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Atomically dispersed single-atom catalysts (SACs) have been extensively studied over the past decade because
of their high atom utilization efficiencies and specific selectivities. Although numerous strategies have been
proposed to obtain SACs with high densities and stabilities, the transformation mechanism that occurs dur-
ing the reaction is still unclear. This review summarizes the structural evolution of SACs in the preparation
process and reaction with various electron microscopy techniques at atomic scale under environmental con-

ditions. Current state-of-the-art environmental electron microscopy studies on SACs mainly focus on porous
carbons, metals or metal oxides, and some specific composite materials. The dynamic evolution of SACs un-
der various reaction conditions is also investigated in this study. Finally, we highlight the challenges and
drawbacks of the current studies and the prospects for the future exploration of SACs with environmental

strategies.

1. Introduction

Supported heterogeneous metal catalysts are widely used for the pro-
duction of the majority of chemicals, materials, and energy in modern
society because of their stability and ease of separation [1,2]. In con-
trast, their low atom-utilization efficiency and the complicated systems
(e.g., size, structure, defects) result in low activity and selectivity. In
addition, it is challenging to elucidate a clear relationship between the
structure and reactivity in these complex systems. These issues may be
addressed by using atomically dispersed single-atom catalysts (SACs)
with specific active sites and almost 100% atom utilization efficiency
[3]. Numerous reports have featured SACs since “single-atom catalysis”
was pioneered by Zhang in 2011 [4], and SACs have been the focus of
research in the past decade [5-9]. The SACs displayed unexpected activ-
ity and high specific selectivity compared with their counterpart metal
particles.

A single metal atom does not actually exist on the surface of a spe-
cific support owing to its high surface free energy [3], these isolated
metal atoms are generally fixed on the carrier by coordinating with their
neighboring atoms. The microenvironment of a single site in SACs is sim-
ilar to that of a molecular complex during the catalytic process, thereby
endowing this new type of heterogeneous catalyst with homogeneous
properties, such as superior activity and specific selectivity. Therefore,
SACs are ideal candidates for bridging homogeneous and heterogeneous
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catalytic reactions [10]. SACs display excellent activity and selectivity
in various heterogeneous thermocatalytic processes, such as hydrogena-
tion/dehydrogenation [6,11-13], CO oxidation [4,8,14], and water-gas
shift [15,16]. Moreover, they demonstrate remarkable electrocatalytic
activity for several reactions, including N, nitrogen reduction reaction
[17]1, oxygen reduction reaction [18,19], formic acid oxidation reac-
tion [20], CO, reduction reaction [21], and hydrogen evolution reaction
[22]. In addition, SACs have promising applications in biomedical fields
[23], owing to their high atom utilization efficiency and the presence
of specific active sites. The geometric or electronic active sites of SACs
can be flexibly regulated by supporting metals on various carriers, such
as porous carbons or carbon-based materials [24], carbides [25], zeo-
lites [26], metals or metal oxides [6,27,28], and sulfides [29]. In addi-
tion, numerous strategies have been proposed to fabricate high perform-
ing SACs, such as conventional wet-impregnation [24] co-precipitation
[4,30], atomic layer deposition [14,31], pyrolysis [32-34], photochem-
ical strategies [6], ice photochemical reduction methods [35], and ther-
mal emission strategies [36,37]. More encouragingly, atomically dis-
persed dual-atom pairs or bimetallic dimers can provide a synergistic
effect on the catalytic process, and might be a new method for regulat-
ing the catalysis [38-40].

