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Supported single-atom catalysts (SACs) and their catalysis have become a hot topic recently, because the

dispersion of isolated metal atoms on support surfaces can maximize the atomic efficiency/economy of

noble metals and the resulting SACs often possess unprecedented catalytic activity. More importantly, with

the development of SACs, it is relatively easy for us to identify the nature of catalytically active sites on

these catalysts and establish intrinsic reaction mechanisms. However, it is still a great challenge to develop

thermally and chemically stable SACs by a relatively easy method, which is also the case for the characteri-

zation of these catalysts because that would need higher resolution and precision. In this minireview, we

generalize the advantages of SACs, outline the recent progress of the fabrication, characterization, and sta-

bility of SACs, and propose that electronic metal–support interactions are key to the development of stable

SACs with pronounced catalytic activity. Some directions for future research are briefly discussed.

1. Introduction

Traditional supported metal catalysts are portrayed by the dis-
persion of metal nanoparticles (NPs) on the support, whereas
single-atom catalysts (SACs) are a class of unconventional cat-
alysts where bare metal atoms are atomically dispersed or an-
chored on the support.1–6 In the late 1980s, Thomas defined a
new class of catalysts as uniform heterogeneous catalysts.7

Owing to the development of new and sophisticated charac-
terization techniques/instruments in recent decades, one can
“see” single metal atoms with these tools. Thomas et al.
reviewed the relevant progress till 2005, including a work on
single Pd atoms supported on thin MgO films,8 and renamed
this class of catalysts as single-site heterogeneous catalysts
(SSHCs).1 He also categorized SSHCs into four subclasses,
one of which includes individual isolated atoms anchored to
supports. In 2005, Böhme et al. also proposed the conception
of single-site catalysis in gas-phase experiments.9 In 2011,
Qiao et al.10 observed single Pt atoms anchored on FeOx sur-
faces (Fig. 1) by using high-resolution high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM), and they coined a new concept of single-
atom catalysis, thus provoking a hot debate on whether single
atoms alone can act as active sites in heterogeneous cataly-
sis.11 In 2013, Yang et al. generalized the concept and exam-

ples of “single-atom catalysts”.3 From that on, more and more
articles on SACs have been published. SACs have attracted
much attention due to the following aspects.

1.1. Maximum atom efficiency

Noble metals, widely used as catalyst components, are expen-
sive and of limited supply. Thus, enormous efforts have been
devoted to reducing the consumption of noble metals. In
principle, the catalytically active sites (CASs) of supported no-
ble metal catalysts are either the perimeter atoms of metal
NPs in contact with supports or exposed surface atoms of
metal NPs,12–15 whereas the metal atoms inside NPs are often
not used for surface catalysis. Thus, the most effective way to
make use of each metal atom of supported metal catalysts is
to downsize metal NPs to well-defined and atomically distrib-
uted metal active centers, i.e., SACs.
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Fig. 1 HAADF-STEM images of Pt1/FeOx. Pt single atoms (white
circles) are uniformly dispersed on the FeOx support (a) and occupy
exactly the positions of the Fe atoms (b). Reproduced with permission
from ref. 10.
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1.2. Unique catalytic properties

In recent years, SACs have been widely used in catalytic
oxidation,10,15–22 hydrogenation,23–26 water-gas-shift
(WGS),4,27–29 and electrocatalysis,30–33 showing improved cata-
lytic activity and selectivity compared with supported metal
NPs. For example, we prepared single-atom Ag chains (Ag–
HMO) from Ag NPs supported on hollandite-type manganese
oxide (HMO) nanorods (Ag/HMO), and found that the TOF
of Ag–HMO (0.035 s−1) in the HCHO oxidation was much
higher than that of Ag/HMO (0.005 s−1) at 80 °C.34 Flytzani-
Stephanopoulos's group discovered that both positively
charged Pt and Au single atoms supported on appropriate ox-
ides are the active species for the WGS reaction.28,29,35 The
isolated bimetallic Rh1Co3 sites of Rh1Co3/CoO exhibited out-
standing catalytic performance in terms of quite high catalytic
activity and 100% selectivity for the reduction of NO to N2 at
low temperature.36 Wang et al. also developed CoO-supported
Rh single-atom catalysts with remarkable activity and selectiv-
ity towards propene hydroformylation.37 A single-atom Pd1/
graphene catalyst showed about 100% selectivity to butenes
in the selective hydrogenation of 1,3-butadiene at a 95% con-
version, whereas on a commercial Pd/carbon catalyst, the se-
lectivity to all butenes decreased dramatically when the
1,3-butadiene conversion was above 70%.26

