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1. Operando DRIFTS Methodology 

1.1 The Use of CaCO3 as Internal Standard 

To ensure reliable interpretation of the diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

data, CaCO3 was employed as an internal standard[1,2]. This compound provides a thermally and chemically 

stable reference under the experimental conditions and exhibits a well-defined infrared spectrum that does not 

significantly overlap with the characteristic features of the investigated materials. 

In DRIFTS analysis, unlike conventional transmission spectroscopy, the optical pathlength of the IR beam 

through the sample is not fixed and depends on several physical properties of the powder, such as porosity, 

particle size distribution, surface roughness, and moisture content. Therefore, the recorded band intensities 

may vary not only because of compositional changes, but also from fluctuations in the radiation penetration 

depth during the measurement. To account for these effects, a small and known amount of CaCO3 was added 

to the sample as an internal reference, allowing us to monitor relative changes in the optical path during the 

reaction or temperature-programmed experiments. 

CaCO3 (analytical grade) was physically mixed with the catalyst powder in a proportion not exceeding 5 wt.% 

to minimize potential spectral interferences while maintaining sufficient signal intensity. The mixture was 

carefully homogenized in an agate mortar before loading it into the DRIFTS cell. 

During the experiments, the two characteristic absorption bands of CaCO3, located at 1795 and 2510 cm-1, 

were monitored as internal reference signals. Variations in the intensity of these bands were interpreted as 

follows: 

• An increase in intensity corresponds to an increase in the optical pathlength indicating that the IR 

radiation interacts with a greater number of CaCO3 particles within the optical path layer. This variation 

may also reflect a decrease in the overall sample absorbance, for example, when moisture is removed 

from the sample. 

• A decrease in intensity indicates a reduction in the optical pathlength associated with changes in 

sample morphology under the reaction conditions (e.g., temperature) or an increase in absorbance 

due to phenomena like oxide reduction to metal (e.g., Cu, Fe). 

This approach allows a semi-quantitative assessment of IR penetration variations during operando DRIFTS 

measurements. Moreover, the internal standard addition could be a good method for a semi-quantitative 

DRIFTS analysis. 

1.2 Operando DRIFTS Testing Procedure 

Figure S1 illustrates the operative procedure employed for the operando DRIFTS tests carried out on the 

catalyst that exhibited the highest performance in the catalytic experiments. Approximately 20 mg of powder, 

consisting of the catalyst physically mixed with 3.75 wt.% of CaCO3 (used as an internal standard), was loaded 

into the DRIFTS cell. The sample was pretreated in a 10 vol.% H2/N2 flow to reduce ruthenium oxide species. 

After reduction, the temperature was lowered to 200 °C under H2, and the selected reactive mixture was 

introduced (either stoichiometric or H2-rich composition). In the case of CO2 and CO adsorption experiments, 

the same reduction pretreatment was also performed beforehand. 
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Figure S1. Scheme of the operando DRIFTS tests. 
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2. Experimental Tests  

 

Figure S2. Scheme of the experimental test bench used for the tests 

 

 

Table S1. Operative conditions of the kinetic tests. For the sake of clarity, each condition was performed at 
220 °C, 250 °C, 280 °C, 310 °C, 340 °C, 370 °C and 400 °C. 

Test 
Catalyst 

mass 

Gas 

flowrate 
Pressure 

H2 molar 

fraction 

CO2 molar 

fraction 

N2 molar 

fraction 

# g NL h-1 bar(a) mol. % mol. % mol. % 

T01 0.125 30.0 5.0 26.67 6.67 66.67 

T02 0.250 60.0 5.0 26.67 6.67 66.67 

T03 0.250 45.0 5.0 26.67 6.67 66.67 

T04 0.250 60.0 5.0 53.33 6.67 40.00 

T05 0.250 60.0 5.0 66.67 6.67 26.67 

T06 0.250 30.0 15.0 26.67 6.67 66.67 

T07 0.250 60.0 15.0 26.67 6.67 66.67 

T08 0.250 60.0 15.0 53.33 6.67 40.00 

T09 0.250 30.0 15.0 26.67 13.33 60.00 
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3. Gas Phase Properties 

3.1 Specific Heat Capacity and Thermodynamic Properties 

The specific heat capacity and thermodynamic properties were obtained according to the Shomate equation 

as reported in equations (1) to (3) [3]. 

𝑐̃𝑝,𝑖
0 (𝑇) = 𝑎0,𝑖 + 𝑎1,𝑖 ⋅ 𝜏 + 𝑎2,𝑖 ⋅ 𝜏2 + 𝑎3,𝑖 ⋅ 𝜏3 + 𝑎4,𝑖 ⋅ 𝜏−2     where     𝜏 =

𝑇

1000
 (1) 

𝐻𝑓,𝑇,𝑖
0 = 103 ⋅ (𝑎0,𝑖 ⋅ 𝜏 + 𝑎1,𝑖 ⋅

𝜏2

2
+ 𝑎2,𝑖 ⋅

𝜏3

3
+ 𝑎3,𝑖 ⋅

𝜏4

4
− 𝑎4,𝑖 ⋅ 𝜏−1 + 𝑎5,𝑖) (2) 

𝑆̃𝑓,𝑇,𝑖
0 = 𝑎0,𝑖 ⋅ ln(𝑡) + 𝑎1,𝑖 ⋅ 𝜏 + 𝑎2,𝑖 ⋅

𝜏2

2
+ 𝑎3,𝑖 ⋅

𝜏3

3
− 𝑎4,𝑖 ⋅

𝜏−2

2
+ 𝑎6,𝑖 (3) 

In these equations, 𝑐̃𝑝,𝑖
0  (J/mol/K) is the specific molar heat capacity of the i-th chemical species, 𝐻𝑓,𝑇,𝑖

0  (J/mol) 

is its formation enthalpy, 𝑆̃𝑓,𝑇,𝑖
0  (J/mol/K) is its formation entropy and 𝑇 (K) is the absolute temperature. The 

coefficients 𝑎𝑗,𝑖 for evaluating the gas phase thermochemistry data for the i-th component are summarized in 

Table S2. 

 Table S2. Coefficients for evaluating the gas phase thermochemistry data [3].  

Species 𝑎0 𝑎1 𝑎2 𝑎3 𝑎4 𝑎5 𝑎6 𝑎7 

CO2 24.99735 55.18696 -33.69137 7.948387 -0.136638 -403.6075 228.2431 -393.5224 

H2 33.066178 -11.363417 11.432816 -2.772874 -0.158558 -9.980797 172.707974 0 

CO 25.56759 6.09613 4.054656 -2.671301 0.131021 -118.0089 227.3665 -110.5271 

CH4 -0.703029 108.4773 -42.52157 5.862788 0.678565 -76.84376 158.7163 -74.8731 

H2O 30.092 6.832514 6.793435 -2.53448 0.082139 -250.881 223.3967 -241.8264 

N2 28.98641 1.853978 -9.647459 16.63537 0.000117 -8.671914 226.4168 0 

O2 31.32234 -20.23531 57.86644 -36.50624 -0.007374 -8.903471 246.7940 0 

C 8.527 0 0 0 0 -2.541 16.0633 0 

The variation of the enthalpy and entropy of reaction were both evaluated according to the Hess’ law as 

reported in equations (4) and (5). The variation of the Gibbs’ free energy of reaction and the equilibrium 

constant were evaluated according to equation (6). 

∆𝑟𝐻𝑇,𝛼
0 = ∑(𝜈𝑖,𝛼 ⋅ 𝐻𝑓,𝑇,𝑖

0 )

𝑁𝑐

𝑖=1

 (4) 

∆𝑟𝑆̃𝑇,𝛼
0 = ∑(𝜈𝑖,𝛼 ⋅ 𝑆̃𝑓,𝑇,𝑖

0 )

𝑁𝑐

𝑖=1

 (5) 

∆𝑟𝐺̃𝑇,𝛼
0 = ∆𝑟𝐻𝑇,𝛼

0 − 𝑇 ⋅ ∆𝑟𝑆̃𝑇,𝛼
0 = −𝑅 ⋅ 𝑇 ⋅ ln(𝐾𝑒𝑞,𝛼) (6) 

Here, ∆𝑟𝐻𝑇,𝛼
0  (J/mol), ∆𝑟𝑆̃𝑇,𝛼

0  (J/mol/K) and ∆𝑟𝐺̃𝑇,𝛼
0  (J/mol) represent the variation of the standard molar enthalpy, 

entropy and Gibb’s free energy of the generic 𝛼-th reaction at the reaction temperature, respectively. 𝜈𝑖,𝛼 is the 

stoichiometric coefficient (with sign) of the i-th component of the 𝛼-th reaction, 𝐾𝑒𝑞,𝛼 is the equilibrium constant 

of the 𝛼-th reaction, 𝑅 (8.314 J/mol/K) is the ideal gas constant and 𝑁𝑐 is the total number of chemical species. 

The specific molar heat capacity of the gas mixture (𝑐̃𝑝,𝑔, J/mol/K) was calculated by means of equation (7), 

where 𝑦𝑖 is the molar fraction of the i-th component. 

𝑐̃𝑝,𝑔(𝑇) = ∑[𝑦𝑖 ⋅ 𝑐̃𝑝,𝑖
0 (𝑇)]

𝑁𝑐

𝑖=1

 (7) 
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3.2 Dynamic Viscosity 

The dynamic viscosity of the i-th gas species (𝜇𝑖, Pa s) was calculated according to a polynomial interpolation 
[4] by using equation (8) and the coefficients 𝑏𝑗,𝑖 for each compound are reported in Table S3. 

𝜇𝑖(𝑇) = 10−7 ⋅ ∑(𝑏𝑗,𝑖 ⋅ 𝜏𝑗)

7

𝑗=1

 (8) 

Table S3. Coefficients for evaluating the dynamic viscosity [5]. 

Species 𝑏0 𝑏1 𝑏2 𝑏3 𝑏4 𝑏5 𝑏6 𝑏7 

CO2 -20.434 680.07 -432.49 244.22 -85.929 14.45 -0.4564 -20.434 

H2 15.553 299.78 -244.34 249.41 -167.51 62.966 -9.9892 15.553 

CO -4.9137 793.65 875.90 883.75 -572.14 208.42 -32.298 -4.9137 

CH4 -9.9989 529.37 -543.82 548.11 -367.06 140.48 -22.92 -9.9989 

H2O -6.7541 244.93 419.50 -522.38 348.12 -126.96 19.591 -6.7541 

N2 1.2719 771.45 -809.20 832.47 -553.93 206.15 -32.43 1.2719 

The dynamic viscosity of the multicomponent gas mixture (𝜇𝑔, Pa s) was evaluated according to the 

Reichenberg equation (9). 

𝜇𝑔(𝑇) = ∑ 𝐾𝑖

𝑁𝑐

𝑖=1

⋅ {1 + 2 ⋅ ∑(𝐻𝑖𝑗 ⋅ 𝐾𝑗)

𝑖−1

𝑗=1

+ ∑ [ ∑ (𝐻𝑖𝑗 ⋅ 𝐻𝑖𝑘 ⋅ 𝐾𝑗 ⋅ 𝐾𝑘)

𝑁𝑐

𝑘=1≠𝑖

]

𝑁𝑐

𝑗=1≠𝑖

} (9) 

In this equation, the coefficients 𝐾𝑖 and 𝐻𝑖𝑗 are defined in equations (10) and (11), respectively. 

𝐾𝑖 =
𝑦𝑖 ⋅ 𝜇𝑖

𝑦𝑖 + 𝜇𝑖 ⋅ ∑ [𝑦𝑘 ⋅ 𝐻𝑖𝑘 ⋅ (3 +
2 ⋅ 𝑀𝑘

𝑀𝑖
)]

𝑁𝑐
𝑘=1≠𝑖

 
(10) 

𝐻𝑖𝑗 = [
𝑀𝑖 ⋅ 𝑀𝑗

32 ⋅ (𝑀𝑖 + 𝑀𝑗)
3]

1
2

⋅ (𝐵𝑖 ⋅ 𝐵𝑗)
2

⋅ 𝑈𝑖𝑗 (11) 

Here, 𝑀 (kg/mol) represents the molecular weight, 𝐵 coefficients are evaluated using equations (12) and (13), 

while 𝑈𝑖𝑗 is evaluated with equations (15) and (16). The subscripts 𝑖 and 𝑗 represent the i-th and j-th chemical 

species, respectively. 

𝐵𝑖 =
(𝑀𝑖)

1
4

√𝜇𝑖 ⋅ 𝑈𝑖

 (12) 

𝑈𝑖 =
[1 + 0.36 ⋅ 𝑇𝑟,𝑖 ⋅ (𝑇𝑟,𝑖 − 1)]

1
6 ⋅ 𝐹𝑅,𝑖

√𝑇𝑟,𝑖

 (13) 

𝐹𝑅,𝑖 =
𝑇𝑟,𝑖

3.5 + (10 ⋅ 𝜇𝐷,𝑟,𝑖)
7

𝑇𝑟,𝑖
3.5 ⋅ [1 + (10 ⋅ 𝜇𝐷,𝑟,𝑖)

7]
 (14) 

𝑈𝑖𝑗 =
[1 + 0.36 ⋅ 𝑇𝑟,𝑖𝑗 ⋅ (𝑇𝑟,𝑖𝑗 − 1)]

1
6 ⋅ 𝐹𝑅,𝑖𝑗

√𝑇𝑟,𝑖𝑗

 (15) 

𝐹𝑅,𝑖𝑗 =
𝑇𝑟,𝑖𝑗

3.5 + (10 ⋅ 𝜇𝐷,𝑟,𝑖𝑗)7

𝑇𝑟,𝑖𝑗
3.5 ⋅ [1 + (10 ⋅ 𝜇𝐷,𝑟,𝑖𝑗)7]

 (16) 

Where, 𝑇𝑟 is the reduced temperature and 𝜇𝐷,𝑟 is the reduced dipole momentum as reported in equations form 

(17) to (20). In these equations, 𝑇𝑐 (K) is the critical temperature, 𝑃𝑐 (Pa) is the critical pressure and 𝜇𝐷 (Debye) 

is the molecular dipole momentum. 
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𝑇𝑟,𝑖 =
𝑇

𝑇𝑐,𝑖

 (17) 

𝑇𝑟,𝑖𝑗 =
𝑇

√𝑇𝑐,𝑖 ⋅ 𝑇𝑐,𝑗

 (18) 

𝜇𝐷,𝑟,𝑖 = 52.46 ⋅
𝜇𝐷,𝑖

2 ⋅ 𝑃𝑐,𝑖

𝑇𝑐,𝑖
2  (19) 

𝜇𝐷,𝑟,𝑖𝑗 = √𝜇𝐷,𝑟,𝑖 ⋅ 𝜇𝐷,𝑟,𝑗 (20) 

Table S4 reports the physico-chemical properties of the molecules to calculate the gas mixture properties; 𝜎 

(m) and 𝜖 (J) represent respectively the collision diameter and the potential well of the Lennard-Jones potential 

and 𝑘𝐵 (1.380649 · 10-23 J/K) is the Boltzmann’s constant. 

Table S4. Properties of the chemical species [6,7]. 

Species 𝑀 (kg/mol) 𝑇𝑐 (K) 𝑃𝑐 (Pa) 𝜇𝐷 (Debye) 𝜎 (m) 
𝜖

𝑘𝐵
 (K) 

CO2 4.40 · 10-2 304.12 7.37 · 106 0 4.00 · 10-10 190 

H2 2.02 · 10-3 33.25 1.30 · 106 0 2.92 · 10-10 38 

CO 2.80 · 10-2 132.85 3.49 · 106 0.1 3.59 · 10-10 110 

CH4 1.60 · 10-2 190.56 4.60 · 106 0 3.78 · 10-10 154 

H2O 1.80 · 10-2 647.14 2.21 · 107 1.8 2.73 · 10-10 356 

N2 2.80 · 10-2 126.2 3.40 · 106 0 3.67 · 10-10 99.8 

3.3 Thermal Conductivity 

The thermal conductivity of the i-th gas species (𝜆𝑖, W/m2/K) was estimated by means of a polynomial 

interpolation [4] using equation (21) and the coefficients 𝑐𝑗,𝑖 for each compound are reported in Table S5. 