Many high-end characterization techniques and strategies have
been proposed to aid the understanding of the active centers of SACs,
including electron microscopy, X-ray absorption spectroscopy (XAS),
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X-ray photoelectron spectroscopy (XPS), and Fourier-transform infrared
(FTIR) spectroscopy. Electron microscopy can provide directly observ-
able results for a single atom or a small region of the catalyst supported
on a solid support. For example, atomic resolution high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
can distinguish between light and heavy elements, owing to the dif-
ferent Z-contrasts in the dark field [3,41]. Moreover, HRTEM can be
used to identify the structural morphology of a single site [42,43]. Fur-
thermore, atomic resolution electron energy-loss spectroscopy (EELS)
can identify the valence states and isolated structures of single metals
[44,45]. Both XPS and X-ray absorption near-edge spectroscopy can
yield macrocosmic information about the electronic states of the cata-
lysts. The coordination environment of SACs can be identified by fitting
X-ray absorption near-edge spectroscopy and extended X-ray absorption
fine structures [46-48]. FTIR can confirm the interaction between the
adsorbent molecules and metal surface. The structure and configuration
of the active sites can be identified by the adsorption of specific probe
molecules. For example, a Pt-based catalyst was found to be a single
Pt atom catalyst using CO as a probe molecule during IR spectroscopy
[4]. Due to the particularity of a single site, the peak position of the
CO molecule that was adsorbed on a single Pt atom was different from
that adsorbed on nanoparticles [49]. In addition, the IR extinction
coefficient ratio of CO molecules adsorbed on single Pt atoms and
nanoparticles can be obtained by combining temperature-programmed
oxidation and mass spectrometry to quantify the CO adsorption sites.
For example, single-atom Pt catalysts exhibit only signals for linearly
bonded CO, whereas Pt clusters exhibit signals for both linear and
bridged adsorbed CO. The dynamic evolution of the surface structure
and activity at the atomic scale during the reaction can provide direct
and powerful evidence of the reaction mechanism [45,50,51]. Al-
though there have been some reports on the dynamic changes in metal
nanoparticles under environmental conditions, reviews on the dynamic
structural evolution of single-atom sites are rare [52-55]. Some research
groups have studied the transformation of metal particles into single
atoms using environmental TEM because of the rapid development of
in-situ techniques and facilities [56-58]. In this review, we summarize
recent in-situ studies on SACs under various reaction conditions over
different carriers (Fig. 1). We believe that evidence obtained from direct
observations in situ will provide a deeper understanding of the reaction
mechanism. Finally, we conclude by discussing the challenges and
prospects for the in-situ study of SACs under environmental conditions.
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Fig. 1. Schematic diagram of in-situ observation of structural evolution of SACs
over various carriers under different reaction conditions.
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2. Transformation of SACs over different substrates

SACs can be synthesized on numerous carriers, including metals
or metal oxides [5,28,59,60], porous carbons [24,56,61,62], carbides
[25,63], sulfides [29], nitrides [39,64], and zeolites [65]. Most of these
materials are good substrates for the in-situ observation of the structural
evolution of various metals.

Most of these studies focused on the transformation of nanoparti-
cles into single atoms under high-temperature conditions. Convention-
ally, metal nanoparticles undergo serious Ostwald ripening under high-
temperature treatment [41,66-68],which severely hampers the applica-
tion of heterogeneous catalysts [69,70]. The sinter-resistant SACs show
immense potential in the chemical engineering industry. In addition,
the volatilization and trapping of single atoms over a reducible carrier
system can promote the large-scale manufacturing of SACs.

2.1. Metal oxides

Datye reported that Pt particles emit PtO, species under oxidizing
conditions and are trapped by other metal oxides to form stable active
single sites [5,71]. The strategy of trapping of atoms on metal oxides,
induced by strong metal-support interactions, can be applied to prepare
various SACs. Pt atoms tend to occupy the step edges of a ceria car-
rier; thus, ceria with polyhedral and nanorod structures stabilizes the Pt
atoms more effectively than cubic ceria. Recently, Qiao et al. success-
fully synthesized single-atom Pt catalysts over an Fe, O carrier using the
same method, and significantly improved the Pt loading from 0.17 wt%
to 0.3 wt% [4,72]. The research team directly observed the structural
evolution process of the Fe,O5 supported Pt particles at 800 °C under
a flow of 1 bar O, using in-situ HAADF-STEM. Approximately 300 Pt
particles with an average size of approximately 3 nm were observed
(Fig. 2(a)). The number of Pt particles decreased to ~200 after anneal-
ing for 1200 s at 800 °C. Some Pt particles (particle sizes of 2-3 nm)
shrank and/or disappeared during the high-temperature treatment pro-
cess, while larger particles (~10 nm) retained their original structure.
The smaller the particle size, the faster the Pt particles disappear. For
example, the smaller Pt particles (e.g., particle 1, Fig. 2) disappeared in
35 s, whereas the larger Pt particles required 45 s to disintegrate.

