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Abstract

We use microkinetic modelling to examine the potential of plasma-catalytic partial oxidation 

(POX) of CH4 as a promising new approach to produce oxygenates. We study how different 

plasma species affect POX of CH4 on a Pt(111) surface and we discuss the associated kinetic 

and mechanistic changes. We discuss the effect of vibrationally excited CH4 and O2, as well as 

plasma-generated radicals and stable intermediates. Our results show that vibrational excitation 

enhances the turnover frequency (TOF) of catalytic CH4 dissociation and has good potential for 

improving the selectivities towards CH3OH, HCOOH and C2 hydrocarbons. Nevertheless, 

when also considering plasma-generated radicals, we find that these species mainly govern the 

surface chemistry. Additionally, we find that plasma-generated radicals and stable 

intermediates enhance the TOFs of COx and oxygenates, increase the selectivity towards 

oxygenates and make the formation of HCOOH more significant on Pt(111). We also briefly 

illustrate the potential impact of Eley-Rideal reactions that involve plasma-generated radicals. 

Finally, we reveal how various radicals affect the catalyst surface chemistry and we link this to 

the formation of the different products. This allows us to make suggestions of how the plasma 

composition should be altered in order to improve the formation of the desired products. 

Keywords

Partial oxidation of CH4, Plasma catalysis, Microkinetic modelling, Vibrational excitation, 

Radicals
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2

1. Introduction

The remote locations of many natural gas reserves and the difficulties associated with 

transporting methane (CH4) ask for technologies that convert CH4 into liquid chemicals prior 

to transportation, to make its valorisation economically attractive. Such technologies would 

transform an important greenhouse gas, while simultaneously decreasing the dependency on oil 

for production of chemicals and fuels.1–3 The partial oxidation (POX) of CH4 into liquid 

oxygenates is therefore a particularly interesting route for CH4 conversion.4,5 Yet, certain 

challenges are associated with this approach, such as breaking the strong C-H bond in CH4, 

while avoiding deep oxidation of the oxygenates to CO and CO2.6,7 In classical thermal 

catalysis, the POX of CH4 has therefore been mainly investigated for syngas production at high 

temperatures with transition metal catalysts, like Ru, Rh, Ni and Pt.8

Non-thermal plasma (NTP) offers a distinct approach for easier breaking of the C-H bond in 

CH4 compared to thermal catalysis. NTP is characterised by highly energetic electrons, which 

can provide the energy required to induce chemical reactions, and thus the use of high gas 

temperatures can be avoided. On the other hand, the high reactivity of plasma can hamper the 

selective formation of the desired products.9,10 The selectivity of NTP can be improved by 

combining it with a catalyst, as is done in plasma catalysis. The various reactive species formed 

in NTP (radials, excited molecules, etc.) can adsorb onto the catalyst, which directs their further 

reaction towards the desired products. Needless to say, good knowledge of the interaction 

between the plasma species and the catalyst is required to select the optimal catalyst material 

and operating conditions.11–13

The POX of CH4 has been investigated in a variety of plasma reactors.4,9,14–20 Among these the 

dielectric barrier discharge (DBD) reactor is most common, as it can be easily operated at 

atmospheric pressure and scaled up for industrial use.21 Some selectivity towards organic 

oxygenates (CH3OH, CH2O, HCOOH, etc.) can be achieved by POX of CH4 in a DBD, but 

large amounts of CO and CO2 are also formed. As a result, further increase in oxygenate 

selectivity is an important issue.4 Combination of a DBD plasma with the correct catalyst might 

solve this issue.

Various experimental works have investigated how the conversions and selectivities in POX of 

CH4 are altered when combining a plasma with a wide variety of catalyst materials, including 

but not limited to: CuO-based catalyst,22–24 Fe2O3,25,26 Mn oxides,26 copper-zinc-alumina doped 

with various metals,27,28, NiO,26,29 Ni,29–31, Pt,25,30 Pd,32 Fe32 and Mo.32 While these studies offer 
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useful information, they usually provide limited insight, due to the complexity of the plasma-

catalytic system, resulting from the various interactions at play. As a result, a detailed 

fundamental understanding of the plasma-catalytic surface chemistry, for POX of CH4 as well 

as other reactions, is still lacking.11–13

Only a few mechanistic studies are available on the surface chemistry for the plasma-catalytic 

oxidation of CH4. Knoll et al.33 investigated POX of CH4 by an Ar/O2 atmospheric pressure 

plasma jet (APPJ) in the presence of a Ni on Al2O3/SiO2 catalyst, using in situ diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS). The authors find that CO2 

formation is enhanced at higher temperature and that CO is likely being converted to CO2 on 

the catalyst surface. However, they also suggest the presence of carboxylate groups or COO-, 

which are likely precursors to CO2.33 Zhang et al.34 investigated the decomposition and 

oxidation of CH4 exposed to a Ni catalyst on an Al2O3/SiO2 support and an Ar or Ar/O2 APPJ, 

using time-resolved DRIFTS. The authors found that treatment with Ar plasma resulted in the 

formation of surface-bound CO, which was oxidised to CO2 upon admixture of O2 to the 

plasma. These results indicate that the CO selectivity can be altered by adjusting the flow of 

