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Table S1. Catalyst synthesis: intakes of In(NO3)3·xH2O and Fe(NO3)3·9H2O for the synthesis of the 

catalysts, and the theoretical In and Fe loadings in the prepared FeIn/Ce-ZrO2 catalysts in weight 

percent. 

Catalyst
Mass (g) of 

In(NO3)3·xH2O 

Mass (g) of 

Fe(NO3)3·9H2O 

Weight percent 

loading (%) of In

Weight percent 

loading (%) of Fe

In/Ce-ZrO2 1.52 0 9.09 0

0.18-FeIn/Ce-ZrO2 1.22 0.32 7.93 0.86

0.48-FeIn/Ce-ZrO2 0.76 0.80 4.61 2.07

0.82-FeIn/Ce-ZrO2 0.30 1.28 1.70 3.69

0.88-FeIn/Ce-ZrO2 0.15 1.44 1.05 3.84

Fe/Ce-ZrO2 0 1.60 0 3.98

Table S2. Intakes of FeIn/Ce-ZrO2 and K2CO3 for the preparation of the K-FeIn/Ce-ZrO2 catalysts. 

K content Mass (g) of FeIn/Ce-ZrO2 Mass (g) of K2CO3

1% 0.3929 0.0071

4% 0.3717 0.0283

7% 0.3505 0.0495
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Evaluation of possible External Mass Transfer limitations

The absence of external mass transfer limitations was checked by estimating Mears criteria 

(eq.S1 1).

(S1)C𝑀𝑒𝑎𝑟𝑠 =
― 𝑟𝑜𝑏𝑠 . 𝜌𝑏 . 𝑑𝑝 . 𝑛𝐴

2.𝑘𝑐. 𝐶𝑏

where dp is the diameter of catalyst pellets, nA is the reaction order, and Cb is the gas 

concentration in bulk gas phase. The observed reaction rate can be determined from molar flow 

rate Fi, and the mass of the catalyst bed mcat:

(S2)― 𝑟𝑜𝑏𝑠 =
 𝐹𝑖 

𝑚𝑐𝑎𝑡

The density of the catalyst bed can be determined by:

(S3)𝜌𝑏 =
𝑚𝑐𝑎𝑡 
𝑉𝑏𝑒𝑑

The mass transport coefficient ( ) can then be calculated from the following equations:𝑘𝑐

(S4)𝑘𝑐 =
𝑆ℎ .  𝐷𝑎𝑏 

𝑑𝑝

(Frössling correlation, 2) (S5)𝑆ℎ =  2 + 0.6 𝑅𝑒1/2 𝑆𝑐1/3

(S6)𝑅𝑒 =  
𝜈0.𝑑𝑝

𝜈

(S7)𝜈0 =  
𝑉0

𝐴𝑟𝑒𝑎𝑐𝑡𝑜𝑟

where  is the volumetric flow rate,  is the kinetic viscosity and  is the cross-sectional 𝑉0 𝜈 𝐴𝑟𝑒𝑎𝑐𝑡𝑜𝑟

area of the tube reactor.

(S8)𝑆𝑐 =  
𝜈

𝐷𝑎𝑏

(S9)𝜈 =  
µ
𝜌
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(S10)𝜇 = 2.66.10 ―6 
𝑀𝑇

𝜎2Ω

(S11)Ω =
1.16145

(
ҡT
𝜀 )

0.148 +
0.5248

exp (0.77.
ҡT
𝜀 )

+
2.1617

exp (2.43.
ҡT
𝜀 )

3 (S12)𝐷𝑎𝑏 = 0.0018583 𝑇3(
1

𝑀𝑎
+

1
𝑀𝑏

)
1 

𝑃 . 𝜎2 .Ω 

where  is the density of reactant,  is a characteristic collision diameter for the molecule 4, M is 𝜌 𝜎

the molar mass of the molecule, T is the temperature, and   is a parameter in the Lennard-Jones  
ҡ
𝜀

potential equation. 4

The calculated value of  was 1.5×10−11 (« 0.15), which indicates the absence of external C𝑀𝑒𝑎𝑟𝑠

mass transfer limitations. 

Internal Mass Transfer Evaluation

The Weisz-Prater criterion 5 was used to evaluate the absence of internal diffusion limitations 

(eq. S13).

