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1. DFT calculations

Density functional theory calculations were performed using the Vienna ab initio
Simulation Package (VASP)'™ with the projector-augmented wave (PAW)>® method. Electron
exchange-correlation functionals were represented with the generalized gradient approximation
(GGA), and the model of Perdew, Burke and Ernzerhof (PBE)’ was used for the nonlocal
corrections. A kinetic energy cutoff of 400 eV was used with a plane-wave basis set. The
integration of the Brillouin zone was conducted using a 2 x 2 x 1 Monkhorst-Pack grid® with the
I-point included and first-order Methfessel-Paxton smearing® with a width of 0.1 eV. The
geometries were optimized until the forces were reduced below 1072 eV/A. Spin polarization was
not incorporated since copper is non-magnetic. The spin polarization calculation lowers the free
energy barrier up to 0.05 eV between the CO* and CHO* steps on both systems, but does not
significantly change the relative energy profiles.

The Cu(111)-p(4x4) surface (thombus-shaped) with a side length of 10.29 A and an
orthorhombic supercell of 14.81 x 12.82 x 24.00 A were used for the Cu(111) surface and the
Cuss—graphene system, respectively. The vacuum space for the systems is larger than 13.80 A.
The Cu(111)-p(4x4) surface was represented as a four-layer slab with 16 atoms in each layer
where the two bottom layers were fixed at the equilibrium lattice constant of 3.637 A
(experimental measurement 3.615 A)'°. The Cuss—graphene system consists of 70 carbon atoms
with a 5-8-5 vacancy site of graphene and an icosahedral Cuss cluster. Fully relaxed and
optimized Cuss—defective graphene systems were partially frozen for the current study to save
computational effort. The boundary 46 carbon atoms out of 70 carbon atoms of defective
graphene were frozen based on their negligible influence on the geometry change as shown in
our previous study .

The isolated Cuss nanoparticle and gas-phase molecules were optimized in a 25.0 and
12.0 A cubic supercell in which the Brillouin zone integration was carried out for the I'-point
only. The gas-phase molecules were calculated by using a Fermi-level smearing of 0.01 eV,
while the isolated Cuss nanoparticle was performed using the same input parameters as described
for the surface systems. The adsorption energy (E.s) of an adsorbate is defined as E.; =
Esubstrate+adsorbate_ Esubstrate - Eadsorbate; where Esubstrate+adsorbate, Esubstrate, and Eadsorbate are the total
energies of a substrate and adsorbate (e.g., Cuss—defective graphene), a substrate (defective
graphene), and a gas phase adsorbate (e.g., Cuss). A negative adsorption energy indicates that
adsorption is exothermic (stable) with respect to the free gas-phase adsorbate.

The free energies of the CO, reduction intermediates in electrochemical reaction pathways were
calculated based on a computational hydrogen electrode (CHE) model suggested by Nerskov et
al.'”*'* The CHE model defines that the chemical potential of a proton/electron (H" + ¢") in
solution is equal to half of the chemical potential of a gas-phase H,. The free energy change (AG)
is calculated as AG = AE + AZPE —TAS, where AE is the total energy change directly obtained
from DFT calculations, AZPE is the change in zero-point energies, 7 is temperature (18.5 °C),
and AS is the change in entropy. The free energies of adsorbates were calculated by treating the
3N degrees of freedom of the adsorbates as vibrational frequencies in the harmonic oscillator
approximation and fixing the Cuss—defective graphene surfaces (assuming the vibrations of the
Cuss—defective graphene surfaces are negligible) as done in Peterson et al.'* Zero-point energies
and entropies of the CO, reduction intermediates were calculated from the vibrational
frequencies according to standard methods.' The chemical potentials (p) of the gas-phase
molecules were determined by calculating the DFT total energies and ZPE and from the
thermodynamics database of Peterson ef al.'®, as described in Table S1. The solvation energies
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of adsorbed species are summarized in Table S2. An adsorbate with a negative solvation energy
indicates that the adsorbate is stabilized in liquid water by the amount equivalent to the solvation
energy.

