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Figure S1. Typical experimental procedure for catalytic tests. After conducting H2 reduction pre-treatment at 400 °C, 

accelerated aging treatment was performed at 400 °C in the reaction gas atmosphere. The catalytic performance at 

temperatures ranging from 400 °C to 240 °C was then recorded. 
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Table S1. Catalytic performances for CO2 hydrogenation to form ethanol in this work and literature. 

✳For the efficient evaluation of catalyst durability, accelerated aging treatment at 400 °C for 10 h was performed before the reaction. 

 

 

 

Catalyst T  

(°C) 

P 

(MPa) 

WHSV 

(L gcat
-1 h-1) 

CO2  

Conversion 

(%) 

CO 

selectivity 

(%) 

EtOH 

selectivity 

(%) 

STYEtOH 

(mmol gcat
-1 h-

1) 

References 

KFeCuZn/ZrO2
✳ 320 4 12 39.1 17.8 14.6 3.5 This work 

KFeCuZn/ZrO2
✳ 360 4 12 52.5 9.6 16.5 5.4 This work 

Na-Co/SiO2 250 5 6 21 27 6 0.5 1 
Cs-Cu0.8 Fe1.0 Zn1.0 330 5 4.5 35 20 12 1.1 2 
Na-ZnFe@C 320 5 9 38.4  7.6 20.3 3.4 3 
K/Cu-Zn-Fe  300 7 5 44.2 5.9 19.5 2.3 4 
K−In/Ce−ZrO2 300 10 4.5 19 57 5 (C2+) 0.4 (C2+) 5 
2K20Fe5Rh/SiO2 250 7.5 7 18 5 16 0.4 6 
4.6K/CuMnZnFe 320 5 6 30.4 30.6 ~7 1.7 7 
RhFeLi/TiO2 250 3 6000 h-1 15.7 12.5 35.8 ~1.3 (mmol · 

Lcat
-1 · h-1) 

8 

Co/La4Ga2O9 280 3 3 9.6 10.8 23.3 0.2 9 
Pd/Fe3O4 300 0.1 60 0.3 0 97.5 0.4 10 
Pd/CeO2 240 3 3 9.2  99.2 1.2 11 
Na-Rh@S-1 250 5 6 10 32 16 0.6 12 
2%Na-Fe@C/5%KCuZnAl 320 5 4.5 39.2 9.4 35 3.6 13 

Li-Rh/SiO2 240 5 6 7 15.7 18.4 0.4 14 

Mo1Co1K0.6 320 5 3 23.5  77.2 8.9 0.1 15 

K-CuMgZnFe/CZA 320 5 6 42.3 13.8 ~17.4 (C2+) ~2.4 (C2+) 16 

FeNaS-0.6 320 3 8 32.0 20.7 15.9 (C2+) 1.7 (C2+) 17 

Cu/CeO2 190 0.1 9 ~0.1 ~3 84 0.02 18 

Pd2Ce@Si 240 3 3 6 ~2 94 0.8 19 

Co2C−CuZnAl 250 5 12 21 12.5 ~18.9 ~2.2 20 

PdFe-6.9(37nm) 320 5 6 35.6 20.7 18.2 (C2+) ~1.9 (C2+) 21 

CuZnFe0.5K0.15 300 6 5000 h-1 42.3 49.2 36.7 (C2+) 3.4 (C2+) 22 

Cu/Co3O4-2h 250 3 36 13.9 6.5 15.2 1.9 23 

Rh-VOx /MCM-4 250 3 6000 h-1 12.1 20.1 24.1 1.1 24 

Cu@Na-Beta 300 1.3 12 7.9 30.5 69.5 3.4 25 

90Fe10Co (1.0)K 240 1.2 1.5 14.5 45.5 10.8 0.07 26 

Cu25Fe22Co3K3-CuZn1.0K0.15 350 6 5000 h-1 32.4 45.3 < 12 < 0.6 (mmol · 

Lcat
-1 · h-1) 

