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Detailed Computational Methodology. The bulk of wurtzite ZnO were simulated using the
p63mc space group.! The obtained lattice parameters of a=b =3.166 A, c/a=1.611 A (c =
5.102 A) and a = B = 90°, y = 60° are in good agreement with reported experimental and
theoretical values.>* As shown in Figure S1, the ZnO (101) low-index surface was modeled as
a super-cell with five ZnO bilayers along the vacuum direction and 4 x 4 primitive cell on the
in-plane direction. This ZnO plane was chosen based on experimental information in Section
2.1. The 15 A vacuum layer on top (z-direction) was enough to prevent interactions between
periodic images of the slabs. In the optimization of the surfaces, the three outmost layers on

the top were relaxed, while the two bottom layers were frozen in the relaxed bulk positions.
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Figure S1. Schematic view of high symmetrical possible adsorption sites on the ZnO (101)

surface. The Bl, B2, and B3 indicate the Zn-Zn bridge sites with different chemical
environments. The H1 and H2 represent the hollow sites. The T1 and T2 labels show the Top
sites on the O atoms, while the T3 and T4 are the Top sites on Zn atoms. The Zn and O
highlighted atoms are those chosen to generate the different types of vacancies. The white and

yellow full (Vza1 or Vo1) and dotted (Vzn2 or Vo) lines correspond to Zn and O vacancies.

The different high symmetrical adsorption sites that were considered to study the interaction
of a Cu-atom with the surface are presented in Figure S1. For a more realistic representation, a
second Cu atom was adsorbed at the nearest and the most energetically favorable adsorption
site. Then an O-atom was adsorbed along the high symmetrical adsorption sites surrounding

the Cu-atom and the two Cu-atoms for both considered systems.
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To assess the difficulty of vacancy formation, O and Zn vacancies were generated in the
outmost layer by simply removing an atom. The specific atoms chosen for removal are also
indicated in Figure S1. In an effort to elucidate the potential mechanism of copper oxide
formation during the electrooxidation process, the extraction of oxygen from the most stable
O-vacancy locations was simulated by incrementally moving it in 0.1 A steps upward on the
ZnO surface with two adsorbed Cu-atoms.

The adsorption energies, represented as Eqqs in €V, were computed as the difference between
the total energy of the system after adsorption (Eudsorbate/subsirate) and the energy of the isolated
atom in a box (Eudsorrare) plus the energy of the clean surface (Esupsirare). This calculation is
expressed in Equation (S1):

Eags = Eadsorbate/substrate - (Eadsorbate + Esubstrate) (S1)
For the E.us, a smaller value signifies a more favourable adsorption site and a positive value
indicates an endothermic reaction, while a negative one suggests an exothermic process. In this
case, the oxygen is considered as coming after the entire process of CO; electrochemical
reduction to CO, where the final products are primarily CO(g) and O".* Then the E.dsorbate is
calculated from an atomic oxygen isolated in a box.

The energy barrier (Esar), reaction energy (E,), and reverse energy barrier (E»qr) are calculated

in Equation (S2-4):

Epar = Ets — Ejg (S2)
Er = Eps — Ejs (S3)
Erbar = ETS - EFS (84)

where Ejs, Ers and E7s refer to the initial-, final- and transition-state energies. The vacancy
formation energy (Evac) is computed at zero kelvin in Equation (S5) (a lower value indicates a

more energetically favorable condition):

Evac = (EZn0(101)+vac + Evac—atom) - EZnO(lOl) (SS)

where Ez.00101)+vac 1S the total energy of the system in the presence of the defect, Evac-arom 1s the
energy of the isolated atom deleted from the vacancy and Ez.ox01) 1s the total energy of the
system without any vacancy.’
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Figure S2. HAADF-STEM image of (a) bare ZnO and (b) unsupported Cu NPs.
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Figure S3. SEM images of (a) as-prepared and (b) spent unsupported Cu NPs deposited on
YSZ on scale of 1 pm.
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Figure S4. SEM images of spent (a) ZnO, and (b) 5wt.%, (c) 10wt.%, (d) 20wt.%, ()

40wt.%, and (f) 60wt.%Cu supported on ZnO on the scale of 1 pm.
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Figure S5. EDS spectrums of (a) 10CuZnO and (b) 60CuZnO.
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Table S1. Summary of major peak positions and corresponding interplanar distances (d), full

width at half maximum (FWHM) and crystallite sizes (L). n=1, 2=0.15418 nm, and K=0.9.

Cu,0 (110)

ZnO
as-prepared spent
26 d (nm) FWHM (rad) size (nm) 26 d (nm) FWHM (rad) size (nm)
ZnO (101) 36.16 0.248  0.00577703 25.26718 ZnO (101) 36.18 0.248  0.00551524 26.46807
Cu(111) N/A  N/A N/A N/A Cu(111) N/A NA N/A N/A
Cuz0 (110) N/A  N/A N/A N/A Cu0 (110) N/A  NA N/A N/A
I 10CuZnO
as-prepared spent
26 d (nm) FWHM (rad) size (nm) 26 d (nm) FWHM (rad) size (nm)
ZnO (101) 36.18 0.248  0.00678933 21.50106 ZnO (101) 36.18 0.248  0.00532325 27.42266
Cu(111) 43.28 0.209  0.00432841 34.48922 Cu(111) 43.22 0.209  0.00376991 39.59052
Cu20 (110) N/A  N/A N/A N/A Cu0 (110) 30.02 0.297  0.00371755 38.64475
| 60CuZnO I
as-prepared spent
26 d (nm) FWHM (rad) size (nm) 26 d (nm) FWHM (rad) size (nm)
ZnO (101) 36.18 0.248  0.0056025 26.0558 ZnO (101) 36.16 0.248  0.00574213 25.42077
Cu (111) 43.22 0.209  0.00446804 33.4045 Cu (111) 43.22 0.209  0.00401425 37.18066
N/A  N/A N/A N/A Cu,0 (110) 29.98 0.297  0.00438077 32.79108

The Scherrer equation and Bragg equation are used to determine the crystallite sizes of NPs

and interplanar distances. The calculations are shown in Equation S6 and S7, respectively:

L = KA\/FWHM - cos ©
nA = 2d-sin0
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Figure S6. XRD patterns of as-prepared and spent (a) bare ZnO and (b) 60CuZnO.
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Table S2. XPS data of Cu 2p for as-prepared and spent 10CuZnO.

