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Abstract: In recent years, non-Pt-based ORR catalysts have been developing rapidly and have
achieved performance comparable to or even surpassing Pt precious metal catalysts in specific
reactions, offering new possibilities for Pt-based catalyst replacement and showing great promise for
application. This paper reviews the recent research progress of non-Pt-based fuel cell ORR catalysts.
The latest research progress of non-Pt-based ORR SACs (including single metal active site ORR SACs,
multi-metal active site ORR SACs, and non-Pt-based noble metal catalyst ORR SACs), non-metallic
ORR catalysts, alloy-based ORR catalysts, high-entropy alloy ORR catalysts, and other non-Pt-based
fuel cell ORR catalysts are presented in detail. This paper discusses in detail the synthesis methods,
characterization means, optimization of performance, and application prospects of these non-Pt-based
ORR catalysts. In addition, this review details the excellent performance of these catalysts in terms of
compositional and structural controllability, electrical conductivity, and chemical stability, as well as
their ability to exhibit ORR activity comparable to that of commercial Pt/C catalysts. This field is full
of opportunities and challenges. In summary, non-Pt-based fuel cells show great potential in ORR.
With the continuous improvement of preparation and characterization technologies, catalysts have
broad application and market prospects. In addition, the development trend of non-precious metal
fuel cell catalysts is reviewed.

Keywords: single-atom catalysts (SACs); alloy catalysts; high-entropy alloy catalysts; non-metallic
catalysts; ORR

1. Introduction

The growing global energy crisis and environmental pollution pose a great threat
to human survival and development [1]. In response, scholars have developed clean,
efficient, safe, and sustainable energy sources to address this crisis [2]. The most impor-
tant of these energy sources are advanced electrochemical energy storage and conversion
devices [3], such as direct methanol fuel cells (DMFCs), direct methanol fuel cells (DE-
FCs), and proton exchange membrane fuel cells (PEMFCs) [4,5], in which the increasing
conversion of electrochemical energy to energy reduces the environmental pollution from
conventional catalysts [6,7]. The oxygen reduction reaction (ORR) is the cathodic reaction
in the above-mentioned electrochemical devices, which may proceed via a two-electron
pathway or a four-electron pathway [8]. ORR is a multi-electron reaction with a much
more complex mechanism than nitrogen reduction and hydrogen reduction reactions, and
contains multiple initial reactions as well as multiple intermediate reactions. The mecha-
nism proposed by Wroblowa in 1976 is perhaps the most effective explanation of the ORR
process [9], allowing the formation of (two-electron pathway) or no (four-electron pathway)
intermediate H2O2 through the activation of oxygen molecules electrically reduced to water.
Experimental results show that the theoretical potential of the direct four-channel is 1.23 V,
while the theoretical potential of the two-channel is 0.7 V. In general, the four-electron
reaction has a higher reduction potential than the two-electron reaction. Certain catalysts
are less stable when a two-electron or mixed two-electron and four-electron reaction occurs,
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causing the destruction of the catalyst and the proton exchange membrane by peroxide [10].
Four-electron reaction pathways can completely reduce O2 to H2O, and exhibit a higher
output voltage. Therefore, the development of ORR catalysts with four-electron pathways
is preferred. However, the slow reaction kinetics of ORR is a constraint on the development
of the above electrochemical devices [11–13]. Therefore, there is a need to develop ORR
catalysts with excellent electrocatalytic activity and high stability in order to improve the
ORR kinetics. The development of efficient and stable ORR catalysts is an effective way to
improve the performance of fuel cells [14]. Pt/C is currently the most efficient ORR catalyst
for fuel cells [15,16]; however, this catalyst suffers from poor stability and is prone to CO
poisoning, leading to the deactivation of its active center [17–19]. In addition, Pt-based
ORR catalysts are more difficult to develop commercially for large-scale applications due
to the high price and low reserves of Pt. Therefore, it is crucial to explore the development
of inexpensive and efficient non-Pt catalysts that can be used for ORR. In summary, this
paper reviews the recent research progress of non-Pt-based fuel cell ORR catalysts in recent
years. These catalysts, such as non-Pt-based ORR SACs (including monometallic active site
ORR SACs, multi-metallic active site ORR SACs, and non-Pt-based noble metal catalyst
ORR SACs), non-metallic ORR catalysts, alloy-based ORR catalysts, high-entropy alloy
ORR catalysts, and other non-Pt-based fuel cell ORR catalysts, have been the subject of
recent research.

Recently, a review of high-performance M-N-C catalyst designs for ORR was published
by Ye [20]; another review of non-precious metal-based ORR electrocatalysts was published
recently by Sanket D. Bhoyate [21]; a review of 2D material-supported transition metal
single-atom ORR catalysts was published by Niu [22]; and Zhang [23], Huang [24], and
Huo [25] all published reviews of high-entropy alloy catalytic materials for ORR. Obviously,
these are relatively recent and excellent articles; however, they all cover a narrow field. At
present, there does not exist any systematic review of fuel cell ORR catalysts involving
a complete range of all types. For example, in addition to the above-mentioned types,
alloys, non-Pt noble metals, oxides, and a number of other unconventional materials are
involved in ORR electrocatalysts; as such, the present review article is meant to help
readers quickly understand the related fields. The description of the preparation process,
characterization, and application prospects of the materials is more important for review
articles [26–30].In this paper, we systematically introduce a wide and diverse range of
ORR catalysts for fuel cells (Figure 1). In addition, we present a detailed discussion and
insights into the synthesis methods, characterization methods, performance optimization,
application prospects, and challenges of these non-Pt ORR catalysts, focusing on several
hot research areas in recent years, such as non-precious metal single-atom catalysts, high-
entropy alloy catalysts, and non-metallic ORR catalysts (Supplementary Table S1). This
review provides key information for the design of various catalysts and the preparation of
new non-Pt-based ORR catalysts with excellent performance, and hopefully can provide
useful guidance for colleagues in the electrocatalysis community.
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2. Non-Pt-Based ORR SACs
2.1. Single Metal Active Site ORR SACs

The study of single-atom catalysts for ORR originated in 1964 when Jasinski et al. [31]
discovered that metal phthalocyanines are capable of forming metal M-N4 centers that can
catalyze ORR. This work brought inexpensive transition metal-based SCAs for ORR into
the limelight and has attracted a great deal of attention from researchers. Based on this
study, researchers have invested effort in recent years to immobilize metal-N complexes
(mainly Fe-N) and improve their catalytic performance. Because metal macrocycles such
as porphyrins and phthalocyanines are catalytically active for ORR, their basic M-N4
structure is considered the active center in heterogeneous environments. One of the
most studied is the metal-organic backbone (MOF) class as pre-cursor ORR catalysts. Its
most significant advantage is the ability to modulate the morphology and porosity of the
carbon-based material, exposing more active sites. In 1989, Ernest Yeager et al. used a
mixture of polyacrylonitrile, inorganic salt/cobalt salt, and carbon black as precursors
to prepare Co/N/C type ORR catalysts with high catalytic activity by heat treatment at
800 ◦C in an argon atmosphere [32]. This study demonstrated for the first time that the
involvement of macrocyclic compounds is not required, showing that precursors consisting
of nitrogen, carbon, and transition metals can be used to prepare M/N/C-type non-precious
metal catalysts with excellent ORR activity by high-temperature heat treatment in an inert
atmosphere. Horst Jahnke et al. in 1976 and Vladimir S. Bagotzky et al. in 1977 successively
published research showing that the activity and stability of the ORR of the products can
be significantly improved by heat treatment of transition metal macrocyclic compounds
in an atmosphere of inert air at temperatures of 800–900 ◦C [33,34]. These two works
pioneered a new method for synthesizing carbon-based non-noble metal-based catalysts by
thermal treatment. In 2011, Zhang et al. developed the concept of single-atom catalysis,
which kicked off the research on single-atom nanomaterials [35]. In the ORR reaction, their
p-orbital electrons react with the d-orbital of the active center of the catalyst between the
oxygen and the intermediate product, causing oxygen uptake and electron migration [36].
This is a strong indication that the selection of suitable metal atomic centers is the most
straightforward and effective way to improve the activity of SACs in catalysis.

With the continuous improvement of preparation and characterization techniques over
the years, single-atom catalysts have broad applications and market prospects. Common
primary synthesis methods for SACs include pyrolysis [37], co-precipitation [38], atomic
layer deposition [39], impregnation [40], chemical reduction [41], and high-energy ball
milling [42]. To date, many advanced characterization techniques, such as X-ray photoelec-
tron spectroscopy, atomic-level electron ttomography (AET) techniques, HAADF-STEM,
XAFS, (XPS), and Musburger spectroscopy, as well as the development of theoretical cal-
culations, have been irreplaceable for the discovery, development, and optimization of
single-atom catalysts as well as the understanding of their catalytic mechanisms.

Although commercial Pt/C is the most efficient catalyst for ORR catalysts, it is ex-
pensive to fabricate and its resistance to toxicity is extremely weak. Therefore, in the
past decades, scientists have never given up on developing a catalyst with low fabrica-
tion cost and high efficiency to replace commercial fuel cell Pt/C catalysts. Conventional
non-precious metal-based single-atom catalysts (SACs) are of wide interest in the field of
catalysis because of their advantages of up to 100% atomic utilization, flexible ligand struc-
ture (easy adjustment), good selectivity, stability, and excellent re-activity [43]. Transition
metal N-doped carbon-based catalysts (M-N-C), one of the single-atom catalysts (SACs),
are considered a candidate for platinum and have attracted much attention because of their
good ORR catalytic activity and relative stability to ORR in acidic media. The reasons for
the superior electrocatalytic activity of M-N-C are as follows: (1) doped nitrogen-carbon
carriers can greatly stabilize and disperse the transition metals, improving the catalytic
performance of ORR [44]; and (2) interaction between nitrogen-doped carbon carriers
and non-precious metals can significantly increase the density of active sites and promote
catalytic behavior [45]. It has been suggested that the ORR catalytic activity of M-N-C
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materials follows the pattern Fe > Co > Mn in both acidic and basic electrolytes. M-N-C
may have a tunable electronic structure and unsaturated coordination environment, and
has strong inter-action between individual metal atoms and the carrier, allowing excellent
performance to be achieved [46]. M-N-C has the maximum efficiency of metal atom uti-
lization and exhibits high activity and selectivity. The unique coordination environment
and metal centers serve as a transition between the homogeneous phase and multi-phase
catalysis, ensuring excellent activity and selectivity in various catalytic reactions. These
catalysts are described in detail in the following section.

2.1.1. Fe-Based SACs

With the potential advantages of low toxicity, high abundance, low cost, and magnetic
properties, the application of iron in the catalytic industry can improve the efficiency of
catalyst recycling and reduce production costs. Traditional precursors for Fe-N-C materials,
such as polypyrrole [47] and dicyandiamide [48], suffer from cumbersome and expensive
fabrication, which limits the commercialization of Fe-based SACs. To solve this problem, an
increasing number of researchers are focusing their research and development efforts on the
earth’s abundant and low-cost bio-mass-derived carbon. To this purpose, Zhang et al. [49]
synthesized novel atomically dispersed Fe-N-CSACs by encapsulating FeCl3 on the por-
phyrin surface and pyrolyzing the catalytic material, in which Fe is mainly present in
the form of FeN3S1 coordination structure, and half-wave potential of the catalyst in an
alkaline environment (0.1 mol/L KOH) is 0.84 V (vs. RHE), showing good ORR catalytic
activity. Compared with the noble metal catalyst Pt/C + RuO2, the rechargeable Zn-Air
cell composed of this electrocatalyst has a higher power density. This design strategy can
expand the utilization of electrocatalysts synthesized from abundant biomass materials,
and the effect of S doping on the structure–catalytic activity relationship was systematically
investigated as well.

Although Fe-SACs electrocatalysts have become an ideal candidate for commercial
Pt/C catalysts for fuel cell ORR, their true catalytic active sites have not been well studied
and remain under intense controversy. The electrocatalytic community needs to thoroughly
clarify the effect of different types of coordination nitrogen (including pyridine nitrogen and
pyrrole nitrogen) on catalytic performance. Moreover, understanding the pH dependence of
the activity of Fe-NC catalysts is an urgent issue. Because of this research gap, Xu et al. [50]
comprehensively investigated the ORR activity catalyzed by thirteen different N-liganded
Fe-NxC configurations through simulations based on a constant potential implicit solvent
model. Their results demonstrated that the ORR catalytic activity of pyrrole Fe-NxC is
stronger than that of pyridine, with pyrrole FeN4C having the highest activity in acidic
media. The activity of pyridine and pyrrole Fe-NxC usually decreases with the decrease in
the amount of ligand N. Mean-while, the conversion of in situ active centers to *O-FeN4C
and *OH-FeN4C clarifies the source of the higher activity of FeNC in alkaline media. Their
work provides valuable guidance for the development of more efficient and stable Fe-based
SCAs for ORR. For example, Zhang et al. [51] synthesized Fe SAC-MOF-5 catalysts with
high ORR activity in 0.5 M H2SO4, and the active center was identified as pyridine FeN4.
Jiang et al. [52] prepared pyridine-type monoatomic FeN4C catalysts by pyrolysis reaction
based on the good electrocatalytic performance of SiO2@MOF composites under suitable
acidic or basic environments. The research results presented above summarize the effects of
different types of coordination nitrogen (including pyridine nitrogen and pyrrole nitrogen)
on catalytic performance. These works provide a theoretical basis for the design of new
efficient and stable Fe-based ORR catalysts.

It is well known that nitrogen-coordinated Fe monoatomic Fe-NxSAs anchored on the
carbon support are one of the most effective electrocatalysts for oxygen reduction reaction
(ORR); however, it is challenging to enhance the activity of the catalyst by regulating the
adsorption environment of Fe-Nx sites. Based on this, Wang et al. reported in a theoretical
demonstration that doping nitrogen in carbon carriers can optimize the adsorption of ORR
intermediates on Fe-N4 sites by adopting an appropriate approach to anchor Fe-N4 sites
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in N-rich carbon carriers with abundant tubular channels to synthesize Fe-SAs@NCTCs,
with applications in ORR [53]. HR-TEM images showed no formation of metal-containing
nanoparticles or clusters in Fe-SAs@NCTCs (Figure 2a). Furthermore, the corresponding
energy dispersive X-ray (EDX) images showed a uniform distribution of Fe, N, and C
on the prepared catalysts (Figure 2b), and demonstrated the presence of monatomic Fe.
AC-HAADF-STEM images showed a high density of Fe unit substructures uniformly
distributed in Fe-SAs@NCTCs (Figure 2c). Nitrogen adsorption/desorption isotherms
at different pyrolysis temperatures showed abundant micropores and mesoporosity in
the Fe-SAs@NCTCs of this catalyst, which fully demonstrated the presence of abundant
laminar pores in the carbon walls. Figure 2d shows that the oxidation valence state
of Fe is about 2+. The characterization of EXAFS with the related calculation results
(Figure 2e–h), indicates that Fe-SAs@NCTCs are mainly coordinated with four N atoms
to generate Fe-N4 conformation and anchored in a carbon carrier with active Fe-SAs
providing maximized Fe-N4 active sites and electrochemical activity. The graded porous
structure with tubular channels provide excellent fast mass transfer during the ORR process;
therefore, Fe-SAs@NCTCs exhibit excellent ORR performance that exceeds the performance
of Pt/C-based alternatives. The strategy of enhancing catalyst activity by modulating the
adsorption environment of Fe-Nx sites provides a good guide for designing hierarchical
porous structures and changing the coordination structure of active sites to design single-
atom catalysts with high ORR activity.
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Figure 2. (a) HR−TEM, (b) EDX elemental mapping image, and (c) AC−HAADF−STEM im-
age of Fe−SAs@NCTCs. (d) The Fe−K-edge XANES spectra and (e) Fourier transform of the
Fe−SAs@NCTCs, Fe foil, FeO, and FePc in the Fe−K−edge EXAFS spectra. (f) WT−EXAFS plots
of Fe−SAs@NCTCs, FePc, and Fe foil, respectively. (g,h) First−shell (Fe−N) fits to the FT−EXAFS
spectra of Fe−SAs@NCTCs in K and R space, respectively. (Copyright 2022, Elsevier) (Reprinted
with permission from [53]. Copyright 2022, Elsevier).
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Currently, the lack of sufficient catalytic activity and long-term durability are two
major issues that need to be addressed for Fe-based SCAs, and these catalysts cannot fully
replace Pt catalysts for PEMFC applications. The performance of Fe-N-C catalysts can be
enhanced by increasing the density of the active site (FeN4) in the 3D structure [54,55].
Furthermore, the conventional preparation process of Fe-based SCAs has the limitation of
potentially leading to heterogeneous morphologies, i.e., the presence of many nitrogens-
and iron-related byproducts in the catalysts that mask the true active sites. This hinders
further understanding of the structure–property relationships of Fe-based SCA catalysts.

To improve the limitations of Fe-N-C catalysts, Zhang et al. [56] obtained a single-
atom iron catalyst without metal agglomeration (Fe-N-C) by doping iron ions into the ZIF
lattice in a special way in order to form Fe-ZnZIF precursors, followed by one-step thermal
activation; the ORR half-wave potential reached 0.85 V (vs. RHE) under acidic conditions,
slightly lower than the 0.88 V of Pt/C. The AAT experiment showed that the stability
of the catalyst was much better than Pt/C; in addition, the yield of H2O2 in the ORR
process was less than 1%, indicating that the catalytic reaction was a four-electron reduction
process. Figure 3a shows that the N4 complex tetrahedral FeN4 structure may be present
in the precursor. The combination of HAADF-STEM images (Figure 3c,d) and electron
energy loss spectrometer (EELS) combined with microscopy analysis results (Figure 3d
inset) demonstrate that these individual single atom sites were Fe. The highly porous
carbon phase dominates in each granule and does not form metal polymers. This catalyst
represents one of the best ORR catalysts in acids thanks to the formation of FeN4 in porous
carbon carriers with a high density of uniform distribution. This work provides a new idea
for scholars to develop novel Fe-based SACs by synthesizing Fe-doped ZIF nanocrystal
precursors to modulate the size of catalyst particles.
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Figure 3. (a) Schematic representation of the synthesis process of Fe-doped ZIF catalysts. (b) Precisely
controlled Fe-ZIF catalysts with sizes ranging from 20 to 1000 nm. (c,d) HAADF-STEM images of the
highest performing Fe-doped ZIF catalyst (50 nm) and EELS analysis results (inset of (d)). (Reprinted
with permission from [56]. Copyright 2017, American Chemical Society).
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Although it has been suggested that increasing the loading of active metals can
improve the toxicity resistance and stability of Fe-based SCAs to some extent, for typical
carbon-supported Fe-N-C electrocatalysts the catalyst size has to reach the nanometer level,
and it remains challenging to increase the density of FeNx active sites by simply increasing
the number of metal salts [57]. In addition, certain FeNx active sites are not sufficiently
exposed to the surface during pyrolysis, making it difficult for oxy-gen to access them [58].
An effective approach is to synthesize Fe-Ne-C electrocatalysts with abundant mesopores
to improve the utilization of FeNx active sites.

In light of this, Gu et al. [59] recently developed unique Fe-based SCAs (Fe-Nx/N/Ti3C2),
which they derived by loading Ti3C2 MXene onto MOF using a special method. TEM images
show the wrinkled nanosheet morphology of Fe-Nx/N/Ti3C2, indicating the absence
of iron-based crystalline phases. The relevant experimental and characterization results
demonstrate that C, N, O, and Fe are homogeneously spread on the skeleton of the catalyst.
X-ray photoelectron spectroscopy (XPS) results of this catalyst indicate that Fe-Nx-C is
the predominant form of iron, and reveal a strong coupling effect between Fe-Nx-C and
Ti3C2 MXene, which can improve the binding strength of ORR-related intermediates on the
catalyst surface and regulates the d-band center of the iron. This explains the excellent ORR
activity of the catalyst [60]. The electrochemical test results showed that the onset potential
(Eonset) of Fe-Nx/N/Ti3C2 could reach 1.04 V (vs. RHE), its half-wave potential (E1/2) could
reach 0.92 (vs. RHE), and its limit current density (JL) reached an amazing 0.1 mA/cm2,
which indicates that its electrocatalytic performance is better than that of commercial Pt/C
catalysts (Figure 4A). From Figure 4B, it can be seen that it has Jk = 35.8 mA cm−2, which
is better than other reference samples. The Tafel slope value of 96.2 (mV dec−1) for Fe-
Nx/N/Ti3C2 is the lowest among all the samples (Figure 4C). The ORR on Fe-Nx/N/Ti3C2
derived from the RRDE test proceeds through a four-electron reduction pathway with few
byproducts (Figure 4D). The test results in Figure 4E show that the catalyst is highly stable,
and when the electrochemical performance of Fe-Nx/N/Ti3C2 is compared with recently
reported catalysts it is clear from the data, as shown in Figure 4F, that Fe-Nx/N/Ti3C is
superior to many other ORR electrocatalysts [61–68].

