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1. Experimental Sec4on 
 

1.1 Kine'c Model for CO2 Hydrogena'on 

The kine1c study was done to determine rate equa1ons that fit experimental data behind RWGS ac1vity 

on FeTi@C550-5 catalyst. For kine1c analysis, previously proposed kine1c models that included RWGS (eq. 

1), Saba1er reac1on (eq. 2) and CO methana1on (eq. 3) were tested:  

																																		𝐶𝑂! +𝐻! 	⇌ 𝐶𝑂 + 𝐻!𝑂																													(1) 

																																𝐶𝑂! + 4𝐻! 	⇌ 𝐶𝐻" + 2𝐻!𝑂																								(2) 

																																			𝐶𝑂 + 3𝐻! → 𝐶𝐻" +𝐻!𝑂																									(3) 

To operate at kine1c regime the experimental data was obtained at CO2 conversion levels up to 10%. The 

kine1c constants are defined from reparametrized Arrhenius equa1on of as below (eq. 11): 
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Where 𝑘#$ is the kine1c constant of reac1on 𝑗 at 𝑇$ reference temperature of 665 K, 𝐸𝑎#  is the apparent 

ac1va1on energy of corresponding reac1on, 𝑅 and 𝑇 are universal gas constant and reac1on temperature 

respec1vely. Similarly, 𝐾!  adsorp1on constants of components were found from reparametrized van’t Hoff 

equa1on as below (eq. 12): 
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Where 𝐾%$ is the adsorp1on constant of component 𝑖 at 𝑇$ reference temperature and ∆𝐻%  is the enthalpy 

of adsorp1on.  

For simplifica1on of the system, some assump1ons were considered as below: 

1. One dimensional model with pseudo-homogenous packed bed reactor was considered  

2. Isothermal and isobaric condi1ons were assumed because there was no detec1on of pressure and 

temperature drop since they were accurately controlled throughout the reac1on. 

3. No deac1va1on was recorded acer 60 h on the stream; hence system was in steady-state 

4. Due to high gas flow rate and low reactor diameter, radial and axial dispersion can be neglected  



Then, the steady state design equa1on below (eq. 13) for packed bed reactor was used for es1ma1on of 

kine1c parameters: 

																																																								
𝑑𝑦%
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Where 𝑦%  is molar frac1on of compound 𝑖, 𝑤 is catalyst weight, 𝑣%  is the stoichiometric coefficient of 

each compound in the reac1on rate 𝑟#  of reac1on 𝑗 and 𝐹 is the molar flowrate.  

For parameter es1ma1on, MATLAB R2022a socware was used to solve the system of differen1al 

equa1ons using Runge-Kuha method of order 4-5 with 𝑘"#, 𝐸𝑎" , 𝐾%$, ∆𝐻%  being parameters to be 

op1mized. For op1miza1on, objec1ve func1on was minimiza1on of sum of square errors (𝑆𝑆𝐸) between 

experimental and simulated molar frac1on values of components defined as: 

																													𝑆𝑆𝐸 = 	J K𝑦%'%( − 𝑦%
)*+L&
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Where 𝑤%  is the weight factor for each compound, 𝑦%'%( and 𝑦%
)*+ are calculated and experimental molar 

frac1ons, 𝑛.  and 𝑛) are number of compounds and experiments respec1vely. The MATLAB func1on of 

nlparci was used to determine 95% confidence intervals where Jacobian matrix is obtained from lsqcurvefit 

op1miza1on func1on.  

1.2 Process simula'on 

The reactor simula1on was modelled in Aspen Plus V12 socware under steady-state condi1ons. The PR-

BM property method was used that is based on Peng-Robinson equa1on of state with Boston-Mathias 

modifica1ons. To use the es1mated kine1c parameters in reactor simula1on, they were reparametrized 

in socware’s input condi1ons and units.  