1.3. Identification of catalytically active sites

Since the introduction of the concept of CASs by Taylor in
1925,38 great efforts have been devoted to the identification of
CASs. A thorough understanding of the nature of CASs may
be helpful for improving existing catalysts and designing su-
perior new catalysts.39–41 However, the precise identification
of CASs is extremely challenging, especially for supported
metal NP catalysts, due to the quantum size effect42–44 and
the structure-sensitive geometric effect.45,46 Fujitani et al.
found that the CASs of Au/TiO2 for CO oxidation are
temperature-dependent; at low reaction temperatures the
CASs are only located at the perimeter interfaces of the Au
NPs contacted with TiO2 support, whereas at high tempera-
tures all the surface Au atoms can act as CASs.12 Ertl's group
reported that active metal surfaces often oscillate during the
real catalytic oxidation,47 meaning that CASs can be change-
able. Therefore, it is a formidable task to identify the CASs of
supported metal NP catalysts.

On the contrary, it is much easier for us to identify the
CASs of SACs because the single metal atoms with their im-
mediate neighbouring atoms of the support surfaces are usu-
ally CASs. For example, Yang et al.48 reported that at higher
gold loadings on titania, nanoparticles formed but gave no
further enhancement to the activity. The removal of this “ex-
cess” gold leaves the activity intact. Hence, the atomically dis-
persed gold species with surrounding extra surface –OH
groups are the active sites for the WGS reaction. Similar re-
sults were also reported in other reactions.49,50 We synthe-
sized two thermally stable SACs, in which single Ag atoms
are anchored at the {001} top facets of HMO by different

methods, and we found that the higher depletion of the 4d
electronic states of the Ag atoms caused stronger electronic
metal–support interactions, leading to easier reducibility and
higher catalytic activity (Fig. 2).51 In our recent work, single-
atom sodium and silver catalysts were also used to differenti-
ate the function of alkalis from that of noble metals under
identical conditions.52 Wang et al. also established a quanti-
tative correlation between the catalytic performance and
metal–support interactions by using Rh1/VO2 single-atom cat-
alysts for NH3BH3 hydrolysis to generate H2.

53

1.4. Establishment of intrinsic reaction mechanisms

As for traditional noble metal NP catalysts, it is extremely dif-
ficult to establish an intrinsic reaction mechanism even for a
simple model reaction such as CO oxidation. As a conse-
quence, density functional theory (DFT) calculations have
played a major role in understanding the specific catalytic re-
action mechanisms.10,18,30,34,54–57 Because single metal atoms
act as CASs of SACs, the establishment of intrinsic reaction
mechanisms (by using experimental data and DFT calcula-
tions) becomes significantly simplified compared with those
for metal NP and cluster catalysts. For example, the catalytic
mechanisms of CO oxidation on Ir1/FeOx or Pt1/FeOx catalysts

Fig. 2 (a) Arrhenius plots for the reaction rate constants (k) for the
HCHO oxidation over the catalysts with the corresponding Ea values.
(b) TAP results of AgAOR–HMO at 70 °C (blue shade) and 100 °C (red
and blue shades) using a CO probe. The inset model shows twelve
lattice oxygen atoms (pink) within a shell with a radius of
approximately 3.6 Å (Rshell) of the CAS (yellow) at 70 °C. Mn atoms are
depicted as blue balls. Reprinted with permission form ref. 51.
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were proposed by using DFT calculations and were further
confirmed by experimental results.10,54 The theoretical investi-
gation helps to understand the differences in the reaction
rates between Ir1/FeOx or Pt1/FeOx for CO oxidation. The
mechanisms of other sophisticated reactions such as oxygen
reduction reaction18 and benzene oxidation30 over SACs were
also calculated by DFT.

Although supported single-atom catalysts have demon-
strated attractive performance, three dominant challenges re-
main, including: (i) controllable and facile synthesis of SACs
with finely and densely dispersed single atoms; (ii) character-
ization of SACs, especially via in situ techniques; (iii) robust
stabilization of single atoms on supports. Below we primarily
focus on the recent advances in addressing these three
challenges.