In another approach, the metal loading of the catalyst can be increased through
sulfate ion-induced concave surface porous S and N co-doped carbon, which can limit the
formation of FeCx nanoclusters, enhancing the intrinsic activity and density of the active
sites of the catalyst to an extent and increasing the contact area of the active sites with the
ORR intermediates. This approach can increase both the metal loading and the catalyst
stability. In light of this, Mu and He et al. [69] designed an effective Fe/S2-NC oxygen
reduction electrocatalyst that confines a large number of FeCx nanoclusters with Fe-N4
sites located in a concave porous S and N co-doped carbon matrix. The reason lies in the
reaction of sulfate ions with carbon derived from ZIF-8 at high temperatures, which leads
to the contraction of the carbon skeleton and then the formation of concave structures with
a large number of macropores and mesopores. This concave architecture doped with S
provides a larger area of contact with the electrolyte, facilitating the exposure of active sites
and accelerating remote mass transfer. Thus, Fe/S-NC loaded with a certain amount of
nanoclusters of CSC, Fe-N4, and FeCx exhibited good ORR activity and stability. When in
an alkaline electrolyte, Fe/S2-NC can reach an E1/2 of 0.91 V, which far exceeds the value
corresponding to commercial Pt/C catalysts (E1/2 = 0.85 V), while in an acidic electrolyte,
its E1/2 is about 0.784 V, which is nearly equal to that of commercial Pt/C (E1/2 = 0.812 V).
This in situ S-doping with sulfate ions and direct hole formation opens new directions for
the development and improvement of cost-effective Fe-based SCAs.
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2022, Elsevier).

Furthermore, many factors should be considered in addition to the influence of the
stability and durability of Fe-based SCAs on the catalytic activity of ORR. For example,
M-N-C catalysts prepared from different precursors may show different electrocatalytic
properties under complex conditions; that is, Fe-N-C catalysts doped with different iron
salts produce different ORR electrocatalytic properties. Analysis shows that doping with
different iron salts leads to differences in the distribution density of the formed Fe-N4
active sites, and they may form inactive Fe3C structures that mask the active sites and
reduce their contact area for reaction with the intermediates. Further studies have shown
that the size of the iron source molecule and the degree of hydrolysis of the precursor are
relevant [70]. The above results illustrate that the overall catalytic activity of the catalyst is
related to the chemistry of the metal precursor, the type of carbon matrix, and the electrolyte
environment, in addition to the active metal center.

2.1.2. Cu-Based SACs

Copper has become a hot spot for catalytic research because it is a non-precious metal
that can effectively solve the energy scarcity problem faced by noble metals. Based on its
special electronic structure (no valence electrons in the third orbital), copper is different
from all other elements in terms of its physical and chemical properties [71,72]. For example,
the combination of uniformly dispersed Cu sites and nitrogen-doped carbon materials
allows Cu-N-C SACs to exhibit excellent performance in many catalytic fields. However,
the tuning of the coordination environment, the influence of the carrier material, and the
dynamic evolution of the catalytic process are not known, which limits the application of
Cu-N-CSAC.
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To solve this problem, Jiang et al. [73] proposed an atomic interface strategy for design-
ing single-atom copper catalysts and reported a new Cu-SA/SNC catalyst with a special
carbon carrier consisting of copper atoms immobilized in a sulfur- and nitrogen-doped
carbon carrier. The atomically dispersed Cu was directly observed by HAADF-STEM,
the presence of monoatomic Cu in Cu-SA/SNC was confirmed based on HAADF-STEM
images, and the absence of Cu-Cu signal in the EXAFS spectrum, and the resulting catalysts
showed strong ORR activity due to the strong association between the Cu atoms and the
carrier. The E1/2 of Cu-SA/SNC in an alkaline environment (0.1 mol/L KOH) reached
0.893 V (vs. RHE), which surpassed that of commercial Pt/C catalysts. The atomic structure
model of the catalyst is Cu-N4-C8S2, based on the results of X-ray absorption spectroscopy
(XAS), and the active site of the catalyst is the lower valence Cu(+1) in the Cu-N4-C8S2 coor-
dination structure per X-ray absorption fine structure (XAFS) analysis and DFT calculations.
Furthermore, Cui et al. [74] synthesized Cu-SACs by pyrolysis of copper phthalocyanine
with an E1/2 of 0.81 V (vs. RHE) for ORR in an alkaline environment (0.1 mol/L KOH),
which has high durability. Density flooding theory calculations indicate that the OOH* to
O* conversion process determines the catalytic rate of Cu SACs. Qu et al. [75] prepared
Cu-SACs using a zeolite imidazolium ester backbone material (ZIF-8) as a precursor with
a half-wave potential of 0.895 V (vs. RHE) in an alkaline environment (0.1 mol/L KOH);
ORR activity was better than commercial Pt-based catalysts. The excellent ORR catalytic
behavior was due to the ammonia molecule acting as an intermediary to drag out and
immobilize the copper atoms of the volatile zinc node of ZIF-8 during the high-temperature
treatment. This work provides a new strategy for transition metal-based ORR SACs, high-
lighting the great potential of SACs to be promoted in the industry. The above studies
are typical of the research results, both of which are discussed in detail later in the text in
our discussion of the influence of the ligand environment and the carrier material on the
catalytic process.

In the Cu-N-C SAC catalytic system, it remains unclear how the N coordination
affects the ORR activity of the Cu-Nx site. This highlights the importance of studying the
mechanism of interaction between the coordinated structure and catalytic performance of
Cu-N-C at the atomic scale, which is important for the rational development of single-atom
catalysts with high electrocatalytic activity. For this reason, Wang [76] proposed a unique
synthetic strategy of tuning the coordination number of individual Cu atoms by using
thiourea as an “in situ reductant” in the synthesis of Cu-NGS to obtain atomically dispersed
Cu-Nx structures (Figure 5a).

The E1/2 of the synthesized catalyst in the alkaline electrolyte (0.1 mol/L KOH) reached
0.81 V (vs. RHE), which is almost identical to the value corresponding to the commercial
Pt/C catalyst. The Cu-NG and Cu-NGS X-ray powder diffraction analysis showed highly
dispersed Cu species on the carbon framework without any nanoparticles or clusters. The
HAADF-STEM image (in Figure 5b) shows that the brighter spots shown in the figure are
single-atom copper isolated from the carbon framework. Energy dispersive spectroscopy
elemental mapping analysis of STEM images further confirms the uniform dispersion of
C, N, Cu, and S throughout the Cu-NGS sample (Figure 5c), while the N K-edge X-ray
absorption near edge spectroscopy (XANES) results and N 1s XPS peaks directly confirm
the presence of a Cu-Nx coordination structure and its coordinated effect on ORR activity.
The results of X-ray absorption and XPS analysis directly demonstrate that the proportion
of ligand-unsaturated CuI-N2 sites increases with the addition of thiourea and that the
oxygen reduction reaction catalytic activity of this catalyst increases significantly with the
increase of CuI-N2 proportion, which proves that CuI-N2 is the real active site of ORR.
The CuI-N2 site was calculated from first principles to successfully reduce the free energy
of each ORR reaction step through the fast 4e− ORR pathway. The results of this study
indicate that a good option is to improve the catalytic activity of ORR by precisely designing
the coordination configuration of M-N-C catalysts, which creates more possibilities for
further commercial applications of fuel cells.
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Figure 5. (a) The synthesis schematic of the atomically dispersible Cu-Nx site catalyst. The blue,
yellow, pink, red, gray, and white spheres represent N, Cu, S, O, C, and H atoms, respectively.
(b) Atom solution HAADF-STEM imaging of Cu-NGS. Single Cu atoms are highlighted by the
red circles. (c) STEM-EDS elemental mapping of Cu-NGS. (Reprinted with permission from [76].
Copyright 2019, American Chemical Society).

Recent studies have shown that the undesirable adsorption reaction of the active site
with ORR intermediates can severely reduce the ORR kinetic activity, and it is important
to develop strategies to solve this problem. The atomic interface modulation method was
developed as an effective method to effectively control the catalytic activity of the whole
SCAS, which changes the adsorption strength of the active site on the ORR intermediates by
adjusting the interfacial configuration and coordination structure of the central metal atom,
which in turn reduces the potential barrier and further improves the catalytic activity [77,78].
To consider this, Shang et al. [79] designed an asymmetric interfacial structure with metal
atom centers and used this to successfully synthesize graded porous carbon-based Cu-
based SCAs (S-Cu-ISA/SNC) for ORR. The designed S-Cu-ISA/SNC has an E1/2 of 0.918 V
(vs. RHE) in the alkaline electrolytes, which responds to the superior ORR catalytic
performance of the catalyst. The correlation assay results showed that the atomic interface
configuration of the Cu site in S-Cu-ISA/SNC is an asymmetrically distributed Cu-S1N3
fraction. The prepared catalysts showed good stability after long-term ORR stability tests
with no significant current decay. Based on the EXAFS characterization results, relevant
EXAFS fit data, simulations, and relevant calculations in XANES (Figure 6d–f), it was
demonstrated that the excellent ORR activity can be attributed to the formation of the
asymmetric Cu-S1N3 atomic interface in this catalyst, as well as that the low-valent Cu(+1)-
containing structure is the active center of the ORR. In addition, this work provides a
feasible pathway for the rational design and performance modification of other SACs.
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Figure 6. (a) Cu L-edge XANES spectrum of S-Cu-ISA/SNC, CuS, and CuPc. (b) C K-edge in
the XANES spectrum of S-Cu-ISA/SNC. (c) N K-edge in the XANES spectrum of S-Cu-ISA/SNC.
(d) Experimental Cu K-edge in XANES spectra of S-Cu-ISA/SNC and references (Cu foil, CuS, and
CuPc). (e) The FT k3-weighted Cu K-edge EXAFS Spectrum of S-Cu-ISA/SNC (f) WT-EXAFS graphs
of S-Cu-ISA/SNC, CuS, and CuPc, respectively. (g) FT-EXAFS fit curves of S-Cu-ISA/SNC on the Cu
K-edge. (h) Diagram of the atomic interfacial model of S-Cu-ISA/SNC. (Reprinted with permission
from [79]. Copyright © 2023, Springer Nature).

2.1.3. Mn-Based SACs

In addition to using a variety of highly active Fe-based SCAs and Co-based SCAs
to catalyze the ORR process, Li et al. [80] found that the MnN4 active center has similar
excellent ORR activity as the FeN4 active site, which was concluded from DFT calculations.
In addition, previous studies found that the doping of Mn promoted the graphitization
of the carbon-loaded catalyst during the carbonization reaction, improving the overall
stability of the catalyst [81]. On the other hand, the Fenton reaction of Mn ions is relatively
small due to the weak reaction of Mn and H2O2. However, unlike Fe and Co ions, in the
ZIF-8 precursors manganese ions are difficult to exchange with the pristine Zn to form
coordination sites. In addition, manganese atoms tend to form inactive metal compounds
during high-temperature treatment. Therefore, the formation of a certain number of MnN4
sites is affected, resulting in the inability of this catalyst to catalyze ORR. To solve this
problem, Wu’s group [80] developed a two-step method to synthesize Mn-based SCAs
by doping and adsorption to increase the number of MnN4 active sites First, as, in the
conventional one-step chemical doping method, Mn-doped ZIF-8 precursors were prepared
by partial exchange of Zn2+ with Mn3+ in ZIF-8. High-temperature pyrolysis followed by
acid treatment and then a second high-temperature treatment resulted in porous carbon-
containing a certain amount of Mn and N, which were co-doped and used as the host for
the next step. In step 2, additional manganese and nitrogen sources were adsorbed into the
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resulting 3D porous carbon hosts. Then, a third heat treatment was used to increase the
number of MnN4 active sites. The atomic structure of the MnN4 active site of the Mn-based
SCAs was calculated by DFT, and its presence was demonstrated by XAS and EELS. The
E1/2 of the catalyst was up to 0.80 V (vs. RHE) in an acidic environment (0.5 mol/L H2SO4)
and had good stability and neutrophilic resistance; after 30,000 CV cycles, the loss of E1/2
was only a small 17 mV. In addition, the stability of the 20Mn-NC-second catalyst is better
than that of the 20Fe-NC-second catalyst. The enhanced stability of the Mn-N-C catalyst is
mainly due to the improved stability of the carbon carrier in the two-step synthesis and the
stabilization of the MnN4 ligand structure anchored on it.

In addition, the effect of the Fenton reaction on Mn-based SCAs is weaker than that of
the Fenton reaction on Fe-/Co-based SCAs [82]. For this reason, Bai et al. [83] embedded
manganese into nitrogen-doped graphene carriers using a high-temperature annealing
strategy, and after acid leaching treatment, Mn@NG was obtained. Their Eonset and E1/2
in alkaline conditions (0.1 mol/L KOH) were 0.97 and 0.82 V (vs. RHE), respectively. The
ORR activity of this catalyst was nearly equal to the commercial Pt/C ORR activity. The
elemental mapping of Mn@NG based on EDS and STEM demonstrated that C, O, N, and
Mn were uniformly distributed within the nitrogen-doped graphene framework. XANE
analysis demonstrated that the valence state of Mn in Mn@NG was close to 2+. The EXAFS
pattern of Mn@NG showed that no Mn-Mn bond was formed in Mn@NG, proving that the
Mn in the prepared catalyst existed in the form of single atoms. This strategy can be applied
to the preparation of other metal and nitrogen co-doped catalytic materials to facilitate the
development of heterogeneous catalysis and electrocatalysis, among others.

It has been demonstrated that the intrinsic electrocatalytic activity of Mn-based cata-
lysts can be significantly improved by modulating the local coordination environment of
O and N atoms adjacent to Mn atoms in Mn-N-C catalysts. Yang et al. [77] prepared Mn
single-atom catalysts by high-temperature treatment of Mn-doped MOFs. Structural analy-
sis revealed that Mn formed Mn-NxOy ligands with both O and N atoms, and the obtained
Mn/C-NO reached an E1/2 of 0.86 V (vs. RHE) under alkaline conditions (0.1 mol/L KOH).
The ORR catalytic activity of the bionic electrocatalyst under alkaline conditions was very
good, even outperforming the electrocatalytic activity of commercial Pt-based catalysts. The
synthetic process is shown in Figure 7. According to the relevant characterization results,
excellent ORR activity was associated with the abundant Mn cofactor in the graphene
carrier. This study offers new perspectives for the design of single-atom catalysts other
than M-N-C by considering the geometry engineering aspects of the ligand atoms.

In addition, Zhu et al. [84] synthesized MnNPC-900 by loading nitrogen and phosphorus-
conjugated Mn atoms on a porous carbon carrier, where the Mn in this catalyst existed in
such a coordination structure as MnNxPy. Under alkaline conditions (0.1 mol/L KOH), the
Eonset of this catalyst was 0.97 V and its E 1/2 was 0.84 V (for RHE). The above results indicate
that the Mn-based SCAs have excellent ORR activity and stability. All these results indicate
that transition metal Mn-based SCAs have a very high potential for development.

2.1.4. Zn-Based SACs

The transition metal sources for M-N-C type single-atom ORR catalysts are mainly
limited to Fe, Co, Ni, etc. It is currently believed that these transition metal ions (e.g., Fe2+,
Fe3+, and intermediate valence of transition metals) and certain incompletely coordinated
ions reduce the stability of the electrode and electrolyte film during the ORR process.
In contrast to Fe, Co, Ni, etc., the d-orbitals of Zn elements are filled (3d104S2), which
makes it difficult to form oxidized ions in higher valence states [85]. Therefore, a Zn-
N-C catalyst is theoretically considered to be harmless to the electrode and electrolyte
membrane. In the course of catalytic ORR, related studies have then pointed out that the
Zn-N4 coordination structure is more stable than the Fe-N4 coordination structure, and this
finding has promoted the practical application and development of new efficient and stable
single-atom catalysts (ZnSACs) [86].
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Figure 7. The synthesis process of the catalyst is shown schematically. (a) Precursor of Mn-BTC with
a sphere-like morphology. (b) Ultrafine MnO nanocrystals embedded homogeneously in porous
carbon framework with hollow sphere framework (MnO/C) are obtained after annealing process
under N2. (c) Mn/C-NO are obtained after HCl acid etching process and NH3 activation treatments.
(d) Enlarged edge area illustrating the hollow sphere carbon framework is composed of porous
nanorods. (e) Detailed structure of Mn/C-NO where Mn residues embedded in 3D graphene
framework predominantly existing as single atoms coordinated with O and N atoms. (Reprinted
with permission from [77]. Copyright 2018, John Wiley and Sons).

Song et al. [87] prepared single-atom Zn catalysts dispersed in the Zn-N4 coordination
form with a Zn loading of only 0.3 wt% due to the high volatility of the Zn precursor
during high-temperature thermolysis. Therefore, it is necessary to find ways to increase
the Zn loading when developing Zn-based SCAs in the future. To address this challenge,
Li et al. [86] increased the loading of monatomic Zn in the catalyst by controlling the
gasification rate of the Zn precursor to 9.33 wt% (2.06 at%) loading. Both high-resolution
transition electron microscopy (HRTEM) and XRD characterization results confirmed the
absence of any visible Zn-based particles or clusters in the Zn-N-C-1 catalyst. Aberration-
corrected atomic resolution HAADF-STEM measurements clearly show that the single Zn
atoms are scattered uniformly in the Zn-N-C-1 sample at a very high density. The above
results indicate that the catalyst has a single-atom distribution of the Zn.

In addition, the E1/2 of Zn-N-C-1 in acidic conditions (0.1 mol/L HClO4) is 0.746 V
(compared with RHE), which is equivalent to that of Fe NC (E1/2 = 0.743 V). In alkaline
conditions, its E1/2 reaches 0.873 V, which is higher than commercial Pt/C (E1/2 = 0.858 V).
The Zn K-edge XANES spectrum (Figure 8a) indicates that Zn-N-C-1 may have a valence
of +2. The EXAFS spectral image in Figure 8b shows that Zn-N-C-1 exhibits similar Zn-N
coordination and that Zn elements are scattered atomically in the Zn-N-C-1 catalyst. The
best fit based on the obtained EXAFS data indicates that the dominant coordination mode
of the Zn atom in Zn-N-C-1 is Zn-N4 rather than the Zn-Zn/Zn-N2 coordination structure
(Figure 8c,d). This result indicates that the Zn species in the Zn-NC-1 catalyst are structured
in Zn-N4 coordination. The results of this work expand the range of ORR family members.
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2.1.5. Co-Based SACs

Although Fe-based SCA catalysts exhibit remarkable ORR catalytic activity, their poor
stability is the main drawback limiting their practical application. The Fenton reaction
of Fe tends to oxidize the carbon matrix and destroy the Fe-N-C active center [88]. Co-
N-C catalysts with weak Fenton reactions seem to be ideal alternatives. However, the
conventional Co-N-C catalysts are prone to generating unwanted H2O2 via the two-electron
transfer pathway in acidic media. Relevant experimental results indicate that the Co-N-
C catalyst has more than 90% selectivity for H2O2 in acidic media, suggesting that this
catalyst has good catalytic activity that is slightly higher than other M-N-C catalysts [89].
Therefore, central metal atoms other than Fe and Co have been considered for practical
applications. For example, an Mn-N-C catalyst synthesized by an innovative polyaniline
hydrogel approach could inhibit the Fenton reaction and two-electron transfer pathway and
improve the stability of Mn-C-SAC. However, the barely satisfactory ORR electrocatalytic
activity remains a bottleneck limiting its practical application [90].

Currently, most of the Co-based SCAs catalysts exhibit excellent ORR performance in
alkaline conditions. However, their low ORR activity in acidic media may be attributed to
the formation of inactive cobalt aggregates; therefore, for high-performance cobalt catalysts
for PEMFC applications, a new approach is required to improve the density of the loaded
metal active centers and to disperse them uniformly. To this end, Wu et al. [91] prepared
Co-N-C catalysts by one-step pyrolysis of cobalt-doped ZIF-8 under a nitrogen atmosphere
at 1100 ◦C to obtain nano-carbon-based Co catalysts (denoted as nCo-NC-1100), where
n is the atomic percentage of Co relative to the total metal. It is widely believed that the
N-ligated Co structure is the oxygen reduction active site [92]. In this work, the authors
observed this N-ligated Co activity based on HAADF-STEM images combined with electron
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energy loss spectroscopy (EELS) and demonstrated the existence of coordination of single-
atom Co with N. The 20Co-NC-1100 catalyst was assembled into a membrane electrode
device as a fuel cell cathode with a catalyst loading of 4.0 mg/cm2. The stability of the
20Co-NC-1100 catalyst was improved, although the fuel cell performance degraded at a
higher voltage/potential of 0.7 V at 100 h of continuous operation. This work suggests that
increasing the density of atomic active sites is an effective way to improve the catalytic
activity of ORR.

