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Computational details

The binding energy (E,) was calculated to evaluate the binding strength between the Vg,-N,-BC; and

TM atoms, which is defined as

(1)

E=Epq Vc-N,-BC, -E Vc-N,-BC, -Epy
where Eqyav. n ac,»Ev, .~ pc,and E.,, represent the total energies of TM@Vp/c-Ny-BCy, Vi/c-Ny-BCs,

and the isolated TM atom.!? And the cohesive energy (E.) was calculated to represent the stability of

metal atoms, which is defined as

E — ETMbluk —E (2)

c T M:/ngle
n

where £, single 3 E.,,... and n represent the energy of the isolated TM atom in vacuum, the energy of a bulk

metal, and the number of atoms in the bulk crystal of TM respectively. Stabilization energy (AE) is a
widely used energetic descriptor to evaluate the thermodynamic stability of single-atom catalysts (SACs).3
It is typically defined as the difference between the binding energy (Ey) of a single metal atom anchored

on the support and the cohesive energy (E.) of the corresponding bulk metal:
AE=E, -E,

To evaluate the CO,RR activity of all the TM@Vp,c_N, BC, catalysts, the reaction free energy (AG) for
each fundamental step was calculated according to the computational hydrogen electrode (CHE) model.*

The change in free energy for each step can be evaluated as

AG = AE+AZPE-TAS+eU+ 4G, 3)



where AE, AZPE, T and AS are the reaction energy, zero-point energy, temperature (298.15K) and entropy
change, respectively. eU is the free energy contribution related to the applied potential U. AG,y is the free
energy correction of pH, which is the free energy correction related to H" concentration and can be
calculated by AG,y = kgT x pH x In10, and the pH value is assumed to be 0. In the CHE framework, the
potential determining step (PDS) is the elementary step with the most positive free energy change

(AGppax).> Thus, the limiting potential (U ) was determined by PDS calculations using

AG (4)



Table S1. Comparison of representative CO2RR catalysts reported in recent literature and those identified

in this work.

Main
Catalyst Catalyst type product UL (V) Key feature / remark
) FDH-like behavior;
Mo-1 O-coordinated SACondoped ooy g 05 ML-assisted DFT
graphene .
screening
O-coordinated SAC on doped CODH-like behavior;
Fe-V1 graphene €O -0.06 high CO selectivity
Orbital-symmetry-driven
FeN;B M-N,B SAC C,Hy -0.66 CO-CO coupling
Comparable activity
Mo,TaC, Double-TM MXene CH,0H -0.35 Toward C; and C,
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€O, Strong charge transfer and
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1
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2

stabilization




Table S2 Comparison of representative descriptor frameworks for CO,RR activity modeling.
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Fig. S2 Top and side views of the completely relaxed optimization of TM load on C vacancy (V).
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Fig. S3 Schematic diagram of possible reaction pathways for CO,RR on TM@Vpgc N, BC,.
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Fig. S4 Gibbs free energy ladder diagram of 5 qualified catalysts screened by high-throughput.
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Fig. S5 Gibbs free energy ladder diagram of 5 qualified catalysts screened by high-throughput.
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Fig. S6 Gibbs free energy ladder diagram of 4 qualified catalysts screened by high-throughput.
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Fig. S7 (a-c) COHP and PDOS of AG(*CO,), AG(*CO,—*HCOO) and AG(*OH—H,0) on
Co@Vg_N, BC;; (d-f) the corresponding results for the same intermediates on Fe@Vg N, BC,. The
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Fig. S8 (a-c) show the fitted scatter plots illustrating the intrinsic correlations between the d-orbital

electron count of transition metals, their covalent radius, and the d-band center, respectively.
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Fig. S9 Mean R? scores of three machine learning models using 5-fold cross-validation.



Fig. S10 The predicted structures are BC;, BN, BC;N,, h; BC,N, B,C4N,, h, BC,N, BC¢N and C;N.
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Fig. S11 Heatmap of predicted E, and AE descriptor values for eight systems with graphitic structures.
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