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1. Experimental details
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Fig. S1 Diagram of the experimental setup
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Fig. S2 Waveforms of discharge voltage and current for different plasma-catalytic conditions (CO, 18
mL/min; H, 54 mL/min; input power 26 W): (a) y-Al,Os3; (b-f) 4% Cu/y-Al,O3 with H,O/CO, molar

ratio of (b) 0; (¢) 0.2; (d) 0.5; (e) 1; (f) 1.5
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Fig. S3 MS results upon H,O injection in plasma catalysis



Table S1 Summary of the catalysts, reaction conditions and performance of plasma catalysis and

thermal catalysis for CO, hydrogenation to methanol. (MR represents the molar ratio of H,O to CO,)

Plasma catalysis in this paper

Catalyst

Cu/Al,05 (0 MR)
Cu/Al,05 (0.1 MR)
Cu/Al,05 (0.2 MR)
Cu/Al,05 (0.5 MR)

Cu/Al,05 (1 MR)

Temperature
(°C)
60
60
60
60
60

Thermal catalysis

Catalyst

Cu/Al,031
Cu/Zn0O/Al,052
Cu0O/Zn0/Al,033
Cu/Zn/Zr0O,*
Cu/Ga/Zn0O>
Cu/Zn0/Zr0,/Ga,05°
Cu/Zn/Ga/Si0,”
Pd/ZnO-Al,0;8
Pd/Zn/CNTs?
Au/Zn0O1°
In,03/Zr0, 11
MoS, 12
Al/Pd/Zn0O 13
Cu/Sio, 14
NiO-In,03 ¥
Pd/Ce0O, t®
Cu/C3N, v
Pdzn 8
Cu@Uio-66*°
ZrO,/Cu®
In,03/m-Zr0, %!
Au/In,0;2
Pd/Zn0 23
Pd/In,052
Pt/In,032°

Temperature
(°C)
200
260
280
220
270
250
270
180
250
240
300
180
250
250
250
240
150
250
260
220
280
275
250
295
300

Pressure
(MPa)
0.1

0.1
0.1
0.1
0.1

Pressure
(MPa)

CO, conversion
(%)
9.8
8.8
8.4
6.5
4.2

CO, conversion
(%)
8.4
22.7
19.5
12.0
6.0
N/A
5.6
2.9
6.3
0.3
5.2
12.5
14.2
5.2
2.8
4.6
N/A
7.5
13.1
4.5
12.1
7.7
2.0
10.5
17.3

CH;OH selectivity
(%)
47.5
50.2
53.0
58.7
65.2

CH;OH selectivity
(%)
37.3
77.3
37.0
71.1
88.0
70.0
99.5
79.4
99.6
82.0
99.8
94.3
7.3
79.0
53.0
25.9
95.5
38.7
78.8
70.0
84.6
78.0
80.0
72.4
54.0

Energy consumption
(kJ/mmol)
42.0

44.2
44.7
52.2
75.0

STY
(8meon kgcar™ W)
103
7729
311
N/A
378
382
349
N/A
1187
N/A
321
N/A
628
N/A
256
22.8
134
N/A
796
524
N/A
470
14700
530
542



4% Culy-Al,O,

0 _\ 7-Al, 04
200 300 400 500 600 700 800
Wavelength (nm)

Fig. S4 UV-Vis spectrum of y-Al,O3 and Cu/y-Al,0;.
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Fig. S5 OES results for different H,O/CO, molar ratios of: 0, 0.1, 0.5 and 1.



Table S2 N, physisorption data for different spent catalysts

Spent catalysts

2 5-1 3 51 H
(H,0/CO, molar ratio) Seer (M2g81)  Viao (cm3 gt)  Pore diameter(nm)

y-Al,05 (0) 134.4 0.45 13.5
Cu/y-Al,05 (0) 128.0 0.44 12.6
Cu/y-Al,05 (0.1) 127.7 0.44 12.0
Cu/y-Al,05 (0.2) 125.4 0.44 12.6
Cu/y-Al,05 (0.5) 125.1 0.43 12.5

Cu/y-AL0s (1) 122.4 0.42 12.2
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Fig. S6 HAADF-STEM mapping results of Cu/y-Al,O; catalyst
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Fig. S7 Characterization of spent Cu/y-Al,O5 catalyst: (a) XRD; (b) TPR; (c) XPS.



2. Choice of the supported cluster model

-------I —s

2x2 supercell

Fig. S8 Typical binding sites for Cu,; cluster on the y-Al,O5 (110) surface

The adsorption sites for the hydrated y-Al,O; (110) surface are chosen according to the study of
Marius et al., as shown in Fig. S7.26 The Cu;s cluster is first optimized in the gas phase and then is
placed over these three sites. The adsorption test is carried out by static DFT calculations and the most
stable configuration at A site is selected to be the main structure for further CO, hydrogenation
calculations, as shown in Fig. S8. It should be noted that the final configuration is not validated by a
molecular dynamic checking, thus the sampling is not complete for the whole system. But this method
has been validated to be practical in previous studies and the configuration we use should be able to

represent the supported Cuy3 cluster model to provide acceptable results.?6-27
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Fig. S10 Five typical adsorption sites on Cu;3/y-Al,O5(110): Sites 1, 3, 4 and 5 are four Cu;3-Al,05

interface sites. Site 2 is on the top of the Cu,; cluster.
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3. Computational details
Table S3 Adsorption energy of reactant and product molecules

on 5 sites of Cuy3/y-Al,O5 surface (Unit: eV)

site Co, H, CH;O0H H,O
1 -0.72 -0.34 -0.94 -1.12
2 -0.78 -0.37 -0.84 -0.80
3 -1.29 -1.37 -1.45 -1.36
4 -1.14 -0.07 -1.25 -0.68
5 -0.09 -0.07 -0.19 -0.22

Fig. S11 Most stable configurations of four molecules. H; is automatically decomposed into two

adsorbed H* atoms without barrier. (a) CO,; (b) Hy; (c) CH30H; (d) H,O.

