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Carbon-based single-atom catalysts (SACs) with atomic sizes of active sites have become the promising
candidates for a variety of catalytic systems because of their high atom utilization, and unique electronic
structures. Different types of single-atom sites can be fabricated via multiple preparation strategies, which
would demonstrate distinct different coordination configurations and electronic features, and ultimately
affected the structure-catalysis relationship of SACs in targeted reactions. As a result, it is necessary to
identify the active sites of SACs and understand the structure-catalysis relationship of SACs at the atomic
scale. In this review, a variety of preparation strategies of carbon-based SACs were documented. Then, the
recent development on versatile characterization techniques and computational achievements were sum-
marized regarding in understanding the electronic and geometric characteristics of carbon-based SACs.
Finally, major challenges and development directions concerning single-atom sites identification and ad-

vanced tools development are discussed to shed light on future research of carbon-based SACs.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Homogeneous catalysis and heterogeneous catalysis have been
developed into two parallel frontier fields, each with its own
advantages and limitations [1,2]. Homogeneous catalysis has the
characteristics of maximum atomic utility efficiency, and well-
designed catalytic center to guarantee the high catalytic perfor-
mance [3]. However, the homogeneous catalysts are often limited
due to low stability and difficulty in achieving separation in practi-
cal applications. Heterogeneous catalysts, especially those nanoma-
terials, have attracted more and more attention because of their
high stability, easy recovery and separation [4,5]. However, most
heterogeneous catalysts have a wide range of particle sizes distri-
bution and surface characteristics, which pose a serious challenge
to the rational design of active sites [6-9]. In addition, because
most of the metal atoms are embedded in the catalyst, the atomic
utilization of heterogeneous catalysts is limited [9]. As a result, a
series of research work has been devoted to reducing the particle
size and engineering surface topography to achieve more surface
catalytic sites [10,11].
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Single atom catalysts (SACs) with well-dispersed metal atoms
anchoring on a solid support represents the limit of nano-catalysts,
which bridges the gap between heterogeneous catalysts and ho-
mogeneous catalysts [12]. Due to the high surface free energy of
single atoms, SACs are typically anchored on matrixes with rich
anchoring sites to prevent their aggregations during synthesis and
catalysis reactions [11,13]. Some carbon-based materials have been
used as matrixes to support the active single atoms, and these
carbon-based SACs have showed exceptional excellent catalytic ac-
tivities towards a various of chemical reactions, e.g., hydrogena-
tion reactions, CO, reduction reaction (CRR), hydrogen evolution
reaction (HER), electrocatalysis and advanced oxidation processes
(AOPs) [11,14-16].

The catalytic activities of SACs are close related to the metal-
support interactions and coordination environment, which can be
varied due to the multiple preparation methods for the SACs
[17,18]. As a result, versatile single-atom sites of SACs derived from
different preparation methods should be identified, which help
to understand the structure-catalysis relationship of SACs at the
atomic scale. Many advanced characterization and analysis meth-
ods have been applied to gain insight into the electronic character-
istics of SACs, which is crucial for a deeper understanding of the
structure and properties of SACs in a variety of catalytic applica-
tions [19-24]. In addition, density functional theory (DFT) is also
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a powerful tool to probe the coordination configurations and elec-
tronic features of the SACs, a critical step in unraveling the mech-
anistic insights into the reaction dynamics and predicting the ele-
mentary reaction steps in target reactions [25,26].

In this review, we summarized the innovative methods for
preparing the carbon-based SACs and showcased the underlining
structure-catalysis regimes. The review will enable better knowl-
edge of synthetic strategies, and advanced characterization tech-
niques of carbon-based SACs. Recent computational achievements
are summarized for a better understanding of the geometric and
electronic features of carbon-based SACs, predicting the reactivity
and key reaction steps, as well as revealing the reaction pathways
in targeted catalytic processes. Finally, the challenges and devel-
opment directions on the single-atom sites identification and ad-
vanced tools development are discussed.

2. Synthesis methods of carbon-based SACs

A series of synthesis routings have been developed for the
preparation of different carbon-based SACs, including pyrolysis of
versatile precursors [27-31], solution-phase synthesis [32-36], elec-
tron/ion irradiation, ball milling [20,37,38], physical and chemical
deposition [39-41].

2.1. Pyrolysis

2.1.1. Pyrolysis of MOFs

In recent years, a series of SACs have been fabricated from
Metal organic Frameworks (MOFs) materials via pyrolysis routings
[19]. The MOFs materials have abundant molecular organic ligand-
metal sites, ordered channels and stable chemical frameworks, and
can be used as excellent supports for SACs [27-31]. Carbon-based
SACs can be prepared by the pyrolysis of bimetal MOFs, in which
the agglomeration of active metal sites can be avoided by sacri-
ficing metal compounds such as zinc [42]. The groups of Li de-
veloped Co-SACs via direct pyrolysis of Zn/Co bimetallic Zeolitic
Imidazolate Frameworks (ZIFs), and the loading of the atomically-
dispersed Co can reach up to 4 wt% [28]. They found that Co NPs
can be formed by pyrolysis of Zn-free counterpart [43]. In Zn/Co
bimetallic ZIF, Co atoms were spatially separated by zinc atoms
and 2-methylimidazole, thus effectively enlarging the spatial dis-
tances between the Co atoms. The Zn atoms will evaporate dur-
ing the pyrolysis, leaving the atomically distributed Co atoms on
the carbon matrices. Hai et al. fabricated a series of single Co-Ny
sites from ZIF-67 via direct pyrolysis [44]. Interestingly, they ob-
served a decreased number of N coordination at higher pyrolysis
temperatures (Co-N4 at 800 °C, Co-N3C1 at 900 °C, and Co-N,C;
at 1000 °C), due to the lower thermal stability of N compared to
C and the decomposition of N dopants in the carbon lattice. Sim-
ilar to the Co-SACs, other atomically dispersed metals (e.g., Ni, Fe)
can also be fabricated via direct pyrolysis of metal-incorporated
ZIF [29,30,42,45]. Chen et al. developed a Fe-N-C catalyst via co-
pyrolysis of ZIF-8 and Fe(acac)s, and the derived Fe-Nx sites were
uniformly doped in the N-doped porous carbon support (Fig. 1a)
[29]. Zhao et al. produced a Ni-N-C catalyst through the pyrolysis of
Ni/Zn bimetallic ZIF-8 [30]. Recently, other MOFs materials are also
used as the precursors for the synthesis of SACs by direct pyrol-
ysis, such as Ir@ZrO,@C from Ir@UiO-66 [46], Pd;@NC/ZrO, SACs
from PdCl,@UiO-66-NH, [47], Ru-N-C sites from Ru-incorporated
UiO-66-NH, [48], and CoFe@C SACs from Co/Fe co-incorporated
octahedron-shaped triazole-based MOF materials [49].

