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1. The chemistry set and corresponding thermodynamic data 

The different reactions included in the model, for both thermal and plasma catalysis, are listed 

in Table S1, together with the corresponding activation and reaction enthalpies (ΔH‡ and ΔH, 

resp.). The implementation of the entropies is described in the main paper. 

Table S1. List of reactions included in the model, for both thermal and plasma catalysis (plasma 

reactions listed separately), with the corresponding activation and reaction enthalpies on Pt(111) and 

their associated references.a 

N° Dissociative adsorption /  

Associative desorption 

ΔH‡ (eV) Ref. ΔH (eV) Ref. 

1 CH4(g) + 2* ⇌ CH3* + H* 0.63 1 -0.28 1 

2 O2(g) + 2* ⇌ 2O* -0.07b 2 -1.89b 2 

3 H2(g) + 2* ⇌ 2H* 0.19 1 -0.67 1 

4 CH3CH3(g) + 2* ⇌ 2CH3* 1.09c 3 -0.30d  1 

5 HCOOH(g) + 2* ⇌ H* + COOH*  0.22 4 -0.84 4 

6 HCOOH(g) + 2* ⇌ HCOO* + H* 0.25e 4 -0.45f  

N° Molecular adsorption / desorption ΔH‡ (eV)g Ref. ΔH (eV) Ref. 

7 CH2CH2(g) + * ⇌ CH2CH2* 0.00 - -1.51 1 

8 CHCH(g) + * ⇌ CHCH* 0.00 - -2.87 1 

9 CO(g) + * ⇌ CO* 0.00 - -1.41 5 

10 CO2(g) + * ⇌ CO2* 0.00 - -0.03 6 

11 H2O(g) + * ⇌ H2O* 0.00 - -0.22 5 

12 CH3OH(g) + * ⇌ CH3OH* 0.00 - -0.34 7 

13 CH2O(g) + * ⇌ CH2O* 0.00 - -0.50 8 
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N° Eley-Rideal reactions ΔH‡ (eV) Ref. ΔH (eV) Ref. 

14 CH4(g) + OH* + * ⇌ CH3* + H2O* 0.50 7 -0.86 7 

15 CH4(g) + O* + * ⇌ CH3* + OH* 1.28 7 -0.13 7 

N° Langmuir-Hinshelwood reactions ΔH‡ (eV) Ref. ΔH (eV) Ref. 

