mo alloy nanosheet with abundant
electrochemically active sites and highly atomic utilization. The
mass activity (16.37 A-mgpgy ') is 78 and 327 times higher than
those of commercial Pt/C and Pd/C, respectively, in 0.1 M KOH.
It was concluded that the improved ORR performance derived
from the alloying, strain, and quantum size effect, among which
the alloying effect played the key role [51]. Moreover, it also
showed enhanced mass activity (0.66 A-mgpy™ at 0.9 V vs. RHE)
than the commercial Pt/C and Pd/C in acid solution, and
higher than the 2020 technical target set by the U.S. DOE
(0.44 A-mgpgyi, '), however, the stability is insufficient for practical
applications and needs further effort.

2.2 Non-PGM catalysts

According to the cost analysis of PEMFCs, the Pt catalysts are
responsible for more than half of the fuel cell stack and ~ 23% of
the fuel cell’s cost, respectively. Since the catalysts at both anode
and cathode are all based on Pt or Pt alloys practically, both
should be substituted by low-cost catalysts ideally. Whereas, the
ORR requires more Pt than the faster H, oxidation reaction at the
anode, therefore, lowing the cost of ORR catalysts is the urgent
demand to the broad dissemination of this clean energy
technology. According to the latest target set by the U.S. DOE, the
ORR activity should reach 44 mA-cm™ at 0.90 V, with 1.0 bar H,
and O, for PGM-free PEMFC cathodes by 2025 [52]. Therefore,
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the central task is developing low-cost catalysts with high activity
and durability. Over past decades, remarkable improvement in
catalytic performance has been achieved [53]. In this section, we
mainly talk about the transition metal compounds, such as metal
oxides, carbides, nitrides, phosphides, and chalcogenides. To
optimize the ORR performance of the transition metal catalysts,
electronic  structure regulation, defect engineering, and
introducing supports are the widely accepted strategies.

2.2.1 Transition metal-nitrogen-carbon (MNC) catalysts

It is widely accepted that the MNC catalysts are the most
promising candidates to replace Pt because of their merits of high
activity, stability, and low cost. Since the early work conducted by
Jasinski [54] and Yeager et al. [55], various MNC materials have
been developed as ORR catalysts and achieved great progress.
Although the catalytic mechanism and active sites of MNC
catalysts are still controversial, their catalytic performances have a
close relationship with (a) the types of nitrogen and metal
precursors; (b) the elemental composition and interactions
between different components; (c) specific surface area; (d)
synthesis conditions, such as heat treatment temperature; and (e)
support substrates. To obtain MNCs, the nitrogen-containing
organic polymers, such as polyaniline, melamine, and poly-
dopamine, are usually used as the N, C precursors to obtain
effective MNC catalysts [56-60].

In 2011, Zelenay et al. successfully obtained polyaniline-FeCo-C
and the 700-h stability test at a constant fuel cell voltage of 0.4 V
(2.8 bar H,/2.8 bar air; 0.25 mg-cmp % and work temperature
80 °C) demonstrated its promising application at the fuel cell
cathode [61]. For the MNC ORR catalysts, the low active site
density and low utilization sites are the two major challenges to
further optimize the catalytic activity. To overcome the above
obstacles, Xu et al. designed Fe-N-C SACs with a high density of
active sites and efficient mass transport (Fig. 4(a)). When applied
in PEMFCs, the high current densities of 0.022 and 0.047 A-cm™
at 0.9 and 0.88 V.., respectively, can be achieved [62]. Very
recently, Q. Jia et al. introduced a chemical vapour deposition
(CVD) method to synthesize Fe-N-C ORR catalysts by flowing
Fe™ vapour over a Zn-N-C matrix at 750 °C. By this way, the gas-
phase and electrochemically accessible Fe-N, active sites with
100% utilization are formed and the final catalyst demonstrated an
excellent ORR activity of 33 mA-cm™at 0.90 V in a H,-O, fuel cell
at 1.0 bar (80 °C ) [63]. Recently, J. Yang and Y. Jiang et al.
designed the iron-nitrogen/carbon (Fe-N,/C) catalyst by a
pyrolysis strategy. The highly graphitized N-doped carbon
substrate can effectively stabilize the isolated Fe-N, sites and
improve the antioxidant ability of the Fe-N,/C catalyst. Under
optimized conditions, the half-wave potential (E,;,) can reach to
0.811 V (vs. RHE in acid media) and the stability can sustain for
30,000 cycles with only 25 mV loss of E,,. When applied in a fuel
cell, the power density can reach 656 mW-cm™ and 71% current
density can retain after 100 h of test at a voltage of 0.5 V [64]. It
should be noticed that although the Fe-N-C catalysts
demonstrated promising ORR electrocatalytic efficiency, the poor
stability in PEMFCs is the main challenge that limited its wide
application. It is because the Fe ions can react with the byproduct
of H,O, (Fenton reactions) and generate highly reactive hydroxyl
and hydroperoxyl radicals, which then induce the degradation of
ionomers and membranes [65-67]. By contrast, Co-N-C SACs
seem to be a promising alternative due to the less undesired
Fenton effects. However, Co-N-C SACs demonstrate inferior
ORR electrocatalytic activity [68]. Therefore, improving the
catalytic efficiency is the direction of effort. For example, He et al.
prepared Co-N-C SACs by a surfactant assisted confinement
strategy and obtained abundant active Co-N-C sites on the edge of
carbon layers [69]. Through this strategy, the performance of the
catalyst can be comparable to that of typical Fe-N-C SACs.
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Recently, Y. Shao et al. reported an atomically dispersed Co-N-C
ORR catalyst by immobilizing the ligand-chelated CoN, in the
micropores of zeolitic imidazolate framework (ZIF)-8 rather than
by an ion exchange method (Fig. 4(b)). It reached up a current
density of 0.022 A-cm™ at 0.9 Vi .. with an enhanced durability
compared with that of Fe-N-C catalyst. A peak power density of
0.64 W-cm™ in 1.0 bar H,/O, fuel cells was achieved, which is the
highest value among the reported non-Fe and Pt-metal-free
catalysts when it was published. The improved durability is due to
the lower activity for Fenton reactions and increases the resistance
to demetallation of Co-N-C [70]. In addition to inferior catalytic
activity, the undesired 2e- ORR pathway in acidic media to
produce H,O, is another disadvantage that should be improved
for Co-N-C SACs [71]. It is speculated that the high activation
energy for O-O bond breaking and the weak adsorption between
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Figure4 (a) The synthesis method of Fe-N-C SACs (triple 1,10-phenanthroline (phen) iron (TPI)@Z8(SiO,)-650-C) derived from TPI and ZIF-8. Reproduced with
permission from Ref. [62], © Wan, X. et al. 2019. (b) The synthesis procedure of the atomically dispersed Co-N-C catalyst. Reproduced with permission from Ref. [70],
© Springer Nature, 2019. (c) The scheme of synthesis method for the Fe SAC-MOF-5 catalyst. Reproduced with permission from Ref. [103], © Wiley-VCH GmbH

