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M A T E R I A L S  S C I E N C E

Metal-metal interactions in correlated 
single-atom catalysts
Jieqiong Shan1, Chao Ye1, Yunling Jiang1, Mietek Jaroniec2, Yao Zheng1*, Shi-Zhang Qiao1*

Single-atom catalysts (SACs) include a promising family of electrocatalysts with unique geometric structures. 
Beyond conventional ones with fully isolated metal sites, an emerging class of catalysts with the adjacent metal 
single atoms exhibiting intersite metal-metal interactions appear in recent years and can be denoted as correlated 
SACs (C-SACs). This type of catalysts provides more opportunities to achieve substantial structural modification 
and performance enhancement toward a wider range of electrocatalytic applications. On the basis of a clear iden-
tification of metal-metal interactions, this review critically examines the recent research progress in C-SACs. It 
shows that the control of metal-metal interactions enables regulation of atomic structure, local coordination, and 
electronic properties of metal single atoms, which facilitate the modulation of electrocatalytic behavior of C-SACs. 
Last, we outline directions for future work in the design and development of C-SACs, which is indispensable for 
creating high-performing new SAC architectures.

INTRODUCTION
An ideal catalyst features maximum exposed active sites and optimal 
intrinsic activity per site to facilitate heterogenous reactions occur-
ring on the solid surface (1–4). An increase in the amount of exposed 
active sites can be achieved by decreasing the size and improving the 
dispersion of active species (3, 5). Inspired by molecular homoge-
nous catalysts that exhibit 100% atomic utilization of metal sites, the 
fabrication of heterogenous catalysts with atomically dispersed metal 
atoms on various substrates has been achieved. Since the concept of 
single-atom catalysts (SACs) was first established in 2011 (6), most 
transition metals and noble metals have been extensively explored 
as metal single atoms on various types of substrates including carbons 
(7, 8), metal oxides (9–11), metal sulfides (12), etc. The positive charge 
of the supported metal atoms originates from the bonds formed 
between the metal and substrate, leading to the electron transfer 
from the central metal sites to the substrate (13). This type of 
metal-support interactions has been extensively investigated in SACs 
to regulate the electronic structure of catalysts, which consequently 
affects the intrinsic activity of active sites toward various electrocat-
alytic reactions (14–17).

Although substantial compositional diversity has been achieved 
in SACs, metal single atoms are generally dispersed randomly and 
uncontrollably on substrates, leading to a lack of electronic synergy 
among metal active sites (18, 19). Recently, an emerging class of 
catalysts with adjacent metal single atoms exhibiting atomic-scale 
site-to-site interaction has been reported with unique geometric 
features and enhanced electrocatalytic performance (20–22). Con-
sidering the spatial correlation among metal single-atom sites, 
this type of catalysts can be denoted as correlated SACs (C-SACs). 
Compared with the conventional SACs with fully isolated single- 
atom sites that exhibit solely MS interactions, an additional type of 
interactions in C-SACs, namely, metal-metal interactions, can induce 
evident electronic effects via electron transfer between adjacent 

metal single atoms (14, 23, 24). Since the number and type of the 
neighboring atoms in the first and second coordination shells sig-
nificantly influence the local geometry and charge density of metal 
centers (25), the C-SACs with additional central metal atoms can 
potentially exhibit great structural flexibility (Fig. 1). Compared with 
isolated single atoms in conventional SACs, the correlated metal at-
oms in C-SACs may provide flexible adsorption configuration for 
reaction intermediates and produce intersite synergistic effect due 
to the interplay of metal-metal and metal-support interactions. In 
addition, unlike the supported metallic clusters/nanoparticles that 
adopt close-packing geometric modes with fixed structures, the 
correlated metal single atoms can exhibit a variety of geometric 
structures, demonstrating much higher flexibility in tuning elec-
tronic and electrocatalytic properties of C-SACs. For example, the 
short-range ordered Ir single atoms integrated in the Co oxide spi-
nel lattice exhibit Ir-Ir interaction, which facilitates the modulation 
of electronic states of actives sites and results in exceptional electro-
catalytic activity in acidic oxygen evolution reaction (OER) (26). In 
addition, diatomic metal pairs [e.g., Zn-Co (27), Ni-Fe (28), Pt-Ru 
(29), etc.] coordinated on carbon-based supports have been sug-
gested to have favorable electronic properties toward various elec-
trocatalytic applications. Although both interactions play important 
roles in C-SACs, as metal-support interactions have been critically 
assessed in a few reports (30, 31), the current review is focused on 
the evaluation of metal-metal interactions in C-SACs.

Metal-metal interactions originate from the electronic perturba-
tions among correlated metal single atoms and generally involve d 
orbital hybridization of transition/noble metal sites. Because of the 
wide availability and high variability of d orbitals, the metal-metal 
interactions create enormous opportunities for structural regulation 
in C-SACs (32). Apart from the direct influence from neighboring 
metal sites, the metal-metal interactions between correlated metal 
single atoms are significantly affected by the type of substrate in 
regard to the charge density, local coordination, and topological 
structures of metal centers. To investigate the metal-metal interac-
tions between metal single atoms and thus understand the unique 
geometric and electronic structures of C-SACs, various techniques 
including advanced electron microscopy (33, 34), theoretical com-
putations (35), and ex situ and in situ spectroscopic characterizations 
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(36) have been applied to create fundamental knowledge at the 
atomic level. It is worth mentioning that in the supported metal 
nanoclusters, although intersite metal-metal interactions can be ob-
served, the rich diversity of metal atoms in geometric and electronic 
structures makes the studies of these interactions difficult (37, 38). 
In addition, considering the lack of lattice confinement of the metal 
atoms, the supported nanoclusters are not considered as “single- 
atom” materials; thus, they are not discussed in this review.

So far, the emerging class of C-SACs shows promising prospects 
for various electrocatalytic reactions because of the unique structur-
al characteristics and higher flexibility in regulating their electro-
catalytic behavior as compared to conventional SACs. The high 
potential of C-SACs to exhibit remarkable performance in a wide 
range of heterogenous catalytic applications calls for a critical assess-
ment of the current research advances in this field. The aim of this 
review is to provide a rational overview of C-SACs and to achieve a 
critical understanding of the geometric structure-catalytic property 
relationship affected by metal-metal interactions. First, a broad pic-
ture of this class of catalysts is presented by discussing the structural 
features, structural influence of substrate, and the presence of metal- 
metal interactions in C-SACs. In addition, the unique atomic struc-
ture, local coordination, and electronic structure of C-SACs is assessed 
in comparison to the conventional isolated SACs. Last, future re-
search directions are outlined to guide the rational design and deepen 
the fundamental understanding of C-SACs.

STRUCTURAL FEATURES OF CORRELATED SINGLE ATOMS
The high variability of d orbitals and spatial geometries in transition 
metals permits the regulation of the correlated metal sites. Specifically, 
the electronic structures of C-SACs with metal-metal interactions can 
be regulated by adjusting bonding polarity, bonding coordination, 
atomic arrangement, and topological structures.

