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Supplementary Table 1. Detailed composition of CZA catalyst having different content of Cu element

Catalyst sample Molar content of Cu /% Molar ratio of Cu/Zn/Al
30%CZA 30 30/60/10
40%CZA 40 40/50/10
52%CZA 52 52/38/10
57%CZA 57 57/33/10
65%CZA 65 65/25/10




Supplementary Fig. 1 Additional representative HAADF-STEM and EDS images of 57%CZA catalyst
after electroassisted treatment at the conditions of 240°C, 3 MPa, Ho/CO2/N2=72/24/4 mL-min-t and 2000
mL-gcart-ht.



Supplementary Fig. 2 Representative HAADF-STEM and EDS images of 57%CZA catalyst after thermal
treatment at the conditions of 240°C, 3 MPa, Hz/CO2/N,=72/24/4 mL-mint and 2000 mL-gcar*-h.
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interface in 57%CZA catalyst after electroassisted treatment at the conditions of 240°C, 3 MPa,
H2/CO2/N2=72/24/4 mL-min-1, 2000 mL-gcar*-h™* and 0.5 W.



Supplementary Fig. 4 Representative
57%CZA catalyst after thermal treatment at the conditions of 240°C, 3 MPa, H2/CO2/N2=72/24/4 mL-mint

and 2000 mL-gcart-h.
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STEM images for the observation of Cu,O (110)

Cu20 interface in 57%CZA catalyst after electroassisted treatment at the conditions of 240°C

Supplementary Fig. 5 Additional representative HAADF-

and Cu

3

H2/CO2/N2=72/24/4 mL-min-t, 2000 mL-gcar*-h* and 0.5 W.
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Supplementary Fig. 6 Representative HAADF-STEM images for the observation of Cu species in
57%CZA catalyst after thermal treatment at the conditions of 240°C, 3 MPa, H2/CO2/N,=72/24/4 mL-mint
and 2000 mL-gcart-h™.
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Supplementary Fig. 7 Representative HAADF-STEM images for the observation of Cu,O (110) in
57%CZA catalyst after thermal treatment at the conditions of 240°C, 3 MPa, H2/CO2/N2=72/24/4 mL-mint
and 2000 mL-gcart-h.
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Supplementary Fig. 8 Additional representative HAADF-STEM images for the observation of twin
boundary of Cu® species in 57%CZA catalyst after electroassisted treatment at the conditions of 240°C, 3
MPa, Ho/CO2/N2=72/24/4 mL-min-1, 2000 mL-gcar*-ht and 0.5 W.
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Supplementary Fig. 9 XRD patterns of 57%CZA sample recorded at the following each stage of
sequentially thermal treatment using 10%H2/N2 (reduction pretreatment), 24%CO./He, 72%Hz/He, and
(72%H; + 24%CO0,)/N2 mixture at the conditions of 240°C, 3 MPa, and 2000 mL-gcat'-h™".

11



& Cu,0¢Cu

*(111)

e (111)
+(200)
*(220)

CO, (Electroassisted treatment)

Intensity (a. u.)

CO, (Thermal treatment)
PDE#99.0041 PDF#70-3039
Rl N TN

10 20 30 40 50 60 70 80
2 Theta (degree)

#CuO¢Cu o
-
)
= ¢ S S)
AN
o %‘, &
~~ N—r
S * M
@ [H, (Electroassisted treatment)
N—”
>
=
%)
c
()
)
=
H, (Thermal treatment)
PDF#70-3039
PDF#99-0041
T T

10 20 30 40 50 60 70 80
2 Theta (degree)

