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Slow oxygen reduction reaction (ORR) kinetics is the main factor restricting the development of fuel cells
and metal-air batteries. Carbon-based single-atom catalysts (SACs) have the advantages of high electrical
conductivity, maximal atom utilization, and high mass activity, thus showing great potential in exploring
low-cost and high-efficiency ORR catalysts. For carbon-based SACs, the defects in the carbon support, the
coordination of non-metallic heteroatoms, and the coordination number have a great influence on the
adsorption of the reaction intermediates, thus significantly affecting the catalytic performance. Consequently, it
is of vital importance to summarize the impacts of atomic coordination on the ORR. In this review, we focus
on the regulation of the central atoms and coordination atoms of carbon-based SACs for the ORR. The survey
involves various SACs, from noble metals (Pt) to transition metals (Fe, Co, Ni, Cu, etc.) and major group metals
(Mg, Bi, etc.). At the same time, the influence of defects in the carbon support, the coordination of non-metal-
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lic heteroatoms (such as B, N, P, S, O, C|, etc.), and the coordination number of the well-defined SACs on the
ORR were put forward. Then, the impact of the neighboring metal monomers for SACs on the ORR perform-
ance is discussed. Finally, the current challenges and prospects for the future development of carbon-based
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1. Introduction

In facing the over-consumption of fossil fuels and the ensuing
energy and environmental crisis, it is of vital importance to
develop sustainable energy technologies."” Proton exchange
membrane fuel cells (PEMFCs) and metal-air batteries stand out
among the various new energy sources due to their high energy
density, environment friendliness, and resource-renewing
ability.>™* The ORR is a key process in fuel cells and metal-air
batteries, and their overall efficiency is severely limited by the
slow ORR."2° Pt/C catalysts are the currently used commercial
ORR catalysts. However, their high cost and unstable nature have
severely hampered their industrial application.>'® Therefore,
new cost-effective and stable electrocatalysts must be developed to
lower the reaction energy barrier, accelerate the reaction rate and
eventually increase the efficiency of the energy conversion.

In order to improve the catalytic activity of ORR catalysts, it
is necessary to study the reaction mechanism of the ORR
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SACs in coordination chemistry are presented.

process. In 1976, Wroblowa proposed the most effective expla-
nation of the complex ORR step mechanism.>’” The ORR
process can proceed through two reaction paths, one through
a four-electron (4e™) reaction path to produce OH™ (in alkaline
medium) and H,O (in acidic medium), and the other through
a two-electron (2e7) reaction path to produce HO,™ (in alkaline
medium) and H,O, (in acidic medium).>® No hydrogen per-
oxide is produced in the 4e™ reaction, avoiding adverse effects
on the catalyst, and the current efficiency is higher, which is
ideal for the cathodic reduction reaction of fuel cells.
Therefore, it is preferable for the oxygen reduction reaction to
proceed by a 4e” reaction mechanism.

In the past few decades, SACs have been deeply explored by
researchers due to their advantages of cost-effectiveness,
maximal atom utilization, and high intrinsic activity.>**' So
far, this has become one of the most popular research areas in
the field of electrocatalysis.*”™*® SACs consist of metal single
atoms bonded to atoms on carriers with an unsaturated
coordination configuration.**° The binding energy of the
chemical intermediates can be greatly affected by the coordi-
nation structure.® So, small variations in ligand structure have
an impact on the performance of the catalysts, even if they are
similar-structure catalysts. Coordination engineering is
achieved mainly through the modulation of the active central
atoms, the distribution of defects in the carriers, and the regu-
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lation of the coordination atoms. Accurate and advanced
characterization tools such as synchrotron radiation X-ray
absorption fine structure (XAFS) and density functional theory
(DFT) calculations also play important roles in the modulation
of the coordination patterns.*'™** Up to now, many excellent
electrocatalysts for the ORR have been designed and syn-
thesized. Many excellent reviews have provided comprehensive
summaries of various approaches to improve ORR activity.**™*
However, most of these are expounded from the macroscopic
aspects such as the synthesis method, selection of the active
center metal, catalyst morphology, etc. In-depth coordination
engineering research studies and summaries are rare.

In this review, we comprehensively summarize and discuss
the effects of coordination engineering for SACs on ORR per-
formance. Firstly, we discuss the typical synthetic techniques
and structural features of carbon-based SACs. Then, the types
of central atom in SACs are summarized, which involve the
most active noble metal Pt and a series of transition metals
with the most development potential, as well as the seldom
investigated group metals (Fig. 1). Especially, the effect of
defects in the carrier, the coordination of non-metallic hetero-
atoms (such as B, N, P, S, O, Cl, etc.), and the coordination
environment of the SACs on the reaction path, reduction pro-
ducts, ORR catalytic activity, and durability are discussed. In
addition to this, we also summarize the influence of adjacent
metal monomers for SACs on ORR performance (Fig. 2).
Finally, a brief outlook on the current challenges and pro-
spects of SACs for ORR reactions is also presented.

2. Synthesis strategies and structural
characteristics
For carbon-based SACs, the synthesis methods directly deter-

mine the density of active sites and the coordination environ-
ment. In addition, the proper application of structural charac-
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Fig. 2 The overview of carbon-based SACs electrocatalysts for the
ORR.

teristics provides a deeper understanding of the mechanism.
In this section, we summarize the synthesis strategies and
structural characteristics of carbon-based SACs.

2.1 Synthesis strategies

Precise control of the synthesis process is the basis for the
development of efficient catalysts.**>" However, due to the
weak interaction with the carbon carrier, the metal atoms are
prone to migration or agglomeration.*® Therefore, it is impor-
tant to explore the synthesis strategy. The wet chemistry and
high-temperature pyrolysis strategies are two of the most preva-
lent synthesis strategies for carbon-based SACs. Therefore, we
mainly focus on these two synthesis strategies in this section.
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Fig. 1 Summary of elements in carbon-based SACs for the electrochemical ORR.
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2.1.1 Wet chemistry strategy. The wet chemical method
has become a common method for the preparation of SACs
due to its simple and mild operation conditions.>***”>* For
example, Wu et al.>® polymerized o-phenylenediamine (0PD) in
a solution containing K;[Fe(CN)g] and (NH,),S,05 by a wet
chemistry strategy, and then obtained Fe;/N,S-PC by high
temperature pyrolysis (Fig. 3a). Due to the coordination
polymer strategy, the Fe,/N,S-PC catalyst exhibited an excellent
ORR performance with an E;, of 0.904 V (Fig. 3b), high metha-
nol tolerance and stability. Structural characterization and
DFT calculations indicate that the excellent ORR activity is due
to the dispersed Fe-N, active sites and the enhanced oxygen
adsorption of N,S heteroatoms. As shown in Fig. 3¢, Zhong
et al.>® successfully synthesized Co@NCB by the impregnation
method. They first mixed cobalt acetate with pre-prepared
resorcinol formaldehyde and then subjected it to pyrolysis. In
Co@NCB, cobalt was present in the form of both Co nano-
particles and CoN,. The obtained catalyst showed a better ORR
activity than that of commercial Pt/C.

2.1.2 Thermal pyrolysis strategy. High-temperature pyrol-
ysis strategy is another commonly used method in the prepa-
ration of SACs. Main-group (s- and p-block) metals are gener-
ally regarded as catalytically inactive due to the delocalized
s/p-band. However, recent studies have shown that the main
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group metals can also be excellent ORR catalysts by optimiz-
ation of the synthesis method. Wang et al.”” obtained Sb SACs
with Sb-N, active sites by the pyrolysis of Sb/ZIF-8 at 1000 °C
for 2 h under a nitrogen atmosphere (Fig. 3d). The half-wave
potential of the obtained Sb SAC was 0.86 V with excellent
stability. The zinc-air battery prepared with Sb SAC as the air
cathode also showed an excellent performance with a
power density of 184.6 mW cm™> and a specific capacity of
803.5mAhg™.

2.1.3 Other synthetic strategies. Other effective ways for
synthesizing carbon-based SACs exist in addition to the two
more prevalent synthesis methods listed above. Recently,
Wang et al’® prepared Sn SACs by the dual melting salt-
mediated soft template method in Fig. 3e. By adjusting the
pore structure, highly exposed Sn active centers were obtained,
resulting in excellent ORR activity. The half-wave potentials in
acidic and alkaline media were 0.816 and 0.905 V, respectively.
In Fig. 3f, Dong et al.>® used electrospinning to prepare polya-
crylonitrile (PAN) nanofibers containing hemin (chloropropor-
phyrin IX iron(u), TMMs), which is also a novel method. After
subsequent pyrolysis, Fe-N-CNFs catalyst were obtained. PAN
can effectively avoid the agglomeration of Fe, thus obtaining
evenly dispersed Fe-N, active sites. Therefore, it exhibited
excellent ORR activity in an acidic or alkaline solution. In
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Fig. 3 (a and b) Schematic illustration of the formation and ORR polarization curves of Fe;/N,S-PC. Reproduced with permission ref. 55. Copyright
2023, Tsinghua University Press. (c) Schematic illustration for the synthesis of Co@NCB. Reproduced with permission ref. 56. Copyright 2020, The
Royal Society of Chemistry. (d) Illustration of the formation of a Sb SAC. Reproduced with permission ref. 57. Copyright 2021, Wiley-VCH. (e)
Schematic illustration for the synthesis of a Sn SAC. Reproduced with permission ref. 58. Copyright 2023, Wiley-VCH. (f) SEM image of Fe;-PAN-NFs.

Reproduced with permission ref. 59. Copyright 2020, Elsevier.
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addition, atomic layer deposition (ALD) designs and syn-
thesizes fine catalysts at the atomic scale by accurately loading
SAC onto the supports.®”®! These studies have shown that the
reasonable selection of synthesis methods is crucial for the
preparation of catalysts.

2.2 Structural characteristics

Multiple atomic level characterization techniques have been
used to explore the local structure of SACs.®>®* Up to now,
AC-HAADF-STEM was used to directly observe the metal active
sites in catalysts. As the atomic number of the metal increases,
the contrast in the image is greater and the spots are
brighter.®>"*” Moreover, extended X-ray absorption fine struc-
ture (EXAFS) and X-ray absorption near-edge structure
(XANES) can be used to characterize the electronic structure
and coordination environment of the catalyst, such as
the coordination type, coordination number, coordination dis-
tance, etc.°®°® Other techniques have also been used to charac-
terize the structure of SACs, such as X-ray powder diffraction
(XRD), Mossbauer spectroscopy, etc.”’ The structure of SACs
changes during the reaction, so precise in situ techniques are
needed to observe the dynamic changes of the structure, such
as in situ XAS. In general, all these excellent characterization
techniques have played great roles in exploring the structure of
SACs.
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3. The impacts of atomic
coordination

In addition to the synthesis strategy and structural character-
istics, atomic coordination has a significant impact on the
catalyst activity. For carbon-based SACs, the introduction of
defects on carriers and coordination environment regulation
can promote the ORR activity of the catalyst by influencing the
electronic structure and geometric configuration. In this
section, we focus on recent advances in the coordination
environment and defect engineering.