Homo/heteronuclear metal sites
Considering homo- and heteronuclear metal sites, the metal-metal 
bonds in C-SACs can be classified as nonpolar bonds and polar 
bonds, respectively (Fig. 2A). Unlike the isolated single metal atoms 
in conventional SACs, the homo/heteronuclear metal sites are both 
capable to provide multiple reaction adsorption sites but exhibit 
different local charge distribution (39). Compared with homonu-
clear SACs with identical central metal atoms and symmetric charge 
distribution, the heteronuclear SACs involving different metal sin-
gle atoms (e.g., Co/Zn, Fe/Co, Fe/Ni, etc.) may potentially exhibit 
structural deformation and asymmetric charge density. The metal- 
metal bonding between heteronuclear metal sites may cause a 
substantial perturbation in electronic structure (40, 41). In princi-
ple, the pairing and coupling of different single-atom sites would 
induce charge polarization and increase the electronic states toward 
the Fermi level (24). For example, the interaction between Pd and 
Co in a PdCo single-atom-layer alloy leads to the splitting of the 
unoccupied 4d band indicating strong coordination between Pd 
and Co (42). This two-dimensional oriented coordination causes 
the valence/empty d- and p-bands to split into a lower-energy band 
in the x-y plane, which is conducive to in-plane stability, and a higher- 
energy band in the z direction, which is beneficial for reactivity 
along this direction. In certain complicated reactions involving 
multistep proton-electron transfer, e.g., carbon dioxide reduction 
reaction (CO2RR), the homo- and heteronuclear metal sites may 
offer different absorption configurations for various intermediates and 
induce different reaction mechanisms. For example, a Ni/Cu-N-C cata-
lyst with synergistic NiN4 and CuN4 moieties showed an outstanding 
catalytic activity and selectivity toward CO2RR, achieving a maximum 
carbon monoxide (CO) Faraday efficiency of 99.2% (43). The hetero-
nuclear monomers exhibit charge redistribution on Ni centers induced 
by neighboring CuN4 sites, which results in enhancing adsorption of 
*COOH and facilitating CO generation. A recent report also highlights 
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Fig. 1. C-SACs with metal-metal interactions. Comparison of C-SACs with the conventional isolated SACs and supported metallic cluster/nanoparticle catalysts from 
the perspective of spatial distribution, intersite interactions, and local coordination.
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that a homonuclear Cu-Cu atomic catalyst enables efficient CO 
electroreduction to C2+ products (44). As demonstrated by theoretical 
calculations, the electroreduction of two CO molecules and subse-
quent carbon-carbon coupling to ethylene and acetate are boosted by 
dual Cu atomic sites, while if one of the dual Cu atoms is substituted by 
Ni atom, the CO adsorption is excessively strong to suppress the C1 
reduction pathway. However, for homo/heteronuclear metal sites 
consisting of two transition metal atoms that both exhibit strong CO 
adsorption, it is more likely that CO2RR follows the C1 reduction 
pathway, which has been demonstrated by recent studies for Fe-Fe 
homonuclear sites (45) and Fe-Ni heteronuclear sites (23, 28).

Bridging atoms
Depending on the type of substrate, synthesis conditions, and chem-
ical nature of the involving atoms, the single metal atoms exhibit dif-
ferent local coordination configurations (25, 46, 47). The correlated 
metal single atoms are either bonded with each other in the first co-
ordination shell or being connected via a nonmetal atom linker, thus 
exhibiting significantly increased complexity in local coordination. 
Anchored on different substrates, such as metals, metal (hydro)ox-
ides, metal sulfides, metal phosphides, (pristine or doped) carbons, 
etc., the correlated metal single atoms exhibit various coordination 
configurations including M-O-M (48), M-N-M (43), M-S-M (49), 
and direct M-M bonding (Fig. 2B) (50). Depending on the bridging 
atoms, the coordination configuration may result in redistributed 
electron density on the metal centers and consequently lead to regu-
lated reaction mechanism (51, 52). For example, in a Pt-O-Pt/CeO2 
catalyst, the correlated Pt atoms adopt an oxo Pt-O-Pt configuration, 
which is distinct from the Pt-Pt coordination in the close-packing Pt 
nanoparticles and clusters (53). The Pt atoms of Pt-O-Pt/CeO2 are 

only bridged by oxygen in its first coordination shell, resulting in a 
somewhat similar behavior of these Pt atoms to the isolated Pt1 
atoms in terms of the Pt-O local structures. Apart from maximum 
atomic utilization like isolated Pt single atoms, the oxygen bridging 
sites facilitate a so-called “oxygen migration” mechanism on Pt cen-
ters to effectively activate and use oxygen intermediates toward low- 
temperature CO oxidation. Therefore, it is expected that the bridging 
sites either can potentially participate in the catalytic reactions directly 
as active sites or affect adsorption of reaction intermediates. In addi-
tion, it has been demonstrated in conventional SACs that the non-
metal coordination atoms with different radius and electronegativity 
can induce asymmetric charge distribution on metal centers (54), 
suggesting that the bridging atoms (e.g., O, N, and S) between cor-
related single atoms can be engineered to regulate catalytic proper-
ties of C-SACs. It needs to be clarified that most of the current 
reported correlated single atoms are coordinated with nonmetal 
bridging sites, yet for the convenience and simplicity of discussion, 
the metal coordination will be denoted as M-M without specifically 
noting the bridging site in the following sections.

Atomic arrangement
When correlated metal single atoms are immobilized on substrates, 
the spatial arrangement of the metal atoms and the involving lattice 
atoms can be regulated to exhibit various local coordination config-
urations with different metal-metal interactions. For example, in a 
Ni1Cu2/g-C3N4 catalyst, the statistical analysis based on the aberration- 
corrected high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) images suggest that the Ni1Cu2 
metal centers exist dominantly as linear trimers and partially as triangular 
trimers (Fig. 2C) (55). This can be attributed to the synthetic strategy 
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Fig. 2. Structural features involved in the metal-metal interactions of C-SACs. (A) Bonding polarity of metal-metal interactions, reproduced with permission from 
Elsevier (42). (B) Bridging atoms between metal sites, reproduced with permissions from John Wiley and Sons (49). (C) Atomic arrangement of metal single atoms, repro-
duced with permission from the Nature Publishing Group (55). (D) Schematic illustration of topological structure of metal single atoms in Co3O4 matrix. From left to right: 
the crystal structure along <110> projection, corresponding projected tiling of Co3O4 (green, blue, and red refer to Cooct, Cotet, and oxygen), and topology illustration of 
crs (green) and dia (blue) nets with a polyhedron of metal single-atom sites (light green).



Shan et al., Sci. Adv. 8, eabo0762 (2022)     29 April 2022

S C I E N C E  A D V A N C E S  |  R E V I E W

4 of 14

in which Ni atoms tend to bridge the predeposited single Cu atoms 
to form new linear Cu-Ni-Cu trimers. In addition, integrated mea-
surements have demonstrated that the exceptional catalytic activity 
of Ni1Cu2/g-C3N4 catalyst come solely from the prevailing linear 
trimers as dictated by the Cu-Ni metal-metal interactions. This 
demonstrates the close relation between atomic arrangement and 
catalytic properties on correlated metal centers.