 (S13)𝐶𝑊𝑃 =
― 𝑟𝑜𝑏𝑠 . 𝜌𝑐 . 𝑟2

𝐷𝑒𝐶𝑆

where  is the density of the catalyst and  is the reactant concentration at the surface of the 𝜌𝑐 𝐶𝑆

catalyst. The external mass transport limitations were estimated to be negligible, so the reactant 

concentration at the surface of the catalyst is identical to the bulk concentration .  is (𝐶𝑆 = 𝐶𝑏) 𝐷𝑒

the effective diffusion coefficient in the pores of the catalyst. The Knudsen correlation ( 6) 𝐷𝐾, 

could be used for the calculation of .𝐷𝑒

 (S14)𝐷𝑒 = 1.25 𝐷𝑘

(S15)𝐷𝐾 = 0.097 ∗ 𝑑𝑝(
𝑇
𝑀)

0.5

The resulting value of the Weisz-Prater correlation is 3.6 ×10−4 (« 1), suggesting that the internal 

diffusion is not significant.



S5

Table S3. Duplicate experiments showing CO2 conversion and product selectivity for the K-0.82-

FeIn/Ce-ZrO2_900 catalyst (in the presence of SiC_900). a

Selectivity (%)

Item
 XCO2

b

(%) CH4

C2-4 

olefinsc

C2-4 

paraffinsd
CO

Metha

nol
HA Otherse

Run 1 29.6
20.

1
20.3 12.5 13.4 4.7 28.7 0.3

Run 2 28.7
21.

3
20.5 12.8 14.2 4.2 26.7 0.3

 a Reaction conditions: 300 °C, 10 MPa, GHSV = 4500 mL g-1 h-1, H2/CO2 = 3; b CO2 conversion; c Olefins with carbon 

number of 2 to 4; d Paraffins with carbon number of 2 to 4; e Other hydrocarbons and liquid oxygenates except 

alcohols.
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Figure S1. N2 adsorption-desorption isotherms (a) and pore diameter distributions (b) of Ce-ZrO2, 

In/Ce-ZrO2, 0.82-FeIn/Ce-ZrO2 and Fe/Ce-ZrO2.
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Figure S2. TGA profiles of Ce-ZrO2, In/Ce-ZrO2, 0.82-FeIn/Ce-ZrO2 and Fe/Ce-ZrO2 under N2 

atmosphere.
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Figure S3. Typical TEM image of the 0.82-FeIn/Ce-ZrO2 catalysts.
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Figure S4. FTIR spectra of the Ce-ZrO2 and FeIn/Ce-ZrO2 catalysts with different Fe/(Fe+In) molar 

ratios.
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Figure S5. XRD patterns of 0.82-FeIn/Ce-ZrO2 and K-0.82-FeIn/Ce-ZrO2 catalysts after calcination 

at different temperature.
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Figure S6. Deconvolutions of XPS spectra: Fe2p, In3d and K2p spectra of K-0.82-FeIn/Ce-ZrO2 (a, 

b and c), K-0.82-FeIn/Ce-ZrO2_500 (d, e and f), K-0.82-FeIn/Ce-ZrO2_700 (g, h and i) and K-0.82-

FeIn/Ce-ZrO2_900 (j, k and l).
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Figure S7. Deconvolutions of XPS spectra: C1s and O1s spectra of K-0.82-FeIn/Ce-ZrO2 (a and b), 

K-0.82-FeIn/Ce-ZrO2_500 (c and d), K-0.82-FeIn/Ce-ZrO2_700 (e and f) and K-0.82-FeIn/Ce-

ZrO2_900 (g and h).



S13

Figure S8. Deconvolutions of XPS spectra: K2p and In3d spectra of K-0.82-FeIn/Ce-ZrO2_900 (a 

and b) and K-0.82-FeIn/Ce-ZrO2_900 after a CO treatment (c and d).
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Figure S9. Representative graph for CO conversion and product selectivity versus time on stream 

for the K-0.48-FeIn/Ce-ZrO2 catalyst after CO treatment. Reaction conditions: 300 °C, 10 MPa, 

GHSV = 4500 mL g-1 h-1, H2/CO2 = 3.
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Figure S10. HA content in alcohol mixtures and the olefinic selectivity (O/P) for 0.48-FeIn/Ce-ZrO2 

catalysts with different K contents after CO treatment. Reaction conditions: 300 °C, 10 MPa, 