However, the thermal pyrolysis of MOFs would result in the
aggregation of metal atoms into atomic clusters or nanoparticles
in some cases (probably due to the excessive metal loadings),
and an acid washing process would be required to remove the
clusters or nanoparticles [49]. Chen et al. derived Mn-N-C SACs
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from Mn-based MOFs via thermal pyrolysis and subsequent acid
etching [50]. The ultrafine MnO nanocrystals were first homoge-
neously anchored in the porous carbon scaffold after the pyroly-
sis of Mn-BTC, and the residual Mn species embedded in the car-
bon matrix mainly exist as SA Mn sites coordinated with O and
N atoms. Li et al. equipped Co-N4-C sites in the graphene skele-
ton through the pyrolysis of Fe-Co-based Prussian blue analogue
(PBA) and applied acid washing to remove the metallic FeCo cores
Wang and co-workers used carbonization and acid pickling to ob-
tain Fe-SACs from the FePc@ZIF-8 nanocomposites [51]. The FePc
molecules (size of 14.6 A) were first encapsulated into the cavi-
ties of ZIF (cavity diameter, 11.6 A), which burst the ZIF cage and
broke the limitation of micro-cavity. The trapped FePc molecules
were in-situ transformed into Fe-N sites after pyrolysis treatment.
Thereafter, acid treatment was performed to remove the Fe;03 NPs
generated from the aggregation of excessive FePc precursors. Ye et
al. also reported the fabrication of ZIF-8 derived SACs with isolated
Fe-N sites after thermal pyrolysis and acid pickling [52].

2.1.2. Pyrolysis of small organic molecules

Some transition metal macrocycle substances, e.g, Fe/Co ph-
thalocyanines or porphyrins with natural metal-N coordination,
have been used to prepare the corresponding SACs via high-
temperature pyrolysis [53]. Zitolo et al. prepared Fe-N-C SACs from
Fe(Il) phthalocyanine, and the Fe-centred moieties in the pyrolysed
Fe-N-C materials were identified as the catalytic sites for ORR
[53]. Tuo et al. prepared Fe-N/CNTs SACs via pyrolysis at 700°C us-
ing Fe porphyrins and aminated carbon nanotubes as the precur-
sors [54]. However, these macrocycle substances are very expen-
sive and some attempts have been made to synthesize the well-
defined M-Nx-C using metal salts and N/C-containing small organic
molecules such as polyaniline, melamine, imidazole, formamide,
pyrrole, and polydopamine [55,56]. Atomically dispersed Ni sites
in C3N4 were prepared using Ni(Il) chloride and melamine as the
precursors [56]. After pyrolysis at 520 °C, a high loading of con-
fined Ni atoms was reached (10 wt%). Zhao and co-workers pre-
pared a series of SACs (e.g., Fe, Ni, Mn, MO, Cu, Co) by a two-step
strategy [55]. These metal ions were first adsorbed onto glucose
molecules and then fixed by the oxygen-functionalised groups in
porous carbons to achieve the isolation of metal sites (Fig. 1b). The
complexes were then mixed with melamine for high-temperature
pyrolysis to form M-N-C SACs. Both the chelation of metal ions
by glucose and the N complexation by melamine were vital to
achieve high loadings of different atomic metals (4.9-12.1 wt%). A
recent report has used this method for large-scale synthesis of var-
ious SACs [57]. Zhang and co-workers reported a universal ligand-
mediated route for the scale-up production of Mn, Fe, Cu, Ru, Cr,
Co, Pt, Ni, Zn-based SACs [57]. The complexes of the metal ions
and 1,10-phenanthroline were first fixed onto the commercial car-
bon black, and then pyrolyzed at 600 °C. This synthesis method is
facile and can produce a variety of high-metal-loading SACs in a
kilogram-scale.

In addition to the M-Ny sites, precursors with other het-
eroatoms (e.g.,, S, P and B) can also be used to coordinate the metal
centres with diverse coordination geometries [58,59]. Yang et al.
fabricated SA Ni coordinated with N and S atoms (A-Ni-NSG) via
pyrolysis of melamine, L-cysteine and nickel(Il) acetate tetrahydrate
[58]. Due to the presence of Ni-S/N coordination, the A-Ni-NSG
demonstrated faster electron transfer and kinetics compared to the
sulphur-free counterpart (A-Ni-NG).

2.1.3. Pyrolysis of polymers

The carbon-based SACs can also be prepared via pyrolysis of
the polymers with rich C/N elements [60-63]. For example, the
polymerized PDEB (poly(1,4-diethynyl benzene)) was used as the
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Fig. 1. (a) Fabricating scheme of the single-atom Fe-Nx-C sites via the pyrolysis of Fe(acac); and ZIF-8. Reproduced with permission [29]. Copyright 2017, John Wiley and
Sons. (b) SACs prepared using glucose molecules as the precursor. Reproduced with permission [55]. Copyright 2019, Nature Publishing Group. (c) Graphene-like carbon
framework confining atomically dispersed Fe sites using phen and polyaniline as precursors. Reproduced with permission [63]. Copyright 2017, John Wiley and Sons. (d)
Universal strategy for the fabrication of SACs with glucose and metal precursor. Reproduced with permission [64]. Copyright 2020, John Wiley and Sons.

precursor for preparing SACs with Co-N-C sites via two-step cal-
cination of PDEB, melamine and Co(NO3),-6H,0 [60]. Lou and co-
workers developed the Pt-SACs in the porous carbon by using poly-
dopamine/diblock copolymer (PDA/PS-b-PEO) as the precursor [61].
Pt was first loaded onto PDA/PS-b-PEO and then PS-b-PEO was
removed during the pyrolysis to form Pt-SACs. Zelenay and co-
workers used polyaniline (PANI) and cyanamide (CM) as dual ni-
trogen precursors to anchor the atomic Fe into the graphitic car-
bon matrix as Fe-N4 sites via pyrolysis [62]. Chen’s group syn-
thesized Fe-N-C-Phen-PANI SACs in graphene-like structures using
polyaniline and phenanthroline (phen) as dual nitrogen precursors
(Fig. 1c) [63]. Phen not only increased the nitrogen loading in the
carbon matrix, but also acts as a sacrificial agent to increase the
porosity. The thermal decomposition temperature of phen is low,
which is conducive to the formation of a large amount of gases
(NH3) during the pyrolysis for N-doping and pore-reforming [63].
Furthermore, a universal synthesis routing of SACs was developed
by pyrolyzing the freeze-dried mixture of glucose, metal precur-
sors, and NaCl (Fig. 1d) [64]. During the synthesis process, NaCl
particles were coated with a thin layer of glucose, and the metal
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ions can be anchored on the carbon framework due to the glucose
chelation.

