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1. Schematic diagram of experimental setup and catalytic tests

Figure S1. Schematic diagram of experimental setup
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2. Measurement of reaction temperature

Figure S2. Temperature distribution of the DBD reactor during operation obtained by an infrared camera.
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3. Chromatography and 1H NMR results

The chromatography results showed that CH3OH concentration was 487 mg/ml. In 1H NMR,

only a chemical shift at 3.33 ppm has been detected (4.79 is caused by standard D2O solvent), and it is

assigned to CH3OH.

Figure S3. (a) Chromatography and (b) 1H NMR results of the liquid products.
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4. Carbon balance calculation

Taking the average value of three times of plasma-catalytic CO2 hydrogenation experiments as an

example (3h reaction time), the amount of converted CO2 was 0.01706 mol

(18*60*3*0.118/22.4*1000). The chromatograph results show that the total amount of generated CO

and CH4 was 0.0073 mol. The volume of collected liquid product was about 0.5 ml (Figure S4a), and

the concentration of CH3OH in the liquid was 487 mg/ml (obtained by GC). That is, SCO + SCH4 +

SCH3OH = 87.4 %, which is indeed lower than 100 %. This may be caused by some liquid residue on

the catalysts, cotton and collector walls (Figure S4c), resulting in a smaller volume of collected liquid

than the real volume of liquid products. Also, there was negligible carbon deposition (coking). If the

fraction of lost liquid product is reduced, then the carbon balance may be closer to 100 %. Therefore,

we have calculated the carbon balance for the 20 h continuous experiments. In this case, the amount of

converted CO2 was 0.1157 mol (18*60*20*0.12/22.4*1000), and the total amount of CO and CH4

produced was 0.0472 mol. We collected approximately 4.2 ml liquid product with a CH3OH

concentration of 495 mg/ml (Figure S4b). That is, SCO + SCH4 + SCH3OH = 96.9 %, and thus the carbon

balance in this plasma-catalytic CO2 hydrogenation 20 h experiment is close to 100 %. The standard

curves of gas (CO2 and CO) and liquid product (CH3OH) are shown in Figure S4d, with correlation

coefficients (R2) exceeding 99.8 %.
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Figure S4. (a-c): The volume of collected liquid product; (d): The standard curves of CO2, CO and CH3OH.
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5. Influence of the active metal and support on the CH3OH selectivity and CO2 conversion

Figure S5. Performance of plasma-catalytic CO2 hydrogenation to CH3OH. (a) and (c): Influence of the active
metal on the CH3OH selectivity and CO2 conversion using γ-Al2O3 as support; (b) and (d): Influence of the
support on the CH3OH selectivity and CO2 conversion using Fe as active metal. (discharge power 18 W,
discharge frequency 9 kHz, CO2/H2= 1/3, residence time 3.1 s, 60 oC circulating water, 1 atm pressure);
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6. Reaction results at different plasma catalysis conditions

Table S1. Reaction results at different plasma catalysis conditions.

Residence time (s) CO2 conversion (%) CH3OH selectivity (%) CH3OH yield (%)

7 18.8 13.4 2.52

4.7 15.1 17.9 2.70

3.9 14.4 25.8 3.72

3.1 12.5 37.9 4.74

2 5.3 21.0 1.11

CO2/H2 ratio CO2 conversion (%) CH3OH selectivity (%) CH3OH yield (%)

1:1 9.5 36.9 3.51

1:2 11.5 35.0 4.03

1:3 12.5 37.9 4.74

Discharge power (W) CO2 conversion (%) CH3OH selectivity (%) CH3OH yield (%)

18 11.7 57.9 6.77

25 12.5 37.9 4.74

30 13.9 30.3 4.21

35 14.4 21.4 3.08

Cooling temperature (oC) CO2 conversion (%) CH3OH selectivity (%) CH3OH yield (%)

15 11.6 54.8 6.36

30 11.6 55.2 6.40

60 11.8 58.7 6.93

80 12.3 52.8 6.49

100 12.7 46.8 5.94
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7. Reaction temperature at different residence time

Figure S6. Reaction temperature at different residence time. (a) 4.7 s residence time; (b) 7 s residence time.
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8. Plasma catalysis, thermal catalysis and electrocatalysis for CO2 to CH3OH

Table S2. Summary of plasma catalysis, thermal catalysis and electrocatalysis for CO2 to CH3OH.