2. Fabrication of single-atom catalysts

A prerequisite for studying catalytic properties of SACs is
to disperse isolated single metal atoms onto appropriate
support surfaces. Methods used for the fabrication of
SACs include high-vacuum physical deposition techniques
(e.g., a mass-selected soft-landing method58–60 and an
atomic layer deposition method31) and wet-chemical
routes.10,19–23,25,29,30,34,61–66 Vacuum deposition of single
atoms is easier to control and can provide desirable model
catalysts for fundamental studies of metal–support interac-
tions and the particle size effect. However, it may not be pos-
sible, at least at the moment, to use this technique to pro-
duce commercial catalysts for industrial applications due to
the high cost and low yield.3,5,6 So far, wet-chemical routes
have been mainly used to synthesize SACs because this
method does not require specialized equipment and can be
conveniently practiced. For example, Zhang's group has suc-
cessfully prepared a series of SACs by coprecipitation, in
which single atoms can be Pt or Ir.10,61,62 Single-atom Pt cata-
lysts based on different supports were also synthesized by im-
pregnation.26,30,55 A facile adsorption method was also used
for the synthesis of single-atom catalysts.63–66 Different from
the usual strategy using the metal monomer as precursors,
we synthesized single-Ag-atom catalysts, starting from Ag NPs
supported on HMO.15,19,22,34,51 Upon heating, the Ag NPs on
HMO can be dispersed to form single Ag atoms. Although all
the wet-chemical routs are convenient compared to high-
vacuum physical deposition techniques, different kinds of
wet-chemical routs have its own disadvantages. For example,
some metal atoms can be buried at the interfacial regions of
the support agglomerates and within the bulk of the support
crystallites for the coprecipitation method. The wet impreg-
nation method may not be appropriate for synthesizing high
metal loading SACs.6

2.1. Three kinds of surface sites for anchoring single metal
atoms

It is challenging to fabricate SACs with isolated single atoms
finely, densely, and tightly anchored to supports. Due to the

huge surface-free-energy of single atoms, the aggregation of
single atoms during the preparation of catalysts seems to be
inevitable, especially when high surface-loading densities of
single atoms are desired.16,23,25,55,64 In addition, SACs are of-
ten unstable due to sintering during catalytic reactions,
resulting in the loss of activity or selectivity.3,67 Despite ex-
traordinary difficulties, the fabrication of SACs is feasible
depending on the nature of anchoring sites on supports'
surfaces.

There are generally three kinds of anchoring sites on the
basis of their different structural properties: (i) support sur-
faces with unsaturated coordinated atoms.67 Kwak et al.
reported that Pt atoms bound to unsaturated coordinate Al3+

sites on the support by a binding-driven method to achieve a
SAC.67 (ii) Support surfaces with defects.10 A SAC that Pt
atoms are anchored at detects of iron oxide was synthe-
sized.10 Isolated Au atoms dispersed on the surface of CeO2

and FeOx by occupying the surface vacancy sites were proved
to be extremely stable for CO oxidation in a wide temperature
range.64,65 (iii) Support surfaces with excess O atoms to form
size-suitable hollow sites. Hackett et al. synthesized single-
site Pd/Al2O3 catalysts by stabilizing Pd atoms in a four-coor-
dinate, pseudo-square-planar geometry.16 A stable Pt1 SAC
based on phosphomolybdic acid (PMA)-modified active car-
bon was also developed by anchoring Pt on the four-fold hol-
low sites on PMA.25 However, only a minority of supports'
surfaces has a fairly strong affinity for mobile single atoms,
leading to a remarkably low metal loading of 1 wt% or below
with respect to supports,10,67 which causes a relatively low
surface concentration of CASs (Fig. 1). Thus, the key to syn-
thesizing stable SACs with high density is to increase the
density and capability of anchoring sites.