16 CH3* + * ⇌ CH2* + H* 0.83 1 0.07 1 

17 CH2* + * ⇌ CH* + H* 0.17 1 -0.65 1 

18 CH* + * ⇌ C* + H* 1.29 1 0.47 1 

19 CH3* + O* ⇌ CH2* + OH* 1.62 7 0.22 7 

20 CH2* + O* ⇌ CH* + OH* 1.44 7 -0.50 7 

21 CH* + O* ⇌ C* + OH* 2.13 7 0.62 7 

22 CH3* + OH* ⇌ CH2* + H2O* 1.07 7 -0.51 7 

23 CH2* + OH* ⇌ CH* + H2O* 0.31 7 -1.23h 7 

24 CH* + OH* ⇌ C* + H2O* 0.77 7 -0.11h 7 

25 CH3* + O* ⇌ CH3O* + * 2.04 7 0.34 7 

26 CH2* + O* ⇌ CH2O* + * 2.18 7 -0.29 7 

27 CH* + O* ⇌ CHO* + * 1.69 7 -0.42 7 

28 C* + O* ⇌ CO* + * 1.92 7 -1.84 7 

29 CH3* + OH* ⇌ CH3OH* + * 2.02 7 -0.18 7 

30 CH2* + OH* ⇌ CH2OH* + * 1.05 7 -0.75 7 

31 CH* + OH* ⇌ CHOH* + * 1.17 7 -0.42 7 

32 C* + OH* ⇌ COH* + * 1.08 7 -1.47 7 

33 CH3OH* + * ⇌ CH2OH* + H* 0.77 7 -0.50h 7 

34 CH2OH* + * ⇌ CHOH* + H* 0.63 7 -0.32h 7 

35 CHOH* + * ⇌ COH* + H* 0.62 7 -0.58h 7 

36 CH3OH* + * ⇌ CH3O* + H* 0.80 7 0.37h 7 

37 CH2OH* + * ⇌ CH2O* + H* 0.99 7 0.31h 7 

38 CHOH* + * ⇌ CHO* + H* 0.54 7 -0.15h 7 

39 COH* + * ⇌ CO* + H* 0.84 7 -0.52 7 

40 CH3O* + * ⇌ CH2O* + H* 0.24 7 -0.56h 7 

41 CH2O* + * ⇌ CHO* + H* 0.14 7 -0.78h 7 

42 CHO* + * ⇌ CO* + H* 0.36 7 -0.95 7 

43 2CH2* ⇌ CH2CH2* + * 1.59 1 -0.63 1 
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44 2CH* ⇌ CHCH* + * 1.78 1 0.71 1 

45 O* + H* ⇌ OH* + * 1.09 6 0.15 6 

46 OH* + H* ⇌ H2O* + * 0.20 6 -0.58h 6 

47 OH* + OH* ⇌ H2O* + H* 0.00 6 -0.73h 6 

48 CO* + O* ⇌ CO2* + * 1.07 6 0.14 6 

49 C* + CO2* ⇌ CO* + CO* 0.00 9 -1.98f  

50 CO* + OH* ⇌ COOH* + * 0.46 6 -0.24 6 

51 COOH* + * ⇌ CO2* + H* 0.85 6 0.23h 6 

52 COOH* + O* ⇌ CO2* + OH* 0.47 6 0.38h 6 

53 COOH* + OH* ⇌ CO2* + H2O* 0.10 6 -0.35 6 

54 CHO* + O* ⇌ CHOO* + * 1.03 6 -0.65 6 

55 HCOO* + * ⇌ CO2* + H* 1.04 6 -0.16h 6 

56 HCOO* + O* ⇌ CO2* + OH* 1.74 6 -0.01h 6 

57 HCOO* + OH* ⇌ CO2* + H2O* 1.01 6 -0.74 6 

Specific plasma reactions 

N° Radical adsorption / desorption ΔH‡ (eV)g Ref. ΔH (eV) Ref. 

58 CH3(g) + * ⇌ CH3* 0.00 - -2.16 1 

59 CH2(g) + * ⇌ CH2* 0.00 - -4.12 1 

60 CH(g) + * ⇌ CH* 0.00 - -7.31 1 

61 C(g) + * ⇌ C* 0.00 - -7.05 1 

62 O(g) + * ⇌ O* 0.00 - -3.93 6 

63 H(g) + * ⇌ H* 0.00 - -2.74 6 

64 OH(g) + * ⇌ OH* 0.00 - -2.44 6 

65 CH3O(g) + * ⇌ CH3O* 0.00 - -1.43i 10 

66 CHO(g) + * ⇌ CHO* 0.00 - -2.66 6 

67 OOH(g) + * ⇌ OOH* 0.00 - -1.06 11 

68 CH3OO(g) + * ⇌ CH3OO* 0.00 - -1.06j  

69 COOH(g) + * ⇌ COOH* k 0.00 - -2.59 6 

70 HCOO(g) + * ⇌ HCOO* k 0.00 - -2.42 6 

N° Langmuir-Hinshelwood reactions ΔH‡ (eV) Ref. ΔH (eV) Ref. 

71 OOH* + * ⇌ OH* + O* 0.14 11 -1.25 12 

72 CH3OO* + * ⇌ CH3O* + O* 0.14j - -1.25j - 
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N° Eley-Rideal reactionsl ΔH‡ (eV)l Ref. ΔH (eV) Ref. 

