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Figure 1 (Color online) Schematic model of (a) single-atom alloy and
(b) oxide-supported single-atom catalyst.
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Figure 2 (Color online) Annual publications and catalytic applications of (a) SAAs and (b) oxide-supported SACs over the past decade (2012-2023).
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Figure 3 (Color online) Structural and spectroscopic characterization of the SCV reconstruction on the Fe;0,(001) surface. (a) Top view and (b) side
view of the SCV structure model [62]; (c) high-resolution STM image of the SCV structure, with the dashed square indicating a (/2 x./2 )R45°
surface unit cell; (d) surface lattice vibrational spectra of the SCV structure obtained from SAS measurements and DFT simulations [70].
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Figure 4 (Color online) Experimental and theoretical data for single Ni atoms on Fe;04(001). (a, b) High-resolution STM image of Ni adatoms on
Fe304(001)-SCV; (c—e) ball-stick models of single Ni atoms bound to distinct O sites on the surface; (f) SAS of surface Fe—O vibrational fingerprint

changes before and after single Ni atom anchoring [70].
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Figure 5 (Color online) STM characterization of single metal adatoms on the Fe;04(001) surface at different coverages. (a) Au [81]; (b) Ag [82];
(c) Cu, both stable Cu; and metastable Cu,* adsorption sites [82]; (d) Mn, few adatoms, mostly embedded in Fe;O, lattice [71]; (e) Ti, very few
adatoms, mostly embedded in Fe;0, lattice [71]; (f) Pt, both stable Pt, and metastable Pt,* [83]; (g) Pd [84]; (h) Rh, with predominant Rh, adatoms and
metastable Rh, dimers [85]; (i) Ir, with predominant Ir, adatoms and metastable Ir, dimers [86].
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Figure 6 (Color online) STM and AFM imaging and structure model
of the rutile TiO,(110) surface. (a) Empty-states STM image; (b) filled-

states STM image; (c) AFM image; (d) structure model of the surface
[29].
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Figure 7 (Color online) STM characterization of Au, Pt and Rh single
atoms on the TiO,(110) surface. (a, b) STM images of reduced TiO,(110)
before and after Au deposition [91]; (c) STM image of Pt single atom;
(d) STM image of Rh single atom [93].
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Figure 8 (Color online) STM and AFM images and structure models of surface and subsurface oxygen vacancies on CeO,(111). (a, c) Filled-states
STM image and DFT simulation of an oxygen vacancy; (b, e) empty-states STM image and DFT simulation of an oxygen vacancy; (d) related structure

model of surface and subsurface oxygen vacancies [63].
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(e) 200 KAl (f) 400 KHISTMEI (%™

Figure 9 (Color online) STM images of Au single atoms supported on CeO,(111) and the formation of Au clusters after annealing. (a) High-
resolution STM image of Au single atoms anchored at regular and defect sites; (b, ¢) in-situ STM images of CeO,(111) before and after supporting Au
single atoms; (d) STM images after Au deposition at 15 K, and after annealing to (e) 200 K and (f) 400 K [98].
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Figure 10 (Color online) Structure models, STM images, and XPS characterization of Pt on CeO, surfaces. (a) Structure and energetics of pe
species anchored at the nano-pocket on CeO,(100); (b) high-resolution transmission electron microscopy (HRTEM) image and structure model of the
step edge on CeO,(111) [79]; (c, d) STM images of the CeO,(111) surface with high step density before and after Pt deposition and subsequent

annealing at 700 K; (e) Pt 4f XPS spectra after annealing [78].
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Figure 11 (Color online) AFM, KPFM images, and corresponding structure models of single, dimer, and trimer Au on the rutile TiO,(110) surface.
Topographic image, corresponding contact potential difference (CPD) image, and ball model of (a) a single Au atom located to the right of the oxygen
adsorbed (O,) site, (b) a single Au atom on the O, site, (c) an Au dimer, and (d) an Au trimer [105].
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Figure 12 (Color online) STM images, differential local work function (LWF) maps, and structure models of two configurations of a single K atom
on the monolayer CuO film. (a, c) STM images of K, state; (b, d) STM images of Ky state; LWF variation of (e) K, and (f) Ky relative to the pristine