2.2. Strategies to increase the density of surface single metal
atoms

Considering the three kinds of anchoring sites, it is relatively
easy to increase the density and to adjust the nature of the
oxygen cavities. There are two strategies to solve this prob-
lem: one way is to find a support with high-density anchoring
sites. Our previous work showed that HMO is a desirable sup-
port. Terminated oxygen atoms of the HMO(110) or (001) sur-
faces serving as suitable cavities could anchor individual
metal atoms (such as Ag) with a proper diameter, and the
HMO tunnels could also encapsulate individual Ag
atoms.34,51 Therefore, both surfaces and tunnels could
densely accommodate single Ag atoms.51 A catalyst with a
high Ag loading of 10 wt% was successfully synthesized. The
other way is to downsize metal oxide supports because nano-
structured oxide supports have high surface areas and high
intensity of defect sites, which played as the anchoring sites
of single metal atom. After anchoring the metal atom, energy
of the system of the supported single-atom catalyst will de-
crease according to the DFT calculation.68 In our recent stud-
ies, HMO NPs with potassium-filled pores were synthesized
that allows noble metal atoms to be exposed only on
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abundant five-fold oxygen-terminated cavities to form highly
dense CASs, and the density of single silver atoms on HMO
surface was found to arrive at ∼2.5 Ag atoms nm−2 (Fig. 3),
presumably the highest density of dispersed single atoms
among the reported SACs.15,19,69 Dvořák et al. found single
Pt2+ ions are stabilized at ceria step edges in planar PtO4 moi-
eties, and nanostructured oxide supports may be helpful to
increase the loading of monodispersed Pt2+ ions.68 Therefore,
nanostructured supports with high-density surface anchoring
sites are needed for fabricating SACs with high-density CASs.

3. Characterization of single-atom
catalysts

After the fabrication of supposed SACs, it is necessary to
characterize them to confirm the existence of only single
metal atoms and determine the structure of the CASs.
However, that is not an easy task because high spatial
resolution is needed to determine single atoms with
several-angstrom sizes. Nowadays, sophisticated characteri-
zation tools used for that purpose include electron
microscopy,10,16,18,23,24,29,32,35,51,55,68–71 especially scanning
tunneling microscopy (STM) and HAADF-STEM, as well as
spectroscopic techniques,10,15–24,34,51,67,70 including X-ray ab-
sorption spectroscopy covering extended X-ray absorption
fine structure (EXAFS), X-ray absorption near edge structure

spectroscopies, and infrared (IR) spectroscopy. Below we dis-
cuss the application and challenge of these technologies.

3.1. Electron microscopy approach

With the improved resolution on the sub-angstrom scale,
electron microscopy has become the most convincing and in-
tuitive approach to evaluate the quality of supported metal
catalysts because it can directly image the single metal atoms
dispersed on supports, and thus one can identify the location
of the single metal atoms with respect to the surface struc-
tures of supports and determine the spatial distribution of
single metal atoms.72,73 In particular, HAADF-STEM takes ad-
vantage of the Rutherford scattering of electrons to detect
heavy atoms on light elements of supports.74 Wei et al. dis-
tinguished single metal atoms and subnanometre clusters
with a two-dimensional raft-like morphology based on the
brightness variations and intensities.23 Other single metal
atoms, such as Pd, Au, Ag, and Fe have been also imaged by
HAADF-STEM.18,25,35,69 However, HAADF-STEM cannot distin-
guish single metal atoms from supports when their atomic
numbers are close. Besides HAADF-STEM, STM can provide
both the atomic and electronic structure information of sin-
gle metal atoms only when the underlying supports are con-
ductive. For example, Deng et al. used low-temperature STM
images combined with STM simulation to confirm that a
FeN4 center is embedded in the graphene matrix and the iron
center significantly modified the density of states of adjacent
atoms (Fig. 4).18

Although environmental STEM has been developed rapidly
in recent years, it is challenging to observe the electronic
states of single metal atoms under the reaction environment
due to the limitation of the technology, oscillation of

Fig. 3 Imaging of the isolated Ag atoms on the HMO surface. (a)
Aberration-corrected HAADF-STEM image of Ag1/HMO. (b) Three-
dimensional projected image of the dash rectangle in panel (a), show-
ing the difference of contrast between Ag, Mn and the background
(each peak corresponds to an atom, and the height/intensity of the
peaks is dependent on the atomic STEM contrast; arbitrary colors).
Reprinted with permission from ref. 69.

Fig. 4 (a) High-resolution transmission electron microscopy (HRTEM)
images of FeN4/GN-2.7. (b and c) Atomic models (b) and the corre-
sponding simulated HRTEM images (c) for the structures in (a), where
the FeN4/GN structures have been optimized. (d) HAADF-STEM images
of FeN4/GN-2.7. (e) Low-temperature scanning tunneling microscopy
(LS-STM) image of FeN4/GN-2.7, measured at a bias of 1.0 V and a cur-
rent of 0.3 nA (2 nm × 2 nm). (f) Simulated STM image for (e). The
inserted schematic structures represent the structure of the graphene-
embedded FeN4. Reprinted with permission from ref. 18.
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catalysts or damage under the high-energy beam or probe
current.75 Hence, it is extremely desirable to develop an al-
most undamaging electronic imaging technology for in situ
investigations of structures and chemical behaviors of single
atoms in real reaction environments.

