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Computational calculation method

Spin-polarized DFT calculations were conducted using the Vienna ab initio simulation
package,!-2 employing a projector-augmented Plane-wave pseudopotential with a cutoff energy
of 400 eV for valence electrons. The generalized gradient approximation, specifically the
Perdew—Burke—Ernzerhof (PBE) form, was utilized for exchange—correlation potentials.®* To
account for van der Waals interaction, the DFT-D3 method proposed by Grimme was applied
to correct dispersion forces.> The simulations were performed on a two-dimensional layer with
vacuum regions extending approximately 16 A along Z-directions to prevent interaction

between layers. For optimization, the Brillouin zone was sampled by 4 x 4 x 1.

The adsorption energy (E.q) for the adsorbate on the catalyst is expressed by the formula E,4 =
E.ds/cat — Eags — Ecat, Where E 4.4, represents the total energy of the slab with the adsorbate, E.4
is the energy of an adsorbed molecule, and £, is the energy of the clean catalyst substrate. The
calculation of the Gibbs free energy change (AG) was performed for the reaction mechanism
outlined in equations (1)-(3).

COxg)+*+H"+e « *COOH AG, (1)



*COOH+H™" (aq) + ¢ < *CO + H,0 AG, (2)
*CO & CO(g) + * AGs 3)
The * denotes the active site on the substrate, while *COOH and *CO signify intermediate
species adsorbed on the active sites of the catalyst. Electrochemical reduction of CO, can lead
to a various range of products. The Gibbs free energy change for the adsorption of the molecule
was computed using the equation (4):°
AG 45+ = Eadg/cat — Eags — Ex + AEzpg — TAS 4)
where AEzpg and A4S are the vibrational zero-point energy change and the entropy change,

respectively. AG;, AG,, and AG; are Gibbs free energy changes in each reaction step.
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Fig. S1. Schematic diagram of a flow cell.
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Fig. S2. SEM images of a) ZIF-8(Ni), b) MOF-74, ¢) Ni-N-C-8 and d) P-MOF-74.
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Fig. S3. XRD spectra of MOF-74(@ ZIF-8(Ni), ZIF-8(N1i), MOF-74, simulated MOF-74 and
simulated ZIF-8.
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Fig. S4. Raman spectra of a) Ni-N-C-748, b) Ni-N-C-8 and c) P-MOF-74.
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Fig. S5. a) Ni 2p, b) N Is, and ¢) C 1s XPS spectra of Ni-N-C-8.
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Fig. S6. a) XANES spectra of Ni-N-C 748 and Ni foil, b) the k-space EXAFS of Ni-N-C-748
at N1 K edge.
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Fig. S7. a) The N, adsorption-desorption isotherms and pore size distributions of Ni-N-C-
748, Ni-N-C-8 and P-MOF-74.



Fig. S8. Contact angle measurements of a) Ni-N-C-748, b) Ni-N-C-8 and ¢) P-MOF-74.
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Fig. S9. LSV test in 0.5M KHCO; with purged Ar, CO, and CO,
with KHCO;.
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Fig. S10. F.E. of a) Ni-N-C-748, b) Ni-N-C-8 and ¢) P-MOF-74.
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Fig. S11. ECSA test of a) Ni-N-C-748, b) Ni-N-C-8 and ¢) P-MOF-74.
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Fig. S12. a) ECSA capacitive current against scan rate and b) current density normalized with
ECSA. ECSA result is as follows: Ni-N-C-748: 925.2 ¢cm?2, Ni-N-C-8: 293.4 cm?, P-MOF-74:
4167.4 cm?.
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Fig. S13. Long-term stability test in the MEA cell without PTFE layer
with humidified CO,.
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Fig. S14. SEM images of Ni-N-C-748 with PTFE layer a) before and b) after stability test.
SEM images of Ni-N-C-748 without PTFE layer c) before and d) after stability test.
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Fig. S15. N 1s XPS spectra of Ni-N-C-748 a) before and b) after stability test.



Fig. S16. Calculated DFT results for the adsorbed intermediates on different active sites on
the surface of Ni-N5C. The Figure shows a top view of the slab model for the adsorption of
*COOH and *CO on the active sites of (a-b) C, (c-d) N, and (e-f) Ni, respectively. The
following color scheme is used for the atoms: gray - C, blue - N, purple - Ni, red - O, and
pink — H



Table S1. Parameters from fitting EXAFS at Ni K edge

CN: coordination number, R: bond distance, AE,: edge energy correction, R factor: goodness
of fitting, 0 2. Debye-Waller factor related with thermal and structural disorders.

S¢?: amplitude reduction factor is obtained by Ni foil of EXAFS fitting reference.’

Catalyst Path CN R(A) AE, o2 R factor

Ni-N-C-748 | Ni-N 2.84 1.8655 -0.850 0.00982 0.00262




Table S2. The surface area and total pore volume

adsorption/desorption isotherm

of catalyst derived from N,

Catalyst BET surface area (m?/g) Total pore volume (cm3/g)
Ni-N-C-748 820.0844 0.738417

Ni-N-C-8 830.0983 1.350105
P-MOF-74 1077.1200 0.695266




Table S3. Calculated Gibbs free energy values for the catalytic systems

Gibbs energy change (eV)

Catalyst Active site
AG, AG, AG;
Ni 0.952 -1.456 0.712
Ni-N;-C N 1.577 -0.678 -0.691
C 1.922 -0.804 -0.910
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