𝜆𝑖(𝑇) = 10−2 ⋅ ∑(𝑐𝑗,𝑖 ⋅ 𝜏𝑗)

6

𝑗=1

 (21) 

Table S5. Coefficients for evaluating the thermal conductivity [5]. 

Species 𝑐0 𝑐1 𝑐2 𝑐3 𝑐4 𝑐5 𝑐6 

CO2 2.8888 -27.018 129.650 -233.290 216.830 -101.120 18.698 

H2 1.5040 62.892 -47.190 47.763 -31.939 11.987 -1.8954 

CO -0.2815 13.999 -23.186 36.018 -30.818 13.379 -2.3224 

CH4 0.4796 1.8732 37.413 -47.440 38.251 -17.283 3.2774 

H2O 2.0103 -7.9139 35.993 -41.390 35.993 -18.974 4.1531 

N2 -0.3216 14.810 -25.473 38.837 -32.133 13.493 -2.2741 

The thermal conductivity of the multicomponent gas mixture (𝜆𝑔, W/m2/K) was evaluated according to the 

Wassiljewa equation (9). 

𝜆𝑔 = ∑ [
𝑦𝑖 ⋅ 𝜆𝑖

∑ (𝑦𝑗 ⋅ 𝐴𝑖𝑗)
𝑁𝑐
𝑗=1

]

𝑁𝑐

𝑖=1

 (22) 

In this equation, the 𝐴𝑖𝑗 coefficient is evaluated as reported in equation (23). 
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𝐴𝑖𝑗 =

[1 + √
𝜇𝑖 ⋅ 𝑀𝑗

𝜇𝑗 ⋅ 𝑀𝑖
⋅ (

𝑀𝑖

𝑀𝑗
)

1
4

]

2

√8 (1 +
𝑀𝑖

𝑀𝑗
)

 (23) 

3.4 Diffusivity 

Binary diffusion coefficients were predicted by using the Chapman-Enskog theory [7] as reported is equation 

(24). 

𝒟𝑖𝑗 =
3

8
⋅ √

𝑘𝐵
3 ⋅ 𝑁𝐴

2 ⋅ 𝜋
⋅

𝑇1.5

𝑃 ⋅ 𝜎𝑖𝑗
2 ⋅ Ω𝒟,𝑖𝑗

⋅ √
1

𝑀𝑖

+
1

𝑀𝑗

 (24) 

Here, 𝒟𝑖𝑗 (m2/s) is the binary diffusion coefficient, 𝑁𝐴 (6.02214076 · 1023 1/mol) is the Avogadro’s constant,  𝜎𝑖𝑗 

(m) is the average collision diameter and Ω𝒟,𝑖𝑗 (dimensionless) is the temperature-dependent collision integral 

for diffusion. The latter parameter was estimated with equation (25) by defining the binary reduced temperature 

(Θ𝑖𝑗, K) as reported in equation (26) [7]. 

Ω𝒟,𝑖𝑗 =
1.06036

Θ𝑖𝑗
0.15610 +

0.19300

exp (0.47635 ⋅ Θ𝑖𝑗)
+

1.03587

exp (1.52996 ⋅ Θ𝑖𝑗)
+

1.76474

exp (3.89411 ⋅ Θ𝑖𝑗)
 (25) 

Θ𝑖𝑗 =
𝑘𝐵 ⋅ 𝑇

𝜖𝑖𝑗

 (26) 

The average collision diameter and the average binary potential well (𝜖𝑖𝑗, J) are estimated according to the 

Lorentz-Berthelot combination rule; thus, the pair interactions were evaluated with equations (27) and (28), 

that are the arithmetic mean and the geometric mean, respectively. 

𝜎𝑖𝑗 =
1

2
⋅ (𝜎𝑖 + 𝜎𝑗) (27) 

𝜖𝑖𝑗 = √𝜖𝑖 ⋅ 𝜖𝑗 (28) 

The collision diameter and the potential well are the two parameters that describe the Lennard-Jones potential. 

The diffusivity coefficient of a chemical species in a multicomponent gas mixture (𝒟𝑖,𝑔, m2/s) was estimated by 

using the Wilke model, that is a simpler model obtained from the Stefan-Maxwell diffusion model. The Wilke 

correlation is reported in equation (29). 

𝒟𝑖,𝑔 =
1 − 𝑦𝑖

∑ (𝑦𝑗 ⋅
1 − 𝑦𝑖

𝒟𝑖𝑗
)𝑗≠𝑖

 
(29) 

In the case of microporous materials, Knudsen diffusion should be considered. Thus, the Knudsen diffusion 

coefficient of each i-th species (𝒟𝑖,𝐾𝑛, m2/s) was evaluated by using equation (30). 

𝒟𝑖,𝐾𝑛 =
2

3
⋅ 𝑟𝑝 ⋅ √

8 ⋅ 𝑅 ⋅ 𝑇

𝜋 ⋅ 𝑀𝑖

 (30) 

Here, 𝑟𝑝 represents the average pore radius of the catalytic particle. The Knudsen number (𝐾𝑛) is used to 

determine the diffusion regime: continuum flow (𝐾𝑛 < 0.01), transitional flow (0.01 < 𝐾𝑛 < 10) and free 

molecular flow (𝐾𝑛 > 10). The Knudsen number can be evaluated by using equation (31).  

𝐾𝑛 =
𝜆𝑓

2 ⋅ 𝑟𝑝

=
1

2 ⋅ 𝑟𝑝

⋅
𝜇𝑔

𝑃
⋅ √

𝜋 ⋅ 𝑅 ⋅ 𝑇

2 ⋅ 𝑀𝑔

 (31) 

Here, 𝜆𝑓 (m) is the mean free path of the molecules, 𝑃 (Pa) is the pressure and 𝑀𝑔 (kg/mol) is the average 

molecular weight of the gas mixture. 
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Considering mesoporous materials (1 < 𝑟𝑝 < 25 nm), transitional flow is generally the predominant diffusion 

regime. Thus, the effective diffusion coefficient (𝒟𝑖,𝑒, m2/s) should be estimated by means of a harmonic mean 

according to the Bosanquet correlation as reported in equation (32). 

𝒟𝑖,𝑒 =
𝜀𝑝

𝜏𝑝

⋅ (
1

𝒟𝑖,𝑔

+
1

𝒟𝑖,𝐾𝑛

)

−1

 (32) 

Here, 𝜀𝑝 is the intraparticle void fraction (porosity) and 𝜏𝑝 is the intraparticle tortuosity. 
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4. Mass and Heat Transport Criteria 

There are four criteria that must be verified to obtain a reliable intrinsic kinetic. 

4.1 External Mass Transport Criteria (Mears Criterion) 

The Mears inequality for inter-particle mass transport is reported in equation (33). 

|𝑟𝑖| ⋅ (1 − 𝜀𝑝) ⋅ 𝜌𝑠 ⋅ 𝑑𝑝

𝑘𝑚,𝑖 ⋅ 𝐶𝑖

<
0.3

|𝑛|
 (33) 

In the equation, 𝑟𝑖 (mol/kg/s) is the reaction rate of the i-th species, 𝜌𝑠 (kg/m3) is the skeletal density of the 

catalyst, 𝑑𝑝 (m) is the particle diameter, 𝑘𝑚,𝑖 (m/s) is the external mass transfer coefficient of the i-th species, 

𝐶𝑖 (mol/m3) is its concentration in the gas mixture and 𝑛 is the order of the reaction rate.  

The external mass transfer coefficients between the bulk of the gas phase and the particle surface are 

evaluated by evaluating the Sherwood number with equations (34). 

𝑆ℎ𝑖 =
𝑘𝑚,𝑖 ⋅ 𝑑𝑝

𝒟𝑖,𝑔

= 2 + 1.1 ⋅ 𝑅𝑒𝑝
0.6 ⋅ √𝑆𝑐𝑖

3
 (34) 

The particle Reynolds number (𝑅𝑒𝑝) and the Schmidt number (𝑆𝑐𝑖) of the i-th component are evaluated by 

means of equations (35) and (36), respectively. 

𝑅𝑒𝑝 =
𝜌𝑔 ⋅ 𝑣𝑧 ⋅ 𝑑𝑝

𝜇𝑔

 (35) 

𝑆𝑐𝑖 =
𝜇𝑔

𝜌𝑔 ⋅ 𝒟𝑖,𝑔

 (36) 

4.2 External Heat Transport Criteria (Mears Criterion) 

The Mears inequality for inter-particle heat transport is reported in equation (37). 

(1 − 𝜀𝑝) ⋅ 𝜌𝑠 ⋅ 𝑑𝑝 ⋅ ∑ |𝑟𝛼 ⋅ Δ𝑟𝐻̃𝑇,𝛼|
𝑁𝑟
𝛼=1

ℎ ⋅ 𝑇
<

0.3 ⋅ 𝑅 ⋅ 𝑇

𝐸𝐴

 (37) 

In the equation, 𝑟𝛼 (mol/kg/s) is the reaction rate of the key component of the 𝛼-th reaction and Δ𝑟𝐻𝑇,𝛼 (J/mol) 

is its enthalpy of reaction, ℎ (W/m2/s) is the external heat transfer coefficient, 𝐸𝐴 (J/mol) is the apparent 

activation energy. 

The external heat transfer coefficient between the gas phase and the particle surface is evaluated with the 

Nusselt number by means of equation (38). 

𝑁𝑢 =
ℎ ⋅ 𝑑𝑝

𝜆𝑔

= 2 + 1.1 ⋅ 𝑅𝑒𝑝
0.6 ⋅ √𝑃𝑟

3
 (38) 

The Prandtl number (𝑃𝑟) is evaluated by means of equation (39). 

𝑃𝑟 =
𝑐̃𝑝,𝑔 ⋅ 𝜇𝑔

𝑀𝑔 ⋅ 𝜆𝑔

 
(39) 

4.3 Internal Mass Transport Criteria (Weisz-Prater Criterion) 

The Weisz-Prater inequality for intra-particle mass transport is reported in equation (40). 

|𝑟𝑖| ⋅ (1 − 𝜀𝑝) ⋅ 𝜌𝑠 ⋅ 𝑑𝑝
2

4 ⋅ 𝒟𝑖,𝑒 ⋅ 𝐶𝑖

<
1

|𝑛|
 (40) 

In the equation, 𝒟𝑖,𝑒 (m/s) is the effective diffusivity coefficient of the i-th species in the multicomponent gas 

mixture. 
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4.4 Internal Heat Transport Criteria (Anderson Criterion) 

The Anderson inequality for intra-particle heat transport is reported in equation (41). 

(1 − 𝜀𝑝) ⋅ 𝜌𝑠 ⋅ 𝑑𝑝 ⋅ ∑ |𝑟𝛼 ⋅ Δ𝑟𝐻̃𝑇,𝛼|
𝑁𝑟
𝛼=1

4 ⋅ 𝜆𝑒 ⋅ 𝑇
<

0.75 ⋅ 𝑅 ⋅ 𝑇

𝐸𝐴

 (41) 

In the equation, 𝜆𝑒 (W/m/s) is the effective thermal conductivity, that was estimated by using equation (42). 

𝜆𝑒 = 𝜆𝑝 ⋅ (1 − 𝜀𝑏) + 𝜆𝑔 ⋅ 𝜀𝑏 (42) 

Here, 𝜆𝑝 (W/m/s) is the thermal conductivity of the particle.  

In addition, Table S6 summarizes all the pieces of information for evaluating all the physical properties and the 

geometry of the reactor. 

Table S6. Experimental reactor and catalyst characteristics. 

Parameter Unit Value Parameter Unit Value 

𝑑𝑝 𝑚 3 · 10-4 𝑟1 𝑚 2 · 10-3 

𝐿 𝑚 2 · 10-2 𝑟2 𝑚 3 · 10-3 

𝜀𝑏 - 0.4 𝑟𝑝 𝑚 2.5 · 10-8 

𝜆𝑝 𝑊 ⋅ 𝑚−1 ⋅ 𝐾−1 0.67 𝑐̂𝑝,𝑠 𝐽 ⋅  𝑘𝑔−1 ⋅ 𝐾−1 1063 

𝜌𝑠 𝑘𝑔 ⋅ 𝑚−3 4146 𝜀𝑝 - 0.6 

𝜏𝑝 - 2.5    
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5. Derivation of the Langmuir-Hinshelwood-Hougen-Watson (LHHW) Models 

We derived the reaction rate expressions of six LHHW models. 

5.1 Model M1 

The mechanism of the model M1 has been proposed by Cabral et al.[8]: 

Table S7. Elementary steps considered in model M1. 

Step Elementary reaction Assumption 

(1) 𝐻2(𝑔) + 2 ∗ ⇌ 2 𝐻∗ Quasi-equilibrium 

(2 𝐶𝑂2(𝑔) + 2 ∗ ⇌ 𝐶𝑂(𝑖)
∗ + 𝑂∗ Quasi-equilibrium 

(3) 𝐶𝑂2(𝑔) + 2 ∗ ⇌ 𝐶𝑂(𝑟)
∗ + 𝑂∗ Quasi-equilibrium 

(4) 𝐶𝑂(𝑟)
∗ + 𝐻∗ ⟶ 𝐻𝐶𝑂∗ + ∗ Irreversible – RDS 

(5) 𝐻𝐶𝑂∗ + 𝐻∗  ⟶ 𝐶𝐻∗ + 𝐻𝑂∗ Irreversible – RDS 

(6) 𝐶𝐻∗ + 𝐻∗ ⇌ 𝐶𝐻2
∗ + ∗ Quasi-equilibrium 

(7) 𝐶𝐻2
∗ + 𝐻∗ ⇌ 𝐶𝐻3

∗ + ∗ Quasi-equilibrium 

(8) 𝐶𝐻3
∗ + 𝐻∗ ⟶ 𝐶𝐻4(𝑔) +  2 ∗ Irreversible 

(9) 𝑂∗ + 𝐻∗ ⇌ 𝐻𝑂∗ + ∗ Quasi-equilibrium 

(10) 𝐻𝑂∗ + 𝐻∗ ⟶ 𝐻2𝑂(𝑔) + 2 ∗ Irreversible 

The coverage of H* species (𝜃𝐻) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (1). 

𝑘1𝑝𝐻2
𝜃∗

2 = 𝑘−1𝜃𝐻
2 ⟶ 𝜃𝐻 = 𝐾1

0.5𝑝𝐻2
0.5𝜃∗ = 𝐾𝐻𝑝𝐻2

0.5𝜃∗ (43) 

The coverage of inert bridged CO* species (𝜃𝐶𝑂(𝑖)) can be derived using the quasi-equilibrium hypothesis on 

the elementary step (2). 

𝑘2𝑝𝐶𝑂2
𝜃∗

2 = 𝑘−2𝜃𝐶𝑂(𝑖)𝜃𝑂 ⟶ 𝜃𝐶𝑂(𝑖) = 𝐾2 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

 (44) 

The coverage of reactive CO* species (𝜃𝐶𝑂(𝑟)) can be derived using the quasi-equilibrium hypothesis on the 

elementary step (3). 

𝑘3𝑝𝐶𝑂2
𝜃∗

2 = 𝑘−3𝜃𝐶𝑂(𝑟)𝜃𝑂 ⟶ 𝜃𝐶𝑂(𝑟) = 𝐾3 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

 (45) 

The coverage of O* species (𝜃𝑂) can be derived using the quasi-equilibrium hypothesis on the elementary step 

(9). 

𝑘9𝜃𝑂𝜃𝐻 = 𝑘−9𝜃𝐻𝑂𝜃∗ ⟶ 𝜃𝑂 =
1

𝐾9

⋅
𝜃𝐻𝑂𝜃∗

𝜃𝐻

 (46) 

The coverage of HCO* species (𝜃𝐻𝐶𝑂) can be obtained by making the pseudo steady-state hypothesis in 

stationary conditions and considering elementary steps (4) and (5) as irreversible. 