The atomization process of metal particles at high temperatures
is different from that of conventional Ostwald ripening, and exhibits
strong sinter-resistance. However, a single-atom Pt catalyst could not
be obtained in an inert Ar atmosphere; instead, reducible Fe,05; with
a non-reducible Al,05 support was used, and severe aggregation of
the Pt particles was observed. In other words, single-atom Pt catalysts
could only form in an oxidizing atmosphere over reducible carriers
(Figs. 2(b)(c)).

Theoretical calculations demonstrated that the release of PtO,
species at 800 °C under an oxidizing atmosphere was approximately
—0.61 eV per PtO, (Fig. 2(d)). However, the evaporation energy of a
single Pt atom under an inert environment at the same temperature
was 4.00 eV, indicating that the preparation of SACs was impractical
under inert or reducible gas atmospheres at high temperatures [72].
In addition, the binding of the PtO, species via a four-fold distorted
square configuration over the reducible Fe, O3 surface is highly exother-
mic at 800 °C. However, it is difficult to form stable Pt-O bonds on
alumina surfaces because of the irreducibility of Al3* [72]. The ex-
perimental and calculated results indicated that SACs are more easily
synthesized on reducible carriers in an oxidizing environment. The au-
thors subsequently observed the structural evolution of Ru particles
with in-situ HAADF-STEM by physically mixing RuO, powders with
the Fe-substituted MgAl,0, (MgAl, ,Fe, gO4) support [73]. The RuO,
nanoparticles on MgAl, ,Feq gO, also shrank at high temperatures in an
O, environment, indicating the volatilization of RuO, to form atomic
Ru catalysts. Experimental and theoretical calculations demonstrated
that the presence of Fe atoms strengthened the metal-support interac-
tion and weakened the Ru-Ru interaction, which promoted the disper-
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Fig. 2. Transformation of Pt nanoparticles to single atoms over metal oxides. (a) In-situ observation of Fe,0, supported Pt nanoparticle structure evolution annealed
at 800 °C in 1 bar O,. (b) Schematic illustration of Fe,05 supported Pt nanoparticle transformation under different atmospheres. (c) Schematic illustration of Pt
nanoparticle structure evolution supported on different carriers annealed in air. (d) Calculated energies for evaporation of Pt atom and PtO, unit from Pt (221) step.
(e) Optimized structures and free energy profiles of PtO, anchoring on Fe,O5 (0001) and Al,05 (010) surfaces.

sion of RuO,. This strategy allows for a successful scalable production
of SACs (1 kg scale).

Wang prepared noble Ag SACs on MnO, carriers using a similar syn-
thetic strategy [21]. The results indicated that the driving force for the
preparation of atomic Ag catalysts was the reconstruction of the MnO,,
(211) lattice plane into the (310) lattice plane under high thermal treat-
ment; this was confirmed by in-situ TEM and in-situ X-ray diffraction
(XRD).