Topological structures
Different from isolated single atoms exhibiting random atomic dis-
tribution, the spatially correlated single atoms within sublattice of 
substrates can possibly exhibit identical topological structures with 
those of substrates. Thus, it is a promising strategy to achieve artifi-
cially designed topological structures of metals by incorporating 
correlated metal single atoms in substrates with specific underlying 
topologies. Taking Co3O4 as an example, the octahedral Co (Cooct) 
and tetrahedral Co (Cotet) sublattices adopt crs (cristobalite) and dia 
(diamond) topologies, respectively. When Cooct sites are selectively 
substituted in the Co3O4 framework, the correlated metal single atoms 
can exhibit identical crs topology with the host sublattice (Fig. 2D). 
The diversification of topological structures provides much more 
space in fine-tuning metal-metal and metal-support interactions in 
catalyst systems by regulating atomic distance, local coordination, 
and electronic structure of the metal centers, all of which contribute 
to the modulation of catalytic performance of C-SACs. Correlated 
metal single atoms incorporated in substrates can exhibit a series of 
identical topological structures with those of substrates such as crs, 
dia, fcu (face-centered cubic), hex (hexagonal), pcu (primitive cubic), 
bcu (body-centered cubic), etc. This strategy may eliminate the close- 
packing limitation of metallic phases and greatly diversifies the to-
pological structures of metals, leading to a new catalyst family that 
is distinct from conventional SACs and nanocluster/particles.

STRUCTURAL INFLUENCE OF SUBSTRATE
Compared with isolated SACs with simple local coordination, C-SACs 
exhibit higher flexibility in geometric, electronic, and topological 

structures by manipulating metal-metal interactions, all of which 
are largely dictated by the type of substrate. The commonly adopted 
substrates fall into two categories: carbon-based substrates and metal 
compound substrates.

Carbon-based substrates
The incorporation of various heteroatoms in the local coordination 
of metal single atoms can induce different electronic structure via 
charge transfer between metal center and the lattice nonmetal atoms. 
As the prime example of carbon-based material, the nitrogen-doped 
carbon has been extensively adopted as a substrate, resulting in typical 
M-N-C structure with supported metal single atoms generally con-
sisting of M-Nx moieties (56–58). In M-N-C system with correlated 
metal single atoms, plentiful structural defects induced by nitrogen 
doping can act as anchoring sites for single atoms; meanwhile, the 
porous structures of carbonaceous materials can be modulated by 
nitrogen doping to construct confined space for metal single atoms. 
Besides, the nitrogen dopants can effectively modulate the intrinsic 
electronic structures of adjacent atoms to facilitate adsorption of 
reaction intermediates (59). Depending on the varying geometric 
structure and composition of substrates, the local environment of 
metal sites, including coordination number and chemical bond, can 
be diversified (Fig. 3A) (24, 60–65). Apart from nitrogen-doped 
carbon materials, some other coordination atoms such as O, S, and 
P have also been investigated as heteroatom dopants in the carbon 
matrix. However, a major limitation of carbon-based substrates is 
that the anchor sites of metal single atoms are nonuniform and 
highly dependent on the synthetic strategy (66, 67), making difficult 
an effective regulation of the electronic and topological structures 
of metal sites.

Metal compound substrates
The metal compound substrates constitute of various classes of ma-
terials including transition metals (68, 69), transition metal oxides 
(70, 71), carbides (72), phosphides (73), dichalcogenides (49), etc. 
These metal compound substrates create a complex and flexible 
environment for the supported metal single atoms with various 

A B

Fig. 3. The structural influence of substrates in C-SACs. The carbon-based (A) and metal compound (B) substrates are compared in terms of the geometric and 
electronic structures.
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nonmetal and metal lattice atoms to bond with (Fig. 3B). In addi-
tion, because of the relatively high atomic number, the metal com-
pound substrates always have more complex electronic structure than 
the carbon-based counterparts, which indicates that there is more 
space for regulation of electronic structure in metal-metal interac-
tions. More importantly, most of the metal compound substrates 
have ordered and crystalline structures, providing uniform sites for 
correlated metal single atoms to anchor on. For example, in the case 
of metal oxide as supports, single atoms are commonly hosted by 
cationic vacancies due to the facile oxidation of noble metal atoms 
by the uncapped oxygen atoms (30). Such specified atomic arrange-
ment permits the correlated single atoms to adopt diverse topological 
structures of the substrates.

Adoption of metal compound substrates may achieve another 
benefit that sometimes they can be activated toward electrocatalytic 
reactions upon incorporation of single atoms. For example, the 
iridium dopants in strontium titanates (STO) have been demon-
strated to activate the intrinsically inert titanium sites by optimizing 
their electronic structure and strengthening oxygen adsorption on 
them (74), leading to about 10 times higher catalytic activity than 
that of the benchmark IrO2 catalyst for OER in acidic environment. 
In addition, the metal compound substrates can participate in the 
electrocatalytic reactions via synergistic effect between single atoms 
and substrate sites. For example, we demonstrated that the correlated 
Ir single atoms within the lattice of Co3O4 can construct a synergistic 

active site of nanodomain with Ir sites and enclosed Co sites (26). 
Similarly, the correlated Pt single atoms in Pt/MoS2 catalyst were 
suggested to form active center with the corresponding activated S 
atoms, which act as sites for the dissociation of H2 and adsorption 
of intermediates during the CO2 hydrogenation (22).

CREATING METAL-METAL INTERACTIONS IN C-SAC
Creating environment for metal-metal interactions in SACs requires 
a careful design and modulation of local arrangement of single metal 
atoms confined in the lattice of substrates. To achieve this, a few 
strategies have been reported to incorporate additional metal sites 
in the proximity of the central metal single atoms.

Regulating site density of single atoms
The intersite distance between atomically dispersed metal moieties 
has been proposed as a descriptor to quantitatively evaluate the 
electronic structure of C-SACs. A very straightforward strategy to 
regulate the metal-metal interactions in C-SACs is to tune the site-
to-site distance by altering the site density in the lattice of substrates 
(Fig. 4A) (71). Achieving highly loaded and stable single atoms is 
challenging because of the high mobility of atomically dispersed 
metal species during synthesis (5). In the conventional SACs, the 
low loading of metal atoms results in configurations with single 
sites far apart from each other and lack of distance synergy. The 

A

B

D

C

Fig. 4. The formation of C-SACs with metal-metal interactions. Illustration of strategies including (A) dense incorporation of single atoms, (B) co-deposition of metal 
precursors, (C) sequential deposition of metal precursors, and (D) deposition of preselected multinuclear metal precursors. The pros and cons are summarized in the right 
column.
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increased site density of single atoms makes possible the formation 
of unique local configuration with tunable intersite distance and metal- 
metal interactions. For example, the fabrication of neighboring Pd 
single atoms with synergetic interactions by increasing the Pd load-
ing up to 5.6% in the lattice of SiC has been recently demonstrated 
(20). The neighboring Pd atoms exhibited cooperative interactions 
to lower the energy of key reaction steps, resulting in greatly im-
proved catalytic performance in comparison with that for the isolated 
Pd single-atom counterparts. A key factor in this strategy is to limit 
the concentration of single metal atoms that can be incorporated in 
the specific substrate lattice. The concentration much below the limit 
leads to fully isolated metal sites, while that exceeding the limit leads 
to the formation of metallic nanoclusters or nanoparticles outside 
the substrate lattice. We recently reported an “ion-exchange-pyrolysis” 
strategy to integrate short-range ordered Ir single atoms in the octa-
hedral Co site of Co oxide spinel lattice (26). The obtained IrnCo3-nO4 
hybrid materials featured the presence of both metal-support and 
metal-metal interactions, making further modulation of the elec-
tronic structure of active sites possible as contrasted to the isolated 
SAC counterpart.