𝑑𝜃𝐻𝐶𝑂

𝑑𝑡
= 𝑘4𝜃𝐶𝑂(𝑟)𝜃𝐻 − 𝑘5𝜃𝐻𝐶𝑂𝜃𝐻 ≅ 0 ⟶ 𝜃𝐻𝐶𝑂 =

𝑘4

𝑘5

⋅ 𝜃𝐶𝑂(𝑟) (47) 

Similarly, the coverage of OH* species (𝜃𝐻𝑂) can be obtained by making the pseudo steady-state hypothesis 

in stationary conditions, considering elementary steps (5) and (10) as irreversible, and elementary step (9) at 

quasi-equilibrium. 

𝑑𝜃𝐻𝑂

𝑑𝑡
= 𝑘5𝜃𝐻𝐶𝑂𝜃𝐻 + 𝑘9𝜃𝑂𝜃𝐻 − 𝑘−9𝜃𝐻𝑂𝜃∗ − 𝑘10𝜃𝐻𝑂𝜃𝐻 ≅ 0 ⟶ 𝜃𝐻𝑂 =

𝑘5

𝑘10

⋅ 𝜃𝐻𝐶𝑂 (48) 

Now, starting from the equation (48), we can sequentially substitute 𝜃𝐻𝐶𝑂 using equation (47), 𝜃𝐶𝑂(𝑟) with 

equation (45), 𝜃𝑂 with equation (46) and 𝜃𝐻 with equation (43) to derive an expression of 𝜃𝐻𝑂 dependent only 

on the partial pressure of the gas species and the coverage of the free active sites (𝜃∗). 
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𝜃𝐻𝑂 =
𝑘5

𝑘10

⋅ 𝜃𝐻𝐶𝑂 =
𝑘4𝑘5

𝑘5𝑘10

⋅ 𝜃𝐶𝑂(𝑟) =
𝐾3𝑘4

𝑘10

⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

=
𝐾3𝑘4𝐾9

𝑘10

⋅
𝑝𝐶𝑂2

𝜃𝐻𝜃∗
2

𝜃𝐻𝑂𝜃∗

=
𝐾1

0.5𝐾3𝑘4𝐾9

𝑘10

⋅
𝑝𝐶𝑂2

𝑝𝐻2
0.5𝜃∗

2

𝜃𝐻𝑂

 (49) 

𝜃𝐻𝑂 = (
𝐾1

0.5𝐾3𝑘4𝐾9

𝑘10

)

0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐻𝑂𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (50) 

Similarly, we can obtain the expression of 𝜃𝑂 dependent only on the partial pressure of the gas species and 

the coverage of the free active sites (𝜃∗). 

𝜃𝑂 =
1

𝐾9

⋅
𝜃𝐻𝑂𝜃∗

𝜃𝐻

=
1

𝐾1
0.5𝐾9

(
𝐾1

0.5𝐾3𝑘4𝐾9

𝑘10

)

0.5

⋅
𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.25𝜃∗

2

𝑝𝐻2

0.5𝜃∗

= (
𝐾3𝑘4

𝐾1
0.5𝐾9𝑘10

)

0.5

⋅
𝑝𝐶𝑂2

0.5 𝜃∗

𝑝𝐻2

0.25 = 𝐾𝑂

𝑝𝐶𝑂2
0.5 𝜃∗

𝑝𝐻2

0.25  (51) 

Now, we can derive the expressions to describe both 𝜃𝐶𝑂(𝑖) and 𝜃𝐶𝑂(𝑟) dependent only on the partial pressure 

of the gas species and the coverage of the free active sites (𝜃∗). 

𝜃𝐶𝑂(𝑖) = 𝐾2 (
𝐾1

0.5𝐾9𝑘10

𝐾3𝑘4

)

0.5

⋅
𝑝𝐶𝑂2

𝑝𝐻2
0.25𝜃∗

2

𝑝𝐶𝑂2

0.5 𝜃∗

= (
𝐾1

0.5𝐾2
2𝐾9𝑘10

𝐾3𝑘4

)

0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐶𝑂(𝑖)𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (52) 

𝜃𝐶𝑂(𝑟) = 𝐾3 (
𝐾1

0.5𝐾9𝑘10

𝐾3𝑘4

)

0.5

⋅
𝑝𝐶𝑂2

𝑝𝐻2
0.25𝜃∗

2

𝑝𝐶𝑂2

0.5 𝜃∗

= (
𝐾1

0.5𝐾3
2𝐾9𝑘10

𝐾3𝑘4

)

0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐶𝑂(𝑟)𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (53) 

Then, we can obtain the expression to describe 𝜃𝐻𝐶𝑂 dependent only on the partial pressure of the gas species 

and the coverage of the free active sites (𝜃∗). 

𝜃𝐻𝐶𝑂 =
𝑘4

𝑘5

⋅ 𝜃𝐶𝑂(𝑟) = (
𝐾1

0.5𝐾3
2𝑘4𝐾9𝑘10

𝐾3𝑘5
2 )

0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐻𝐶𝑂𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (54) 

The surface coverage of the active sites can be written as reported in equation (55). 

𝜃∗ + 𝜃𝐻 + 𝜃𝑂 + 𝜃𝐻𝑂 + 𝜃𝐻𝐶𝑂 + 𝜃𝐶𝑂(𝑖) + 𝜃𝐶𝑂(𝑟) + 𝜃𝐶𝐻 + 𝜃𝐶𝐻2
+ 𝜃𝐶𝐻3

= 1 (55) 

Thus, we can obtain the expression describing 𝜃∗ by substituting the expressions of the coverage of the 

superficial species, as reported in equation (56). We assume H*, O*, HO*, CO* and HCO* as most abundant 

superficial intermediates (MASI) and a low coverage for the other species. 

𝜃∗ = [1 + 𝐾𝐻 ⋅ 𝑝𝐻2
0.5 + 𝐾𝑂 ⋅

𝑝𝐶𝑂2
0.5

𝑝𝐻2

0.25 + (𝐾𝐻𝑂 + 𝐾𝐻𝐶𝑂 + 𝐾𝐶𝑂(𝑖) + 𝐾𝐶𝑂(𝑟)) ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25]

−1

 (56) 

We may approximate equation (56) with equation (57) to reduce the number of unknown parameters. 

𝜃∗ ≅ [1 + 𝐾𝐻 ⋅ 𝑝𝐻2
0.5 + 𝐾𝑂 ⋅

𝑝𝐶𝑂2
0.5

𝑝𝐻2

0.25 + 𝐾𝑚𝑖𝑥 ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25]

−1

 (57) 

If the elementary step (4) is considered the rate-determining step (RDS), the reaction rate expression becomes 

the following: 

𝑟4 = 𝑘4𝜃𝐶𝑂(𝑟)𝜃𝐻 = 𝑘4𝐾𝐶𝑂(𝑟)𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗𝐾𝐻𝑝𝐻2
0.5𝜃∗ = 𝑘4

∗𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.75𝜃∗
2 (58) 

𝑟4 =
𝑘4

∗ ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.75

(1 + 𝐾𝐻 ⋅ 𝑝𝐻2

0.5 + 𝐾𝑂 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2

−0.25 + 𝐾𝑚𝑖𝑥 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2

0.25)
2 (59) 

The same reaction rate expression will be obtained if the elementary step (5) is considered the RDS. 

𝑟5 = 𝑘5𝜃𝐻𝐶𝑂𝜃𝐻 =
𝑘5

∗ ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.75

(1 + 𝐾𝐻 ⋅ 𝑝𝐻2

0.5 + 𝐾𝑂 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2

−0.25 + 𝐾𝑚𝑖𝑥 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2

0.25)
2 (60) 
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5.2 Model M2 

The mechanism of the model M2 has been proposed by Cabral et al.[8] : 

Table S8. Elementary steps considered in model M2. 

Step Elementary reaction Assumption 

(1) 𝐻2(𝑔) + 2 ∗ ⇌ 2 𝐻∗ Quasi-equilibrium 

(2) 𝐶𝑂2(𝑔) + 𝐻∗  ⇌ 𝐻𝐶𝑂𝑂∗ Quasi-equilibrium 

(3) 𝐻𝐶𝑂𝑂∗ + ∗ ⇌ 𝐶𝑂(𝑖)
∗ + 𝐻𝑂∗ Quasi-equilibrium 

(4) 𝐻𝐶𝑂𝑂∗ + ∗ ⇌ 𝐶𝑂(𝑟)
∗ + 𝐻𝑂∗ Quasi-equilibrium 

(5) 𝐶𝑂(𝑟)
∗ + 𝐻∗ ⟶ 𝐻𝐶𝑂∗ + ∗ Irreversible – RDS 

(6) 𝐻𝐶𝑂∗ + 𝐻∗ ⟶ 𝐶𝐻∗ +  𝐻𝑂∗ Irreversible – RDS  

(7) 𝐶𝐻∗ + 𝐻∗ ⇌ 𝐶𝐻2
∗ + ∗ Quasi-equilibrium 

(8) 𝐶𝐻2
∗ + 𝐻∗ ⇌ 𝐶𝐻3

∗ + ∗ Quasi-equilibrium 

(9) 𝐶𝐻3
∗ + 𝐻∗ ⟶ 𝐶𝐻4(𝑔) +  2 ∗ Irreversible 

(10) 𝐻𝑂∗ + 𝐻∗ ⟶ 𝐻2𝑂(𝑔) + 2 ∗ Irreversible 

The coverage of H* species (𝜃𝐻) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (1). 

𝑘1𝑝𝐻2
𝜃∗

2 = 𝑘−1𝜃𝐻
2 ⟶ 𝜃𝐻 = 𝐾1

0.5𝑝𝐻2
0.5𝜃∗ = 𝐾𝐻𝑝𝐻2

0.5𝜃∗ (61) 

The coverage of HCOO* species (𝜃𝐻𝐶𝑂𝑂) can be obtained using the quasi-equilibrium hypothesis on the 

elementary step (2). 

𝑘2𝑝𝐶𝑂2
𝜃𝐻 = 𝑘−2𝜃𝐻𝐶𝑂𝑂 ⟶ 𝜃𝐻𝐶𝑂𝑂 = 𝐾2𝑝𝐶𝑂2

𝜃𝐻 (62) 

The coverage of bridged inert CO* species (𝜃𝐶𝑂(𝑖)) and reactive CO* species (𝜃𝐶𝑂(𝑟)) can be obtained using 

the quasi-equilibrium hypotheses on the elementary steps (3) and (4). 

𝑘3𝜃𝐻𝐶𝑂𝑂𝜃∗ = 𝑘−3𝜃𝐶𝑂(𝑖)𝜃𝑂𝐻 ⟶ 𝜃𝐶𝑂(𝑖) = 𝐾3

𝜃𝐻𝐶𝑂𝑂𝜃∗

𝜃𝐻𝑂

 (63) 

𝑘4𝜃𝐻𝐶𝑂𝑂𝜃∗ = 𝑘−4𝜃𝐶𝑂(𝑟)𝜃𝑂𝐻 ⟶ 𝜃𝐶𝑂(𝑟) = 𝐾4

𝜃𝐻𝐶𝑂𝑂𝜃∗

𝜃𝐻𝑂

 (64) 

The coverage of the HCO* species (𝜃𝐻𝐶𝑂) can be obtained by making the pseudo steady-state hypothesis in 

stationary conditions and considering elementary steps (5) and (6) as irreversible. 

𝑑𝜃𝐻𝐶𝑂

𝑑𝑡
= 𝑘5𝜃𝐶𝑂(𝑟)𝜃𝐻 − 𝑘6𝜃𝐻𝐶𝑂𝜃𝐻 ≅ 0 ⟶ 𝜃𝐻𝐶𝑂 =

𝑘5

𝑘6

𝜃𝐶𝑂(𝑟) (65) 

Similarly, the coverage of HO* species (𝜃𝐻𝑂) can be obtained by making the pseudo steady-state hypothesis 

in stationary conditions and considering elementary steps (3) and (4) at quasi-equilibrium and elementary 

steps (6) and (10) as irreversible. 

𝑑𝜃𝐻𝑂

𝑑𝑡
= (𝑘3 + 𝑘4)𝜃𝐻𝐶𝑂𝑂𝜃∗ − 𝑘−3𝜃𝐶𝑂(𝑖)𝜃𝐻𝑂 − 𝑘−4𝜃𝐶𝑂(𝑟)𝜃𝐻𝑂 + 𝑘6𝜃𝐻𝐶𝑂𝜃𝐻 − 𝑘10𝜃𝐻𝑂𝜃𝐻 ≅ 0 ⟶ 𝜃𝐻𝑂 =

𝑘6

𝑘10
𝜃𝐻𝐶𝑂 (66) 

Now, by substituting equations (61), (62), (65) and (66) into equation (64), we can obtain the coverage of 

reactive CO* species depending on only the partial pressures of gas and the coverage of free active sites. 

𝜃𝐶𝑂(𝑟) = 𝐾4

𝜃𝐻𝐶𝑂𝑂𝜃∗

𝜃𝐻𝑂

= 𝐾2𝐾4

𝑘10

𝑘6

⋅
𝑝𝐶𝑂2

𝜃𝐻𝜃∗

𝜃𝐻𝐶𝑂

= 𝐾1
0.5𝐾2𝐾4

𝑘10

𝑘5

⋅
𝑝𝐶𝑂2

𝑝𝐻2
0.5𝜃∗

2

𝜃𝐶𝑂(𝑟)
  (67) 

𝜃𝐶𝑂(𝑟) = (𝐾1
0.5𝐾2𝐾4

𝑘10

𝑘5

)
0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐶𝑂(𝑟)𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (68) 

By substituting equation (68) into equation (65), we can obtain the expression for describing the coverage of 

HCO* species. 
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𝜃𝐻𝐶𝑂 =
𝑘5

𝑘6

𝜃𝐶𝑂(𝑟) = (𝐾1
0.5𝐾2𝐾4

𝑘5𝑘10

𝑘6
2 )

0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐻𝐶𝑂𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (69) 

By substituting equation (69) into equation (66), we can obtain the coverage of HO* species. 

𝜃𝐻𝑂 =
𝑘6

𝑘10

𝜃𝐻𝐶𝑂 = (𝐾1
0.5𝐾2𝐾4

𝑘5

𝑘10

)
0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐻𝑂𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (70) 

We can obtain the coverage of inert CO* species, by substituting equations (61), (62) and (70) into equation 

(63). 

𝜃𝐶𝑂(𝑖) = 𝐾3

𝜃𝐻𝐶𝑂𝑂𝜃∗

𝜃𝐻𝑂

= (
𝐾4𝑘5

𝐾1
0.5𝐾2𝐾3

2𝑘10

)

−0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐶𝑂(𝑖)𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (71) 

By substituting equation (61) into equation (62), we can obtain the coverage of HCOO* species. 

𝜃𝐻𝐶𝑂𝑂 = 𝐾2𝑝𝐶𝑂2
𝜃𝐻 = 𝐾1

0.5𝐾2𝑝𝐶𝑂2
𝑝𝐻2

0.5𝜃∗ = 𝐾𝐻𝐶𝑂𝑂𝑝𝐶𝑂2
𝑝𝐻2

0.5𝜃∗ (72) 

The surface coverage of the active sites can be written as reported in equation (73). 

𝜃∗ + 𝜃𝐻 + 𝜃𝐻𝐶𝑂𝑂 + 𝜃𝐻𝑂 + 𝜃𝐻𝐶𝑂 + 𝜃𝐶𝑂(𝑖) + 𝜃𝐶𝑂(𝑟) + 𝜃𝐶𝐻 + 𝜃𝐶𝐻2
+ 𝜃𝐶𝐻3

= 1 (73) 

Thus, we can obtain the expression describing 𝜃∗ by substituting the expressions of the coverage of the 

superficial species. In addition, we can assume H*, HO*, CO*, HCOO* and HCO* species as the most 

abundant superficial intermediates (MASI) during the reaction, and we can consider a low coverage for the 

other species. 