1.3 Formula determina'on of the catalyst 

To determine the expected formula of the 1tanomaghemite catalyst, the following considera1ons must 
be taken into account: 

Titanomaghemites are metastable spinel-type mixed oxides with the general formula1: 

         			𝐹𝑒-/0
12 	𝐹𝑒0

!2	P𝐹𝑒(!/!*2424*)6/-20
12 	𝐹𝑒(-2*)(-/4)6/0

!2 	𝑇𝑖	*6⊡(-/6)
"2 Q	𝑂"!/              (Eq. S1) 

Where 𝛿 represents the number of 𝐹𝑒!2 ions, 𝑥 is the variable related to 𝐹𝑒/𝑇𝑖	ra1o 

(𝐹𝑒/𝑇𝑖 = 1/*
*
), 𝑧 is the frac1on of 𝐹𝑒12 in the spinel, and 𝑅 is the spinel stoichiometry 



parameter (𝑅 = 8/[8 + 𝑧(1 + 𝑥)]). Based on ICP elemental analysis, we determined 𝑥 =

0.909. Addi1onally, XPS analysis showed no presence of Fe²⁺, indica1ng 𝛿 = 0	𝑎𝑛𝑑	𝑧 = 1. 

Therefore, the expected structural formula for FeTi@C550-5 is derived as: 

                                           𝐹𝑒12	P𝐹𝑒	$.:12 	𝑇𝑖	$.:⊡$.;"2 Q	𝑂"!/                                   (Eq. S2) 

 

 

 

 

2. Supplementary Figures 
 

2.1 Characteriza'on of MIL-88B (Fe, Ti) 

 

 

Figure S 1. SEM images and EDS mapping showing the distribu9on of Fe and Ti through-out the rod, and spindle-shaped MIL-
88B (Fe,Ti) crystals. 

 



 

Figure S 2. TGA and DTG curves of MIL-88B (Fe,Ti). Total weight loss ≈60% 

 

 

 

 

 

Figure S 3. N2 adsorp9on isotherm at 77 K, and BET fit for MIL-88B (Fe,Ti). BET surface area = 14 m2g-1. .



2.2 Characteriza'on of FeTi@C materials 

 

 

Figure S 4. PXRD paXerns of FeTi@C550-25, FeTi@C600-25 and FeTi@C700-25 compared with the simulated PXRD paXerns of 
9tanomaghemite (dark blue), and ilmenite (orange). 



 

Figure S 5. N2 Adsorp9on isotherms at 77 K and BET linear fit for a) FeTi@C550-25, b) FeTi@C600-25, and c) FeTi@C700-25. 

 



 

Figure S 6. PXRD paXerns of FeTi@C550-5, FeTi@C550-25 and FeTi@C550-40 compared with the simulated PXRD paXern of 
9tanomaghemite (dark blue).  



 

Figure S 7. TEM, HAADF-STEM and par9cle size distribu9on of a) FeTi@C550-5, b) FeTi@C550-25, and c) FeTi@C550-40. 

 

 

Figure S 8. Elemental mapping by STEM-EDX of an individual rod-shaped crystal of TiFe@C550-25 showing the homogeneous 
distribu9on of C (red) O (orange), Fe (green), and Ti (blue) throughout the solid. 



 

Figure S 9. Elemental mapping by STEM-EDX of an individual rod-shaped crystal of TiFe@C550-40 showing the homogeneous 
distribu9on of C (red) O (orange), Fe (green), and Ti (blue) throughout the solid. 

 

 

 

Figure S 10. TGA curves of FeTi@C550-5, FeTi@C550-25, and FeTi@C550-40.



 

Figure S 11. N2 Adsorp9on isotherms at 77 K and BET linear fit for a) FeTi@C550-5, b) FeTi@C550-25, and c) FeTi@C550-40. 



 

Figure S 12. Raman spectroscopy curves of FeTi@C550-X (X = 5, 25, 40 oC). 
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Figure S 13. X-ray photoelectron spectroscopy of the FeTi@C550-X catalyst with core level Fe(2p). The symbols are the 
experimental data, while the full lines are the components used for the decomposi9on of the spectra. 