73 CH3(g) + O* ⇌ CH3O* -  - -1.82f - 

74 H(g) + O* ⇌ OH* -  - -2.59f - 

75 O(g) + C* ⇌ CO* -  - -5.77f - 

a. Empty surface sites are denoted by ‘*’. However, not all species adsorb on the same type of site. The ‘*’ thus 

represents the fraction of the empty surface, rather than the fraction of a specific type of sites. 

b. For convenience, the data for molecular adsorption of O2 and dissociation of O2*, reported in ref. 2, are 

combined in one dissociative adsorption reaction. Because the enthalpy barrier for dissociation is lower than 

the adsorption enthalpy, the resulting enthalpy of activation has a negative value. This is not a problem as long 

as the total Gibbs free energy barrier is positive, which is the case for all temperatures above 81 K. The reaction 

enthalpy is calculated as the sum of the reaction enthalpies of the adsorption of O2 and the dissociation of O2*. 

c. Calculated using Brønsted-Evans-Polanyi relation for C-C cleavage from ref. 3. 

d. The reaction enthalpy is calculated from the enthalpies of the other reactions reported in ref. 1. 

e. Recalculated from the enthalpy of the reverse reaction from ref. 4 and the reaction enthalpy used in our model. 

f. The reaction enthalpy is calculated based on those of other reactions included in the chemistry set to ensure 

thermodynamic consistency. 

g. Molecular and radical adsorption processes are assumed to occur without enthalpy barrier. 

h. The reaction enthalpies are changed by 0.01 eV to ensure thermodynamic consistency. 

i. Calculated using scaling relation from ref. 10 and the OH adsorption enthalpy. 

j. As no data is available for CH3OO, the data of OOH is used as an approximation. 

k. Adsorption of COOH and HCOO are only included in the simulations that investigate the effect of these 

particular species. 

l. These reactions are only included when explicitly mentioned and their enthalpy barriers are varied during the 

simulation. 

As indicated in Table S1, we combine the data for O2 adsorption and O2* dissociation from ref. 2 

into one dissociative adsorption reaction, as this is more convenient for the implementation of 

O2 vibrational excitation. The limit for lowering the Gibbs free energy barrier of this combined 

reaction due to vibrational excitation is set to 0.56 eV, which is the enthalpy barrier for 

dissociation of adsorbed O2* reported in ref. 2. Thus, the Gibbs free energy is reduced by αEν 

if αEν < 0.56 eV or by 0.56 eV if αEν ≥ 0.56 eV. The value of the Fridman-Macheret α parameter 

(see next section) is calculated using the forward (0.56 eV)2 and reverse (1.82 eV)2 barriers for 

the dissociation of adsorbed O2* (i.e. α = 0.24). If the calculated Gibbs free energy barrier is 

smaller than the barrier for O2 adsorption (corresponding to the loss of 1/3 of the translational 

entropy), the latter is used instead. This is done in order to make sure there is always a non-zero 

barrier for this process. Using the approximations above, O2 is assumed to either immediately 

dissociate after adsorption, before thermalisation of Tvib with the surface can occur, or to desorb 

back to the gas phase. 
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2. The effect of vibrational excitation 

The effect of vibrationally excited CH4 and O2 is accounted for by modifying the enthalpy 

barrier of their dissociative adsorption processes and the Eley-Rideal reactions between gaseous 

CH4 and surface-bound OH* or O* (see Table S1, reactions 14 and 15). The forward rate 

constant of a reaction starting from a vibrationally excited CH4 or O2 molecule with vibrational 

level  is calculated according to:13  

𝑘𝑓,𝜈 =
𝑘𝑏𝑇

ℎ
exp (

Δ𝑆‡

𝑅
) exp (−

Δ𝐻‡ − 𝛼𝐸𝜈

𝑅𝑇
) = 𝑘𝑓 exp (

𝛼𝐸𝜈

𝑅𝑇
)            𝑖𝑓 Δ𝐻‡ > 𝛼𝐸𝜈    (𝑆1)  