𝜃∗ = [1 + 𝐾𝐻 ⋅ 𝑝𝐻2
0.5 + 𝐾𝐻𝐶𝑂𝑂𝑝𝐶𝑂2

𝑝𝐻2
0.5 + (𝐾𝐻𝑂 + 𝐾𝐶𝑂(𝑖) + 𝐾𝐶𝑂(𝑟) + 𝐾𝐻𝐶𝑂) ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.25]

−1
 (74) 

We may approximate equation (74) as follows: 

𝜃∗ ≅ [1 + 𝐾𝐻 ⋅ 𝑝𝐻2
0.5 + 𝐾𝐻𝐶𝑂𝑂 ⋅ 𝑝𝐶𝑂2

𝑝𝐻2
0.5 + 𝐾𝑚𝑖𝑥 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.25]

−1
 (75) 

If the elementary step (5) is considered as the RDS, we can obtain the reaction rate expression reported in 

equation (76). 

𝑟5 = 𝑘5𝜃𝐶𝑂(𝑟)𝜃𝐻 = 𝑘5𝐾𝐶𝑂(𝑟)𝐾𝐻 ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.75𝜃∗
2 =

𝑘5
∗ ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.75

(1 + 𝐾𝐻 ⋅ 𝑝𝐻2

0.5 + 𝐾𝐻𝐶𝑂𝑂 ⋅ 𝑝𝐶𝑂2
𝑝𝐻2

0.5 + 𝐾𝑚𝑖𝑥 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2

0.25)
2 (76) 

If the elementary step (6) is considered as the RDS, we can obtain the reaction rate expression reported in 

equation (77) that is analogous to equation (76). 

𝑟6 = 𝑘6𝜃𝐻𝐶𝑂𝜃𝐻 = 𝑘6𝐾𝐻𝐾𝐻𝐶𝑂 ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.75𝜃∗
2 =

𝑘6
∗ ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.75

(1 + 𝐾𝐻 ⋅ 𝑝𝐻2

0.5 + 𝐾𝐻𝐶𝑂𝑂 ⋅ 𝑝𝐶𝑂2
𝑝𝐻2

0.5 + 𝐾𝑚𝑖𝑥 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2

0.25)
2 (77) 
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5.3 Model M3 

The mechanism of the model M3 has been proposed by Cabral et al.[8] : 

Table S9. Elementary steps considered in model M3. 

Step Elementary reaction Assumption 

(1) 𝐻2(𝑔) + 2 ∗ ⇌ 2 𝐻∗ Quasi-equilibrium 

(2) 𝐶𝑂2(𝑔) + 𝑂𝐻∗ ⇌ 𝐻𝑂𝐶𝑂2
∗ Quasi-equilibrium 

(3) 𝐻𝑂𝐶𝑂2
∗ + 𝐻∗  ⇌ 𝐻𝐶𝑂𝑂∗ + 𝐻𝑂∗ Quasi-equilibrium 

(4) 𝐻𝐶𝑂𝑂∗ + ∗ ⇌ 𝐶𝑂(𝑖)
∗ + 𝐻𝑂∗ Quasi-equilibrium 

(5) 𝐻𝐶𝑂𝑂∗ + ∗ ⇌ 𝐶𝑂(𝑟)
∗ + 𝐻𝑂∗ Quasi-equilibrium 

(6) 𝐶𝑂(𝑟)
∗ + 𝐻∗ ⟶ 𝐻𝐶𝑂∗ + ∗ Irreversible – RDS 

(7) 𝐻𝐶𝑂∗ + 𝐻∗ ⟶ 𝐶𝐻∗ +  𝐻𝑂∗ Irreversible – RDS  

(8) 𝐶𝐻∗ + 𝐻∗ ⇌ 𝐶𝐻2
∗ + ∗ Quasi-equilibrium 

(9) 𝐶𝐻2
∗ + 𝐻∗ ⇌ 𝐶𝐻3

∗ + ∗ Quasi-equilibrium 

(10) 𝐶𝐻3
∗ + 𝐻∗ ⟶ 𝐶𝐻4(𝑔) +  2 ∗ Irreversible 

(11) 𝐻𝑂∗ + 𝐻∗ ⟶ 𝐻2𝑂(𝑔) + 2 ∗ Irreversible 

The coverage of H* species (𝜃𝐻) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (1). 

𝑘1𝑝𝐻2
𝜃∗

2 = 𝑘−1𝜃𝐻
2 ⟶ 𝜃𝐻 = 𝐾1

0.5𝑝𝐻2
0.5𝜃∗ = 𝐾𝐻𝑝𝐻2

0.5𝜃∗ (78) 

The coverage of HOCO2* species (𝜃𝐻𝑂𝐶𝑂2
) can be derived using the quasi-equilibrium hypothesis on the 

elementary step (2). 

𝑘2𝑝𝐶𝑂2
𝜃𝐻𝑂 = 𝑘−2𝜃𝐻𝑂𝐶𝑂2

⟶ 𝜃𝐻𝑂𝐶𝑂2
= 𝐾2𝑝𝐶𝑂2

𝜃𝐻𝑂 (79) 

The coverage of HCOO* species (𝜃𝐻𝐶𝑂𝑂) can be obtained using the quasi-equilibrium hypothesis on the 

elementary step (3). 

𝑘3𝜃𝐻𝑂𝐶𝑂2
𝜃𝐻 = 𝑘−3𝜃𝐻𝐶𝑂𝑂𝜃𝐻𝑂 ⟶ 𝜃𝐻𝐶𝑂𝑂 = 𝐾3 ⋅

𝜃𝐻𝑂𝐶𝑂2
𝜃𝐻

𝜃𝐻𝑂

 (80) 

The coverage of bridged inert CO* species (𝜃𝐶𝑂(𝑖)) and reactive CO* species (𝜃𝐶𝑂(𝑟)) can be obtained using 

the quasi-equilibrium hypotheses on the elementary steps (4) and (5). 

𝑘4𝜃𝐻𝐶𝑂𝑂𝜃∗ = 𝑘−4𝜃𝐶𝑂(𝑖)𝜃𝐻𝑂 ⟶ 𝜃𝐶𝑂(𝑖) = 𝐾4

𝜃𝐻𝐶𝑂𝑂𝜃∗

𝜃𝐻𝑂

 (81) 

𝑘5𝜃𝐻𝐶𝑂𝑂𝜃∗ = 𝑘−5𝜃𝐶𝑂(𝑟)𝜃𝐻𝑂 ⟶ 𝜃𝐶𝑂(𝑟) = 𝐾5

𝜃𝐻𝐶𝑂𝑂𝜃∗

𝜃𝐻𝑂

 (82) 

The coverage of the HCO* species (𝜃𝐻𝐶𝑂) can be obtained by making the pseudo steady-state hypothesis in 

stationary conditions and considering elementary steps (6) and (7) as irreversible. 

𝑑𝜃𝐻𝐶𝑂

𝑑𝑡
= 𝑘6𝜃𝐶𝑂(𝑟)𝜃𝐻 − 𝑘7𝜃𝐻𝐶𝑂𝜃𝐻 ≅ 0 ⟶ 𝜃𝐻𝐶𝑂 =

𝑘6

𝑘7

𝜃𝐶𝑂(𝑟) (83) 

Similarly, the coverage of HO* species (𝜃𝑂𝐻) can be obtained by making the pseudo steady-state hypothesis 

in stationary conditions and considering elementary steps (3), (4) and (5) at quasi-equilibrium and elementary 

steps (7) and (11) as irreversible. 

𝑑𝜃𝐻𝑂

𝑑𝑡
= 𝑘3𝜃𝐻𝑂𝐶𝑂2

𝜃𝐻 − 𝑘−3𝜃𝐻𝐶𝑂𝑂𝜃𝐻𝑂 + (𝑘4 + 𝑘5)𝜃𝐻𝐶𝑂𝑂𝜃∗ − 𝑘−4𝜃𝐶𝑂(𝑖)𝜃𝐻𝑂 − 𝑘−5𝜃𝐶𝑂(𝑟)𝜃𝐻𝑂 + 𝑘7𝜃𝐻𝐶𝑂𝜃𝐻 − 𝑘11𝜃𝐻𝑂𝜃𝐻 ≅ 0 (84) 

𝑑𝜃𝐻𝑂

𝑑𝑡
= 𝑘7𝜃𝐻𝐶𝑂𝜃𝐻 − 𝑘11𝜃𝐻𝑂𝜃𝐻 ≅ 0 ⟶ 𝜃𝐻𝑂 =

𝑘7

𝑘11

𝜃𝐻𝐶𝑂 (85) 
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Now, by substituting equations (78), (79), (80), (83) and (85) into equation (81), we can obtain the expression 

of the reactive CO* species depending only on the partial pressures of gas and the coverage of free active 

sites. 

𝜃𝐶𝑂(𝑟) = 𝐾5

𝜃𝐻𝐶𝑂𝑂𝜃∗

𝜃𝐻𝑂

= 𝐾3𝐾5

𝜃𝐻𝑂𝐶𝑂2
𝜃𝐻𝜃∗

𝜃𝐻𝑂
2 = 𝐾2𝐾3𝐾5

𝑝𝐶𝑂2
𝜃𝐻𝜃∗

𝜃𝐻𝑂

= 𝐾1
0.5𝐾2𝐾3𝐾5

𝑘11

𝑘7

⋅
𝑝𝐶𝑂2

𝑝𝐻2

0.5𝜃∗
2

𝜃𝐻𝐶𝑂

= 𝐾1
0.5𝐾2𝐾3𝐾5

𝑘11

𝑘6

⋅
𝑝𝐶𝑂2

𝑝𝐻2

0.5𝜃∗
2

𝜃𝐶𝑂(𝑟)
 (86) 

𝜃𝐶𝑂(𝑟) = (𝐾1
0.5𝐾2𝐾3𝐾5

𝑘11

𝑘6

)
0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐶𝑂(𝑟)𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (87) 

We can derive the expression of the coverage of HCO* species by replacing equation (87) into equation (83). 

𝜃𝐻𝐶𝑂 =
𝑘6

𝑘7

𝜃𝐶𝑂(𝑟) = (𝐾1
0.5𝐾2𝐾3𝐾5

𝑘6𝑘11

𝑘7
2 )

0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐻𝐶𝑂𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (88) 

The coverage of HO* species can be obtained by substituting equation (88) into equation (85). 

𝜃𝐻𝑂 =
𝑘7

𝑘11

𝜃𝐻𝐶𝑂 = (𝐾1
0.5𝐾2𝐾3𝐾5

𝑘6

𝑘11

)
0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝑂𝐻𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (89) 

Now, replacing equation (89) into equation (79), we can obtain the expression of the coverage of HOCO2* 

species. 

𝜃𝐻𝑂𝐶𝑂2
= 𝐾2𝑝𝐶𝑂2

𝜃𝐻𝑂 = (𝐾1
0.5𝐾2

3𝐾3𝐾5

𝑘6

𝑘11

)
0.5

⋅ 𝑝𝐶𝑂2
1.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐻𝐶𝑂2
𝑝𝐶𝑂2

1.5 𝑝𝐻2
0.25𝜃∗ (90) 

We can obtain the coverage of HCOO* species by substituting equations (78), (90) and (89) into equation (80). 

𝜃𝐻𝐶𝑂𝑂 = 𝐾3 ⋅
𝜃𝐻𝑂𝐶𝑂2

𝜃𝐻

𝜃𝐻𝑂

= 𝐾1
0.5𝐾2𝐾3 ⋅ 𝑝𝐶𝑂2

𝑝𝐻2
0.5𝜃∗ = 𝐾𝐻𝐶𝑂𝑂𝑝𝐶𝑂2

𝑝𝐻2
0.5𝜃∗ (91) 

We can derive the coverage of the inert bridged CO* species by replacing equations (91) and (89) into equation 

(81). 

𝜃𝐶𝑂(𝑖) = 𝐾4

𝜃𝐻𝐶𝑂𝑂𝜃∗

𝜃𝐻𝑂

= (
𝐾5𝑘6

𝐾1
0.5𝐾2𝐾3𝐾4

2𝑘11

)

−0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐶𝑂(𝑖)𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (92) 

The surface coverage of the active sites can be written as reported in equation (93). Among all species, 

HOCO2* species should be adsorbed on support, so they do not occupy Ru active sites. 

𝜃∗ + 𝜃𝐻 + 𝜃𝐻𝐶𝑂𝑂 + 𝜃𝐻𝑂 + 𝜃𝐻𝐶𝑂 + 𝜃𝐶𝑂(𝑖) + 𝜃𝐶𝑂(𝑟) + 𝜃𝐶𝐻 + 𝜃𝐶𝐻2
+ 𝜃𝐶𝐻3

= 1 (93) 

Thus, we can obtain the expression describing 𝜃∗ by substituting the expressions of the coverage of the 

superficial species. In addition, we can assume H*, HO*, CO*, HCOO* and HCO* species as the most 

abundant superficial intermediates (MASI) during the reaction, and we can consider a low coverage for the 

other species. 

𝜃∗ = [1 + 𝐾𝐻 ⋅ 𝑝𝐻2
0.5 + 𝐾𝐻𝐶𝑂𝑂𝑝𝐶𝑂2

𝑝𝐻2
0.5 + (𝐾𝐻𝑂 + 𝐾𝐶𝑂(𝑖) + 𝐾𝐶𝑂(𝑟) + 𝐾𝐻𝐶𝑂) ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.25]

−1
 (94) 

We may approximate equation (94) as follows: 

𝜃∗ ≅ [1 + 𝐾𝐻 ⋅ 𝑝𝐻2
0.5 + 𝐾𝐻𝐶𝑂𝑂 ⋅ 𝑝𝐶𝑂2

𝑝𝐻2
0.5 + 𝐾𝑚𝑖𝑥 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.25]

−1
 (95) 

If the elementary step (6) is considered as the RDS, we can obtain the reaction rate expression reported in 

equation (96). 

𝑟6 = 𝑘6𝜃𝐶𝑂(𝑟)𝜃𝐻 = 𝑘6𝐾𝐶𝑂(𝑟)𝐾𝐻𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.75𝜃∗
2 =

𝑘6
∗ ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.75

(1 + 𝐾𝐻 ⋅ 𝑝𝐻2

0.5 + 𝐾𝐻𝐶𝑂𝑂 ⋅ 𝑝𝐶𝑂2
𝑝𝐻2

0.5 + 𝐾𝑚𝑖𝑥 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2

0.25)
2 (96) 

If the elementary step (7) is considered as the RDS, we can obtain the reaction rate expression reported in 

equation (97) that is analogous to equation (96). 

𝑟7 = 𝑘7𝜃𝐻𝐶𝑂𝜃𝐻 = 𝑘7𝐾𝐻𝐾𝐻𝐶𝑂𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.75𝜃∗
2 =

𝑘7
∗ ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.75

(1 + 𝐾𝐻 ⋅ 𝑝𝐻2

0.5 + 𝐾𝐻𝐶𝑂𝑂 ⋅ 𝑝𝐶𝑂2
𝑝𝐻2

0.5 + 𝐾𝑚𝑖𝑥 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2

0.25)
2 (97) 
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5.4 Model M4 

The mechanism of the model M4 is reported in Table S10: 

Table S10. Elementary steps considered in model M4. 