2.2. Carbon-based materials

Similar to reducible metal oxide supports, metals can also be an-
chored on carbon-based materials by coordinating with carbon or doped
heteroatoms during the high-temperature treatment process [33,74-
76]. The pyrolysis of metal-N, macrocycles/composites or metal-organic
frameworks (MOFs) at high temperatures exhibits excellent potential
for the preparation of carbon-supported SACs [33,77-79]. MOFs are a
perfect class of materials for fabricating SACs by optimally configur-
ing a stable coordination environment. Specifically, zeolitic imidazo-
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late frameworks (ZIFs) have been extensively studied among the MOFs
[58,62,74,80-85]. Pyrolysis is generally conducted in an inert atmo-
sphere because carbon-based materials cannot withstand high tempera-
tures in an oxidizing atmosphere. During pyrolysis, the organic linkers of
the MOFs are transformed into N-doped carbon carriers, and the metal
nodes are reduced by carbon at high temperatures. The Zn atoms serve
the purpose of isolation, and the evaporation of Zn generates a stable
anchor site in situ that can coordinate with the target metals during py-
rolysis [61]. Although there are numerous reports on the pyrolysis of
ZIFs to prepare SACs, the exact evolution of the structure and formation
mechanism have seldom been reported.

Li et al. directly observed the transformation of noble metal nanopar-
ticles into thermally stable single atoms over ZIF-derived carbon at high
temperatures in inert Ar (Fig. 3(a)) [56]. The particle size of Pd metals
increased, while the number of Pd particles decreased during the tem-
perature change from 100 to 900 °C, demonstrating that agglomeration
and atomization coexisted. The Ostwald ripening and atomization pro-
cess accelerated upon increasing the temperature to 1000 °C, and the
Pd particles disappeared eventually, demonstrating that the atomiza-
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Fig. 3. (a) Schematic illustration and TEM images of the transformation of noble Pd metal nanoparticles to single atoms over ZIF-derived carbon materials. N and
D are the number and average diameter of Pd particles, respectively. Scale bar: 50 nm. (b) Time-sequenced TEM images and schematic illustration of non-noble Co

etching of ZIF-derived carbon.

tion process was dominant. The bonding strengths of Pd-N and Pd-Pd
determined the atomization or agglomeration process. Theoretical cal-
culations revealed that Pd coordinated with two pyrrolic N atoms and
two pyridinic N atoms presented a very stable configuration (Fig. 3(a)),
which could have determined the atomization process. However, sig-
nificant metal sintering was observed upon replacing the carrier with

traditional carbon under the same conditions. This versatile top-down
method can be used for the synthesis of single Pd, Pt, and Au catalysts
[56]. Recently, Zheng et al. studied the transformation of non-noble
Co metals via the pyrolysis of a Co/Zn-ZIF material. Similar to the no-
ble metals, the Co metals also underwent agglomeration and atomiza-
tion during the high-temperature treatment process and finally formed
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Fig. 4. Transformation of metal nanoparticles into single atoms over (a) carbon modified TiO, and (b) sulfide composites.
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Fig. 5. Transformation of metal nanoparticles into single atoms over (a) a-MoC, (b) high-silica chabazite zeolite, and (c) ZSM-5.

single-atom Co catalysts [58]. The researchers concluded that the forma-
tion of single-atom Co catalysts can occur in four stages. The Co species
were reduced and aggregated into metallic Co clusters via the pyrol-
ysis of ZIF at a relatively low temperature (500 °C). The ultrafine Co
clusters were stable and well-dispersed at a much higher temperature
(800 °C). However, at 850 °C, Co agglomerated into nanoparticles and
the molten Co droplets moved and etched the ZIF-derived carbon to
generate a porous structure (Fig. 3(b)). At this stage, carbon dissolved
into the Co nanoparticles to form carbides. Finally, the cobalt carbide
nanoparticles sublimated or evaporated and anchored on the N-doped
porous carbon at 1000 °C.

Atomization and trapping using nitrogen anchor sites can generally
be applied to functional carbon-modified composite materials [86-88].
Wu deposited polydopamine (PDA) on a Pd/TiO,, surface to form a core-
shell structure; the PDA was carbonized to nitrogen-doped carbon with
abundant nitrogen defects at high temperatures (Fig. 4(a)) [86]. The in-
situ observations indicated that the nitrogen defects provided diffusion
and anchoring sites for the mobile metal species that detached from the
particles. More importantly, the loss of catalytic activity due to severe
sintering could be recovered through this atomization process [86]. In
addition to the nitrogen defect anchoring sites, Wu developed an edge-
rich S and N dual defect material with CdS nanorods; the dual anchor-
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ing sites played a significant role in the atomization of various metals
(Fig. 4(b)) [871.