𝑘𝑓,𝜈 =
𝑘𝑏𝑇

ℎ
exp (

Δ𝑆‡

𝑅
) = 𝑘𝑓 exp (

Δ𝐻‡

𝑅𝑇
)                                        𝑖𝑓 Δ𝐻‡ ≤ 𝛼𝐸𝜈    (𝑆2)  

Where E is the energy of the vibrational level  and α is the parameter of the Fridman-Macheret 

model, which denotes how efficiently the energy of a certain vibrational excitation can lower 

the energy barrier:14 

𝛼 =
Δ𝐻𝑓

‡

Δ𝐻𝑓
‡ + Δ𝐻𝑟

‡
                                                     (𝑆3)  

The Fridman-Macheret model is supported by the high efficiency factors that are observed for 

strong endothermic reactions, whose activation barriers are close to the reaction enthalpy, and 

the low efficiency factors associated with strong exothermic reactions, which generally have 

low activation barriers.14 

The energy levels of the vibrational overtones are estimated using the harmonic approximation. 

For CH4 only the symmetric (1) and asymmetric (3) stretch modes are considered, as the 

bending modes (2 and 4) are less effective in breaking the C-H bond.15 Additionally, we 

assume that the dissociation barrier is influenced by the total energy Eν,stretch allocated in all 

stretch modes, i.e. we use Eν = Eν,stretch in eqs S1 and S2. The population of the vibrational levels 

is assumed to follow a Boltzmann distribution:15,16  

𝑃(𝜈) =
𝑔(𝜈) ⋅ exp (

−𝐸𝜈

𝑘𝑏𝑇𝑣𝑖𝑏
)

∑ 𝑔(𝜈′) ⋅ exp (
−𝐸𝜈′

𝑘𝑏𝑇𝑣𝑖𝑏
)

𝜈𝑚𝑎𝑥

𝜈′ = 0

                                       (𝑆4)  

Where P() is the fractional population of a vibrational level with energy E and degeneracy 

g() at a vibrational temperature Tvib. The denominator gives the total partition sum over all 
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levels that are considered, i.e. from the ground level to νmax. For O2, which has only one 

vibrational mode, the level degeneracy g(ν) is always equal to one and Eν is equal to the energy 

of the vibrational state. However, the situation is more complicated for CH4 which has one 

symmetric stretch (1), two doubly degenerate bending (2), three triply asymmetric stretch (3) 

and three triply degenerate bending modes (4). The population of a vibrational state (1, 2, 3, 

4) for which the vibrational quantum numbers νi of the four fundamental modes are specified 

can be calculated as described by Butterworth et al.:16 

𝑃(𝜈1, 𝜈2, 𝜈3, 𝜈4) =  ∏
𝑔𝑖(𝜈𝑖) ⋅ exp (

𝐸𝑖

𝑘𝑏𝑇𝑣𝑖𝑏
)

𝑄𝑖(𝑇𝑣𝑖𝑏)
𝑖=1,2,3,4

                                              (𝑆5)  

Where gi(νi) is the level degeneracy per mode, Ei is the level energy per mode and Qi(Tvib) is 

the mode partition sum. As discussed above, we make the approximation that the dissociation 

barrier is affected by the total energy allocated to the stretch modes of a given vibrational state, 

but not by the energy allocated to the bending modes. Under these conditions, all vibrational 

states (1, 2, 3, 4) for which ν1 + ν3 = νstretch and ν2, ν4 ∈ [0, +∞[ experience the same modified 

rate constant for dissociation (see eqs S1 and S2). Additionally, the frequencies of the 

symmetric (1) and asymmetric (3) stretch modes are relatively close (2916 cm-1 and 