27 

CoMoS 340 10.4 0.43 32 57.5 12.9 0.07 28 

Na–CuCo-9 330 4 5 20.1 26.5 18.0 ~2.3 29 

K-CuZnAl/Zr(0.03)-CuFe 320 4 24 28.8 ~13.4 19.7 (C2+) 3.8 (C2+) 30 

Rh-Fe/TiO2 270 2 8 9.2 28.4 6.4 0.6 31 

Rh-Fe/SiO2 260 5 6 16.7 19.7 16 1.4 32 

IrMo-SiO2 200 4.9 2000 h-1 7 41.7 4.3 0.04 33 

Rh/CeO2-SiO2 240 5 3 8.3 33.5 6.1 (C2+) 0.2 (C2+) 34 

RhLi/Y 250 3 6 13.1 86.6 2.7(C2+) 0.8 (C2+) 35 

α-CoMoO4/K 250 3 1.2 7.2 27.8 4.8 (C2+) 0.2 (C2+) 36 

β-MoCy 200 2 9 6 39 3 (C2+) 0.1 (C2+) 37 

Pt/Co3O4 200 2 3 27 0 4.2 (C2+) 0.3 (C2+) 38 

In2O3−Fe2O3− 

K−Al2O3 

300 2 4 36 ~40 42 (C2+) 3.02 (C2+) 39 

3KCuFeZn/CuZnAlZr 300 5 3 27 28 24.6 (C2+) 0.9 (C2+) 40 
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Figure S2. Alcohols STY distribution over the catalysts with different Fe loading at 360 °C. Conditions: 0.2 g catalyst, H2: 

CO2 = 3:1, and internal standard gas: Ar (0.8 vol%), 4 MPa, and 12 L gcat
–1 h–1. 

 

 
Figure S3. Alcohols STY distribution at 280–400°C. Conditions: 0.2 g catalyst, H2: CO2= 3:1, and internal standard gas: 

Ar (0.8 vol%), 4 MPa, and 12 L gcat
–1 h–1. 
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Figure S4. Influence of pressure (a) and gas hourly space velocity (GHSV, b) on alcohols STY at 280-400 °C. Conditions: 

0.2 g catalyst, H2:CO2 = 3:1, and internal standard gas : Ar (0.8 vol%), 3-5 MPa, and 9-15 L gcat
–1 h–1. 

 

 
Figure S5. Stability test for KFeCu/ZrO2 KFeZn/ZrO2 and KFe/ZrO2 at 360 °C. Pretreatment condition: 400 °C, 0.1 MPa, 

H2/Ar (99/1%), and 0.5 h. Reaction condition: 12 L gcat
–1 h–1, 4.0 MPa, and H2/CO2/Ar (74.4/24.8/0.8%). Ar was used as 

an internal standard gas. Accelerated aging treatment was performed before reaction at 400°C for 10 h under the reaction 

environment. Others include acetaldehyde and ethyl formate. In Figure S5, the gray dots are CO2 conversion; red dot is 

EtOH STY. 
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Figure S6. Simplified exhibition for catalytic performance. (a) CO2 conversion and product selectivity at 360 °C and 

STYEtOH over KFe/ZrO2 based catalysts; (b) CO2 conversion, product selectivity, and STYEtOH over different supporting; 

and (c) stability test for KFeCuZn/ZrO2 at 360 °C. Pretreatment condition: 400 °C, 0.1 MPa, H2 (99%), and 0.5 h. Reaction 

condition: 12 L gcat
–1 h–1, 4.0 MPa, and H2/CO2/Ar (74.4/24.8/0.8%). Ar was used as an internal standard gas. The data was 

collected after 3 h, when the temperature and rection were stable. Accelerated aging treatment was performed before 

reaction at 400°C for 10 h under the reaction environment. HCs: hydrocarbons; Others include acetaldehyde and ethyl 

formate. In Figure S6 a and b, the gray dot is CO2 conversion; red dot is EtOH STY.  

 

 

 
 

Table S2. Specific surface areas and pore volumes of studied KFe-based catalysts. 