Plasma catalysis in this paper

Catalyst Conditions
CO2 conversion

(%)

CH3OH selectivity

(%)

Energy consumption

(kJ/mmol)

Fe2O3/Al2O3 60 oC, 0.1 MPa 11.7 57.9 19.8

CuO/Al2O3 60 oC, 0.1 MPa 7.9 37.8 44.9

NiO/Al2O3 60 oC, 0.1 MPa 7.2 32.4 57.5

MoO3/Al2O3 60 oC, 0.1 MPa 7.5 31.9 56.1

In2O3/Al2O3 60 oC, 0.1 MPa 6.8 33.3 59.2

CoO/Al2O3 60 oC, 0.1 MPa 7.4 28.1 64.5

Thermal catalysis

Catalyst Conditions
CO2 conversion

(%)

CH3OH selectivity

(%)

STY

(gMeOH kgcat-1 h-1)

Cu/ZnO/Al2O3
1 260 oC, 36 MPa 22.7 77.3 7729

Cu/Zn/ZrO2
2 260 oC, 36 MPa 12 71.1 N/A

CuNi2/CeO2-NT 3 260 oC, 3 MPa 17.8 78.8 579

Cu1La0.2/SBA-15 4 240 oC, 3 MPa 5.7 81.2 192

CuZnCe/TNTs 5 260 oC, 3 MPa 23.3 59.8 298

CnZnZr/SBA-15 6 250 oC, 3 MPa 19.2 30.6 376

CnZnAl@HT(40%) 7 250 oC, 3 MPa 6.2 74.7 42

LDH30Ga 8 270 oC, 4.5 MPa 19 48 590

CuZnZr-LDH 9 250 oC, 3 MPa 4.9 78.3 37

CuZnAl-400 10 240 oC, 4 MPa 59.5 73.4 128

Cu/ZnO/ZrO2/Ga2O3
11 250 oC, 8 MPa N/A 70 382

Cu/Zn/Ga/SiO2
12 270 oC, 2 MPa 5.6 99.5 349

Pd/ZnO–Al2O3
13 180 oC, 3 MPa 2.9 79.4 N/A

Pd/Zn/CNTs 14 250 oC, 3 MPa 6.3 99.6 1187

Pd/Zn 15 220 oC, 2 MPa 14.1 97.2 166

0.5Ca5Pd5ZnZr 16 230 oC, 3 MPa 7.2 100 64

Ag@Pd-ZnO 17 270 oC, 4.5 MPa 18 46 280

CdZrOx
18 300 oC, 2 MPa 5.4 80 N/A

CuIn/SiO2
19 280 oC, 3 MPa 7.7 81.8 135

3La10In/ZrO2 20 300 oC, 4 MPa 7.7 66 420

Ni5Ga3/SiO2-CP 21 200 oC, 0.1 MPa 1.8 96.1 81

Ni5Ga3/SiO2/Al2O3/Al 22 210 oC, 0.1 MPa 2.3 86.7 20
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Au/ZnO 23 240 oC, 0.5 MPa 0.3 82 N/A

In2O3/ZrO2
24 300 oC, 5 MPa 5.2 99.8 321

Table S2 (continued)

MoS2 25 180 oC, 5 MPa 12.5 94.3 N/A

Al/Pd/ZnO 26 250 oC, 3 MPa 14.2 7.3 628

NiO−In2O3
27 250 oC, 3 MPa 2.8 53 256

Cu/C3N4
28 150 oC, 3.2 MPa N/A 95.5 134

Cu@UiO-66 29 260 oC, 4.5 MPa 13.1 78.8 796

Au/In2O3
30 275 oC, 5 MPa 7.7 78 470

Electrocatalysis

Catalyst/electrocatalysts Electrolyte
Durability

test

Electrode

potential (V)

Faradaic

efficiency (%)