3019 cm-1, respectively).15 Therefore, we treat the one ν1 and the three ν3 modes as four modes 

with the same vibrational frequency.16 This frequency is set equal to the weighted average of 

the vibrational frequencies of these modes (2993 cm-1). The combined population density 

Pcomb(νstretch) for all states which experience the same modified rate constant is then calculated 

as: 

𝑃𝑐𝑜𝑚𝑏(𝜈𝑠𝑡𝑟𝑒𝑡𝑐ℎ) =
𝑔𝑠𝑡𝑟𝑒𝑡𝑐ℎ(𝜈𝑠𝑡𝑟𝑒𝑡𝑐ℎ) ⋅ exp (

−𝐸𝜈,𝑠𝑡𝑟𝑒𝑡𝑐ℎ

𝑘𝑏𝑇𝑣𝑖𝑏
)

∑ 𝑔𝑠𝑡𝑟𝑒𝑡𝑐ℎ(𝜈′𝑠𝑡𝑟𝑒𝑡𝑐ℎ) ⋅ exp (
−𝐸𝜈′,𝑠𝑡𝑟𝑒𝑡𝑐ℎ

𝑘𝑏𝑇𝑣𝑖𝑏
)

𝜈𝑚𝑎𝑥

𝜈𝑠𝑡𝑟𝑒𝑡𝑐ℎ
′  = 0

                       (𝑆6)  

Where gstretch(νstretch) is the level degeneracy for the stretch modes when these are considered 

together and Eν,stretch is the total energy allocated in the stretch modes. We calculate 

gstretch(νstretch) as the number of ways that νstretch number of vibrational quanta can be distributed 

over the four stretch modes: 

𝑔𝑠𝑡𝑟𝑒𝑡𝑐ℎ(𝜈𝑠𝑡𝑟𝑒𝑡𝑐ℎ) =  (
3 + 𝜈𝑠𝑡𝑟𝑒𝑡𝑐ℎ

𝜈𝑠𝑡𝑟𝑒𝑡𝑐ℎ
) =

(3 + 𝜈𝑠𝑡𝑟𝑒𝑡𝑐ℎ)!

𝜈𝑠𝑡𝑟𝑒𝑡𝑐ℎ! 3!
                                                   (𝑆7)  
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From the modified rate constant and the populations, the total modified forward rate constant 

kf’ for all vibrational levels is calculated as: 

𝑘𝑓
′ = ∑ 𝑘𝑓,𝜈𝑃(𝜈)

𝜈

                                         (𝑆8)  

With ν = νstretch and P(ν) = Pcomb(νstretch) in the case of CH4. 

Because the harmonic approximation does not account for the decrease in energy difference 

between vibrational levels upon increasing level, we use a cut-off for the number of levels 

included in the model. For CH4, the first 12 vibrationally excited levels are included (νmax = 

12), as the 12th level has an energy roughly equal to the C-H bond energy in CH4. In the case 

of O2, the first 26 vibrationally excited levels are considered (νmax = 26), as the energy of the 

26th level is closest to the bond energy in O2. 

3. Turnover frequency (TOF) and selectivity 

To compare the product formation and product distributions between different conditions, we 

calculate the steady state TOFs and selectivities. The steady state TOF of a gas species xg is 

calculated as: 

𝑇𝑂𝐹(𝑥𝑔) =  ∑ 𝑐𝑥𝑔,𝑖𝑟𝑖

𝑖,𝑔𝑎𝑖𝑛

− ∑ 𝑐𝑥𝑔,𝑖𝑟𝑖

𝑖,𝑙𝑜𝑠𝑠

                                      (𝑆9)  

Where cxg is the stoichiometric coefficient of gas phase species xg in reaction i, and ri are the 

rates at steady state. The selectivity of a carbon-containing product xg,C is calculated as the 

percentage of the total sum of the TOFs of all formed carbon-containing products, taking into 

account the number of carbon atoms in each product species (nx): 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦(𝑥𝑔,𝐶) =
𝑛𝑥  ×  𝑇𝑂𝐹(𝑥𝑔,𝐶)