Conventionally, catalysts are prone to poisoning by sulfur species;
however, sulfide- and sulfur-doped carbon material-supported SACs ex-
hibit superior catalytic performances toward various reactions, includ-
ing benzene oxidation [87], CO, hydrogenation [29], and electrocatal-
ysis [19,24].

2.3. Other supports

Liu and Wang directly observed the transformation of Pd crystals into
single-atom Pd catalysts over an a-MoC substrate, which was derived
from the carbonization of MoO3, under atmospheric pressure (20 vol.%
CH,4/H,) [89]. MoOj retained their initial structures at low temperature
(< 300 °C), while the MoOj3 carrier support collapsed and formed an
open-framework structure upon increasing the temperature to 400 and
500 °C (Fig. 5(a)). The in-situ XRD revealed that the MoOj5 structure
underwent the following transformation: MoO, (200 °C), MoO,C, (350
°C), and a-MoC (> 650 °C). The Pd crystals started to aggregate between
300-500 °C and subsequently atomized at much higher temperatures
(600-700 °C). Theoretical calculations demonstrated that the atomiza-
tion of small Pd clusters (Pds) on the vacancy enriched a-MoC was ther-
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modynamically and kinetically favorable (Fig. 5(a)). Studies have con-
cluded that a-MoC is a perfect substrate for supporting various SACs that
exhibit superior catalytic performance in chemoselective hydrogenation
[90,91] and hydrogen production [44,92,93]. In-situ TEM results indi-
cated that the transformation of Pt particles to single atoms over zeolites
could be effective at temperatures < 700 °C [94,95]. Corma discovered
the reversible transformation of single-atom Pt and ~1 nm clusters over
a high-silica chabazite zeolite in O, and H, environments, respectively
(Fig. 5(b)) [94]. Yu observed the atomization of Pt nanoparticles on
ZSM-5 by increasing the temperature to 700 °C in an O, atmosphere
(Fig. 5(c)) [95]. Calculations revealed that the Al atoms in zeolites pro-
vided anchoring sites to bind the PtO species, and the binding energy
decreased with increasing calcination temperature.

As discussed above, the competition between the agglomeration and
atomization processes plays a significant role in the formation of ther-
mally stable SACs. Strong chemical metal-support interactions play a
key role in ensuring atomization by anchoring atomically dispersed
metal atoms. In addition, constructing specific structures and introduc-
ing defects or various heteroatoms into the substrates may be effective
strategies for synthesizing SACs by forming an optimum configuration.

3. Reaction behavior of SACs

In-situ/operando observation of the behavior or structural evolution
of the surface at the atomic scale could provide powerful and funda-
mental evidence for elucidating the structure-activity/selectivity rela-
tionships under the reaction conditions. Nevertheless, the inhomogene-
ity of the active sites remains the main obstacle in reliably resolving
the reaction mechanisms. SACs with single or homogeneous active sites
appear to be perfect candidates for bridging heterogeneous and homo-

ChemPhysMater 3 (2024) 24-35

geneous catalysis. Although there are numerous reports on the dynamic
structural evolution of heterogenous catalysts with TEM or STEM un-
der environmental conditions, reports describing the behavior of SACs
under catalytic reaction conditions are rare [51,54,96-98]. It is still a
challenge to observe single-site active sites under bright fields. In this
section, we introduce studies on the dynamic evolution of SACs under
catalytic reaction conditions.