The construction of densely populated single metal sites is often 
adapted from the methodology used in the synthesis of conventional 
SACs and is often combined with wet chemistry approach. Therefore, 
it represents a desirable and general strategy for investigation of metal- 
metal interactions because of its simplicity and wide applicability. 
However, major technical issues lie in the difficulty in precisely 
controlling the local coordination and construction of heteronu-
clear intersite interactions. In addition, the choice of substrate and 
the corresponding concentration limit of metal single atoms incor-
porated in the specific substrate need to be carefully explored.

Co-deposition of various precursors
To investigate the metal-metal interactions in heteronuclear metal 
pairs, the co-deposition of two or more types of metal ion precur-
sors is often adopted (75). Generally, the well-mixed various pre-
cursors are first adsorbed on the surface of substrate; then, a 
deposition process (e.g., pyrolysis and chemical vapor deposition) is 
applied to fix the metal species in the lattice of substrate (Fig. 4B). If 
necessary, a following-up acid treatment process can be adopted to 
remove the metal particles. For example, a NiFe-diatomic site cata-
lyst was synthesized by pyrolyzing mixture of carbonaceous precur-
sor together with iron and nickel precursors in argon atmosphere, 
followed by washing with 2  M HCl solution to remove iron and 
nickel particles (28). Ni and Fe single atoms in the resultant materi-
al are suggested to form atomic pairs on the N-doped graphene sub-
strate due to metal-metal interactions. Nevertheless, one challenge 
in this synthesis strategy is that the various metal species usually 
disperse in the substrates randomly, leading to simultaneous forma-
tion of homonuclear and heteronuclear metal sites. A solution to 
this issue is the use of self-assembly chemistry to form coordination 
between heteronuclear metal species by careful selection of metal 
precursors. Yang and co-workers (76) reported the synthesis of W-Mo 
atomic pairs anchored in the N-doped graphene substrate by adopting 
polyoxometalates (POMs) as metal sources in a hydrothermal pro-
cess in graphene oxide solution and followed by chemical vapor 
deposition process. The tungstic acid and molybdate precursors 
were transformed into Mo aquo ligands [MoO4(H2O)2]2− and hydro-
gentungstate anion [WO3(OH)]− species during the hydrothermal 
process and then underwent self-assembly via dehydration 

condensation reaction. This allows a more precise control of the 
formation of W-Mo heteronuclear atomic pairs with metal-metal 
interactions. This study presents an alternative way to develop lo-
cally coordinated heteronuclear metal atoms with metal-metal in-
teractions by adopting POMs as metal precursors. As the deposition 
of metal atoms is often achieved via a pyrolysis process under high 
temperature, elements with relatively lower vaporization tem-
perature, e.g., zinc, can be adopted to provide a second metal 
source. For example, the fabrication of Pd-Zn dual sites has been 
realized by a Zn vapor-assisted strategy (77). First, the prepared 
ZnO nanorods were adopted as a substrate for a polydopamine 
coating to load Pd ion precursors. Then, during high-temperature 
reduction process in H2 atmosphere, the polydopamine layer trans-
forms into N-doped carbon to restrict the migration of Pd atoms, 
and the Zn vapor is generated from ZnO for bonding Pd atoms to 
form Pd-Zn dual sites.

The co-deposition strategy can be easily implemented to fabricate 
heteronuclear sites with low cost, while it is challenging to regulate 
local coordination and distribution of various metal species that have 
tendency to disperse randomly on the substrates. In addition, the 
resultant metal-metal interaction can be weak and uncontrollable 
because of random atomic distance among metal single atoms.

Sequential deposition of precursors
As a powerful tool to achieve the bottom-up construction of catalytic 
materials evenly and accurately on a high-surface area substrate, 
atomic layer deposition (ALD) functions through two sequential self- 
limiting surface reactions separated by inert gas purging (Fig. 4C) 
(78). It was demonstrated that Pt2 dimer can be sequentially deposited 
on a graphene support in a sequential manner using Pt ALD (79). 
The first cycle of Pt ALD assures Pt nucleation on graphene defect 
sites to form anchored Pt1 single atoms. In the following cycle, the 
Pt1 sites serve as the new nucleation sites for anchoring only one Pt 
precursor molecule due to the steric hindrance effect, which is known 
as a self-limiting growth approach. Carefully controlled deposition 
conditions were then adopted to form Pt2 metal sites by removing 
the ligand without causing metal aggregation. In addition to homo-
nuclear correlated metal sites, ALD can also be applied to fabricate 
heteronuclear sites by adopting different metal precursors in the 
cycles. For example, Pt-Ru dimers on N-doped carbon nanotube 
were achieved by using Ru precursor in the second cycle to anchor 
Ru atoms on the Pt1 sites (63). A major challenge of the ALD strategy 
is the high-cost, complicated implementation and limited choice of 
metal precursors and substrates.

Although coordinated in substrate lattice, the single metal atoms 
might undergo reconstruction under reaction conditions, which, in 
turn, offers an opportunity to design desired local metal configura-
tions. Bai and co-workers (80) reported the in situ formation of Co-
Fe dual-atom catalyst starting from a single-atom Co precatalyst in 
OER electrocatalysis. Operando spectroscopic observations illus-
trate the activation process of Co-N-C structure that promotes in-
corporation of Fe ions from the electrolyte. Under positive potential 
of OER process, the [Fe(OH)4]− species in the electrolyte can be 
adsorbed onto the electrode, where the Co single atoms are the pre-
ferred sites, leading to the formation of dimetric Co-Fe units with 
heteronuclear metal-metal interactions. Further investigation ex-
tended this in situ electrochemical transformation strategy to syn-
thesize Co-, Fe- and Ni-containing double-atom catalysts from their 
single-atom precursors (81).
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Preselected precursor deposition
One strategy to achieve precise control of atomic metal sites with 
defined local coordination configurations is to adopt preselected 
precursors with multinuclear metal species as metal sources (Fig. 4D). 
For example, by using palladium salts with different sizes of metal 
species including Pd(NH3)4(NO3)2, [PdCl(C3H5)]2 (allyl palladium 
chloride dimer), and [Pd(OAc)2]3 (palladium acetate trimer) as 
metal precursors, a series of low-nuclearity Pd catalysts were ob-
tained by microwave-assisted deposition of the corresponding pre-
cursors onto exfoliated carbon nitride (ECN) substrate (82). The 
obtained Pd1/ECN, Pd2/ECN, and Pd3/ECN catalysts exhibited dif-
ferent nearest neighbor distances between Pd atoms, allowing for 
the regulation of metal-metal interactions. Very recently, Ding and 
co-workers (60) reported the preparation of ligand-protected dinuclear 
Ni2(dppm)2Cl3 cluster as metal precursor for the formation of Ni2-
N-C catalyst. The cluster was impregnated in a zeolite imidazolate 
framework 8–derived porous carbon and contributed to the forma-
tion of uniform atomically precise Ni2 site in N-doped carbon. The 
Ni2-N6-C structure exhibits enhanced Ni-Ni interaction, which is 
absent in the conventional Ni1-N4-C structure synthesized by using 
a single-nuclear Ni(dppp)2 precursor. In addition, deposition of 
mass-selected gas phase metal clusters combined with soft landing 
on supports is an efficient technique to precisely control size and 
local coordination environment of interacting metal sites (83). Al-
though this strategy is mainly adopted to fabricate supported metal 
nanoclusters with defined size, it can also be adopted to achieve lat-
tice confined single metal atoms by careful coordination with the 
substrate. Nevertheless, this strategy is only available for the forma-
tion of a limited range of homonuclear metal sites, and its imple-
mentation is complicated.