3.1 The impacts of the coordination environment

Up to now, M-N-C catalysts have shown the best ORR perform-
ance. Therefore, the regulation of the coordination environ-
ment for the M-N-C is extremely important.”"”> In most
reported M-N-C catalysts, the metal atoms are coordinated as
M-N,. For example, Li et al.”® synthesized ultrathin N-doped
graphene mesh (SA Fe NGM) with Fe-N,. Due to the ultra-thin
2D structure, the Fe-N, active sites were highly exposed, which
also led to its excellent ORR performance with a half-wave
potential of 0.83 V in 0.5 M H,SO, solution. Similarly, Chen
et al.”* prepared nanosheets containing Co-N, active sites with
excellent ORR activity using g-C;N, as precursor (Fig. 4a). In
addition, Yang et al.”® also prepared CoTPyP catalysts with a
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Fig. 4 (a) Schematic illustration of the synthetic procedure of Co-SA/N-C900. Reproduced with permission ref. 74. Copyright 2023, Elsevier. (b)
Schematic illustrations of the synthesis of CoTPyP@Im-RGO. Reproduced with permission ref. 75. Copyright 2022, Elsevier. (c and d) Synthetic pro-
cedure and LSV curves of the Co—N,B-CSs. Reproduced with permission ref. 79. Copyright 2018, American Chemical Society. (e) Schematic illus-
tration of the synthesis process for the Fe-NSDC. Reproduced with permission ref. 80. Copyright 2019, WILEY-VCH. (f—h) The synthetic process,
ORR polarization curves and energy diagram of Fe-ISA/SNC. Reproduced with permission ref. 84. Copyright 2018, WILEY-VCH.
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Co-Nj structure (Fig. 4b). The electronic structure of the cata-
lytic centre is mainly regulated by the liganded N and C atoms.
However, during the development of SACs, more heteroatoms
are used to regulate the coordination environment, such as S,
P, B, O, Cl, etc.”*”® In Fig. 4c, Guo et al.”® prepared boron (B)-
doped Co-N-C active sites confined in hierarchical porous
carbon sheets (denoted as Co-N,B-CSs) using the soft template
self-assembly pyrolysis method. The introduction of the
element B provides electron-deficient sites and strengthens the
interaction between the oxygen-containing intermediates and
active sites. Therefore, the half-wave potential of Co-N,B-CSs is
0.83 V, which is similar to that of commercial Pt/C catalysts
(Fig. 4d). In Fig. 4e, Zhang et al.®® used a scalable FeClz-encap-
sulated porphyrin precursor pyrolysis strategy to obtain
S-doped Fe-N-C catalysts. Characterization technologies veri-
fied that S doping produced excellent ORR activity by optimiz-
ing the charge and spin distribution of the Fe-N-C.

Interestingly, recent studies have shown that heteroatoms
that are not directly coordinated to the metal active sites can
also enhance the catalyst activity.®’®* Although the hetero-
atoms are not directly attached to the metal active center, the
heteroatoms doped in the carbon carrier will modulate the
electronic structure of the active site by remote off-domain
interaction, thus enhancing the ORR activity.*® For example, Li
et al.®* designed a novel pyrrole-thiophene copolymer pyrolysis
strategy to obtain Fe-ISA/SNC with S,N co-doping (Fig. 4f). By
increasing the amount of S doping, the ORR performance of
the Fe-ISA/SNC showed a volcano-shaped curve change. The
E, ), of optimal Fe-ISA/SNC was 55 mV more positive than Pt/C
(Fig. 4g). XAFS analysis and DFT calculations (Fig. 4h) showed
that the introduction of S enriched the charge around the Fe-
N active site, which facilitated the rate-limiting reductive
release of OH* and ultimately promoted the ORR process.
Similar results were obtained in the study of Chen et al,®
which demonstrated the positive effect of heteroatom doping
on enhancing ORR activity.

3.2 The impacts of defect engineering

Defect engineering on carbon carriers can promote the
anchoring of the central atoms, the rearrangement of the elec-
tron density, and also the exposure of more active sites.
Therefore, defect engineering is equally indispensable for
enhancing the catalytic activity of SACs.**®” The actual cata-
lysts may contain a large number of defects, and it has been
shown that appropriate defects enhance the ORR performance
of the catalysts.®® Yuan et al.® devised the decarboxylation-
induced defect strategy for the preparation of defect-rich Co
SACs. DFT calculations demonstrated that defects near the Co-
N, active sites could substantially enhance the ORR activity by
reducing the free energy of the intermediate OOH™. The experi-
ments of Wang et al.’° also demonstrated that defects contrib-
ute to catalyst activity. In another study, Zong et al.’" intro-
duced defects on graphitic carbon nanospheres using KOH
activation, resulting in Cu-SAs@N-CNS with a special Cu
(NC,)3(NC) coordination configuration. DFT calculations
showed that the formation of OOH* is the rate-limiting step in

This journal is © The Royal Society of Chemistry 2023
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the four-electron process. Furthermore, the Cu(NC,);(NC) had
a low OOH* adsorption free energy (0.82 eV), which also con-
firmed the facilitating role of defects in the regulation of Cu-
based single-atom catalysts. Later, Cui et al.”> used a combined
hydroxyl-functionalized and NH,Cl-assisted etching strategy to
obtain the CuN, sites with defective edges. The half-wave
potential of 0.9 V confirmed the important influence of
defects on the catalyst.

4. Carbon-based precious metal
catalysts

Due to their unique ORR activity, precious metals have been
the subject of intense research by numerous scientists The
benefit of noble metal SACs is the maximum mass activity due
to the maximum use of atoms. In this section, the study of
noble metals in the ORR is presented.

4.1 Pt SACs

The platinum-based catalysts are currently the most active for
ORR. Although Pt/C catalysts have been commercialized, their
further advancement is hampered by negative reasons such as
a lack of the Earth’s platinum sources, a high price,”*** and
poor catalytic stability.”® Because of this, many scientists want
to reduce the cost of Pt as much as possible and increase the
cycling stability of the catalyst while ensuring high ORR
activity. Common optimization schemes can be roughly
divided into: increasing the density of Pt sites, modifying the
coordination structure around the Pt, and doping hetero-
atoms. Next, we focus on the recent progress in enhancing
carbon-based Pt SACs from these three aspects.

Li et al.®® synthesized a Pt;/NPC catalyst with isolated Pt
atoms on N-doped porous carbon (Fig. 5a). The loading of
platinum was 3.8 wt%, as measured by inductively coupled
plasma photoemission spectroscopy (ICP-OES). In Fig. 5b, it
also exhibited high activity on an ORR, with an E;,; = 0.887
V. Studies showed that this was attributed to the abundance of
PtN, sites and the introduction of N atoms to enhance the
electron transfer. Similarly, Liu et al.®” reported a N-doped
carbon Pt SAC (Pt;-N/BP) for highly efficient 4e” ORR. In con-
trast to Li et al.,’® the Pt loading was only 0.4 wt%. The Pt,/BP
without N showed Pt agglomeration, suggesting that the intro-
duction of N could help disperse the Pt atoms. Under acidic
conditions, Pt;-N/BP had a high ORR performance (Fig. 5c),
but the Pt loading is lower, demonstrating its economical
nature. The assembled H,/O, fuel cell of Fig. 5d showed a
power density of 680 mW cm™2. More in-depth theoretical cal-
culations using DFT showed that the adsorption of O, on g-P-
N,-Pt; was stronger than that of CO, verifying its CO tolerance.
The free energy was also calculated in Fig. 5e and f, the ORR
superpotential at the g-P-N;-Pt; site was 1.74 V, and the de-
sorption of OH was the rate-limiting step. At the g-P-N;-Pt,
position, the entire ORR process was much faster than at the
g-P-N; position due to the small energy barrier of the preced-
ing exothermic step and the rate-limiting step (*OH dis-
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sociation). In another study, Song et al®® synthesized Pt

SACs on the MOF-derived N-doped carbon. From the
X-ray absorption near-edge structure (XANES) spectra in
Fig. 5g, the platinum atoms were linked to N-electronegative
atoms from the support, resulting in easier electron transfer
from the Pt to the support, thereby increasing the 5d
vacancy at the platinum sites. This was also the reason why Pt
SAs-ZIF-NCs had the highest ORR performance. Furthermore,
the adsorption of platinum atoms on pyrrolic N-containing
ZIF-NCs was determined to be the most advantageous
when compared with other forms of N (graphitic N, and oxi-
dized N).

Inspired by N coordination, many scientists have placed
heteroatoms into the Pt center, such as P and S, to alter the
local coordination environment. Zhu et al®® synthesized
PtNPC catalysts by introducing P (Fig. 5h). The optimization of
the 5d orbitals, a left shift of the projected density of states
(PDOS) of the 5d orbitals, and a deeper d-band center of PtN;-
PO, made it exhibit an excellent ORR performance. The NC,
NPC and PtNC had poor ORR performance, but the
PtNPC-0.5 had high ORR activity (E;,, = 0.85) with the intro-
duction of P. Theoretical calculations showed the P atoms pro-
moted the kinetics of the 4e™ route and prohibited the for-
mation of peroxide species, further demonstrating that the
P-coordinated Pt-Nj sites were the active sites. It also showed
the feasibility of the introduction of heteroatoms for enhan-
cing ORR activity.

9610 | Nanoscale, 2023, 15, 9605-9634

Chen et al.'® loaded Pt onto S-doped graphitic carbon
nitride (SGCN), and S-doping enabled the neighboring C and
N atoms of Pt to be deficient in electrons, thereby enhancing
the metal-support interaction. 20Pt/SGCN-550 had an ORR
performance with E;,, = 0.91 V. DFT calculations showed that
20Pt/SGCN-550 had a lower d-band center than 20Pt/GCN,
indicating that the binding of O-containing intermediates is
weak, so the adsorption binding energy decreases. And the AG
of 20Pt/GCN-550 to generate OH~ is also lower. Taken
together, the introduction of S enhanced the interfacial inter-
action between the Pt and the carrier to enhance the ORR
activity.

Pt can not only generate O, through the four-electron
pathway of oxygen reduction but also generate H,0, through
the two-electron pathway. Theoretical studies suggested that
two ORR pathways share a common intermediate of *OOH. So,
in theory, the two-electron and four-electron processes can be
selected by regulating the adsorption capacities of the catalyst
and oxygen intermediates. Zhao et al'®' successfully con-
trolled the selectivity of the products by adjusting the coordi-
nating heteroatoms around the Pt. The maximum hydrogen
peroxide selectivity of Pt-S-C reaches 88%, which exceeded
that of Pt-N-C (72.5%). The analysis of DFT calculations
matched well with the experiment about H,O, selectivity, indi-
cating that adjusting the local coordination environment of
the Pt can affect the intermediate the adsorption strength of
the body determines the oxygen reduction pathway.