3.2. Spectroscopic techniques

EXAFS spectroscopy has been extensively used to characterize
the nature of supported metal NPs.10,15,16,18–24,34,51,70 EXAFS
spectra arise due to the interference effects between the out-
going wave and the backscattered wave produced by the sur-
rounding atoms around the core.76 From the analysis of
EXAFS data, information about the local coordination num-
ber, interatomic distances, structural disorder, and kind of
neighboring atoms at a given distance can be extracted.76

The parameters primarily reflecting sizes and shapes of metal
particles are the average coordination number which can be
determined, in principle, up to the fifth coordination shell
around the absorber atoms.77 Thus, if an accurate descrip-
tion of the relation between the particle size/shape and the
average coordination number are known, one can estimate
the particle geometry. For SACs, the metal–metal bonds
should be absent in their EXAFS spectra. In our previous
work, EXAFS spectroscopy was successfully applied to evalu-
ate the sizes of supported Ag NPs and determine the struc-
tures of the anchoring sites of single Ag atoms (Fig. 5).15,34,69

The Ag–Ag coordination number decreases with the decrease
of the sizes of Ag NPs. When Ag atoms are dispersed atomi-
cally on HMO, the Fourier transform (FT) amplitude due to
the Ag–Ag bonds disappears. The first shell in the FT spec-
trum of Ag1/HMO with a distance of ∼2.33 Å is assigned to
the Ag–O bonds with a coordination number of 4, indicating
that the isolated Ag atoms are anchored onto the HMO sur-
face to form AgO4 motifs.15 Malta et al. even performed in
situ X-ray absorption spectroscopy experiments to definitively

show that highly active catalysts comprise single-site cationic
Au entities whose activity correlates with the ratio of AuĲI) :
AuĲIII) present,78 thus providing a new way to investigate the
nature of CASs under operating conditions.

IR spectroscopy may also be used to distinguish and quan-
tify single metal atoms from metal NPs. In the late 1970s,
Yates and co-workers detected the presence of single Rh
atomic species in their highly dispersed Rh catalysts via IR
spectroscopy.79 Similarly, some recent work also utilized IR
spectroscopy to differentiate and quantify the fraction of Rh
single atoms and Rh nanoparticles.80,81 Ding et al. also used
CO as a probe molecule and assigned the IR bands centered
at 2115 cm−1 and 2070–2090 cm−1 to CO adsorbed on Pt sin-
gle atoms and Pt NPs, respectively (Fig. 6).82 Hence, it is pos-
sible to compare the oxidation activity of CO adsorbed at dif-
ferent sites and investigate the active species in supported-Pt
catalyzed CO oxidation.82 However, it may not be suitable for
all the metals to use CO as a probe molecule due to the weak
CO adsorption ability of some metals. Thus, probe molecules
should be carefully chosen for given SACs.

In any case, suitable characterization tools should be se-
lected according to the operating conditions of various in-
struments and the nature of SACs. Moreover, it is effective to
combine state-of-the-art experimental techniques and ad-
vanced modelling and simulation methods in computational

Fig. 5 Ag K-edge χ(R) k3-weighted FT EXAFS spectra of the Ag atoms
at the initial and final states during the thermal surface-mediated diffu-
sion process of AgNP/HMO, and two reference samples of Ag foil and
Ag2O. Inset model: an isolated Ag atom anchored on the five-fold oxy-
gen-terminated cavity of the HMO(110) surface. Yellow, red, pink and
purple balls represent Ag, O with sp3 hybridization, O with sp2 hybridi-
zation, and Mn atoms, respectively. Reprinted with permission from
ref. 69.