ATOMIC STRUCTURE ELUCIDATION
The prerequisite for investigating the metal-metal interactions in 
SACs is the identification of atomic structure and elucidation of local 
coordination environment of the single-atom metal sites. Although 
new characterization techniques exclusively available for C-SACs are 
currently limited, some unique capabilities of the classical techniques 
applied in the examination of conventional SACs can be used to ob-
tain valuable information about atomic structure and local coordina-
tion of C-SACs. Because of the lack of long-range order of the metal 
sites, it is generally difficult to characterize single metal atoms by 
techniques focusing on crystalline structure, e.g., x-ray diffraction. 
The advances in electron microscopic characterization techniques 
provide strong support for direct observation and structural identifi-
cation of the geometric features of this class of materials.

Atomic structure observations
Nowadays, the substantial development in microscopic technology 
makes the direct visualization of the atomic arrangements of metal 
single atoms possible by means of the aberration-corrected electron 
microscopy. Various techniques have been widely used for the 
identification of atomic structures including HAADF-STEM (84), 
single-atom electron energy loss spectroscopy (EELS) (71), line 
scan intensity profile (85), energy-dispersive x-ray spectroscopy 
elemental mapping (86), etc. An important basis of HAADF-STEM 
is that the imaging is based on Rutherford scattering in which image 
intensity for given atoms is roughly proportional to the square of 
the atomic number (Z2) of the element (87). As a very suitable study 

object by HAADF-STEM, SACs contain at least two different ele-
ments, which are generally heavy metal atoms supported on lighter 
metal or nonmetal substrates, allowing bright contrast of the single 
metal atoms (88). Apart from direct visualization of single metal atoms 
based on atomic-resolution HAADF-STEM images, the correspond-
ing techniques facilitate the elucidation of atomic structure and chemi-
cal properties of target metal atoms. Measured and analyzed by 
energy losses when an electron beam passes through the material, 
EELS helps one to determine the types and numbers of atoms, which 
makes it a good tool to investigate correlated homo- or heteronu-
clear single atoms. Similarly, line scan intensity profile can be used 
to illustrate atomic arrangement, average atomic distance, and rela-
tive height differences between adjacent atoms according to the dif-
ferent brightness of various atoms across the line (89).

Structural simulation
With the improvement of atomic resolution of HAADF-STEM tech-
nique, some practical procedures for image simulation provide strong 
support for a quantitative interpretation of the HAADF images, 
which facilitate identification of the local structure of metal sites. On 
the basis of the HAADF-STEM simulations of the proposed models 
involving the multislice method, a good agreement between simu-
lations and experimental images can be adopted to determine the 
structure of materials (90). It is very straightforward to simulate two- 
dimensional materials. For example, in a two-dimensional hybrid 
consisting of Co arrays and MoS2 nanosheets, the HAADF-STEM 
images and simulated patterns not only confirm the atomic disper-
sion of Co species but demonstrate the interface between 1T MoS2 
and 2H MoS2 (91). Similarly, for Pt single atoms anchored in double 
transition metal MXene (Mo2TiC2Tx) nanosheets, the HAADF-
STEM imaging and the corresponding simulation have been success-
ful in demonstrating that these Pt atoms occupy Mo positions (92). In 
most common three-dimensional materials, however, such simula-
tion is much more complicated. A plausible strategy is to conduct 
structural simulation from various projections and conceive the spa-
tial structure of single metal atoms accordingly. We recently conduct-
ed structure simulation for Ir single-atom integrated Co oxide spinel 
based on HAADF-STEM images collected from various projections 
to achieve the explicit identification of the Ir sites (Fig. 5A) (26). A 
comprehensive simulation of the representative structural projections 
confirmed that Ir preferentially substitutes the cationic Cooct sites in 
the Co3O4 structure. The doping configurations of Ir sites can be un-
ambiguously determined, providing strong evidence regarding spatial 
structure of correlated Ir single atoms.

Statistical analysis
An important limitation factor for adopting microscopic techniques 
to study C-SACs is their ability to identify local structures instead of 
assessing the overall structure. In particular, the adoption of three- 
dimensional or noncrystalline substrates permits the display of cor-
related metal sites with multiple orientations, which makes the 
elucidation of the size and structure of metal sites difficult by simple 
visual observation. One strategy that has been used to deal with this 
issue is to perform statistical analysis of a large amount of metal 
atoms based on HAADF-STEM images collected at relatively larger 
scales. In the cases of C-SACs, the spatial distances between cor-
related metal atoms, e.g., W-Mo dual-atom pairs, can be measured 
and statistically compared to reveal the spatial structure (76, 82, 93). 
We also demonstrated the spatially correlated distribution of Ir 
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single atoms in the Co oxide spinel framework based on the proper 
labeling and classification of these Ir sites (Fig. 5B) (26). Further-
more, the relative population of projected clusters with a certain 
size can be statistically analyzed and evaluated in terms of the mass 
fraction. Generally, it was found that most of the Ir sites adopt 
short-range order rather than exist as isolated sites within the cat-
ionic lattice of Co3O4; the mass fraction of clusters decreases with 
increasing cluster size.

Spatial structure analysis
The pair distribution function (PDF) analysis is a remarkable tool 
to elucidate the atomic arrangement in materials with high spatial 
resolution (94). To determine the spatial correlation of Ir sites in the 
lattice of Co3O4, we analyzed 4650 Ir sites in HAADF-STEM images 
along different projections to calculate the partial projected PDF 
(pPDF) (26). As shown in the pPDF profiles for <111> and <233> 
axes (Fig. 5C), multiple sharp correlation peaks unambiguously 
confirm that the majority of Ir sites show a short-range correlation. 
A comparison with the calculated pPDF histograms of the projected 
Cooct cationic sublattice of Co3O4 along these projections confirms 
that these Ir sites adopt an identical spatial correlation with the 
Co3O4 host lattice. The presence of several correlation peaks below 
4 Å for projected Ir-Ir pairs also indicates a high probability of local 
clustering of Ir sites within the spinel framework. Besides, PDF 
curves can also be obtained by high-energy x-ray scattering. For ex-
ample, it was demonstrated that upon incorporation of Pt sites, the 
CeO2 sample exhibits additional peaks corresponding to the cor-
related Pt3O4 structural fragments in the square planar environ-
ment on the (100) CeO2 facet (95). This unique arrangement of Pt 
atoms and distorted CeO2 surface were dictated by Pt-Ce metal- 
metal interactions and contributed to the effective redox properties 
of the hybrid materials.