∑ 𝑛𝑥  ×  𝑇𝑂𝐹(𝑥𝑔,𝑐)
𝑥𝑔,𝐶,𝑇𝑂𝐹>0

 × 100%                     (𝑆10)
 

4. Comparison of the thermal-catalytic pathways with literature 

Figure 1a in the main paper describes the overall reaction pathways towards the main products 

for thermal-catalytic POX of CH4 at 500 K using a 70/30 CH4/O2 mixture. These calculations 

are performed at 500 K, so that the results can serve as a benchmark for the plasma cases, which 

are simulated at conditions relevant for a DBD. In this section, we compare the reaction 

pathways from Figure 1a (see main paper) to pathways calculated for a temperature that is 
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relevant for thermal-catalytic POX of CH4, i.e. 1000 K. These pathways are displayed in Figure 

S1. Additionally, we also compare our results to earlier microkinetic studies by Aghalayam et 

al.17 and Mhadeshwar et al.9 The results of Aghalayam et al. are calculated at 800 K and for a 

mixture of 10% CH4 in air.17 Those of Mhadeshwar et al. are calculated at 1123 K and for a 

mixture of 2% CH4, 1.8% O2 and 96.2% N2.
9 

 

Figure S1. Most important reaction pathways at steady state for thermal-catalytic POX of CH4 on 

Pt(111) using a CH4/O2 (70/30) gas mixture at 1000 K and 1 bar. The values of the reaction TOFs in (s-

1) are displayed next to the arrows. The arrow thickness indicates the relative importance of a reaction. 

A dotted arrow indicates the species is used as a second reactant in another reaction. 

The reaction pathways at 500 K (Figure 1a in the main paper) and at 1000 K (Figure S1) are 

largely similar. Under both conditions, the activation of CH4 occurs through dissociative 

adsorption on empty sites, followed by dehydrogenation of CH3* and CH2* by empty surface 

sites. In contrast, the models by Aghalayam et al.17 and Mhadeshwar et al.9 predict that CHx* 

dehydrogenation occurs mainly via an O*-assisted route. However, these models are based on 

the less accurate bond order conservation theory, which predicts lower activation barriers for 

the O*-assisted route, while various DFT studies found that for Pt the O*-assisted route has 

higher barriers.7,18,19 At 1000 K, CH* is dehydrogenated through interaction with an empty site 

and the formed C* is subsequently oxidised to CO*. Aghalayam et al.17 and Mhadeshwar et 

al.9 instead reported that CH* mainly reacts with O* to form CO* and H* via a direct route. At 

500 K, we find that CH* dissociation and subsequent C* oxidation is only a secondary route, 

as CH* mainly (90.5%) reacts with O* to form CHO*. This is likely a result of the higher O* 

coverage at this temperature. The formed CHO* subsequently decomposes to CO* and H*. 

Note that this route is similar to the one reported by Aghalayam et al.17 and Mhadeshwar et al.9 

as the formation of CO* from CH* occurs through interaction between CH* and O* and does 

not go via C*. Aghalayam et al.17 and Mhadeshwar et al.9 both reported that CO* is further 

oxidised to CO2*. As is discussed in the next section, we find that the importance of this reaction 
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depends on the presence of small amounts of CO in the gas phase and on the temperature. In 

accordance with Mhadeshwar et al.,9 we find that H2O* is formed through disproportionation 

of two OH* species. Yet, at 1000 K, we find that the hydrogenation of OH* is only slightly less 

important (46.1%) for the formation of H2O* than the disproportionation of OH* species, which 

forms 53.8% of H2O*. 