 



 

Figure S 14. X-ray photoelectron spectroscopy of the FeTi@C550-X catalyst with core level Ti(2p). The symbols are the 
experimental data, while the full lines are the components used for the decomposi9on of the spectra. 

 



 

Figure S 15. X-ray photoelectron spectroscopy of the FeTi@C550-X catalyst with core level C(1S). The symbols are the experimental 
data, while the full lines are the components used for the decomposi9on of the spectra. 

 



 

Figure S 16. X-ray photoelectron spectroscopy of the FeTi@C550-X catalyst with core level O(1S). The symbols are the 
experimental data, while the full lines are the components used for the decomposi9on of the spectra. 

 



 

Figure S 17. Temperature-programmed reduc9on (H2-TPR) profile of the FeTi@C550-5 recorded by mass spectrometry. 

 

 

 

Figure S 18.  X-ray photoelectron spectroscopy of the in-situ reduced FeTi@C550-X catalyst with core level Fe(2p). The symbols 
are the experimental data, while the full lines are the components used for the decomposi9on of the spectra

 



2.3 Characteriza'on of Spent Catalysts 

 

Figure S 19. PXRD paXerns of FeTi@C550-5, FeTi@C550-25 and FeTi@C550-40 aaer reac9on compared with the simulated 
PXRD paXerns of 9tanomaghemite (dark blue), and ilmenite (orange). 

 



 

Figure S 20. HAADF-STEM and Elemental mapping by STEM-EDX of spent FeTi@C550-5 catalyst. 

 



 

Figure S 21. HAADF-STEM and Elemental mapping by STEM-EDX of spent FeTi@C550-25 catalyst. 

 



 

Figure S 22. HAADF-STEM and Elemental mapping by STEM-EDX of spent FeTi@C550-40 catalyst. 



2.4 Cataly'c Results 

 

Figure S 23. Temperature op9miza9on results for the cataly9c CO2 reduc9on over FeTi@C550-5. 425_RP refers to return point 
to 425 oC aaer cataly9c analysis at 375-475 oC. Reac9on condi9ons: H2/CO2 = 3, P = 30 bar, GHSV = a) 6000 mL·g-1·h-1, b) 12000 

mL·g-1·h-1, and c) 24000 mL·g-1·h-1. 

 



 

Figure S 24. Pressure op9miza9on results for the cataly9c CO2 reduc9on over FeTi@C550-5. Reac9on condi9ons: H2/CO2 = 3, T = 
425 oC, and GHSV = a) 6000 mL·g-1·h-1, b) 12000 mL·g-1·h-1, and c) 24000 mL·g-1·h-1. 

 



 

Figure S 25. Feed ra9o op9miza9on results for the cataly9c CO2 reduc9on over FeTi@C550-5. Reac9on condi9ons: P = 20 bar, T 
= 425 oC, and GHSV = a) 6000 mL·g-1·h-1, b) 12000 mL·g-1·h-1, and c) 24000 mL·g-1·h-1. 

 



 

Figure S 26. Feed ra9o op9miza9on results for the cataly9c CO2 reduc9on over FeTi@C550-5. Reac9on condi9ons: P = 30 bar, T 
= 425 oC, and GHSV = a) 6000 mL·g-1·h-1, b) 12000 mL·g-1·h-1, and c) 24000 mL·g-1·h-1. 

 



 

Figure S 27. Feed ra9o op9miza9on results for the cataly9c CO2 reduc9on over FeTi@C550-5. Reac9on condi9ons: P = 40 bar, T 
= 425 oC, and GHSV = a) 6000 mL·g-1·h-1, b) 12000 mL·g-1·h-1, and c) 24000 mL·g-1·h-1. 

 



 

Figure S 28. X-ray photoelectron spectroscopy of the FeTi@C550-5 catalyst aaer 60h of reac9on with core level Fe(2p). The 
symbols are the experimental data, while the full lines are the components used for the decomposi9on of the spectra. 