Table S1. Chemical potentials (1) of gas-phase molecules obtained by summing up DFT
electronic energy (Ee.), zero point energy (ZPE), enthalpic temperature correction ([ CpdT),
and entropy contribution (-TS). “ Data from the current study. ” Data from Peterson et al.'* H,
(CHE) refers to the gas-phase H, used in the CHE model definition.

Assumed
Species Ea  ZPE*(ZPE") [ CpdT” -TS" u(eV) fugacity
(Pa)”
CHa(g) -24.03 1.19 (1.20) 0.10 —0.60 -23.34 20,467
COa(g) -22.99 0.28 (0.31) 0.10 —0.65 -23.26 101,325
Ha(g) -6.76 0.30 (0.27) 0.09 —0.42 -6.79 30,296
H,0(g) -14.23 0.60 (0.58) 0.10 —0.65 -14.18 3,534
CO(g) -14.80 0.12 (0.14) 0.09 —0.67 -15.25 5,562
HCOOH(g) -29.91 0.86 (0.90) 0.11 —-1.02 -29.96 2
H, (CHE) -6.76 0.30 (0.27) 0.09 -0.39 -6.76 101,325
Table S2. Solvation energies (E,v) of adsorbed species obtained from Peterson et al'*

Adsorbed species Econ (eV)b

COOH* -0.25

CO* 0.1

CHO* 0.1

CH,O* 0

CH;0* 0

o* 0

OH* 0.5
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2. CO; reduction pathways on Cu(111) and Cuss—graphene

Table S3. CO, reduction reactions and the relative free energies of the CO, reduction
intermediates on the Cu(111) surface and the Cuss—defective graphene structure used for Figure
2 of the main paper.

Relative free energy (eV)

Reaction between (H™ + e ) transfer steps Cu(111) Cuss—graphene

U=0 U=-097 U=0 U=-0.68

820 2H,0+CH4+* — CO,+ *+ 8H 1.39 9.18 1.39 6.84
8>1 2H,0 + CH4 + * — COOH* + 7TH 1.90 8.72 1.59 6.35
8>2 2H,0+ CHs+* — CO* + 6H + H,0O 1.20 7.04 1.29 5.37
8>3 2H,0 + CH4+ * —» CHO* + 5H + H,0O 2.17 7.04 1.97 5.37
82>4 2H,0 + CH4+ * — CH,O* + 4H + H,0 2.12 6.01 1.91 4.63
8>5 2H,0 + CH4+ * — CH3;0* + 3H + H,O 1.31 4.24 1.18 3.22
8>6 2H,O0 + CHs+ * — O* + 2H + H,O + CH4 0.66 2.61 0.20 1.56
8>7 2H,O0+CHs+* - OH*+H+H,O+CHs —0.39 0.59 —0.60 0.08
8>8 2H,0+CHs+* - 2H,O+CHy + * 0.00 0.00 0.00 0.00
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3. Projected density of states (PDOS)
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Figure S1. Projected density of states (PDOS) of the Cu(111) (A) and the Cuss-graphene (B)
surfaces with adsorbed CO and CHO. A system title of Xy indicates a surface (X) with adsorbed
species (Y). Clean, CO, and CHO represent clean surface without adsorbates, adsorbed CO, and
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adsorbed CHO, respectively. The Fermi energy is referenced at 0 eV.
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4. CHO adsorption configuration on Cu(111) and Cuss—defective graphene
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Figure S2. Comparison of Cu—Cu bond distances between the Cu(111) surface and the Cuss—
defective graphene system when CHO species is adsorbed. Two different colored Cu atoms on
each surface indicate the Cu—Cu distance measured upon adsorption. Numbers with an arrow
indicate percentages of enlarged Cu—Cu distances upon CHO adsorption.

5. Solvation effect
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Figure S3. (A) The lowest energy pathways of CO, reduction on the Cuss—defective graphene.
(B and C) Relative free energy diagrams for CO, reduction on Cu(111) and Cuss—defective
graphene, respectively with no solvation (empty rectangle with dashed lines) and solvation
(filled rectangle with solid lines) consideration.
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