Supplementary Fig. 10 Comparison of XRD pattern of 57%CZA sample after thermal and electroassisted
treatment using different gas flow of (&) CO. and (b) H> at the conditions of 240°C, 3 MPa, and 2000
mL-gcar-h™ and 0.5 W (only for the electroassisted process).
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Supplementary Fig. 11 XPS survey spectra of 57%CZA catalyst sample collected at the following each
stage of (a) electroassisted and (b) thermal treatment using the sequential gas flow of 10%H2/N- (reduction
pretreatment), 24%CO2/He, 72%Hz/He, and (72%H, + 24%CO,)/N2 mixture at the conditions of 240°C, 3
MPa, 2000 mL-gcart-h™* and 0.5 W (only for the electroassisted process).
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Supplementary Fig. 12 Cu LMM Auger spectra of 57%CZA catalyst sample collected at the following
each stage of thermal treatment using the sequential gas flow of 10%H./N, (reduction pretreatment),
24%COy/He, 72%H2/He, and (72%H; + 24%C0O-)/N2 mixture at the conditions of 240°C, 3 MPa, and 2000
mL-gcart-ht.
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Supplementary Fig. 13 Cu 2p XPS spectra of 57%CZA catalyst sample collected at the following each
stage of electroassisted and thermal treatment using the sequential gas flow of (a) 24%CO./N2, (b)
72%H/N2 and (c) (72%H; + 24%C0O;)/N2 mixture at the conditions of 240°C, 3 MPa, 2000 mL-gcar?-h*
and 0.5 W (only for the electroassisted process) after thermal reduction pretreatment (10%H2/N, 300°C).

15



Intensity (a.u.)
Intensity (a.u.)

Reduction pretreatment Reduction pretreament

1 1 1 1 1 1 1 I I 1 1 1 1 1
1050 1045 1040 1035 1030 1025 1020 1015 1050 1045 1040 1035 1030 1025 1020 1015
Binding energy (eV)

Binding energy (eV)

Intensity (a.u.)

N

Reduction pretreatment

1OI50 1045 1040 1035 1030 1025 1020 1015
Binding energy (eV)
Supplementary Fig. 14 Zn 2p XPS spectra of 57%CZA catalyst sample collected at the following each
stage of electroassisted and thermal treatment using the sequential gas flow of (a) 24%CO./N2, (b)
72%H/N2 and (c) (72%H; + 24%CO;)/N, mixture at the conditions of 240°C, 3 MPa, 2000 mL-gcar?-h*
and 0.5 W (only for the electroassisted process) after thermal reduction pretreatment (10%H2/N2, 300°C).
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Supplementary Table 2 XPS analysis results of the surface Cu and Zn composition

Surface element composition (%)

Sample Cu/(Zn+Cu)
Cu Zn
57%CZA_Reduction 14.08 15.31 0.48
57%CZA_COz+H;_ Electroassisted 12.01 18.95 0.39
57%CZA_CO,+H,_Thermal 12.55 16.94 0.42
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Supplementary Fig. 15 Catalyst bed temperature and carbon balance during electroassisted CO;
hydrogenation at the conditions of 240°C, 3 MPa, and 2000 mL-gcar'-h"' and 0.5 W.
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Supplementary Fig. 16 Comparison between the conventional thermal process and electroassisted

catalytic results at different temperatures, pressures and electric powers under the other conditions of
H2/CO2/N2=72/24/4 mL-min*t and 2000 mL-gca-h2.
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Supplementary Fig. 17 Effect of space velocity on the electroassisted catalytic CO, selective
hydrogenation to methanol on (a) 52%CZA, (b) 57%CZA and (c) 65%CZA at 240°C, 3.0 MPa, 0.5 W,
H2/CO; ratio = 3 and 3 g catalyst compared those results obtained under thermal condition.
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Supplementary Fig. 18 Effect of space velocity on the electroassisted catalytic CO, selective
hydrogenation to methanol on (a) 52%CZA, (b) 57%CZA and (c) 65%CZA at 240°C, 3.0 MPa, 2000
mL-gcart-Lt and H2/CO, = 3 compared those results obtained under thermal condition.
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Supplementary Fig. 19 Effect of pressure on the electroassisted catalytic CO- selective hydrogenation to
methanol on (a) 52%CZA, (b) 57%CZA and (c) 65%CZA at 240°C, 0.5 W, 3.0 MPa, 2000 mL-gca'-L-" and
H2/CO; ratio = 3 compared those results obtained under thermal condition.
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Supplementary Table 3 Catalytic performance of reported catalysts on CO; hydrogenation to methanol at