LOCAL COORDINATION ANALYSIS
Beyond direct inspection of atomic structure, the investigation of 
local coordination environment of C-SACs can provide important 

evidence for metal-metal interactions between metal atoms. X-ray 
absorption spectroscopic measurements have been widely applied 
as a powerful tool to provide direct information on the local struc-
ture of target atoms. At the same time, Fourier transform infrared 
spectroscopy and temperature-programmed desorption spectroscopy 
(TPD) can be applied to provide indirect information about metal- 
metal interactions by monitoring chemisorption/desorption behav-
ior of target atoms using various probe gas molecules. In addition, 
some surface-sensitive quantitative spectroscopic techniques, e.g., 
x-ray photoelectron spectroscopy (XPS), can be conducted to inves-
tigate the chemical state of correlated single atoms. The shift and pro-
portion of deconvoluted XPS peaks can be applied to demonstrate the 
charge transfer and coordination between metal atoms (50).

X-ray absorption spectroscopy
The x-ray absorption near-edge structure (XANES) has been widely 
used to characterize average chemical state of target metal species 
by measuring the electron transition energy, which can be used to 
evaluate the interactions between single metal atoms and the neigh-
boring atoms. Often coordinated with nonmetal atoms from the 
substrate, the metal single atoms generally exhibit near-edge be-
tween those of the corresponding metal foil and metal oxide refer-
ences. Compared with isolated single atoms, the correlated metal 
sites tend to exhibit a slightly changed valence state due to the mod-
ified electron transition behavior affected by metal-metal interac-
tions. For example, in a Ni/Fe-N-C catalysts with Ni-Fe dual-metal 
atom centers, the 3d and 4p orbital hybridization of the Ni central 
atoms can be displayed by the pre-edge peak. In contrast to Ni-N-C 
and Ni-Pc, the Ni/Fe-N-C exhibited an increased prepeak intensity, 
demonstrating that Ni species in Ni/Fe-N-C show the distortion of 
D4h symmetry due to the metal-metal coordination (96). Further-
more, the extended x-ray absorption fine structure (EXAFS) is often 
measured to qualitatively assess the local coordination environment 
of target atoms regarding bond distance and coordination number. 
In conventional SACs, the dominating first-shell coordination to-
gether with the absence of the second-shell metal-metal path in 
Fourier transformed (FT)–EXAFS spectra has been widely adopted 
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Fig. 5. The atomic structure elucidation of C-SACs with metal-metal interactions. (A) Structural simulation based on high-resolution STEM (HRSTEM) imaging and 
analysis. (B) Statistical analysis of a large number of metal single atoms to determine the spatial correlation. (C) Pair distribution function (PDF) curves obtained by 
HRSTEM analysis to elucidate spatial structure of metal single atoms. (A) to (C) are copied with permission from the American Chemical Society (26). a.u., arbitrary units.
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as one criterion to demonstrate the formation of isolated single atoms 
(73). In contrast, a weak first-shell coordination and strong second- 
shell coordination can be expected in EXAFS spectra of typical 
nanoparticles. Comparatively, in C-SACs, the simultaneous pres-
ence of metal-support and metal-metal interactions results in the 
positive signature of both coordination types. Fitting the experi-
mental FT-EXAFS spectra can be used to provide information 
about local coordination including atomic distance and coordina-
tion number of metal-metal scattering path to evaluate the metal- 
metal interactions between correlated single atoms. In addition, on 
the basis of the possible structural models deduced by density func-
tion theory (DFT) calculations, the XANES spectra simulation based 
on the multiple scattering approach can be compared with experi-
mental spectra to determine the distinct metal-metal coordination 
configuration of C-SACs in comparison with those in nanoparti-
cles. For instance, the Fe K-edge FT-EXAFS spectrum of a Fe-Co 
dual-atom catalyst indicates a first-shell Fe-N coordination with a 
peak at ca. 1.51 Å and a secondary peak corresponding to Fe-Co coor-
dination at high R value of ca. 2.25 Å (62). The Fe-Co coordination 
agrees well with the feature of simulated Fe K-edge spectra obtained by 
DFT calculations based on a model with N-coordinated Fe-Co atomic 
pairs in the framework of carbon. In contrast, the isolated dispersion of 
Fe or Co single atoms in catalysts can be demonstrated by the deficien-
cy of a metal-metal path in their FT-EXAFS spectra. Different from 
M-N-C structures with isolated metal centers in porphyrin-like coor-
dination, the metal-metal bond of dual-metal centers results in the 
deformation of local coordination and modified electronic structure. 
Both Fe and Co site in the Fe-Co dual-site catalyst can bind oxygen 
strongly and thus facilitate the sufficient activation of O2, resulting in 
the facile cleavage of O─O bond and boosted OER catalytic activity.

In addition, the wavelet transform (WT)–EXAFS analysis can be used 
to provide a more straightforward demonstration of the metal- metal 
interactions among metal single atoms. For example, to determine 

the metal-metal interactions between adjacent atoms in a dual- 
atom W1Mo1-NG and Mo2-NG catalysts, the Mo K-edge WT-EXAFS 
results were analyzed with those of references. As shown in Fig. 6A, 
the WT signal related to Mo-Mo bond in Mo foil is not detected in both 
W1Mo1-NG and Mo2-NG, indicating the absence of Mo- containing 
nanoparticles. Compared to MoO3, the two intensity maxima in W1Mo1-
NG and Mo2-NG at 3.9 and 9.3 Å−1 can be respectively assigned to 
Mo-O and Mo-O-W/Mo paths. This provides strong and visualized 
evidence of the Mo-W/Mo interaction in the hetero/homonuclear 
C-SACs. In addition, compared with the fitting of FT-EXAFS that eval-
uates local coordination environment by separating the neighboring 
atoms according to their distances from the central atom, the WT-
EXAFS offers to discriminate different atoms within one atomic shell 
by resolving the backscattering wave functions in energy space. This 
makes the WT-EXAFS more suitable for shells consisting of more than 
one type of atoms, e.g., the second shell of metal atoms supported on 
metal-based substrates. For example, in Ir0.06Co2.94O4 catalyst with cor-
related Ir single atoms integrated in the lattice Co oxide spinel, the Ir 
centers exhibit a second-shell coordination derived from both Co and 
Ir. The WT-EXAFS result demonstrates a second-shell domain with 
dual local maxima, unambiguously identifying the coexistence of Ir-Co 
and Ir-Ir scatterings.