3.1. Single-atom Au for catalyzing methane pyrolysis

Luo studied the structural evolution of nanoporous Au (NPG) for
catalyzing methane pyrolysis using in-situ TEM with spatial resolution
[99]. The thickness of the amorphous carbon increased during CH, py-
rolysis, whereas an obvious decrease in the thickness of the NPG lig-
aments was observed during the catalytic process (Fig. 6(a)). The de-
crease in the Au surface area implied that numerous single Au atoms
were released from the ligaments and then were dispersed or anchored
onto the carbon layers. The abundant nanopores, including mesopores
(8-7 nm) and micropores (~0.8 nm), in the amorphous carbon layers
allowed the Au atoms to come into contact with the CH, molecules,
thus ensuring pyrolysis. The obvious change in the contrast in the amor-
phous carbon region indicates that the pyrolysis reaction occurred in the
carbon portion, and it could have been catalyzed by a single-atom Au
catalyst, thus demonstrating that single-atom Au and NPG co-catalyzed
pyrolysis reactions. During pyrolysis, a new Au particle was formed,
but it quickly disappeared (Fig. 6(b)), indicating that the nanoparti-
cle and single-atom Au might not be independent of each other during
the catalytic reactions. The co-catalysis process was proven via density
functional theory (DFT) calculations and the mutual transformation of
Au nanoparticles and single Au atoms (Fig. 6(c)). The reconstruction
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Fig. 6. (a)(b) In-situ dynamic observation of CH, pyrolysis over (a) nanoporous Au and (b) single-atom Au. Yellow, green, and blue dashed lines represent the
positions of the surface at 0, 1, and 2 s, respectively. (c) Theoretical calculation of evolution of Au cluster on amorphous carbon.
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of a single-site Au catalyst into Au nanoclusters was also observed in
Au/TiO,, and it was induced by light illumination [100]. In addition,
the synergistic catalytic performance between single atoms and neigh-
boring clusters or single atoms has been investigated in various reactions
[29,93,100,101].

3.2. Single-atom transition metals for catalyzing graphene growth

Transition metals such as Pt, Fe, Co, and Ni have a high carbon sol-
ubility at specific temperatures and are widely used for growing carbon
nanotubes or carbon layers [102-105]. Riimmeli directly observed the
diffusion behavior of a single Fe atom at graphene edges via in-situ TEM
to reveal the growth mechanism of graphene over a single-atom Fe cat-
alyst [42].

As shown in Fig. 7(a), the electron beam induces Fe atoms to dif-
fuse to different locations along the graphene edge. Fe has a pentago-
nal structure. It absorbs some nearby carbon atoms to form a distorted
hexagonal structure and moves toward the right. The movement of the
single-atom Fe forms a dark shadow line (marked with a red circle);
the movement finally stops at a nearby position, and the single-atom Fe
forms a pentagon again. The corresponding atomic structural evolution
process and the combination of the four frames are provided to facil-

itate a better understanding of the process. In addition, the Fe atoms
exhibit different behaviors on the graphene zigzag and armchair edges,
as revealed by experimental and theoretical calculations. For example,
Fe atoms located at the zigzag edges can traverse large distances com-
pared with the Fe atoms located at the zigzag edges. Additionally, the
connection of carbon nanotubes and fullerenes to graphene was also
observed with the in-situ TEM experiments; Cr atoms were used as the
physical linkers [43]. The Cr atoms could drive the transformation of
single-walled carbon nanotubes into fullerenes under electron irradia-
tion. Scanning tunneling microscopy (STM) facilitated the direct obser-
vation of graphene growth on the nickel atoms [106].

3.3. Single-atom alloy for hydrogen dissociation and efficient C-H
activation

Studies have concluded that Pt, Pd, Rh, and Ru possess
hydrogenation-dissociation abilities and exhibit strong hydrogenation
properties at mild temperatures [12,107-110]. Although Cu metals can
activate H,, the slow H, dissociation rate limits their application in var-
ious industrial reactions that do not require high pressures and temper-
atures. Alloying active components to an inert Cu substrate can be a
favorable strategy for designing highly active catalysts.
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Fig. 8. (a)(b) STM imaging of lower-temperature C-H activation on different surfaces. In the STM images, the darker protrusion is methyl and brighter protrusion
is iodine. (c) Free-energy profiles of single-atom Rh/Cu alloy and Cu (111) for the dehydrogenation of propane.

