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Fig. S1. Optimized structures and projected density of states (PDOS) of Cu@N-Gr,
Cu@N-CNT, Fe@N-Gr and Fe@N-CNT, where the corresponding d-band centers (&4)
of'-3.22,-2.67,-0.99 and -1.10 eV are presented.



A_.ES KLuanbaayg

1600

(,.w2) Kyuanbaay

Fe@N-Gr

Fig. S2 The phonon spectra of Cu@N-Gr and Fe@N-Gr, where G(0, 0, 0), X(1/2, 0,

symmetric points in the first Brillouin

0) are the high

1/2,

b

and Y(0

0), S(1/2, 0, 0),

region.
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Fig. S3. The adsorption configuration of CO, on Cu@N-Gr, Cu@N-CNT, Fe@N-Gr,
and Fe@N-CNT.
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Fig. S4. The PDOS and differential charge density of COOH/OCHO species adsorbed
on Cu@N-Gr and Cu@N-CNT.
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Fig. SS. Different reaction pathways and predicted relative free energy diagrams of
CO,ER to HCOOH on (a) Cu nanostructures and (b) Fe nanostructures, where red,
blue, pink and green represent the low-energy pathways on Cu@N-Gr, Cu@N-CNT,
Fe@N-Gr and Fe@N-CNT, and the other routes are highlighted in black.
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Fig. S6. Calculated density of states (DOS) of the isolated CO.
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Fig. S7. Linear correlation between the *CO binding energy (Ep) and g4 of metal

atoms in Cu@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-CNT.
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Fig. S8. Different reaction pathways and predicted relative free energy diagrams

CO,ER to CH;0H.
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Fig. S9. The optimized configurations of main species involved in CO,ER on Cu@N-

Gr, Cu@N-CNT, Fe@N-CNT and Cu@N-CNT.
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Fig. S10. The PDOS and differential charge density of HCOOH specie adsorbed on
Cu@N-CNT.
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Fig. S11. The limiting potential diagram of generating CO, HCOOH, and CH;OH on
Cu@N-Gr, Cu@N-CNT, Fe@N-Gr and Fe@N-CNT in water solution.
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Table S1. Electronic energy (E.), thermodynamic energy corrections (Ezpg, TS, ICP d7) and

Gibbs free energy (G) of involved gaseous species (in eV).

Species Eue Ezpe TS [c,dr G*
CO, -22.95 0.31 0.66 0.10 -23.21
co -14.77 0.13 0.61 0.09 -15.16
HO -14.22 0.57 0.58 0.10 -14.14
H -6.77 0.27 0.40 0.09 -6.81

HCOOH -29.89 0.89 0.77 0.11 -29.66

CH;0H -30.22 1.35 0.74 0.11 -29.50

2G = Eqe + Ezpe + |CpdT — TS, where Ezpg, JdeT , TS are the zero-point energy, enthalpy change

contributed by molecular vibration from 0 to 298 K, and entropy correction, respectively.
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Table S2. CO,ER reduction pathways and free energy changes (AG/eV) on Cu@N-Gr, Cu@N-
CNT, Fe@N-Gr and Fe@N-CNT, where AG, and AG, are the free energy changes in gas phase

and water solvent, respectively.

Cu@N-Gr Cu@N-CNT Fe@N-Gr Fe@N-CNT
Elementary steps
AG, AG, AG,  AG, AG, AG, AG, AG,
*+CO,+H +e—*COOH 166 151 154 135 057 044 054 0.39
*4C0,+H +e—*OCHO 090 060 071 034 0.6 005 -000  -0.12
* + - *
COOH+H'+e—*CO+ 90 088 -148 -148 -1.03 -1.13 -096  -1.02
H,0
*CO - * + CO 022 -020 057 056 109 112 1.07 1.06
*COOH + H* + ¢ — * +
HCOOH 151 4158 — _ - _
*OCHO+H +e— *+
oo 096 =092  — _ - _
*COOH + H' + ¢ — *HCOOH — 098 098 -017 -004 -024  -027
*OCHO + H' + ¢ — *HCOOH ~ — — 049 032 -004 005 -009  -0.19
*HCOOH — * + HCOOH _ 042 045 026 -047 -015  -0.19
*CO + H* + ¢ — *CHO 079 071 128 119 090 082 06l 0.54
*CO+H' + & — *COH 272 233 280 241 217 190 182 151
* %
HCOOH + H' + e -*CHO+ 078 069 004 -027 -012  -022
H,0
*CHO +H*+e— *CHOH 099 070 043 020 029 015 068 0.49
*CHO + H' + & — *CH,0 _ — 064 066 023 025 030 0.30
*CHOH + H* + e — *CH,OH  -133  -1.14  -046 -033 -042 -032 -049  -038
*CH,O + H' + e — *CHL,OH ~ — — 060 053 036 -043 -011  -0.19
£CH,0 + H* + e — *OCH, _ — 036 032 052 -050 -046  -042
*CH,OH+H"+e — *+
CH.ON 144 -143  -144  -147 045 -049 -050  -0.55
¥OCH; + H' + e — *+ CHLOH ~ — — 120 -126 029 -042 -0.15  -032
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Table S3. Solvation energies (AEs,) of the main reaction intermediates on Cu@N-Gr, Cu@N-
CNT, Fe@N-Gr and Fe@N-CNT. AE,, is derived from the equation: AEg, = Eo - Eele, Where Ee

and E are the electronic energy of intermediates in gas phase and aqueous solvent, respectively.

Cu@N-Gr Cu@N-CNT
Intermediates
Eele Esol AE Eele Esol AE,
*COOH -560.23  -560.38 -0.15 -876.64  -876.81 -0.17
*OCHO -560.70  -560.98 -0.28 -877.06  -877.39 -0.33
*CO -549.87  -549.79 0.08 -866.94  -866.79 0.15
*CHO -552.72  -552.71 0.01 -869.26  -869.20 0.06
*COH -550.80  -551.11 -0.31 -867.73  -867.97 -0.25
*CHOH -555.48  -555.76 -0.29 -872.58  -872.75 -0.17
*CH,O — — — -873.59  -873.56 0.03
*CH,OH -560.30  -560.39 -0.10 -876.73  -876.76 -0.03
*OCHj; — — — -876.95  -876.95 -0.00
Fe@N-Gr Fe@N-CNT
Intermediates
Eele Esl AE E¢e Es AEsq
*COOH -566.72  -566.87 -0.15 -882.71  -882.86 -0.15
*OCHO -566.79  -566.90 -0.11 -882.81  -882.89 -0.08
*CO -556.55  -556.49 0.06 -872.44  -872.34 0.11
*CHO -559.30  -559.32 -0.02 -875.47  -875.43 0.04
*COH -558.06  -558.27 -0.21 -874.31  -874.52 -0.21
*CHOH -562.73  -562.90 -0.17 -878.56  -878.71 -0.15
*CH,O -562.81  -562.81 0.01 -878.90  -878.87 0.04
*CH,OH -566.84  -566.91 -0.07 -882.73  -882.77 -0.04

*OCH; -566.99  -566.97 0.03 -883.07  -882.99 0.08
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