Element Composition  Position (eV) FWHM %Area
as-
spent as-prepared  spent as-prepared  spent
prepared
Cu 2p1n N/A 951.3 951.3 N/A N/A N/A N/A
cu’ 931.5 931.5 1.60 1.68 67.62 53.26
Cu 2p312 Cul* 9313 9312 0.78 1.09 12.93 27.54
Cu? 933.5 933.4 2.01 2.49 19.45 19.20
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Table S3. XPS data of Zn 2p and O1s for as-prepared ZnO, 10CuZnO and 60CuZnO.

Catalyst Element Composition Position (eV) FWHM %Area
O Is OL 530.25 1.103 44.19
Ov 531.02 1.969 48.58
ZnO -OH 532.26 1.41 7.23
Zn2p Zn 2p1n 1044.05 N/A N/A
Zn 2p3p 1021.03 N/A N/A
O Is OL 530.29 1.007 50.29
Ov 531.08 1.942 44.43
10CuZnO -OH 532.19 1.242 5.28
Zn2p Zn 2p1n 1044.45 N/A N/A
Zn 2p3p 1021.43 N/A N/A
O Is OL 530.8 1.063 64.23
Ov 531.64 1.394 21.47
60CuZnO -OH 532.74 1.318 14.3
Zn2p Zn 2p1n 1045.26 N/A N/A
Zn 2p3p 1022.13 N/A N/A
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Figure S7. Wide scan XPS spectra of as-prepared ZnO, 10CuZnO and 60CuZnO.
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Figure S8. Light-off curves for all Cu/ZnO catalysts under (a) oxidizing and (b) reducing

conditions.
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The dispersion (D) of Cu/ZnO nanoparticles is calculated from Equation (S8):¢

V/A

dtEM

D=6X

(S8)

where V and A represent the volume and surface area of a Cu atom and dtewm is the particle size

of Cu according to the TEM image. The turnover frequency (TOF) is calculated using the

Equation (S89):7*

FxX
WxD

TOF =

(89)

Where F is the flow rate of CO> at the inlet, W is the molar mass of the catalyst, D is the

dispersion of the catalyst, and X is the CO» conversion rate to CO, which is determined from

Equation (S10):
CO,lin—[CO
X — [ 2]1n [ 2]0ut X 100% (SIO)
[Coz]in
Table S4. Summary of parameters for Cu/ZnO catalysts at 400°C.
Zn0O 5CuZn0O 10CuZnO 20CuZnO 40CuZnO 60CuZnO
ro (x10-5 mol s! g1) 7.90 10.2 10.9 12.9 13.7 10.9
Sger (m? g1) 10.47 23.64 30.11 36.77 39.24 25.86
TOF (s ) 0.38 0.48 0.51 0.59 0.60 0.45
P 1.06 1.13 1.14 1.08 1.06 1.05
A 2.45 3.15 3.16 2.57 2.04 1.76
RF 1.00 1.22 1.45 1.17 0.86 0.58
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Figure S9. Overall transient responses of CO rates to applied constant currents for all

Cu/ZnO catalysts under stoichiometric conditions at 400°C.
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Figure S10. Total (a) and projected (b) DOS curves of wurtzite ZnO bulk. The Fermi level is

the dotted line at zero. The insert represents the wurtzite ZnO unit cell, where the grey and

red spheres are the Zn and O atoms, respectively.
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Table SS. The adsorption sites and energies of adsorbed Cu- and O-atom on ZnO (101)

surface.
Eadgs (eV)
Adsorption site/ Atom Cu o

B1 -5.90 -
B2 -3.52 -
B3 -3.55 -
H1 -4.10 -0.63
H2 -0.72 -0.50
T1 -4.01 -0.49
T2 -3.53 -0.36
T3 -4.87 -0.57
T4 -3.90 -0.58

Top Cu - -0.54
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Table S6. Bond distances for the most stable configurations.

Distances (A)
System ZnO(101) Cuw/ZnO(101) Cu/ZnO(101)+O" 2Cw/ZnO(101)  2Cu/ZnO(101) + O
Bond type
O1 - Zny 1.82 1.93 1.92 2.06 1.99
Oz -Zny 1.84 1.87 1.87 1.96 1.98
Oz -Zn; 1.85 1.87 1.87 1.98 1.99
Cu - Oy - 1.82 1.83 1.86 1.92
Cuj - O4 - 1.82 1.83 1.79 1.83
0" - Cu - - 2.80 - 3.49
0" -Cu - - - - 3.48
0" - Zn - - 4.53 - 5.28
0" -Zm - - 3.70 - 4.06
Cuz - Cuy - - - 2.59 2.45
Cuz - Oy - - - 1.93 1.94
Cuz- 0O - - - 1.93 1.95
Cuz - Zny - - - 2.48 2.53
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Figure S11. CVs at 400°C in Argon from -0.8 V to 1.5 V at a scan rate of 20 mV s™! for

unsupported Cu NPs and bare ZnO.
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