Sykes alloyed isolated Pd and Pt atoms onto a clean Cu surface using
a physical vapor deposition strategy [12,107,111]. High-resolution STM
analyses revealed the occurrence of hydrogen dissociation on the iso-
lated noble metal atoms and spillover onto Cu substrates [12,111]. This
facile hydrogen dissociation at individual active sites and the weak bind-
ing to the substrates resulted in an excellent catalytic performance in
selective hydrogenation reactions [12,108,112-119]. In addition, Sykes
discovered that single-atom alloys could efficiently catalyze C-H acti-
vation at low temperatures and display strong coke-resistant properties
[28,120]. The authors conducted a temperature-programmed reaction
(TPR) to study the C-H activation reaction by adding CH;I to the single-
atom alloy surface. The bright dots in the images represent I atoms,
whereas the darker dots are CH; molecules. Intact disordered CH;3I clus-
ters with intermixed bright and dark features were present in the images
of both the Pt/Cu single-atom alloy and Cu surface at —193 °C, demon-
strating that a temperature of —193 °C was insufficient to split the C-I
bond (Fig. 8(a)). New well-defined ordered features with \/3 ><\/§R30°
structures were formed by increasing the temperature to —153 °C, and
a few individual iodine atoms were separated; the separated iodine
atoms were absorbed on Pt atoms from the two-dimensional clusters on
the Pt/Cu surface. However, obvious changes were detected at higher
temperatures (77-177 °C) for Cu (111) and single-atom Pt/Cu (111).
Both bright and dark dots were present on Cu (111), and only bright
dots remained in the \/3 ><\/§R30° structure on the single-atom Pt/Cu
(111). These experimental results demonstrated that the C-H activation
of CH; on single-atom Pt/Cu(111) occurred at 77 °C, and it required
a much higher temperature on Cu(111). A similar result was observed
for the single-atom Rh/Cu alloy (Fig. 8(b)) [120]. DFT calculations in-
dicated that single-atom Rh/Cu displayed much lower thermodynamic
barriers for propane dehydrogenation process than pure Cu. Encourag-
ingly, the activation barrier for propane on the single-atom Rh/Cu alloy
was much lower than that on pure Pt and was similar to that on Rh
(Fig. 8(c)). The weak binding of the intermediates to the single-atom
alloy endowed this type of highly active catalyst with strong coking
resistance.
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3.4. Single-atom catalysts in energy fields

SACs have been extensively investigated in energy-related fields,
such as hydrogen evolution [33], oxygen reduction [19,121], formic
acid oxidation [122], CO, electroreduction [57], and Na-O, and Zn-air
batteries [78]. However, most in-situ TEM studies focus on the single-
atom transformation process at the preparation stage [57], and very
few studies have investigated the catalytic behavior under reaction con-
ditions [123,124]. Paul and Cherevko used a set of complementary ana-
lytical techniques to study the dissolution behavior of the as-synthesized
Pt SACs, including online inductively coupled plasma mass spectrom-
etry, identical location STEM, and XPS [124]. Two accelerated stress
tests (ASTs) were designed and performed to investigate the stability
of the Pt SACs. The extended load AST (eAST) demonstrated that most
of the single Pt atoms remained at their original locations (Fig. 9(a)).
After the combined “start-stop” and “load cycles” AST (cAST) from
0.6 to 1.5 Vgyg, some particles disappeared and other new particles
or clusters formed, indicating the dissolution of particles and agglom-
eration of Pt SCAs into larger clusters (Fig. 9(a)). The oxidative poten-
tial of the ASTs could destabilize the S atoms on the supports, which,
combined with the XPS results, could also lead to the dissolution of
Pt. The isolated Pt atoms were prone to removal and agglomeration
after the removal of the S ligands, demonstrating that S is the ma-
jor stabilizing element for single Pt atoms; this phenomenon is sim-
ilar to that which occurs in sulfur-doped carbon-supported Pt single
atoms or particles [24,125,126]. Zhang et al. investigated the catalytic
performance of single-atom Co/reduced graphene oxide (SA-Co/rGO)
in solid-state Na—O, nanobatteries [123]. Spherical Na,O, formed on
the surface of SA-Co/rGO during discharging, and the rGO was com-
pletely covered by the products at the end of the discharging process.
The spherical products easily decomposed into porous structures dur-
ing the charging process. However, the formation and decomposition of
spherical Na,O, on the rGO were significantly slow. Three discharge-
charge cycles were performed to investigate the cycling performance
(Fig. 9(b)) [123].
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4. Summary and perspective