5. Effect of CO on CO2 selectivity in thermal POX of CH4 

There exists a discussion in literature about whether syngas formation via POX of CH4 in 

thermal catalysis occurs via a direct or an indirect mechanism. The direct mechanism claims 

that CO and H2 are mainly formed directly from CH4 and O2. The indirect mechanism assumes 

that two zones are present in the reactor: an oxidation zone at the start of the reactor and a 

successive reforming zone. In the oxidation zone, O2 is consumed in the total oxidation of CH4, 

to primarily form CO2 and H2O. In the subsequent reforming zone, where O2 has been depleted, 

the formed CO2 and H2O react with the remaining CH4 via dry and steam reforming, 

respectively, to form syngas.20 Based on whether a direct, indirect or intermediate mechanism 

occurs, we can thus expect either syngas, complete oxidation products or a mixture of both, as 

the main products in the presence of O2. The more recent studies on thermal-catalytic POX of 

CH4 on Pt seem to support either the indirect9,17,21 or intermediate mechanism.20,22,23 However, 

at the relatively low temperature of 500 K of our simulations, H2O and CO2 are the 

thermodynamically favoured products according to thermodynamic equilibrium calculations. 

We could thus expect the formation of CO2 to be favoured over that of CO. The fact that our 

model does not predict this, however, can be attributed to the zero conversion conditions. 

Figure S2 illustrates that the presence of small fractions of CO (0.1-0.001%) in a CH4/O2 gas 

mixture causes CO2 to become the main product at temperatures below 1000 K. This shows 

that the formation of CO2 in the thermal POX of CH4 depends on the presence of small 

quantities of CO in the gas phase. High CO content and low temperature favour CO2, while low 

CO content and high temperature favour CO. Note that other products, e.g. H2, H2O and CO2, 

will also form and accumulate in the gas phase, which will further influence the selectivities 

towards CO and CO2. In order to make more accurate predictions of which product is favoured 

under the different reaction conditions, a reactor model is required that considers the change in 

gas phase composition, based on product formation. However, this is outside the scope of the 

present study. 
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Figure S2. The influence of small fractions of CO in a CH4/O2 (70/30) gas mixture and of temperature 

on the CO2 selectivity in (%) for thermal-catalytic POX of CH4 on Pt(111). Calculated at steady-state 

and for a total pressure of 1 bar. 

6. Influence of vibrational excitation on the surface coverages 

Figure S3 shows the surface coverages of the 14 most abundant surface species, as well of the 

fraction of free sites, when varying the vibrational temperature between 500 and 1500 K and 

the O2 content between 1 and 99%. O* species cover almost the whole surface for the entire 

range of investigated conditions, but its coverage decreases slightly when lowering the O2 

content or increasing the vibrational temperature. The fraction of free sites mainly depends on 

the O2 content in the gas mixture and increases upon decreasing O2 fraction. The coverages of 

the other species increase with rising vibrational temperature, while many also show some 

dependency on the O2 fraction. 
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Figure S3. Influence of the vibrational temperature and O2 content on the fractional coverages of the 

14 most abundant surface species, as well as the fraction of free sites. Calculated at steady state for a 

CH4/O2 mixture at a pressure of 1 bar and a surface temperature of 500 K. Note that linear scaling is 

used for the O* coverage, while logarithmic scaling is used for the other surface coverages. 
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7. Influence of vibrational excitation on the selectivities of CH2CH2 and CHCH 

 

Figure S4. Influence of the vibrational temperature and O2 content on the selectivities of CH2CH2 and 

CHCH. Calculated at steady state for a CH4/O2 mixture at a pressure of 1 bar and a surface temperature 

of 500 K. 