monolayer CuO film; atom structure models of (g) K, and (h) K [107].
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Figure 13 (Color online) STM images and STS spectra of single Au
atoms evolving into one-dimensional Au,_,, chains. (a) Structure model
of a Aus chain and a single Au atom on NiAl(110); (b—f) STM images of
the intermediate stages during constructing an Au,, chain; (g) STS
spectra of the bare NiAl(110) and Au chains of different lengths [108].
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Figure 14 (Color online) STM, AFM images, and structural models of single metal atoms on Fe;0,(001). (a) STM images of Fe;0,(001) surface
with single Ni, Cu, Rh, Pd, Ag, Ir, Pt, and Au atoms; (b, c¢) structure models showing the configuration changes of a Cu single atom before and after CO
adsorption [77]; (d—f) STM and AFM images of Pt single atoms aggregating into (PtCO), after CO adsorption [113].
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Figure 15 (Color online) STM characterization of In-situ loaded Pt single atoms on reduced rutile-TiO,(110) and their interaction with O, molecules.
(a—f) In-situ STM images of the reduced TiO,(110) surface before and after Pt deposition and subsequent O, exposure; (g) difference image obtained
by subtracting (e) from (f), revealing the evolution of O, adsorption and dissociation on the Pt single atom [90].
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Figure 16 (Color online) Spectroscopic experiments and theoretical studies of superoxide and peroxide species on Ni;/Fe;04(001) surfaces. (a) SAS
spectra of O, adsorption on clean and Ni-covered Fe;0,(001) surfaces; (b—d) structure models of the three strongly adsorbed superoxide species on the

Ni-covered Fe;0,(001) [70].
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Figure 17 (Color online) Co-dissociation of H, by Pd single atoms and the Fe;O, support on Fe;04(001) surface. (a—c) In-situ STM images

(d—f) structural models [115].
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Figure 18 (Color online) In-situ STM images of the migration and aggregation of (a—f) Pt [83] and (g—j) Pd [84] single atoms on the Fe;0,(001)

surface under the CO atmosphere.
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Figure 19 (Color online) STM images and coverages of high-temperature sintering of Au single atoms on Fe;0,4(001) surfaces. (a) STM image of Au
deposited on Fe;04(001) at room temperature; (b) coverage of single Au adatoms after annealing 0.1 ML Au at different temperatures [81].
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Figure 20 (Color online) STM images of Rh;/Fe;04(001) and its interaction with oxygen, combined with TPD and isotope-labeling experiments
probing of reactivity. (a—c) In-situ STM images showing the transformation of Rh, species into Rh,O, clusters under O, atmosphere; (d) STM image
after high-dose O, exposure at room temperature; (e¢) TPD spectra of adsorbed BCO at 300 K; (f, g) TPD spectra following sequential adsorption of
CO and 1802 in different orders at 130 K; (h) TPD spectra obtained after adsorption of 1802 at 300 K followed by adsorption of BCcoat 130K [85].
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Abstract: Since the introduction of the concept of single-atom catalysis in 2011, this area has rapidly emerged as one of

the most dynamic and influential directions in contemporary catalytic science. Model catalytic studies based on surface

science can provide insights into the complex reaction processes in catalytic systems at both the atomic and molecular

levels. In this review, we focus on single-atom model catalysts and highlight the unique perspectives that surface science

and model studies contribute to understanding the atomic and electronic structures of active sites, the adsorption

behavior of reactant molecules, and the underlying reaction mechanisms. We further discuss the anchoring mechanisms

of single atoms on different supports and their dynamic evolution under reaction atmospheres and provide an intuitive,

atomically resolved interpretation of several fundamental concepts and phenomena in single-atom catalysis.
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