comparable reaction conditions

H2/CO,  Space velocity P T Power Specific activity — Sel.
Catalyst i Ref.
ratio (mL-gecart-ht)  (MPa) (°C) (W)  (mmol-geart-ht) (%)
CZG-5Ga 2.8 N/A 4.5 240 - N/A 49.0 1
PdCu/ZrO; 3.0 3600 4.1 250 - 1.63 26.8
2
PdCu/Al,O3 3.0 3600 4.1 250 - 1.50 314
Pd/Cu/SiO> 3.0 3600 4.1 250 - 0.87 34.0 3
Cu/ZrO2/CNT 3.0 3600 3.0 260 - 2.62 43.5 4
S-CuznZr 3.0 3600 3.0 240 - 1.25 73.4
5
CuzZnZr 3.0 3600 3.0 240 - 111 38.6
CuznAlZzr 3.0 4600 5.0 230 - 5.562 62.1 6
3.0 3000 3.0 250 - 0.31 37.8
Cu(ZnGa)
3.0 3000 3.0 260 - 0.45 38.1
7
3.0 3000 3.0 250 - 1.32 42.8
(CuzZnGa)
3.0 3000 3.0 260 - 1.46 36.5
Cu/Zn0O/ZrO, 3.0 2400 3.0 240 - 1.98 41.0 8
3.0 3600 3.0 240 - 3.73 63.6
CuZnAl 3.0 3600 3.0 240 - 3.04 62.6 9
3.0 3600 3.0 240 - 0.69 53.9
Cu/ZnOx@Ui0-66 3.0 2400 3.0 240 - 0.08 49.2 10
LDO 25 2000 4.0 230 - 1.35 395 11
ccz 3.0 3600 3.0 260 - 2.88 50.0 12
Cu/TiOz 3.0 3600 3.0 260 - 2.07 64.7 13
3.0 3600 4.1 250 - 0.78 30.0
PdCu/SiO>
3.0 3600 4.1 250 - 0.87 34.0
PdCu/SBA-15 3.0 3600 4.1 250 - 0.58 23.0 14
PdCu/MSU 3.0 3600 4.1 250 - 0.37 18.0
Cu-Zn/SiO- 3.0 3600 4.1 250 - 0.42 50.0
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Supplementary Table 4 Cu crystal size calculated by the most intensive Cu (111) peak using Debye-
Scherrer formula

Catalyst sample Cu crystal size (nm)
Fresh_Thermal treatment 11.2
Fresh_Electroassisted treatment 11.4
Spent_Thermal-200 h 15.0
Spent_Thermal-CO-150 h 12.9
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Supplementary Fig. 20 XPS survey spectra of spent 57%CZA catalyst sample collected after 200 h time-
on-stream at the conditions of 240—280°C, 3 MPa, H2/CO2/N,=72/24/4 mL-min* and 2000 mL-gcar*-h2,
and those fresh sample after treatment under thermal and electroassisted condition.
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Supplementary Fig. 21 Cu 2p XPS fine spectra of spent 57%CZA catalyst sample collected after 200 h
time-on-stream at the conditions of 240-»280°C, 3 MPa, Hz/CO2/N,=72/24/4 mL-min* and 2000 mL-gcar
L.h1, compared with those fresh sample after treatment under thermal and electroassisted condition.
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Supplementary Fig. 22 Zn 2p XPS fine spectra of spent 57%CZA catalyst sample collected after 200 h
time-on-stream at the conditions of 240-280°C, 3 MPa, Ho/CO2/N,=72/24/4 mL-min-t, 2000 mL-gcar*-h?

and 0.5 W (only for the electroassisted process) compared with those fresh sample after treatment under
thermal and electroassisted condition without CO.
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Supplementary Fig. 23 Cu 2p XPS fine spectra of spent 57%CZA catalyst sample collected after 150 h
time-on-stream at the conditions of 240°C, 3 MPa, H2/CO2/CO/N»=72/21/3/4 mL-mint, 2000 mL-gcar*-h?

and 0.5 W (only for the electroassisted process) compared with those fresh sample after treatment under
thermal and electroassisted condition without CO.
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Supplementary Fig. 24 Zn 2p XPS fine spectra of spent 57%CZA catalyst sample collected after 150 h
time-on-stream at the conditions of 240°C, 3 MPa, H2/CO,/CO/N»=72/21/3/4 mL-mint, 2000 mL-gcar*-h?