Samples BET specific surface area (m2/g)  Pore volume (cm3/g)  

KFe/ZrO2 60.4 0.059 

KFeCu/ZrO2 54.8 0.051 

KFeZn/ZrO2 41.4 0.039 

KFeCuZn/ZrO2 40.6 0.036 
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Figure S7. Pore size distribution curve of the studied samples calculated from desorption branch of the isotherm by the 

BJH method. 

 

 

 

Figure S8. XRD patterns for (a) KFe/CuZrO2; (b) KFeZn/ZrO2; (c) KFe/ZrO2 before and after H2 reduction, as well as 

after reaction. “Spent catalyst" refers to a sample that has undergone a 20-hour accelerated aging treatment at 400 °C under 

the reaction condition.  
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Table S3. Curve-fitting results of the ex situ Fe K-edge FT-EXAFS spectra of the KFeCuZn/ZrO2 catalyst. 

Sample shell CN R (Å) σ2 (Å2) ΔE R factor 

KFeCuZn/ZrO2-before H2 reduction Fe–O 4.4±0.7 1.99±0.01 0.007 2.43 0.014 
 

Fe–O–Fe 4.6±0.9 2.98±0.01 0.008 
  

KFeCuZn/ZrO2- after H2 reduction Fe–Fe 5.8±2.1 2.45±0.02 0.005 0.85 0.008 
 

Fe–Fe 4.8±2.2 2.83±0.01 0.005 
  

KFeCuZn/ZrO2-spent Fe–O(C) 3 1.99±0.02 0.003 8 0.017 
 

Fe–C(O) 2.7±1.1 1.87±0.01 0.003 
  

 
Fe–C–Fe 3.9±0.3 2.58±0.01 0.01 

  

 
Fe–C–Fe 1.1±0.6 2.40±0.02 0.008 

  

 
Fe–O–Fe 5.6±1.2 3.42±0.01 0.01 

  

CN: coordination numbers; R: bond distance; σ2: Debye-Waller factors; R factor: goodness of fit. Ѕ0
2 was set to 0.8, 

according to the EXAFS fit of Fe foil. 

 

Table S4. Curve-fitting results of the ex situ Cu K-edge FT-EXAFS spectra of the KFeCuZn/ZrO2 catalyst. 

Sample shell CN R (Å) σ2 (Å2) ΔE R factor 

KFeCuZn/ZrO2- before H2 reduction Cu–O 3.9±0.5 1.93±0.005 0.005 5.2 0.019 
 

Cu–O–Cu 2.0±0.4 2.91±0.013 0.008 
  

KFeCuZn/ZrO2- after H2 reduction Cu–Cu 8.9±1.2 2.54±0.004 0.009 4.42 0.014 

KFeCuZn/ZrO2-spent Cu–Cu 10.4±1.1 2.54±0.007 0.009 4.57 0.014 

CN: coordination numbers; R: bond distance; σ2: Debye-Waller factors; R factor: goodness of fit. Ѕ0
2 was set to 0.87, 

according to the EXAFS fit of Cu foil. 

 

Table S5. Curve-fitting results of the ex situ Zn K-edge FT-EXAFS spectra of the KFeCuZn/ZrO2 catalyst. 

Sample shell CN R (Å) σ2 (Å2) ΔE R factor 

KFeCuZn/ZrO2- before H2 reduction Zn–O 3.2±0.01 1.95±0.005 0.005 1.6 0.018 
 

Zn–O–Zn 8.3±0.01 3.22±0.013 0.010 
  

KFeCuZn/ZrO2- after H2 reduction Zn–O 2.8±0.8 3.22±0.02 0.004 1.2 0.04 
 

Zn–Zn 1.2±0.8 2.58±0.05 0.01 
  

KFeCuZn/ZrO2-spent Zn–O–Zn 11±1.5 3.22±0.02 0.01 
  

 
Zn–O 3.1±0.6 3.22±0.01 0.004 1.6 0.03 

 
Zn–O–Zn 10.8±1.1 3.22±0.01 0.01 

  

CN: coordination numbers; R: bond distance; σ2: Debye-Waller factors; R factor: goodness of fit. Ѕ0
2 was set to 0.96, 

according to the EXAFS fit of Zn foil. 
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Figure S9. H2-TPR results over different control catalysts. Condition: Ar pretreatment at 200 °C for 1hr, heating in 10% 

H2/Ar from 50 to 800 °C. 
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Figure S10. HAADF-STEM image and corresponding EDS mapping images of the fresh KFeCuZn/ZrO2 that has 

undergone H2 reduction pretreatment at 400 °C. 