Over the last decade, numerous SACs have been synthesized us-
ing various strategies; they have been characterized by advanced tech-
niques and displayed robust performance. Their efficacy was proven
with theoretical calculations. The loading and thermal stability of the
SACs do not appear to pose serious problems. Additionally, direct ob-
servations of the structural evolution of SACs have been reported. The
evolution of metal particles into single atoms requires high tempera-
tures to drive the release of metal atoms and strong binding sites to
ensure the occurrence of the atomization and dispersion processes. De-
spite the excellent achievements in the direct observation of the be-
havior of SACs, there are many challenges that should be addressed.
Here, we present the challenges and perspectives regarding these
issues.

Most direct observations of the transformation of SACs have occurred
at high temperatures; that is, these studies focused on SACs prepared at
high temperatures. The formation mechanisms of SACs prepared at low
or room temperatures remain unknown. Although some studies have
been reported, the mechanism of the transformation of metal particles
into single atoms remains unclear. For example, the transformation of
Pt particles to single-atom Pt on reducible metal oxides requires a high
temperature (> 800 °C) and an oxidizing atmosphere by emitting PtO,
species. This process can also occur in inert Ar through the competition
between atomization and Oswald ripening over carbon-based carriers.
Ru NPs supported on CeO,, can also transform into single site Ru/CeO,
at a very low temperature (210 °C). The release of metal atoms from the
bulk material does not require high temperatures. The optimal temper-
ature that provides the driving force for atomization remains unclear.
The choice of annealing temperature used to fabricate single-atom cata-
lysts is significantly influenced by the specific systems and atmospheres
involved. Metal-support interactions play a significant role during the
atomization and trapping processes; thus constructing optimum config-
uration motifs with strong chemical or thermal stability might be an
effective strategy.

The in-situ observation of the dynamic behavior of SACs under en-
vironmental conditions still faces significant challenges. Most of the in-
situ TEM or STEM studies focus on the transformation of SACs during
preparation. However, further research is necessary to investigate the
structural evolution of SACs during the reaction. Although numerous
studies have reported the application of SACs in biomedicine, very few
have reported their application in medicine under reaction conditions at
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the atomic scale. The therapeutic mechanism of SACs in medicine still
needs to be elucidated. Single atoms are not easily observed under a
bright field, whereas the frames or structures of the reactants and inter-
mediates cannot be recognized under a dark field. Thus, new techniques
or strategies should be developed to in-situ observe the dynamic changes
of SACs, which will undoubtedly assist in revealing the reaction mech-
anism. Dimers and trimers with multiple single metals have also been
recently developed, and the coexistence of multiple metals results in
excellent catalytic performance. In-situ observations of the dimer trans-
formation process have seldom been reported. Although the structure
of single atoms could be clearly observed using TEM, the elucidation
of the catalytic behavior and mechanism was still difficult because of
the complications of electron and/or mass transfer. The ligands or elec-
tronic properties cannot be ignored and require a combination of other
in-situ techniques, such as FTIR, XAS, and XPS. A large number of stud-
ies should be performed in the future to clarify the transformation and
reaction mechanism via in-situ TEM.
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