2021.

H,O, and the Co-N, active sites lead to the 2e ORR pathway [72].
Furthermore, the poor stability in acid media also greatly limited
its wide application [73]. To improve the stability of M-N-C SACs,
alternative metals besides Co and Fe can be selected in practical
PEMEFCs. Mn-N-C SACs demonstrated improved stability than Fe-
N-C and Co-N-C SACs since the Fenton reaction and 2e- ORR
pathway can be effectively restrained by the Mn-N-C active sites.
Whereas, the ORR activities are inferior to those of Fe-N-C and
Co-N-C catalysts [74-77]. Apart from Fe, Co, and Mn, other
metals such as Cu [78], Zn [79], Cr [80], and W [81] have also
used as M-N-C ORR SACs. Based on the above analysis, the
developed M-N-C SACs are promising ORR catalysts to replace
noble metals, however, each of them has different disadvantages to
achieve practical application. To further improve their
performance, deep mechanistic investigations are necessary [82].
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2.2.2  Transition metal oxides (TMOs)

Manganese and cobalt oxides are the two kinds of popular
transition metal oxides catalysts. The previous results have
demonstrated that MnO, can serve as an effective catalyst to
translate HO,™ to H,O by a 4-electron transfer process [83, 84].
Nevertheless, the poor electrical conductivity of metal oxides
seriously limits their application in fuel cells. To overcome this
obstacle, the substrates with high conductivity, such as
carbonaceous materials, are usually introduced to support the
metal oxides. For example, Z. Yang et al. reported the
MnO,/carbon nanotubes catalyst with enhanced ORR activity and
stability, which are comparable to Pt/C catalyst [85]. This strategy
is also suitable for cobalt-based oxides. When combined with
graphene or carbon nanotubes, the ORR activity of cobalt oxides
(such as Co;0, and CoO) can be drastically enhanced [86, 87]. It
should be noted that not all carbon materials have a positive
synergistic promotion effect, which depends on coupling model
between the oxide nanoparticles and the carbon support. Some
reported studies found that the strongly coupled carbon nanotube
materials demonstrate a higher ORR activity than the graphene
counterpart [87].

2.2.3 Transition metal carbides (TMCs)

With the merit of good conductivity, TMCs have been applied in
various catalytic reactions. However, they show poor stability in
acid medium and well-designed decoration should be considered
when used as catalysts in ORR. Generally, carbon materials are
usually introduced as wrappage for TMCs to resist the acid
conditions. At the same time, this strategy can also avoid the
sintering of the TMCs nanoparticles. In 2018, S. Guo et al.
reported the well-designed PtFe-Fe,C Janus-like nanoparticles,
which exhibited much higher ORR catalytic performance than
PtFe and Fe,C NPs in either acidic and alkaline electrolytes. DFT
results indicated that electron transfer exists on the interface of the
hybrid and leads to the excellent ORR performance [88]. Guo et
al. encapsulated the WC nanoparticles in the graphitic layers
(WC@C) with a mean diameter of only 1.9 + 0.9 nm, which not
only increases the conductivity but also improves the stability by
avoiding the coarsening of WC [89]. Similarly, Xiao et al. obtained
Fe;C@N-graphene oxide (GO) catalysts with high ORR
performance and durability in both acidic and alkaline conditions
[90]. Although TMCs have received much attention, it is still
difficult to identify the exact composition that plays the active
catalyst in the TMCs, because the composition in the TMCs is
very complicated and they usually consist of different metal
valence. For instance, the tungsten carbide might be composed of
WC and W,C. In addition, the N element in the substrate might
affect the active sites of TMCs. Therefore, further study is need to
investigate the roles of each component in ORR mechanism and
then provides significant information to explore more active
TMCs catalyst.