2.1.6. Other Conventional Transition Metal-Based SACs

Tungsten is a transition metal in group 6 of the periodic table, and can form different
oxidation states with coordination numbers ranging from 3 to 6. Pure tungsten has a strong
binding effect on oxygen, and it is difficult to remove the adsorbed O* and OH* from
the thermodynamic point of view; thus, there are few ORR catalysts for W-based SCAs.
When tungsten metal is loaded onto a nitrogen-doped carbon carrier by certain means,
the coordination environment and conditions of W can be changed such that tungsten
W-N-C has better thermodynamic properties for ORR intermediates, making this catalyst
have good ORR catalytic performance. Chen et al. [93] prepared tungsten SACs with
ORR catalytic activity by controlling the synthesis temperature. The W-N-C catalyst with
W-N coordination number 5 (W-N5) exhibited significant ORR catalytic activity in a basic
environment (0.1 mol/L KOH) with an Eonset of 1.01 V (vs. RHE) and an E1/2 of 0.88 V,
which outperformed the Pt-based catalysts; in an acidic environment (0.1 mol/L HClO4),
the starting potential reached 0.87 V and the E1/2 reached 0.77 V. The mass activity was
up to 0.63 A/mg when measured at 0.9 V (vs. RHE), which is six times higher than that of
conventional Pt-based catalysts. The W-N3 and W-N4 configurations exhibited poor ORR
activity in both acidic and basic electrolyte environments.

To resolve the instability caused by the Fenton reaction, Luo et al. [94] prepared
atomically dispersed cadmium SACs (Cr/N/C-950) in the form of Cr-N4 by pyrolyzing the
ZIF backbone of adsorbed cadmium ions using cadmium as the central metal atom. The
half-wave potential was 0.773 V (vs. RHE) in an acidic environment (0.1 mol/L HClO4), and
the decay of Cr/N/C-950 half-wave potential (15 mV) was lower than that of Fe/N/C-950
catalyst (31 mV) after 20,000 potential cycles, showing good electrochemical stability. It is
generally believed that the main group metals, such as Mg and Al, do not possess ORR
catalytic activity; however, the intrinsic activity of the catalytic sites is strongly related
to their electronic states, and can be adjusted by changing the coordination number of
the metal sites [95]. Therefore, ORR catalytic activity of the Mg site can be achieved by
changing the coordination environment.

Liu et al. [96] reported ORR-active Mg-SACs by DFT simulations and experimental
studies of graphene-based N-ligand metal cofactors centered on the main group metals,
Mg, Ca, and Al. The XANES results showed that the catalysts consisted of heteroatom-
doped carbon. According to the results of XPS analysis, it is clear that most of the Mg
is bonded to nitrogen atoms and that the valence state of Mg is between the metallic
state (0) and the oxidation state (+2), without the formation of Mg-O bonds. The relevant
ORR activity tests showed an Eonset and E1/2 of 1.03 and 0.91 V (vs. RHE), respectively,
in an alkaline environment (0.1 mol/L KOH). The ORR activity of Mg-N-C in the acidic
electrolyte (0.1 mol/L HClO4) was close to that of commercial Pt/C, with an E1/2 up to
0.79 V. The DFT simulation results show that the MN1C ligand is morphologically unstable,
the ORR activity of MN3C is poor, and there is no catalytic activity for ORR. The Mg-N-C
ligand has no catalytic activity for ORR. Therefore, the DFT and XANES results for Mg-N-C
suggest that the most likely highly active part of Mg-N-C is the MN2C morphological
ligand, and the catalytic performance of the main group Mg can be regulated by the
coordination of the two N atoms, which in turn affects its ORR catalytic activity. This work
demonstrates that the catalytic performance of metallic Mg can be changed by changing
its local N coordination with two N atoms, which originates from the modulation of the
p-band filling and then affects the catalytic performance of the ORR.
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The SACs mentioned above usually consist of a single transition metal atom forming
a coordination structure (active site) with a C or N atom, which is then immobilized in an
N-doped carbon carrier [97]. In recent years, scientists have worked on various means to
improve catalytic activity, for example, by studying how the active metal center and the
coordination atoms or coordination environment within the system affect the adsorption
or binding energy of the SAC to the reaction intermediate. Scholars have combined their
results over the years to propose various strategies to modulate the active sites of SACs,
such as controlling the number of in-plane coordination sites [98], doping heteroatoms in
carbon carriers (e.g., B, P, or S) [99–101], and the design of multi-metallic active centers
(e.g., Fe-Pt, Fe-Ni, Cu-Zn) [102]. However, as the most ideal substitute for commercial
Pt/C, the non-noble metal SACs developed thus far have only a few metals (such as Fe,
Co, Mn, or Zn) [103]. Therefore, it is necessary to extend SACs with metals other than Fe,
Co, Ni, etc. For this purpose, Wang [104] and colleagues recently reported a five-ligand
zirconium-based SAC with a nontrivial axial O ligand (denoted as O-Zr-N-C) for ORR. The
significantly better ORR performance of O-Zr-N-C compared to the conventional Pt-based
catalyst can be explained by the fact that the O ligand of this catalyst reduces the d-band
center of zirconium, imparting a stable local coordination structure to the zirconium site
and a certain adsorption capacity to the oxygen reduction reaction intermediates. Its E1/2 is
0.91 V (vs. RHE), and it has excellent durability. In addition, the zirconium site has excellent
resistance to aggregation and is capable of synthesizing zirconium-based SACs with high
loading (9.1 wt%) under certain circumstances. The RDE evaluation results indicate that
the optimal activity of O-Zr-N-C is related to its highest half-wave potential (E1/2). The
overall ORR performance of recently reported transition metal-based SACs is summarized
according to references, demonstrating that O-Zr-N-C outperforms these state-of-the-art
SACs (e.g., Fe, Co, Mn, and Zn-based SACs) concerning different parameters. This study
shows that in addition to the in-plane coordination structure adjustment, controlling the
axial coordination structure may be a new design approach for effective SAC in ORR
and other electrocatalytic reactions, and a possible means to expand the family members
of SACs.

Furthermore, Investigating where the active catalysts come from is critical but also
challenging to develop efficient catalysts. Here, Yang [105] reports a strategy for syn-
thesizing chromium nitride nanocatalytic materials (CrNNPs) by encapsulating special
nanoparticles in hollow CrN@H–Cr–Nx–C, which is very practical. The catalyst exhibits
excellent electrocatalytic activity under acidic conditions. The experimental results show
that the coexistence of atomically dispersed CrNx sites and sufficient CrNNPs is crucial
for the excellent performance of PEMFC. DFT studies have confirmed that CrNNPs can
increase the ORR activity of H–Cr–Nx–C. The results of this study open up a new way for
the preparation of low-cost, highly active and durable ORR catalysts for ORR.

Summary and Outlook

SACs have received a great deal of attention in the world of catalytic reactions due to
their excellent catalytic selectivity and activity, maximum atomic utilization, and versatile
ligand structure alteration. However, there remain many unanswered issues. First, the
loading of metal elements in SACs is usually small, which makes their current densities
small and consequently unavailable for industrial production. To obtain highly dispersed
and high-density SACs, it is imperative to develop and optimize the synthesis process.
Based on this, there is a need to develop ORR electrocatalysts to the sub-nanometer and even
atomic level to improve their catalytic activity, selectivity, and usage efficiency. Therefore,
for realistic fuel cell applications, the development of increasingly scattered high metal
loading (or high metal concentration) electrocatalysts is crucial. Second, under alkaline
conditions the majority of SACs have superior ORR than the marketed Pt/C. However,
there are gaps in ORR performance under acidic conditions; therefore, more studies are
needed to determine how changes in the structure and ORR activity of SACs are related.
At present, most studies have been carried out theoretically; however, in the actual reaction
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process the adsorption–desorption interaction between intermediates and solvent molecules
leads to dynamic changes in the structure. In addition, the preparation of SACs with
high activity and stability needs to be accompanied by the development of low-cost and
high-scale SACs, which is highly relevant to the practical application of SACs. Thus far,
the synthesis methods of most SACs are tedious and time-consuming. Therefore, the
development of a simple and inexpensive large-scale production process for SACs is key to
the industrialization of SACs. Carbon-loaded ORR electrocatalysts (including nanoparticles
and atomic-level structures) face the problems of carrier carbon corrosion and catalyst
instability in practical applications. Therefore, to accelerate the development of ORR
electrocatalysts for application in fuel cells, a ceramic carrier material with or without
high electrochemical and thermal stability, such as conductive metal oxides, carbides, and
borides, needs to be developed in future research.

The problem of the positioning of monoatomic metal on the carrier remains a mystery.
There has to be enough free space on the skeleton, as well as improved efficiency in the use
of memory management. As the reactivity of transition metals increases, it becomes more
difficult to synthesize SACs. Because different electronic structures cause new interactions,
more effort needs to be put into the interaction between the transition metal and the
carrier. Therefore, it is necessary to further understand SACs in order to accurately develop
more advanced synthesis methods and single-atom carriers. However, due to their higher
activity, transition metal elements yield more structures during more reactions, providing
favorable conditions for new synthetic pathways. In general, combining catalyst carriers
with transition metals by different methods requires different devices and steps. This may
increase costs, and the resulting material may be unstable and inactive in various cases.
However, the development of bifunctional or multifunctional SACs can avoid unfavorable
phase transitions between different catalytic processes due to intermolecular interactions,
as phase transitions occurring in different reaction processes are effectively prevented. In
this way, stability can be maintained, further reducing production costs and increasing
the efficiency of monomer and carrier utilization. Although many questions remain to be
explored in depth, recent studies have provided fundamental knowledge that addresses
synthesis and performance while providing excellent properties and factors that affect
synthesis and performance.

Catalysts (including SAC, DAC, and SCC) with high M-N-C metal loading (M = Fe,
Co, Ni, etc.) have ORR properties very similar to those of Pt-based catalysts; however,
they have great difficulties in acidic environments. In particular, their corrosion resistance
decreases under acidic conditions. Therefore, the application of high-density non-noble
metal-based M-N-C (especially Fe-N4SAC) in fuel cells is very difficult due to its instability
and possible Fenton oxidation. Based on the above limitations of M-N-C catalysts, the
following means can be adopted as solutions in future research: (1) currently, the central
metal atom of most high-density atom-dispersed metal catalysts is only coordinated to the
N atom in the carbon matrix. Enhancement of M-N-C intrinsic activity or introduction of
other heteroatoms (e.g., S, O, P, F, etc.) or bimetallic atoms in M-N-C catalysts can better
regulate the electronic structure of metal active sites; (2) the exposure and mass transfer of
active sites can be increased by constructing equilibrium porous structures; (3) with respect
to DFT calculations, most are currently based on idealized models, which cannot accurately
reflect the real catalytic mechanism or experimental factors such as pH, electrolyte, catalyst,
and surface/interface between electrolyte and O2; (4) in the actual electrochemical reaction,
the local structure of the metal active center undergoes a dynamic process; therefore,
the structure-activity relationship of SACs/DACs should be studied more accurately by
techniques such as in situ characterization and theoretical calculations; (5) at present, the
research on DACs is in its infancy, and controlling the number of metal atoms is a great
challenge. There is an urgent need to develop advanced preparation techniques to control
the number and type of metals; (6) there is a need to find new catalysts with high activity,
high stability, and high four-electron selectivity. Therefore, the rational design of the dimer
and trimer as well as larger metal clusters is an important way to solve SA-C-S defects.
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2.2. Multimetallic Active Site ORR SACs

The variety of SACs is very diverse, and the state of the metal species on the carrier
can be monoatomic, diatomic, small clusters, etc. [106]. Although single-metal active site
SACs have been extensively studied and are highly active against ORR, their performance
in relevant performance tests lags behind the top of the M-N-C volcano diagram, and
monometallic site atomic catalysts have drawbacks: (1) because only one specific active
site acts, it is difficult to break the scalar relationship between intermediates; (2) because of
the low loading of single metal active site catalysts, single atomic site catalysts are often
deactivated and easily covered by intermediates; (3) single metal site catalysts are unable to
rapidly drive some specific reaction transfer processes, such as those containing multiple
electron transfer reaction steps.

To solve these problems, one approach is to try to generate more active sites in the
catalyst, for example, by introducing other kinds of metal active sites to the monometallic
active site catalyst in order to make the surface electron transition frequency of the catalyst
faster [107]. This approach overcomes these deficiencies by modulating the surface elec-
tronic environment of the catalyst, and has great potential for enhancing the activity of the
catalyst [108]. At the same time, diatomic systems composed of metals and nonmetals have
seen their research area expanded [109–111]; furthermore, they can be improved by prop-
erly tuning the intermediate metal atoms and the coordination environment (e.g., doping
N, O, S, P, etc. into the neighboring coordination structure), as discussed in detail above.
Based on this, a new type of multi-metallic active site ORR SACs has been developed.

2.2.1. Dual Metal Active Site ORR SACs

In certain cases, monatomic catalysts cannot meet the requirements of industrial
production for catalyst performance. Bi-metallic active site single-atom catalysts are a
special type of single-atom catalysts that have emerged in recent years to increase the
number of single-atom active sites and enhance the stability of loaded single atoms [112].
Diatomic catalysts (DACs) have the advantages of single-atom catalysts (SACs) (e.g., highest
atom utilization, high activity, and selectivity) and overcome the disadvantages of SACs
(e.g., low loading and isolated active sites), and as such have received increasing attention;
in addition, they provide synergistic functions based on different molecules and their
interfaces to significantly improve the catalytic activity of the catalyst [109,110,113]. In
particular, bimetallic monoatomic catalysts such as Fe-N4/Ni-N4 have higher catalytic
activity than single atoms [114]. Representative research results are described in detail in
the following section.

Bimetallic nanocatalysts (BNs) require precise control and comprehension of the
degree of order, which is difficult yet essential for producing improved materials for oxy-
gen reduction processes (ORR). Chen [115] synthesized AuCuBNs with different degrees of
ordering and used in situ Raman spectroscopy to assess the effect of ordering on ORR at the
molecular level. The change from disorder to order increased the activity of AuCuBNs by
more than a factor of two, enabling the highly ordered Au-Cu BNs to exceed the benchmark
Pt/C. The crucial intermediate’s (*OH) direct Raman spectroscopic data demonstrated that
the active sites were the binding locations for the active sites of Au and Cu. Additionally,
two distinct *OH species were seen on ordered and disordered structures, respectively, with
the ordered location being more advantageous for ORR due to its reduced affinity for *OH.
This research advances our understanding of the crucial function that orderliness plays for
BNs, and makes it possible to build better catalysts. In addition, the use of modulation
of metal single-atom coordination structures and heteroatom doping to prepare novel
catalysts is envisioned.

Mixing transition metal atoms leads to different catalytic properties and helps to
obtain the best ORR electrocatalyst [113]. Previous research has demonstrated that adding
B, S, or P to carbon can boost the charge density of FeN4 sites [116]. Recent related
studies have pointed out that the integration of another transition metal, such as Co, Ni, or
Mn, can improve the ORR activity of Fe-N-C catalysts through bimetallic synergy [117].
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Based on this, Zhang [118] synthesized nitrogen-doped bimetallic silicon carbide-graphite
composites (N-Fe2MoC-GC) at 1300 ◦C. N-Fe2MoC-GC showed excellent ORR activity
and stability, largely overcoming the lack of stability of conventional metal catalysts. The
synthesized N-Fe2MoC-GC had a high degree of graphitization even after N doping, and
there was a high degree of electron transfer between N and Fe2MoC. All the above factors
indicate that ORR has good activity and stability, better oxygen reduction reaction (ORR)
activity than commercial Pt/C, ultra-high stability, and excellent resistance to methanol
and CO. It ranks as one of the most active and stable noble metal-free catalysts reported
thus far. In addition, N-Fe2MoC-GC maintains high power density even at low relative
humidity or high operating temperature. The positive charges on Fe and Mo atoms
caused by the electron transfer from Fe2MoC to N are believed to be responsible for the
excellent ORR activity. The inherent electrochemical stability of Fe2MoC, the graphite
substrate, and the strong interaction between the catalyst components caused by the
electron transfer are responsible for its ultra-high stability. The relevant characterization
results demonstrate the apparent coexistence of graphite (002) and Fe2MoC (305) lattices
and the successful formation of Fe2MoC and graphite crystals, as well as the key role of
iron for the graphitization of the carbon source (D314 resin) (Figure 9a–d).
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Figure 9. (a) TEM image of the prepared catalyst; (b) enlarged TEM image of the prepared catalyst;
(c) TEM image of N-MoC-GC; (d) TEM image of N-GC. The bottom inset of the figure shows the
corresponding Fe2MoC and MoC particle size distributions. The insert at the top of the figure is
the correspondence HRTEM image, where the crystal lattice is labeled. (Reprinted with permission
from [118]. Copyright 2022, John Wiley and Sons).

In addition, Wang [119] reported a novel Mn-Fe-N/S@mC bimetallic catalyst consist-
ing of atomically uniformly dispersed Fe-N4 sites and trace amounts of Mn-N2S2 sites
immobilized on an ordered mesoporous graphitic carbon skeleton. The synthesis of this
bimetallic catalyst was achieved by chemical transformation of their own synthesized
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Mn0.43Fe2.57O4 nanocrystals with bimetallic sites and graphitic frameworks derived from
the nanocrystal cores and associated capping ligands, respectively. The results in Figure 10a
indicate that the Fe species in Mn-Fe-N/S@mC are dominated by atomically dispersed
Fe-N4 sites. The quantitative EXAFS curve fitting data in Figure 10b confirm the structure
of Fe-N4 formed by the coordination of Fe with four N atoms. Based on the analytical
results in Figure 10c, it is known that Mn is coordinated with both N and S. The EXAFS fit
data according to Figure 10d further confirmed that the Mn-N2S2 site is the main junction
and site of Mn among Mn-Fe-N/S@mC. The above results demonstrate the absence of the
formation of Fe-Fe-N/S@mC and Mn-Mn-N/S@mC structures in Mn-Fe-N/S@mC. Fur-
thermore, Mn-Fe-N/S@mC exhibited excellent catalytic activity in alkaline media, which
was superior to the conventional Pt/C and most of the previously reported non-precious
metal catalysts. It is noteworthy that the synergistic effect of Fe and Mn increases the
ORR catalytic activity by a factor of about 5. Density flooding theory calculations were
performed to demonstrate the role of Mn doping in enhancing the activity of Fe-N4 sites,
revealing that the synergistic interaction between the bimetallic sites reduces the *OH re-
duction energy barrier in the oxygen reduction pathway. The integration of Mn effectively
reduces the energy barrier of Fe-N4 sites in the four-electron oxygen reduction pathway,
significantly increasing the ORR activity. This study by Wang provides an opportunity to
develop a new idea for the development of efficient bimetallic single-atom ORR catalysts.

Processes 2023, 11, 361 21 of 71 
 

 

provides an opportunity to develop a new idea for the development of efficient bimetallic 

single-atom ORR catalysts. 

 

Figure 10. Fourier transform EXAFS curves of (a) Fe and (c) k3-weighted Mn for the prepared 

catalysts. the EXAFS curves of Mn0.43Fe2.57O4 super crystals are included for comparative purposes. 

The corresponding K−edge EXAFS fittings of (b) Fe-N/S@mC for Mn-Fe-N/S@mC and (d) Mn. The 

insets show the constructions of Fe-N4 and Mn-N2S2 sites. (Reprinted with permission from [119]. 

Copyright 2019, Elsevier). 

In addition, Lin’s study showed that all iron, molybdenum, and nitrogen species in 

(Fe, Mo)-N/C catalysts form more active centers to promote ORR activity [120]. Mixing 

transition metal atoms leads to different catalytic properties and helps to obtain the best 

ORR electrocatalyst [121]. The tireless efforts of researchers have led to a significant 

improvement in the activity and stability of non-Pt catalysts; the high potential range 

during fuel cell start-up and shutdown (i.e., 1.0 to 1.5 V, vs RHE) causes severe corrosion 

of the carbon carrier, resulting in reduced surface area and metal shedding; while metal 

stripping and metal dissolution are the main factors leading to decreased activity during 

stable operation [122]. 

To overcome the above-mentioned problems, it is necessary to introduce other single 

atoms to create heteronuclear diatoms that can improve the conversion efficiency of the 

catalyst. This method has great potential to overcome the above-mentioned defects and to 

improve ORR activity by improving the electronic environment and geometry. ORR 

catalysts combining metals and nonmetals have rarely been reported in the past. 

Combining these two types of atoms can provide different roles in catalytic reactions. 

Selenium atoms have been shown to significantly improve the electron transport 

efficiency of two-dimensional materials [123]. 