Fourier transform infrared spectroscopy
Some in situ spectroscopic techniques can be performed to detect the 
local structure of metal centers by evaluating their chemisorption 
behavior toward probe molecules. In situ diffuse reflectance infra-
red Fourier transform spectroscopy (DRIFTS) of CO chemisorption 
measurements represent an efficient technique for examining the 
local structure of metal centers, especially noble metals that show 
strong CO chemisorption. On one hand, the noble metal single atoms 
contrast with the corresponding noble metal nanoparticles as the latter 
exhibit bridge adsorption of CO with characteristic absorption 

BA C

Fig. 6. The local coordination analysis of C-SACs with metal-metal interactions. (A) Mo K-edge FT-EXAFS and WT-EXAFS spectra of W1Mo1-NG and the references. 
Reproduced with permission from the American Association for the Advancement of Science (76). (B) CO-DRIFTS chemisorption spectra of correlated Ni-Cu catalysts. The 
CO chemisorption on Cu sites was weakened with the increase of Ni concentration, demonstrating the strong Ni-Cu interaction. Copied with permission from the Nature 
Publishing Group (55). (C) H2-TPD profiles of atomically dispersed Pt/MoS2 with different Pt loadings. Copied with permission from the Nature Publishing Group (22).
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features at ∼1850 cm−1, whereas the single atoms show linear ad-
sorption of CO at above 2000  cm−1 (89). On the other hand, as 
demonstrated by theoretical calculations and verified by experimental 
measurements, the correlated noble metal single atoms can be dis-
tinguished from isolated single atoms by different CO chemisorp-
tion peaks (53, 97). In addition, the atomic interaction between 
correlated metal sites may affect the CO chemisorption behavior of 
target metal centers, making it an ideal measure to detect local envi-
ronment by CO-DRIFTS. For instance, in a Ni1Cu2/g-C3N4 catalyst 
with one atomic Ni centers confined by two Cu grippers, the direct 
Cu-Ni interactions can be confirmed by in situ CO-DRIFTS chemisorp-
tion measurements in comparison with that of Ni1/g-C3N4 and 
Cu1/g-C3N4 with only one type of metal sites. As shown in Fig. 6B, 
Cu1/g-C3N4 reveals evident CO chemisorption peaks at 2103 and 
2123 cm−1 on isolated Cu+ ions and trimers, respectively, while Ni1/
g-C3N4 shows negligible CO chemisorption. With the deposition of 
Ni atoms on Cu1/g-C3N4, the intensity of CO peak gradually dimin-
ishes, strongly verifying the significantly decreased CO chemisorption 
on Cu sites due to direct Cu-Ni interactions.

Temperature-programmed desorption
In addition to DRIFTS, TPD measurements can be adopted to demon-
strate the interaction among correlated single atoms by evaluating the 
adsorption/desorption behavior toward various gas molecules. For 
example, Li et al. (22) applied H2-TPD to investigate the H2 desorp-
tion behavior on Pt/MoS2 catalysts with various Pt contents (Fig. 6C). 
The Pt/MoS2 catalysts with mainly isolated Pt single atoms show sim-
ilar H2 desorption temperature at around 311.2°C, while with the in-
crease of Pt content to form correlated Pt sites, the corresponding H2 
desorption temperature can be greatly lowered to 283.5°C. This result 
indicates the promoted dissociation of H2 on the correlated Pt sites 
with synergistic interaction, which allows for manipulation of catalytic 
properties toward CO2 hydrogenation. In addition, in a recent study 
of MnO2-hosted adjacent Fe SAC, the O2-TPD profile exhibited an 
additional characteristic peak at 192°C compared with that of pure 
MnO2 (48). This suggests the emergence of new oxygen species 
formed on the correlated Fe sites, leading to a stronger O2 activation 
and enhanced CO oxidation performance.

ELECTRONIC STRUCTURE INVESTIGATION
The variations in atomic structure and local coordination of cor-
related single metal atoms influence their electronic structure via 
orbital hybridization and charge transfer. At the same time, the 
incorporation of metal sites may cause notable modification of 
electronic structure of the substrate, resulting in changes in physi-
cochemical properties of the hybrid materials (98). DFT calcula-
tions provide theoretical means for evaluating the electronic structure 
of C-SACs. On the basis of the rational structure modeling, the 
intrinsic properties of hybrid materials and their catalytic perform-
ance can be investigated from both thermodynamic and kinetic 
viewpoints.

Structural modeling
To intuitively analyze the electronic structures of correlated single 
atoms, the rational modeling of the hybrid structures is of great 
importance. For example, to investigate the electronic structure 
of short-range correlated Ir sites within the lattice of Co3O4, we 
constructed a series of Ir4-Co44O64 models, where the interatomic 

distances among the four Ir sites were tuned to represent Ir clusters 
with diverse sizes (Fig. 7A) (26). When three Ir sites exhibit the 
nearest interatomic distances of d1 ≈ d2 ≈ d3 (≈2.88 Å for this 
structure) with each other and the fourth Ir site show a much larger 
interatomic distance of d4, the cluster size can be determined as 3 
(atoms); when all Ir sites exhibit the interatomic distances larger than 
2.88 Å with each other, they can be regarded as fully isolated single 
atoms; thus, the cluster size can be determined as 1 (atom). This 
definition is based on the premise that two single atoms distributed 
in the nearest interatomic distance can be deemed to be interactive 
with each other to form correlated sites. Another condition of this 
modeling is that the size of the supercell should be large enough to 
incorporate the Ir sites with designed interatomic distances. There-
fore, based on the regulation above, the models of correlated Ir sites 
with 1 to 4 atom cluster size were created, respectively.

Structural thermostability
In SACs, theoretical calculations can be conducted to predict the 
possibility of integrating certain types of single atoms into the 
framework of the substrate by evaluating the thermodynamic sta-
bility of the hybrid system. Taking M′ substituted MOx hybrid as an 
example, to achieve this, a ternary phase diagram including the 
atomic chemical potentials (M, M′, and O) of the component ele-
ments can be constructed to determine the formation energy of the 
possible competing phases in the system. When the equations cor-
responding to various competing phases (M′-MOx hybrid material 
and various pure M′ oxides) are solved to obtain the varying ranges 
of atomic chemical potentials, the thermodynamic stability of target 
M′-MOx hybrid phase can be determined. As shown in Fig. 7B, the 
existence of orange region in the diagram indicates that the equa-
tion of stable M′-MOx phase can be solved under thermodynamic 
limitations to determine the ranges of M, M′, and O, suggesting 
the thermodynamically stable M′-MOx structure with M′ atoms 
substituting the lattice sites in MOx. In turn, the absence of phase 
corresponding to the hybrid structure in the ternary phase diagram 
would demonstrate that such a compound cannot exist against the 
competing phases.

Stability under reaction conditions
Currently, there is a lack of universally applicable theoretical inves-
tigations to evaluate the structural stability of catalysts under reaction 
conditions. For C-SACs, one can analyze the electronic structure and 
assess some parameters to explain and predict the catalytic proper-
ties. The valence band maximum (VBM) edge of metal sites, corre-
sponding to the highest energy level occupied by electron states, can 
be adopted as an indicator to confirm the ability to lose electrons. 
As shown in Fig. 7C, upon incorporation of M′ single atoms, the 
hybrid M′-MOx exhibits a down-shifting VBM of M-d band com-
pared with the pure oxide in the density of states plot. This indicates 
that in the hybrid, it is less possible for the MOx substrate to lose 
valence electrons, namely, to be (electro)chemically oxidized. This 
characteristics greatly enhances the structural stability of MOx sub-
strate under oxidative reaction conditions, well explaining the good 
catalytic stability of transition metal oxide-based catalysts in oxida-
tion reactions, e.g., OER (26).