This journal is © The Royal Society of Chemistry 2023
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Therefore, for Pt-based SACs, there are significant differ-
ences in the performance depending on the Pt atomic coordi-
nation. Furthermore, coordination engineering of Pt-based
SACs can efficiently adjust the 2e™ or 4e” process of ORR to
meet our urgent needs.

4.2 Other precious metal SACs

In addition to Pt SACs, other noble metal SACs also exhibited
both high ORR activity and stability.’®® In a recent study, Xiao
et al.’®® synthesised Ir-SAC with a half-wave potential of 0.864
V in acidic conditions. It exhibited a record-high TOF of 24.3
per e per site per s, which is 5.6 times higher than commercial
Pt/C, demonstrating the strong ORR application potential of Ir
noble metals (Fig. 5i). In another study, Cui et al'® syn-
thesized Ru-SAS@N-ACSS by anchoring Ru single atoms on the
pore edge of activated carbon spheres by a simple sol-gel
sealing method. Theoretical calculations showed that the
Ru-N, on the edge had a lower binding energy of ORR inter-
mediates compared with the Ru-N, on the carbon plane,
leading to its superior ORR activity. Moreover, in Fig. 5j Zhang
et al'® synthesized Ru-N/G with acidic ORR activity by
anchoring single Ru atoms on graphene oxide. In addition to
these, Kim et al.'°® explored the performance of Pd SACs in
the production of H,O,. All of these discoveries provided a way
for the development of noble metal-based ORR SACs.

5. Carbon-based transition metal
catalysts

Due to their unique electronic structures and relatively low
prices, transition metals have received much attention and
many ORR catalysts with outstanding performance have been
successfully synthesized. Numerous investigations have shown
that adding transition metals (Fe, Co, Ni, and Cu, etc.) to nitro-
gen-doped carbon is an efficient way to increase ORR
activity."®”"*® For the carbon-based transition metal catalysts,
it is obvious that the transition metal is essential to the func-
tioning of the active center, but the exact active center remains
undetermined and controversial, and the M-N, component is
the active site for catalytic ORR, according to the more widely
accepted theory. In addition the differences caused by the
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inherent nature of the coordination engineering of the N and
C atoms controls the electrical structure of the catalytic core
more so than the metal atoms themselves. Different coordi-
nation numbers and different configurations of the central
atoms lead to changes in the electronic structure and thus
exhibit different catalytic activities.''* The latest research on
transition metal-doped carbon electrocatalysts (especially Co,
Fe, Cu, and Ni elements) will be summarized and discussed
below. Table 1 summarizes the active site structures of some
excellent carbon-based transition metal SACs and their per-
formance in ORR.

5.1 Fe SACs

In 1964, Jasinski et al.'*' pioneered the use of cobalt phthalo-
cyanines in ORR reactions in alkaline conditions, thus initiat-
ing the study of M-N, macrocyclic organics for ORR reactions.
The Fe- and N-doped carbon (Fe-N/C) materials are now the
most researched transition metal ORR catalysts due to their
extraordinarily high ORR activity and four-electron selectivity,
making them the most promising alternative to commercial
Pt/C catalysts.

ZIFs are assembled from transition metal ions and imid-
azole rings via tetrahedral coordination, and they can uni-
formly pre-arrange with metal-N, linkages within an ordered
3D support."**'** Many ZIFs not only exhibit excellent thermal
and chemical stability, but also contain an abundant source of
nitrogen in the imidazole ligand, and after pyrolysis, the ZIF is
converted into regular nitrogen-doped carbon carriers."”*
Inspired by ancient overhang-eave architectures, Hou et al.'>®
designed and synthesized overhang-eave structures containing
isolated Fe atoms using silica as a medium (Fe/OES, Fig. 6a),
which can provide more extended edges as three-phase
exchange points (Fig. 6b), not only accelerating the mass trans-
port of the ORR but also maximizing the exposure of the atom-
ically dispersed/catalytically sites. As shown in Fig. 6¢, Fe/OES
exhibited excellent ORR activity with E;/, = 0.85 V. As shown in
Fig. 6d, for Fe-N,-C, step (ii) and step (v) required an external
force to overcome the activation energy barrier, and step (v) is
considered the rate-determining step (RDS) of the ORR reac-
tion. Step (i) required a substantially higher endothermic
energy for Vg.—N,-C (Vg symbolizes Fe vacancy) as the contras-
tive sites, which was the RDS of ORR. The above shows that

Table 1 Summary of carbon-based SACs for electrocatalytic reduction of ORR

Eonset E1/2
Catalyst Active site (Vvs. RHE) (Vvs. RHE) Stability Ref.
Fe SAC/N-C FeN; — 0.890 Only minute differences after 5k CV cycles 115
Fe-SAs-N/C-20 Edge-hosted FeN, — 0.915 A negligible negative shift after 10k successive cycles 116
FeN,-~O-NCR FeN,-O 1.050 0.942 Only a 5 mV degradation in E,, after 5000 CV cycles 77
Fe-N/P-C Fe-N;P 0.941 0.867 A negligible negative shift for 36 000 s 78
CoN4/NG CoNy 0.980 0.870 A high relative current of 92% after scanning 36 000 s 117
Co SAs/N-C(900) CoN,C, — 0.881 No obvious decay in E;, after 5000 continuous potential cycles 118
Ni SAs-NCs NiN, — 0.850 After continuous working for 20 h, the current retention 119
rate is still more than 90%
Cu-SA/N-C CuN, 0.990 0.895 No significant reduction in E;,, was observed after 120

This journal is © The Royal Society of Chemistry 2023
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(a—d) Synthesis process, STEM images, LSV curves, and ORR free-energy paths of Fe/OES. Reproduced with permission ref. 119. Copyright

2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (e—h) TEM images, RRDE voltammograms, the durability tests, and free energy diagram of
MF-Fe-800. Reproduced with permission ref. 120. Copyright 2017, American Chemical Society. (i) Preparation process of a high-purity pyrrole-type
FeN, structure. (j and k) Deconvoluted features of peak a and peak b of the N K-edge spectra. (L and m) ORR polarization curves and free energy

diagram of HP-FeN,4. Reproduced with permission ref. 123. Copyright 2020

Fe-N,-C sites do participate in the ORR reaction as active sites.
Similar conclusions were also reached by the work of Lu et al.,"*®
when they prepared Fe and N co-doped porous carbon nanotu-
bules (MF-Fe-T, T stands for pyrolysis temperature, Fig. 6e).
Electrochemical tests showed that the Fe,N-doped nanotubes syn-
thesized by the same method were more electrocatalytically active
for ORR than the N-doped nanotubes alone, implying that Fe-N,
promoted the association of oxygen species. The catalyst prepared
at 800 °C is the most effective in the series, with E,, s = 0.98 V
(Fig. 6f). The MF-Fe-T catalyst also exhibited good durability: in
Fig. 6g there was only a 7 mV decrease in E;, after 5000 cycles. As
can be seen in Fig. 6h, steps (3) or (4) for FeN,-doped graphene
can be recognized as the RDS, denoting an advantageous binding
with oxygen species. Stone-Wales Fe-N, activates the neighboring
C atom so that it also contributes to the ORR reaction. From the
experiment and theory, the FeN, sites played the important role
in ORR activity.

9612 | Nanoscale, 2023, 15, 9605-9634

, Royal Society of Chemistry.

Among the M-N-C SACs, the usual nitrogen species are pyr-
idinic, pyrrolic, and graphitic N. Among them, pyridinic N is
the most common, but recent experiments and theoretical cal-
culations have shown that pyrrolic N is more ORR-catalytic
active.’>”™"?° For example in Fig. 6i, high-purity pyrrole-type
FeN, sites (HP-FeN,) were successfully prepared by Zhang
et al."*® Soft X-ray absorption spectroscopy (sXAS) proofed Fe-
N sites of HP-FeN, were confirmed to be high purity as pyrrole-
type coordination (Fig. 6j and k). In Fig. 61, HP-FeN, exhibited
a higher E,,s: than FeN, and a more positive E;/, than FeN,.
According to DFT calculations, the charge distribution of
pyrrole-type FeN, and pyridine-type FeN, was noticeably
different, and the iron’s valence state was more positive. In the
free energy diagram in Fig. 6m, pyrrole-type FeN, was prefer-
able for ORR because of the lower Gibbs free energy differ-
ences between O, and OOH*. Furthermore, in a 4e” route,
pyrrole-type FeN, had a lower thermodynamic overpotential

This journal is © The Royal Society of Chemistry 2023
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(0.35 eV) than pyridine-type (0.67 eV). In particular, on the
pyrrole-type FeN, structure, the reduction of OOH* to H,0, is
0.2 eV higher compared with the pyridine-type FeN, structure
(1.77 eV vs. 1.57 eV), indicating that the 2e™ reduction pathway
is largely inhibited. Overall, pyrrole-type FeN, would be the
ideal sites for ORR because of the lower limiting potential and
is more conducive to 4e” reactions.

However, the intermediates have an excessively high
adsorption energy on the FeN, sites and this affects their de-
sorption to participate in the subsequent reactions, so this
does not show the best activity."****! In addition to the Fe-N,
structure, the researchers found that FeN, also has excellent
ORR performance and conducted in-depth research on this
because of the receding of the adsorption energy of the inter-
mediates. Shen et al.'*? introduced a number of dispersed
FeN, sites on the N-doped carbon. Efficient ORR catalysts
(FeN,/NOMC) with iron atoms dispersed on the framework
surface can be obtained by the subsequent removal of SBA-15
and agglomerated Fe-based particles with HF etching, leaving
only the FeN, sites (Fig. 7a). As shown in Fig. 7b, the FeN,/
NOMC exhibit superior activity with an E;,, of 0.863 V. The
extended X-ray absorption fine structure (EXAFS) data analysis
of Fig. 7c showed the coordination number of N is 2.0, and
FeN,/NOMC-3 exhibits an almost total absence of Fe-Fe and
Fe-C bonds, indicating that the majority of the Fe atoms are
scattered as mononuclear particles in the FeN, fraction. The
DFT in Fig. 7d indicates that the overpotential of FeN, is
reduced by 0.12 V compared with FeN,, and the reduced inter-
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action with *O, and *OH intermediates is the cause of the
increased ORR activity. And the existence of FeN, sites was
more beneficial for enhanced electron transport. The same
idea was also obtained in the experiments of Song et al'*?
They successfully synthesized iron-based ORR catalysts con-
taining multiple active sites. The DFT calculations and tests
showed that the following active sites on Fe-N,/C catalysts for
ORR have a structure-activity relationship: Fe-N,C > Fe-N,C >
Fe,~NC > N-C > Fe,—~C > C. These calculations provide theore-
tical support for subsequent studies of Fe coordination
engineering.