2.2.4 Transition metal nitrides (TMNs)

Generally, the TMNs possess better corrosion resistance and
conductivity than those of metal oxides. However, the ORR
activities for most of TMNs cannot compare to Pt/C. Over the
past decades, great effects have been made to improve their ORR
performance. It is found that the doping engineering is an effective
strategy. For instance, by introducing Ni as a doping element into
the TiN nanoparticles, the ORR performance can be improved
remarkably and even can be comparable to that of Pt/C in alkaline
electrolytes [91]. It is proposed that the electron transfer between
Ti atoms and adsorbed oxygen molecules can be promoted by Ni
doping. Besides, the structure optimization is another method to
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improve the ORR activity. In 2018, S. Liao and B. Y. Xia et al.
successfully obtained TipgCoy,N nanotubes, which exhibited
much higher ORR performance compared with the nanoparticle
in the full-cell level [92]. The enhanced ORR may be due to the
large surface area of the hierarchical architectures. In addition,
coupling TMNs with porous carbon supports can also optimize
the ORR activity. For instance, the ORR performance of FeCoN,
can be dramatically enhanced when combined with the
hierarchically porous carbon cages. It was speculated that the
synergetic effects between Fe and Co element and unique
superstructure lead to the remarkable electrocatalytic performance
[93].

2.25 Transition metal phosphides (TMPs)

Due to the distinct merits, such as tunable structure and unique
physicochemical ~ properties, TMPs have provided new
opportunities to design efficient and durable low-cost ORR
catalysts in acidic solutions. Different metals or stoichiometric
ratios of metal/phosphorus can lead to various compounds with
diverse structure and physicochemical characteristics. In general,
the TMPs with abundant M-M bonds and M-P bonds possess
better electron conductivity and stability than that of the P-rich
TMPs with more P-P bonds. In 2015, Yu et al. first introduced Fe-
P-C as ORR catalyst experimentally [94]. After that, a series of
TMPs with comparable activity and durability have emerged.
However, the ORR performance is still inferior when compared
with Pt/C catalysts. To improve the performance, Q. Xu et al.
recently designed an efficient and stable Co,P ORR catalyst by
embedding in Co, N, and P multi-doped carbon. Due to the
synergistic effects between the multi factors, the ORR activity can
be comparable to that of Pt/C [95]. Furthermore, C. Hou and co-
workers immobilized the ultrafine CoP, NPs on two-dimensional
(2D) carbon nanosheets on nickel foam with porous 3D
interconnected network. The obtained self-supported electrodes
demonstrated remarkable catalytic ORR properties with an onset
potential of 0.83 V (vs. RHE) and a E,, 0f 0.76 V (vs. RHE) [96].

2.2.6 Transition metal sulfides (TMSs)

Compared with other low-cost ORR catalysts, TMSs have received
less attention because of their poor activity and low electrical
conductivity. To optimize their performance, several efforts have
been taken. For example, Zhang et al. designed and synthesized a
hydrosulfide of CosFeS,s(OH), with preserved morphology,
which demonstrated excellent ORR activity in alkaline media [97].
Another work is the N-doped Co,Sg/graphene composite. Due to
the N doping and the formed rich defects and active sites, it
showed outstanding ORR activity and durability in alkaline media
[98].

2.3 C-based catalysts

C-based materials, such as carbon nanotubes, graphenes, and
carbons derived from metal-organic frameworks (MOFs), have
been widely applied in designing efficient ORR electrocatalysts.
They usually can be used by combining with the metal-based
catalysts. Generally, a positive synergistic effect can be induced
between the doped metal and the adjacent carbon atoms, which
can promote charge redistribution and then improve the
electrocatalytic activity. It is widely accepted that the formed metal-
N, chelate bonds for the transition metal-doped C catalysts and
the ortho-C atoms of the pyridinic ring for C catalysts are the ORR-
active sites.

Since not all the “active sites” in C-based catalysts can play their
roles at the RDE level, improving the utilization efficiency of active
sites has attracted sustainable attention. To get more
electrochemically inaccessible active sites, designing hierarchically
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porous structures is an effective strategy. For example, Z. Bai et al.
reported a 3D Fe-N-C ORR electrocatalyst by the structural
arrangement of ZIF-8 nanograins and the results revealed that the
abundant and multiscale macro-sized pore channels played the
main role to promote the intrinsic catalytic efficiency [99]. Due to
the merits of the coexistence of abundant C, N, and metal
elements, MOFs have become hot materials to synthesize C-based
ORR materials. Xia et al. successfully got the hollow structure of
Co/N-doped CNTs by using ZIF-67 as the precursor and the ORR
efficiency was enhanced clearly because of the highly porous
hollow carbon matrix [100].

24 SACs

To maximize the atomic utilization and increase the catalytic
performance, SACs electrocatalysts have attracted extensive
interest. For SACs, the metal active sites are highly dispersed on
the substrate at the atomic level. Therefore, it is a promising
strategy to reduce the usage of metals, especially the noble metals.
Although the usage of metals is decreased, the ORR performance
of SACs can maintain or even surpass the counterparts in other
motifs (e.g, metal nanoparticles and clusters), which is of great
significance for reducing the cost of catalysts. More importantly,
the demetallation issue that widely existed in the C-based catalysts
can be optimized by the SACs strategy. At the same time, because
of the strong interaction between the metal atoms and the
substrate, the stability can also be improved. For example, Li et al.
successfully obtained Co-based SACs using the Co/Zn MOF as
precursor. Under high reaction temperature (> 800 °C), the Zn
metals were evaporated, while the Co element was retained in the
carbon substrate and Co-N, single sites were formed, which
showed excellent ORR performance [101]. Similarly, the Ni SACs
can be obtained from Ni NPs under high-temperature reaction
conditions. It is speculated that the strong interaction between Ni
atoms and the N atoms on the surface of the matrix can be
gradually drawn away from Ni NPs [101]. Recently, Q. Xu et al.
reported the robust single Fe sites by a silica-mediated MOF-
templated method, which demonstrated excellent ORR
performance and stability in both acidic and alkaline solution,
which even can comparable to those of Pt/C catalysts. It is
speculated that the overhang-eave morphology benefits for the
mass transport and active metal site utilization [102]. T. Zhang et
al. developed a Fe SAC supported on Zn,0O(14-
benzenedicarboxylate); (MOF-5)-derived carbon with outstanding
hierarchical porosity and abundant accessible FeN, sites (up to
2.35 wt.%). A high halfwave potential of 0.83 V (vs. RHE) was
achieved in acid electrolyte and the peak power density can boost
to 0.84 W-cm™ in H,-O, PEMFC (0.2 MPa) (Fig. 4(c)) [103]. The
intrinsic ORR efficiency of SACs can be further enhanced by
optimizing the coordination environment and improving the
amounts of active sites.