 
Figure S11. HAADF-STEM image and corresponding EDS mapping images of the spent KFeCuZn/ZrO2 that has 

undergone a 20-hour accelerated aging treatment at 400 °C under the reaction condition. 
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Figure S12. HAADF-STEM image and corresponding EDS mapping images of the spent KFeCu/ZrO2 that has undergone 

a 20-hour accelerated aging treatment at 400 °C under the reaction condition.  

 
Figure S13. HAADF-STEM image and corresponding EDS mapping images of the spent KFeCu/ZrO2 that has undergone 

a 20-hour accelerated aging treatment at 400 °C under the reaction condition.  
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Table S6. DRIFTS peak assignments of the surface species for CO2 hydrogenation. 

Surface species Wavenumber (cm–1) References 

*CO3 1227–1281 2 

*HCO3 1620-1640 41 

*CH3O 2826, 1070, 2940, 2841-2866 42 

*HCOO 2676–2774, 1593–1610, 1337–1397 2,43 

*CH3CH2O 2856, 2928, 2963, 1458,1095 25,44 

*CH3CHO 1415, 1340, 1720 2,44 

CH4 3016 2 

CO (gas) 2110, 2179 44 

Linear–CO 2060–2098 44 

Bridging–CO 1900–1940 44 

 

 

 

 

 

 

 

Figure S14. In situ DRIFTS spectra of methanol and ethanol adsorption on spent KFeCuZn/ZrO2. 
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Figure S15. In situ DRIFTS spectra of the CO2 + H2 reaction over the KFeCuZn/ZrO2 catalyst taken under 0.5 MPa CO2/H2 

flow at different reaction temperature (a: 200 °C; b: 240 °C).   

 

 

 

Figure S16. In situ DRIFTS spectra. (a) The time resolution spectra of the CO2 + H2 reaction over the KFeCuZn/ZrO2 at 

280 °C; (b) Dynamic IR peak intensities of CH3CHO* (1411 cm−1) and CH3CH2O* (2922 cm−1) and some of products 

(ethanol and methanol) amount from micro-GC at 280 °C. 
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Figure S17. Pulse experiment over the spent KFeCuZn/ZrO2 catalyst taken under 0.1 MPa CO2/H2 flow at 320 °C. 

 

 

 
Figure S18. In situ DRIFTS spectra of the CO2 + H2 reaction over the FeCuZn/ZrO2 catalyst taken under 0.5 MPa CO2/H2 

flow at 320 °C. 
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Figure S19. In situ DRIFTS spectra of the CO2 + H2 reaction over the KFeCuZn/ZrO2 (a), KFeCu/ZrO2 (b), KFeZn/ZrO2 

(c), and KFe/ZrO2 (d), catalyst taken under 0.5 MPa CO2/H2 flow at 320 °C. 

 

 

 

Figure S20. MS signals of m/z=28 in CO2-TPSR after CO2 pre-adsorbed catalysts under 5%H2/Ar flow, over 

KFeZnCu/ZrO2, KFeZn/ZrO2, KFeCu/ZrO2, and KFe/ZrO2. 
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Figure S21. In situ DRIFTS spectra of the CO2 adsorption over the different catalysts, taken under 0.5 MPa at 320 °C. 

 

 

 

Figure S22. In situ DRIFTS spectra of the CO2 + H2 and CO co-feeding (20%CO in COx) reactions over the KFeCuZn/ZrO2 

catalyst taken under 0.5 MPa at 240 and 280 °C. 
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Figure S23. In situ DRIFTS spectra of the CO + H2 reaction over the KFeCuZn/ZrO2 (a), KFeCu/ZrO2 (b), KFeZn/ZrO2 

(c), and KFe/ZrO2 (d), catalyst taken under 0.5 MPa at 280 °C.  
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