13



Fig. S12 CO, adsorption configuration and electronic properties: (a) Adsorption configuration of CO,
at Cu3/y-AlL O3 interface; (b) Charge density difference of CO, adsorption at Cu,3/y-Al, O3 interface:
cyan and yellow parts mean charge density increase and decrease, respectively; (c) Adsorption

configuration of CO, on Cuy; cluster; (d) Charge density difference of CO, adsorption on Cuy; cluster.
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Table S4 Binding energy for important intermediates

Adsorbates Adsorption energy (eV)
Co -1.98
H,CO -2.67
H,COO -2.34
HCOOH -2.01
HCO -3.10
cis-COOH -2.89
bi-HCOO -4.55
H3CO -4.52
H,COH -2.83
H,COOH -3.52
H,0 -1.35

OH -4.62




Table S5 Reaction energies and activation barriers

No. Reaction AE (eV) E, (eV)
1 CO,(g) + * — CO,* -1.28 —
2 Ha(g) + *+ * — H* + H* -0.86 —
3 CO,* + H* — bi-HCOO* -0.43 1.23
4 bi-HCOO* + H** — H,COO* 0.28 1.16
5 bi-HCOO* + Hb* — HCOOH* 0.56 1.32
6 HCOOH* + H* — H,COOH* 0.09 1.03
7 H,COOH* — H,CO* + OH* -0.42 0.25
8 H,COO* + H*—~ H,CO* + OH* -0.58 2.11
9 H,COO*-H,CO* + O* 0.24 1.51
10 H,CO* + O* + H* — H,CO* + OH* -0.26 0.01

H,CO* + OH* +H* — H,CO* +
11 -0.29 1.20
H,0*

12 CO,* + H* — trans-COOH* 0.29 1.51
13 trans-COOH* — cis-COOH* -0.27 —_
14 cis-COOH* — CO*+ OH* -1.14 0.00
15 CO* + OH* + H* — CO* + H,0O%* 0.88 1.17
16 CO* + H* — HCO* 0.19 0.96
17 HCO* + H* — H,CO* -0.60 0.66
18 H,CO* + H* — H,CO* -0.04 0.79
19 H,CO* + H9* — H,COH* -0.43 0.51
20 H;CO* + H* — H;COH* -0.36 1.25
21 H,COH* + H* — H;COH* 0.04 1.27
22 CH3OH* — CH;0H(g) + * 1.45 —
23 CO,* - CO* + O* 1.06 2.08
24 H;CO* — CH3* + O* 0.63 2.03
25 CH3* + H* — CH,* -0.76 0.66
26 CH4* — CHy(g) + * 0.24 —
27 CHy(g) + O* + H* — CH, + OH* -0.02 1.87
28 CHa(g) + OH* + H* — CH, + H,0* 1.06 1.64
29 H(g) + CO,* — bi-HCOO* —_ 0.00
30 H(g) + CO,* — trans-COOH* —_— 0.00
31 H(g) + CO* — HCO* — 0.00
32 H* + CO(g) — HCO* —_ 0.00
33 H(g) + HCOO* — HCOOH* —_ 0.00
34 H(g) + H3CO* — H3COH* —_ 0.00
35 H(g) + H,COH* — H3COH* — 0.00

2 and ® correspond to different H* sites for HCOO* hydrogenation

¢ and ¢ correspond to different H* sites for H,CO* hydrogenation
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Fig. S13 Formation of HCOOH?* via E-R mechanism
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Fig. S14 H;COH formation via E-R mechanism from H;CO* and gas phase H(g)
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Fig. S15 HCO formation via E-R mechanism from H* and gas phase CO(g)
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Fig. S16 HCO formation via E-R mechanism from CO* and gas phase H(g)
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Fig. S17 CH;0H adsorption configurations in the absence and presence of pre-adsorbed H,O molecules
in side and top view. (a) no H,O and CH;OH adsorbed at Cu,3/y-Al,O; interface; (b) no H,O and
CH;0H adsorbed on Cuy3; (¢) no H,O and CH3;0H adsorbed on nearby y-Al,Oj; slab; (d) one H,O pre-

adsorbed and CH;OH adsorbed at Cu;3/y-Al,O; interface; (¢) one H,O pre-adsorbed and CH;OH
20



adsorbed on Cu,j3; (f) one H,O pre-adsorbed and CH;OH adsorbed on nearby y-AlL,Os slab; (g) two H,O
pre-adsorbed and CH30H adsorbed at Cu,;3/y-AlyO; interface; (h) two H,O pre-adsorbed and CH;0H

adsorbed on Cu;s; (1) two H,O pre-adsorbed and CH3;0H adsorbed on nearby y-Al,Oj5 slab.
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