3 ORR catalysts applied in MEA or fuel cell

Based on the ORR activity of the reported works, it seems that the
ORR performance is not the challenge to construct a hydrogen
fuel cell with high efficiency. However, most of the results are just
at RDE level and there are relatively few results available for the
investigations in practical MEA and fuel cell applications. The
major differences between RDE and MEA level are as follows: (i)
Mass transfer resistance can be largely eliminated on the RDE
level because of the high-speed rotating; however, it cannot be
overlooked in the practical MEA and fuel cells. The typical
example is the nanoframe catalysts, for which the mass transfer of
protons to the inner surface has not been a problem in RDE test.
Whereas, it becomes a great challenge in MEA application since
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the ionomer is difficult to penetrate into the pores that are less
than 20 nm and proton transport is greatly limited at moderate to
high current densities. Then it results in the poor catalyst
utilization [104]. (ii) Catalyst layer. The active sites of the catalysts
can be used to the maximum extent on RDE level, whereas,
because of the triple-access (gas-liquid-solid) reaction conditions,
it is a great challenge to reach the similar utilization efficiency at
the MEA level. In MEA application, the catalyst layers are
5-20 pm, which are much thicker than in RDE test (0.1-2 um),
and the contact between the reactants and catalyst layer becomes
more difficult at the three-phase zones (the polymer electrolyte,
the solid catalysts, and the oxygen gas). The thin-film electrode
can reach 100% utilization of the catalyst in a RDE, whereas, it is
difficult to achieve such high value at MEA level, because of the
essential difficulties of triple-access requirement and dynamic
challenges from water flooding. Besides, conductivity influence is
negligible in RDE due to the low film thickness, however, it
cannot be ignored at the macroscopic MEA level. Reducing the
catalyst layer, such as removing the carbon substrate, is the
direction of efforts. It is because the thinner catalyst layer can
provide improved heat and water transport, and shorter mass and
electron pathway, and then increase the utilization of the catalyst
at all current densities [105]. (iii) The concentration of O, is much
lower for RDE tests than that of MEA tests. Although conducted
at high rotation rates, the O, concentration is strongly limited in
the liquid electrolyte for RDE tests, whereas, MEA tests are
measured at O,/air atmosphere. To achieve the same Pt-specific
current density, the RDE test requires lower catalyst loading
(< 0.5 pgrem™) on the electrode disk. With such low catalyst
loading, it is difficult to deposit them as a homogeneous film and
the performance can be easily influenced by the impurities,
leading to the challenges of experimental reproducibility. (iv) The
test system of MEA cell is much more complicated than that of
RDE. The MEA mainly consists of gas diffusion layer (GDL),
catalyst layer, and proton (ion) exchange membrane. Usually, the
GDL is compressed by the contact pressure between the rib and
the GDL, which leads to the thinner portion of the GDL and
higher water saturation. Then, the remained water in the GDL
leads to compromised oxygen transport and non-uniform power
generation. To overcome this issue, a 3D mesh flow field has been
designed in the MIRAI cell and the airflow towards the GDL and
gas transport to the cathode catalyst layer can be greatly promoted
[48]. (v) Operating temperature. MEA can usually be operated in
the range 60-80 °C. By contrast, RDE tests are usually operated at
ambient temperature because additional hardware is essential to
achieve temperature control. Higher operation temperature is
certainly a great challenge for the durability of the catalysts. Based
on the above analysis, it is clear that the ORR activity cannot be
directly translated to the MEA and fuel-cell performance.
Consequently, the insufficient data on the real MEA and fuel-cell
performance becomes a serious impediment for its development.
Many researchers have realized the existing challenges and carried
out some investigations on the MEA and fuel-cell test.