Thermodynamic energetics
C-SACs have been reported to exhibit unique catalytic properties, 
which can be attributed to the modulated adsorption behavior and 
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energetics toward reaction intermediates. Extensive research efforts 
have been made to study the thermodynamic energetics, which can 
be used to investigate a series of reaction parameters, e.g., active sites 
(68), rate determining step (99), reaction pathway (100), etc. A ma-
jor characteristic of C-SACs is the complicated atomic structure in 
comparison to the conventional isolated SACs, leading to more pos-
sibilities of the active sites during reactions. One can calculate and 
compare the Gibbs free energy (G) for the possible models to de-
termine the active sites in C-SACs and to evaluate the activity origin. 
For example, in an N-doped graphene-supported W-Mo hetero-
dimer catalyst (W1Mo1-NG), a W-O-Mo-O-C configuration with 
O-coordinated W-Mo atoms in NG vacancies can be indicated by the 
combination of optimized DFT geometrical analysis and EXAFS fitting 
results (76). Correspondingly, nine possible active sites were suggested 
in W1Mo1-NG heterodimer. Taking the competing phases of homo-
nuclear Mo2-NG and W2-NG systems into consideration, G of H 
atom adsorption was calculated for all the possible active sites. As 
concluded in Fig. 7D, GH of active sites in heteronuclear W1Mo1-NG 
is much closer to the optimal condition than that in homonuclear 
systems throughout the whole pH range. In particular, the lattice O1 site 
provides an optimal GH, suggesting that the W-Mo heterodimer ac-
tivated the lattice O site to form a unique O-coordinated active ingredient 
for hydrogen evolution reaction (HER) under given pH condition.

Dynamic evolution
Chemical reactions are ingenious dynamic processes with many influ-
ence factors involved. For catalytic reactions promoted by C-SACs, the 

synergistic effect of correlated metal atoms plays a key role in facilitat-
ing the reaction processes. In general, electrochemical measurements 
(e.g., Tafel plots) and some in situ characterizations can be applied to 
investigate the contributions of these synergistic effects on the reaction 
kinetics (101). However, to explain this synergistic effect in-depth 
and intuitively, theoretical calculations and molecular dynamics sim-
ulations are required in term of the dynamic changes in the target 
structure. For instance, through calculating the activation energy (Ea) 
and exploring the carbon-metal (C-M) bond distances, the intrinsic 
synergistic effect of Ni-Zn paired-metal sites in NiZn-N6 was analyzed 
(93). Specifically, the climbing image nudged elastic band (CI-NEB) 
result demonstrated a much lower Ea in the CO2 hydrogenation reac-
tion on the correlated Ni-Zn bimetal sites in comparison with that for 
the isolated metal single atoms. In addition, the ab initio molecular 
dynamics (AIMD) simulations show that the C-metal bond length be-
tween *COOH intermediate and the correlated NiZn-N6 catalyst is 
relatively stable during the catalytic process, while those in the isolated 
SACs (Zn-N4 and Ni-N4) elongate rapidly (Fig. 7E). This finding con-
firmed the thermostability of the adsorbed *COOH intermediate on 
the correlated Ni-Zn sites. Therefore, the combination of CI-NEB and 
AIMD simulations has been used to demonstrate boosted reaction 
kinetics of CO2RR on the correlated Ni-Zn bimetal sites.

SUMMARY AND OUTLOOK
In the past decade, a tremendous development in the structure 
design and fundamental electrocatalytic investigations on SACs has 

B CA

D E

M'-poor; 
M-rich

M'-rich; 
M-poor

M'-MOx

Fig. 7. The electronic structure investigation of C-SACs with metal-metal interactions. (A) Structure modeling of C-SACs. Copied with permission from the American 
Chemical Society (26). (B) A ternary phase diagram including the atomic chemical potentials (M, M′, and O) of the component elements. The structural thermostability of 
the hybrid material M′-MOx against competing phases can be determined. (C) The density of states of metal oxide substrate exhibits downshift of valance band maximum 
(VBM) upon metal single-atom incorporation. Copied with permission from the American Chemical Society (26). (D) Thermodynamic energetics evaluation on C-SACs. The 
GH of all the possible various sites were calculated to determine the active sites. Reproduced with permission from the American Association for the Advancement of 
Science (76). (E) Dynamic evolution study of C-SACs during reaction. Ab initio molecular dynamics (AIMD) calculations of the structure of the *COOH adsorption/desorption 
on NiZn-N6, Ni-N4, and Zn-N4 catalysts with respect to the change in M-C bond length with time. Reproduced with permission from John Wiley and Sons (93).
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been achieved, which resulted in the next-generation catalysts with 
maximum atomic utilization. However, the structure simplicity of 
SACs significantly restricts the substantial enhancement of their 
electrocatalytic performance. C-SACs can break such limitation by 
providing flexible structure with tunable atomic structure, local coor-
dination, and electronic structure while maintaining the high atomic 
utilization. We propose here that the electronic structure modula-
tion in C-SACs is dictated by the interaction between the central metal 
single atoms, which are closely associated with geometric structure 
of the correlated single atoms. So far, the investigation of the metal- 
metal interactions in C-SACs is still in its infancy stage. A few key prob-
lems are yet to be addressed to pave the way for future developments.

First, the precise control of atomic structure in C-SACs via general 
synthetic strategy remains to be a grant challenge. Common wet 
chemistry strategies feature easy implementation and low cost but are 
often difficult to obtain metal sites with precisely controlled local co-
ordination and narrow size distribution. Although strategies such as 
ALD and mass-selected cluster deposition have been used to prepare 
small clusters supported on the surface of substrate or located in the 
lattice of substrate, the complicated synthetic procedure and the nar-
row choice of substrates greatly restrict their wide applicability. One 
promising methodology is to adopt self-assembly of metal precursors 
before deposition on an appropriate substrate.

Second, the comprehensive characterizations of C-SACs, especially 
the metal-metal interactions that exist in them, are still difficult to im-
plement. Structural variables such as cluster size and local coordi-
nation configuration make the characterization of correlated single 
atoms more complicated than that of isolated single atoms in conven-
tional SACs. In addition, the commonly used irregular carbon-based 
substrates and three-dimensional metal compound substrates both 
cause difficulty in unambiguous structure identification of C-SACs by 
microscopic techniques. On the other hand, because the concept of 
metal-metal interactions has not been brought up before, the detailed 
characterization of metal-metal interactions in C-SACs is limited.

Last but not the least, C-SACs represent a new metal geometry 
that bridges the conventional metal bulk crystals, nanoparticles, and 
isolated single atoms, yet the topological structure of correlated single 
atoms remains seldom studied. We propose here that the topologi-
cal structure of correlated metal single atoms can be regulated by the 
choice of appropriate substrates and the careful integration of metal 
sites into the substrates. This strategy will greatly diversify the topo-
logical structure of metal single atoms and enable substantial mod-
ulation of electronic structure and catalytic properties of C-SACs.

Benefiting from great structural tunability facilitated by metal- metal 
interactions, C-SACs are promising candidates for next-generation 
highly efficient catalysts toward not only electrocatalytic reactions 
but also other critical heterogenous catalytic applications. In the 
current stage, a special emphasis should be on the research toward 
commercialization of these advanced materials.
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