In the pyrolysis process, the functional groups in the polymer
can also help to fix the extra metal ions and prevent the aggrega-
tion of metal ions [65,66]. Wang et al. reported that the trapping
of Co ions by chitosan could in-situ form Co-N, sites with the ad-
dition of NH4Cl [65]. This routing has also been used for various
SACs (e.g., Co, Mn, Fe and Ni) fabrication [65,66].

2.2. Solution-phase synthesis

The single-atom sites can be anchored onto the carbon sup-
ports by the routings of solution-phase synthesis via various inter-
actions, including electrostatic attractions, covalent bonding, m-m
stacking, and chelating [32-36]. Zhang et al. reported a very sim-
ple approach by mixing a H,PtClg-6H,0 solution with hierarchical
nitrogen-doped carbon nanocages (hNCNC) suspension [33]. The
atomic Pt sites were well-confined in the hNCNC with superior sta-
bility, partially due to the synergies of nitrogen dopants and micro-
pores for anchoring, trapping and dispersing the Pt atoms. Hutch-
ings and co-workers developed the Au-doped carbocatalysts (Au/C)



Y. Shang, X. Duan, S. Wang et al.

O _

Chinese Chemical Letters 33 (2022) 663-673

Connected 10

™ the graphene

Fig. 2. (a) Immobilization of TM ions onto the surface of N-doped graphene through ion adsorption. Reproduced with permission from [36]. Copyright 2018, John Wiley
and Sons. (b) In-situ polymerization of NH,-FePc as Fe-N, sites onto CNTs. Reproduced with permission [67]. Copyright 2020, The Royal Society of Chemistry. (c) Schematic
diagram of preparing FeNy/graphene by ball milling process. Reproduced with permission [1]. Copyright 2019, The Royal Society of Chemistry. (d) Proposed mechanism for
the preparation of FeNx/graphene via ball milling approach. Reproduced with permission [20]. Copyright 2015, American Association for the Advancement of Science. (e)
Schematic diagram of bombardment of high-energy particles. (f) HRTEM image of trapped Pt atom in the bivacancy. (g) Simulated HRTEM image of Fig. 2f. (h) Model for the
trapping of Pt atom in the bivacancy. (i) HRTEM image of trapped Pt atom in the trivacancy. (j) Simulated HRTEM image of Fig. 2i. (k) Model for the trapping of Pt atom in
the trivacancy. (e-k) Reproduced with permission [72]. Copyright 2012, American Chemical Society.

via a simple impregnation-adsorption route [34]. The isolated Au(I)
cationic species in the Au/C catalyst are the analogues of Au(l)
complexes in the homogeneous Au catalysts, which involved a re-
dox cycle of Au(I)/Au(lll) to catalyze the acetylene hydrochlorina-
tion reaction. Bi et al. fabricated the nitrogen-doped graphene with
atom-dispersed Ni through a facile ion adsorption procedure [36].
The nickel ions (Ni?+) were coordinated with four pyridinic-N to
form the isolated Ni-N4 moieties as catalytic sites in the N-doped
graphene (Fig. 2a). Lu and co-workers fabricated the polymerized
iron phthalocyanine (p-FePc) from iron phthalocyanine function-
alized with four amino groups (NH,-FePc) [67]. The p-FePc was
further impregnated onto the CNTs substrates through m-m attrac-
tions. The derived FeN4-SAC demonstrated superior performances
in ORR and Zn-oxygen battery (Fig. 2b).

Some metal atoms, e.g., Pt, Ru and Co, can also be fixed onto
the g-C3N4 due to the strong coordination between the metal ions
and N atoms in C3N4 [68,69]. In addition to liquid-phase synthe-
sis, g-C3N4-based SACs can also be prepared by direct synthesis
approaches [56]. In these methods, carbon and metal sources are
mixed by solvents (water, methanol, ethanol, etc.) and heated to
dry for homogeneous mixtures. Then SACs were obtained after the
pyrolysis of the precursors at 500~600 °C. Compared with the
solution-phase synthesis, solid-phase direct pyrolysis is likely to
load more atomic metal sites into g-C3N4. Ohn et al. prepared Ni-
based g-C3N,4 with a Ni content of 10 wt%. It is noted that further
elevating the annealing temperature (> 750 °C) will transform g-
C3Ny4 into N-doped graphene with well-dispersed SA metal sites
[70].
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2.3. Ball milling

Some SACs have been prepared on the basis of ball milling rout-
ing. This is because the ball milling process can produce strong
shear forces and local temperatures up to 1000 °C, which will re-
establish the chemical bonds of the organic molecules and form
the ideal coordination structure of the single metal atom sites [38].
As shown in Figs. 2c and d, Deng and co-workers fabricated the Fe-
N4/graphene by the ball milling [20,37,38]. The graphene was first
exfoliated from the natural graphite powder by ball milling under
Ar atmosphere [20,38]. Then, Fe phthalocyanines (FePc) was mixed
with the prefabricated graphene flakes and underwent further ball
milling for a period of time. Then Fe atoms were well incorporated
into the graphene matrixes coordinated with four N atoms, with
Fe loading of 2.7 wt% [38]. However, further increasing Fe loading
led to metal agglomeration, forming NPs or clusters.