For example, Lou and Xia et al. obtained 1D bunched Pt-Ni
alloy nanocages ORR catalysts [106]. Under optimized conditions,
the mass activity and specific activity of Pt,;Ni were 17 and 14-
fold higher than the commercial Pt/C catalyst (60 wt.%, Johnson
Matthey (JM)) and the stability can sustain for more than 50,000
potential-scanning cycles. When applied in a H,-air fuel cell test, it
also demonstrated an enhanced catalytic performance with a peak
power and current density of 920 mW-cm™ and 1.5 A-cm’ at 0.6 V
(more than 180 h), respectively, which showed a promising
practical application potential. Among the Pt-M alloys measured
at MEA level, the performance of Pt-Ni alloys is listed in the top-
tanking, however, Ni etching is easily occurred in acid conditions
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leading to the significant activity loss. Therefore, Pt-Co alloys
attracted more attention. For example, Chong et al. synthesized
the core-shell PtCo alloys on a PGM-free (Co-N,-C,) substrate
using Co or bimetallic Co and Zn zeolitic imidazolate frameworks
as precursors (Figs. 5(a) and 5(b)) [107]. The mass activity can
reach 12.36 + 0.53 A-mgp,* and 1.77 + 0.39 A-mgp* (at 0.9 V vs.
RHE) tested at RDE and fuel cell level, respectively, outperforming
the US. DOE target of 044 A-mgp"'. Besides, an excellent
durability was also achieved no matter at high-voltage (kinetics-
limited) or high-current density (mass transport-limited). It
should be noticed that during the practical PEMFC operation,
faster oxygen delivery and water removal are essential, however, it
also promotes the diffusion of dissolved Pt atoms and the Ostwald
ripening process and then accelerates the catalyst inactivation.
Besides, the oxygen transport resistance in the MEA has a
opposite relationship with the catalytic sites and the catalyst
degradation could dramatically increase the oxygen transport
resistance and activity loss. Herein, to maintain the long-term
durability in PEMFCs with low Pt loading, ultrasmall size of
catalysts with outstanding stability is a key issue. To overcome it,
Y. Huang et al. synthesized the graphene encaged PtCo
nanocatalysts (PtCo@Gnp) with both excellent mass activity
(1.21 A:mgpgy ™) and stability (27% mass activity was lost after an
accelerated durability test). It was calculated that only 6.8 g PGM
was used when applicated in a 90 kW PEMEC vehicle, which is
close to the usage amount in a typical catalytic converter [108].
Besides alloys, intermetallic nanoparticles have been explored as
another kind of catalysts demonstrating excellent ORR
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performance. The merits of defined surface and near-surface
atomic arrangement can effectively increase the activity and
stability. For example, X. Zi et al. studied the intermetallic and
ferromagnetic L1,-CoPt/Pt NPs with 2 and 3 atomic layers of Pt
shell and the intermetallic structures exhibited the obvious
advantage in stabilizing Co and improving Pt activity for fuel cell
applications [109]. Both catalytic activities can reach 2.26 and
0.56 A-mgp," in electrolytic cell and MEA with only 18% and 19%
lost at 60 and 80 °C after 30,000 cycles, respectively, which
exceeded the U.S. DOE 2020 target. DFT results indicated the
biaxial strain and ligand effect caused by Pt shell, and Co
weakened the binding energy of the oxygenated intermediates on
the surface of Pt and then improved the ORR performance.
Although the atomically ordered intermetallic NPs show excellent
ORR performance, the difficult synthesis is still a great challenge.
It is because high temperature annealing is essential to obtain the
ordering atom, however, the metal sintering also occurs during
this process. To overcome this issue, H. W. Liang et al. developed
a sulfur-anchoring strategy and successfully synthesized a series of
Pt intermetallics (46 combinations of Pt with 16 other metal
elements) with an average particle size of < 5 nm. The sintering
can be effectively suppressed by the strong chemical interaction
between Pt and the sulfur atoms on carbon substrate. The small
nanoparticle still remained even after annealing at a high
temperature up to 1,000 °C. These Pt-intermetallics (such as PtFe,
PtCo, PtNi, and PtCu;) also exhibited high mass activities of 1.3 to
1.8 A-mgy™ at 0.9 V (internal resistance corrected) in PEMFCs
tests, which were better than the benchmark Pt/C and also higher

< Pyrolysis

Pyrolysis

Figure5 (a) Schematics of LP@PF catalysts, showing coexistence of Pt-Co NPs, Co@graphene, and Co-N,-Cy PGM-free active sites. (b) HRTEM image of a
representative Pt-Co alloy NP with Pt;Co superlattice core and Pt skin partially covered by CoN and CoC terraces. Reproduced with permission from Ref. [107], ©
Chong, L. et al. 2018. (c) The synthesis method to obtain the Pt intermetallics. Reproduced with permission from Ref. [110], © The American Association for the
Advancement of Science, 2021. (d) The preparation methods of the PAA-Fe-N and P(AA-MA)-Fe-N catalysts. Reproduced with permission from Ref. [118], © Wiley-

VCH GmbH 2021.
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than the U.S. DOE 2025 target of 0.44 A-mgp" (Fig. 5(c)) [110].
Another exciting work to achieve high-load Pt intermetallics
without agglomeration was reported by H. Yang et al. recently. In
this work, a cobalt oxide aided structural evolution method was
applied to obtain high-loaded (44.7%) core-shell Pt1Col-
intermetallic compounds@Pt/C catalyst with a quite small size of
sub-6 nm. The mass activity can reach 0.53 A-mgp," at 0.9 V (vs.
RHE) on RDE level. Then, a mass activity of 0.47 A-mgp"' was
calculated in the PEMFCs tests, outperforming the 2020 U. S.
DOE target (0.44 A-mgp™). More importantly, the power densities
were calculated to 2.30/1.23 W-cm™ for H,-O,/air fuel cells at
80 °C, respectively. Both experimental and theory results indicated
that the lowered d-band centre and improved antioxidation of
Pt/Co sites account for the enhanced activity and durability,
respectively [111]. Very recently, J. N. Zhang et al. designed the
concave Pt-Zn nanocubes with high-index faceted Pt skin, which
possess more active surface structure and then increase the
utilization of Pt. The mass activity and specific activity for Pt78-
Zn22/KB were 1.18 A-mgp" and 3.64 mA-cm™ at 0.9 V (vs. RHE).
In H,-O, fuel cell tests, the peak power density reached up to
1,449 mW-cm”, which was higher than the commercial Pt/C
[112]. In order to promote O, transport and increase the ORR
activity, Q. Yuan et al. fabricated a (111) fact rich PtCu@PWO,
catalyst with open pores and oxygen container. Combined with
the advantages of compressive strain and downshift d-band centre
of Pt, the mass activity boosted to 3.94 A-mgp'. Moreover, the
power density of 218.6 and 420 mW-cm™ was obtained in H,-air
and H,-O, PEMFCs, which is much higher than the benchmark
Pt/C, demonstrating its great potential in application [113].