GHSV = 4500 mL g-1 h-1, H2/CO2 = 3.
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Figure S11. HA content in alcohol mixtures and the olefinic selectivity (O/P) for K-0.48-FeIn/Ce-

ZrO2 catalysts (4% K) after pretreated under different atmospheres. Reaction conditions: 300 °C, 

10 MPa, GHSV = 4500 mL g-1 h-1, H2/CO2 = 3.
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Figure S12. HA content in alcohol mixtures and the olefinic selectivity (O/P) for K-In/Ce-ZrO2, K-

Fe/Ce-ZrO2 and K-FeIn/Ce-ZrO2 catalysts with different Fe/(Fe+In) molar ratios. Reaction 

conditions: 300 °C, 10 MPa, GHSV = 4500 mL g-1 h-1, H2/CO2 = 3.
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Figure S13. HA content in alcohol mixtures and the olefinic selectivity (O/P) for the uncalcined 

and calcined K-0.82-FeIn/Ce-ZrO2 catalysts at different calcination temperatures. Reaction 

conditions: 300 °C, 10 MPa, GHSV=4500 mL g-1 h-1, H2/CO2 =3.
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Table S4. Carbon chain growth probability of alcohols obtained over the uncalcined and calcined 

K-0.82-FeIn/Ce-ZrO2 catalysts. Reaction conditions: 300 °C, 10 MPa, GHSV=4500 mL g-1 h-1, 

H2/CO2=3.

Catalyst
Carbon chain growth 

probability

K-0.82-FeIn/Ce-ZrO2 0.18a

K-0.82-FeIn/Ce-ZrO2_500 0.27a

K-0.82-FeIn/Ce-ZrO2_700 0.24b

K-0.82-FeIn/Ce-ZrO2_900 0.26b

a Carbon chain growth probability of C1-C6 alcohols; b Carbon chain growth probability of C2-C6 alcohols

Table S5. Catalytic performance of the Fe/Ce-ZrO2, In/Ce-ZrO2, 0.48-FeIn/Ce-ZrO2 and K-Ce-ZrO2 

(blank) catalyst (diluted with SiC) for CO2 hydrogenation reaction. a

Selectivity (%)
Alcohols distribution 

(%)
Catalyst & 

pretreatment 

atmosphere

 XCO2
c

(%)
CO CH4

C2-4 

olefinsd

C2-4 

paraffinse
Othersf Alcohols Methanol HA

In/Ce-ZrO2, N2 16.2 28.6 1.3 0 0 0 70.1 97.2 2.8

bFeIn/Ce-ZrO2, 

N2

11.6 42.0 1.1 0 0 0 56.9 99.0 1.0

In/Ce-ZrO2, CO 15.3 23.3 2.2 0 0 0 74.5 99.6 0.4

Fe/Ce-ZrO2, CO 18.1 14.5 52.4 0 22.1 0.2 10.8 85.4 14.6

K-Ce-ZrO2, CO 1.0 90.4 9.6 0 0 0 0 0 0

a Reaction conditions: 300 °C, 10 MPa, GHSV = 4500 mL g-1 h-1, H2/CO2 = 3; b Fe/(Fe+In) molar ratio = 0.48; c CO2 

conversion; d Olefins with carbon number of 2 to 4; e Paraffins with carbon number of 2 to 4; f Other hydrocarbons 

and liquid oxygenates except alcohols.
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Table S6. Catalytic performance of the un-calcined and calcined K-0.82-FeIn/Ce-ZrO2 catalysts for 

CO2 hydrogenation reaction. a

Selectivity (%)

Catalyst
 XCO2

d

(%) CH4

C2-4 

olefinse

C2-4 

paraffinsf
CO Methanol HA Othersg

K-0.82-FeIn/Ce-ZrO2_900b 29.6
20.

1
20.3 12.5

13.

4
4.7 28.7 0.3

K-0.82-FeIn/Ce-ZrO2_900c 29.3
18.

9
20.6 12.2

15.

5
4.2 28.2 0.4

SiC_900 10.8
59.

4
3.6 16.0

16.