8. Effect of vibrational excitation in the presence of radicals 

Figure S5 illustrates the effect of the vibrational temperature of CH4 and O2 on the TOFs of the 

products and reactants, when radicals are present in the gas phase. All TOFs, except that of CH4 

dissociation, remain constant as the vibrational temperature rises from 500 to 1500 K. This 

indicates that in the presence of radicals, vibrational excitation of CH4 and O2 has only a 

negligible effect on the surface chemistry, and consequently that the surface chemistry is mainly 

governed by the plasma radicals. While the TOF of CH4 dissociation does change when the 

vibrational temperature rises above 1000 K, this does not affect the TOFs of any other reactants 

or products. Below 1160 K, CH4 is net formed at the surface, as its dissociation products from 

the plasma, i.e. CH3 and H, adsorb onto the surface and recombine to form CH4. At higher 

temperatures, the dissociation of vibrationally excited CH4 becomes more important, resulting 

in a net consumption of CH4 at the surface. Note that the CH4 dissociation TOFs at the catalyst 

surface are low for these conditions. Therefore, CH4 conversion will mainly occur in the 

plasma, resulting in the formation of reactive radicals that react much faster at the surface. 



S13 

 

 

Figure S5. Effect of the vibrational temperature on the TOFs of products and reactants when radicals 

are present in the gas phase. Dotted lines indicate consumption, whereas full lines indicate production.  

Calculated for a surface temperature of 500 K and a total pressure of 1 bar. The partial pressures used 

in the simulations are shown Table 1 of the main paper. 

9. Effect of OH and OOH radicals on TOFs and surface coverages 

 

Figure S6.  Influence of the OH and OOH partial pressures on TOFs (left) and surface coverages (right). 

Calculated for a surface temperature of 500 K and a total pressure of 1 bar. The species partial 

pressures used in the simulations are shown in Table 1 of the main paper, but the partial pressures of 

OH and OOH are varied by the indicated scaling factor. 

10. Effect of HCOO and COOH radicals on TOFs and surface coverages 

As mentioned before, we estimated the partial pressures of the various plasma species based on 

the densities calculated by De Bie et al.24 (see Table 1 of the main paper). However, the model 

by De Bie et al. does not include HCOO and COOH radicals. Yet, these species might also 

have an important influence on the surface chemistry. In this section, we therefore briefly 

discuss their potential effect. To investigate this, we include the adsorption and desorption of 
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these species in the chemistry set and choose a low value of 10-13 bar for their partial pressures, 

so that these radicals do not influence the rest of the surface chemistry. We then separately 

increase their partial pressures by up to a factor 106, i.e. up to a maximum partial pressure of 

10-7 bar. The resulting variations in TOFs and surface coverages are displayed in Figure S7 and 

Figure S8 for HCOO and COOH, respectively. Enhanced adsorption of HCOO leads to a higher 

formation of CO2 and HCOOH, according to the pathways in Figure 4 of the main paper. The 

higher CO2* formation enhances CO production via the reverse Boudouard reaction, while the 

higher consumption of H* upon hydrogenation of HCOO* hampers CH3OH formation. A 

higher partial pressure of COOH also favours the production of CO2 through hydrogen 

abstraction from the adsorbed COOH* by O*. This also leads to a higher TOF of CO, caused 

by the reverse Boudouard reaction. Thus, HCOO and COOH radicals mainly result in additional 

formation of unwanted CO2 and CO, and their formation in the plasma should therefore be 

limited. On the other hand, the formation of HCOO in the plasma might be beneficial if 

HCOOH is the desired product. 

 

Figure S7. Influence of the HCOO partial pressure on TOFs (left) and surface coverages (right). 

Calculated for a surface temperature of 500 K and a total pressure of 1 bar. The partial pressure of 

HCOO is varied throughout the simulation, the partial pressure of COOH is kept constant at 10-13 bar, 

and the other partial pressures are shown Table 1 of the main paper. 
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Figure S8. Influence of the COOH partial pressure on TOFs (left) and surface coverages (right). 

Calculated for a surface temperature of 500 K and a total pressure of 1 bar. The partial pressure of 

COOH is varied throughout the simulation, the partial pressure of HCOO is kept constant at 10-13 bar, 

and the other partial pressures are shown Table 1 of the main paper. 
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