Recently, Lin et al.** first introduced metal ions into UiO
(bpdc) with pyrolysis and acid leaching. Fe SAC/N-C catalysts
with FeNj sites were obtained. The E;;, of Fe SAC/N-C was 0.89
V (Fig. 7e). DFT calculations were performed to completely
comprehend the superb ORR activity that the FeNj site exhibi-
ted. Three models in Fig. 7g, Fe-4pN, Fe-4pN-OH, and Fe-4pN-
py, were investigated in depth. In Fig. 7h, for the ideal Fe-4pN
model, all the reaction steps are thermodynamically favorable,
but in practice, the ideal Fe-p4N is converted to Fe-p4N-OH
due to abundant OH™. For Fe-4pN-OH, the formation of *OOH
is the RDS. The energy barrier of Fe-p4N-py would be lowered
to 0.11 eV if the extra OH group were replaced with pyridine.
Although the whole reaction process was still limited by the
formation of *OOH, the catalytic activity of Fe atoms co-
ordinated to five pyridine nitrogen atoms for ORR is very con-
siderable. And in a study, the five-coordinated Fe-N, configur-
ation prepared by Lai et al."** exhibited better ORR activity in

2
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(a—d) The synthetic procedure, ORR polarization, EXAFS spectra, and free energy diagram for FeN,/NOMC. Reproduced with permission ref.

126. Copyright 2017, Elsevier. (e—h) LSV curves, XANES spectra, three models with various coordination environments, and free energy diagrams of
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acidic media compared with the lower-coordinated Fe-N, con-
figuration. Three theoretical models, N-Fe-N,, Fe-N,, and Fe-
N,, were constructed to explain the reasons in Fig. 7i. For N-
Fe-N,, and Fe-N,, the free energies of all the successive inter-
mediate steps at 0 V are reduced compared with Fe-N,, but the
N-Fe-Nj, structure showed the lowest energy barrier, indicating
that the O, molecules were more easily reduced to H,O com-
pletely on the N-Fe-N, structure. In addition, when the OH*
adsorption energy was compared, the N-Fe-N, structure’s OH
adsorption energy was 2.88 eV, which was much lower than
the adsorption energies of Fe-N, and Fe-N,. The lower
hydroxyl adsorption energy protects the active center from de-
activation. The above indicates that even if the coordination
mode is the same, different synthesis methods, carbon car-
riers, and defect richnesses can affect the actual performance
of the catalyst. Therefore, research on catalysts should not only
focus on the theory.

Defective Fe active sites have been extensively studied. For
example, Jiang et al.''® prepared catalysts with Fe-N, sites
anchored on 3D layered porous carbon (Fe-SAs-N/C-20, Fig. 8a
and b). Fe-SAs-N/C-20 exhibited excellent ORR performance
with a half-wave potential of 0.915 V, in Fig. 8c. **C solid state
nuclear magnetic resonance (ssSNMR) showed that the inte-
grated intensity ratios of sp>- to sp*hybridized carbons (I5,:/
Iyp2) grew with defect increases, indicating that defects make it
easier for C-N bonds to break. Six possible conformations of
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Fe-N,-C were calculated by DFT. As shown in Fig. 8e, the least
overall reaction free energy change is shown in the defective
Fe-N4-6r-c2 near the gap’s edge, suggesting that selective CN
bond cleavage (SBC) can adjust the coordination environment
of pyridine N. In another study, Xiao et al.'*® incorporated
FeN, edge sites into graphene (Fe/N-G-SAC) by a new self-sacri-
ficing template method (Fig. 8f). This method used an extre-
mely excess amount of Fe precursors, and the Fe clusters not
only promoted the formation of graphitized structures but also
promoted the generation of FeN, partially near the Fe clusters.
After etching the Fe clusters, edge-enriched FeN, sites were
obtained. Due to these structural properties, the Fe/N-G-SAC
had excellent activity and stability. The assembled zinc
vacancy cells also exhibit excellent performance. It was calcu-
lated by DFT that the closer the distance between the Fe
cluster and the Fe-N, part, the lower the relative formation
energy (E¢). Therefore, the introduction of excessive Fe clusters
during the synthesis process made it easier to form the Fe
cluster/Fe-N,-1 structure. This eventually leads to the for-
mation of edge-dominated FeN, sites in the sample after the
Fe clusters are removed (Fig. 8g). The conformational differ-
ences between the edge site and the in-place site were com-
pared. Due to the decrease in the number of N coordinations,
a significant charge redistribution occurs at the Fe-N, edge
sites, allowing a more favorable electron transfer from the Fe
atom to the neighboring N atom, and the higher Bader charge
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estimated also demonstrates this. The partial density of states
(DOS) of the Fe calculation showed that with the negative shift
of the d-band center on the edge FeN, site, the binding
strength of the adsorbates on the edge site is also relatively
diminished. The RDSs on the in-plane Fe-N, sites were known
to be the OH desorption; however, after a thorough investi-
gation, it was shown that the adsorption free energy of OH*
(Gomr+) on the edge site was larger, indicating a faster OH de-
sorption process that was beneficial for the ORR (Fig. 8h).
Similar conduct had also been observed by Chen et al.**® The
sur-FeN,-HPC catalyst they synthesized using the edge effect
also has excellent ORR activity.

The introduction of other heteroatoms will also signifi-
cantly enhance the ORR activity of the catalyst. For example,
Mun et al.'*” doped S functionalities into the carbon plane to
modulate t-doped S functionalities into the carbon plane to
modulate the electron-absorbing/electron-giving properties of
the Fe-N, sites (Fig. 9a). X-ray photoelectron spectroscopy
(xPS), shown in Fig. 9b, indicated that the S existed in both
thiophene-like S (C-S-C) and oxidized S (C-SO,) forms. The
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C-S-C enriched the carbon plane with electrons, thus enhan-
cing the adsorption of the ORR intermediate on Fe-N,, while
the introduction of C-SO, reduces the Fe d-band center.
Interestingly, similar trends were seen in the E;,, of the FeNC-
S-MSUFC catalysts with regard to the ratios of oxidized S and
thiophene-like S (Fig. 9¢), demonstrating that the kind of S
affected the ORR activity of the Fe-Nj.

In another study combining experimental and theoretical,
Peng et al.”” synthesized FeN,~O-NCR in which the Fe-N; sites
were modulated by Fe-O bonds (Fig. 9d). As shown in Fig. 9e,
FeN,—~O-NCR had good ORR activity due to its special coordi-
nation structure. DFT calculations similarly demonstrated that
FeN,-O-NCR was beneficial for the ORR process. When
simple axial O ligands are present, this led to a weaker binding
of FeN,/C and FeN,/NC to *OH, thereby improving the ORR
performance. A later study from Gong et al.'*® in Fig. 9f also
introduced O into FeN,, forming Fe(Zn)-N-C catalysts with
Fe@O@Fe bridge bonds. Compared with the single-atom FeN,
site, the O bridge-bonded Fe sites have 10 times higher activity
in terms of turnover frequency (TOF, 3.2 per es per sites vs.
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(a and b) Schematic representation of the synthesis and S 2p XPS spectra of FENC—S—MSUFC. (c) Relationship between the ratio of oxidized

S and thiophene-like S and ORR activity. Reproduced with permission ref. 133. Copyright 2019, American Chemical Society. (d and e) Scheme of the
synthesis, Ey/, and ji of the FeN4—O—-NCR. Reproduced with permission ref. 77. Copyright 2022, Wiley-VCH. (f-i) Synthesis, LSV curves, the durability
tests, and illustration of proposed various structures of Fe(Zn)-N-C. (j) Gibbs free energy diagrams at 1.23 V on FeN,, 2L-Mid, and 2L-Up sites.

Reproduced with permission ref. 134. Copyright 2020, Wiley-VCH.
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0.32 per es per sites) and have promising half-wave potential
(0.83 V), in Fig. 9g. Meanwhile, after 10 000 continuous cycles,
the E;, reduced only by 14 mV (Fig. 9h). Gibbs free energies
were calculated in Fig. 9i for the three models (2L-Mid, 2L-Up,
and FeN,). As shown in Fig. 9j, 2L-Up had the lowest overpo-
tential and the final *OH dissociation step was the only heat-
absorption process, suggesting a facilitative effect of the indi-
cated bridge-bonded O on the improvement of catalytic
activity. The electron flow from the Fe d orbital to O was found
using Bader charge analysis, resulting in a weaker adsorption
of the remaining d electrons on O, and ultimately excellent
ORR performance. A later study from Yuan et al.”® showed that
the introduction of P heteroatoms was beneficial for the
adsorption/desorption of oxygen intermediates, boosting the
catalytic ORR performance. Three N atoms and one
P-anchored Fe (Fe-N3P) were found to make up the compound
Fe-N/P-C. It can be inferred from a comparison of the free
energy distributions of Fe-N, and Fe-N;P that the O, molecule
caught by the Fe atom went along a downward trajectory.
However, the fact that Fe-N;P’s free energies were lower than
those of Fe-N4 suggests that the O, molecules can easily
adsorb and form a strong bond on Fe-N;P active sites.

5.2 Co SACs

Despite having outstanding characteristics, Fe-N-C electroca-
talysts are usually affected by Fenton reactions:'* the inter-
mediates generated in the center of the Fe sites contain large
amounts of active oxygen, which corroded the carbon matrix
and rapidly reduce its activity, leading to the destruction of the
electrocatalyst."*® Co is another commonly used transition
metal, also with good activity and stability but without
initiated Fenton reactions. Compared with other cobalt-based
catalysts, cobalt-based SACs have received a lot of attention
because of their improved durability, more flexible synthesis
strategy, and readily tunable coordination environment for the
active Co sites.’*® Similar to FePc, CoPc has been studied by
many scientists for its good ORR activity. As early as 1990,
Vasudevan et al.'*' published a summary of the relevant
factors affecting CoPc. For CoPc/C, the ORR activity and stabi-
lity were significantly increased after pyrolysis at 700 °C.
However, with continued rising temperature above 800 °C the
macrocyclic structure was damaged, which had an impact on
the activity. These suggested that the structure of the central
metal atom has a strong influence on activity; as demonstrated
by the experiment of Yuasa et al.,'** the Co-N-C catalyst was
pyrolyzed at 700 °C to give a dense pyrrole-type Co-N, coordi-
nation. Continued warming to 1000 °C resulted in a large
accumulation of metallic Co and reduced activity. In summary,
the Co-N, fraction is indeed the dominant activity, and the
appropriate pyrolysis temperature is critical for the formation
of active site sites.