Step Elementary reaction Assumption 

(1) 𝐻2(𝑔) + 2 ∗ ⇌ 2 𝐻∗ Quasi-equilibrium 

(2) 𝐶𝑂2(𝑔) + 2 ∗ ⇌ 𝐶𝑂(𝑖)
∗ + 𝑂∗ Quasi-equilibrium 

(3) 𝐶𝑂2(𝑔) + 2 ∗ ⇌ 𝐶𝑂(𝑟)
∗ + 𝑂∗ Quasi-equilibrium 

(4) 𝐶𝑂(𝑟)
∗ + 𝐻∗ ⇌ 𝐶𝑂𝐻∗ + ∗  Quasi-equilibrium 

(5) 𝐶𝑂𝐻∗ + ∗ ⟶ 𝐶∗ + 𝐻𝑂∗ Irreversible – RDS 

(6) 𝐶∗ + 𝐻∗ ⟶ 𝐶𝐻∗ + ∗ Irreversible – RDS  

(7) 𝐶𝐻∗ + 𝐻∗ ⇌ 𝐶𝐻2
∗ + ∗ Quasi-equilibrium 

(8) 𝐶𝐻2
∗ + 𝐻∗ ⇌ 𝐶𝐻3

∗ + ∗ Quasi-equilibrium 

(9) 𝐶𝐻3
∗ + 𝐻∗ ⟶ 𝐶𝐻4(𝑔) +  2 ∗ Irreversible 

(10) 𝑂∗ + 𝐻∗ ⇌ 𝐻𝑂∗ + ∗ Quasi-equilibrium 

(11) 𝐻𝑂∗ + 𝐻∗ ⟶ 𝐻2𝑂(𝑔) + 2 ∗ Irreversible 

The coverage of H* species (𝜃𝐻) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (1). 

𝑘1𝑝𝐻2
𝜃∗

2 = 𝑘−1𝜃𝐻
2 ⟶ 𝜃𝐻 = 𝐾1

0.5𝑝𝐻2
0.5𝜃∗ = 𝐾𝐻𝑝𝐻2

0.5𝜃∗ (98) 

The coverage of inert bridged CO* species (𝜃𝐶𝑂(𝑖)) can be derived using the quasi-equilibrium hypothesis on 

the elementary step (2). 

𝑘2𝑝𝐶𝑂2
𝜃∗

2 = 𝑘−2𝜃𝐶𝑂(𝑖)𝜃𝑂 ⟶ 𝜃𝐶𝑂(𝑖) = 𝐾2 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

 (99) 

The coverage of reactive CO* species (𝜃𝐶𝑂(𝑟)) can be derived using the quasi-equilibrium hypothesis on the 

elementary step (3). 

𝑘3𝑝𝐶𝑂2
𝜃∗

2 = 𝑘−3𝜃𝐶𝑂(𝑟)𝜃𝑂 ⟶ 𝜃𝐶𝑂(𝑟) = 𝐾3 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

 (100) 

The coverage of hydroxy-carbonyl (COH*) species (𝜃𝐶𝑂𝐻) can be derived using the quasi-equilibrium 

hypothesis on the elementary step (4). 

𝑘4𝜃𝐶𝑂(𝑟)𝜃𝐻 = 𝑘−4𝜃𝐶𝑂𝐻𝜃∗ ⟶ 𝜃𝐶𝑂𝐻 = 𝐾4 ⋅
𝜃𝐶𝑂(𝑟)𝜃𝐻

𝜃∗

 (101) 

The coverage of O* species (𝜃𝑂) can be derived using the quasi-equilibrium hypothesis on the elementary step 

(10). 

𝑘10𝜃𝑂𝜃𝐻 = 𝑘−10𝜃𝐻𝑂𝜃∗ ⟶ 𝜃𝑂 =
1

𝐾10

⋅
𝜃𝐻𝑂𝜃∗

𝜃𝐻

 (102) 

The coverage of C* species (𝜃𝐶) can be obtained by making the pseudo steady-state hypothesis in stationary 

conditions and considering elementary steps (5) and (6) as irreversible. 

𝑑𝜃𝐶

𝑑𝑡
= 𝑘5𝜃𝐶𝑂𝐻𝜃∗ − 𝑘6𝜃𝐶𝜃𝐻 ≅ 0 ⟶ 𝜃𝐶 =

𝑘5

𝑘6

⋅
𝜃𝐶𝑂𝐻𝜃∗

𝜃𝐻

 (103) 

Similarly, the coverage of HO* species (𝜃𝐻𝑂) can be obtained by making the pseudo steady-state hypothesis 

in stationary conditions, considering elementary steps (5) and (11) as irreversible, and elementary step (10) at 

quasi-equilibrium. 

𝑑𝜃𝐻𝑂

𝑑𝑡
= 𝑘5𝜃𝐶𝑂𝐻𝜃∗ + 𝑘10𝜃𝑂𝜃𝐻 − 𝑘−10𝜃𝐻𝑂𝜃∗ − 𝑘11𝜃𝐻𝑂𝜃𝐻 ≅ 0 ⟶ 𝜃𝐻𝑂 =

𝑘5

𝑘11

⋅
𝜃𝐶𝑂𝐻𝜃∗

𝜃𝐻

 (104) 

Now, by substituting equations (98), (104), (102) and (100) into equation (101), we ca obtain 𝜃𝐶𝑂𝐻. 
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𝜃𝐶𝑂𝐻 = 𝐾4 ⋅
𝜃𝐶𝑂(𝑟)𝜃𝐻

𝜃∗

= 𝐾3𝐾4 ⋅
𝑝𝐶𝑂2

𝜃∗𝜃𝐻

𝜃𝑂

= 𝐾3𝐾4𝐾10 ⋅
𝑝𝐶𝑂2

𝜃𝐻
2

𝜃𝐻𝑂

=
𝐾3𝐾4𝐾10𝑘11

𝑘5

⋅
𝑝𝐶𝑂2

𝜃𝐻
3

𝜃𝐶𝑂𝐻𝜃∗

 (105) 

𝜃𝐶𝑂𝐻 = (
𝐾1

1.5𝐾3𝐾4𝐾10𝑘11

𝑘5

)

0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.75𝜃∗ = 𝐾𝐶𝑂𝐻 ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.75𝜃∗ (106) 

Now, we can determine 𝜃𝐶 and 𝜃𝐻𝑂 by substituting equations (98) and (106) in equations (103) and (104). 

𝜃𝐶 =
𝑘5

𝑘6

⋅
𝜃𝐶𝑂𝐻𝜃∗

𝜃𝐻

= (
𝐾1

0.5𝐾3𝐾4𝑘5𝐾10𝑘11

𝑘6
2 )

0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐶 ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (107) 

𝜃𝐻𝑂 =
𝑘5

𝑘11

⋅
𝜃𝐶𝑂𝐻𝜃∗

𝜃𝐻

= (
𝐾1

0.5𝐾3𝐾4𝑘5𝐾10

𝑘11

)

0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐻𝑂 ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (108) 

We can determine 𝜃𝑂 by substituting equations (98) and (108) into equation (102). 

𝜃𝑂 =
1

𝐾10

⋅
𝜃𝐻𝑂𝜃∗

𝜃𝐻

= (
𝐾3𝐾4𝑘5

𝐾1
0.5𝐾10𝑘11

)

0.5

⋅
𝑝𝐶𝑂2

0.5 𝜃∗

𝑝𝐻2

0.25 = 𝐾𝑂 ⋅
𝑝𝐶𝑂2

0.5 𝜃∗

𝑝𝐻2

0.25  (109) 

Lastly, we can substitute equation (109) into equations (99) and (100) to obtain 𝜃𝐶𝑂(𝑖) and 𝜃𝐶𝑂(𝑟). 

𝜃𝐶𝑂(𝑖) = 𝐾2 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

= (
𝐾3𝐾4𝑘5

𝐾1
0.5𝐾2

2𝐾10𝑘11

)

−0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐶𝑂(𝑖) ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (110) 

𝜃𝐶𝑂(𝑟) = 𝐾3 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

= (
𝐾3𝐾4𝑘5

𝐾1
0.5𝐾3

2𝐾10𝑘11

)

−0.5

⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ = 𝐾𝐶𝑂(𝑟) ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.25𝜃∗ (111) 

The surface coverage of the active sites can be written as reported in equation (112). 

𝜃∗ + 𝜃𝐻 + 𝜃𝑂 + 𝜃𝐻𝑂 + 𝜃𝐶𝑂𝐻 + 𝜃𝐶𝑂(𝑖) + 𝜃𝐶𝑂(𝑟) + 𝜃𝐶 + 𝜃𝐶𝐻 + 𝜃𝐶𝐻2
+ 𝜃𝐶𝐻3

= 1 (112) 

Thus, we can obtain the expression describing 𝜃∗ by substituting the expressions of the coverage of the 

superficial species, as reported in equation (113). In addition, we can assume H*, O*, HO* and CO* species 

as the most abundant superficial intermediates (MASI) during the reaction, and we can consider a low 

coverage for the other species. 

𝜃∗ = [1 + 𝐾𝐻 ⋅ 𝑝𝐻2
0.5 + 𝐾𝑂 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
−0.25 + (𝐾𝐻𝑂 + 𝐾𝐶𝑂(𝑖) + 𝐾𝐶𝑂(𝑟)) ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.25]

−1
 (113) 

𝜃∗ ≅ (1 + 𝐾𝐻 ⋅ 𝑝𝐻2
0.5 + 𝐾𝑂 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
−0.25 + 𝐾𝑚𝑖𝑥 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.25)

−1
 (114) 

If the elementary step (5) is considered as the RDS, we can obtain the reaction rate expression reported in 

equation (115). 

𝑟5 = 𝑘5𝜃𝐶𝑂𝐻𝜃∗ = 𝑘5𝐾𝐶𝑂𝐻 ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.75𝜃∗
2 =

𝑘5
∗ ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.75

(1 + 𝐾𝐻 ⋅ 𝑝𝐻2

0.5 + 𝐾𝑂 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2

−0.25 + 𝐾𝑚𝑖𝑥 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2

0.25)
2 (115) 

If the elementary step (6) is considered as the RDS, we can obtain the reaction rate expression reported in 

equation (116) that is analogous to equation (115). 

𝑟6 = 𝑘6𝜃𝐶𝜃𝐻 = 𝑘6𝐾𝐶𝐾𝐻 ⋅ 𝑝𝐶𝑂2
0.5 𝑝𝐻2

0.75𝜃∗
2 =

𝑘6
∗ ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2
0.75

(1 + 𝐾𝐻 ⋅ 𝑝𝐻2

0.5 + 𝐾𝑂 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2

−0.25 + 𝐾𝑚𝑖𝑥 ⋅ 𝑝𝐶𝑂2

0.5 𝑝𝐻2

0.25)
2 (116) 
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5.5 Model M5 

The mechanism of the model M5 is reported in Table S11: 

Table S11. Elementary steps considered in model M5. 

Step Elementary reaction Assumption 

(1) 𝐻2(𝑔) + 2 ∗ ⇌ 2 𝐻∗ Quasi-equilibrium 

(2) 𝐶𝑂2(𝑔) + 2 ∗ ⇌ 𝐶𝑂(𝑖)
∗ + 𝑂∗ Quasi-equilibrium 

(3) 𝐶𝑂2(𝑔) + 2 ∗ ⇌ 𝐶𝑂(𝑟)
∗ + 𝑂∗ Quasi-equilibrium 

(4) 𝐶𝑂(𝑟)
∗ + 𝐻∗ ⇌ 𝐻𝐶𝑂∗ + ∗  Reversible – RDS 

(5) 𝐻𝐶𝑂∗ + 𝐻∗  ⇌ 𝐶𝐻∗ + 𝐻𝑂∗ Quasi-equilibrium 

(6) 𝐶𝐻∗ + 𝐻∗ ⇌ 𝐶𝐻2
∗ + ∗ Quasi-equilibrium 

(7) 𝐶𝐻2
∗ + 𝐻∗ ⇌ 𝐶𝐻3

∗ + ∗ Quasi-equilibrium 

(8) 𝐶𝐻3
∗ + 𝐻∗ ⇌ 𝐶𝐻4(𝑔) +  2 ∗ Quasi-equilibrium 

(9) 𝑂∗ + 𝐻∗ ⇌ 𝐻𝑂∗ + ∗ Quasi-equilibrium 

(10) 𝐻𝑂∗ + 𝐻∗ ⇌ 𝐻2𝑂(𝑔) + 2 ∗ Quasi-equilibrium 

The coverage of H* species (𝜃𝐻) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (1). 

𝑘1𝑝𝐻2
𝜃∗

2 = 𝑘−1𝜃𝐻
2 ⟶ 𝜃𝐻 = 𝐾1

0.5𝑝𝐻2
0.5𝜃∗ = 𝐾𝐻𝑝𝐻2

0.5𝜃∗ (117) 

The coverage of inert bridged CO* species (𝜃𝐶𝑂(𝑖)) can be derived using the quasi-equilibrium hypothesis on 

the elementary step (2). 

𝑘2𝑝𝐶𝑂2
𝜃∗

2 = 𝑘−2𝜃𝐶𝑂(𝑖)𝜃𝑂 ⟶ 𝜃𝐶𝑂(𝑖) = 𝐾2 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

 (118) 

The coverage of reactive CO* species (𝜃𝐶𝑂(𝑟)) can be derived using the quasi-equilibrium hypothesis on the 

elementary step (3). 

𝑘3𝑝𝐶𝑂2
𝜃∗

2 = 𝑘−3𝜃𝐶𝑂(𝑟)𝜃𝑂 ⟶ 𝜃𝐶𝑂(𝑟) = 𝐾3 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

 (119) 

The coverage of HCO* species (𝜃𝐻𝐶𝑂) can be obtained using the quasi-equilibrium hypothesis on the 

elementary step (5). 

𝑘5𝜃𝐻𝐶𝑂𝜃𝐻 = 𝑘−5𝜃𝐶𝐻𝜃𝐻𝑂 ⟶ 𝜃𝐻𝐶𝑂 =
1

𝐾5

⋅
𝜃𝐶𝐻𝜃𝐻𝑂

𝜃𝐻

 (120) 

The coverage of CH* species (𝜃𝐶𝐻) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (6). 

𝑘6𝜃𝐶𝐻𝜃𝐻 = 𝑘−6𝜃𝐶𝐻2
𝜃∗ ⟶ 𝜃𝐶𝐻 =

1

𝐾6

⋅
𝜃𝐶𝐻2

𝜃∗

𝜃𝐻

 (121) 

The coverage of CH2* species (𝜃𝐶𝐻2
) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (7). 

𝑘7𝜃𝐶𝐻2
𝜃𝐻 = 𝑘−7𝜃𝐶𝐻3

𝜃∗ ⟶ 𝜃𝐶𝐻2
=

1

𝐾7

⋅
𝜃𝐶𝐻3

𝜃∗

𝜃𝐻

 (122) 

The coverage of CH3* species (𝜃𝐶𝐻3
) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (8). 

𝑘8𝜃𝐶𝐻3
𝜃𝐻 = 𝑘−8𝑝𝐶𝐻4

𝜃∗
2 ⟶ 𝜃𝐶𝐻3

=
1

𝐾8

⋅
𝑝𝐶𝐻4

𝜃∗
2

𝜃𝐻

 (123) 

The coverage of O* species (𝜃𝑂) can be derived using the quasi-equilibrium hypothesis on the elementary step 

(9). 
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𝑘9𝜃𝑂𝜃𝐻 = 𝑘−9𝜃𝐻𝑂𝜃∗ ⟶ 𝜃𝑂 =
1

𝐾9

⋅
𝜃𝐻𝑂𝜃∗

𝜃𝐻

 (124) 

The coverage of HO* species (𝜃𝑂𝐻) can be derived using the quasi-equilibrium hypothesis on the elementary 

step (10). 

𝑘10𝜃𝐻𝑂𝜃𝐻 = 𝑘−10𝑝𝐻2𝑂𝜃∗
2 ⟶ 𝜃𝐻𝑂 =

1

𝐾10

⋅
𝑝𝐻2𝑂𝜃∗

2

𝜃𝐻

 (125) 

Now, by substituting 𝜃𝐻 from equation (117) in equations (123) and (125), we can obtain the expressions of 

𝜃𝐶𝐻3
 and 𝜃𝐻𝑂 as a function of the partial pressures of the gases and the coverage of free active sites. 