Cu1.63Se(1/3) 31 PF6/CH3CN/H2O — -2.1 V vs. Ag/Ag+ 77.6

FeP NA/TM 32 0.5 M KHCO3 36 h -0.2 V vs. RHE 80.2

PtxZn/C 33 0.1 M NaHCO3 16 h -0.9 V vs. RHE 81.4

V-doped In2O3
34 0.1 M KHCO3 — -0.83V vs. RHE 15.8

RuO2/TiO2
35 0.5 M NaHCO3 — -0.8 V vs. SCE 60.5

Pd-Cu bimetallic aerogel 36 BF4 and H2O 24 h -2.1 V vs. Ag/Ag+ 80

Cu2O(OL-MH)/Ppy 37 0.5 M KHCO3 15 h -0.85 V vs. RHE 94.2

2-pyridinethiol@Pt-Au NPs 38 0.1 M KNO3 20 h -0.2 V vs. Ag/AgCl 39

PD-Zn/Ag 39 0.1 M KHCO3 — -1.4 V vs. RHE 10.5

Cu63.9Au36.1/NCF 40 0.5 M KHCO3 — -1.1 V vs. SCE 15.9

CoPc-NH2/CNT 41 0.1 M KHCO3 12 h -1.0 V vs. RHE 32

BP NPs 42 0.1 M KHCO3 18 h -0.5 V vs. RHE 92

Cu0.8ML/THH Pd NCs 43 0.1 M NaHCO3 — -0.46 V vs. RHE 19.5

CuSAs/TCNFs 44 0.1 M KHCO3 50 h -0.9 V vs. RHE 44
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9. Reaction performance with different packing

Figure S7. CO2 conversion and CO selectivity with no packing and quartz sand packing. (discharge power 18
W, discharge frequency 9 kHz, CO2/H2= 1/3, residence time 3.1 s, 60 oC circulating water, 1 atm pressure)
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10. The average particle size and dispersion

Table S3. The average particle size and dispersion of Fe2O3 on γ-Al2O3 with various loadings.

Fe loading 2θ (degree) β (rad) τ (nm)
Average particle

size(nm)
Dispersion

percentage (%)

5 wt.%

35.7 0.59 13.99

15.02 6.3954.1 0.50 17.64

64.1 0.69 13.43

10 wt.%

35.7 0.51 16.18

18.95 5.0654.1 0.43 20.51

64.1 0.46 20.15

20 wt.%

24.3 0.32 25.11

22.31 4.30

33.3 0.42 19.52

35.7 0.32 25.79

40.1 0.32 26.13

49.7 0.46 18.82

54.1 0.44 20.05

62.7 0.42 21.90

64.1 0.44 21.07

72.3 0.43 22.63

75.7 0.45 22.11

25 wt.%

24.3 0.27 29.76

27.41 3.5

33.3 0.30 27.33

35.7 0.26 31.74

40.1 0.28 29.87

49.7 0.32 27.05

54.1 0.33 26.73

62.7 0.38 24.21

64.1 0.40 23.17

72.3 0.39 24.95

75.7 0.34 29.26
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11. EDX mapping results

Figure S8. EDX mapping results of 5 wt.% Fe2O3/γ-Al2O3 catalysts.
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12. N2 physisorption data for the spent catalysts

Table S4. N2 physisorption data for the spent catalysts.

Catalyst SBETa (m2 g-1) Vp (cm3 g-1) Dc (nm)

γ-Al2O3 126.8 0.38 11.3

1 wt.% Fe2O3/γ-Al2O3 121.4 0.37 11.6

3 wt.% Fe2O3/γ-Al2O3 119.9 0.36 11.2

5 wt.% Fe2O3/γ-Al2O3 119.1 0.39 12.1

10 wt.% Fe2O3/γ-Al2O3 118.2 0.37 11.7

20 wt.% Fe2O3/γ-Al2O3 102.9 0.33 11.9

25 wt.% Fe2O3/γ-Al2O3 97.0 0.32 11.1

5 wt.% Fe2O3/Al(OH)3 180.8 0.28 6.1

5 wt.% Fe2O3/SiO2 149.3 0.56 14.6

5 wt.% Fe2O3/TiO2 101.5 0.25 8.5

5 wt.% Fe2O3/CeO2 49.9 0.10 8.1

5 wt.% Fe2O3/ZrO2 32.0 0.15 23.6

5 wt.% Fe2O3/In2O3 15.5 0.08 20.7

a Specific surface area calculated with adsorption branch of nitrogen sorption isotherm using BET method.