Compared with the widely investigated monometallic and
binary metals, the ternary or quaternary metals have received less
attention at fuel cell level. Q. Yuan et al. designed a series of multi-
metallic nanostructures and exhibited promising performance
[114-117]. For example, in 2021, an interface-rich 3D PtBiAu
intermetallic with functional sites of “Pt-Au” or “Pt-Bi” was
reported. Under optimized conditions, the mass activity boosted
to 2872 Amgp™ (8.65 times that of commercial Pt/C) and
exhibited high anti-CO poisoning in direct ethylene glycol fuel
cells. The peak power density can reach up to 145 and
92 mW-cm™ in O, and air, respectively, at 80 °C [114]. Then, the
2D quaternary PdAuBiTe nanosheets were firstly synthesized and
the mass activity of ORR was calculated to 2.48 A-mgp,” at 0.9 V
(vs. RHE), which was 27.5 and 17.7 times that of commercial
Pd/C and Pt/C, respectively. When used as cathode in the
practical direct methanol fuel cell, the power density can boost to
235.7 and 173.5 mW-cm™ in O, and air, respectively, at 80 °C, also
higher than the Pt/C (101.5 and 48.3 mW-cm™ in O, and air,
respectively). It was confirmed that the topmost and edge defects,
low-coordinated atoms, lattice strain, and downshifted d-band
center resulted in the enhanced performance [115].

Compared with Pt-based ORR electrocatalysts, most of the non-
Pt-based electrocatalysts are limited to the RDE measurements
and lack of MEA data in addition to a few reports based on SACs.
It is because the challenges of high operation temperature
(60-80 °C and 0.5-0.8 V) in strongly acidic and humid conditions
should be overcome. To suppress the demetallation of non-noble-
metal M-N,/C catalysts and increase its durability in PEMFC
application, Q. Li et al. optimized the bonding strength between
the metal ions and chelated polymers by regulating the ratios of
acrylic acid (AA) and maleic acid (MA) in copolymer (P(AA-
MA)). The bond length and coordination of Fe-N can be
controlled. Under optimized conditions, the P(AA-MA)-Fe-N
catalyst, which possessed abundant Fe-N,/C sites and longer Fe-N
bonds, demonstrated both outstanding mass activity and
durability in half and H,-air fuel cells. The ORR activity (E,;, =
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0.8413 V) of P(AA-MA)(5-1)-Fe-N can bear comparison with
Pt/C (E,;, = 0.841 V) and the E,, only lost 6 mV after 5,000 cycles
at 60 °C (Fig. 5(d)) [118]. Wan et al. synthesized a concave-shaped
Fe-N-C SAC with a large external surface area and demonstrated
much enhanced MEA activity as a result of the well-designed open
geometric structure and improved active sites [62]. Under the U.S.
DOE testing protocols, the current density can reach up to
0.047 A-cm™ at 0.88 Vipge (vs. RHE). A remarkable activity of
129 mA-cm™ at 0.8 Vg 4. can also be obtained under the ambient
working environment (1 bar H,-air). It is speculated that the large
external surface area and mesoporosity play significant roles in
exposing the Fe-N, active sites and enhancing the mass transport
of the catalyst layer. Recently, J. Shui et al. reported a novel Fe-N-
C catalyst with acid stable N-coordinated Fe clusters and Fe-N,
active sites on 2D porous carbon for ORR in fuel cells. Both
experimental and theoretically results indicated that the activity of
satellite Fe-N, sites can be enhanced by the Fe clusters, which
introduced an OH ligand and then optimized the adsorption
strength of reaction intermediates and decreased the bond
amplitude of Fe-N, by incoherent vibrations. When applied in
PEMEQC, the catalyst boosted the mass activity to 10 mA-mg_," at
0.9 V (vs. RHE) in acid electrolyte under 1 bar H,-O, [119].

Based on the above analysis, it can be exhibited that although
many of the low-cost ORR catalysts demonstrated comparable
ORR performance with Pt/C at the RDE level, the catalytic
performances are still inferior in contrast to those of Pt-based
ORR electrocatalysts at the MEA level [11].

4 The insufficiencies of ORR electrocatalysts for
practical application

4.1 Pt-based catalysts

Up to now, Pt-based catalyst is still the most efficient ORR catalyst
and the performance of Pt/C is still the benchmark to evaluate
other ORR catalysts. To further enhance the intrinsic activity for
Pt-based catalysts, significant progress has been achieved, such as
morphology and component optimization. Nevertheless, although
the Pt-based ORR catalysts have been enhanced dramatically, the
definite reaction mechanisms from high-index plane are still not
clear. Besides, it is a great challenge to keep the well-faceted
nanocrystals in the fuel cell work conditions, especially for the
catalysts with high-index planes and unsaturated atomic edges,
which are the active sites for ORR. During fuel-cell operation,
these faces can be easily changed and deactivated, leading to the
decrease of their catalytic performance and then limiting their
practical application in fuel cells. For the Pt alloy catalysts
containing non-noble-metals, the main challenge is the instability
of non-noble metals [120, 121]. It is because in the real PEMFC
application, the rigorous operation conditions (the typical
operation temperature is usually at 60-80 °C and the electrolyte
environment is strong acidic) lead to the oxidation and dissolution
of the non-noble metals. Then, the proton exchange membrane
can be degraded by the dissolved metals ions, which can react with
H,0O,, and lower the long-term performance of PEMFCs. For
example, the intermetallic NPs of L1,-PtFe, L1,-PtCo, and L1,
PtNi have demonstrated promising ORR activity and durability in
PEMECs [49]. However, the formation of reactive oxygen species
(such as -OH radical) from H,0, (the main byproduct of 2e
ORR) can be accelerated by these redox-active metals (especially
Fe) through Fenton reaction. Subsequently, Nafion membrane
and catalyst layers will be damaged by these reactive oxygen
species [49].