𝜃𝐶𝐻3
=

1

𝐾8

⋅
𝑝𝐶𝐻4

𝜃∗
2

𝜃𝐻

=
1

𝐾1
0.5𝐾8

⋅
𝑝𝐶𝐻4

𝜃∗

𝑝𝐻2

0.5 = 𝐾𝐶𝐻3
⋅

𝑝𝐶𝐻4
𝜃∗

𝑝𝐻2

0.5  (126) 

𝜃𝐻𝑂 =
1

𝐾10

⋅
𝑝𝐻2𝑂𝜃∗

2

𝜃𝐻

=
1

𝐾1
0.5𝐾10

⋅
𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

0.5 = 𝐾𝑂𝐻 ⋅
𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

0.5  (127) 

By substituting 𝜃𝐻 and 𝜃𝐻𝑂 in equation (124), we can obtain the expression of 𝜃𝑂 as a function of the partial 

pressures and the coverage of free active sites. 

𝜃𝑂 =
1

𝐾9

⋅
𝜃𝐻𝑂𝜃∗

𝜃𝐻

=
1

𝐾1𝐾9𝐾10

⋅
𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

= 𝐾𝑂 ⋅
𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

 (128) 

Now, we can substitute equation (123) into equation (122) to obtain 𝜃𝐶𝐻2
. 

𝜃𝐶𝐻2
=

1

𝐾7

⋅
𝜃𝐶𝐻3

𝜃∗

𝜃𝐻

=
1

𝐾1𝐾7𝐾8

⋅
𝑝𝐶𝐻4

𝜃∗

𝑝𝐻2

= 𝐾𝐶𝐻2
⋅

𝑝𝐶𝐻4
𝜃∗

𝑝𝐻2

 (129) 

Then, we can substitute equation (129) into equation (121) to obtain 𝜃𝐶𝐻. 

𝜃𝐶𝐻 =
1

𝐾6

⋅
𝜃𝐶𝐻2

𝜃∗

𝜃𝐻

=
1

𝐾1
1.5𝐾6𝐾7𝐾8

⋅
𝑝𝐶𝐻4

𝜃∗

𝑝𝐻2

1.5 = 𝐾𝐶𝐻 ⋅
𝑝𝐶𝐻4

𝜃∗

𝑝𝐻2

1.5  (130) 

Now, by substituting equations (117), (125) and (130) in equation (120), we can obtain 𝜃𝐻𝐶𝑂. 

𝜃𝐻𝐶𝑂 =
1

𝐾5

⋅
𝜃𝐶𝐻𝜃𝐻𝑂

𝜃𝐻

=
1

𝐾1
2.5𝐾5𝐾6𝐾7𝐾8𝐾10

⋅
𝑝𝐶𝐻4

𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

2.5 = 𝐾𝐻𝐶𝑂 ⋅
𝑝𝐶𝐻4

𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

2.5  (131) 

By substituting equation (128) in equations (119) and (120), we can obtain 𝜃𝐶𝑂(𝑖) and 𝜃𝐶𝑂(𝑟). 

𝜃𝐶𝑂(𝑖) = 𝐾2 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

= 𝐾1𝐾2𝐾9𝐾10 ⋅
𝑝𝐶𝑂2

𝑝𝐻2
𝜃∗

𝑝𝐻2𝑂

= 𝐾𝐶𝑂(𝑖) ⋅
𝑝𝐶𝑂2

𝑝𝐻2
𝜃∗

𝑝𝐻2𝑂

 (132) 

𝜃𝐶𝑂(𝑟) = 𝐾3 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

= 𝐾1𝐾3𝐾9𝐾10 ⋅
𝑝𝐶𝑂2

𝑝𝐻2
𝜃∗

𝑝𝐻2𝑂

= 𝐾𝐶𝑂(𝑟) ⋅
𝑝𝐶𝑂2

𝑝𝐻2
𝜃∗

𝑝𝐻2𝑂

 (133) 

The surface coverage of the active sites can be written as reported in equation (134). 

𝜃∗ + 𝜃𝐻 + 𝜃𝑂 + 𝜃𝐻𝑂 + 𝜃𝐻𝐶𝑂 + 𝜃𝐶𝑂(𝑖) + 𝜃𝐶𝑂(𝑟) + 𝜃𝐶𝐻 + 𝜃𝐶𝐻2
+ 𝜃𝐶𝐻3

= 1 (134) 

Thus, we can obtain the expression describing 𝜃∗ by substituting the expressions of the coverage of the 

superficial species, as reported in equation (135). In addition, we can assume H*, OH* and CO* species as 

the most abundant superficial intermediates (MASI) during the reaction, and we can consider a low coverage 

for the other species. 

𝜃∗ = [1 + 𝐾𝐻 ⋅ 𝑝𝐻2
0.5 + 𝐾𝐻𝑂 ⋅

𝑝𝐻2𝑂

𝑝𝐻2

0.5 + (𝐾𝐶𝑂(𝑖) + 𝐾𝐶𝑂(𝑟)) ⋅
𝑝𝐶𝑂2

𝑝𝐻2

𝑝𝐻2𝑂

]

−1

 (135) 

If the elementary step (4) is considered as the RDS, we can obtain the reaction rate expression reported in 

equation (136). 

𝑟4 = 𝑘4𝜃𝐶𝑂(𝑟)𝜃𝐻 − 𝑘−4𝜃𝐻𝐶𝑂𝜃∗ = 𝑘4𝐾𝐶𝑂(𝑟)

𝑝𝐶𝑂2
𝑝𝐻2

𝜃∗

𝑝𝐻2𝑂

𝐾𝐻𝑝𝐻2
0.5𝜃∗ − 𝑘−4𝐾𝐻𝐶𝑂

𝑝𝐶𝐻4
𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

2.5 𝜃∗ (136) 
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𝑟4 = 𝑘4
∗

𝑝𝐶𝑂2
𝑝𝐻2

1.5

𝑝𝐻2𝑂

𝜃∗
2 − 𝑘−4

∗
𝑝𝐶𝐻4

𝑝𝐻2𝑂
2

𝑝𝐻2

2.5 𝜃∗
2 =

𝑘4
∗ ⋅

𝑝𝐶𝑂2
𝑝𝐻2

1.5

𝑝𝐻2𝑂
⋅ (1 −

1
𝐾𝑒𝑞

⋅
𝑝𝐶𝐻4

𝑝𝐻2𝑂
2

𝑝𝐶𝑂2
𝑝𝐻2

4 )

(1 + 𝐾𝐻 ⋅ 𝑝𝐻2

0.5 + 𝐾𝐻𝑂 ⋅
𝑝

𝐻2𝑂

𝑝𝐻2

0.5 + (𝐾𝐶𝑂(𝑖) + 𝐾𝐶𝑂(𝑟)) ⋅
𝑝𝐶𝑂2

𝑝𝐻2

𝑝𝐻2𝑂
)

2 (137) 

We may simplify equation (137) into equation (138). 

𝑟4 ≅

𝑘4
∗ ⋅

𝑝𝐶𝑂2
𝑝𝐻2

1.5

𝑝𝐻2𝑂
⋅ (1 −

𝑄
𝐾𝑒𝑞

)

(1 + 𝐾𝐻 ⋅ 𝑝𝐻2

0.5 + 𝐾𝐻𝑂 ⋅
𝑝𝐻2𝑂

𝑝𝐻2

0.5 + 𝐾𝑚𝑖𝑥 ⋅
𝑝𝐶𝑂2

𝑝𝐻2

𝑝𝐻2𝑂
)

2 (138) 
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5.6 Model M6 

The mechanism of the model M6 is reported in Table S12: 

Table S12. Elementary steps considered in model M6. 

Step Elementary reaction Assumption 

(1) 𝐻2(𝑔) + 2 ∗ ⇌ 2 𝐻∗ Quasi-equilibrium 

(2) 𝐶𝑂2(𝑔) + 2 ∗ ⇌ 𝐶𝑂(𝑖)
∗ + 𝑂∗ Quasi-equilibrium 

(3) 𝐶𝑂2(𝑔) + 2 ∗ ⇌ 𝐶𝑂(𝑟)
∗ + 𝑂∗ Quasi-equilibrium 

(4) 𝐶𝑂(𝑟)
∗ + ∗ ⇌ 𝐶∗ + 𝑂∗  Reversible – RDS 

(5) 𝐶∗ + 𝐻∗ ⇌ 𝐶𝐻∗ + ∗ Quasi-equilibrium 

(6) 𝐶𝐻∗ + 𝐻∗ ⇌ 𝐶𝐻2
∗ + ∗ Quasi-equilibrium 

(7) 𝐶𝐻2
∗ + 𝐻∗ ⇌ 𝐶𝐻3

∗ + ∗ Quasi-equilibrium 

(8) 𝐶𝐻3
∗ + 𝐻∗ ⇌ 𝐶𝐻4(𝑔) +  2 ∗ Quasi-equilibrium 

(9) 𝑂∗ + 𝐻∗ ⇌ 𝐻𝑂∗ + ∗ Quasi-equilibrium 

(10) 𝐻𝑂∗ + 𝐻∗ ⇌ 𝐻2𝑂(𝑔) + 2 ∗ Quasi-equilibrium 

The coverage of H* species (𝜃𝐻) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (1). 

𝑘1𝑝𝐻2
𝜃∗

2 = 𝑘−1𝜃𝐻
2 ⟶ 𝜃𝐻 = 𝐾1

0.5𝑝𝐻2
0.5𝜃∗ = 𝐾𝐻𝑝𝐻2

0.5𝜃∗ (139) 

The coverage of inert bridged CO* species (𝜃𝐶𝑂(𝑖)) can be derived using the quasi-equilibrium hypothesis on 

the elementary step (2). 

𝑘2𝑝𝐶𝑂2
𝜃∗

2 = 𝑘−2𝜃𝐶𝑂(𝑖)𝜃𝑂 ⟶ 𝜃𝐶𝑂(𝑖) = 𝐾2 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

 (140) 

The coverage of reactive CO* species (𝜃𝐶𝑂(𝑟)) can be derived using the quasi-equilibrium hypothesis on the 

elementary step (3). 

𝑘3𝑝𝐶𝑂2
𝜃∗

2 = 𝑘−3𝜃𝐶𝑂(𝑟)𝜃𝑂 ⟶ 𝜃𝐶𝑂(𝑟) = 𝐾3 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

 (141) 

The coverage of C* species (𝜃𝑐) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (5). 

𝑘5𝜃𝐶𝜃𝐻 = 𝑘−5𝜃𝐶𝐻𝜃∗ ⟶ 𝜃𝐶 =
1

𝐾5

⋅
𝜃𝐶𝐻𝜃∗

𝜃𝐻

 (142) 

The coverage of CH* species (𝜃𝐶𝐻) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (6). 

𝑘6𝜃𝐶𝐻𝜃𝐻 = 𝑘−6𝜃𝐶𝐻2
𝜃∗ ⟶ 𝜃𝐶𝐻 =

1

𝐾6

⋅
𝜃𝐶𝐻2

𝜃∗

𝜃𝐻

 (143) 

The coverage of CH2* species (𝜃𝐶𝐻2
) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (7). 

𝑘7𝜃𝐶𝐻2
𝜃𝐻 = 𝑘−7𝜃𝐶𝐻3

𝜃∗ ⟶ 𝜃𝐶𝐻2
=

1

𝐾7

⋅
𝜃𝐶𝐻3

𝜃∗

𝜃𝐻

 (144) 

The coverage of CH3* species (𝜃𝐶𝐻3
) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (8). 

𝑘8𝜃𝐶𝐻3
𝜃𝐻 = 𝑘−8𝑝𝐶𝐻4

𝜃∗
2 ⟶ 𝜃𝐶𝐻3

=
1

𝐾8

⋅
𝑝𝐶𝐻4

𝜃∗
2

𝜃𝐻

 (145) 

The coverage of O* species (𝜃𝑂) can be derived using the quasi-equilibrium hypothesis on the elementary step 

(9). 
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𝑘9𝜃𝑂𝜃𝐻 = 𝑘−9𝜃𝐻𝑂𝜃∗ ⟶ 𝜃𝑂 =
1

𝐾9

⋅
𝜃𝐻𝑂𝜃∗

𝜃𝐻

 (146) 

The coverage of HO* species (𝜃𝐻𝑂) can be derived using the quasi-equilibrium hypothesis on the elementary 

step (10). 

𝑘10𝜃𝐻𝑂𝜃𝐻 = 𝑘−10𝑝𝐻2𝑂𝜃∗
2 ⟶ 𝜃𝐻𝑂 =

1

𝐾10

⋅
𝑝𝐻2𝑂𝜃∗

2

𝜃𝐻

 (147) 

Now, by substituting 𝜃𝐻 from equation (139) in equations (145) and (147), we can obtain the expressions of 

𝜃𝐶𝐻3
 and 𝜃𝐻𝑂 as a function of the partial pressures of the gases and the coverage of free active sites. 

𝜃𝐶𝐻3
=

1

𝐾8

⋅
𝑝𝐶𝐻4

𝜃∗
2

𝜃𝐻

=
1

𝐾1
0.5𝐾8

⋅
𝑝𝐶𝐻4

𝜃∗

𝑝𝐻2

0.5 = 𝐾𝐶𝐻3
⋅

𝑝𝐶𝐻4
𝜃∗

𝑝𝐻2

0.5  (148) 

𝜃𝐻𝑂 =
1

𝐾10

⋅
𝑝𝐻2𝑂𝜃∗

2

𝜃𝐻

=
1

𝐾1
0.5𝐾10

⋅
𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

0.5 = 𝐾𝐻𝑂 ⋅
𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

0.5  (149) 

By substituting 𝜃𝐻 and 𝜃𝐻𝑂 in equation (146), we can obtain the expression of 𝜃𝑂 as a function of the partial 

pressures and the coverage of free active sites. 

𝜃𝑂 =
1

𝐾9

⋅
𝜃𝐻𝑂𝜃∗

𝜃𝐻

=
1

𝐾1𝐾9𝐾10

⋅
𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

= 𝐾𝑂 ⋅
𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

 (150) 

Now, we can substitute equations (139) and (148) into equation (144) to obtain 𝜃𝐶𝐻2
. 

𝜃𝐶𝐻2
=

1

𝐾7

⋅
𝜃𝐶𝐻3

𝜃∗

𝜃𝐻

=
1

𝐾1𝐾7𝐾8

⋅
𝑝𝐶𝐻4

𝜃∗

𝑝𝐻2

= 𝐾𝐶𝐻2
⋅

𝑝𝐶𝐻4
𝜃∗

𝑝𝐻2

 (151) 

Then, we can substitute equation (151) into equation (143) to obtain 𝜃𝐶𝐻. 

𝜃𝐶𝐻 =
1

𝐾6

⋅
𝜃𝐶𝐻2

𝜃∗

𝜃𝐻

=
1

𝐾1
1.5𝐾6𝐾7𝐾8

⋅
𝑝𝐶𝐻4

𝜃∗

𝑝𝐻2

1.5 = 𝐾𝐶𝐻 ⋅
𝑝𝐶𝐻4

𝜃∗

𝑝𝐻2

1.5  (152) 

Now, by substituting equations (139) and (152) in equation (142), we can obtain 𝜃𝐶. 

𝜃𝐶 =
1

𝐾5

⋅
𝜃𝐶𝐻𝜃∗

𝜃𝐻

=
1

𝐾1
2𝐾5𝐾6𝐾7𝐾8

⋅
𝑝𝐶𝐻4

𝜃∗

𝑝𝐻2

2 = 𝐾𝐶 ⋅
𝑝𝐶𝐻4

𝜃∗

𝑝𝐻2

2  (153) 

By substituting equation (150) in equations (140) and (141), we can obtain 𝜃𝐶𝑂(𝑖) and 𝜃𝐶𝑂(𝑟). 