Taking this into account, Yao et al. [124] prepared atomically dispersed iron and 

selenium diatomic catalysts (Fe1Se1-NC) anchored on nitrogen-doped carbon by a ball 

milling strategy. The Fe/Se diatomic catalysts exhibited a significant synergistic 

Figure 10. Fourier transform EXAFS curves of (a) Fe and (c) k3-weighted Mn for the prepared
catalysts. the EXAFS curves of Mn0.43Fe2.57O4 super crystals are included for comparative purposes.
The corresponding K−edge EXAFS fittings of (b) Fe-N/S@mC for Mn-Fe-N/S@mC and (d) Mn. The
insets show the constructions of Fe-N4 and Mn-N2S2 sites. (Reprinted with permission from [119].
Copyright 2019, Elsevier).

In addition, Lin’s study showed that all iron, molybdenum, and nitrogen species in
(Fe, Mo)-N/C catalysts form more active centers to promote ORR activity [120]. Mixing
transition metal atoms leads to different catalytic properties and helps to obtain the best
ORR electrocatalyst [121]. The tireless efforts of researchers have led to a significant
improvement in the activity and stability of non-Pt catalysts; the high potential range
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during fuel cell start-up and shutdown (i.e., 1.0 to 1.5 V, vs RHE) causes severe corrosion
of the carbon carrier, resulting in reduced surface area and metal shedding; while metal
stripping and metal dissolution are the main factors leading to decreased activity during
stable operation [122].

To overcome the above-mentioned problems, it is necessary to introduce other single
atoms to create heteronuclear diatoms that can improve the conversion efficiency of the
catalyst. This method has great potential to overcome the above-mentioned defects and
to improve ORR activity by improving the electronic environment and geometry. ORR
catalysts combining metals and nonmetals have rarely been reported in the past. Combining
these two types of atoms can provide different roles in catalytic reactions. Selenium
atoms have been shown to significantly improve the electron transport efficiency of two-
dimensional materials [123].

Taking this into account, Yao et al. [124] prepared atomically dispersed iron and sele-
nium diatomic catalysts (Fe1Se1-NC) anchored on nitrogen-doped carbon by a ball milling
strategy. The Fe/Se diatomic catalysts exhibited a significant synergistic enhancement
effect compared to the single-component Fe1-NC and Se1-NC catalysts. The Fe1Se1-NC
catalyst showed optimal ORR activity, with an onset potential (Eonset) of 1.0 V (vs. RHE),
which is better than Pt/C (0.98 V). The results of K-edge EXAFS spectroscopy of Se shown
in Figure 11A indicated that Se in the material was present as a single atom on the carrier
surface. Fitting the EXAFS data of Se in the Fe1Se1-NC catalyst, Figure 11B shows that Se
is attached to carbon (C-Se-C) in the form of a diastereomer. The analysis in Figure 11C
shows that the iron atom is positively charged and its oxidation state is located between the
two. The results of the Fe (EXAFS) spectra (Figure 11D) demonstrate that Fe1Se1-NC and
Fe1-NC are mainly present in the form of single-atom dispersions without the formation
of Fe nanoparticles or clusters. Figure 11E,F shows that the coordination number of Fe
atoms in Fe1Se1 NC and Fe1NC is about 5, and the bond lengths are about 2.02 Å and 2.0 Å,
respectively. This work demonstrates for the first time that the prepared metal (Fe) and
non-metal (Se) diatomic sites have a significant enhancement on the ORR, which provides
a new idea for the design of more efficient multi-metal single-atom catalysts.
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(Reprinted with permission from [124]. Copyright 2022, Elsevier).
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Moreover, there are many diatomic catalysts with excellent properties; for example,
in 2017, Li et al. developed an Fe-Co diatomic site based on the ORR of nitride porous
carbon [125]. Later, researchers found that AuCo and FeMn diatomic catalysts have higher
ORR activity than single metal catalysts [126,127].

It has been shown that the calcination of MOF precursors can uniformly disperse the
transition metals and doped nonmetallic elements on the carbon skeleton; thus, tightly
connected and uniformly distributed transition metal/carbon composite catalysts can be
easily prepared with the help of MOFs as precursors [128]. In addition, MOF-derived
metal/carbon composite catalysts can inherit the morphology and porous structure of
MOFs, which facilitates the exposure of active sites, electron transfer, and mass transport
during electrocatalysis [129].

Based on this, Zhou and Xie [130] et al. reported that a series of Co nanoparticles and
highly dispersed Fe loaded on N-doped porous carbon substrate were prepared by the
“double solvent” method using in situ doped metal–organic frameworks (MOFs, ZIF-8)
as precursors, namely, CoNP@FeNC Electrocatalyst. Experimental testing found that the
prepared CoNP@FeNC-0.05 catalyst showed excellent oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) performance in an alkaline medium. In addition,
compared with commercial Pt/C+RuO2, CoNP@FeNC-0.05 as the positive catalyst of a Zn
air battery, the rechargeable Zn air battery showed higher peak power density and better
cycle stability. Based on the characterization of the structure according to the performance
test and structure, CoNP@FeNC-0.05 Fe-N sites and Co nanoparticles with medium and
uniform dispersion contributed to the excellent performance of electrocatalytic ORR/OER.
In addition, the porous structure, large specific surface area, and unique 3D carbon network
of CoNP@FeNC-0.05 were conducive to improving ORR/OER performance. This work
provides a valuable reference for the rational design and construction of a single catalyst
with different active centers for oxygen electrocatalysis and paves the way for the practical
application of rechargeable Zn air batteries.

Considering that the structure of bimetallic NP-modified NC catalysts is related to
their energy band properties as well as to the type and number of active metals, the study
of NP-modified NC catalysts has received increasing attention in recent years. The in-
troduction of complementary bimetals allows for more precise tuning of the electronic
structure and provides multiple atomic interfaces for the adsorption of oxy-adsorbents,
accelerating the ORR reaction pathway and significantly improving electrocatalytic activity
and selectivity [131–134]. For example, Jiang et al. reported the synthesis of FeCo alloy
NPs embedded in N and P co-doped carbon-coated nitrogen-doped carbon nanotubes
(NPCs)/FeCo@NCNTs) for effective bifunctional catalysis [135]. Although many research
results have been published, the simple synthesis of NP-type NC catalysts and the relation-
ship between their properties as relates to their resolved electronic structures remains a
great challenge.

2.2.2. Other Types of Multi-Metal Active Site ORR SACs

At present, although SACs with mono- or bimetallic sites have been frequently re-
ported, the synthesis and precise regulation of SACs with multi-metallic sites remain
difficult and rarely reported, and the understanding of the related ORR catalytic mecha-
nisms is yet to be studied in depth.

Recently, Wang [136] reported a ternary catalyst (Co2/Fe-N@CHC) consisting of Co-
Co and Fe sites loaded with atomically dispersed N-ligands on a hollow carbon cage grown
with carbon nanotubes. Density flooding theory (DFT) calculations revealed that such
ternary single-atom Co2/Fe-N10 sites have higher intrinsic ORR electrocatalytic activity
than Co2-N6 and Fe-N4 sites alone. The specific reason for this is that the introduction
of the Co2-N6 site increases the filling of the Fe antibonding orbital charge in the Fe-N4
site, which reduces the binding energy of the oxygen-containing intermediate (OH) to
the active site in the decisive step of the ORR reaction process, thereby reducing the
free energy barrier. Experimentally, Co2/Fe-N@CHC exhibits excellent ORR activity and
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stability under alkaline conditions, with a half-wave potential (E1/2) of 0.915 V (vs. RHE),
which is superior to binary catalysts (Co2-N@CHC), monolithic catalysts (Fe-N@CHC), and
commercial Pt/C. Under acidic conditions, Co2/Fe-N@CHC has better ORR performance
than Co2-N@CHC and Fe-N@CHC. The ternary catalyst shows higher power density and
better cycling stability than Pt/C when used in zinc vacancy batteries.

Encouragingly, recent studies have demonstrated that bimetallic compounds (FeNi,
FeCo, FeCu, etc.) seem to be endowed with extremely effective OER and ORR active
sites after the introduction of another active metal, showing a significant increase in OER
and ORR activity compared to single-element compounds. This is probably due to the
synergistic effect of the two components and the increase in electrical conductivity at the
same time thanks to the synergistic effect between the different metal positions.

Summary and Outlook

The excellent catalytic performance of multi-metal active site ORR SACs is mainly
determined by four major factors: (1) these ORR SACs have high atomic utilization along
with good selectivity and corrosion resistance, which are strongly related to their atomic
dispersion properties based on the synergistic interaction between multiple metal active
centers (multiple metal centers with effectively tuned d band center interactions), in turn
promoting their catalytic activity; (2) the ability of such catalysts to anchor different single-
atom metal active centers, leading to the rational design of catalytic materials with greater
activity and stability. Polymetallic active site ORR SACs provide more metal sites thanks
to a more complex and flexible specific coordination space, though their complex surface
chemistry is understudied [137–141]; (3) in addition to having the functionality of SACs,
DACs typically have a higher metal loading density and a more flexible active site configu-
ration, resulting in excellent electrocatalytic activity [142]; (4) the catalysts benefit from their
highly exposed polymetallic active centers and fine structure, and their electrocatalytic
activity and excellent durability are superior to those of the latest catalysts.

Although the catalytic performance of polymetallic active site ORR SACs is excellent,
there are many aspects that need to be improved and enhanced, such as: (1) the research
on such catalytic materials in the catalytic community is at an early stage, and more
experimental and theoretical exploration is needed to further guide the rational design
of polyatomic active centers; (2) due to the huge design space of polymetallic active site
ORR SACs, development costs are high for both experimental and computational studies;
(3) how to design polymetallic catalytic materials in a rational, efficient, and stable manner
is a challenging topic, as there is no solid synthesis technique with bimetallics as the
catalytic core, and the structural characteristics of polymetallic active centers have not been
studied deeply enough to accurately study their coordination environments; and (4) at
present, there is little direct knowledge about the target active sites of catalytic reactions
in operation. These aforementioned problems complicate the synthesis process, and these
issues must be taken into account before success can be achieved. This review provides a
new vision for future generations to innovatively design polymetallic catalytic materials
based on this synthesis.

2.3. Noble Metal-Based ORR SACs

Although the reserves of noble metals are relatively small, this does not affect their
ORR catalytic performance in any way. According to the U.S. Department of Energy 2020
specifications, the stability of platinum group metal catalysts should meet the condition of
less than 40% decay rate of mass to activity at 0.9 V potential after 30,000 cycles. According
to the current literature, a large proportion of catalysts have difficulty achieving this target.
A key factor in designing efficient ORR electrocatalysts is determining how to control the
binding energy of reaction intermediates on the surface. The volcano diagram of ORR
activity distribution can show the relationship between the binding energy of various metal
elements and oxygen atoms, with elements located on the sides of the volcano diagram
having poor ORR activity and those near the top having better activity. The noble metals
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are located at the top of the volcano diagram, meaning that the noble metal-based catalysts
theoretically have the highest ORR activity [143,144]. Several of the more representative
precious metal catalysts are described below.

Zhang et al. [145] prepared RuSACs on nitrogen-doped graphene; Ru-N/G showed
good ORR activity in an acidic environment (0.1 mol/L HClO4), with starting and half-
wave potentials of 0.89 V and 0.75 V (vs. RHE), respectively. Theoretical calculations
using DFT demonstrated that the ORR active site of Ru-N/G-750 is not Ru-N4, and is
rather an Ru-oxo-N4 structure. These research results provide a good idea for the design
of high-performance ORR electrocatalysts in acidic media in the future. Furthermore,
Xiao et al. [146] synthesized RuSACs (Ru-SSC) by pyrolysis of MOF materials in an acidic
environment (0.1 mol/L HClO4) with a starting potential of 0.92 V (vs. RHE) and a half-
wave potential of 0.824 V, which is similar to the corresponding data for commercial Pt/C
shown in Figure 12a. The dynamic current density of Ru-SSC is 1.5 times higher than that of
commercial Pt, while the dynamic current density of Ru-SSC is 1.5 times higher than that of
commercial Pt/C and 2.7 times higher than that of Fe-SSC. Figure 12b shows that the Tafel
slope value of Ru-SSC (54.2 mV dec−1) is much lower than that of Pt/C (67.2 mV dec−1),
which indicates faster ORR kinetics for Ru SSC. In addition, the average value of kinetic
current density Jk for Ru-SSC at 0.8v potential is 11.95 mA cm−2, and Figure 12c indicates
that the Jk of Ru-SSC is even higher than that of Pt/C (4.7 mA cm−2) and Fe-SSC (average
value of 3.23 mA cm−2). From the TOF test results in Figure 12d, it can be seen that the
turnover frequency (TOF) of Ru SSC is 4.99 e−1 site-1 s−1, which far exceeds that of the
monatomic MSACs (M = Fe, Co, and Mn). From the data in Figure 12e, the electron transfer
number can be calculated as 4, indicating an effective four-electron transfer process. From
Figure 12f, the hydrogen peroxide yield is lower than 1.8%. The probe experiment of
the Fenton reaction activity of Ru-SSC by UV-VIS absorption spectroscopy is shown in
Figure 12g; it can be seen that the generation of reactive oxygen species is inhibited on Ru-
SSC, meaning that the catalyst is less disturbed by the Fenton reaction. Figure 12i shows that
the half-wave potential of Ru-SSC has a negative shift of only 18 mV after 20,000 potential
cycles, which shows superior stability compared to Fe-SSC (32 mV). Density flooding
theory (DFT) calculations show that the OH* ligand adsorbed on the Ru-N4 site adjusts the
d-orbital electronic structure of Ru, which optimizes the adsorption-to-sorption behavior of
the oxygen-containing intermediates on the Ru site and thereby improves the ORR activity
of the catalyst. This work discovered a linear relationship between the Bader charge at
the metal center, the adsorption energy of ORR intermediates, and the ORR overpotential
through theoretical calculations and experiments, which can hopefully guide the rational
design of new ORR efficient catalysts without considering the metal element, laying a
strong theoretical foundation.

To thoroughly understand the relationship between the interactions between noble
metal atoms and ligand anions, it is necessary to investigate the principles of active site
coordination of noble metal SACs in PEMFC applications. For this reason, Liu et al. [147]
doped numerous noble metal atoms (Ir, Pt, Pd, etc.) into zeolite imidazolium salt skeletons
(ZIF), which were then pyrolyzed to obtain noble metal SACs with M-N4 active sites.
The metal loading of IrSACs was 4.5 wt%. IrSACs showed higher ORR activity than the
nanoparticle catalyst Ir/C in an acidic environment (0.1 mol/L HClO4), with starting and
half-wave potentials of 0.923 and 0.831 V (vs. RHE), respectively. Electrochemical tests
and DFT calculations revealed that the ORR activity of the synthesized catalysts depends
on the compatibility of the electronegativity of the ligand anion with the affinity of the
metal site surface for OH*. For IrSACs, the strong electronegativity of N4 can reduce the
over-adsorption of OH* on the surface of Ir single atoms; thus, the ORR activity of Ir SACs
is higher than that of their nanoparticle counterparts. This work provides a theoretical
basis for the design of noble metal SACs for acidic ORR and PEMFC applications.
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Figure 12. (a) ORR polarization curves of the synthesized catalysts at a scanning speed of 5 mV s−1 at
1600 rpm; (b) Tafel slopes of Ru-SSC, Pt/C, and Fe-SSC; (c) comparison of specific and mass activities
of Ru-SSC, Pt/C, and Fe-SSC; (d) TOF (at 0. 8V vs RHE) as well as Ru-E1/2 values for SSC and other
recently reported SSCs; (e) LSV curves for Ru-SAC with different rotation rates; (f) H2O2 production
and the calculated electronic transfer numbers of Ru-SSC (solid squares) and Fe-SSC (hollow squares);
(g) reactions of ROS and ABTS (top) and a photograph showing the color change of the solution after
the Fenton reaction (bottom); (h) UV−Vis absorbance spectra of 0.1 M HClO4 solution including
only the following: abts; Ru-SSC and abts; H2O2 and abts; Fe-SSC and abts; Ru-SSC, H2O2 and abts;
Fe-SSC, H2O2, and abts after 7 min of reaction. (i) Potential cycling stability test before and after
ORR the polarization diagram. (Reprinted with permission from [146]. Copyright 2019, American
Chemical Society).

Outlook and Summary

Although noble metals have relatively high electrocatalytic activity, their expensive
nature and resource scarcity are major influences limiting the commercialization of energy
conversion devices such as zinc–air batteries. In addition, precious metals as electrocatalyst
materials suffer from low toxicity resistance and low stability. To solve this problem,
this paper summarizes two major solutions. (1) Future researchers can consider physical
confinement, which is an effective strategy to improve the stability of catalysts. Without
affecting the catalytic activity of precious metal catalysts, the physical confinement layer
can inhibit the sintering of catalysts and reduce agglomeration, shedding, and dissolution
of catalysts during the reaction process, thereby enhancing catalyst lifetime. Therefore, it is
necessary to focus more attention on the design of domain-limited redox electrocatalysts
by “immobilizing” the noble metal catalysts, both to inhibit their dissolution in strong acid
environments and to limit their movement and shedding on the carrier, in order to maintain
their maximum activity and improve their stability. This kind of catalyst can generally be
carried out at a low temperature, which solves the problem of catalyst particle aggregation
at high temperatures and can greatly reduce energy consumption in the process of catalyst
production, providing convenience for large-scale production. The key issue is how to
encapsulate the precious metal catalysts to make effective use of precious metals. (2) Future
researchers could consider the following aspects to further improve the efficiency of using
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non-Pt noble metals: (i) crystal plane modulation, which can achieve optimal performance
by selectively exposing specific crystal planes; (ii) electronic structure modulation, which
can achieve modulation of the Pt/Pd electronic structure by introducing a second element
for alloying; (iii) morphology modulation, which can reduce the need for noble metals
through constructing (iii) morphology control, which can reduce the required amount of
precious metals and maximize the exposure of active sites by constructing morphologies
with specific dimensions. In addition, it is difficult to ignore the problems of particle
shedding and agglomeration due to metal dissolution. These aspects are among the main
considerations for future research on noble metal catalysts.

3. Non-Metallic ORR Catalysts

Researchers have long been striving toward the goal of developing a new, efficient,
durable, and inexpensive ORR catalyst to reduce or even replace the use of Pt. Although
TM-N-C (TM = Fe, Co, etc.) materials are widely considered a promising alternative to
Pt/C catalysts due to their excellent ORR electrocatalytic performance, and non-Pt catalysts
have been developed with ORR catalytic performance, they have many drawbacks, such
as poor stability during application and environmental pollution [148]. In addition, views
about their corresponding active sites are controversial. Thus far, there are two different
views: most researchers insist that the TM-N fraction is the active site, while others believe
that the metal-free N-C fraction itself can catalyze ORR processes efficiently [149,150]. It
was not until 2006 that Ozkane et al. found that TM species were not necessarily required
for the ORR catalytic process, as they demonstrated that nitrogen-doped carbon with metal
contamination of less than 1 ppm could catalyze ORR in acidic electrolytes [151]. Next,
Dai’s team reported that the ORR performance of N-doped carbon nanotube arrays in
alkaline media was comparable to that of commercial Pt/C [152], making metal-free ORR
catalysts (MFORC) an important candidate to replace commercial Pt/C.

For these reasons, the research on metal-free ORR catalysts has attracted a great deal
of attention. The main components of metal-free catalysts are usually various carbon-
based materials, among which the most widely used are graphite, graphene, carbon nan-
otubes, and ordered mesoporous carbon. The doping of carbon materials with heteroatoms
(e.g., B, N, S, Se, P, F, etc.) intrinsically changes carbon-based catalysts, resulting in excellent
catalytic performance [153]. However, the catalytic mechanism of carbon-based catalysts
doped with different heteroatoms is very complicated, and no accurate conclusion has
been reached. Recently, Zhang et al. determined by DFT calculations that the spin density
is more important for the catalytic active site than the atomic charge density. Professor
Zhang’s theory can be applied to explain the enhanced catalytic effect of S and Se doping
on ORR reactions. Thus, the detailed mechanism of doping of different heteroatoms needs
to be further investigated [154]. Non-metallic catalysts have been studied for various
heteroatom-doped carbon nanomaterials, mainly including boron-doped [155], nitrogen-
doped [152], phosphorus-doped [156], sulfur-doped [157], and polyatomic doping such as
double-doping [158] or triple-doping [159]. It has been shown that carbon materials doped
with or without transition metal complexes show significant oxygen reduction catalytic
activity [160]. Nitrogen atom doping is the most common heteroatom-doped carbon-based
catalyst. In N-C-based catalysts, the nitrogen atom structure is the main factor affecting the
catalytic performance of nitrogen-doped carbon nanomaterials. In the following section,
the doping of different atoms is discussed in detail.