To date, the study of Co-N, coordination configurations
can be widely divided into two categories: experimental and
theoretical. Although Co-N-C has a variety of coordination
modes, CoN, is the most commonly used model."**'** Zhang
et al.'* investigated in depth the CoN,-graphene catalysts
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with pyridine-N and pyrrole-N coordination by DFT calcu-
lations (Fig. 10a and b). Despite both CoN,-G having ORR
activity, the specific catalytic mechanisms are different. The
CoN,-G(A) catalysts exhibited higher activity, whereas the
CoN,-G(B) catalyst, owing to the high response barrier of H,0,
formation (1.07 eV), exhibited higher 4-electron selectivity
(CoN4-G(A) and CoN4-G(B) are the names given to the Co
atoms coordinated by four pyridinic-N atoms and four pyrro-
lic-N atoms, respectively). In an earlier study, Yang et al.*'” pre-
pared the single-atom Co-N-C catalysts with atomically dis-
persed CoN, (denoted as CoN,/NG, Fig. 10c). In Fig. 10d and e,
XANES and EXAFS analyses showed that one Co atom in CoN,/
NG was coordinated to four surrounding nitrogen atoms,
forming a CoN, group, which was the main reason for its excel-
lent ORR performance. As shown in Fig. 10f, Wang et al.'*®
further designed a locally distorted CoN, conformation, where
the charge can be transferred more rapidly from the Co atom
to the N due to the disruption of the symmetric electron distri-
bution. Compared with plane CoNy, it showed a lower energy
barrier for the RDS and thus had a better ORR performance
(Fig. 10g). In addition, the free energy diagrams of locally dis-
torted Co-N;C,; and Co-N,C, structures were also calculated in
Fig. 10h. The RDS of Co-N;C; and Co-N,C, is the reduction of
OH*, where the AG ., values are 0.43 eV for Co-N;C; and 0.54
eV for Co-N,C,, suggesting that Co-N;C; has higher ORR
activity. For a more comprehensive summary comparison, four
types of Co-N contribution categorised as CoN, (x = 1-4) were
estimated by Sun et al.,"*” in Fig. 10i. The CoN, profiled most
nearly resembles the optimum free-energy pathways. The over-
potential was further calculated and found to increase in the
order of CoN, < CoNj; < CoN, < CoNj, indicating that CoN, has
better catalytic performance (Fig. 10i).**”

In a theoretical study, a computational study of the ORR
mechanism of Co-N, electrocatalysts with pyridine-N coordi-
nation by Kattel et al.'*® had verified again the significant
effect caused by different N coordinations on the Co-N,
activity. Compared with graphitic CoN, defects, graphitic CoN,
defects were energetically favorable and had better stability.
Therefore, CoN, should be the more promising catalytic center
(Fig. 10j and k). Due to the defective configuration of Co-N,
with pyrrole-N coordination and the O, bound in an end-pair
configuration, it is more inclined to produce H,0, than the
Co-N, with pyrrole-N coordination. As shown in Fig. 10l, the
adsorption of OOH™ on CoN, was weak, and a second catalyti-
cally active center was required to further reduce H,0,, which
is also consistent with the experimental results.'*®'4%13° The
4e” reaction without OOH™ intermediate generation occurred
in the CoN, part, which is similar to the catalytic process at
the Fe-N, site."®* The later work of Sun et al.'** also drew
similar conclusions.

Another study from Yin et al.'*® found that Co-N, species
interacted more strongly with peroxides than Co-N, and pro-
moted the four-electron reduction process of ORR (Fig. 11a).
Experiments also demonstrate that Co-N, sites can exhibit
superior ORR performance. By regulating the pyrolysis temp-
erature, Co SAs/N-C(800) with CoN, sites and Co SAs/N-C(900)

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 (a and b) Top and side views of the optimized structures of CoN4—G(A) and CoN4—G(B). Reproduced with permission ref. 141. Copyright
2020, Wiley-VCH. (c—e) Schematic illustration, XANES Co K-edge spectra, and Fourier-transforms of Co K-edge spectra for CoN4/NG. Reproduced
with permission ref. 142. Copyright 2018, Elsevier. (f) Distorted Co—Ny4 structure. (g) Free energy diagram on different structures of CoNy. (h) Free
energy diagram for the ORR on CoN,C, and CoNsC;. Reproduced with permission ref. 143. Copyright 2022, Elsevier. (i) Free-energy diagrams for
the ORR and OER pathways on CoN, (x = 1-4). Reproduced with permission ref. 144. Copyright 2019, Elsevier. (j and k) Schematic illustration of
CoN4 and CoNj. (1) Free-energy diagram for the reduction of O, to H,O, on the CoN4 defect. Reproduced with permission ref. 145. Copyright 2019,

Royal Soc Chemistry.

with CoN,C, sites were obtained. In Fig. 11b, the ORR activity
of Co SAs/N-C(900) was better than Co SAs/N-C(800).

Zhang et al.">® performed DFT calculations on the detailed
kinetic and thermodynamic behavior of the ORR on three
different CoN,-G models (Fig. 11c-e). Similar to the conclusions
obtained by Kattel et al.™*® all three CoN,~G models favored the
ORR response, but with subtle differences. The catalyst with the
highest levels of catalytic activity and four-electron selectivity is
CoN2-G(A). In contrast, the two-electron pathway is favored
due to the weak adsorption energy of the H,O, generated on
CoN,-G(B) (—0.39 eV) which is easily desorbed.

Similar to Fe-N-C catalysts, doping with nonmetallic
heteroatoms (B, P, S, etc.) also enhances the Co-N-C ORR per-
formance by tuning the electronic properties of neighboring
carbon atoms.">*'*>® For example, Liu et al.'*® anchored Co
single atoms to ultrathin N- and P-doped porous carbon
nanosheets to obtain CoSA/NPC catalysts (Fig. 11f). DFT were
carried out to theoretically comprehend the ORR reaction
mechanism in order to understand the impacts brought about
by P doping. As shown in Fig. 11g, the RDS of Co/N;P is
smaller than that of Co/N, (0.445 eV vs. 0.466 eV) and the
charge distribution at the Co active site is unbalanced due to P
doping (Fig. 11h), which is beneficial for the adsorption of
oxygen species. As a result, the ORR catalytic activity of Co/N;P
is better compared with CoN, (E;,, = 0.87 V).

This journal is © The Royal Society of Chemistry 2023

In another study by Xu et al.,"”” B was introduced into Co-
N-C to obtain Co-NBG (Fig. 11i), and this sample exhibited
excellent ORR performance. In Fig. 11j, the E;,, of Co-NBG
was 0.792 V. The effect of B doping on the ORR catalytic
activity of Co—gN, based on DFT was investigated by Fu
et al.">® Because the electronegativity of B is lower than C,
when graphite was doped with B, an area close to Co-gN,
developed that was positively charged, requiring the Co sites to
lose additional electrons in order to achieve equilibrium.
Additionally, the adsorption of Co sites to intermediates was
less as the B concentration increased, which increased the
reactivity. In addition to B and P, Zhang et al.”® synthesized Co
single atoms on the porous N,S-co-doped carbon (Co-SAs/NSC,
Fig. 11k). The coordination states of the S atoms at the single
atom core were shown to be crucial in lowering the reaction
barrier, which increased the ORR kinetics, according to DFT
calculations. Therefore, the ORR activity of the catalyst can be
optimized by adjusting the electronic structure of the catalyst
by selecting different electronegativity heteroatoms.

It was also found that co-doped graphene with two or more
heteroatoms would be more electrocatalytically active due to
synergistic effects compared with single heteroatom-doped
graphene.’>™'°" As shown in Fig. 11], Xu et al.'®® obtained
CoPS@SPNC through carbonization of ZIF-67 followed by a
simultaneous sulfidation and phosphatization. The introduc-
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Fig. 11 (a and b) The formation and RRDE polarization curves of Co SAs/N—-C. Reproduced with permission ref. 148. Copyright 2016, Wiley-VCH.
(c—e) Top and side views of three structures of CoN2—G. Reproduced with permission ref. 151. Copyright 2017, The Electrochemical Society. (f)
Scheme of synthesis of the CoSA/NPC. (g and h) The Gibbs free energy diagram, charge density differences and Bader charge analysis of Co/N4 and
Co/N3P. Reproduced with permission ref. 154. Copyright 2021, Royal Society of Chemistry. (i and j) SEM image and schematic illustration, and RRDE
polarization curves of Co—NBG. Reproduced with permission ref. 155. Copyright 2019, Elsevier. (k) Schematic illustration of single-atom Co-SAs/
NSC. Reproduced with permission ref. 76. Copyright 2019, American Chemical Society. (I-n) Scheme of synthesis, free energy diagram, and ORR
polarization curves of CoPS@SPNC. Reproduced with permission ref. 160. Copyright 2022, Elsevier.

tion of heteroatoms decreased the overpotential of the ORR to
enhance the catalytic activity, as calculated by DFT (Fig. 11m),
which is consistent with the experimental results (Fig. 11n).

In addition to the 4e~ ORR discussed above, Co SAC was
found to have the best performance in the production of H,0,
among the transition metal SACs. As shown in Fig. 12a, Jung
et al.'® found that AGooy-~ could be adjusted by attaching a
functional group to the Co-N, molecule AGoom+. Goonr rises
from 3.9 eV to 4.1 eV when electron-rich species, such as O%,
are adsorbed close to the Co-N,; molecule (Co-N,(O)),
approaching the ideal value for the formation of H,0,. It
showed that the 2e™ ORR produced H,0, with a high degree of
selectivity when O* was present near the Co atom. Therefore,
they synthesized Co;-NG(O) for the electrochemical pro-
duction of H,0, in Fig. 12b. Using the Koutecky-Levich
equation, the kinetic current density for H,0, production from
Co;-NG(O) is 2.8 + 0.2 mA cm ™ at 0.65 V (Fig. 12¢). Similarly,
Li et al.'® conducted a mechanistic study of the synthesized
Co-POC-O for H,0, production. As shown in Fig. 12d, they
found that the high H,0, production rate was due to the syner-

9618 | Nanoscale, 2023, 15, 9605-9634

gistic effect of the Co-N,~C and OfG sites responsible for ORR
reactivity and two-electron selectivity, respectively. More
recently, Shen et al.'®® compared in detail the catalytic activity
and selectivity for the H,O, production of five-coordinated O-
Co-N,C, and Co-N, by DFT calculations, in Fig. 12e and f. The
AGoon+ of Co in O-Co-N,C, (Fig. 12g) was closer to 4.2 eV
than that of CoN,. Beyond this, at the equilibrium potential
for H,0, production, the RDS energy on O-Co-N,C, was much
lower than that on Co-N, indicating that the penta-co-
ordinated O-Co-N,C, was inherently more active and selective
than traditional tetra-coordinated Co-N, for the generation of
H,0, (Fig. 12h).

In general, the optimization of Co-based catalysts was similar
to that of Fe-based catalysts. The coordination structure of the
Co-N-C part can be modified and controlled by adjusting the
coordination number of the N, and the non-metallic heteroatom
doping can also enhance the ORR activity by adjusting the elec-
tronic structure to the central Co atom. Different from the Fe-
based catalysts, Co-based catalysts can be used for the production
of H,0, due to the inherent properties of the Co metal.

