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ABSTRACT Energy is foundational for the advancement of human society, occupying a pivotal role in the national economy. Single-
atom catalysts (SACs) are a promising catalyst material in the chemistry and energy fields owing to their high activity, high efficiency,
adjustable electronic structure, and low price. Therefore, the development of SACs with high activity, superior stability, and low cost
holds significant practical importance. In particular, asymmetric coordination structures in SACs have gained attention over traditional
M—N, active sites in terms of catalytic performance. In the context of the oxygen reduction reaction (ORR), a key step in fuel cell
technology, SACs with asymmetric coordination structures have demonstrated enhanced catalytic efficiency by optimizing the electronic
properties of active sites. This leads to a substantial reduction in activation energy, resulting in improved current densities and energy
conversion efficiencies, thus accelerating the commercialization of fuel cells. Similarly, in the CO, reduction reaction (CO,RR), these

catalysts can fine-tune the adsorption and activation of CO, molecules, promoting the selective and efficient conversion of CO, into
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valuable chemicals such as methanol and carbon monoxide. This capability offers significant potential for carbon recycling technologies.
Moreover, asymmetric SACs have shown remarkable promise in addressing environmental challenges, particularly in the nitrate
reduction reaction (NO3;RR) by efficiently converting harmful nitrates into inert nitrogen, which contributes to environmental protection
and water quality improvement. In general, axial coordination in electrocatalysts enhances electrocatalytic reactions such as CO,RR and
ORR by fine-tuning the electronic structure of metal centers to optimize reaction kinetics and stabilize the catalyst. This coordination
facilitates the efficient desorption of catalytic intermediates while mitigating side reactions, leading to improved catalyst durability and
enhanced electrochemical stability. This review provides a comprehensive overview of several typical asymmetric SAC structures,
including M—N,—Y (where Y represents an axial heteroatom), M—N,—Y (where Y is a nonmetal atom), M—N,, and M—M
configurations. We systematically review the controlled synthesis of these advanced catalysts, highlighting their recent progress and
applications in electrocatalytic reactions such as ORR, CO,RR, and NO;RR. Finally, the challenges and future prospects of SACs in
terms of synthesis, performance, and underlying mechanisms are critically discussed. While SACs have made significant progress, issues
such as the precise control of atomically dispersed sites, stability under reaction conditions, and understanding the detailed catalytic

pathways remain key challenges. This review aims to provide valuable insights and guidance for the continued advancement of SACs to

optimize their practical applications and accelerate their integration into large-scale catalytic processes.

KEY WORDS single atom; catalyst; asymmetric coordination; electrocatalysis; control strategy
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Synthesis of SACs doped with heteroatoms: (a) schematic illustration of Ni—NC/NHCSs-Y synthesis®”; (b) Ni K-edge XANES spectra of

A611; (e—g) Fe—N,, FeS N3 Fl FeB,N; 7£ R %3[i] 1) EXAFS #14

Fig.2

K Ni K-edge XANES Y1, 1 [€ 2 Ni-NC/
I NiPc ) Ni K-edge XANES S

Ni-NC/NHCSs-600 and Ni foils, with the inset showing extended front edge region of Ni-NC/NHCSs-600 (Peak A)“™; (c) k* weighted Fourier transform
EXAFS spectrum (FTEXAFS)®7; (d) Ni K-Edge XANES spectra of Ni—N—C, Ni foil, and NiPc!"); (e-g) EXAFS fitted curves of Fe—N,, FeS;N;, and

FeBNj; in R-space, respectively. The insets depict the corresponding schematic models!*”
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Fig.3  Synthesis of bimetallic atomic sites: (a) Fe,NPC structure diagram'™); (b) HAADF-STEM images of Fe,NPC"®; (c) Fe,NPC EXAFS R-space
fitting curve™; (d) preparation of ZnRu-, NiRu-, ZnCu-, CoCu-, NiCu-, and BiCu-PCN heteronuclear DACs navigation strategy diagram!*”;

(e) Ni/Cu—N—C preparation principle!*”
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Fig.4 (a) Schematic illustration of the preparation of SnPc/CNT—OH®™; (b) Faraday efficiencies of I: SnPc/CNT-OH, II: SnPc/CNT-NH,, and 1I:

SnPc/CNT at different cathode potentials™J; (c) Gibbs free energy graphs of CO,RR to HCOOH at O—Sn—N, and Sn—Nj sites™); (d) LSV curves of
FePc, FePc/CNT-NH,, and Pt/C at 0.1 M KOH"¥; (e and f) HER polarization curve!
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