2.4. Electronfion irradiation

Recent studies found that some metal atoms (e.g., Pt, In and Fe)
can be captured by the graphene vacancies, which were created via
electronfion irradiation [71,72]. Warner and co-workers observed
the trap of Fe atoms within the graphene vacancies created by fo-
cused electron beam irradiation at 80 kV [71]. Once the iron atoms
are embedded into graphene, they can be refabricated via binding
with three or four neighboring carbons [71]. Zhang and co-workers
developed a two-step process for the fabrication of graphene-based
SACs [72]. The vacancies were first created by the strong bombard
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Fig. 3. (a) STEM image of the as-prepared Ni-SAC. (b) AC HADDF-STEM image of
Ni-SAC. (c) High resolution bright-field STEM image of Ni-SAC. The defective sites
(vacancy with single-atom Ni trapped and vacancy without single-atom Ni trapped)
are pointed with red arrows. (d) Corresponding HADDF-STEM image of Ni-SAC of
Fig. 3c. The Zoomed-in image of vacancy (e) with single Ni atom trapped, and (f)
without single Ni atom trapped. Reproduced with permission [79]. Copyright 2018,
Elsevier.

of energetic particles and then different single atom metals (Pt, Co,
and Ir) were filled into these vacancies (Fig. 2e). High Resolution
Transmission Electron Microscope (HRTEM) images of the doped Pt
atoms in bivacancy and trivacancy as well as their atomic models
are shown in Figs. 2f-k. The migration barrier of Pt atoms was cal-
culated to be between 0.2 V and 0.8 eV, ensuring the high mobility
even at room temperature. However, the yield of SACs prepared by
this method is too low, so it is of scientific value only in the study
of catalytic mechanism.

2.5. Physical and chemical deposition

Fabrication of SACs can also be achieved by deposition of sin-
gle metal atoms onto a select carbon matrix via chemical vapor
deposition (CVD) [39-41], atomic layer deposition (ALD) [73], and
electrochemical deposition [40,73]. As for the CVD, the metal film
or foil (e.g., Cu and Ni) can be both used as a substrate and catalyst
for the growth of graphitic carbons by interacting with the gaseous
organic molecules during pyrolysis [39]. Chen and co-workers fab-
ricated the nanoporous graphene with atomically deposited Ni
through a CVD process [39]. Nanoporous Ni was first prepared via
dealloying Ni3gMn;q sheets, and the nanoporous Ni/graphene com-
posites were formed after the CVD process using benzene as the
carbon source. Nanoporous graphene with single-atom Ni was then
formed after acid etching of nano-porous Ni foam in a HCl solu-
tion. Graphene vacancies formed during the CVD process, which
enabled the chemical bonding of Ni-C and determined the cat-
alytic activity of isolated single-atom Ni sites. The group of Qiu also
fabricated Mo single atoms/clusters on nanoporous holey graphene
using the CVD technique. NiMoO4 nanofiber and SiO, NPs were
used as the CVD templates for the graphene/porous NiMo hybrids
(Fig. 3a). Mo-doped holey porous graphene was then obtained after
HNO;3 pickling to remove the SiO, template [41,74].

ALD is a vapor deposition technique, which can control the
amounts of deposited materials. As a result, this technique has
been widely used in the synthesis of nanomaterials ranging from
NPs, nanoclusters to single atoms. In one study, Lu and co-workers
realized the precise synthesis of Pt dimers through two cycles of Pt
ALD on the graphene as Pt-O,-Pt sites (Fig. 3b) [75]. However, two
major challenges of ALD technique for fabricating SACs are the low
metal loadings and nonuniform of single metal sites anchored on
carbon matrixes. In addition, fabricating the SACs with high metal
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loadings via ALD technique will inevitably result in the aggregation
of metal atoms into nanoclusters or NPs [76].

Electrochemical deposition has also used for the single Pt atom
catalysts [77]. Tavakkoli and co-workers proposed a facile electro-
chemical method to disperse the Pt on the single-walled carbon
nanotubes [77]. Pt ions were gradually dissolved in sulphuric acid
from a Pt plate and then electrochemically deposited on the carbon
nanotubes (Fig. 3c). In another study [78], Pt single atoms were de-
posited on CoP-loaded nanotubes via the potential-cycling routing.
Although electrochemical deposition has not been widely used in
the preparation of SACs, it is worthy of foundational research.

3. Characterizations of SACs

After the synthesis of SACs, it is of great significance to identify
the structural features of SACs and distinguish them from nano-
metal catalysts. As a result, the atomic dispersion and the con-
figuration of single-atom sites should be determined. Several new
characterization techniques, e.g., scanning tunnelling microscopy
(STM), spherical aberration-corrected transmission electron mi-
croscopy (AC HAADF-STEM), and X-ray absorption spectroscopy
(XAS), have been applied to reveal the properties of SACs [19-24].

3.1. HAADF-STEM

To "visualize" the morphology of single-atom catalysts, the res-
olutions of conventional SEM or TEM technique are not enough,
while some advanced techniques, such as spherical aberration-
corrected transmission electron microscopy (AC HAADF-STEM), can
promote our morphological to detect individual dopants in the
SACs. For example, Zhang et al. developed a Ni-SAC by dispersing
the single-atom Ni sites on the defective graphene (denoted as A-
Ni@DG); the SA Ni sites were detected through a variety of micro-
scopic techniques [79]. A HRTEM image of the A-Ni@DG showed
a much more fragmentized and porous nanostructure. No NPs
or single atoms were observed (Fig. 3a). In contrast, AC HAADF-
STEM clearly illustrated the presence of abundant bright dots in
the as-prepared Ni-SAC with an average dot size of ~0.24 nm
(Fig. 3b). The Energy dispersive spectroscopy (EDS) mappings (in-
set in Fig. 3b) confirmed that these bright dots were single Ni
atoms. The bright-field HRTEM image (Fig. 3c) showed the exis-
tence of crests and sags in the grid of A-Ni@DG, which are at-
tributed to the defective sites based on the corresponding HADDF-
STEM image (Fig. 3d). The crests and sags can be ascribed to the
di-vacancy trapped with single atom Ni (Fig. 3e) and the pure di-
vacancy (Fig. 3f), respectively.

Recent studies also reported that the AC HAADF-STEM tech-
nique can further provide some deeper information on the molec-
ular features of the single-atom sites, e.g., the atom distance and
coordination structures [80,81]. Several Fe-NxCy SAs/N-C catalysts
with a variety of Fe-N configurations (Fe-Ng4, Fe-N3C; and Fe-N,C5)
have been developed by Pan et al. [80]. The finely dispersed bright
dots corresponding to the single atoms can be visualized from the
AC HAADF-STEM images (Figs. 4a—c). The EDS mappings (Fig. 4d)
showed that the Fe, N, and C elements were uniformly distributed
in the framework of as-prepared catalysts. The bond lengths of Fe-
C and Fe-N are different, and Fe-N bond (1.92~1.95 A) is slightly
longer than Fe-C bond (1.87~1.90 A); thus, the bond length can
be leveraged to distinguish between the two coordination struc-
tures [80]. The distances between the two neighboring Fe atoms
are approximately 4.5 A for Fe-N, sites and 3.5 A for Fe-N,C,
sites. This phenomenon was consistent with the theoretical re-
sults, which further confirmed the existence of Fe-C coordination
in the Fe-N,C, sites. Chen et al. also observed that the brightness
of Ag atoms can be easily distinguished from other atoms, and the
densely arranged bright dots in the HAADF-STEM image of Ag-SAC
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Fig. 4. AC HAADF-STEM images of (a) Fe-N4, (b) Fe-N3Cy, (c) FeN,C; sites in different Fe-NyCy SAs/N-C catalysts. Insets are the corresponding configuration models. Green,
yellow, red and balls represent the atoms of Fe, C and N, respectively. (d) EDS mappings of Fe-N, SAs/N-C. (a-d) Reproduced with permission [80]. Copyright 2019, Nature
Publishing Group. (e) AC HAADF-STEM image of the Ag-SAC. (f) Three-dimensional projected image of a dash rectangle in the panel for Fig.4e. (e, f) Reproduced with