This journal is © The Royal Society of Chemistry 2023
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5.3 Ni SACs

Ni metal is also commonly used in the 4e” ORR reaction, but
the NiN, site is hindered from its further development due to
its weak oxygen-binding capacity.'®® However, it is possible to
reduce the energy barrier between the Ni-based center and
oxygen intermediates by precisely regulating the coordination
environment of Ni-N-C,
reduction performance.'®’

Jiang et al."*® synthesized nitrogen-doped carbon sheets (Ni
SAs-NCs) with dispersed Ni atoms by pyrolysis (Fig. 13a). Ni
SAs-NCs have good ORR activity with an E;, of 0.85 V
(Fig. 13b). In addition, the stability of Ni SAs-NC is excellent;
after continuous working for 20 h, the current retention rate
was still more than 90%. Its high activity was thought to be
due to the transition of O, to O* intermediates facilitated by
the Ni-N, center."®® Qiu et al'®® in-depth investigated the
four-electron ORR catalytic performance of N,Ni-co-doped gra-
phene in alkaline conditions by DFT calculations. O, reacts at
the active sites and is successively converted to oxygenated
intermediates OOH*, O*, and OH¥*, eventually producing
water. For this catalyst, the rate-limiting step is the generation
of OOH* intermediates, the adsorption energy of OOH* on N,
Ni-co-doped graphene was higher than that on N single-doped
graphene and Ni-doped graphene, and the O-O bond was
longer in N,Ni-co-doped graphene. The above constitute the
reasons for the high ORR activity of Ni-N-C. In addition, com-
pared with pure graphene, doping N on graphene promotes

thereby improving the oxygen

This journal is © The Royal Society of Chemistry 2023

the anchoring of Ni, which enhanced the ORR activity by
increasing the density of Ni active sites.

In a theoretical study, Liang et al'’® established 15
different Ni-N-C coordinated doped graphene systems using
nitrogen-doped graphene as a carrier, and comprehensively
and theoretically studied the important effect of the coordi-
nation environment of Ni-based catalysts on ORR activity. As
shown in Fig. 13c, the adsorption capacity of tetracoordinate
Ni-N-C-gra for oxygenated intermediates was weak, while the
adsorption capacity and #°%® increased with the decrease of N
doping amount. In contrast, three-coordination Ni-N-C-gra
highly adsorbed intermediates showed that OOH* rapidly dis-
sociates and that there was an excess amount of OH* being
adsorbed (Fig. 13d). In addition, it was also found that on the
Ni-N-C sites modified with OH functional groups, the adsorp-
tion strength of the intermediate product was reduced, thereby
enhancing the ORR activity. The 7% of Ni(OH)N; was even
lower than for Pt (0.42 V vs. 0.45 V). In summary, these theore-
tical studies have provided a solid theoretical basis for future
research on Ni-based ORR catalysts.

5.4 CuSACs

Cu has been extensively studied for its excellent ORR activity.
In an earlier study, Thorum et al.'”* reported a simple method
for the adsorption of insoluble copper complexes onto carbon
black. The generated [Cu(Hdatrz)] complex had high ORR
activity with E,sec = 0.86 V. However, the stability of the syn-
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thesized complex is very poor and cannot be used in practice.
So far, the introduction of Cu metal into the carbon skeleton
by pyrolysis was an important method commonly used to
improve the stability of samples. Qu et al.'*° generated atomic-
ally dispersed Cu-SA/N-C catalysts by a simple gas migration
strategy (Fig. 14a). The valence state of Cu in Cu-SA/N-C was
between Cu(0) and Cu(ii) as shown by XPS in Fig. 14b and
EXAFS in Fig. 14c. Due to its highly dispersed CuN, active
center, the E;, of Cu-SA/N-C was 0.895 V (Fig. 14d). Xiao
et al'’? calculated the reaction mechanisms and thermo-
dynamic pathways of the fundamental reaction steps involved
in ORR on CuN, active sites by DFT. The calculations showed
that this coordination structure had a higher performance in
catalytic ORR compared with conventional metals, indicating
that CuN, co-doped graphene is an effective catalyst for ORR.
More recently, Ma et al.'”> controlled the generation of CuN;
sites by increasing the pyrolysis temperature (900 °C, Fig. 14e).
The electrochemical test indicated that atomically dispersed
Cu catalysts with Cu-N; moieties had better ORR performance
than Cu-N-C catalysts with Cu-N, sites. The DFT theoretical
calculations were consistent with the experimental results. For
both CuN, and CuNj; (Fig. 14f and g), O, adsorption was the
RDS for oxygen reduction, and the O, adsorption upslope for
CuN; (0.17 eV) was much weaker than that of CuN, (0.87 eV),
explaining the high activity of CuN; (Fig. 14h and i).

The chemical valence state of the central Cu atom also
plays a significant role in enhancing the ORR activity of Cu-
based ORR catalysts. Sun et al.'”* prepared a series of Cu-
based ORR catalysts (Cu-SA/NC(meso)) with different ratios of
Cu'" and Cu®" using ammonia as the reducing agent
(Fig. 15a). Testing found that ORR activity increased with the
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addition of Cu"" sites. The Cu'*-SA/NC(meso)-7 achieved excel-
lent ORR activity with E;,, = 0.898 V (Fig. 15b) and Ji. = 5.36 mA

% (Fig. 15c). As shown in Fig. 15d, DFT calculations indi-
cated that the energy required for the rate-limiting step of
Cu'*-SA is 0.46 eV, which is lower than that of Cu**-SA (0.71
eV). Moreover, the Cu single catalysts rich in Cu'" sites had
good binding energies with OOH adsorption in the ORR
process, resulting in high electrocatalytic activity in alkaline
media. From the DFT calculations, it can be concluded that
the coordination state of the S atom plays an important role
for the monoatomic centre in lowering the reaction potential
barrier and facilitating the onset of ORR kinetics. The study of
the CuN,C, site by Han et al.'”> also demonstrated the pres-
ence of high ORR activity. They simulated three different
CuN,C, models. Although the geometries are different, the
potential determining step is the same, which is the protona-
tion of *O, to *OOH. The calculations revealed that more nega-
tive charges were transferred to *O, on Cu/CNT-8 due to the
different substrate structures of the three models. In addition,
the maximum structural deformation occurred when O, was
adsorbed on Cu/CNT-8, which was also considered to be the
reason for its high activity. Therefore, it was very comprehen-
sive to correlate the metal valence state of the central site with
the coordination mode to study the reason for its high activity
towards ORR.

Wu et al.’’® synthesized N-doped graphene (Cu-N©C) with
Cu(1)-N active sites by pyrolysis of ligand-saturated copper
phthalocyanines. XPS showed that most of the Cu is present in
the form of Cu’. As shown in Fig. 15¢, the results of EXAFS
showed that the number for the Cu-N©C-60 coordination was
about 2 and Cu was present as CuN, sites. Interestingly, treat-

This journal is © The Royal Society of Chemistry 2023
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ment of Cu-NOC-60 with HNO; solution resulted in a signifi-
cant reduction in ORR activity after conversion of some of the
Cu(1) sites to Cu(u) sites, indicating that Cu(i)-N(CuN,) was the
active site for catalytic ORR (Fig. 15f). As shown in Fig. 15g,
Bader charge analyses showed that the Cu valence states in the
CuN, and CuN, fractions are closer to CuzN (Cu(i)) bulk and
CuPc (Cu(u)). The top of the volcano plot was Cu-N,, indicat-
ing that the Cu-N, sites were the active sites (Fig. 15h).

The high ORR activity of CuN, was also demonstrated by Li
et al."””” It was well known that the adsorption energy of O,
and OOH* on the active sites and the elongation of the O-O
bonds had a decisive influence on oxygen reduction.?*'7%17°
They investigated in depth the chemisorption capacity
between O, and Cu-N,. It showed that Cu-N, had a suitable
0O, adsorption energy and that long O-O distances were readily
available on Cu-N,, making it easier for O, to be activated. Xie
et al.'® also compared the adsorption preferences of O, on
Cu'@N,, Cu"@N,, and C atoms: Cu'@N, > C atoms >
Cu"@N,. As a result, the ORR kinetics of Cu-N-C catalysts
with Cu'@N, and Cu"@N, fractions were different. While Cu"
cannot directly engage in the ORR process, Cu' may, and the
Cu-N-C bond contains a C atom that is implicated in oxygen
reduction. The ORR activity of Cu-N-C was therefore mainly
derived from Cu'@N,, which was also in general agreement
with the findings of Wu et al.'”®

In addition to this, scientists have also investigated other
CuN, conformations. Hu et al'®' synthesized a N-doped

This journal is © The Royal Society of Chemistry 2023

N4 and CuNs at different overpotentials. Reproduced with permission ref.

carbon support (CuN,;,/C) with CuN,,, sites (Fig. 15i). DFT
theoretical calculations showed that, in Fig. 15j, the changed
electronic structure of Cu and the resultant orbital overlap
caused by proper symmetry with the degenerate n* orbital of
the adsorbed oxygen molecule allow the CuN,,, sites to enable
0O, activation. The PDOS of the Cu, 3d orbital showed that the
d-band center ed of CuN,,, was higher than that of CuN,, indi-
cating that the Cu-O bonding on CuN,,, is tighter. Also, the
protonation barrier for PDS on CuN,,, was lower. Therefore,
CuN,,,/C had excellent ORR activity. As shown in Fig. 15k,
CuN,,,/C had a more favorable half-wave potential.
Coordination with other non-metallic heteroatoms also
resulted in stronger ORR activity of the Cu active center. In
Fig. 151, Shang et al'®® synthesized S-Cu-ISA/SNC with an
unsymmetrically coordinated Cu-S;N; moiety. S-Cu-ISA/SNC
reflected a half-wave potential of 0.918 V (Fig. 15m). The Cu
K-edge in situ XANES spectra for S-Cu-ISA/SNC were further
investigated, and the edge position was gradually relocated to
the lower energy, along with a reduction in the intensity of the
white line, illuminating the significance of Cu valence altera-
tions in ORR reaction (Fig. 15n). As shown in the volcano-type
plot (Fig. 150), the Cu atom in Cu-S;N; had the best ORR
activity, which was consistent with the experimental results.

5.5 Other transition metal SACs

Other metals have also been attempted for electrocatalytic
ORR reactions, such as Zn, Cr, Mn, Mo, W, etc. For example, Li
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et al.'®® synthesized Zn-N-C catalysts with Zn-N, active sites
by slowly heating poly(o-phenylenediamine) and ZnCl, at 1 °C
min~" (Fig. 16a). Due to the strict control of temperature, the
atom loading of Zn in Zn-N-C is as high as 9.33 wt%. As
shown in Fig. 16b, the E;,, of Zn-N-C in alkaline conditions
was up to 0.873 V. It showed that, compared with Fe-N,, Zn-
N, had weaker binding to OH* and weaker corrosion of the
active center, so Zn-N-C has better corrosion resistance and
stability (Fig. 16¢c). Chen et al'®! synthesized N-doped gra-
phene with dispersed W-N,. (x = 3, 4, 5) sites by adjusting the
parameters of pyrolysis atmosphere, temperature, and time, in
Fig. 16d. The W-N-C catalyst with W-Nj sites exhibited a high
ORR activity with an E,pgee of 1.01 V and E;;, of 0.88 V
(Fig. 16e). Moreover, the WN; catalyst also had good ORR
activity in 0.1 M HCIO,. As shown in Fig. 16f, the strong ORR
activity of the W metal was attributed to the appropriate inter-
action of OH™ with the metal according to DFT calculations,
which agreed with the experimental findings.