For the commercial Pt/C catalysts, the migration, coarsening,
and dissolution of the Pt NPs are the major issues that influence

ﬁ g/» "‘é A @ Springer | www.editorialmanager.com/nare/default.asp

Tsinghua University Press



Nano Res. 2023, 16(4): 43654380

the durability of the fuel cell In practical application, the
coarsening of Pt NPs proceeds via two different ways [122-124].
First, the smaller Pt NPs dissolve and subsequently redeposit on
the larger Pt NPs, which is called Ostwald-ripening process. By
this way, the Pt NPs can increase from ~ 3 to 6 nm on carbon.
Another way is the dissolved Pt species (such as Pt**) can migrate
and diffuse in the ionomer phase at the micrometer scale. These
soluble Pt species can be reduced by cross-over H, from the anode
and then form precipitated Pt NPs in the cathode ionomer phase
[100]. As the Pt NPs grow, the catalytic active sites will be reduced
seriously and lead to the increase of the cell overpotential, which
subsequently causes the lower stack voltage at a specified current
density. In addition, the dissolution of Pt can be accelerated at the
high steady-state potential (0.9 to 1.1 V vs. RHE) at the real work
temperature (80 °C) of PEMFCs.

4.2 Non-noble metal catalysts

Possessing the merits of abundant reserves, low cost, and easy
preparation, the non-noble metal catalysts are considered as the
promising candidates to replace noble metals. Whereas, there are
still major challenges that should be overcame before they can be
applied practically in PEMFCs. Firstly, compared with Pt/C, the
unsatisfied intrinsic activities in acidic and humid conditions for
most of these catalysts are the major drawbacks that limit their
application. Secondly, the poor stability under PEMFC operations
is another stumbling block. Thirdly, the mechanism of
deactivation process for non-noble-metal catalyst is still under
debate [125-127]. Specifically, each kind of non-noble metal has
its own deficiency when used in MEA. For MNC:s catalyst, it has
been reported that the demetallation of active sites, carbon
corrosion, micropore flooding, and protonation of the N-groups
on the surface are the possible reasons that lead to the
performance degradation. For the highly active Fe-N-C catalysts,
the first two factors are the major reasons leading to the obvious
degradation of the catalytic activity. Besides, the leached Fe ions
could react with the hydrogen peroxide generated during ORR
and then the produced hydroxyl radicals would damage the
carbon matrix, ionomer, and proton exchange membrane. For
TMOs catalyst, the poor electrical conductivity and instability in
strongly acidic environments seriously limit their practical
application in fuel cells. Carbonaceous materials are essential to be
used as the substrates or wrappages to optimize their conductivity
and stability, which significantly increases the difficulty of catalyst
design and large-scale synthesis. For TMNs, although many
reported works have demonstrated their better corrosion
resistance and conductivity than those of metal oxides due to the
stable triple bonds between metal and N atoms, most of the
intrinsic activities still have a great distance compared with Pt/C
even at the RDE level. For TMCs, although with the merit of good
conductivity, poor stability in acid medium is the major challenge
in MEA. Similar with TMOs, carbon and/or graphitic layers are
the widely used material to encapsulate the catalysts. However, it
increases the complexity of the component at the same time,
which then influences the repeatability of the performance. For
example, the type of N and its related content in carbon materials
would have a close relationship with the activity, whereas, it is a
great challenge to keep the same for different batches of catalysts.
Apart from that, it is still a great challenge to identify the exact
catalytic active sites and the detailed structures of the active sites.
For TMPs and TMSs, designing active and stable catalysts in
acidic electrolytes is the pivotal challenge, since their ORR
performance is still much more inferior compared with the
benchmark Pt/C. Based on the above analysis, each kind of non-
noble metal has its own deficiency for MEA application. Besides,
the available data on the MEA tests for the non-noble metal ORR
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catalysts is still insufficient at present. Herein, there is still a long
way to reach a comparable activity and stability with Pt/C catalyst
[11].

4.3 C-based catalysts

The major challenge for the practical application of C-based ORR
catalysts is the demetallation and carbon corrosion. Especially,
under high-electrode potentials and transient conditions, the
performances become even worse [128]. To overcome this issue,
encapsulating the metal by carbon shell is an effective method.
Whereas, the active sites are reduced at the same time. In addition,
increasing the graphitization is another widely used strategy,
whereas, the highly graphitized carbon configurations are
undesirable to anchor the active sites, such as M-N,. In practical
application, carbon corrosion easily occurs when the anode is at a
high electrode potential state (such as 1.3 V vs. RHE) due to the
hydrogen starvation. The decreased activity of fuel cell derived
from of carbon support damage is irreversible. To avoid the high
electrode potentials, a cell voltage monitor (CVM) system is
usually introduced. Whereas, it is too expensive and does not
benefit for the popularizing of fuel cells. To avoid the use of CVM
system, it is urgent to develop a durable substrate material to
replace carbon.