permission [81]. Copyright 2015, John Wiley and Sons.

were Ag atoms (Fig. 4e) [81]. The closest distance (5.7 A) between
two the adjacent Ag atoms was significantly longer than that of
the metallic Ag-Ag bonds (2.89 A), indicating the isolated state of
Ag atoms (Fig. 4f).

3.2. STM

STM is also a useful analytical method to directly reveal the
electronic characteristics of SACs and indirectly distinguish the el-
ements with similar atomic numbers [82]. Deng et al. reported the
fine triangular mesh structure of N-doped graphene with a lat-
tice constant of 2.4 + 0.1 A in the STM images [83]. More impor-
tantly, they first observed the isolated N dopants in the graphene
lattice based on the STM technique (Fig. 5a). The STM simulation
(Fig. 5b) showed that the bright spots were the C atoms in ad-
jacent to the N atoms, indicating that the density of electronic
state of carbons increased near the Fermi level due to the dop-
ing of N atoms. Recently, the same group also employed the low-
temperature STM characterization to reveal the configuration of Fe-
Ny4 sites in graphene [20,84]. The bright dot in the STM image of
Fe-N4 (Fig. 5¢) was assigned to the solely dispersed iron atom. The
brightness of the surrounding C or N atoms is also significantly
higher than that of other C atoms, indicating that SA Fe has a very
significant impact on the electronic state of its neighboring C and
N atoms. The DFT-simulated STM image in Fig. 5d confirmed the
observed Fe-N,4 structures. Furthermore, the catalytic behavior of
Ni atoms at the graphene edges can be directly observed by the
high speed STM techniques as shown in Figs. 5e-g [85].

3.3. XANES and EXAFS

X-ray absorption spectroscopy (XAS) can evaluate the local
chemical structures of SACs by measuring the transitions of met-
als from the core electronic state to the excited state and contin-
uum. When the spectral region is extended to 30-50 or 50-1000
eV, XAS can be divided into X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS). The
EXAFS can be used to probe the bonding environment of SACs
and provide the essential information such as coordination num-
ber, and bond length [23,24]. Different coordination environments
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of Co-Ny-C sites prepared after pyrolyzing the Zo-ZIFs at differ-
ent temperatures (700, 800 and 900 °C) were verified by Fourier
transform (FT)-EXAFS [28]. The Co-N coordination numbers for the
three samples were calculated to be 2.2, 3.1 and 4.1 based on the
EXAFS fitting, which were designated as Co-N;, Co-N3 and Co-Ny,
respectively (Fig. 6a). All the three samples with atomically dis-
persed Co-Ny sites exhibited a prominent peak at 14 A, and no
metallic Co-Co bond (2.2 A) was detected. Most interestingly, the
peak intensity of the Co-N coordination reduced as the coordina-
tion numbers of Co-N decreased from 4 to 2, implying the de-
creased number of N coordination around the Co centre.

The wavelet transform (WT) of EXAFS allows the resolution
of backscattered atoms with the information of elemental nature
and radius distance. Li and co-workers developed the atomically-
dispersed Co-Nx sites in N-doped porous and hollow carbon-
spheres (Co-Nx/HNPCSs) [86]. The FT-EXAFS spectrum of the as-
prepared Co-Ny/HNPCSs featured a peak at 1.5 A (Fig. 6b), which
was assigned to the Co-N coordination. The coordination number
of Co-Nyx was 5 according to the EXAFS fitting and the atomic
structure of Co-N5 was shown in Fig. 6¢c. However, the peak was in-
distinguishable for the FT-EXAFS spectrum of CoPc. The WT-EXAFS
spectra showed the maximum intensity at 5 A-! (Fig. 6d), which
corresponded to the Co-N bond by comparing with the bench-
mark samples of Co foil, CoO, Co304 and CoPc [86]. In addition,
a well-resolved difference of WT maximum between CoPc and Co-
N5/HNPCSs was observed, which were associated with Co-C and
Co-N coordination, respectively. Thus, the detailed information on
the coordination environment of the single-atom can be obtained
by combining the WT and FT-EXAFS analysis.

Based on the XANES result, the chemical state and geomet-
ric information of the single-atom sites can be accurately deter-
mined. For example, Li et al. developed a Co-N5-C catalyst with
similar coordination structures to CoPc [86]. The XANES spectra of
Co0, Co304, CoPc and Co-N5-C indicated that the absorption edge
position of the Co-Ns sites was located between Co304 and CoO
(Fig. 6e), which suggested that the valence state of single-atom Co
in the Co-N5-C catalyst was between +2 and +3 [86]. The evolu-
tion of valence states in different Co-Nx configurations (e.g., Co-Nyg,
Co-N3 and Co-N,) was detected by XANES (Fig. 6f). A significant
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Fig. 5. (a) STM image and structural analysis of N-doped graphene. (b) Simulated STM of N-doped graphene. Reproduced with permission [83]. Copyright 2011, American
Chemical Society. (c) STM image and structural analysis of FeN/graphene. (d) Simulated STM image of FeN4/graphene. Reproduced with permission [20]. Copyright 2015,
American Association for the Advancement of Science. (e) The k and z edges of an epitaxial graphene layer on Ni (111). High-speed STM sequence in quasi-constant height
mode at (f) z, and (g) k edges. Reproduced with permission [85]. Copyright 2018, American Association for the Advancement of Science.