9622 | Nanoscale, 2023, 15, 9605-9634

Mn SACs are also popular for ORR.'® Lin et al.*®® prepared
a Mn SAC (Mn-SA) with Mn-pyridinic-N, sites with an E;;, of
0.870 V. Comparing the three models of Mn-N, (x = 1, 2, 3), it
has been discovered that the RDS of Mn-pyridinic-N, only had
an energy uphill of 0.3 V at # = 0.4 V, indicating that the reason
for the high ORR activity is the appropriate adsorption of inter-
mediates. Shang et al.'®” designed a carbon-based Mn-N,C,
electrocatalyst (Fig. 17a). In 0.1 M KOH, the E;, of this catalyst
is 0.915 V (Fig. 17b). Four types of Mn active center with
different N coordination numbers were constructed. DFT cal-
culations showed that MnN,C, was stable and the whole ORR
process was exothermic, indicating a better ORR performance
for Mn-N,C, (Fig. 17¢). In another study, by Shang et al.*®®
(Fig. 17d), the S-modified MnSAs/S-NC catalysts had high half-
wave potentials (E;, = 0.916 V). The high ORR activity of
MnSAs/S-NC was discovered to be the product of an electronic
and atomic synergistic interaction between the Mn and the co-
modified S,N carbon carrier. Mn-based catalysts containing

This journal is © The Royal Society of Chemistry 2023
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Mn-N;O;, sites were subsequently produced by Yang et al.'®®

With the addition of O atoms, the d-bind center may be moved
to a better location, resulting in purposeful ORR dynamics.
Mn metal is employed for ORR reactions in an acidic environ-
ment, just like other transition metals like Fe, Co, etc. In
Fig. 17e, the Mn-N-C catalyst prepared in the study of Li
et al.'®® showed excellent ORR activity in acidic conditions
with E;,, = 0.80 V (Fig. 17f). The DFT calculations result were
the same as those observed by XAS, and MnN, was the best
active site (Fig. 17g). To prevent the oxidative corrosion of the
catalyst caused by the Fenton reaction, Luo et al.*°" obtained a
Cr-N-C catalyst (Fig. 17h and i). In acidic conditions, the E;,
reached 0.773 V in Fig. 17j. Additionally, Cr/N/C-950 showed
greater ORR stability than Fe-N-C after 20 000 cycles, with just
a 15 mV decrease in the E;,, being noticed (Fig. 17k). This also
provided a new idea for solving the stability problem of tra-
ditional transition metal catalysts.

6. Carbon-based main-group metal
catalysts

Through the continuous efforts of scientists, ORR catalysts
with the main group metals (Mg, Al, Ca, etc.) as the active
centers have also shown promising activities.

In contrast to precious metals and transition metals, the
main group metals were often considered to be devoid of ORR
catalytic activity."®* However, in nature, enzymes that play a
key role in many important metabolic pathways and nucleic
acid biochemistry had been found to contain group metal
magnesium (Mg) cofactors,'”'** indicating that Mg metals

This journal is © The Royal Society of Chemistry 2023

have excellent potential to be used as efficient ORR catalysts.
More recently, Bisen et al.'®> produced an Mg-N-C catalyst by
a very simple method using only Mg precursor and dicyandia-
mide (DCDA) (Fig. 18a). The Mg-N-C catalyst had ORR per-
formance (Fig. 18b). Excitingly, Mg-N-C also exhibited excel-
lent cycling durability: in Fig. 18c there was a loss of 16 mV in
E,), after 10k cycles. Combined analysis by microscopy and
spectroscopy confirmed that Mg-N-C was partially responsible
for its high activity. Moreover, the ORR activity of Mg-N-C was
proportional to the pyridine N and pyrrole N content at a
certain ratio, and the defects on graphitic carbon also caused a
faster electron transfer, which reduced the R.. and enhanced
the ORR activity. DFT calculations by Liu et al.'®® showed that
the adsorption strength of oxygen intermediates on Mg is
lower compared with Ca and Al, which were also main group
metals. Additionally, the coordination of the main group
metal Mg with N atoms can affect its catalytic activity, and Mg
coordinated with two nitrogen atoms had close to optimal
adsorption strength with intermediate oxygen species, thus
obtaining the optimal ORR activity (Fig. 18d and e). To verify
their calculations, Mg-N-C catalysts with MgN,C were syn-
thesized (Fig. 18f). In Fig. 18g, the E;,, of Mg-N-C was 0.91 V
and the E,pger Was 1.03 V. The above findings remind us that
some methods that can enhance the ORR activity of transition
metal-N-C can also be tried on the main group metals, which
may lead to surprising discoveries.

Al is the most prevalent metal on Earth, and can be found
everywhere in our daily life. And Al is in the same family as B
with low electronegativity, so the vacant 3p, orbital of Al can
extract n electrons and form a positively charged Al active
center like B.'®” When O, is adsorbed on Al, the O-O bond will

Nanoscale, 2023, 15, 9605-9634 | 9623
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be longer, indicating that Al-doped graphene may have good
ORR activity. Qin et al."*® synthesized Al- and N-codoped gra-
phene (ANG) by pyrolyzing Al precursor on N-doped graphene
(NG) shown in Fig. 18h. It was found that ANG had an E;;, of
0.85 V. And ANG had excellent stability: after 20 000 s, as the
current retention was 90%. Calculations, in Fig. 18i, found
that among the three structures, ortho-ANG exhibited the
lowest overpotential of ortho-, meta-, and para-ANG, demon-
strating that the Al and N structure with direct bonding had
the best performance and the lowest energy barrier. Liu
et al.™® used O to replace the coordinating N atom, which
induces higher positive charge density in the Ca central atom
(Fig. 18j). The DFT calculations showed that the introduction
of oxygen changed the electronic structure of the Ca active
center, which can enhance ORR activity by enhancing the

9624 | Nanoscale, 2023, 15, 9605-9634

adsorption of O intermediates. The highest E;,, = 0.90 V was in
an alkaline environment.

These works demonstrate to us that the main-group-metal
elements can be highly active and extremely durable ORR
catalysts.

7. Carbon-based diatomic metal
catalysts

SACs have been developed over decades®**>°* in many areas,

such as electrocatalysis,?°>*°* and photocatalysis.*** However,
there are still some disadvantages that hinder further develop-
ment: because of the high surface energy, they are prone to
agglomeration at high loadings. Therefore, the metal loading

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr01272g

Published on 28 April 2023. Downloaded on 6/3/2024 10:47:59 AM.

View Article Online

Nanoscale Review
1
a b C e — Initial d
0 = After 10000 cycle - ® |deal model
—— Mg-N-C/700 4 e = © TM-N4-C
44 — mg-N-ci800 g L L
o | — Mg-N-C/900 2 & T
E. E g Fe-N4-C 7
2 23 AE,,=16 mV > v
Es £ By o.*
. o4 L * MN2C -
4 -~ v MN4C LIS
5 * CN2C
e Mg-N-C/800 v CNaC e
N R Ayo=174% * Pt111
0.2 0.4 0.6 0.8 1.0 03 04 05 06 07 08 09 0 1 2
0 highest occupied level (eV) Potentlal (V) vs RHE Potential (V) vs RHE AGrye (&V)
40 08 -06 04 02 00
e f "M“u g 0 —e— Mg-N-C
1{ Weak adsorption W:‘ —a— PUC
° MN2C HMT < ® I ——nNeC
MN4C q"“".
s A :':" & ¢ -2
- 3
3 o
£hia w : -3 0.4 mglem?
g 3 3e2es: 5
/ -4
=31 mnsc ~@~ € of Mg in MNC ‘z{. p \ : ﬁ g, 0.4 mg/em? 04 M KOH
e ~@- O highest occupied e e0 o -5 0 °
level in MNC-OH © &y , 1600 rpm; 25 °C
o MgCl,-H,0 e P 223 0.2 mg/cm
i e e -6
2 3 4 5 6 2 Mg-N-C 0.2 0.4 0.6 0.8 1.0 12
E/V vs. RHE
.
I 2} O(g)+2HOHe =
5 OOH'+H.0+ OH'+3¢ J
Al 3
el
o:N ¥
2 o
0:0 3 |—muanc
2 _i| — para-ANG
1= == orth NG Y
23 C —crtho with defect |
—ideal ORR &
2 %

OH"

0® O

OH [ OH
Reaction path

Fig. 18

(a—c) HAADF-STEM images, ORR polarization curves, and accelerated stability test of Mg—N-C/800. Reproduced with permission ref. 195.

Copyright 2020, Elsevier. (d) The zoomed-in view of the onset potential versus AGop«. (€) Adsorption free energies of OH as a function of the ep
position of metal atoms for Mg cofactors, and also as a function of the highest O-occupied state of hydroxyl after interaction. (f and g) Schematic
illustration and LSV curve of Mg—N—-C. Reproduced with permission ref. 196. Copyright 2020, Nature. (h and i) Schematic illustration, free-energy

diagram of ANG. Reproduced with permission ref. 198. Copyright 2018,
Reproduced with permission ref. 199. Copyright 2021, Wiley-VCH.

of SACs is usually limited to 1-2 wt%.>*> Moreover, there is
only one kind of active site in SACs, and although the ORR per-
formance can be enhanced through structural engineering,
SACs have limited chance of exceeding their intrinsic activity
limit. In recent years, research into diatomic catalysts has
revealed that they not only inherit the advantages of SACs, but
due to the synergy between different metals, it may be possible
to achieve activities that are beyond the reach of monoatomic
catalysts.>*°

7.1 Pt and transition metals

Pt SACs greatly improved the utilization of Pt metal. Although
the introduction of non-metallic heteroatoms can improve the
activity of Pt sites, this is still very limited. Using low-cost tran-
sition metals to construct low-platinum catalysts can not only
significantly cut costs, but also doping metals to change the
coordination structure of platinum can significantly increase
catalyst performance. Due to the good synergistic effect
between Co and Pt metal, Co metal and Pt are often doped to
make the catalyst have better ORR performance. As shown in
Fig. 19a, Xiong et al’*®” synthesized N-doped PtCo nano-
particles (PtCo@NC) with good performance (Pt@ZIF-67). The
Ey), of PtCoO@NC-10 in potassium perchlorate and potassium
hydroxide solutions is 0.929 V and 0.925 V (Fig. 19b). And the
mass activities of PtCo@NC-10 in HCIO, and KOH solutions at
0.9 V were 0.82 A mg 'p, and 0.80 A mg 'p, respectively

This journal is © The Royal Society of Chemistry 2023

American Chemical Society. (j) Schematic illustration of the Ca-N,O/C.

(Fig. 19c). The unique hybrid structure also endows the
PtCo@NC-10 catalyst with good cycling durability. In another
study, the PtCo co-doped catalyst (LP@PF-2) prepared by Liu
et al®®® also had exciting ORR activity with E;;, = 0.959 V
(Fig. 19d and e).