8
3.1 1.0 0.1

 a Reaction conditions: 300 °C, 10 MPa, GHSV = 4500 mL g-1 h-1, H2/CO2 = 3; b Mixing K-0.82-FeIn/Ce-ZrO2 catalyst and 

SiC before calcination; c Mixing K-0.82-FeIn/Ce-ZrO2 catalyst and SiC after separate calcination; d CO2 conversion; e 

Olefins with carbon number of 2 to 4; f Paraffins with carbon number of 2 to 4; g Other hydrocarbons and liquid 

oxygenates except alcohols.
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Figure S14. FTIR spectra of SiC before and after calcination in air at 900 °C. 
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Figure S15. HA content in alcohol mixtures and the olefinic selectivity (O/P) versus runtime for 

the K-0.82-FeIn/Ce-ZrO2 catalyst after calcination at 900 °C with the presence of SiC. Reaction 

conditions: 300 °C, 10 MPa, GHSV = 4500 mL g-1 h-1, H2/CO2 = 3.
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Figure S16. XPS spectra (Fe2p, In3d, K2p, C1s and O1s) of K-0.82-FeIn/Ce-ZrO2_900 after reaction.
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Table S7. Relative ratio’s (%) of the C1s, O1s and Fe2p peak area for fresh K-0.82-FeIn/Ce-

ZrO2_900 after CO treatment and spent catalyst.

Items

K-0.82-FeIn/Ce-

ZrO2_900 after 

CO treatment

Spent catalyst

C-C sp3 65.09 52.72

C-O-C 19.66 15.58

O-C=O 11.46 5.38

C-C sp2 or Fe-C* 3.79 17.86

C1s

Carbides 8.46

Lattice oxygen 54.81 23.57

Oligomeric oxide 29.46 16.28O1s

Oxygen vacancy 15.73 60.14

Fe3+ 50.30 39.81

Fe2+ 39.75 54.51Fe2p

Fe-C 9.95 5.70
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Figure S17. DTG curve of the K-0.82-FeIn/Ce-ZrO2_900 (with SiC) catalyst after reaction.
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Figure S18. CO2 conversion and product selectivity versus runtime for the K-0.82-FeIn/Ce-ZrO2 

catalyst. Reaction conditions: 300 °C, 10 MPa, GHSV=4500 mL g-1 h-1, H2/CO2 =3.
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Table S8. Literature benchmarks of HA synthesis from CO2 hydrogenation (H2/CO2 = 3) over varied 

catalysts.

Entry Catalyst
Ta 

(°C)

Pb 

(MPa)

GHSVc 

(cm3 

gcat
-1 h-

1)

 XCO2
d

(%)

SCO
e 

(%)

SHC
f 

(%)

SMeOH
g 

(%)

SHA
h 

(%)

YHA
i 

(%)
Ref.

1 KFeIn/Ce-ZrO2 300 10 4500 29.6 13.4 53.2 4.7 28.7 8.5
This 

work

2 KCuZnFe 300 6 5000j 42.3 6.9 56.4 4.7 31.9 13.5 7

3 Pd-KGaFeZn-

KCuZnAl

330 8.1 20000j 54.5 9.7 64.5 5.2 17.0 9.3 8

4 Co/LaGaO 240 3 3000 9.8 0 25.3 12.1 62.6 6.1 9

5 LiRhFe/TiO2 250 3.04 6000 15.7 12.5 53.9 2.2 31.3 4.9 10

6 RhFe/SiO2 260 5 6000j 26.7 19.7 34.7 29.2 16.0 4.3 11

7 KCuZnFe/ZrO2 320 3 3600j 25.5 53.1 23.6 14.3 11.4 2.9 12

8 Co3O4 200 2 6000 28.9 0 ~80.8 10.2 9.0 2.6 13

9 NaCo/SiO2 250 5 4000j 10.7 28.3 ~24.5 23.6 23.6 2.5 14

10 KCuZn/KCuFeCo 350 6 5000j 32.4 45.3 ~42.9 5.3 6.5 2.1 15

11 CoMoS 340 10.4 0.43k 32.0 57.5 16.5 20.0 6.0 1.9 16

12 LiRhMn/SiO2 240 5 6000 16.1 2.4 88.6 1.3 7.7 1.2 17

13 Pt/Co3O4 200 2 6000 27.3 0 80.1 15.7 4.2 1.1 18

a Reaction temperature; b Reaction pressure; c Gas hourly space velocity; d CO2 conversion; e CO 

selectivity; f Hydrocarbons selectivity; g Methanol selectivity; h HA selectivity; i HA yield; j h-1; k g 

gcat
-1 h-1
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