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The crystal sizes of Fe5C2 were calculated by the Debye-Scherrer equation (S1) using 

MDI Jade 5.0 software.
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Where D is the crystal size, λ is the wavelength of X-rays, △ is the full width of half 

maximum (FWHM) of diffraction peak [(510) facet for Fe5C2], and θ is the angle 

corresponding to the peak (2θ = 44.28 °) in this paper.

The reaction rate was calculated according to the equation S2. 
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Here, inQ  is the volume flow rate of the inlet stream (mL/min); 
2 inCO  is the volume 

fraction of CO2 in the inlet stream; 
2COX is the conversion of CO2;  is the molar volume mV

of gas (mol/L);  is the molar mass of Fe2O3 (g/mol);  is the actual mass of 
2 3Fe OM .mcat

catalysts (g).
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Figure S1. The energetically favorable configuration for the Na2O on Fe5C2 (510) surface 

(The typical sites (Top, 2F, 3F and 4F) are marked) (Fe atoms in purple, C atoms in gray, O 

atoms in red, Na atoms in amaranth).
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Figure S2. Energy profiles for CO2 dissociation at typical sites on Na2O/Fe5C2 (510) surface.
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Figure S3. Energy profiles for CO2 dissociation at typical sites on Fe5C2 (510) surface.

Figure S4. Corresponding configurations for CO2 dissociation on (a) Na2O/Fe5C2 (510) and 

(b) Fe5C2 (510) surfaces (Fe atoms in purple, C atoms in gray, O atoms in red, Na atoms in 

amaranth).
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Figure S5. Corresponding configurations for CH4 formation from C adatom on (a) 

Na2O/Fe5C2 (510) and (b) Fe5C2 (510) surfaces (Fe atoms in purple, C atoms in gray, O 

atoms in red, Na atoms in amaranth, H atoms in hoar).
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Figure S6. Corresponding configurations for C-C coupling reactions of CHi intermediates on 

Na2O/Fe5C2 (510) surface (Fe atoms in purple, C atoms in gray, O atoms in red, Na atoms in 

amaranth, H atoms in hoar).



S7

Figure S7. Corresponding configurations for C-C coupling reactions of CHi intermediates on 

Fe5C2 (510) surface (Fe atoms in purple, C atoms in gray, O atoms in red, Na atoms in 

amaranth, H atoms in hoar).

Figure S8. 50h time-on-stream reaction for 0.63%Na-Fe2O3 (a) and Na-free Fe2O3 (b) under 

industrial conditions (15000mL·g-1·h-1, 330 ℃, 1.5 MPa).
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Figure S9. The charge density difference of Na2O molecule for Na2O/Fe5C2 (510) surface 

(yellow and cyan colors represent charge depletion and accumulation, respectively).

C2H5* C3H7* C4H9*+CHx +CHx +CHx
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Figure S10. A simplified scheme of reaction mechanism for products.
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Figure S11. Energy profiles for C2H5 hydrogenation to C2H6 and dehydrogenation to C2H4 on 

Na2O/Fe5C2 (510) (blue line) and Fe5C2 (510) (red line) surfaces.

Figure S12. Corresponding configurations for the hydrogenation and dehydrogenation of 

ethyl on Na2O/Fe5C2 (510) (blue dotted line) and Fe5C2 (510) (red dotted line) surfaces (Fe 

atoms in purple, C atoms in gray, O atoms in red, Na atoms in amaranth, H atoms in hoar).
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Figure S13. Energy profiles for C3H7 hydrogenation to C3H8 and dehydrogenation to C3H6 on 

Na2O/Fe5C2 (510) (blue line) and Fe5C2 (510) (red line) surfaces.

Figure S14. Corresponding configurations for the hydrogenation and dehydrogenation of 

propyl on Na2O/Fe5C2 (510) (blue dotted line) and Fe5C2 (510) (red dotted line) surfaces (Fe 

atoms in purple, C atoms in gray, O atoms in red, Na atoms in amaranth, H atoms in hoar).
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Figure S15. Energy profiles for C4H9 hydrogenation to C4H10 and dehydrogenation to C4H8 

on Na2O/Fe5C2 (510) (blue line) and Fe5C2 (510) (red line) surfaces.

Figure S16. Corresponding configurations for the hydrogenation and dehydrogenation of 

butyl on Na2O/Fe5C2 (510) (blue dotted line) and Fe5C2 (510) (red dotted line) surfaces (Fe 

atoms in purple, C atoms in gray, O atoms in red, Na atoms in amaranth, H atoms in hoar). 
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Figure S17. The optimized energetically favorable adsorption configurations of H2 on (a) 

Na2O/Fe5C2 (510) and (b) Fe5C2 (510) surfaces (Fe atoms in purple, C atoms in gray, O 

atoms in red, Na atoms in amaranth, H atoms in hoar).