44 Single-atom metal catalysts

As mentioned above, the synthetic processes for the SACs are
usually rigorous, which needs precise reaction temperature and
sophisticated precursors. Therefore, high costs are inevitable to
obtain SACs with high quality and it is a great challenge to achieve
large scale production. Furthermore, to avoid aggregation and
sintering, the weight percentages of the loaded metals are usually
very low (< 1 wt.%), which leads to the low amounts of available
active sites [129-130]. In addition, most of the performance
evaluation for the SACs is conducted at RDE level and the further
measurements on the MEA or fuel cell level are urgently
demanded.

5 Perspectives and conclusions

5.1 Design more sufficient ORR catalysts

Although the synthesis of Pt/C catalysts has achieved industrial-
scale production, further lowering the preparation cost may be an
effective way to decrease the price of fuel cell and expand its
practical application. For low-cost ORR electrocatalysts, it is
necessary to increase both ORR activity and stability. Various
strategies have been developed, such as morphology modification
and phase optimizing [131]. One encouraging case is that one
kind of noble-metal-free ORR catalysts has been applied in the
fuel cell in 2017 by Ballard Power Systems. Therefore, it can be
predicted that the low-cost catalyst will play the lead in the future
with the sustained efforts from both basic and application research
(Ballard news releases (2017)). For the SACs, although they
demonstrate high ORR activities, the complex and time-
consuming synthesis processes seriously limited their wide
application. To achieve practical application at the MEA level,
realizing industrial scale production is the main challenge that
should be overcome.

5.2 Substrate optimization

Compared with ORR electrocatalysts, further investigations of the
substrate are still insufficient at the current technology state.
Reducing carbon corrosion and developing new materials are the
two major research directions. The delight thing is that apart from
carbon substrate, the tin oxide and titanium oxide have been
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explored as the potential cathode and anode support materials,
respectively, due to the high stability under high potentials. Under
optimized conditions, the MEAs with TiO, and SnO,-supported
Pt catalysts can reach up to the equivalent performance of Pt/C.
More importantly, they also demonstrated more stable activity
under a higher potential (1.3 V) than C-supported catalysts [132].

5.3 Insight mechanism investigation

To explore the relationship between surface characteristics of
catalysts and ORR dynamics, theoretical calculation is still the
main method for most the reported works. Whereas, most of the
models used in the DFT calculations are based on perfect crystal
and without taking the real structure and reaction environment
into account. Compared with DFT investigations, the evidence of
insight into the catalytic mechanisms in experimentally is
insufficient at the current technology state. Developing advanced
characterization techniques, especially those in situ operando tools,
is still the urgent issue. Generally, in situ characterization tools,
such as X-ray photoelectron spectroscopy (XPS), low-energy
electron diffraction (LEED), and scanning tunneling microscopy
(STM), have been used in the reported papers. Very recently, Li et
al. introduced a novel surface-enhanced Raman spectroscopic
(SERS) “borrowing” strategy to explore the reaction intermediates
for PtNi alloy catalysts during the ORR [133]. To investigate the
changes of active sites of Fe-N-C, F. Jaouen et al. used “Fe
Méssbauer spectroscopy to reveal the correlations between
structure and activity of the catalyst [134]. These newly-developed
techniques provided effective methods to investigate the in situ
ORR catalytic process. Whereas, further efforts are still necessary.
Based on the current research status, it is proposed that the DFT
calculations should consider the real reaction conditions, which
may provide more accurate information for the catalytic process
or active sites. Combined with the experimental and theoretical
results, further key information can be explored to the catalytic
mechanisms and design robust catalysts.

54 Measurement conditions at MEA level

Considering the different measurement conditions between the
RDE and MEA levels, it should be taking more effort to investigate
the MEA-level or fuel cell activities of the ORR catalysts. Besides,
the stability is another key point when evaluating an ORR catalyst,
especially at a high reaction temperature rather than at room
temperature, due to the MEA operating temperature is 60-80 °C.
The durability targets set by DOE for stationary and
transportation fuel cells are 40,000 and 5,000 h, respectively, under
realistic operating conditions. In addition, it is necessary to
develop a standard test protocol for the ORR catalyst at MEA
level, such as the weight of used catalysts, reaction temperature,
and gas flow, which can provide more accurate information when
compared with different catalyst from different research groups.

5.5 Cost evaluation

Cost is the strongest market driver. Although numerous well-
designed ORR catalysts have exceeded the performance of the
benchmark of Pt/C, however, there is a long way to go to achieve
practical application. Apart from the factor of stability, the cost is
another crucial point that should be considered. The cost of
catalysts has a directly relationship with the price of the raw
materials and synthetic process. Therefore, apart from the price of
precursor, the cost of synthesis process should also be carefully
considered and calculated. However, in most of the reported
works, the high cost of complex of synthesis process should
usually be ignored. Therefore, up to now, it is a great challenge to
calculate the price of the catalyst and select economical catalysts
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just based on the performance of reported ORR catalysts. Due to
the complexity of calculating price, it can be proposed the factors
such as precursors, synthesis conditions, and the product yields
can be considered. In this way, an approximate cost of the
synthesized catalysts can be obtained.

In conclusion, although ORR catalysts have achieved great
progress, developing robust ORR catalysts applicated in PEMFCs
urgently becomes a significant problem to meet the practical
demand. Our work aims to put more emphasis on the discussion
of designing robust catalysts at the MEA and full-cell level, aiming
to help stimulate more attention on their practical application. We
hope the discussion presented in this review can guide the design
of more efficient catalysts for practical PEMFCs in near future.
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