IRl (A%)

o

FT-EXAFS

CoPc

Co-N5/HNPCSs

|

f 2 3 & %
R (4)

(-]

Tria v T e
1w

—
7720 7740 7760

Energy (eV)

——Co-Ny —— Co-N3
=~ Co-Ng —— Co NPs]
~—— Co foil —— Co0

7740 7780
Energy (eV)

—— Fe=NC SAC

— FoPe

Fig. 6. (a) Comparison of FT-EXAFS spectra of Co-N4, Co-N3, and Co-N, configurations. Reproduced with permission [28]. Copyright 2018, John Wiley and Sons. (b) FT-EXAFS
spectra of Co-N5/HNPCSs, CoO, Co304, CoPc and Co foil at R space. (c) Configuration model of Co-Ns, the wathet, blue, gray and white represent the atoms of Co, N, C and H,
respectively. (d) WT-EXAFS spectra of Co-Ns/HNPCSs, and other samples. (e) FT-XANES spectra of Co-N5/HNPCSs, and other samples. (b-e) Reproduced with permission [86].
Copyright 2018, American Chemical Society. (f) FT-XANES spectra of Co-Ng4, Co-N3, and Co-N, configurations. Reproduced with permission [28]. Copyright 2018, John Wiley
and Sons. (g) FT-XANES spectra of Fe-NC SAC, FePc, and Fe foil (inset: first-derivative curves). Reproduced with permission [55]. Copyright 2019, Nature Publishing Group.
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shift to the lower energy of pre-edge centroid was observed be-
tween the Co-N4 and Co-N,, which indicated the decreased oxi-
dation state of Co [28]. Zhao et al. reported a slight difference in
the XANES spectra of the non-pyrolyzed FePc and pyrolyzed Fe-SAC
with well-defined Fe-N4 coordination (Fig. 6g) [55]. The pre-edge
feature at 7118 eV reveals a strong intensity for FePc with a square-
planar configuration. However, such a peak disappeared in the py-
rolyzed Fe-SAC, which indicated a distorted D4h symmetry with
axial ligands. XANES analysis can be further combined with theo-
retical calculations to simulate a wide range of well-defined model
structures [80]. Pan et al. calculated the XANES models of Fe-Ng,
Fe-N3C, and FeN,C, moieties in SACs [80] The results showed that
the calculated spectra of FeN,C,, Fe-N3C; and Fe-N,4 had the simi-
lar characteristics to the experimental spectra, especially the shape
and position of peaks around 7118 eV, which further demonstrated
the well-defined structures of the FeN,4, Fe-N5Cy, and Fe-N,C, sites
in SACs.

3.4. XPS

The elemental compositions of SACs as well as valence states
of specified elements can be determined by the XPS measurement
[87,88]. Although the atomic ratios of single metal atom are very
low, XPS can provide some specifical information on the chemical
states of nitrogen in metal-Ny sites of SACs. Zhao et al. used XPS
to analyze the atomic Fe-N sites (Fe-NC SACs) confined in N-rich
carbons [55]. The N 1s spectrum of Fe-NC SACs can be deconvo-
luted into several individual peaks, corresponding to the fractions
of graphitic-N, pyridinic-N, Fe-Ny, pyrrolic-N, and oxidized-N. The
observed Fe-Nx peak in Fe-NC SACs (399.5 eV) was analogous to
the Fe-Nx counterpart in FePc. The Fe 2p XPS spectrum indicates
that the Fe species in Fe—-NC SACs mainly exist as Fe(II). As a result,
the XPS results provided an evidence for the Fe-Ny coordination in
Fe-NC SACs.

In many cases, XPS technique can also help to distinguish the
structural differences between SACs and their NPs counterparts
[88]. Yin and co-workers compared the N 1s and Co 2p spectra of
Co-SAs/N-C catalyst and NPs counterpart (Co-NPs/N-C). Compared
with Co-NPs/N-C, the strongest pyridine N peak in Co-SAs/N-C
showed ~0.3 eV of bond energy shift. The Co-SAs/N-C also showed
the distinct up-shifting (1.9-2.3 eV) in the Co 2p;), and Co 2p,;
peaks compared to Co-NPs/N-C. The peak of Co 2p,; for the Co-
SAs/N-C was centred between Co® and Co?*, which is the char-
acteristic of ionic Co®* (0 <38 <2). Therefore, Co atoms are domi-
nantly coordinated with pyridine N to form the Co-Nx structures.
Similar bond energy shift of pyridine N peaks after bonding with
single atom metals was observed for the confined Ni-Nx sites in
nitrogenated graphene [58], activated carbon supported SA Fe [89],
and similar structured carbon-based SACs [19,86,90,91].

3.5. Mdssbauer spectroscopy

Mossbauer spectroscopy can distinguish a variety of iron-based
SACs with similar structures but different spin and oxidation states.
For example, the Mdssbauer spectra of atomic Fe-Ny embedded g-
C3N4 are fitted with three doublets (D1-D3). The doublet D1 with
smaller isomer displacement corresponded to Fe(Ill), while the two
quadrupole-splitting doublets (D2, D3) were assigned to the high-
spin Fe(Il). High spin Fe(ll) quaternary division values indicated a
different coordination environment, which was expected as the Fe-
Nx species [92]. Similar Mossbauer results were also reported by
different groups to identify the changes of Fe species in various
Fe-N4 SACs before and after benzene oxidation [20,80]. The Fe-Ny
sites were determined from the Mossbauer spectrum of FeN4/GN,
while the population of symmetrical O=Fe=0 structures were sig-
nificantly increased after H,0, treatment. These O=Fe=0 struc-
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Fig. 7. Band structures of (a) CN and (b) Ag-N,C,/CN. (c) Charge density differences
of AgNP/CN, Ag-N,C,/CN and Ag-N4/CN. Reproduced with permission [94]. Copy-
right 2020, John Wiley and Sons.

tures gradually disappeared during benzene oxidation, confirming
that the Fe-N4 moieties were the intrinsic active sites for the cat-
alytic process.

4. DFT calculation
4.1. Electronic structures/spin of SACs

The catalytic activities of SACs are close related to their elec-
tronic features and geometric configurations. As a result, many
qualitative and quantitative information of SACs (e.g., D band struc-
ture, charge/spin density, energy band and density of states (DOS)
can be analyzed by DFT calculation [93].