Eb = -4.16 eV Eb = -4.35 eV
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Figure S18. The binding energy and corresponding configurations of H adatom on (a) 

Na2O/Fe5C2 (510) and (b) Fe5C2 (510) surfaces (Fe atoms in purple, C atoms in gray, O 

atoms in red, Na atoms in amaranth, H atoms in hoar).



S13

0.0

0.1

0.2

0.3

0.4

0.12

0.270.28

0.41

0.11

0.02

0.17

0.15

TS2TS1 2F3FB

 Na2O/Fe5C2

 Fe5C2
R

el
at

iv
e 

en
er

gy
 (e

V)

Reaction coordinate
3FA

0.00

Figure S19. Energy profiles for the diffusion process of H adatom between different threefold 

hollow (3F) and twofold hollow (2F) sites on Na2O/Fe5C2 (510) (blue line) and Fe5C2 (510) 

(red line) surfaces.

(a) (b)

Figure S20. Corresponding configurations for the diffusion process of H adatom between 

different threefold hollow (3F) and twofold hollow (2F) sites on (a) Na2O/Fe5C2 (510) and (b) 

Fe5C2 (510) surfaces (Fe atoms in purple, C atoms in gray, O atoms in red, Na atoms in 

amaranth, H atoms in hoar).
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Table S1. The reaction energy barriers for all the calculated chain growth and CHi 

intermediates hydrogenation reactions on Na2O/Fe5C2 (510) and Fe5C2 (510) surfaces.

Na2O/Fe5C2 (510) Fe5C2 (510)
Ea

C CH CH2 CH3 C CH CH2 CH3

H 1.06 0.88 0.70 0.59 1.00 0.95 0.33 0.68

C 1.20 0.74 1.00 0.92 1.18 0.79 0.98 0.64

CH 0.74 0.56 0.39 1.07 0.79 0.62 0.41 1.20

CH2 1.00 0.39 0.49 0.87 0.98 0.41 0.42 0.74

CH3 0.92 1.07 0.87 1.18 0.64 1.20 0.74 1.19

ΔECHi 0.32 0.49 0.31 -0.28 0.36 0.54 -0.08 0.04

Table S2. 57Fe Mössbauer parameters of the activated 0.63%Na-Fe2O3 and Na-free Fe2O3 

catalysts.

Mӧssbauer parametersCatalysts Phase compositions

IS (mm/s) QS (mm/s) Hhf (kOe)

Area (%)

Ⅰ 0.22 -0.08 210.3 45.9

Ⅱ 0.2 0 188.1 38.9Activated 
0.63%Na-Fe2O3

Fe5C2

Ⅲ 0.19 0.05 109.8 15.2

Ⅰ 0.25 -0.08 215.1 37.9

Ⅱ 0.18 -0.05 184.1 46.9Activated 
Na-free Fe2O3

Fe5C2

Ⅲ 0.20 -0.15 108.9 15.2
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Table S3. The performance of Na promoted Fe-based catalysts for CO2 hydrogenation

(%)
iCS

(Exclude CO) O/P
Catalysts

2
(%)COX

CH4 C2-C4= C5+ C2-C4

(%)COS
Temp.

(℃)

Pressure

(MPa)
Ref.

0.63%Na-Fe2O3 41.0 14.1 30.9 51.8 9.7 15.5 330 1.5 This work

Fe3O4‐NaAc 30.4 12.0 29.3 54.2 6.5 18.5 320 0.5 [1]

Fe3O4‐NaOH 30.0 13.3 28.4 53.8 6.3 22.9 320 0.5 [1]

0.1Na/Fe3O4‐pur 29.5 12.6 32.6 49.4 5.9 24.6 320 0.5 [1]

FeNa (0.43) 39.6 15.8 45.9 30.2 5.6 14.0 320 3.0 [2]

FeNa (1.18) 40.5 15.8 46.6 30.1 6.2 13.5 320 3.0 [2]

0.5Na/Fe 38.4 8.6 76.8(C2+) 5.3(C2+) 9.1 320 3.0 [3]

1Na/Fe 37.2 8.3 77.1(C2+) 5.3(C2+) 9.6 320 3.0 [3]

FeNa 42.1 29.7 34.6 28.5 4.8 15.2 340 2.0 [4]

0.5%Na 35.3 31.8 57.0* -- 5.7** 13.2 290 1.5 [5]

0.7%Na 34.1 30.4 58.4* -- 5.8** 12.5 290 1.5 [5]

0.9%Na 33.3 31.55 57.0* -- 5.7** 13.7 290 1.5 [5]

Na-Fe3O4 34.0 11.7 -- 39.9 -- 14.3 320 3.0 [6]

*C2-C7 olefins; **C2-C7 hydrocarbons.
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