𝜃𝐶𝑂(𝑖) = 𝐾2 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

= 𝐾1𝐾2𝐾9𝐾10 ⋅
𝑝𝐶𝑂2

𝑝𝐻2
𝜃∗

2

𝑝𝐻2𝑂𝜃∗

= 𝐾𝐶𝑂(𝑖) ⋅
𝑝𝐶𝑂2

𝑝𝐻2
𝜃∗

𝑝𝐻2𝑂

 (154) 

𝜃𝐶𝑂(𝑟) = 𝐾3 ⋅
𝑝𝐶𝑂2

𝜃∗
2

𝜃𝑂

= 𝐾1𝐾3𝐾9𝐾10 ⋅
𝑝𝐶𝑂2

𝑝𝐻2
𝜃∗

𝑝𝐻2𝑂

= 𝐾𝐶𝑂(𝑟) ⋅
𝑝𝐶𝑂2

𝑝𝐻2
𝜃∗

𝑝𝐻2𝑂

 (155) 

The surface coverage of the active sites can be written as reported in equation (156). 

𝜃∗ + 𝜃𝐻 + 𝜃𝑂 + 𝜃𝐻𝑂 + 𝜃𝐶 + 𝜃𝐶𝑂(𝑖) + 𝜃𝐶𝑂(𝑟) + 𝜃𝐶𝐻 + 𝜃𝐶𝐻2
+ 𝜃𝐶𝐻3

= 1 (156) 

Thus, we can obtain the expression describing 𝜃∗ by substituting the expressions of the coverage of the 

superficial species, as reported in equation (157). In addition, we can assume H*, OH* and CO* species as 

the most abundant superficial intermediates (MASI) during the reaction, and we can consider a low coverage 

for the other species. 

𝜃∗ = [1 + 𝐾𝐻 ⋅ 𝑝𝐻2
0.5 + 𝐾𝐻𝑂 ⋅

𝑝𝐻2𝑂

𝑝𝐻2

0.5 + (𝐾𝐶𝑂(𝑖) + 𝐾𝐶𝑂(𝑟)) ⋅
𝑝𝐶𝑂2

𝑝𝐻2

𝑝𝐻2𝑂

]

−1

 (157) 

If the elementary step (4) is considered as the RDS, we can obtain the reaction rate expression reported in 

equation (158). 

𝑟4 = 𝑘4𝜃𝐶𝑂(𝑟)𝜃∗ − 𝑘−4𝜃𝐶𝜃𝑂 = 𝑘4𝐾𝐶𝑂(𝑟)

𝑝𝐶𝑂2
𝑝𝐻2

𝜃∗
2

𝑝𝐻2𝑂

− 𝑘−4𝐾𝐶𝐾𝑂

𝑝𝐶𝐻4
𝑝𝐻2𝑂𝜃∗

2

𝑝𝐻2

3  (158) 
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𝑟4 = 𝑘4
∗

𝑝𝐶𝑂2
𝑝𝐻2

𝑝𝐻2𝑂

𝜃∗
2 − 𝑘−4

∗
𝑝𝐶𝐻4

𝑝𝐻2𝑂

𝑝𝐻2

3 𝜃∗
2 =

𝑘4
∗ ⋅

𝑝𝐶𝑂2
𝑝𝐻2

𝑝𝐻2𝑂
⋅ (1 −

1
𝐾𝑒𝑞

⋅
𝑝𝐶𝐻4

𝑝𝐻2𝑂
2

𝑝𝐶𝑂2
𝑝𝐻2

4 )

(1 + 𝐾𝐻 ⋅ 𝑝𝐻2

0.5 + 𝐾𝐻𝑂 ⋅
𝑝𝐻2𝑂

𝑝𝐻2

0.5 + (𝐾𝐶𝑂(𝑖) + 𝐾𝐶𝑂(𝑟)) ⋅
𝑝𝐶𝑂2

𝑝𝐻2

𝑝𝐻2𝑂
)

2 (159) 

We may simplify equation (159) into equation (160). 

𝑟4 ≅

𝑘4
∗ ⋅

𝑝𝐶𝑂2
𝑝𝐻2

𝑝𝐻2𝑂
⋅ (1 −

𝑄
𝐾𝑒𝑞

)

(1 + 𝐾𝐻 ⋅ 𝑝𝐻2

0.5 + 𝐾𝐻𝑂 ⋅
𝑝𝐻2𝑂

𝑝𝐻2

0.5 + 𝐾𝑚𝑖𝑥 ⋅
𝑝𝐶𝑂2

𝑝𝐻2

𝑝𝐻2𝑂
)

2 (160) 
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5.7 Model M7 

The mechanism of the model M7 is reported in Table S13: 

Table S13. Elementary steps considered in model M7. 

Step Elementary reaction Assumption 

(1) 𝐻2(𝑔) + 2 ∗ ⇌ 2 𝐻∗ Quasi-equilibrium 

(2) 𝐶𝑂2(𝑔) + ^  ⇌ 𝐶𝑂2
^ Quasi-equilibrium 

(3) 𝐶𝑂2
^ + 𝐻∗  ⇌ 𝐻𝐶𝑂𝑂^ +∗ Reversible – RDS 

(4) 𝐻𝐶𝑂𝑂^ + ∗ ⇌ 𝐶𝑂^ +  𝐻𝑂∗ Quasi-equilibrium 

(5) 𝐶𝑂^ + 𝐻∗ ⇌ 𝐻𝐶𝑂^ + ∗ Quasi-equilibrium 

(6) 𝐻𝐶𝑂^ + 𝐻∗  ⇌ 𝐶𝐻^ + 𝐻𝑂∗ Quasi-equilibrium 

(7) 𝐶𝐻^ + 𝐻∗ ⇌ 𝐶𝐻2
^ + ∗ Quasi-equilibrium 

(8) 𝐶𝐻2
^ + 𝐻∗ ⇌ 𝐶𝐻3

^ + ∗ Quasi-equilibrium 

(9) 𝐶𝐻3
^ + 𝐻∗ ⇌ 𝐶𝐻4

^ + ∗ Quasi-equilibrium 

(10) 𝐶𝐻4
^ ⇌ 𝐶𝐻4(𝑔) + ^ Quasi-equilibrium 

(11) 𝐻𝑂∗ + 𝐻∗ ⇌ 𝐻2𝑂∗ + ∗ Quasi-equilibrium 

(12) 𝐻2𝑂∗ ⇌ 𝐻2𝑂(𝑔) +∗ Quasi-equilibrium 

The symbol (*) refers to Ru sites for H2 dissociation. The symbol (^) refers to CO2 adsorption on basic site of 

the support near Ru/TiO2 interface. 

The coverage of H* species (𝜃𝐻) can be obtained using the quasi-equilibrium hypothesis on the elementary 

step (1). 

𝑘1𝑝𝐻2
𝜃∗

2 = 𝑘−1𝜃𝐻
2 ⟶ 𝜃𝐻 = 𝐾1

0.5𝑝𝐻2
0.5𝜃∗ = 𝐾𝐻𝑝𝐻2

0.5𝜃∗ (161) 

The coverage of CO2
^ adsorbed species (𝜙𝐶𝑂2

) can be obtained using the quasi-equilibrium hypothesis on the 

elementary step (2). 

𝑘2𝑝𝐶𝑂2
𝜙∗ = 𝑘−2𝜙𝐶𝑂2

⟶ 𝜙𝐶𝑂2
= 𝐾𝐶𝑂2

𝑝𝐶𝑂2
𝜙∗ (162) 

The coverage of HCOO^ adsorbed species (𝜙𝐻𝐶𝑂𝑂) can be obtained using the quasi-equilibrium hypothesis on 

the elementary step (4). 

𝑘4𝜙𝐻𝐶𝑂𝑂𝜃∗ = 𝑘−4𝜙𝐶𝑂𝜃𝐻𝑂 ⟶ 𝜙𝐻𝐶𝑂𝑂 =
1

𝐾4

⋅
𝜙𝐶𝑂𝜃𝐻𝑂

𝜃∗

 (163) 

The coverage of CO^ adsorbed species (𝜙𝐶𝑂) can be obtained using the quasi-equilibrium hypothesis on the 

elementary step (5). 

𝑘5𝜙𝐶𝑂𝜃𝐻 = 𝑘−5𝜙𝐶𝐻𝑂𝜃∗ ⟶ 𝜙𝐶𝑂 =
1

𝐾5

⋅
𝜙𝐶𝐻𝑂𝜃∗

𝜃𝐻

 (164) 

The coverage of HCO^ adsorbed species (𝜙𝐻𝐶𝑂) can be obtained using the quasi-equilibrium hypothesis on 

the elementary step (6). 

𝑘6𝜙𝐻𝐶𝑂𝜃𝐻 = 𝑘−6𝜙𝐶𝐻𝜃𝐻𝑂 ⟶ 𝜙𝐻𝐶𝑂 =
1

𝐾6

⋅
𝜙𝐶𝐻𝜃𝐻𝑂

𝜃𝐻

 (165) 
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The coverage of CH^ adsorbed species (𝜙𝐶𝐻) can be obtained using the quasi-equilibrium hypothesis on the 

elementary step (7). 

𝑘7𝜙𝐶𝐻𝜃𝐻 = 𝑘−7𝜙𝐶𝐻2
𝜃∗ ⟶ 𝜙𝐶𝐻 =

1

𝐾7

⋅
𝜙𝐶𝐻2

𝜃∗

𝜃𝐻

 (166) 

The coverage of CH2
^ adsorbed species (𝜙𝐶𝐻2

) can be obtained using the quasi-equilibrium hypothesis on the 

elementary step (8). 

𝑘8𝜙𝐶𝐻2
𝜃𝐻 = 𝑘−8𝜙𝐶𝐻3

𝜃∗ ⟶ 𝜙𝐶𝐻2
=

1

𝐾8

⋅
𝜙𝐶𝐻3

𝜃∗

𝜃𝐻

 (167) 

The coverage of CH3
^ adsorbed species (𝜙𝐶𝐻3

) can be obtained using the quasi-equilibrium hypothesis on the 

elementary step (9). 

𝑘9𝜙𝐶𝐻3
𝜃𝐻 = 𝑘−9𝜙𝐶𝐻4

𝜃∗ ⟶ 𝜙𝐶𝐻3
=

1

𝐾9

⋅
𝜙𝐶𝐻4

𝜃∗

𝜃𝐻

 (168) 

The coverage of CH4
^ adsorbed species (𝜙𝐶𝐻4

) can be obtained using the quasi-equilibrium hypothesis on the 

elementary step (10). 

𝑘10𝜙𝐶𝐻4
= 𝑘−10𝑃𝐶𝐻4

⟶ 𝜙𝐶𝐻4
= 𝐾10𝑝𝐶𝐻4

𝜙∗ (169) 

The coverage of HO* adsorbed species (𝜃𝐻𝑂) can be obtained using the quasi-equilibrium hypothesis on the 

elementary step (11). 

𝑘11𝜃𝐻𝑂𝜃𝐻 = 𝑘−11𝜃𝐻2𝑂𝜃∗ ⟶ 𝜃𝐻𝑂 =
1

𝐾11

⋅
𝜃𝐻2𝑂𝜃∗

𝜃𝐻

 (170) 

The coverage of H2O* adsorbed species (𝜃𝐻2𝑂) can be obtained using the quasi-equilibrium hypothesis on the 

elementary step (12). 

𝑘12𝜃𝐻2𝑂 = 𝑘−12𝑝𝐻2𝑂𝜃∗ ⟶ 𝜃𝐻2𝑂 = 𝐾12𝑝𝐻2𝑂𝜃∗ (171) 

By substituting 𝜃𝐻2𝑂 and 𝜃𝐻 in equation (170), we can obtain the expression of 𝜃𝐻𝑂 as a function of the partial 

pressures and the coverage of free active sites. 

𝜃𝐻𝑂 =
1

𝐾11

⋅
𝜃𝐻2𝑂𝜃∗

𝜃𝐻

=
1

𝐾11

𝐾12𝑝𝐻2𝑂𝜃∗𝜃∗

𝐾𝐻𝑝𝐻2

0.5𝜃∗

= 𝐾𝐻𝑂

𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

0.5  (172) 

We can substitute equation (169) into equation (168) to obtain 𝜙𝐶𝐻3
. 

𝜙𝐶𝐻3
=

1

𝐾9

⋅
𝜙𝐶𝐻4

𝜃∗

𝜃𝐻

=
𝐾10

𝐾9

⋅
𝑝𝐶𝐻4

𝜙∗𝜃∗

𝐾𝐻𝑝𝐻2

0.5𝜃∗

= 𝐾𝐶𝐻3

𝑝𝐶𝐻4
𝜙∗

𝑝𝐻2

0.5  (173) 

By substituting equation (173) in equation (167) we obtain the expression of 𝜙𝐶𝐻2
. 

𝜙𝐶𝐻2
=

1

𝐾8

⋅
𝜙𝐶𝐻3

𝜃∗

𝜃𝐻

=
1

𝐾8

𝐾𝐶𝐻3

𝑝𝐶𝐻4
𝜙∗

𝑝𝐻2

0.5

𝜃∗

𝐾𝐻𝑝𝐻2

0.5𝜃∗

= 𝐾𝐶𝐻2

𝑝𝐶𝐻4
𝜙∗

𝑝𝐻2

 (174) 

By substituting equation (174) in equation (166) we obtain the expression of 𝜙𝐶𝐻. 
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𝜙𝐶𝐻 =
1

𝐾7

⋅
𝜙𝐶𝐻2

𝜃∗

𝜃𝐻

=
1

𝐾7

𝐾𝐶𝐻2

𝑝𝐶𝐻4
𝜙∗

𝑝𝐻2

𝜃∗

𝐾𝐻𝑝𝐻2

0.5𝜃∗

= 𝐾𝐶𝐻

𝑝𝐶𝐻4
𝜙∗

𝑝𝐻2

1.5  (175) 

By substituting equation (175) and equation (172) in equation (165) we obtain the expression of 𝜙𝐻𝐶𝑂 

𝜙𝐻𝐶𝑂 =
1

𝐾6

⋅
𝜙𝐶𝐻𝜃𝐻𝑂

𝜃𝐻

=
1

𝐾6

𝐾𝐶𝐻

𝑝𝐶𝐻4
𝜙∗

𝑝𝐻2

1.5 𝐾𝐻𝑂

𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

0.5

1

𝐾𝐻𝑝𝐻2

0.5𝜃∗

= 𝐾𝐶𝐻𝑂

𝑝𝐶𝐻4
𝑝𝐻2𝑂𝜙∗

𝑝𝐻2

2.5  (176) 

By substituting equation (176) in equation (164) we obtain the expression of 𝜙𝐶𝑂 

𝜙𝐶𝑂 =
1

𝐾5

⋅
𝜙𝐻𝐶𝑂𝜃∗

𝜃𝐻

=
1

𝐾5

𝐾𝐻𝐶𝑂

𝑝𝐶𝐻4
𝑝𝐻2𝑂𝜙∗

𝑝𝐻2

2.5

𝜃∗

𝐾𝐻𝑝𝐻2

0.5𝜃∗

= 𝐾𝐶𝑂

𝑝𝐶𝐻4
𝑝𝐻2𝑂𝜙∗

𝑝𝐻2

3  (177) 

By substituting equation (177) and equation (172) in equation (163)we obtain the expression of 𝜙𝐻𝐶𝑂𝑂 

𝜙𝐻𝐶𝑂𝑂 =
1

𝐾4

⋅
𝜙𝐶𝑂𝜃𝐻𝑂

𝜃∗

=
1

𝐾4

𝐾𝐶𝑂

𝑝𝐶𝐻4
𝑝𝐻2𝑂𝜙∗

𝑝𝐻2

3 𝐾𝐻𝑂

𝑝𝐻2𝑂𝜃∗

𝑝𝐻2

0.5

1

𝜃∗

= 𝐾𝐻𝐶𝑂𝑂

𝑝𝐶𝐻4
𝑝𝐻2𝑂

2 𝜙∗

𝑝𝐻2

3.5  (178) 

The surface coverage of the support near Ru/TiO2 interface can be written as reported in equation (179). 

𝜙∗ + 𝜙𝐶𝑂2
+ 𝜙𝐻𝐶𝑂𝑂 + 𝜙𝐶𝑂 + 𝜙𝐻𝐶𝑂 + 𝜙𝐶𝐻 + 𝜙𝐶𝐻2

+ 𝜙𝐶𝐻3
+ 𝜙𝐶𝐻4

= 1 (179) 

The surface coverage of Ru active site can be written as reported in equation (180).  