The electronic structures and reactivity of SACs were quite dif-
ferent from their clusters, NPs and bulky counterparts. For exam-
ple, single-atom Ag confined in carbon nitride (Ag-N,C,/CN, and
Ag-N4/CN) exhibited much higher performances in photocatalytic
hydrogen evolution than the silver NPs catalyst (AgNP/CN) [94].
The electronic structure of Ag-N,C,/CN implies the significant ex-
pansion of light absorption range of carbon nitride after the in-
troduction of Ag single atoms, thus obtaining a superior photocat-
alytic activity than the bare carbon nitride (Figs. 7a and b). The
charge densities of Ag-N,C,/CN, Ag-N4/CN and AgNP/CN are sig-
nificantly different, and Ag-N,C,/CN was more favorable for charge
re-distribution, resulting in a greater electron transfer from carbon
nitride to single atom Ag to form low-valence Ag sites (Fig. 7c).

The spin state can be used to described the spin potential con-
figuration of the d electrons of the metal atom, which represents
an essential electronic feature of SACs. Different spin states usually
have different energies and may result in different reaction barriers
[25,26]. Hong et al. reported that C;N-Co(Il) in a low spin state is
favorable for HCOOH dehydrogenation because of the greatly de-
creased energy barrier of the rate-determining step [25]. This is
mainly because of the strong charge extraction from HCOOH and
C,N to the single metal sites. Gong et al. reported that the spin-
state transition of SA Co in different oxidation states remarkably
affected the activity and selectivity on CO, adsorption and activa-
tion on COF-367-Co [26]. DFT calculation indicated that the oxi-
dation states of Co (Co(Il) and Co(Ill)) remarkably affect the spin
state for the interaction with CO, and the intermediate (HCOOH).
The coupling model of CO,-adsorbed Co(ll) sites was based on the
Co-3dxz or Co-3dyz coupling with O-2p, which was different from
Co-3dz, coupling with O-2p in CO,-adsorbed Co(lll) sites (Figs. 8a-
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Fig. 8. Coupling modes of CO, and HCOOH adsorbed onto Coll or Colll sites in COF-367-Co at different spin states (a) CO,-adsorbed Coll site, (b) CO,-adsorbed Colll site,
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embedded graphene. (e-i) Reproduced with permission [95]. Copyright 2016, American Chemical Society. (j) Co adsorption induced cooperative spin transition of two nearby
Fe sites embedded at graphene. Reproduced with permission [97]. Copyright 2018, American Chemical Society.

d). This noble distinctions accounted for the stronger CO, interact-
ing with Co(IIl) sites in reference to the CO,-adsorbed Co(II) sites.
Similarly, the interactions of HCOOH with Co(III) sites was stronger
than that with Co(lI) sites. As a result, the Co(III) sites were prefer-
able to the adsorption of CO, and HCOOH, which clearly evidenced
the different catalytic performances over the Co(ll) sites.

Governing the coordination environment of single metal cen-
tres with the carbon matrixes can change the spin configuration
and fine-tune the catalytic reactivity/selectivity in targeted reac-
tions. Li et al. reported that the FeNs sites in graphene was conduc-
tive to adsorbing N, and catalyzing the conversion of dinitrogen
to ammonia, while the FeN4 configuration was not favorable for
N, capture [95]. The top and side views of spin resolution density
showed that FeN3/graphene has a C3v symmetric non-plane geom-
etry and Fe atoms located outside the graphene plane. The charge
cloud was mainly distributed near the Fe atom, indicating that its
spin moment mainly stemmed from the Fe centre (Figs. 8e-h). As
for FeN4/graphene, the isolated Fe atom was completely doped into
the graphene lattice and the spin moment (2.00 pB) was smaller
than that of the FeNjs sites (3.16 uB). The spin moment of SACs has
been proved to be vital in N, adsorption and subsequent activa-
tion. Compared with FeNy, FeN3 showed a rather larger and more
centralized spin moment with bulged Fe atom exposed above the
graphene layer, which could promote N, adsorption and activation
of the inert N-N triple bond. In addition, the catalytic conversion
of the activated N, into NH3 can be facilitated by the synergy be-
tween FeN3 and graphene with a highly conjugated 7 system and
locally enriched protons (Fig. 8i). Similarly, Guo et al. found that
the exchange splitting degree of spin state of iron sites intensified
with the increased Fe-N coordination number [96].

The interplay between single-atom metal sites and carbon ma-
trixes will cause mutual effects on their respective geometric in-
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teractions and spin configuration. Additionally, recent research in-
dicates that the cooperative spin transitions between the adjacent
metal atoms can also affect the spin configurations and thus the
catalytic activity of each SA sites [97,98]. Jiang and co-workers
found a synergistic interaction between the two adjacent Fe sites
dispersed in N-doped GO with the aid of CO adsorption [97]. The
two cooperative Fe atoms responded to the CO molecules by com-
municating structural adaptations and electronic transformations.
The adsorbed CO not only changed the spin culture of the ad-
sorbed SA-Fe, but also altered the spin of the adjacent Fe sites.
Thus, the two nearby SA-Fe sites showed unique oscillatory spin
coupling (Fig. 8j). This theoretical investigation indicated the exis-
tence of cooperative communications between adjacent two single-
atom metal sites, and it is also nontrivial to the spin configura-
tions. Han et al. also reported such synergistic effects of two ad-
jacent Fe-N-C sites on ORR over monodispersed Fe-N-C catalysts
[98]. In comparison, the neighboring effect on ORR was signifi-
cantly weaker for FeNy, except in the case of the two extremely
close FeNy—FeN, sites (4.1 A). The difference in neighboring effects
between FeN, and FeN3; was partially due to the greater magnetic
exchange interaction of FeN, than FeNjs, resulting in stronger inter-
site communication.

4.2. Intrinsic active sites and reaction pathways

It is of great significance to unravel the active sites of SACs and
the catalytic mechanism in the targeted reaction via DFT calcula-
tion [93,99]. For example. by analyzing the DOS at the Fermi level,
one can identify the specific atoms that make contributions to the
states, which play a significant role in determining the chemical
reaction dynamics [100]. Jiang et al. found that the isolated nickel
atoms (e.g., Ni-N-C) in graphene were favorable to reduce CO, to
CO with a high CO selectivity (> 90%) [100]. Theoretical simula-
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tions indicated that when atomically-dispersed Ni sites were co-
ordinated onto the graphene surface, a much higher DOS around
Fermi energy than that of Ni(111) was observed. The optimized
electronic structure of Ni-SACs could greatly promote the trans-
formation of CO, to CO and effectively inhibited other compet-
ing reactions. A simple thermochemical analysis shows that CO,
was reduced through two steps to generate the intermediates of
*COOH and *CO successively (Fig. S1a in Supporting information).
Graphene nanosheets with single cobalt sites (CoN4/GN) are used
as a stable and highly active counterelectrode for the interconver-
sion of the redox couple of I-/I3~ [37]. DFT calculation showed
that the excellent catalytic activity of the CoN4/GN catalyst was
due to the optimal binding energy of iodine onto the single-atom
Co, giving rise to a dynamic balance of the adsorption and des-
orption process (Fig. S1b in Supporting information). Furthermore,
the CoN4 moiety is the most stable configuration among a variety
of MN, moieties because of the optimal Co-N bond energy (Figs.
S1c-e in Supporting information).