3.1. N-Doped Catalysts

The related literature indicates that carbon materials doped with or without transition
metal complexes show significant oxygen reduction catalytic activity [160–163]. The ORR
modification of sp2 carbon by N doping has two advantages: (1) the atomic radii of N and
C are similar, which avoids lattice mismatch to an extent; and (2) N has one more electron
than C, which facilitates the electron-requiring ORR reactions. Therefore, N should be an
effective element for doping sp2 carbon as an ORR electrocatalyst [152,161]. With a few
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exceptions, N-single-doped carbon performs better than most other single-doped carbons
with non-metallic elements prepared by similar methods [164]. Therefore, N-doping is
the most widely studied carbon-based metal-free electrocatalyst [165]. The most typical
example consists of N-doped vertically grown carbon nanotubes, first synthesized by
Dai et al. [152] in 2009, in which the high electronegativity of N results in a positive charge
from the surrounding C atoms. The modified C atoms enhance the adsorption of oxygen
and readily attract electrons from the anode to promote the ORR reaction. Typical N-doped
non-metallic catalysts are described in detail in the following section.

Jeon et al. [166] prepared N-doped nonmetallic ORR catalysts by direct immobilization
of N2 at the edges of graphene nanosheets (GnPs) using a ball-milled graphite method.
The synthesized catalysts have a large number of pyridine and pyrazole rings at the edges,
and have excellent catalytic properties for ORR. At the edge position of graphene, the
dangling bonds are more reactive than the covalent bonds on the basal plane. Therefore, the
combined effect of doping elements and their doped edge positions can induce synergistic
effects to further enhance the ORR activity. This synthetic strategy is a simple, low-cost, and
eco-friendly approach that provides a new way of thinking for the development of prepar-
ative environmentally friendly catalysts. In addition, Radoslav et al. [167] successfully
synthesized N-doped ordered mesoporous graphite array materials from N, N’-bis(2,6-
xylene)perylene-3,4,9,10-tetracarboxylic diimide using ordered mesoporous silica SBA-15
as a template, and showed that the materials annealed at 900 ◦C were the electrocatalysts
with the strongest ORR electrocatalytic activity. Parvez et al. [168] reported an N-doped
graphene catalyst with higher catalytic performance than commercial Pt/C catalysts for
oxygen reduction in alkaline electrolytes. The authors concluded that the electrocatalytic
activity depended on the graphitic -N content, while pyridine-N had no significant effect on
the ORR performance. He et al. [169] used polydopamine-modified mixed cellulose ester
filter membranes and KOH activation to synthesize 3D layered porous N-doped carbon
materials with ORR (NC-A) activity close to that of Pt/C. Due to the high specific surface
area of NC-A (2191 m2·g−1) resulting in more exposure to ORR catalysis, the high specific
surface area is more advantageous than pyrrole N and pyridine N functional groups. On
the other hand, pyridine-N species in carbon-based materials have been proposed as active
sites for ORR in alkaline media [170]. Tucci et al. [171] proposed that high ORR electrocat-
alytic activity of nitrogen-doped carbon nanotubes compared to Pt/C is mainly reflected
in the superiority of pyridine N in terms of onset potential (EOnset) and limiting current
density (JL). Furthermore, Yasuda et al. [172] proposed that the 4e- process of oxygen reduc-
tion in N-doped graphene catalysts is due to the presence of pyridine-N, whereas graphite
N is in the transfer pathway of ORR process 2e-, suggesting that pyridine-N is a more
efficient site for oxygen reduction activity. By correlating ORR catalytic performance with
the chemical composition of the N-doped carbon samples, the order of catalytic activity of
the different N species was revealed as pyridine-N > pyrrole-N > graphite-N > oxide-N >
C (carbon).

To date, a large amount of research has been devoted to the development of non-
precious metal catalysts, including carbon-based catalysts and transition metal-based
catalysts. However, transition metal-based catalysts always suffer from low electrical con-
ductivity and metal dissolution, leading to degradation and contamination [173]. Therefore,
it is particularly important to explore metal-free, highly active, cheap, and stable carbon-
based electrocatalysts. Following the discovery of nitrogen (N)-doped carbon nanotubes
(CNTs), carbon nanomaterials doped with metal-free heteroatoms (N, B, O, F, P, S, etc.)
have been widely investigated for their excellent catalytic properties for ORR, and doping
can effectively change the intrinsic electronic properties of the carbon matrix due to the
different atomic sizes and electronegativity of the doped heteroatoms [150]. For example,
in 2009, Lai-Ming Dai et al. found that nitrogen-doped carbon nanotube vertical arrays
(CNTs) outperformed Pt in ORR catalysis and had excellent stability in alkaline media [152].
Using DFT calculations combined with experimental data, it was found that the improved
ORR catalytic performance of nitrogen-doped carbon catalysts could be attributed to the



Processes 2023, 11, 361 28 of 67

doping-induced charge redistribution, resulting in a change in the chemisorption mode
of O2 from end-to-end adsorption on undoped CNT surfaces (Pauling model) to shoulder
adsorption on nitrogen-doped CNT surfaces (Yeager model). Nitrogen doping induces
charge transfer, and parallel adsorption of O2 can effectively lower the ORR potential and
weaken the O-O bond, ] promoting smooth ORR on the nitrogen-doped CNT electrode.
Subsequently, the field of metal-free catalysis has been developing rapidly.

3.2. B-Doped Catalysts

The introduction of B atoms results in lower electronegativity of hole-type carriers than
carbon, while the positively charged B atoms promote effective chemisorption of negatively
charged oxygen atoms. The use of boron–carbon (BC) nanomaterials is considered an
effective strategy to enhance electrocatalytic activity. It has been demonstrated that boron–
carbon (BC) nanomaterials have high ORR catalytic properties. Mu et al. [174] prepared
catalysts for BClCNTs by chemically tailoring 2D boron carbide (B4C) with Cl2. While
the B atoms in B4C were partially extracted with Cl2, the residual B and C atoms were
combined with Cl atoms to self-organize into nanotube microstructures. An electron
acceptor (B) and donor (Cl) co-doped into the C nanomaterials in the whole system can
synergistically activate π-electrons in the sp2 carbon for the oxygen reduction reaction
(ORR). Simultaneous doping of graphene is an effective way to improve electrochemical
activity. This is attributed to the fast electron transfer kinetics between the graphene
backbone and the redox probes/analytes used for electrochemical studies. For example,
Chung et al. [175] synthesized novel all-carbon-based composites consisting of B-doped
graphene quantum dots anchored on graphene hydrogels (GH-BGQD) using a facile one-
step hydrothermal method. GH-BGQD materials are 3D structures with high porosity and
large specific surface area, and can enhance mass migration and ion diffusion of electrolytes.
As a result, the prepared GH-BGQD composites show the highest onset potential (0.93 V)
and highest ultimate current density (5.74 mAcm−2) compared to for-doped materials.
DFT calculations show that boron and nitrogen doping can modulate the energy band gap,
spin density, and charge density while promoting the onset potential through synergistic
electron transfer interactions between the doped atoms and the surrounding carbon atoms
ORR [176]. In 2011, it was reported that co-doping metal-free based catalysts with different
heteroatoms is an effective method to further improve the ORR electrocatalytic activity,
and boron and nitrogen co-doped graphene exhibited better ORR electrocatalytic activity
than the commercially available Pt/C [177]. These findings could pave the way for the
commercialization of heteroatom-doped carbon nanotubes for large-scale applications.

3.3. Polyatomic Doped Catalysts

The doping of heteroatoms is not limited to the doping of individual atoms, whether
electron-rich N and O or electron-deficient B (electronegativity of 3.04, 3.44, and 2.04,
respectively [178]), whose electronegativity affects the charge density of carbon atoms in
the sp2 lattice. Modified carbon atoms can promote the formation of oxygen adsorption sites.
Carbon nanomaterials doped with binary or multiple heteroatoms have been investigated
for their unique electronic structures, coexisting active centers, synergistic effects, and lower
activation potentials, which can further enhance catalytic activity. For example, carbon
nanomaterials doped with both N and boron (B) are expected to be promising co-doping
catalysts due to the higher and lower electronegativity of N and B, respectively, compared
to carbon.

For example, Wei [179] et al. prepared porous nitrogen (N) and boron (B) co-doped
carbon nanotubes (NBCNT) by a controlled solid-phase method using tubular polypyrrole
(PPy) and sodium tetraphenyl boron (C6H5)4BNa, where (C6H5)4BNa acts as a B source as
well as a pore-forming material that can help to modulate the N conformation and expose
more active sites. NBCNT-10’s high ORR activity is mainly due to the introduction of
an appropriate amount of (C6H5)4BNa, which is characterized by (1) the introduction of
(C6H4)4BNa as a B source to form N, B co-doped carbon-based catalysts, with the synergistic
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effect between the two heteroatom dopants able to effectively modulate the electronic
properties and surface polarity of the electrocatalyst, and (2) (C6H5)4BNa adsorbed on
PPy nanotubes, which can create pores and defects in the tube walls while effectively
increasing the residual N content and modulating the N conformation in the catalyst,
leading to more exposure of the active center. All of these are beneficial for improving ORR
performance [180].

From the test results shown in Figure 13a, the oxygen reduction peak potential
of NBCNT-10 is 0.78 V, which is higher than other boron-doped samples. Figure 13b
shows the LSV curves of NBCNT samples and commercial Pt/C (20%). nBCNT-10
(LCD = 5.52 mA cm−2, Eonset = 0.958 V, E1/2 = 0.82 V) is comparable to commercial Pt/C
(LCD = 5.65 mA cm−2, Eonset = 0.984 V, E1/2 = 0.84 V), and Figure 13c shows that NBCNT-10
has the lowest Tafel slope (87 mV dec−1) among all samples, further demonstrating the
excellent ORR kinetics of this catalyst. Figure 13d shows the LSV curves of NBCNT-10
at different rotational speeds from 400 to 2000 rpm. Combining the data calculated in
Figure 13d and its inset, the average electron transfer number (n) of the NBCNT-10 catalyst
is about 3.9, indicating that the catalytic behavior is an effective pathway for 4e- ORR.
From the analysis in Figure 13e, it is clear that the catalyst is more methanol-tolerant than
Pt/C, indicating that the prepared catalyst is extremely resistant to contamination. The
data shown in Figure 13f indicate that the NBCNT-10 catalyst has better durability in
alkaline electrolytes than Pt/C. The above results indicate that the catalyst has good ORR
catalytic activity.
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Figure 13. Catalytic performance of ORR in 0.1 M KOH electrolyte. (a) CV curves of different
electrocatalysts in N2-saturated (dashed curve) and O2-saturated (solid line) alkaline electrolytes.
(b) LSV curves for a fixed speed of 1600 rpm and a voltage of 10 mV s−1 (c) Tafel plots for NCNT,
NBCNT-5, NBCNT-10, NBCNT-20, NBCNT-30, and commercially available Pt/C catalysts obtained
by applying mass transfer correction to the corresponding LSV curves. (d) LSV curves and K-L plots
for NBCNT-10 at various rpm from 400 rpm to 2000 rpm (inset). (e) Methanol tolerance of NBCNT-10
and Pt/C. (f) i-t chronoamperometry response. (Reprinted with permission from [179]. Copyright
2021, Elsevier).

Furthermore, Higgins et al. [181] reported that N and S co-doped graphene/nanotube
composites (GC-NLS) exhibited better electrochemical ORR activity than graphene-only
or N and S co-doped CNTs. Triple doping showed excellent oxygen reduction activity, as
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reported by Meng et al. [182]. N-, O-, and S-triple-doped polypyrrole-based nanoporous
carbon exhibited good ORR activity (onset potential of about 0.96 V), with a half-wave
potential value of 0.74 V. In addition, it was found that the ORR activity of N, P, and B
co-doped porous nanocarbon was better in terms of current density and onset potential
than single-doped or double-doped catalysts [183].

In addition, S- and N-doped carbon is one of the most important co-blended carbon
materials. Many studies have shown that S- and N-doped carbon materials have ORR
activities comparable to Pt/C. For example, Yan [184] used dopamine hydrochloride
and 2-mercaptoethanol as nitrogen and sulfur sources; solid core-mesoporous-shell-silica
microspheres (SCMSSs) were used as templates and doped with N by the template method
with solid mesoporous shell-layer silica (SCMSS) to form the porous S-N-C mesoporous
structure of the catalyst. The formation of mesoporous structures facilitates the exposure of
sulfur and nitrogen in the carbon matrix. This porous-S-N-C is even better than commercial
Pt/C, showing potential economic value. This new method to increase the doping and
exposure of N and S atoms is expected to be applied to the preparation of other high-
content heteroatom-doped materials. The relevant electrochemical tests for ORR activity
have shown that porous S-N-C in N2 and O2 saturated 0.1 mol L−1 KOH solution with
peak ORR potential (+0.91 V) > Pt/C (+0.89 V) and porous S-N-C (E1/2 = 0.835 V) > Pt/C
(E1/2 = 0.8 16 V), which confirms that porous materials have higher ORR catalytic activity
due to more dense active sites, more exposure, and better mass transfer. Furthermore, the
ORR efficiency of S-modified materials (porous S-N-C and S-N-C) is much higher than the
corresponding sulfur-free materials (porous N-C and N-C), demonstrating the promotion
of S species with respect to N-C materials.

However, although nitrogen (N) and sulfur (S) co-doping of ordered mesoporous
carbon (OMC) has shown good performance as a platinum-free catalyst for the oxygen
reduction reaction (ORR), the complex and expensive synthesis method has seriously
hindered its development and application. In light of this, Hua et al. [185] successfully
prepared SN-OMC catalysts by combining hard template and high-temperature pyrolysis
methods using inexpensive saccharin as a single-source molecular precursor and SBA-15
as a hard template. It was found that the prepared SN-OMC catalysts had comparable
ORR electrocatalytic activity to the commonly used commercial Pt/C (20 wt.%), mainly for
the four-electron (4e) ORR pathway, and better stability than methanol in alkaline media,
mainly due to the synergistic effect from the highly ordered mesoporous structure and
the double nitrogen-sulfur doping. Based on the results of the relevant CV curves, it was
shown that SN-OMC exhibited better electrocatalytic activity along with more aggressive
onset reduction potential (−0.005 V) and limiting current density (−4.2 mA cm−2) than the
values of SN-C (−0.185 V, −2.7 mA cm−2). This may be attributed to the synergistic effect
of the highly ordered mesoporous structure and the double nitrogen-sulfur doping. More
importantly, the ORR activity of SN-OMC in alkaline media was comparable to that of
commercial Pt/C. These results suggest that SN-OMC could be a promising alternative to
Pt-free ORR catalysts, with good activity, excellent durability, and good methanol tolerance
in alkaline media. Carbon-based metal-free catalysts are usually carbon materials doped
with single or multiple non-metallic elements (B, N, F, P, S, etc.) and mainly include pristine
carbon materials (carbon nanotubes, acetylene black, graphene, etc.) and derived carbon
materials processed from carbohydrates [186–190] and various biomass carbon precur-
sors [191–193]. In recent years, metal-organic backbones (MOFs) for the preparation of
nanoporous carbon have received much attention. Usually, the methods for the preparation
of carbon-doped materials include pyrolysis, templating, and acid-catalyzed dehydra-
tion. Currently, reduced nitrogen or sulfur precursors are used as reagents for doping
atoms. Jutao Jin et al. obtained N,-S co-doped porous exfoliated carbon nanosheets by
one-step pyrolysis of glucose/melamine sulfate, which exhibited excellent catalytic activity
for ORR [194]. Yi and Li et al. synthesized N, -S co-doped three-dimensional reduced
graphene oxide as an oxygen reduction catalyst by a soft-template-assisted method [195].
Min Seok Lee et al. prepared imine-rich doped graphene electrocatalysts for ORR from



Processes 2023, 11, 361 31 of 67

the acid-catalyzed dehydration reaction of graphene oxide and aniline derivatives [196].
Nitrogen-doped mesoporous carbon ORR electrocatalysts with high catalytic activity and
excellent capacitive properties were prepared by activating pre-carbonized milk powder
with potassium hydroxide according to Jia et al. [197]. These results are relatively excellent
ORR catalysts, and broaden the avenues for the development of nonmetallic catalysts.

3.4. Other Types of Non-Metal Catalysts

In general, the preparation of conventional doped carbon materials requires a long
reaction time and high energy consumption, and it is necessary to develop new doping
methods for the preparation of doped carbon materials to shorten the production time
and to achieve multifunctionality of catalytic activity. To this end, Zhou [198] developed a
deflagration method for the preparation of nonmetallic catalysts which uses Vulcan XC/72
carbon black, sublimated sulfur, potassium nitrate, urea, and ammonium nitrate as raw
materials for the rapid synthesis of ORR catalysts (D-NSOCs) co-doped with nitrogen
and sulfur. The prepared D-NSOC electrocatalysts exhibited good bifunctional catalytic
activity for ORR and OER, and the potential difference (∆E) between the corresponding
potential and the half-wave potential (E1/2) was 0.77 V when the OER current density
reached 10 mA cm−2, which is slightly better than the corresponding potential difference
for commercial Pt/C + IrO2 (∆E = 0.78 V). This method of deflagration synthesis is usually
applied to other carbon material catalysts as well. It allows the doping of nitrogen and
sulfur elements into carbon materials to achieve the functionalization of oxygen on the
surface of carbon materials quite simply.

Moreover, carbon nanocages without any apparent dopant have shown good ORR
performance under alkaline conditions [199], which DFT calculations have shown to be
inseparable from pentagonal and zigzag edge defects. In this context, a novel ORR catalyst
based on graphene quantum dots supported by graphene nanoribbons was developed
by a one-step reduction reaction, achieving better ORR performance compared to Pt/C.
This good electrocatalytic performance was attributed to the presence of a large number of
surface and edge defects on the graphite quantum dot alkene and nanoribbons, respectively,
and the effective charge transfer between the closely contacted graphene quantum dots
and nanoribbons [200]. Studies on the defect-induced ORR catalytic activity remain at an
early stage, and further mechanistic studies are needed.

3.5. Summary and Outlook

In summary, despite considerable efforts towards the synthesis of N, B co-doped
carbon-based catalysts, exploring simple, low-cost, and controllable synthetic strategies for
efficient metal-free electrocatalysts remains a great challenge. Because metal-free catalysts
usually exhibit limited activity and poor stability, especially in acidic media, despite the
rich results achieved by metal-free catalysts in recent years problems in their development
have been revealed at the same time, such as the specific difficulty of distinguishing the
contributions from heteroatoms, vacancies, or Stone-Wales defects due to the heteroatom
doping, which often introduces defects and/or vacancies. In addition, high precision
control and detection of the atomic-level position, structure, and chemical composition
of CACs are difficult to achieve. Therefore, a combination of synthesis, characterization,
modeling, and theoretical calculations is necessary to elucidate the fundamental issues
controlling the catalytic process and to trace the kinetic evolution of the substances during
the reaction.

4. Alloy ORR Catalysts

As the most critical technology for fuel cells, the performance of the oxygen reduction
reaction (ORR) is closely related to electrocatalysts. However, although Pt-based catalysts
remain one of the most effective catalytic materials for ORR, they are expensive to fabricate.
Alloying the active metal is one of the most effective means to reduce catalyst fabrication
cost; the most suitable candidates to replace Pt are transition metal alloy materials and other
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noble metal alloy materials. The electrocatalytic properties of alloys are influenced by the
interactions between several elements, which induce different atomic configurations [201].
Therefore, alloy-based catalysts have become a popular research topic.

4.1. Bimetallic Alloy-Based Catalysts

Metal-organic backbones (MOFs) contain a variety of organic functional groups and
metal centers, which can be transformed into porous carbon frameworks and carriers of
active metal species after special treatments such as carbonization and are very promising
carriers for the synthesis of M/NC hybrids [202,203]. In addition, palladium (Pd) is an
important metal catalyst used in various industrial reactions [204]. It has higher carbon
monoxide (CO) tolerance and catalytic activity than Pt-based catalysts when used as a fuel
cell cathode catalyst [205]. Therefore, alloying it with other metals might be a good strategy
for replacing Pt/C catalysts. For this reason, Xu [206] embedded a Pd-Co binary alloy
(PdxCo) into a bimetallic organic backbone (BMOF)-derived polyhedral carbon carrier to
form a catalyst for ORR. The results showed that the BMOF-derived Pd3Co had the best
ORR activity at 300~400 ◦C, with a half-wave potential (E1/2) of 0.977 V (vs. RHE) and a
mass activity of 0.86 mA/µgPd in 1 M KOH, both of which are better than commercial
Pd/C electrocatalysts. The improved performance and stability are attributed to the
homogeneous distribution of Pd and Co elements and the N-doped carbon (Co-N-C)
structure containing Co. In anion-exchange membrane fuel cell (AFC) tests, cells with
BMOF-derived Pd3Co cathodes achieved a peak power density of 1.1 W/cm2 at an ultra-
low partial discharge loading of 0.04 mg Pd/cm2. This strategy provides promising insights
for the rational design and synthesis of highly active and durable ORR electrocatalysts for
alkaline fuel cells.