 

 

 



2.5 Kine'c Study Results 

 

Figure S 29. Experimental data figng of CO2 hydrogena9on reac9on over the FeTi@C550-5 catalyst at 20 bar (lea), 40 bar (right) 
and at a) 375 °C, b) 400 °C and c) 425 °C. 

 



 

Figure S 30. Experimental data figng of CO2 hydrogena9on reac9on over the FeTi@C550-5 catalyst at different reac9on 
condi9ons. 

 



 

Figure S 31. Parity plot of the calculated and experimental molar frac9ons. 

 

 

Figure S 32. Arrhenius plots for RWGS and Saba9er reac9ons. 

  



 

Figure S 33. Simula9on results using the es9mated kine9c parameters compared with experimental cataly9c data on 
FeTi@C550-5 at different a) Temperature, and b) GHSV. Other reac9on condi9ons: H2/CO2 = 3, T = 425 oC, P = 30 bar, GHSV = 

12000 mL gcat-1h-1 

 

 

 

3. Supplementary Tables 
 

 

Table S 1. ICP-OES measurement results 

Element Fe (at%) Ti (at%) Fe/Ti ratio 

FeTi@C550-5 34.4 14.8 2.3 

FeTi@C550-25 42.1 17.7 2.3 

FeTi@C550-40 49.1 20.7 2.3 

 

 

 



Table S 2. Summary of state-of-art high-pressure RWGS catalysts 

Catalyst H2/CO2 
T 

(oC) 

P 

(bar) 

GHSV 

(mL·g-1·h-1 

or h-1) 

CO2 

Conversion 

(%) 

CO 

SelecIvity 

(%) 

Stability Ref. 

FeTi@C550-5 3 425 30 64000 22 98 60 h This work 

TiFe@C 3 425 30 24000 38.4 96.3 48 h 2 

CuK/C 3 260 20 4000 17.5 100 

85 ha 3 CuNa/C 3 260 20 4000 16.7 98.9 

Cu/C 3 260 20 4000 7.6 95.5 

K-Mo2C/y-Al2O3 3 450 20 132, 120 42.7 99.1 120 h 4 

Ni3ZnC@NC 10% 1 400 40 20000 13 93 2 h 5 

Fe-Pt/CeO2 3 350 30 200000 21 100 200 hb 6 

PtCuTe@UiO-67 3 400 20 24000 15.44 99.86 -- 7 

K-Cu/Al2O3 3.8 280 30 4000 13.7 99 -- 
8 

Ba-Cu/Al2O3 3.8 280 30 4000 18.2 93.4 -- 

2-K 3 400 30 720 20 100 40 h 9 

K-WC/y-Al2O3 3 300 20 4.8 100 -- -- 
10 

K-WCc 3 350 20 3600 20.3 98.1 -- 

Cu-ZnO 3 270 30 20000 5.3 93.2 -- 
11 

CuZnGaAlO2 3 270 30 20000 7.5 95.8 -- 

 

 

Table S 3. Kine9c and adsorp9on constants, apparent ac9va9on energies and adsorp9on heats at T = 653 K. 

 k0, K0 Ea, ΔH (kJ mol -1) 

k1 (mol g-1 h-1 bar-1.5) (3.89 ± 0.15) 10-2 97.3 ± 0.26 

k2 (mol g-1 h-1 bar-3.25) (4.16 ± 0.56) 10-6 91.4 ± 0.23 

k3 (mol g-1 h-1 bar-2.75)        (1.35 ± 0.16) 10-6 37.9 ± 0.76 

KH2 (bar-0.5) (8.81 ± 0.17) 10-2
 

-49.9 ± 0.13 

KH2O (-) (1.31 ± 1.24) 101 -37.2 ± 0.81 

KCO (bar-1) (1.42 ± 0.69) 10-3 -11.2 ± 0.42 

 

 



Table S 4. Other kine9c models studied in this work. 
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