The electronic characteristics of the SACs are close related
to their coordination environments, which would determine the
forms of intermediates and catalytic pathways [6,80]. Pan et al. reg-
ulated the coordination structures of SA Fe-NxCy (Fe-Ng4, Fe-N3Cq,
Fe-N,C,) catalysts for the benzene oxidation [80]. The catalytic ac-
tivity of single-atom Fe decreased as the one or two coordinated
N atoms were replaced by the C atoms (Fig. S1f in Supporting in-
formation), indicating that the benzene oxidation reaction (BOR)
activities of central Fe sites are sensitive to the change of coordi-
nation environment. In addition, the O=Fe=0/Fe=0 species were
formed at the Fe-NxCy centres during BOR. The charge density dif-
ferences of O=Fe=0/Fe=0 suggested that significant charge trans-
fer occurred between Fe-N4 and O, which facilitated C-H bond ac-
tivation. As a result, the coordination structures not only changed
the electronic characteristics of SACs, but also determined the for-
mation of relevant key reactive species and the pathways of ben-
zene oxidation. To further evaluate the impacts of electronic en-
vironments on the activity of SACs, Qiao’s groups constructed a
full profile of 20 types transition metals-based SACs for electro-
catalytic nitrogen reduction reaction (ENRR) via DFT simulations
[101]. Three kinds of nitrogen-doped carbon (NC) substrates, in-
cluding g-C3N4 and graphene doped with three (N3) and four (Ng)
nitrogen atoms, were used as the carbon hosts. Contour plots of
the limiting potential based on the AG(NNH*) and AG(NH,*) in-
dicated that the changes in the electronic characteristics of SACs
were controlled by coordination environment which controlled the
ENRR activity (Fig. S1g in Supporting information). In addition, Fig.
S1h (Supporting information) illustrates that the NC substrate with
N, is the most stable configuration with a decomposition poten-
tial of —1.03 V vs. SHE, as compared to NC with N3 (-0.71 V vs.
SHE) and g-C3N4 (—0.81 V vs. SHE). Therefore, in order to ensure
the stability of the carrier and to avoid the risk of fouling caused
by the decomposition of carbon carriers, a higher ENRR limiting
potential which would not cause substrate corrosion was essential
for the selection of ideal ENRR electrocatalyst. As for g-C3N4-based
SACs, only several transition metals (Ru, Mo, Rh, Co, V, Tc, Nb and
W) were stable in ENRR. This is because that their negative ENRR
limit potentials are smaller than the potential of substrate decom-
position.

In addition, the energy profiles can also be determined via DFT
calculation to elucidate the catalytic pathways/mechanisms of SACs
in targeted reactions [86]. Pan et al. developed a single-atom Co-Nj
catalyst for the reduction of CO, with extremely high CO selectiv-
ity. The CO, reduction pathway over the CO-Ns5 site was studied
through computational hydrogen electrode model and optimized
configurations of key intermediates, e.g., CO* and COOH*. The cal-
culated free energy of CO, reduction indicated that the Co-Ns sites
were the active centres coordinating the COOH* formation and CO
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desorption. Deng et al. reported that the single-atom Fe-N4 sites
exhibit superior catalytic performances for benzene oxidation to
phenol [20]. The free energy profiles and reaction pathways of ben-
zene oxidation over the confined iron sites were computed. The
H,0, molecule was easily dissociated over the well-dispersed Fe
sites by forming an Fe=0 intermediate, which was the key step to
promote the oxidation of benzene to phenol. Zhang and colleagues
fabricated a carbon-based SAC with Ni-Nj5 sites for hydrogenation
and cellulose valorization [102]. DFT calculations show that meta-
stable H%+-N and H®--Ni configurations were formed after the ac-
tivation of H, molecules. The localized molecular orbitals and lo-
calized orbital bonding analysis of the two configurations showed
the oxidation states of the Ni centre and each split H atoms. This
heterolytic dissociation mode was similar to the frustrated Lewis
pair in the homogeneous system for effectively heterolytic activa-
tion of dihydrogen [102]. As a result, a series of hydrogenation re-
actions were catalyzed by the well-defined Ni-Nj5 sites in Ni-SACs.

5. Conclusions and perspectives

Single-atoms anchored carbon-based materials are a new type
of high-efficiency catalysts for multiple reactions. In this review,
we started with the fabrication strategies (e.g., pyrolysis, solution-
phase synthesis, electron/ion irradiation, Ball milling, physical and
chemical deposition) for carbon-based SACs. Subsequently, multi-
ple characterization methods specific to SACs are highlighted. We
also showcased the electronic structures/spin of SACs, as well as
their intrinsic active sites and reaction pathways. In this way, we
can understand the synthesis mechanism of different single-atom
sites formed in SACs, determine their distinct different geometric
and electronic features, and ultimately understand the structure-
catalysis of SACs at the atomic scale. In addition, the catalytic
single-atom sites play an important role in regulating the reaction
kinetics and catalytic activity, which make it possible to differen-
tiate SACs from traditional NPs catalysts in terms of new reaction
pathways and electron transfer kinetics.

Despite the progress, challenges remain. At present, single
atoms can be “visualized” by HADDF-STEM technique and their co-
ordination structures can be identified by XAS analysis. However,
there is still a lack of a powerful characterization technique that
can directly probe the coordination structures and electronic fea-
tures of single-atom sites in SACs. On the other hand, the identi-
fication of the active sites of SACs and the determination of the
structure-property relationship are closely related to the devel-
opment of advanced experimental characterizations and compu-
tational achievements. Apart from the characterization techniques
and DFT calculations, machine learning (WL) can directly pre-
dict the high-throughput catalytic performances to accelerate on-
demand screening and discovery of SACs. It can also provide new
insights for us to understand the kinetics of SACs in different cat-
alytic systems from the molecular level to the macro level. In addi-
tion, the single atomic catalytic sites may change under the actual
catalytic conditions, which makes it difficult to identify the actual
active sites and analyze the reaction mechanism. So far, there are
few studies on the evolution of single-atom sites under operating
conditions.
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