Zhang et al.”®® gained insight into the catalytic mechanism
of their PtCo catalyst (A-CoPT-NC, Fig. 19f) by DFT calcu-
lations. After screening five different coordination structures,
this revealed that the configuration with the lowest overpoten-
tial, a(Co-Pt)@N8V4, had the highest energy efficiency in
Fig. 19g. The up-shifted d orbital in relation to the Fermi level
will provide a strong binding between the catalyst and the
adsorbate, and vice versa, according to the d band center
theory of Nerskov et al>'® It was clear that a(Co-Pt)@N8V4
and oxygen had a stronger link because the energy of the Co
3d orbital in this compound was closer to the Fermi level than
the energy of the Pt 5d orbital in this compound. As shown in
Fig. 19h, due to the asymmetric distribution of platinum and
cobalt, which polarized the surface charge near the active
sites, the O, reduction process will be accelerated by the elec-
trons stored on the Co site, improving the ORR performance.

In addition to Co, scientists have doped other transition
metal atoms (Cu, Fe, etc.) with Pt to obtain high-performance
ORR catalysts. In Fig. 19i, Geng et al.>'" calcined the Cu-doped
ZIF-8 material at high temperatures and later loaded it with Pt
atoms in an oriented manner, resulting in Cu-Pt C-ZIF-CuPt.
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The Ey,, of C-ZIF-CuPt was 0.874 V (vs. RHE). Zhong et al.*'?
encapsulated Pt into Fe-doped zeolite imidazolium salt skel-
eton cavities and subsequently obtained atomically dispersed
PtFe SACs (PtFeNC) by subsequent pyrolysis (Fig. 19j).
Importantly, the Zn-air battery (ZAB) showed a specific
capacity of up to 807 mA h g~" at a discharge current density
of 10 mA cm™ (Fig. 19k).

7.2 Transition metals and transition metals

Different transition metals can also provide surprising catalytic
capabilities due to the synergy, such as Fe-Mn,*'*?>"
Fe-Co,”"*?"® Fe-Ni,*"® Co-Ni,”®® and Co-Zn.**"*** Being the
most likely transition metal to replace widely used Pt/C catalysts,

9626 | Nanoscale, 2023, 15, 9605-9634

Fe is often used by scientists to prepare two-atom catalysts by co-
doping with other transition metals. For example, Cai et al**?
synthesized atomically dispersed iron-manganese binary cata-
lysts (Fe&Mn/N-C) on N-doped graphitic carbon (Fig. 20a). The
formation of MnN, sites modulated the local electron structure
and density of FeN, active sites, leading to a significant improve-
ment in ORR activity with E;,, = 0.904 V. And by forming a poss-
ible FeN,~O-MnN, structure, more FeN, active sites were retained
in the carbon carrier. As shown in Fig. 20b, according to DFT cal-
culations, FeN4-O-MnN4 increased the ORR activity by lessening
the ORR’s overall energy barrier lowering.

Yang et al.*'* successfully prepared Fe,Mn/N-C electrocata-
lysts with bimetallic atom dispersion by implanting Mn-N in

This journal is © The Royal Society of Chemistry 2023
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Fe/N-C through pre-polymerization and pyrolysis processes.
Similar to the Fe&Mn/N-C prepared by Cai et al.,>** it showed
an excellent ORR performance (E;, = 0.928 V in 0.1 M KOH
and E;;, = 0.804 V in 0.1 M HCIlO,). The results of DFT calcu-
lations showed that when O, is adsorbed by Fe/Mn atom part-
ners, it led to suitable bond lengths and suitable binding ener-
gies, thus reducing the dissociation energy barrier (Fig. 20c).
Additionally, it can quickly break the bonds between M-OH
and efficiently capture oxygen-containing intermediates,
ensuring the regeneration of O* and OH* intermediates and
boosting ORR kinetics by effectively reducing peroxide
formation.

In another study, in Fig. 20d, Wang et al.*** constructed
(Fe,Co)/N-C catalysts with Fe-Co double sites embedded on
N-doped porous carbon. These exhibited excellent ORR per-
formance (E;, = 0.863 V, Fig. 20e). More importantly, the
activity of (Fe,Co)/N-C was significantly higher than that of the
single active metal Fe-N,-C and Co-N,-C, indicating that the
Fe,Co bimetallic site plays a key role in the ORR reaction. As
shown in Fig. 20f, DFT calculations showed that the O-O bond
was more prone to break due to the strong binding of O, on
the Fe-Co dual site. Besides, the potential barriers for the dis-
sociation of O, and OOH* into O* and OH* were lower than
those of Fe-N,-C and Co-N
experimental results.

+—C, which is consistent with the

This journal is © The Royal Society of Chemistry 2023

FeNi SAs/NAC catalysts were obtained from the pyrolysis of
ZIF-8@FeNi(mIm), precursor by Bai et al>*®> (Fig. 20g).
HAADF-STEM results showed that FeNi diatoms and Fe or Ni
single atoms were distributed evenly on N-doped carbon
(Fig. 20h). Consequently, the E;,, of FeNi SAs/NAC was 0.91 V
in 0.1 M KOH (Fig. 20i). The Fe/Ni metal 3d orbital interaction
was considered to be the cause of its exceptional ORR activity.
Furthermore, the Bader charge of Fe with Ni is higher than
that of Fe without Ni, implying an electron transfer occurring
between Fe and Ni. Furthermore, the FeNi SAs/NAC catalysts
showed faster ORR dynamics in the RDS of four-electron
transfer.

Bi element can effectively optimize the activity of peroxides
and noble metals, but it is quite uncommon for it to increase
the oxygen reduction activity of SACs catalysts. Jin et al.>*° suc-
cessfully synthesized a Fe/N-C catalyst with Bi-O forms (Fe/Bi-
RNC) by using rod-like C3N, templates (Fig. 21a). Due to its
porous rod-like structure, the RNC not only exposed numerous
active sites, but also facilitated charge transport. Also, the
additional nitrogen doping introduced by the C;N, template
facilitates improved the redox kinetics of the carbon material.
The optimal Fe/Bi-RNC catalyst had an E;, of 0.899 V
(Fig. 21b). According to the calculations of DFT in Fig. 21c, the
presence of Bi-O adjusts the electronic structure of Fe-N,-BiO,
resulting in a significant reduction of the band gap and their
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synergistic impact speeds up the electron transfer in the step
that determines the ORR rate, leading to a better oxygen
reduction performance.

In addition to the diatomic catalysts involving Fe, other
combinations were found to have excellent ORR activity as
well. In Fig. 21d, the Zn/Co-N-C catalyst prepared by Lu
et al.>*" exhibited high ORR performance with an Ey,, of 0.861
V. It was found that the electronic structure was adjusted due
to the co-coordination of bimetallic Zn and Co with N and the
distance between the O-O bonds increased, leading to easier
cracking and thus enhanced ORR activity (Fig. 21e). In another
research study, Mao et al.>*® prepared Ni-doped Co-N/C cata-
lysts using Ni-doped ZIF-67 as a precursor (Fig. 21f). In
Fig. 21g, the Ni&Co@N/C exhibited an E;,, of 0.895 V. The PDS
of the 4e” ORR process was lowered by the synergy of Ni-Co
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bimetals according to calculations using DFT, and the adsorp-
tion energy on the catalyst surface was reduced due to the
introduction of nickel metal (Fig. 21h).

7.3 Metals and non-metals

In the past, scientists have focused their research on the con-
struction of bimetallic atomic pairs. However, a recent study
by Chen et al.>*” had made people rethink this issue (Fig. 21i).
They constructed Fe/Se diatomic catalysts, which contain
asymmetrically coordinated Fe-N5 molecules and SeC, binary
sites. Not only did Se atoms enhance their ORR activity
through synergistic interactions with the Fe active site, but Se
single-atom sites also exhibited significant ORR activity. As a
result, the Fe;Se;-NC catalyst showed an ORR activity beyond
that of Pt/C (Eonser, 1.0 V vs. 0.98 V). Spectroscopic characteriz-

This journal is © The Royal Society of Chemistry 2023
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ation studies and theoretical calculations confirmed that the
introduction of Se has multiple effects, which can provide new
active sites and effectively tune charge redistribution and the
spin state of the Fe active site, providing a new idea for improv-
ing the synthesis of diatomic catalysts.

8. Summary and outlook

SACs are considered promising candidates for ORR because of
their maximum atom utilization and high catalytic activity.
This review summarizes the effective methods for coordination
engineering by examining the latest literature, including the
selection of central atoms, the number and type of coordinat-
ing nitrogen atoms, the coordination of non-metallic hetero-
atoms, and the development of bimetallic catalysts. Both
experiments and theoretical calculations show that these
methods can significantly increase the ORR activity of SACs.
Although great progress has been made, there are still some
problems preventing the further development of carbon-based
SACs. Here we have listed some of the most important issues
and proposed solutions.

1. Lack of advanced characterization techniques. Various
analysis techniques have been used to characterize the fine
structure of single-atom active centers, but they can only get
an average coordination structure. The local structure of the
single metal sites still vague. If metal centers with different
coordination modes are present in one catalyst at the same
time, it is difficult to determine the true active center. DFT cal-
culations are often used to explore the reaction mechanisms of
SACs in depth. However, the construction of accurate theore-
tical models also requires a defined local structure. Therefore,
the development of more advanced and accurate characteriz-
ation techniques is necessary to deeply explore the structure
and mechanism of SACs.

2. The controllable synthesis of SACs is difficult. Although
many effective methods such as coprecipitation, wet impreg-
nation, etc., have been developed to prepare SACs, with the
existing synthesis methods it is difficult to precisely synthesize
the desired coordination configurations. Additionally, the
increase of metal amount during the synthesis process can
easily lead to aggregation, which hinders the preparation of
high-density active sites. To resolve these limitations, new syn-
thesis strategies should be developed to better control the
structure of the SACs and increase the density of active sites.

3. There is still a gap to actual applications. Although the
ORR activity and stability of SACs are now substantially
improved, there are still a number of problems in practical
applications, such as sluggish mass transport, large resistance,
poor durability, low catalytic activity in acidic conditions, etc.,
which makes them even more limited in application.
Therefore, more advanced SACs should be developed to meet
the industrial demand.

4. More efficient support should be developed. For an elec-
trocatalyst, on the one hand, the support can play the role of
dispersing the metal active centers. On the other hand, the

This journal is © The Royal Society of Chemistry 2023
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inherent properties of the support, such as the structure,
specific surface area, electrical conductivity and stability have
a significant impact on the catalytic performance. Therefore,
selecting the appropriate support is critical for increasing the
catalytic performance of SACs. Currently, carbon-based
materials are the most commonly used support for SACs. More
excellent materials with the characters of better electrical con-
ductivity, a larger specific surface area and greater stability
than the carbon-based materials should be explored to
support SACs.
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