Fig. 6 (a) IR spectra of CO adsorbed on different Pt/HZSM-5 after the
desorption processes. (b) HAADF image of 0.6 wt% Pt/SiO2 (Al-doped)
with magnified image inserted and arrows to mark the single atoms.
Reproduced with permission from ref. 82.
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chemistry in order to obtain the detailed structure of SACs.
For example, Kwak et al. used a combination of solid-state
magic-angle spinning nuclear magnetic resonance spectro-
scopy, STEM, and DFT calculations to find that coordinatively
unsaturated pentacoordinate Al3+ centers were the anchoring
sites for Pt atoms.67 There is still a big room to develop a
new tool with high temporal and spatial resolution for char-
acterizing SACs, especially under reaction conditions.

4. Stability of single-atom catalysts

Stability of SACs is an important factor that often hinders the
application of SACs. Due to the high surface-free energy and
the low coordination number of single atoms, SACs always
sinter or ripen with time, converting to their thermodynami-
cally preferred state: fewer and larger particles.67,83 Sintering
leads to the loss of activity or selectivity, mainly through a de-
crease in the number of exposed metal atoms, but also
through a change of the electronic properties of the metal
atoms. The sintering of supported metal catalysts has been
intensively studied in recent years.75,84–91

4.1. Thermal stability of single-atom catalysts

The sintering of supported metal NPs generally occurs by two
mechanisms: coalescence and Ostwald ripening.84,85 Coales-
cence occurs when two clusters touch or collide and merge to
form one bigger cluster, which can occur for a high density
of clusters. In the Ostwald ripening mechanism, individual
metal atoms leave a smaller metal particle and diffuse
around on the support surfaces until they join a bigger metal
particle, leading to the growth of bigger particles at the ex-
pense of smaller ones.

Three factors that may affect the sintering process have
been proposed: (i) metal effect, including the size of the NPs
and the nature of the metal; (ii) support effect; (iii) metal–
support interactions. Aydin et al. prepared MgO-supported
catalysts with different metal clusters, Ir, Pt, and Au. After
the same treatment in H2 and in the electron beam, the ma-
jority of the Ir species were nanoclusters about 1 nm in diam-
eter, while the diameters of Au and Pt NPs range from 2 to 5
nm, indicating that the sintering behavior of different metals
differs, and that Ir may be an intrinsically sinter-resistant
metal.75 Campbell's group determined the variation of the
heat of adsorption with changing particle size, and found
that small particles have a much lower heat of adsorption
than larger particles, leading to the lower onset temperature
for Ostwald ripening.84,86 Furthermore, they measured the
energies of Ag atoms in Ag NPs supported on different ce-
rium and magnesium oxide surfaces, and found that Ag NPs
of any given size below 1000 atoms had much higher stability
on reduced CeO2Ĳ111) than on MgO(111). This effect was
found to be a result of strong bonding to both defects and
CeO2Ĳ111) terraces.

88 Single metal atoms are in principle eas-
ier to aggregate than metal NPs, and thus strong metal–sup-
port interactions (SMSI) should be vital for the stability of
SACs.

As proposed by Tauster and co-workers in the late 1970s,92

SMSI has been extensively studied and widely used to explain
the stability and activity of catalysts. For SACs, single metal
atoms interact with the metal oxide either through direct Ma–

Ms bonding or through the formation of Ma–(O–Ms)n, where
Ma and Ms represent the supported active metal atoms and
the metal cations of supports, respectively, and n is a positive
integer (often 1 < n < 9). Thus, SMSI is often associated with
the number (n) and the strength of the bonds, and increasing
the number and the strength of the bonds will strengthen
the SMSI, resulting in higher stability of SACs. For example,
phosphomolybdic acid (which furnishes a range of coordina-
tion sites, including single corner site, bridge site, three-fold
hollow site, and four-fold hollow site) was used to differenti-
ate the ability of various sites for stabilizing SACs.25 Experi-
mental results combined with DFT calculation revealed that
Pt atoms do indeed prefer to be on the four-fold hollow sites.
Alkali ions were also used to stabilize single atoms such as
Au and Pt, by increasing the –O ligands binding directly to
the central metal atoms.29,35 Jones et al. mixed ceria powders
with Pt/Al2O3 and then calcined the mixture at 800 °C.93 The
Pt transferred to the ceria was trapped there to form a sinter-
resistant and atomically dispersed catalyst, indicating that
SMSI may be beneficial for the stability of SACs.93