In addition, Zhu [207] synthesized FeCo alloy NPs nitrogen-doped mesoporous carbon
catalytic materials using a simple two-step strategy (including ligand-driven self-assembly
of MOF composites and high-temperature carbonization process); the synthesis process
and related characterization are shown in Figure 14. The catalyst exhibited superior ORR
activity and durability attributable to its highly exposed bimetallic active sites and well-
designed structure. X-ray absorption fine structure spectroscopy and density flooding
theory calculations indicated that the excellent catalytic performance originated from the
electronic structure modulation of the co-active sites by Fe atoms, which resulted in the
optimal binding energy of the catalyst to the oxygen reduction reaction intermediates. The
material (MIL-101@ZIF-67 composite) is an excellent ORR electrocatalyst. The experimental
results show that the material has a large half-wave potential, high durability, and strong
tolerance to methanol, and the research results provide a valuable guide to studying
the relationship between the structure and performance of transition metal-based ORR
alloy catalysts.

To solve the problems of low active site utilization and deactivation due to the over-
consumption of active sites on the surface of conventional catalysts, it is necessary to
develop catalytic materials with multidimensional structures, especially those combining
1D nanotubes with 2D nanosheets/layers, which can accelerate the mass/electron transfer
rate and make it easier to expose the active sites of the catalyst, in turn facilitating the stabi-
lization of each reaction step involving ORR [208,209]. Lei [210] synthesized Fe1Co2 alloy
nanoparticles (NP) embedded in nitrogen-doped carbon nanotubes/carbon nanosheets
(CNTs/CNS) (denoted as Fe1Co2-NC) by pyrolysis of Fe-chitosan, cobalt-chitosan chelates,
and urea in situ. The results show that the interaction between Fe and Co can effectively
modulate the electronic structure of Fe and Co, where the ionic state of Co and Fe are
partially oxidized, contributing to the intrinsic catalytic activity. Meanwhile, the CNT/CNS
multidimensional porous carbon framework contributes to the adequate exposure of the
active site and smooth mass/electron transport. As a result, the obtained Fe1Co2-NC
catalyst shows a high half-wave potential (compared to RHE) of 0.88 V for ORR, making it
an ultra-low potential difference (0.706 V) comparable to Pt/C+RuO2 (0.69 V). In addition,
a large amount of research work has been devoted to the design of efficient and durable
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bifunctional electrocatalysts in recent years. Transition metal oxides with a spinel structure
(denoted as AxB3-xO4 (A, B = Co, Zn, Ni, etc.)) have attracted great attention in the ZAB
system because of their low price, easy synthesis, tunable morphology, high doping ability,
electrochemical activity, and stability [211–213]. Moreover, the coexistence of metal cations
(redox couples) with different ORR/OER activities in the same interconnected structure
confers mixed transition metal oxides a unique ability to promote the progression of redox
reactions [214–216]. In this regard, the addition of Ni [217], Zn [218], and Mn [219] with
cobalt-based spinel oxides has been shown to enhance ORR and OER performance.
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4.2. Trimetallic Alloys

The formation of alloys of different active transition metals in electrocatalytic reac-
tions can effectively improve catalyst activity and stability [220–223], and alloying of non-
precious metals can help to further reduce the required amount of precious metals [224–226].
Compared with well-studied bimetallic alloys, trimetallic alloys, although possessing a
more complex alloy lattice, higher reactivity, and stability, are more complex to synthesize,
and the additional metal composition can further modulate the catalyst activity [203,227].

It has been widely reported in the literature that carbon-coated transition metal alloys
can be used as ORR catalysts [228,229]. Based on the synergistic effect between alloy parti-
cles and N-doped carbon surfaces [230,231], these carbon-coated catalysts have excellent
ORR catalytic properties. Inspired by this, Wang [232] developed a ternary transition metal
alloy nanoparticle anchored on nitrogen-doped carbon nanotubes (N-CNT) as an ORR
catalytic material by a simple sol-gel method, which can be denoted as Fe2Co2Ni2/N-CNT.
Relevant characterization and theoretical calculations indicate that the surface oxidized
Fe-Co-Ni alloy anchored on N-doped carbon nanotubes is an effective catalyst for ORR.
The EOnset of this catalyst is 0.811 V (vs. RHE), its E1/2 is 0.749 V (vs. RHE), and its ultimate
current density JL is 5.28 mA cm−2. Its ORR performance is close to and/or better than
that of most previously reported Pt/C catalysts, and the stability and methanol resistance
of Fe2Co2Ni2/N-CNTs are much better than those of Pt/C catalysts. The stability and
methanol resistance of Fe2Co2Ni2/N-CNTs are far superior to those of Pt/C catalysts. The
excellent ORR catalytic activity of Fe2Co2Ni2/N-CNTs can be attributed to three aspects:
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(1) the synergistic interaction between the three metals (Fe, Co, and Ni) in this catalyst;
(2) the interaction between the ternary metal and the carbon composite interactions acceler-
ate the catalyst surface charge transfer rate, better anchoring of Fe2Co2Ni2 nanoparticles
and preventing their detachment and aggregation; (3) the thin oxide layer on Fe2Co2Ni2

nanoparticles can provide more catalytic active sites, which is beneficial for better adsorp-
tion of ORR intermediates. This strategy of synthesizing new alloy catalysts with the oxide
layer of alloy particles as catalytic active sites provides a good example and idea for the
design of new non-Pt-based ORR catalysts. Wang’s research results indicate that catalysts
based on ternary transition metal alloy nanoparticles anchored on carbon materials have
great potential for fuel cell development.

4.3. Other Types of Alloy Catalysts

The good ORR performance of alloy-like catalysts is inseparable from the synergistic,
ligand, and strain effects of the individual metals in the alloy [233,234], which affect the
number of specific active sites and the local composition of the active sites. Wang and
coworkers developed porous tetrametallic Pt-Cu-Bi-Mn nanosheets with enhanced catalytic
activity due to the increase in band vacancies caused by the introduction of the transition
metal Mn, with stronger ORR catalytic performance and catalytic stability than ternary
Pt-Cu-Bi alloys [235]. These results considerably broaden the family members of alloy
catalysts, and provide additional synthetic strategies.

However, it remains challenging to control the synthesis of nanostructured multi-
alloys containing five or more elements due to each element’s different physical and
chemical properties. A special class of SASCs, such as single-atom alloys (SAAs), can be
fabricated based on metallic carriers by taking advantage of metals. Single-atom alloys
(SAAs) formed by doping transition metal atoms on the surface of covalent host metals
exhibit unique catalytic properties [219,220]. SAA typically binds CO more weakly than
pure PGM materials, and therefore exhibits greater CO tolerance [236,237].

Based on this, Michail Stamatakis [238] studied SAA composed of Ni, Pd, Pt, Co, and
Rh doped into Ag and Au bodies with the help of DFT. The results of their DFT calculations
are shown in Figure 15. The calculations show that the PdAu SAA exhibits a slightly lower
overpotential compared to Pt(111). Its KMC simulation experimental results show that it is
more tolerant to CO poisoning. Furthermore, the experimental results show that it prefers
the four-electron ORR pathway, while the density of active sites of PdAu SAA is lower
than that of Pt(111). Based on the desirable ORR properties described above, its catalytic
performance is close to that of Pt/C. Although the use of Au and Ag to replace a large
amount of Pt in the ORR catalyst is not cheap to prepare and reduces the number of active
surface sites by a factor of 20 to 100, it enhances the catalyst's selectivity and resistance
to poisoning, representing a feasible strategy for replacing the Pt/C catalyst. The above
results indicate that PdAu SAA can be a catalytic material for the cathode of PEM fuel cells,
providing a new solution for future electrochemical technologies.

4.4. Summary and Outlook

Nanocatalysis materials formed by either transition metal alloying or noble metal
alloying are one of the most important means of improving the catalytic activity of ORR
to replace Pt. Transition metal alloys have unique physicochemical properties and low
cost, and as such have received wide attention. These physicochemical properties can
improve catalyst activity and stability and increase the number of active sites to significantly
enhance ORR activity. For example, the introduction of low-cost transition metal elements
such as iron (Fe), cobalt (Co), and nickel (Ni) can significantly reduce the total cost of
catalysts, relieving the pressure of precious metal resource scarcity. This paves an important
path for the reasonable construction of low-cost and high-performance platinum-free
electrocatalysts. In addition, a large number of studies have shown that the catalytic effect
of noble metal alloys or transition metal-precious metal alloy catalytic materials is excellent,
and alloying 3d transition metals with noble metals can reduce the center of the d-band
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of metals and optimize the adsorption conditions of intermediates (e.g., OHads or COads),
improving the ORR activity [239].
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study. (Reprinted with permission from [238]. Copyright 2021, John Wiley and Sons).

Although the performance of alloy-based catalysts is excellent, there are limitations.
For example, many alloy-based catalysts have great room for improvement in terms of
toxicity resistance and preparation processes. For this reason, in addition to surface struc-
ture control of alloys, researchers should work on electronic modulation of catalysts in
order to improve their electrocatalytic properties and enhance their toxicity resistance, and
develop materials that can replace precious metals to minimize the use of precious metals
and reduce production costs. In addition, it is important to develop a simple and green
preparation strategy in order to further commercialize fuel cells.

5. High-Entropy Alloy ORR Catalysts

High entropy alloys with a single-phase solid solution structure, first proposed in 2004,
are composed of five or more different elements [240]. As shown in Figure 16, HEAs differ
from conventional alloys mainly by their high entropy effect, lattice distortion effect, slow
diffusion effect, and “cocktail effect” [241]. In addition, due to their unique microstructure,
excellent thermal stability, and catalytic activity for various reactions, they have attracted
great interest in the development and application of electro/thermo-catalytic clean energy
conversion. There is an intrinsic synergy among the components in HEAs that can regu-
late the electronic state of the resulting HEA, resulting in high catalytic activity [241–243].
Meanwhile, due to their higher entropy and slower diffusion, they have better heat resis-
tance, chemical stability, and corrosion resistance, ensuring the stable operation of HEAs
in harsh environments. Currently, the main methods for synthesizing high-entropy alloys
are carbon thermal shock synthesis [244], mechanical alloying [245], sputtering deposi-
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tion [246], power-controlled laser synthesis [247], solvothermal synthesis [248], ultrasonic
treatment-assisted wet chemistry [249], the fast-moving bed pyrolysis (FMBP) method [250],
casting and low-temperature grinding methods [251], etc.
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The controlled anchoring of multiple isolated metal atoms into a single carrier has
great potential in many reactions, while the synthesis of catalysts with multiple single metal
atoms remains a challenge and has been rarely reported in the literature. Furthermore,
Beller et al. predicted the successful preparation of binary/polymetallic SACs as the
next scientific breakthrough achievement for SACs, as they have tremendous potential
applications in many reactions [252]. However, very little work has been done on the
preparation and application of BSACs, while polymetallic alloy SACs are expected to
exhibit more attractive properties and functionality. Nonetheless, there have been few
results reported in this area. This is mainly due to the huge barriers to the coexistence
of various metals in atomic dispersions with significantly different chemical/physical
properties. Therefore, it is difficult to stabilize multiple isolated metal atoms in a single
support structure for different atomic and anchor locus types. As such, the development
of a versatile and efficient method to control SACs with multi-metal centers is urgently
needed, and while high-entropy alloys should emerge, these are challenging.

Recently, HEAs have been used as catalysts for electrocatalytic reactions, showing su-
perior stability, catalytic selectivity, and activity compared to conventional alloys [253–256].
The interaction between pure Pt-based catalyst surfaces and oxygen-containing substances
is too strong, limiting the number of oxygen adsorption sites and consequently their cat-
alytic activity. Alloying with transition metals (e.g., Fe, Co, Ni) or other elements can
improve the ORR activity. Polymetallic systems [233,257] combine the properties of each
metal, and exhibit unprecedented properties through possible synergistic effects. The
addition of non-precious metals changes the atomic structure of Pt, which is more favorable
for the adsorption and dissociation of O2 and accelerates O-O bond breakage. Positions
and elements in high entropy alloys can be screened by theoretical calculations (machine
learning) to ensure that the best composition finds the best activity.

The catalysis of high entropy alloys (HEA) applied to ORR has become a hot research
topic. HEAs consist of a mixture of elements in a solid solution, forming an ordered crystal
structure and randomly distributed constituent elements. The surface of an HEA provides
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many active sites, and thus has extraordinary catalytic properties. As there are many
combinations of randomly distributed constituent elements, it is necessary to develop a
method to optimize the elemental composition of HEAs.

Recently, Thomas A.A. Batchelor [258] performed calculations of *OH and *O adsorp-
tion energies on the IrPdPtRhRu surface using the density generalization function (DFT) to
build a database of adsorption energies and a constructive function model (volcano plot)
(Figure 17A–C) to evaluate their ORR activity. These constituent elements (IrPdPtRhRu)
were chosen because of their similar atomic radii and lower heat of formation, which make
them likely to form stable HEAs; furthermore, the standard electrode potentials of all these
elements are high, which in turn reduces the possibility of alloy oxidation. Later, using a
simple machine learning algorithm (ML), the residual adsorption energy was predicted
and good agreement was found between the calculated and predicted values. Based on
this, appropriate expressions for predicting catalytic activity were used to optimize the
HEA composition. The composition of highly active ORR electrocatalysts can be predicted
by constructing active sites near the peak of the surface volcano map, based on which
Ir10.2Pd32.0Pt9.30Rh19.6Ru28.9 HEAs were designed. The catalysts exhibit even lower overpo-
tentials compared to Pt/C. Because HEAs have sites that promote specific catalytic activity,
HEAs can be used as a platform for the design of ORR catalytic materials. The absorbing
material is correlated with the local atomic environment around the atom bound by the
adsorption energy and used as a model for the calculation of the absorption energy. In
short, by combining different elements, it is possible to find a cheaper and more active
ORR catalyst.
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Figure 17. (A) OH* adsorbed on HEA. Each colored area represents an adjacent shell with a set of
five parameters; the OH* adsorption model was trained on 871 specimens (blue dots) and tested
on 76 specimens (red crosses). (B) OH*, and O* adsorption on the HEA model. (C) The activity
of the redesigned IrPdPtRhRu HEA composition [40]. (A–C) Reproduced with permission from
reference [40]. (D) Comparison of the intrinsic activity of different catalysts for ORR. (Reprinted with
permission from [241]. Copyright 2020, American Chemical Society).

The random configuration of HEAs with a high degree of disorder due to the huge
chemical space can increase the mixing entropy of the HEA system, which facilitates the
formation of stable single-phase solid solutions rather than metal polymers. The ability
of HEAs to form stable solid solutions is closely related to the atomic radius, enthalpy of
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the configuration formation, and mixing entropy of the HEA constituents. According to
the Hume–Rothery law, stability evaluation can be performed by assessing the difference
between the atomic radius and the enthalpy of the formation–entropy ratio [259–261]. The
absorption energy of the reaction intermediates is usually a good description of the catalytic
activity from Sabatier’s rule [262]. Therefore, a volcano curve between the intermediate
product adsorption energy and the catalytic activity of the ORR can be established, which
facilitates understanding of the activity variation at millions of possible active sites on the
HEA surface. Moreover, the formation of a stable single solid solution of a high-entropy
alloy would be necessary in order to be consistent with the Hume–Rothery rule.

The effects of ligand effects (spatial arrangement of different elements) and coordina-
tion effects (different crystallographic surfaces and defects) on the catalytic performance
of HEAs can be investigated using neural network models and density flooding theory
(DFT) [263]. These two effects can lead to significant changes in the active site. Lu predicted
the OH* adsorption energy on IrPdPtRhRu HEA catalysts with random elemental distribu-
tion and twelve unique ligand environments using a neural network model to describe the
ORR (Figure 18a). As far as the ligand effect is concerned, it is clear from Figure 18b that
the adsorption energy is determined by the contribution of different elements, where the
two active central atoms bound to OH* are key in determining the adsorption energy. The
frequency of OH* adsorption energy is continuous, indicating that the catalytic activity of
HEA can be fine-tuned to the desired value [264]. In addition, the effect of changing the
metal composition of the HEA catalyst on catalytic performance was investigated using a
data-oriented artificial intelligence (ML)-based algorithm. A total of 10,000 equimolar HEA
surfaces were generated in each ligand environment, and all of the generated surfaces were
predicted (see Figure 18c). On the surface of HEA (Figure 18d), the adsorption energy forms
a continuous distribution. The study of the interrelationship between complex coordination
conditions and catalytic performance can provide a basis for the design of efficient and
effective HEA catalysts.

Processes 2023, 11, 361 40 of 71 
 

 

the generated surfaces were predicted (see Figure 18c). On the surface of HEA (Figure 

18d), the adsorption energy forms a continuous distribution. The study of the 

interrelationship between complex coordination conditions and catalytic performance can 

provide a basis for the design of efficient and effective HEA catalysts. 

 

Figure 18. (a) Datasets of HEA surfaces and active sites were used for model training and evaluation. 

(b) The frequency distribution of OH* adsorption energies due to ligand effects for the [100] surface 

is shown as an example. (c) The different coordination environments are listed in increasing 

sequence of the total number of ligands in immediate proximity. (d) Frequency distributions of OH* 

adsorption energies for each ligand environment. (Reprinted with permission from [242]. Copyright 

2021, John Wiley and Sons). 

5.1. High-Entropy Alloy ORR Catalysts Containing Noble Metals 

Conventional synthesis methods focus on large-size HEAs rather than nanoscale 

HEAs [265–268]. In addition, the preparation of homogeneous nanostructured HEAs of 

small size (<10 nm) currently requires specific devices that can be rapidly heated and 

cooled as well as being resistant to high temperatures and with conductive substrates 

[244]. Therefore, there is a need to develop new strategies to prepare high-entropy alloy 

catalysts. 

The preparation of nanoscale high-entropy alloy catalysts is a challenging task using 

conventional synthetic processes. In the conventional bottom-up process approach to the 

preparation of high-entropy alloy catalysts, the controlled combination of multiple 

immiscible metal elements into a single nanostructure has unlimited potential for 

development; however, it currently presents great difficulties. Moreover, the theory of 

dealloying points out that nanoporous noble metal catalysts such as Ir, Rh, Ru, Ag, Au, 

Pt, etc. can be obtained by dealloying [269]; thus, these noble metal elements can be easily 

added to Al-rich precursor alloys for the preparation of more complex np-HEAs. Inspired 

by this, Qiu [270] proposed a fast cooling dealloying strategy for aluminum-containing 

precursors to prepare ultrafine nanoporous high-entropy alloys (AlNiCuPdAuCoFe np-

HEAs) with precisely controlled composition. The results exhibited ten times the Pt/C 

mass activity in ORR and maintained 92.5% of the initial activity after electrochemical 

Figure 18. (a) Datasets of HEA surfaces and active sites were used for model training and evaluation.
(b) The frequency distribution of OH* adsorption energies due to ligand effects for the [100] surface
is shown as an example. (c) The different coordination environments are listed in increasing sequence
of the total number of ligands in immediate proximity. (d) Frequency distributions of OH* adsorption
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5.1. High-Entropy Alloy ORR Catalysts Containing Noble Metals

Conventional synthesis methods focus on large-size HEAs rather than nanoscale
HEAs [265–268]. In addition, the preparation of homogeneous nanostructured HEAs of
small size (<10 nm) currently requires specific devices that can be rapidly heated and
cooled as well as being resistant to high temperatures and with conductive substrates [244].
Therefore, there is a need to develop new strategies to prepare high-entropy alloy catalysts.

The preparation of nanoscale high-entropy alloy catalysts is a challenging task using
conventional synthetic processes. In the conventional bottom-up process approach to the
preparation of high-entropy alloy catalysts, the controlled combination of multiple immis-
cible metal elements into a single nanostructure has unlimited potential for development;
however, it currently presents great difficulties. Moreover, the theory of dealloying points
out that nanoporous noble metal catalysts such as Ir, Rh, Ru, Ag, Au, Pt, etc. can be ob-
tained by dealloying [269]; thus, these noble metal elements can be easily added to Al-rich
precursor alloys for the preparation of more complex np-HEAs. Inspired by this, Qiu [270]
proposed a fast cooling dealloying strategy for aluminum-containing precursors to prepare
ultrafine nanoporous high-entropy alloys (AlNiCuPdAuCoFe np-HEAs) with precisely
controlled composition. The results exhibited ten times the Pt/C mass activity in ORR and
maintained 92.5% of the initial activity after electrochemical cycling. This excellent electro-
catalytic performance can be attributed to inherent low diffusivity and the multi-principal
element mixing effect. This top-down synthesis strategy offers the advantages of versatility,
tuneability, and scalability for the synthesis of high-entropy alloys.

