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Note:
The AG(*OCHO) and AG(*COOH) are the free energy changes of the two

intermediates after the first hydrogenation step of eCO,RR (* denotes the catalyst):
*+CO,+H"+e — *OCHO
*+CO,+H"+e — *COOH
which can be obtained by the definition:
AG(*OCHO) = G(*OCHO) — G(*) — G(CO,) — G(H" + ¢")
AG(*COOH) = G(*COOH) — G(*) — G(CO,) - G(H" + ¢)
where G(*OCHO), G(*COOH) and G(*) are the free energies of *OCHO, *COOH and
catalyst. G(CQ,) is the free energy of a CO, in gas phase. G(H" + ¢") is the free energy
of the proton-electron pair, which can be calculated by setting the reference potential
to the potential of the standard hydrogen electrode!:
H"+e — 1/2H,
AG of this reaction is expressed as below:
AG = 1/2G(H,) — G(H" + ¢"),
when this reaction is in equilibrium and AG is equal to 0, i.e., G(H" + ") is equal to
half the free energy of H,. Similarly, AG(*H) can be calculated by the formula:
AG(*H) = G(*H) — G(*) — 1/2G(H,),



where G(*H) is the free energy of H adsorbed on catalyst. The comparison of

AG(*OCHO or *COOH) and AG(*H) enables the estimation of the selectivity between
¢CO,RR and HER?.

Table S1 Structural parameters and band gap of BC; monolayer.

Lattice constant (A) lec (A)  Ics (A) Band gap (eV)

This work (PBE) 5.17 1.42 1.56 0.63
Theor. (PBE)? 5.17 1.42 1.56 0.65
Theor. (PBE)* 5.17 1.42 1.56 0.61

Exp.’ 5.20+0.2 1.42 1.55 /

Table S2 The values of U — J parameters for PBE+U calculations®”’.
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Figure S1. Band structures of (a) pristine BCs, (b) V¢-BC; and (¢) Vg-BC;. The atomic structures



are shown below. The solid lines represent the lattice of the unit cell. The band structures are
calculated using the unit cells of pristine BC; and defective BC;.
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Figure S2. Structural models of (a) TM@V3-BC; and (b) TM@V -BC;. (¢) Binding energy of TM
SAs anchored on V-BCs and V-BC;.
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Figure S3. Anchoring sites of TM SAs on (a) pristine BC; and (b) B-defective BC;. Binding energy
(AE,) of (¢) Pd, (d) Ag and (e) Re on pristine BC;. (f) AE, of TM SAs on pristine BC; and B-
defective BC;.
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Figure S4. Magnetic moment (p1g) of 3d TM SAs in TM@ BC; at PBE level and PBE+U level.
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Figure SS5. Free energy diagram of eCO,RR to *OCHO and *COOH intermediates on pristine BCs.
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Figure S6. Free energy diagrams of eCO,RR to CO on TM@BC;.
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Figure S7. Free energy diagrams of eCO,RR to HCOOH on TM@BC;.
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Figure S8. Free energy diagrams of eCO,RR to CH;0H on TM@BCs;.
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Figure S9. Free energy diagrams of eCO,RR to CH;0H on TM@BCs;.
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Figure S10. Free energy diagrams of eCO,RR to CH;0H on TM@BC;.
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Figure S11. Free energy diagrams of eCO,RR to CH4 on TM@BCs;.
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Figure S12. Free energy diagrams of eCO,RR to CH4 on TM@BCs;.
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Figure S13. Free energy diagrams of eCO,RR to CH4 on TM@BCs;.
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Figure S14. Volcano-shaped relation between the adsorption energy of *CHO and the U, for

CH;0H and CH4 production.




\ 070.0°0.070.60.0°0-0 00060000000 \0"0.00.00.0°8-00-0
o (=] o (@] o (=) o o o
00,076.0/0,078-00,0

(=] o o o

o (=) (=) o o e B e
0 0:00:0/0.0°9.00:0 0000700009000
- . (=] o - - o o o o - . o o
R O"Q0' % 20000 O"Qen * %000 O'Qe = »8-0Q0
=0 N9 ol 1o = e o 1= o o 1
N 00,0 ¢ #0000 00N 000 V1000000 N-070,0° % #.09.00:00:0%
o - o o o o -1 - - o o o o L] o o o o
R 0"0,:079.00,079.00,0 00000009000 0"0,:078.:0"0,0"9.0"0 0"
- -P-N-P - -P-N-9-0-9-
00000000000 200000000000

A5 :Re@BC:\
5 4 3 -2

170 17273747 s
Energy (eV)

——Pd-4d
——COz2p

S LY

pDOS

I T T 1 -5

4 3 3 4 65 5 4

4 5 5 4

a0 1
Energy (eV)

gﬂergay (e\;) énergoy (e\;)
Figure S15. Electronic structures of Pd, Ag and Re@BC; SACs and CQO, adsorption. Electron
localization function (ELF) of (a) Pd, (b) Ag and (¢) Re@BC; SACs. Charge density difference
(CDD) between (d) Pd, (e) Ag, (f) Re SAs and B-defective BCs. Projected density of states (pDOS)
of (g) Pd, (h) Ag, and (i) Re d sub-orbitals. CDD between CO,; and (j) Pd, (k) Ag and (I) Re@BC;
SACs. pDOS of CO,-2p and (m) Pd-4d, (n) Ag-4d and (o) Re-5d orbitals. Yellow and cyan regions

indicate the accumulation and depletion of electron densities at the isosurface value of 0.002 e/A3.
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Figure S16. Electronic interpretation of HCOOH activity and selectivity on Pd@BCs;. (a)
Charge density difference (CDD) between Pd@BC; and the adsorbed OCHO (Pd-OCHO). (b)
Projected density of states (pDOS) of Pd-4d, O-2p and C-2p in the adsorption system (Pd-OCHO).
The O-2p and C-2p states are derived from the *OCHO intermediate. (¢) CDD between Pd@BC;
and the *COOH intermediate (denoted by Pd-COOH). (d) pDOS of Pd-4d, O-2p and C-2p in the
adsorption system (Pd-COOH). The O-2p and C-2p states are derived from the *COOH
intermediate. Yellow and cyan regions indicate the accumulation and depletion of electron densities
at the isosurface value of 0.002 e/A3.
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Figure S17. Band structures of (a) Ag@BC;, (b) Pd@BC; and (¢) Re@BC;. The atomic structures
are shown below. Re@BC; exhibits magnetism, and the band structures for both spin-up (grey) and

spin-down (dark cyan) are plotted in the figure.
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