𝜃∗ + 𝜃𝐻 + 𝜃𝐻𝑂 + 𝜃𝐻2𝑂 = 1 (180) 

Assuming that dissociated hydrogen atoms, adsorbed CO2 and hydroxyls are the most abundant surface 

intermediates (MASI), the balance of active sites can be formulated as follows for Ru sites (θ) and Ru/TiO2 

interface (ϕ), respectively: 

𝜙∗ + 𝜙𝐶𝑂2
= 1 (181) 

𝜃∗ + 𝜃𝐻 + 𝜃𝐻𝑂 = 1 (182) 

Substituting the expressions, we obtain the expressions reported in equation (183) and equation (184). 

𝜙∗ =
1

1 + 𝐾𝐶𝑂2
𝑝𝐶𝑂2

 (183) 

𝜃∗ =
1

1 + 𝐾𝐻𝑝𝐻2

0.5 + 𝐾𝐻𝑂

𝑝𝐻2𝑂

𝑝𝐻2

0.5

 
(184) 

If the elementary step (3) is considered as the RDS, we can obtain the reaction rate expression reported in 

equation (185). 

𝑟3 = 𝑘3𝜙𝐶𝑂2
𝜃𝐻 − 𝑘−3𝜙𝐻𝐶𝑂𝑂𝜃∗ = 𝑘3𝐾𝐶𝑂2

𝑝𝐶𝑂2
𝜙∗𝐾𝐻𝑝𝐻2

0.5𝜃∗ − 𝑘−3𝐾𝐶𝐻𝑂

𝑝𝐶𝐻4
𝑝𝐻2𝑂

2 𝜙∗

𝑝𝐻2

3.5 𝜃∗ (185) 
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𝑟3 = 𝑘3𝐾𝐶𝑂2
𝑝𝐶𝑂2

𝐾𝐻𝑝𝐻2
0.5𝜃∗𝜙∗ − 𝑘−3𝐾𝐻𝐶𝑂

𝑝𝐶𝐻4
𝑝𝐻2𝑂

2

𝑝𝐻2

3.5 𝜃∗𝜙∗ =

𝑘3
∗ ⋅ 𝑝𝐶𝑂2

𝑝𝐻2
0.5 ⋅ (1 −

1
𝐾𝑒𝑞

⋅
𝑝𝐶𝐻4

𝑝𝐻2𝑂
2

𝑝𝐶𝑂2
𝑝𝐻2

4 )

(1 + 𝐾𝐶𝑂2
𝑝𝐶𝑂2

) ⋅ (1 + 𝐾𝐻𝑝𝐻2

0.5 + 𝐾𝐻𝑂

𝑝𝐻2𝑂

𝑝𝐻2

0.5 )

 (186) 

We may simplify equation (186) into equation (187). 

𝑟3 =

𝑘3
∗ ⋅ 𝑝𝐶𝑂2

𝑝𝐻2
0.5 ⋅ (1 −

𝑄
𝐾𝑒𝑞

)

(1 + 𝐾𝐶𝑂2
𝑝𝐶𝑂2

) ⋅ (1 + 𝐾𝐻𝑝𝐻2

0.5 + 𝐾𝐻𝑂

𝑝𝐻2𝑂

𝑝𝐻2

0.5 )

 (187) 
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6. Overall Heat Transfer Coefficient 

The overall heat transfer coefficient (U, W m–2 K–1) for the industrial-scale shell-and-tube methanation reactor 

was evaluated according to equation (188). In the equation, ℎ𝑖,𝑒 (W m–2 K–1) is the effective internal heat 

transfer coefficient of the reactive gas in the catalytic bed, while ℎ𝑜 (W m–2 K–1) is the external heat transfer 

coefficient of the pool boiling water that assumed equal to 10 kW m–2 K–1, 𝑑𝑡,𝑖 (m) and 𝑑𝑡,𝑜 (m) are the inner 

and outer tube diameter[9]. The heat transfer resistance represented by the conductivity of the pipes (stainless 

steel) was neglected compared to the convective term. 

 𝑈 = (
1

ℎ𝑖,𝑒

⋅
𝑑𝑡,𝑖

𝑑𝑡,𝑜

+
1

ℎ𝑜

)

−1

 (188) 

The effective radial heat transfer coefficient of the gas in the packed-bed reactor[10] is reported in equation 

(189). 

1

ℎ𝑖,𝑒

=
1

ℎ𝑖

+
𝑑𝑡,𝑖

8 ⋅ Λ𝑟,𝑒

 (189) 

Here, ℎ𝑖 (W/m2/K) is the heat transfer coefficient between the gas and the tube and Λ𝑟,𝑒 (W/m/K) is the effective 

radial heat dispersion coefficient. The first parameter can be estimated using the Nusselt number calculated 

according to the correlation proposed by Martin and Nilles as reported in equation (190).[10] 

𝑁𝑢 =
ℎ𝑖 ⋅ 𝑑𝑝

𝜆𝑔

= (1.3 + 5 ⋅
𝑑𝑝

𝑑𝑡,𝑖

) ⋅
𝜆𝑏

𝜆𝑔

+ 0.19 ⋅ 𝑅𝑒𝑝
0.75 ⋅ √𝑃𝑟

3
 (190) 

Where 𝜆𝑏 (W/m/K) is the thermal conductivity of the catalytic bed and it can be evaluated by means of 

equations from (191) to (195)[10]; while 𝑘𝑝 (W/m/K) is the thermal conductivity of the particle, while 𝜆𝑝 (W/m/K) 

is the thermal conductivity of the solid that was assumed equal to 0.67 W/m/K.[11] 

𝜆𝑏

𝜆𝑔

= 1 − √1 − 𝜀𝑏 + 𝑘𝑐 ⋅ √1 − 𝜀𝑏 (191) 

𝑘𝑐 =
2

𝑁
⋅ [

𝐵

𝑁2
⋅

𝑘𝑝 − 1

𝑘𝑝

⋅ ln (
𝑘𝑝

𝐵
) −

𝐵 + 1

2
−

𝐵 − 1

𝑁
] (192) 

𝑁 = 1 −
𝐵

𝑘𝑝

 (193) 

𝑘𝑝 =
𝜆𝑝

𝜆𝑔

 (194) 

𝐵 = 1.25 (
1 − 𝜀𝑏

𝜀𝑏

)

10
9

 (195) 

The effective radial heat dispersion coefficient was instead calculated as the sum of a stagnant and an 

advective contribution by means of equations (196). The Péclet number for heat transfer (𝑃éℎ) is evaluated 

using equation (197).[10] 

Λ𝑟,𝑒

𝜆𝑔

=
𝜆𝑏

𝜆𝑔

+
𝑃éℎ

8
 (196) 

𝑃éℎ =
𝑣𝑧 ⋅ 𝜌𝑔 ⋅ 𝑐̃𝑝,𝑔 ⋅ 𝑑𝑝

𝜆𝑔

 (197) 
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Table S14. Main assumptions for the industrial reactor model. 

Parameter Unit Value 

Particle diameter m 2.66 · 10-3 

Internal diameter of the tube m 0.0266 

External diameter of the tube m 0.0335 

Total reactor length m 4 

Inlet gas pressure bar 15 

Inlet H2/CO2 molar ratio  – 4 

Apparent density of the undiluted Ru/TiO2 catalyst kg/m3 995 

Apparent density of the undiluted Ni/Al2O3 catalyst kg/m3 1250 

Reactor inlet temperature °C 250 

Coolant temperature °C 250 
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7. Catalytic Screening of the Catalysts 

 

 

Figure S3. (a) CO2 conversion and (b) CH4 selectivity at the variation of the reaction temperature during the 

activity tests (Reaction conditions: 5 bar, 60 NL/h with H2/CO2/N2 equal to 4/1/10). 
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8. Characterization of the Catalysts 

 

Figure S4. X-ray diffractograms of the reduced samples and reference pattern of metallic Ru. 
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Figure S5. (a) Adsorption (filled markers) and desorption (open markers) branches of the N2 physisorption 

isotherms; (b) pore volume distribution evaluated on the desorption branch of the N2 physisorption 

isotherms. 
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Figure S6. (a) H2-TPR reduction profiles and (b) CO2-TPD desorption profiles of the fresh samples. 

 

 

 

Figure S7. FESEM images of the calcined catalysts: (a) Ru/MgO, (b) Ru/ZrO2, (c) Ru/Al2O3, (d) Ru/CeO2 

and (e) Ru/TiO2. 
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Table S15. Elemental composition of the catalysts evaluated using FESEM-EDS measurements (wt.%). 

Sample O Mg Zr Al Ce Ti Ru Si Ca Cl 

Ru/MgO 44.94 53.20 – – – – 0.79 0.20 0.52 0.34 

Ru/ZrO2 33.76 – 65.47 – – – 0.77 – – – 

Ru/Al2O3 51.55 – – 47.67 – – 0.78 – – – 

Ru/CeO2 16.18 – – – 83.03 – 0.79 – – – 

Ru/TiO2 42.77 – – – – 56.48 0.75 – – – 

 

 

9. In situ DRIFTS investigations 

 

Figure S8. In situ DRIFT spectra during CO saturation (Reaction conditions: 1 bar, 3 NL/h with CO/He/N2 

equal to 7/63/30). For the sake of clarity, spectra were collected at 0, 10, 20, 30, 40, 50 and 60 min. 
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10. Results of the Kinetic Tests 

  

  

Figure S9. CH4 yield as a function of the reaction temperature considering the following effects: (a) partial 

pressure of H2 at 5 bar (flowrate: 60 NL/h, loading: 250 mg, CO2 molar fraction: 6.67 vol.%); (b) total flowrate 

at 5 bar (loading: 250 mg, H2 molar fraction: 26.7 vol.%, CO2 molar fraction: 6.67 vol.%); (c) catalyst loading 

at 5 bar (GHSV: 240 NL/gcat/h, H2 molar fraction: 26.7 vol.%, CO2 molar fraction: 6.67 vol.%); (d) CO2 molar 

fraction at 15 bar (flowrate: 60 NL/h, loading: 250 mg, H2 molar fraction: 26.7 vol.%). 
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Figure S10. Parity plots of the CH4 yield to compare: (a) model PL, (b) model LK-WI, (c) models M1-M4, 

(d) models M2-M3, (e) model M5, (f) model M6, and (g) model M7. 
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11. Industrial-Scale Reactor 

The temperature and CO2 conversion profiles were analyzed along the reactor to design a dual-bed catalytic 

reactor able to manage a stoichiometric (H2/CO2 = 4) inlet gas flowrate. The effect of different parameters was 

investigated. 

11.1 Effect of the Superficial Velocity in the Ni/Al2O3 Catalytic Bed 

  

 

 

Figure S11. (a) Temperature and (b) CO2 conversion profiles along the reactor, and (c) temperature-

conversion map in the reactor varying the superficial velocity from 0.20 m/s to 0.30 m/s of a stoichiometric 

(H2/CO2 = 4) feed. The nominal tube diameter is 1 in (schedule 40), the coolant temperature is 250 °C, the 

catalyst is Ni/Al2O3 (kinetic model: PL-CO2[12]) with an apparent bed density of 139 kg/m3 (catalyst/inert ratio 

of 1/8). 
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11.2 Effect of the Apparent Catalyst Density in the Ni/Al2O3 Catalytic Bed 

  

 

 

Figure S12. (a) Temperature and (b) CO2 conversion profiles along the reactor, and (c) temperature-

conversion map in the reactor varying the apparent density of the Ni-based catalyst from 104 kg/m3 

(catalyst/inert ratio of 1/11) to 1250 kg/m3 (no dilution with inert). The nominal tube diameter is 1 in (schedule 

40), the coolant temperature is 250 °C, the superficial velocity of the stoichiometric (H2/CO2 = 4) feed is 0.26 

m/s, and the catalyst is Ni/Al2O3 (kinetic model: PL-CO2[12]). 
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11.3 Effect of the Superficial Velocity in the Ru/TiO2 Catalytic Bed 

  

 

 

Figure S13. (a) Temperature and (b) CO2 conversion profiles along the reactor, and (c) temperature-

conversion map in the reactor varying the superficial velocity from 0.20 m/s to 0.32 m/s of a stoichiometric 

(H2/CO2 = 4) feed. The nominal tube diameter is 1 in (schedule 40), the coolant temperature is 250 °C, the 

catalyst is Ru/TiO2 (kinetic model: LK-WI) with a density of 995 kg/m3 (no dilution with inert). 
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11.4 Effect of the Apparent Catalyst Density of the Ni/Al2O3 Catalyst in the Dual-Bed Reactor 

  

 

 

Figure S14. (a) Temperature and (b) CO2 conversion profiles along the reactor, and (c) temperature-

conversion map in the reactor varying the apparent density of the Ni-based catalyst from 104 kg/m3 

(catalyst/inert ratio of 1/11) to 1250 kg/m3 (no dilution with inert). The nominal tube diameter is 1 in (schedule 

40), the coolant temperature is 250 °C, the superficial velocity of the stoichiometric (H2/CO2 = 4) feed is 0.26 

m/s, the density of the Ru/TiO2 (kinetic model: LK-WI) catalyst is 995 kg/m3 (no dilution with inert). 
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11.5 Effect of the Coolant Temperature in the Dual-Bed Reactor 

  

 

 

Figure S15. (a) Temperature and (b) CO2 conversion profiles along the reactor, and (c) temperature-

conversion map in the reactor varying the temperature of the cooling medium from 246 °C to 254 °C. The 

nominal tube diameter is 1 in (schedule 40), the superficial velocity of the stoichiometric (H2/CO2 = 4) feed 

is 0.26 m/s, the density of the Ru/TiO2 (kinetic model: LK-WI) catalyst is 995 kg/m3 (no dilution with inert), 

the apparent density of the Ni-based catalyst is 156 kg/m3 (catalyst/inert ratio of 1/7). 

  

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
200

250

300

350

400

450

500

550

600

650

700

 T
e
m

p
e
ra

tu
re

 (
°C

)

Reactor length (m)

 246 °C

 247 °C

 248 °C

 249 °C

 250 °C

 251 °C

 252 °C

 253 °C

 254 °C

(a)

Ru/TiO2 Ni/Al2O3

200 250 300 350 400 450 500 550 600 650 700
0

10

20

30

40

50

60

70

80

90

100

C
O

2
 c

o
n

v
e

rs
io

n
 (

%
)

Temperature (°C)

 246 °C

 247 °C

 248 °C

 249 °C

 250 °C

 251 °C

 252 °C

 253 °C

 254 °C

(c)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

10

20

30

40

50

60

70

80

90

100

C
O

2
 c

o
n

v
e

rs
io

n
 (

%
)

Reactor length (m)

 246 °C

 247 °C

 248 °C

 249 °C

 250 °C

 251 °C

 252 °C

 253 °C

 254 °C

(b)

Ru/TiO2 Ni/Al2O3

Ru/TiO2

Ni/Al2O3



45 
 

11.6 Rangeability of the Dual-Bed Reactor 

  

  

Figure S16. (a) Temperature and (b) CO2 conversion profiles along the reactor, and (c) temperature-

conversion map in the reactor varying the temperature of the cooling medium as a function of the superficial 

velocity. (d) Relationship between the superficial velocity and the coolant temperature to ensure a near-

equilibrium CO2 conversion and keep the reaction temperature below 400 °C. The nominal tube diameter is 

1 in (schedule 40), the nominal superficial velocity (fv = 100%) of the stoichiometric (H2/CO2 = 4) feed is 0.26 

m/s, the density of the Ru/TiO2 (kinetic model: LK-WI) catalyst is 995 kg/m3 (no dilution with inert), the 

apparent density of the Ni-based catalyst is 156 kg/m3 (catalyst/inert ratio of 1/7). For the sake of clarity, fv 

is the fraction of the superficial velocity that represents the rangeability of the reactor, that could not 

overcome 120 %. 
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