The enhanced catalytic performance promoted by order has been extensively studied
in bimetallic and trimetallic electrocatalyst (e.g., PtCo, PtFe, and PdCuSn) systems [271–273].
However, the synthesis of structurally ordered HEA (OHEA) NPs and the evaluation of
their effects on catalytic performance have not been achieved. Based on this, Zhu [274]
constructed structurally ordered novel FeCoNiCuPd-HEANP on a 2D nitrogen-rich meso-
porous carbon sandwich framework (OHEAmNC) by combining ligand-assisted interfacial
assembly and NH3 annealing. The characterization results showed that the synthesized
materials have ultrathin 2D nanosheet structures and large mesopores (≈10 nm) with a
structurally ordered L12 phase The HEA NPs are uniformly dispersed. Atomically re-
solved chemical analysis determined the location of each atomic position. In evaluating
the oxygen reduction reaction, the OHEA mNC NP provided greatly enhanced catalytic
performance, including large half-wave potential (0.90 eV) and high durability (0.01 V
decay after 10,000 cycles) compared to disordered HEA and commercial Pt/C catalysts.
This excellent performance is attributed to the improved mass transfer rate, increased
electronic conductivity, and the presence of a stable chemically ordered HEA phase, as
shown by both experimental results and theoretical calculations. This study presents a
highly feasible approach to achieving structurally ordered HEA NPs with advanced meso-
porous functionality in the field of electrochemistry. An ORR assay of the resulting material
was performed, and the results showed good activity, with a large half-wave potential
(0.90 eV), small Tafel curve value, and high durability (decay of 0.01 V after 10,000 cycles).
From the experimental results and theoretical calculations, the resulting good performance
is attributed to a well-designed spatial structure and the presence of a stable chemically
ordered HEA phase, which provides fast mass transfer and regulates the active sites for
adsorption and electron transfer of the reacting species during ORR.

In addition, it was found that excessive strain changes in HEAs can adversely affect cat-
alytic performance. Constructing hollow structures improved ECSA, mitigated the effects
of strain changes caused by heteroatoms, and modulated catalyst performance; however,
with the often harsh fabrication conditions and complex composition of HEAs, the effective
preparation of hollow HEAs remains a major challenge. Based on this, ZUO [275] synthe-
sized a PdCuNiCo-HEA with a hollow nanosphere structure on RGO3-CNT (PdCuMoNiCo-
NHS/RGO3-CNT) using a simple one-pot solvothermal method. The advantage of the
developed catalyst, i.e., PdCuMoNiCo NHS for carbon hybridization, was demonstrated
by its comparable ORR activity, while its long-term durability was much better than that of
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the commercial Pt/C. The hollow structure further amplifies the catalyst activity due to its
various favorable properties, including a fully exposed active center, the shortened path
length of the reactants, and increased utilization of noble metal atoms. Other metals (Ni,
Co, and Mo) with different electronic structures and electronegativities were introduced
into the hollow PdCu structure to form a stable HEA system, as it has been shown that
forming an alloy with Cu, Co, Ni, and Mo with Pd can effectively optimize the lattice
constant of Pd and improve the catalytic performance of ORR [276–278]. A schematic
representation of the work of this catalyst in catalytic FAO and ORR is shown in Figure 19.
The authors first synthesized PdCuMoNiCo HEAs with hollow spherical structures using
a one-step solvothermal method with the help of glutamate. The hollow structure, inter-
metallic synergy, and slow diffusion effects of HEAs significantly improved the activity
and stability of PdCuMoNiCo NHS/RGO3-CNT in DFAFC against acidic ORR and FAO.
Specifically, the relevant ORR performance test results show that the half-wave potential
(E1/2) of PdCuMoNiCo NHSs/RGO3-CNT is 0.86 V and the ultimate current density (JL)
is 5.1 mA cm−2, far exceeding that of commercial Pd/C (E1/2 = 0.63 V, JL = 3.4 mA cm−2),
which is equivalent to conventional Pt/C catalysts (E1/2 = 0.85 V, JL = 5.3 mA cm−2). The
mass activity (MA) of the catalyst is 0.882 A mgPd−1, which far exceeds that of marketed
Pt/C (MA = 0.630 A mgPt−1), and both alloys are superior to their solid HEA counterparts
and Pd-based binary, ternary, and tetrameric alloys. Thus, this work provides a viable
strategy for the fabrication of hollow-structured HEAs that exhibit enhanced activity and
stability towards both ORR and other reactions.
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5.2. High-Entropy Alloy ORR Catalyst without Noble Metals

As a new type of electrocatalytic material with unlimited catalyst design possibilities,
multi-transition metal alloys are very promising option to replace noble metal-based
catalytic materials. Based on this, Schuhmann et al. successfully developed a noble metal-
free CrMnFeCoNi HEA NPS ORR catalyst with catalytic performance equivalent to that of
commercial Pt/C catalysts (Figure 17D) [279]. Tests showed that the catalytic activity of the
formed quaternary alloys decreased significantly with the reduction of one of the elements.
For example, the lowest activity was observed in the absence of manganese, indicating
that manganese can effectively promote the participation of the active site in the reaction.
The experimental results show that in addition to the selection of suitable elements in the
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ground, the ratio of the catalyst performance has an influence on the reaction. Therefore,
an excellent catalyst can be designed by simply changing the components and ratios, or
even by using only non-precious metal components. In addition, the high entropy-induced
single solid–solution phase leads to uniform distribution of all components, which has
potential in the construction of more novel active sites for ORR and further improving
catalytic performance. This study provides a novel idea for better design of non-precious
metal catalysts.

Currently, conventional high-entropy alloy noncore–shell catalytic materials use vapor-
phase deposition (coating method). Although high-entropy alloys synthesized by this
method contain many components, these film materials are not consistent with the catalyst
state, and many parameters and sizes cannot be tuned. Therefore, it is necessary to
develop simple synthesis methods, such as a printing method to print different precursors
onto the substrate, which can then be synthesized in one step at a high temperature.
The advantage of this approach is that these printed materials are all in a more realistic
internal state, a state in which the catalyst size, phase, and composition are all consistent.
Thus, all the advantages of the different catalytic properties are attributed to the design
aspects of the composition. This has very significant implications for the development
of high-entropy alloy ORR catalysts. Inspired by this, Tian [280] developed a versatile
removable printing approach for the synthesis of high-entropy single-atom catalysts by
transferring individual metal atoms from a printed template to a porous nitride-doped
carbon carrier, a strategy that allows for the synthesis of high-entropy alloys consisting of
up to eleven different combinations of metal elements. The strong ORR catalytic activity of
the pentameric HESAC (FeCoNiCuMn) catalysts synthesized by this method should be
derived from the abundance of active centers and the synergistic effect between different
activity centers. The relevant characterization results showed that no metal agglomerates
and/or microparticles were observed on the carbon carriers of the prepared HESACs.
Energy dispersive spectroscopy (EDS) mapping images showed that the distribution of
nitrogen and metals was homogeneous throughout the carbon carriers. The above results
provide strong evidence for the successful synthesis of the proposed synthetic strategy
from five to eleven elements of HESAC. The characterization results of the five-membered
HESAC and the reference sample are based on XANES and EXAFS (shown in Figure 20).
The results shown in Figure 20a,d,g,j,m demonstrate that the metal species (FeCoNiCuMn)
of five-membered HESA present positive valence states. The EXAFS spectra (R-space) of
Figure 20b,e,h,k,n were analyzed by Fourier transform spectroscopy, and based on the
results of EXAFS fitting and the fitting parameters, it was concluded that the synthesized
high-entropy metallic materials were each in an isolated state of dispersed metal atoms
without forming aggregates, while the isolated five metal atoms coexisted with N atoms to
form a typical M-N coordination structure. The atomic configuration of the five-membered
HESAC (FeCoNiCuMn) was further investigated by metal (e.g., Fe, Co, Ni, Cu, Mn) K-
edge wavelet transform (WT)-EXAFS and compared with the WT signal of the metal
foil to further determine the separation characteristics of the metal species in the five-
membered HESARC (FeCoNiCuMn), which proved that the catalyst did not form multi-
metal polymers (as shown in Figure 20c,f,i,l,o). The ORR catalytic activity of the obtained
HESAC catalyst was tested in O2-saturated 0.1 M KOH solution and compared with Pt/C
and carbon nitride carrier (also called NC) under the same conditions; the EOnset, E1/2, and
Jk of HESAC were 0.999 V, 0.887 V, and 3.114 mA cm−2, respectively, which were higher
than the corresponding values for Pt/C of 17 mV, 21 mV, and 1.151 mA cm−2. The NC
catalysts were prepared by the same procedure used for HESAC without a metal substrate.
As expected, the ORR catalytic performance of pure NC was very poor, confirming that the
good ORR catalytic behavior of the prepared HESAC is closely related to the synergistic
interaction of the individual atomic metals.
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In addition, the prepared HESAC catalysts have good durability, stability, and ORR
performance. Using this method, HESACs ranging from five to ten metals were successfully
synthesized. The proposed live-printing method broadens the ability to study HESACs
and can combine the advantages of various metal elements with different intrinsic prop-
erties. The method has the following advantage of non-equilibrium treatment, which
loads dispersed individual metal atoms onto the carrier by direct point-to-point loading,
effectively preventing the ability to control the synthesis of high-entropy catalytic materials
by regulating the temperature. This work broadens the family members of ORR catalysts
and opens the way for the study of new multi-component high-efficiency high-entropy
alloy catalysts.

To combine five or more metallic elements with specific carriers in order to form
efficient and stable high-entropy alloys, MOF with such carriers is a better way to synthesize
multicomponent alloys or nanoparticles. In view of this, Hu [281] prepared a one-pot
hydrothermal method to prepare a hollow high-entropy metal-organic backbone (MOF-74)
composed of Mn, Fe, Co, Ni, Cu, and Zn, followed by a high-entropy nanocomposite. The
catalyst preparation process is shown in Figure 20. The structure contains six different
metallic elements; the biggest highlight of the process is that it does not require any template
and can be easily synthesized by a one-step hydrothermal method. This is the first report
of porous hollow polymetallic MOF-74 known thus far. In addition, the obtained hollow
porous MOF materials were heat treated in Ar/H2 under different heat treatment conditions
to obtain optimized porous hollow metal alloy/metal oxide nanocomposites, which are
excellent ORR electrocatalysts. The synthesis process of MOF-74-H material and MOF-74-
H-650 composite is shown schematically in Figure 21. According to the ICP analysis results,
the elemental ratio of this sample can be interpreted as Mn1Fe1.24Co1.27Ni1.35Cu1.27Zn1.39.
The relevant characterization tests confirm that the prepared MOF-74-H is a hollow porous
structure. Its E1/2 = 0.79 V for MOF-74-H-650 in alkaline (O2-saturated 0.1 M KOH solution)
electrolyte is much higher than the half-wave potential of the bimetallic MOF-derived
CuNi/C ORR catalyst [282]. The best performance among the prepared samples was
obtained for MOF-74-H-650. Moreover, the ORR performance of MOF-74-H-650 was
superior to that of the high-entropy MOF-74-derived MOF-74-W-650 synthesized by the
microwave technique. This is further confirmation that the unique hollow characteristics
of the MOF-74-H-650 facilitate the provision of multiple internal voids/channels for the
enhancement of electron transfer. It has been shown in the literature that the high inherent
resistance of ZnO hinders the transmission of electrons from the glassy carbon electrode to
the oxygen in solution during ORR [283]. Nevertheless, metal nanoparticles (Mn, Fe/Ni,
Co, Cu) and metal alloys (Cu0.18Ni0.91, Co0.52Cu0.48) can dramatically improve the electrical
conduction of ZnO formed in situ. Furthermore, the large specific surface area of the unique
hollow structure can increase the adsorption of oxygen during ORR. The Mn nanoparticles
formed in MOF-74-H-650 are essential for the stability of the catalyst, which contributes to
its ORR activity. It should be pointed out that the overall ORR performance of the catalyst is
equivalent to that of the tetrameric FeCoNiMn-based carbon nanocatalyst [81]. According
to the Kentucky–Levich (K-L) curves of MOF-74-H-650 catalysts at different potential
ranges from 0.3 to 0.5 V, it is apparent that the oxygen reduction process of MOF-74-H-650
follows the first-order kinetics [284]. The above data illustrate that the catalyst exhibits
excellent ORR performance. It is evident from the experiments that its good ORR catalytic
activity is attributed to the unique hollow structure of the catalytic material synthesized by
the one-step hydrothermal method along with the synergistic effect of the high-entropy
multi-element interactions between the in situ formed ZnO, metal, and alloy nanoparticles,
which guarantees multiple internal cavities/channels and high electrical conduction for
enhanced charge transport and electrocatalytic activity centers.
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Figure 21. Schematic diagram of porous hollow high-entropy alloy catalyst production. (a) Crys-
tal structure of MOF-74-H. (b) Small number of MOF particle aggregated. (c) Large number of
MOF particle aggregated. (d) Secondary nucleation. (e) Dissolution regrowth-formation of hol-
low multi-metal-organic framework. (f) Hollow metal/metal-alloy/metal-oxide (MOF-74-H-650)
nanocomposite for ORR. (Reprinted with permission from [281]. Copyright 2021, Elsevier).

5.3. Summary and Outlook

Three major aspects are mainly reflected in these studies. (1) Because the research on
HEA is in its infancy, there are many problems with synthesis, testing methods, theoretical
studies, and practice. For example, it is difficult to understand the origin of the properties
of high-entropy alloys and such conformational relationships. (2) screening the optimal
components from a library of millions of alloy candidates is a daunting task, and a new
and rapid method for screening a large number of combinations needs to be developed
to obtain the target properties required for catalytic applications. This can be achieved by
artificial intelligence-based computation and “high throughput experiments”, including
machine learning (ML)-based methods and combinatorial methods to find the right choice
for screening the best active ingredient by creating a catalytic “material library”. Therefore,
in the future scientists can use machine learning (ML) methods based on AI technology
principles to assist in screening of the most catalytically active high-entropy metal com-
ponents and the best locations. In particular, combining DFT with ML to develop high
ORR performance catalysts can achieve good results. (3) Because HEA catalytic materials
contain multiple components, it is very difficult to analyze and understand their complex
catalytic systems. Finding the active positions in the chaotic arrangement of atoms is a
challenge. At present, a large number of results have been obtained for single and diatomic
systems, however, research on HEA systems is not comprehensive enough for. (4) The
d-band theory used to predict the catalytic activity and absorption energy of the adsorbate
of HEAs materials must be further refined, as most HEAs are strain lattices, which may
result in changes in the degree of d-band overlap and cause the d-band center to not match
the Fermi energy level. We believe that deeper development is necessary for the study of
such materials. In the future, HEA catalytic materials can be systematically categorized
and, different models can be studied independently. (5) Finally, the interaction between
HEAs and complexes can influence the stability and activity of HEA catalysts, and this
issue cannot be ignored. In conclusion, HEAs represent a vast and complex project with
both opportunities and challenges.
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6. Other Types of Non-Pt Fuel Cell ORR Catalysts

In addition to the above-mentioned SCA ORR catalysts, non-metallic ORR catalysts,
and high-entropy alloy ORR catalysts, scientists have developed various forms of non-Pt
ORR catalysts, such as transition metal compounds and other catalytic materials, to further
enrich the ORR fuel cell catalyst family members. These uncommon catalysts are discussed
in detail in the following section.

6.1. Transition Metal Oxide Catalysts

Manganese oxides, as a low-cost and abundant green material, have high electro-
catalytic activity in ORR. The relationship between the catalytic activity of ORR and the
structure and composition of TMOs has been investigated, and as early as the 1990s Bockris
and Utagawa determined the effect of the nature of transition metal cations on oxygen
electrocatalysis [285]. This conclusion was extended to ORR transition metal oxide cata-
lysts in later results when they studied OER on transition metal oxides with chalcogenide
structure. In a recent study on the effect of crystal structure [286], the authors reported
the order of ORR activity as α-MnO2 > amorphous Mn oxides > β-MnO2 > δ-MnO2, and
investigated its relationship with oxygen adsorption strength by a programmed warming
desorption method.

Among the transition metal oxides, cobalt- and manganese-based oxides exhibit partic-
ularly good ORR activity in alkaline electrolytes. Previously, preparation of nitrogen-doped
carbon materials loaded with CoO and CO3O4 nanoparticles by the hydrothermal method
has been reported, which could synergistically enhance the ORR activity [287,288]. XANES
analysis showed that this catalyst formed M-C-N and M-C-O covalent bonds with electron
transfer from nitrogen atoms to metal oxides first, enhancing the electrical conductivity of
metal oxides and their corresponding electrochemical activity. Zhang [289] published a
unique magnesium-modified three-dimensionally ordered mesoporous (3DOM) Co3O4
electrocatalyst as a cathode material for zinc–air batteries. The coordination with sub-
stituted magnesium atoms modulates the electronic structure and bond configuration of
the cobalt sites, effectively enhancing the interaction with oxygen species, and thus the
ORR/OER activity. The schematic synthesis of this catalyst is shown in Figure 22a, and
scanning transmission electron microscopy (STEM) images of the catalyst indicate that
the catalyst forms a highly ordered and homogeneous nanostructured framework with
regular porosity and an average pore size of about 160 nm (Figure 22b). The corresponding
energy dispersive X-ray spectroscopy (EDS) maps of 3DOM MgxCo3-xO4 (Figure 22c–f)
clearly show the uniform distribution of Co and Mg elements in the catalyst backbone.
Transition electron microscopy (TEM) (Figure 22g–i) shows the honeycomb structure and
high crystallinity of 3DOM MgxCo3-xO4. Its superior ORR activity can be attributed to
the substitution of Co2+ with Mg2+ to produce an abundant and more catalytically active
octahedral site (Co3+) in 3DOM-MgxCo3-xO4. The prepared catalysts maintained 99%
and 98% of their initial ORR and OER currents, respectively, after 16 h under chrono-
current measurement. Zinc–air batteries assembled with 3DOM-MgxCo3−xO4 exhibited a
high-power density of 253 mW cm−2 and a long-term cycling performance of more than
236 h, outperforming commercial noble metal-based catalysts in terms of performance
and stability. XPS spectroscopic investigation of 3DOM MgxCo3−xO4 confirmed that the
material consists of cobalt, magnesium, and O elements. The experimental results show
that the area of Co3+ in 3DOM MgxCo3−xO4 is much larger than in 3DOM Co3O4, implying
that replacing Co2+ with Mg2+ at the tetrahedral position generates more Co3+ to occupy
the octahedral position, enhancing oxygen catalysis. This work provides a simple and
promising design strategy for the development of robust bifunctional electrocatalysts for
practical applications in zinc–air batteries. In addition, materials such as NiFe2O4, CoFe2O4,
and Fe2O3 showed good ORR activity [290–292]. These studies suggest that metal oxides
can catalyze ORR effectively.
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Figure 22. (a) Schematic illustration of the preparation procedure of 3DOM MgxCo3−xO4. (b) STEM
image, (c–f) corresponding EDS elemental mapping, (g–i) TEM and HRTEM images, and (j) corre-
sponding SAED pattern of 3DOM MgxCo3−xO4. (Reprinted with permission from [289]. Copyright
2022, Elsevier).
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It is believed that the formation of interfacial Co-O-C and Co-N-C bonds and the
accompanying synergistic effects may be responsible for the increased activity of ORR and
OER; however, although the ORR/OER performance of transition metal oxides is excellent,
their behavior needs further improvement to make them highly economical and stable
compared with noble metal catalysts and suitable for commercial applications. More impor-
tantly, more and more mesoporous materials have been reported as OER/ORR bifunctional
catalysts because of their special structural features of narrow pore size distribution, high
specific surface area, and well-ordered mesoporous structure, which meet the requirements
of energy-related conversion, catalysis, adsorption, and sensing applications [143,293–295].
In addition, mesoporous electrocatalysts possess a large number of active surface sites, and
the mesoporous network contributes to the mass transport of reactants and products in
addition to improved catalytic performance [296].

Based on this, Mabrook Saleh Amer [297] synthesized highly active bifunctional
OER/ORR of cobalt oxide-doped low-symmetry mesoporous titanium oxide (Co3O4(x)/lsm-
TiO2) catalysts using a self-assembled surfactant templating method. Physicochemical
characterization of the Co3O4(x)/lsm-TiO2 hybrid by scanning and transmission electron
microscopy (Figure 23), X-ray diffraction, N2 adsorption-desorption isotherms, and X-ray
photoelectron spectroscopy confirmed the successful incorporation of cobalt oxide nanopar-
ticles (2–3 nm in diameter) and the retention of the highly mesoporous structure of the
titanium dioxide substrate. The catalysts exhibit a low-symmetry mesoporous structure,
as shown in Figure 23a, and the FESEM images in Figure 23b show the typical surface
morphology of mesoporous Co3O4(3)/hm-TiO2. Figure 23c,d shows representative TEM
images of Co3O4(3)/lsm-TiO2 and Co3O4(3)/hm-TiO2 catalysts, respectively. Figure 23e
shows a high-resolution TEM image of the prepared catalyst, indicating the crystalline
nature of the catalyst. The above results indicate that the Co3O4(3)/hm-TiO2 shows a
complex disordered mesoporous structure, and that this morphology is favorable for cat-
alytic ORR behavior. Among these mesoporous hybrids, ~3.0 wt.% of Co3O4/lsm-TiO2
showed the best performance in oxygen evolution (OER) and reduction (ORR) reactions in
alkaline solutions. For ORR, an onset potential of 0.84 V vs. RHE and an OER/ORR over-
potential gap (∆E) of 0.92 V were achieved, which is significantly lower than commercial
Pt/C, hexagonal mesoporous, and bulk titanium dioxide analogs. The Co3O4/lsm-TiO2
hybrid showed significantly higher long-term durability than IrO2. The excellent catalytic
performance of the catalyst can be attributed to the synergistic effect between Co3O4 and
TiO2 substrates and the presence of disordered mesopores based on higher charge carrier
density and short ion diffusion paths in the electrocatalytic process. The results of this
study provide a method for the fabrication of novel TiO2-based bifunctional OER and
ORR catalysts modified with non-precious metal oxides for energy production, storage,
and conversion technologies. Along with the successive development of excellent ORR
catalysts such as composite catalysts (Fe3O4/Co3O4-CN) [298], bimetallic ZIFs-derived
Co3O4@NPC@CuO [299], and WCoO-NP [300], this further illustrates the potential of
transition metal oxide-based catalysts to replace Pt/C.