4.2. Reaction stability of single-atom catalysts

Even though thermally stable SACs can be successfully syn-
thesized, chemical or reaction stabilization of these surface
single atoms remains to be a challenge due to the presence
of oxidative or reducing reactants and high temperature un-
der operating conditions. Reactants, such as CO, NO, H2, and
O2, could affect or induce dramatically the sintering, disrup-
tion, and re-dispersion of supported metal particles, as well
as supported single metal atoms.94–96 For example,
Parkinson's group has found that CO induced the coales-
cence of Pd adatoms supported on Fe3O4Ĳ001) surfaces at
room temperature.94 However, in the Pt/Fe3O4 system, CO
plays a dual role: CO-induced mobility leads to the agglomer-
ation of Pt into subnanometer clusters, and the presence of
CO stabilizes the smallest clusters against decay.95 The strong
interaction between the reactant and the metal adatom is es-
sential for reactant-assisted Ostwald ripening and induced
disintegration. By DFT calculations, Li's group90 proposed
that when the adsorption of reactants on the metal adatoms
is exothermic, the metal–reactant complexes becomes the
dominant monomers. If not, Ostwald ripening will be
promoted.

For the synthesis of a catalyst with high thermal and
chemical stability, SMSI should be the essential factor.
Kyriakou et al. anchored single Pd atoms in the lattice matrix
on Cu(111) surfaces to obtain an extremely stable SAC with
strong Pd–Cu bonds.24 Zhang's group prepared a series of
single-atom Co–N–C catalysts with single Co atoms strongly
bonded with four pyridinic N atoms, which showed high sta-
bility for the chemoselective hydrogenation of nitroarenes
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and aerobic oxidative cross-coupling of primary and second-
ary alcohols.49,97 They also developed a highly stable
supported single Ru catalyst in a polar protic liquid phase
under hydrothermal conditions.98 We designed single-atom
Ag catalyst with excellent thermal and chemical stability by
initially depositing Ag NPs on HMO surfaces, and then
annealing the sample at 500 °C in air. Thus, Ag atoms can
diffuse into the HMO tunnels to form a Ag atom chain in-
side, which exposed the end atoms on the surfaces to achieve
SAC (Fig. 7).34,51 Such a single-atom Ag catalyst with four
strong Ag–O bonds and one Ag–Ag bond shows high thermal
stability at a temperature as high as 500 °C, and when part of
Ag–O bonds were broken during reactions such as HCHO oxi-
dation, strong Ag–Ag bond can maintain the exposed single
Ag atoms to be at a steady state, thereby surviving after high-
temperature annealing or chemical reactions. With SMSI,
single-atom Co, Rh, and Fe catalysts exhibit excellent perfor-
mance stability in a variety of reactions, such as hydro-
formylation, electrochemical hydrogen production, oxidation,
reduction, and photocatalysis.37,99–102

5. Conclusions and outlook

SACs, as a kind of frontier catalysts, have attracted wide-
spread attention and been extensively studied in recent years.
However, examples on the successful preparation of SACs are
still limited in number. One has to choose the support,
metal, and preparation methods/conditions very carefully to
obtain SACs because supported metal atoms typically tend to
agglomerate to form nanoparticles, not to mention that the
preparation and catalytic reaction often entail high-
temperature treatment or operation. In addition, the charac-
terization of the prepared catalysts should be carefully
conducted to make sure that the supposedly formed SACs are
indeed so.

Even with the difficulties associated with the preparation,
characterization, and stabilization of SACs, great progress
has been made in this research direction. Several types of
supports can be used to fabricate SACs, i.e., support surfaces
with unsaturated coordinated atoms, support surfaces with
defects, and support surfaces with excess O atoms. In particu-
lar, the terminated oxygen atoms of HMO(110) or (001) sur-
faces can anchor individual metal atoms with a proper diam-
eter such as Ag, and the HMO tunnels could also encapsulate
the individual Ag atoms.

Compared with conventional supported catalysts portrayed
by the dispersion of metal nanoparticles on supports, SACs
have advantages associated with maximum atom efficiency
and unique catalytic properties, and the development of SACs
provides new opportunities for us to identify the nature of
catalytically active sites and elucidate the reaction mecha-
nisms. However, those are not easy tasks.

For future research, it is desirable to develop more SACs
with high thermal/chemical stability and excellent catalytic
performance, characterize their structural details, carry out
relevant experimental/theoretical studies to elucidate the na-
ture of active sites and reaction mechanism, and demon-
strate their applications in a wide range of useful catalytic re-
actions for energy generation, water purification, gas
emission control, and production of chemicals. Research
along this direction should be very interesting and fruitful.
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