b Total pore volume at P/P0 = 0.99. c BJHAdsorption average pore diameter.
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13. XPS results of CuO/γ-Al2O3 catalysts

Figure S9. Cu 2p XPS spectra of CuO/γ-Al2O3 catalysts
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14. XRD results of spent catalysts

Figure S10. XRD patterns of the spent Fe2O3/γ-Al2O3 catalysts with various loadings.
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15. Mössbauer parameters of fresh and spent 5 wt.% Fe2O3/γ-Al2O3 catalysts

Table S5. Mössbauer parameters of fresh and spent 5 wt.% Fe2O3/γ-Al2O3 catalysts.

Iron Species IS QS Line width
Magnetic
filed

Spectra
Contribution (%)

fresh
catalyst

Fe2O3 (spm1) 0.33 0.51 0.40 — 16.38
Fe2O3 (spm2) 0.26 1.07 0.80 — 37.95

Fe2O3 0.34 -0.23 0.45 50.3 45.67

spent
catalyst

Fe2O3 (spm1) 0.35 0.53 0.4 — 18.18
Fe2O3 (spm2) 0.30 1.13 0.85 — 37.99

Fe2O3 0.37 -0.21 0.45 50.3 43.83
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16. TPR results of Fe2O3/γ-Al2O3 catalysts

Figure S11. (a) H2-TPR results of spent Fe2O3/γ-Al2O3 catalysts with various loadings; (b) Compare of
H2-TPR profiles of fresh and spent Fe2O3/γ-Al2O3 catalyst with 5 wt.% loading.
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17. XPS results of spent catalysts

Figure S12. XPS results of spent Fe2O3/γ-Al2O3 catalysts with 5 wt.% loading: (a) Fe 2p regions; (b, c) O 1s
regions; (d) C 1s regions.



22

18. HRTEM results of 5 wt.% Fe2O3/γ-Al2O3 spent catalyst

Figure S13. HRTEM results of 5 wt.% Fe2O3/γ-Al2O3 spent catalysts.
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19. The reaction performance and H2-TPR profiles of reduced catalyst

Figure S14. (a) The reaction performance of reduced catalyst; (b) H2-TPR profiles of reduced catalyst and
spent reduced catalyst.
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20. UV-Vis spectrum of γ-Al2O3 and Fe2O3/γ-Al2O3

Figure S15. UV-Vis spectrum of γ-Al2O3 and Fe2O3/γ-Al2O3.
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21. In situ DRIFTS reaction cell

In situ DRIFTS measurements were carried out using a FTIR spectrometer (Nicolet iS10, Thermo

Scientific), equipped with a liquid N2 cooled mercury-cadmium-telluride (MCT) detector. The catalyst

(120 mg) was packed into the reaction cell (Figure S16) and pretreated in a CO2/H2 mixture (25 vol.%

CO2, 75 vol.% H2) for 0.5 h before collecting the background. The plasma power was driven at 9.5

kHz with applied discharge voltage of 24 kV. The results were analyzed by the OMNIC software.

Figure S16. Schematic of in situ plasma reaction cell for a DRIFTS study.
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22. In situ DRIFTS spectra of the linearly adsorbed COad

Figure S17. In situ DRIFTS spectra of surface species on the Fe2O3/γ-Al2O3 catalyst at the discharge power of
30.4 W. (discharge voltage 44 kV, discharge frequency 9.5 kHz, CO2/H2 = 1/3, flow rate =40 mL/min)
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23. Possible E-R reactions in plasma-catalytic CO2 hydrogenation to CH3OH

Table S6. Possible E-R reactions in plasma-catalytic CO2 hydrogenation to CH3OH.

No Reaction

1 H(g) + CO2* – HCOO*

2 H(g) + CO2* – COOH*

3 H(g) + CO* – HCO*

4 CO(g) + H* – HCO*

5 H(g) + HCOO* – HCOOH*

6 H(g) + H3CO* – H3COH*

7 H(g) + H2COH* – H3COH*

(g) denotes species from gas phase
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