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Abstract

Electrocatalytic carbon dioxide reduction reaction (COzRR) represents a highly promising pathway
towards achieving carbon neutrality and sustainable energy conversion. Its core challenge lies in
the development of efficient, stable, low-cost catalysts capable of generating target products with
high selectivity. To address this challenge and review recent progress in the field, this article sys-
tematically summarizes key research developments in catalyst systems for COzRR, with a focus on
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metal-based materials, carbon-based materials, molecular catalysts, and the emerging classes of sin-
gle-atom catalysts (SACs) and diatomic catalysts (DACs). Through a detailed exploration of the cat-
alytic reaction mechanismes, active site design strategies, and the governing principles for selectivity
regulation towards C1 products (such as carbon monoxide and formate) and C2+ products (such as
ethylene and ethanol) across these catalyst systems, this review provides an in-depth analysis of
their respective advantages and inherent limitations. The analysis reveals that the fine structure of
the catalyst’s active center (e.g., coordination environment, metal valence state, diatomic synergy)
plays a decisive role in product selectivity. Furthermore, different material systems exhibit distinct
characteristics in terms of catalytic activity, long-term stability, material cost, and target product
orientation. This review clarifies the structure-activity relationships and potential optimization di-
rections for existing catalyst systems, aiming to provide fundamental insights and references for the
future rational design of high-performance COzRR catalysts targeting practical applications.
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Figure 1. Gibbs free energy of CO* formation on different lattice surfaces of palladium-based catalysts
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Figure 2. SEM image and performance of Pd-based catalyst
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Table 1. Formation energy data of dual heteroatom doped graphene carbon materials

= 1. WRETERABHEHRM BB RBEEHE

Ff it TE B RE/eV
FNC 4.60
CINC 8.71
BNC 3.72
PNC 18.29
SNC 11.35
BPC 14.41
BSC 19.42

2.3. REBFETFHEMAFI(NI-SA/NISACs)
BRI A2 FE K 4 R R DAL 5 S5 T S BROAE BRI, T8 R v v 2 A A 5 s R R A5
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Figure 3. Raman spectra of Zn-N-C-sp catalyst and Ni-N-C-sp catalyst
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Figure 4. TEM image of CuiBiis20x after reaction
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Figure 5. XPS spectrum of CuiBils2Ox after reaction
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Figure 6. I-t curve (a) of Bi-MOF and CuBi-MOF during continuous 5-hour constant voltage test and partial enlarged view (b)
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B, PdiAws 75 IZ M HALYEE 5T COL #462h CO RO AR FURI AL 1, 1T Auos I M7 = FL
PR TR, R RE Ho Bl 45K, B )i 7 B n] B Z 5T 9K g ) st . B S
(O A RS PENE S T AR e T BRI, P90 1 GRS B A K AR ) L AR B 1 . X IR FE R T R T
ORG IR DR AR AT AR S~ 6 W9t 90 2L RSO 225 A6 (KGR PRI A S IR, R R e A 51 PR s e PR AR BB (20
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Figure 7. (a) Cl-Ag-Ag-S-Ag ring structure of AuioAgi7 nanoclusters; (b) Cl-Ag-Au surface V-shaped structure of AuizAgis
(Color labels: Khaki = Ag; Green = Au; Blue = Cl; Yellow = S; Magenta = P)
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Ag; Hf =Au; 5 =Cl; BE =S; ¥4 =P)
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