On the other hand, the formation of spinel structures by compounding transition
metal oxides with different valence states is the focus of transition metal oxide research,
for example, the MnCo2O4 spinel structure, which can be obtained by replacing part of
Co3+ with Mn3+, a catalyst with strong ORR activity [301]. In addition, monodisperse
MxFexO4 nanoparticles (M = Mn, Fe, Co, Cu) with crystals smaller than 10 nm have been
synthesized by pyrolyzing precursors such as acetylacetonate salts of transition metals [302]
using oleylamine-oleic acid as a stabilizer. Even when these nanoparticles were loaded on
conventional carbon carriers, they were able to exhibit ORR catalytic activity comparable
to that of commercial Pt/C. Other metal oxides, such as Ta2O5, NbO2, and TiO2, have been
shown to possess ORR catalytic activity as well [303–306]. In recent years, chalcogenide
oxides have been investigated by many researchers as ORR catalysts in metal–air batteries
thanks to their advantages of ionic and electronic conductivity. ABO3 is a class of brass
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oxides with rare earth elements occupying the A-site and transition metals occupying the
B-site, and possesses good ORR catalytic activity [307,308].
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Figure 23. SEM images of (a) Co3O4(3)/lsm-TiO2 and (b) Co3O4(3)/hm-TiO2; typical TEM images of
(c) Co3O4(3)/lsm-TiO2 and (d) Co3O4(3)/hm-TiO2; and (e) high resolution TEM of Co3O4(3)/hm-
TiO2 hybrid. (Reprinted with permission from [297]. Copyright 2019, MDPI).
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6.2. Transition Metal Sulfide Catalysts

In recent years, a variety of transition metal sulfide compounds M-X (M = Co, Ni, Fe,
Ru, or Re, X = S or Se) have been shown to exhibit similar ORR catalytic activity to Pt/C
when used as ORR catalytic materials [309,310]. In particular, nanocrystals formed from
transition metal sulfide compounds after high-temperature treatment [311] can exhibit
excellent ORR catalytic activity in acidic media [312,313]. For example, Gao et al. reported
a simple polyol reduction strategy to successfully load Fe3O4-NP onto surface CoSe2 to
obtain Fe3O4-NP-modified CoSe2 hybrid nanoribbon ORR catalysts, which exhibited better
catalytic activity than unmodified CoSe2-DETA nanoribbons and CoSe2 [314].

Among these sulfides, cobalt sulfide has the best ORR catalytic activity in acidic
media. Theoretical studies have shown that Co9S8 exhibits similar catalytic activity to Pt/C
in the ORR catalytic process, with both acting through a four-electron transfer pathway.
This superior catalytic activity can be attributed to the fact that S2- provides an effective
adsorption site for the breakage of the O-O bond. Based on this, Wu et al. developed a
Co9S8-N-C catalyst that exhibited excellent ORR catalytic activity in alkaline media. The
high ORR catalytic activity of the Co9S8-N-C catalyst in 0.1 M NaOH solution was higher
than that of commercial Pt/C [315], with strong electrochemical coupling [316]. The above
research results illustrate that the catalytic materials of transition metal–sulfur compounds
exhibit excellent ORR activity, which greatly broadens the potential types of ORR catalysts.

6.3. Other Types of Fuel Cell Catalysts

In addition to the transition metal compound-type ORR catalysts introduced above,
there are transition metal nitrides, oxynitrides, transition metal carbides (TMCs), transition
metal phosphides, and less common ORR catalyst types such as heteroatom-doped types,
rare earth element compound catalysts, etc., which show good catalytic activity. These are
described in detail in the following section.

Recently, Vicky et al. reported Co2PNRs for ORR [317], and their experimental results
showed a complete four-electron oxygen reduction reaction process. The half-wave poten-
tial (E1/2) of the Co2PNRs catalyst was 0.196 V, which is very close to the E1/2 of the Pt/C
catalyst. Moreover, its stability test results showed that after 25,000 s of use of the catalyst,
the Co2PNRs maintained 75% of its current density, while the Pt/C maintained only 48%.
These results indicate that Co2PNRs have comparable activity to Pt/C for ORR catalytic
activity and better stability than Pt/C.

The excellent ORR catalytic activity of transition metal nitrides is due to the good
electrical conductivity and chemical resistance of transition metal nitrides (TMN) and
oxynitrides. The formation of nitrides facilitates the alteration of the electronic structure of
the catalyst, leading to contraction of the d-band of the TMN and increasing the electron
density near the Fermi energy level; thus, TMNs have the electronic properties of noble
metals and contribute to the transfer of electrons to the oxygen intermediary. The formation
of nitride or oxynitride on the transition metal surface can accelerate the kinetics of the ORR.
For example, Huang et al. [318] found that VOxNy-CNTs exhibit good stability and catalytic
activity in a KOH medium, with the porous structure of VOxNy-CNTs facilitating sufficient
contact between oxygen and catalyst in the electrolyte and the formation of carbon and
nitrogen bonds further improving the overall conductivity and reducing the overpotential.
The results of the K-L equation analysis indicate that ORR mainly follows the ideal of the
4e-pathway. Compared with monometallic oxynitrides, bimetallic oxynitrides have better
catalytic performance due to the synergistic effect of multiple materials.

Furthermore, although there have been many reports on Co2N, CoP, and heteroatom-
doped carbon for electrocatalytic applications, these results have many shortcomings in terms
of ORR, and generally require improvements in electrocatalytic activity or stability. In this
regard, Zhang et al. [319] reported a layered core–shell ORR catalyst (Co2N/CoP@PNCNTs)
which embeds cobalt phosphide and/or cobalt nitride as a core into N, P-doped carbon nan-
otubes (PNCNTs) as a shell layer via one-step carbonization, nitridation, and phosphorylation
of a pyrolytic Co-MOF precursor. Co@C, CoP@PC, Co2N@NCNTs, and Co2N/CoP@PNCNTs
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were constructed by pyrolysis of Co-MOF precursors using dicyandiamide as the N-doping
source and NaH2PO2 as the P-doping source. Among all the synthesized samples,
Co2N/CoP@PNCNTs showed the best electrocatalytic activity and stability for ORR and
zinc–air batteries. The excellent catalytic performance and stability of Co2N/CoP@PNCNTs
resulted from the synergistic interaction between Co2N/CoP and mesoporous N, P-doped car-
bon nanotubes. This work provides a new strategy for high-performance ORR electrocatalysis
in sustainable energy conversion systems by combining multicomponent cobalt phosphide
with heteroatom-doped carbon nanotubes.

In addition, TMCs are susceptible to corrosion in acidic and oxidizing media, which
affects their stability as catalysts. Among the transition metal carbides, TiC has attracted a
great deal of attention from researchers for its high electrical conductivity and corrosion
resistance [320]. Recent studies have shown that N doping improves the ORR performance
of TiC, and the introduction of metals (e.g., Fe and Co) in TiC powders further improves
the ORR performance [321]. Fe-N/TiC has the highest ORR activity in alkaline media,
with a reaction path of 4e-. Dai et al. [322] developed porous core shells with high ORR
activity in alkaline and acidic media, and good Fe3C@NCNF-900 electrocatalysts with
porous core-shell Fe3C-embedded nitrogen-doped carbon nanofibers exhibited efficient
electrocatalytic performance towards ORR in both alkaline and acidic solutions, which
was attributed to the synergistic interaction between the Fe3C and N-doped carbon as the
catalytic active site and the protection of Fe3C from leaching by the carbon shell. This
suggests that the doping modification of transition metal carbons may be a future research
direction for such electrocatalysts.

The doping of heteroatoms (S, P, N, O) contributes significantly to the enhancement
of the electrocatalytic activity of the ORR, where the electronegativity of P (2.19) is lower
than that of C (2.55) and N (3.04). Moreover, the addition of P results in an asymmetric
spin density, which leads to effective electron modulation and charge redistribution in the
system. Because P is highly susceptible to oxidation to P-O, P-O is effective in modulating
specific active sites to a certain extent. For this purpose, Sun et al. [323] modified the
catalytic activity of single-atom sites by introducing P-O bonds. DFT simulations verified
that P-O doping altered the charge density distribution and electronic structure of the Fe
active site and improved its catalytic activity towards ORR. The prepared P-O/FeN4-CNS
reached a half-wave potential of 0.89 V (vs. RHE) in an alkaline environment (0.1 mol/L
KOH), which was better than the P/FeN4-CNS doped with P only (E1/2 = 0.87 V vs. RHE)
and exceeded the commercial Pt/C catalyst (E1/2 = 0.85 V vs. RHE), showing good ORR
catalytic activity.

Recently, although many excellent ORR catalyst research results such as Co-CNT/
Ti3C2 [324], Co@TPA-PDI [325], NGS4-900 [326], O-N-CNs [327], and Fe-N-CNFs [15] have
been reported, there have been very limited reports on the use of rare earth compounds as
modifiers to improve the electrocatalytic performance of carbon-based materials for ORR.
Meanwhile, rare earth elements have unique electronic, optical, and chemical properties
based on their 4f electrons. Wang [328] developed a YF3-doped nitrogen-containing carbon
(YF3@NC) catalytic material and prepared electrocatalysts using m-phenylenediamine as
the nitrogen and carbon sources. Yttrium chloride, ammonium fluoride, and L-arginine
were used as the Y source, F source, and auxiliary, respectively. The spherical YF3 precursor
was obtained by a simple arginine-assisted hydrothermal method, then covered with
nitrogen-containing carbon and pyrolyzed at high temperatures to prepare YF3@NC. It
had a positive starting potential (EOnset = 0.943 V), half-wave potential (E1/2 = 0.836 V),
high current density, and good cycling stability (10 h degradation: 13%). When YF3@NC
was used as an air-cathode electrode for ZABs, the obtained cell had a high open-circuit
potential (1.478 V) and peak power density (75 mW cm−2). This approach makes YF3@NC
a promising candidate for future ZAB cathode catalysts. Encouragingly, the half-wave
potential of the prepared YF3@NC was comparable to that of commercial Pt/C, with good
cycling stability. This type of YF3@NC provides a good reference for the preparation of
other advanced and efficient carbon-based cathode catalysts in the future.
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In addition, metal oxide clusters are known redox mediators [329], and have been used
in processes ranging from (photo)electrochemical decomposition of water reactions [330]
to selective organic conversion [331], solar cells [332], and fuel cells [333]. For example,
Cang, Ye, and Carsten Streb [334] et al. reported significantly improved performance of
commercial Pt/C electrocatalysts for ORR reactions at pH 5.6 in solutions containing poly-
cations [Fe28(µ3-O)8(L-(-)-tart)16(CH3COO)24]20−. The structure of this catalytic material
is shown in Figure 24. The results of the reaction mechanism study showed that the iron
oxide clusters play a significant effect in improving the ORR. The use of this iron oxide
cluster complex for direct formate microfluidic fuel cell (DFMFC) was found to significantly
improve performance compared to a control dye cell.
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In recent years, good results have been achieved in the study of two-dimensional (2D)
materials embedded in non-precious transition metals, which has established a foundation
for the development of high-performance electrocatalysts such as OER and ORR [335,336].
TM carbon-based 2D materials exhibit excellent electrocatalytic performance for OER and
ORR due to the increased conductivity and electron transfer rate between the reaction
center and intermediates [337,338]. For example, Lu [339] reported the synthesis of a new
binary material, MoSi2N4, using first nature theory, and analyzed the effect of TM (tri-D
transition metal) embedded in MoSi2N4 in TM@MSN on the ORR reaction of the system,
which has attracted attention for its unique properties and application prospects. The
author analyzed the electrochemical stability of TM atoms on the surface of MoSi2N4.
Among the TM sites, Cr@MSN was the most active ORR catalyst, with an overpotential of
0.48 V. The results show that the 3D-TM atoms can play an activating role (as the active
center) and activate the carrier, improving its OER/ORR properties. The results show that
in MoSi2N4, all TM atoms could be stably embedded in the defective MoSi2N4 without
being in an aggregated state. It was found that all TM atoms had good electrochemical
stability in MoSi2N4. This work opens a new window of opportunity for the development
of novel catalysts that go beyond noble metal-based electrocatalysts for efficient energy
conversion and storage and expands the process of ORR catalyst preparation, providing a
possible way to replace noble metal catalysts.

Moreover, due to the synergistic effect between ORR effective Fe (Fe3O4, Fe2C, etc.)
and N (pyridine nitrogen, graphite nitrogen) species, and carbon substrates with good
conductivity and moderate defects, Fe-based carbon composites are expected to exhibit
good activity in ORR, as confirmed by recently reported studies [340–343]. Conventional
MOF synthesis methods consume heat and organic solvents, which is not conducive to
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large-scale synthesis. Therefore, it would be advantageous, though challenging, to develop
a more environmentally friendly MOF synthesis method by combining the advantages of
physical blending and porosity in the final carbon structure. Based on this, Zhang [344]
reported a BM-Fe@NC-120 catalyst to provide a novel green synthesis method for redox
reactions. This method involves grinding an organic ligand (1,4-benzene dicarboxylic acid)
with a metal salt (hexahydrate) in a trace solvent at room temperature, followed by thermal
annealing in an N2 environment. The introduced metal salt acts as a double effect. One
type is used as a kind of hard template, which produces a layered porous structure, helping
to control the whole reaction mechanism and the kinetics of the reaction process. Another
is a metal source, which drives the active centers of Fe3O4 and Fe2C and promotes redox.
With the combination of porosity and the advantages of MOF, the ORR characteristics
of BM-Fe@NC-120 in 0.1 M KOH are good, with a half-wave potential of 0.80 V and an
ultimate current density of 5.08 mAcm−2. The excellent long-term durability and methanol
resistance show that this green process can be promoted for the synthesis of catalysts in
future practical fuel cell applications.

In addition, heterostructured catalytic materials exhibit outstanding performance
in electrochemical reactions, which is closely related to their beneficial interfacial prop-
erties. However, the development of heterostructured catalytic materials with special
interfacial properties and charge transfer characteristics remains difficult. Based on this,
Liu [345] reported ORR catalytic materials with heterostructured SrMn3O6−x-SrMnO3
(SMOx-SMO) prepared by epitaxial growth and SrMn3O6−x-Mn3O4 (SMOx-MO) prepared
by non-epitaxial synthesis. The experimental results showed that SMOx-SMO exhibits
superior ORR performance in alkaline media, with a half-wave potential (E1/2) of 0.74 V
and an ultimate current density (JL) of 5.46 mA cm−2. It was found that the abundant
presence of SrMn3O6-x in SMOx-SMO formed the Mn-O-Mn electron transport channel,
which facilitated the electron transport through the SMOx-SMO heterostructure. Density
flooding theory calculations indicate that the Mn d-band center of the interfacial phase
is close to the Fermi energy level, leading to the formation of high-valence Mn3+/Mn4+,
which promotes the ORR performance of SMOx-SMO. the generation of OH* is the rate-
determining step in the ORR process on SMOx-SMO. The results show that the construction
of thermodynamically stable SMOx-SMO heterojunctions promotes the rapid transport
of interfacial electrons and reduces the hindrance of strong adsorption intermediates to
the reaction, achieving near-ideal adsorption and desorption kinetics. This study provides
a new way to develop efficient chalcogenide catalytic materials to replace Pt-based ORR
catalysts using the construction of different types of heterojunction interfaces.

6.4. Summary and Outlook

Transition metal catalysts are abundant and economical, and their potential catalytic
activity is comparable to that of precious metals. Most transition metal compounds have
high potential for ORR catalysis; thus, efforts have been devoted to the development of
transition metal catalysts. Although transition metal compound catalysts such as metal ox-
ides, metal sulfides, metal nitrides, metal carbides, metal phosphides, and oxynitride type
ORR catalysts are difficult to apply in acidic media, certain transition metal compounds
such as TMC are susceptible to corrosion in acidic and oxidizing media, which affects their
stability as catalysts. However, studies have shown that they exhibit good performance
in alkaline media, and the ORR kinetics in alkaline environments are greatly improved
compared to acidic media. The activity of certain transition metal compound catalysts is
even comparable to that of Pt-based catalysts, which is achieved through reasonable struc-
tural design. Based on the above-mentioned good conditions of such compounds, it is not
enough to apply them only in alkaline conditions. Therefore, in the future, more research
needs to be focused on the stability aspects of transition metal compound-like catalysts in
acidic media, the optimization of their performance, and other areas of application, such as
OER and HER.
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In summary, it can be seen that there are many other non-Pt fuel cell ORR catalyst
types which have opened up horizons and provided new ways of thinking for subsequent
electrocatalytic workers. Different synthesis processes have different characteristics, and
electrocatalysts with excellent ORR performance can be synthesized using non-traditional
preparation processes. This can inspire future development of new types of catalysts.
Regardless of the type of ORR catalysts, all of them are developed with the goal of reducing
or replacing precious metals, simplifying preparation processes, improving metal utilization
efficiency, and achieving excellent performance, stability, or multifunctional direction. In
the context of carbon neutrality, it is particularly important to broaden the preparation
process of ORR catalysts for energy saving and emissions reduction.

7. Conclusions and Outlook

This article has systematically reviewed the recent research progress on a wide variety
of non-Pt-based fuel cell ORR catalysts, including non-Pt-based ORR SACs, non-metallic
ORR catalysts, alloy-based ORR catalysts, high-entropy alloy ORR catalysts, and other non-
Pt-based fuel cell ORR catalysts. The following conclusions have been obtained. (1) The
type, structure, and doping of heteroatoms and doping mode of catalyst carriers play an
important role in the performance of catalysts; therefore, it is necessary to expand the type
of carriers and suitable doping of non-metallic elements to enhance catalytic performance
or even construct bifunctional catalysts. (2) It is necessary to expand the preparation and
application of non-Pt catalysts other than transition metals such as Fe, Co and Ni, and to
enhance the loading of active metals. (3) The design of high-efficiency ORR catalysts should
be based on the combination of ML technology and high-throughput experiments to predict
the optimal active sites and active metal combinations of catalysts, in addition to experience.
(4) New characterization techniques must be developed, emphasizing the combination
of theoretical calculations and experiments, along with more accurate simulation of the
catalyst action mechanism through theoretical calculations, based on which cost-saving,
high-performance, and high-loading non-Pt ORR catalysts can be designed. (5) In addition
to the preparation of highly active and stable non-Pt metal fuel cell catalysts, it is necessary
to develop low-cost and large-scale synthesis techniques, which are directly related to the
practical application value of the catalysts. Most of the synthesis strategies reported thus far
for non-precious metal catalysts are complex and time-consuming. Therefore, developing
simple and inexpensive methods for large-scale preparation of electrocatalysts is key to
realize their industrial applications. (6) Improving the stability and durability of catalysts
is another the main task, for which it is necessary to enhance the interaction between
metal and carrier, inhibit the migration and aggregation of metal atoms, and develop new
catalysts with high efficiency and stability. (7) The low efficiency of catalyst utilization in
general is because ORR usually occurs on the surface of catalysts with active central sites,
while most of the catalyst materials are not involved in the reaction. In addition, it is related
to the diversity of catalyst surface structure and morphology, which usually lead to the
difference of active sites, that is, the real state of active sites is not consistent with the state of
catalyst carriers, which in turn leads to the difference of various catalytic products. In order
to solve this problem, it is necessary to develop 2D\3D materials and new preparation
processes, as these multi-dimensional materials are ideal for supporting the active sites
and surface reaction of catalytic materials. In addition, they can effectively prevent the
aggregation of transition metal atoms, as evidenced by the many examples cited in the body
of this review. (8) Conventional catalysts can cause pollution in the environment, especially
non-metallic ORR catalysts; for this reason, it is important to focus on this issue in future
research promoting the development of green, clean, non-polluting, and low-cost catalysts.
Although many issues need to be studied in more depth, the successful development of the
catalysts described above has made it possible to replace conventional Pt/C catalysts with
non-Pt catalyst materials, which is beneficial to the further development of non-Pt fuel cell
ORR catalysts.
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