and 0.5 W (only for the electroassisted process) compared with those fresh sample after treatment under
thermal and electroassisted condition without CO.
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Supplementary Fig. 25 Experimental results of (a) external and (b) internal diffusion elimination under
thermally catalytic condition.
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Supplementary Fig. 26 Experimental results of (a) external and (b) internal diffusion elimination under
electroassisted catalytic condition.
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Supplementary Fig. 27 Kinetic studies on thermally catalytic CO2 hydrogenation over 52%CZA (1 g) at
the conditions of 160-220°C, 3 MPa, 0.5 W and 12000 mL-gcar?-ht. Dependency of methanol and CO
formation on the concentration of (a) CO2 and (b) H>. (c) Arrhenius plots of CO; hydrogenation to methanol

and CO under the H,/CO- ratio of 3.
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Supplementary Fig. 28 Arrhenius plots of electroassisted CO, hydrogenation under (a) 1.0 W, (b) 1.5 W,
(c) 2.0 W and (d) 2.5 W at the conditions of 160-220°C, 3 MPa, H,/CO; ratio of 3 and 12000 mL-gcar*-h.
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Supplementary Fig. 29 In-situ FT-IR spectra collected during (a) thermal and (b) electroassisted CO-
hydrogenation on 57%CZA catalyst sample after reduction pretreatment using 10%H2/N2 at the conditions
of 240°C, 0.1 MPa, CO2/H,=10/30 mL-min-', and 2.5 W (only for the electroassisted process).
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Supplementary Fig. 30 In-situ FT-IR spectra collected during thermal CO2 hydrogenation over on
57%CZA catalyst sample at the stage of flowing (a) CO2/He=10/30 mL-min-, (b) Ho/He=30/10 mL-min-t
and (c) CO2/H,=10/30 mL-min* at the conditions of 240°C, 0.1 MPa.
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Supplementary Fig. 31 Evolution of reaction intermediates during the sequential gas flow of
CO2/He=10/30 mL-min", 40 mL-min" He, Hz/He=30/10 mL-min-!, 40 mL-min"' He, and CO2/H>=10/30
mL-min-! for thermal CO2 hydrogenation to methanol at the conditions of 240°C and 0.1 MPa.
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Supplementary Fig. 32 In-situ FT-IR spectroscopic experiment for the investigation on the effect of CO
on thermal CO. hydrogenation to methanol at the conditions of 240°C, 0.1 MPa, CO2/H2=25/75 mL-min-",

CO2/CO/H2=22/3/75 mL-min".
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Supplementary Fig. 33 In-situ FT-IR spectroscopic experiment for the investigation on the effect of CO
on electroassisted CO, hydrogenation to methanol at the conditions of 240°C, 0.1 MPa, CO2/H,=25/75
mL-min’, CO,/CO/H»=22/3/75 mL-mint and 0.5 W.
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Supplementary Fig. 34 In-situ FT-IR spectroscopic experiment for the investigation on the effect of
HCCOH on thermal CO; hydrogenation to methanol at the conditions of 240°C, 0.1 MPa and
CO2/H2=25/75 mL-mint with HCCOH bubbled into IR cell.
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Supplementary Fig. 35 In-situ FT-IR spectroscopic experiment for the investigation on the effect of
HCCOH on electroassisted CO; hydrogenation to methanol at the conditions of 240°C, 0.1 MPa,
CO2/H>=25/75 mL-min* and 0.5 W with HCOOH bubbled into IR cell.
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Cu(111)/Cu,0(110) Cu(111)/Cu,0(111)
Supplementary Fig. 36 Side view of proposed models for Cu(111)/Cu20(110) and Cu(111)/Cu20(111)
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Supplementary Fig. 37 Configurations of different intermediate species absorbed on the model of
Cu(111)/Cu20(110)
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Supplementary Fig. 38 Configurations of different intermediate species absorbed on the model of

(111)/Cuz0(111)

Cu
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HCHO*+*OH CH,O*+H,0
Supplementary Fig. 39 Configurations of different intermediate species absorbed on the model of
Cu(111)/Cu20(110) when 0.0001au electric power is introduced into the system
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