O2.34 Gibson et al.35 investigated CH4 oxidation using a Pd/Al2O3 catalyst in a plasma. From in 

situ monitoring of the X-ray absorption fine structure (XAFS) the authors concluded that the 

catalyst did not undergo any significant structural changes during operation. Additionally, the 

temperature of the Pd nanoparticles was lower than needed to thermally activate the catalyst, 

indicating an alternative pathway for CH4 activation.35 Stere et al.36 studied the oxidation of 

CH4 in the plasma with a Pd/Al2O3 catalyst, using in situ DRIFTS analysis. The authors 

observed significant formation of formate species (HCOO) on the catalyst, which was 

correlated to CO2 formation. They also suggested that CO and CO2 formation occurs via 

different routes, due to their different formation profiles as a function of time.36 

Besides experimental mechanistic studies, a good insight in the underlying (plasma and 

catalytic surface) chemistry for plasma-catalytic POX of CH4 can also be obtained by numerical 

modelling. Existing kinetic models on plasma-induced POX of CH4 have been developed for 

plasma-only processes, and thus do not incorporate any plasma-catalyst interactions. 

Nevertheless, these models still provide useful insight in the gas phase chemistry. Nozaki et 

al.19 stated that in POX of CH4, CH3 mainly forms oxygenates, while other CHx result in CO 

and CO2 formation. They also modelled streamer formation in CH4 to study its fragmentation 

pattern. Goujard et al.9 simulated POX of CH4 at 5 °C and 300 °C. Plasma-induced dissociation 

of CH4 in H and CH3 was found to be the main mechanism for CH4 activation at 5 °C, while at 
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4

300 °C, oxidation reactions became increasingly important, resulting in more CO, H2, CO2 and 

H2O.9 De Bie et al.37 simulated POX of CH4 in a DBD using a 1D fluid model and identified 

the dominant reaction pathways. Both De Bie et al.37 and Goujard et al.9 reported that CH3 and 

O2 recombine into CH3OO, which was identified as a key species for oxygenate formation. On 

the other hand, Qian et al.38 reported that CH3OH is mainly formed via three-body 

recombination of CH3 and OH, rather than via CH3OO, based on 0D modelling.38 An important 

issue for plasma-induced POX of CH4 is deep oxidation to CO and CO2, either due to oxidation 

of the oxygenates or dissociation of CH4 to CH2, CH or C, as is discussed in the abovementioned 

studies.9,19,37

While modelling POX of CH4 in a plasma without catalyst gives useful insight in the gas phase 

chemistry, theoretical studies from thermal catalysis can provide a better understanding of the 

chemistry at the catalyst surface. Olivera et al.39 estimated reaction enthalpies and activation 

barriers for POX of CH4 on different transition metals (Ni, Pd, Pt and Au), using bond order 

conservation theory and found that CH3OH formation is more likely to occur on the most noble 

metals. A similar conclusion was drawn by Yoo et al.40 from microkinetic modelling of the 

thermal-catalytic POX of CH4 on different transition metals. However, at the same time, 

activation of CH4 is more difficult on the most noble metals.39 Density functional theory (DFT) 

calculations by Xing et al.41 showed that surface-bound O* can facilitate the activation of CH4 

on group Ib metals, but also lowers the barrier of the subsequent dehydrogenation steps, and 

therefore has both a promoting and inhibiting effect on POX of CH4 towards oxygenates.41 

Baek et al.42 performed microkinetic modelling on thermal POX of CH4 to syngas and showed 

that if O*-assisted dehydrogenation pathways are considered, an additional local maximum in 

the turnover frequency (TOF) for CO2 production can be observed in the region near Ag. 

Additionally, the TOFs of CO and H2O also strongly increased in this region, yet the authors 

did not study oxygenate formation.42

Although the aforementioned theoretical studies provide useful knowledge on either the plasma 

or the catalyst surface chemistry, they are developed to simulate plasma-only or thermal-

catalytic POX of CH4, respectively. As a result, these studies do not incorporate any effects of 

plasma species on the surface chemistry. In this publication, we introduce a microkinetic model 

for POX of CH4 by plasma catalysis, that incorporates the effects of plasma species, such as 

vibrationally excited molecules, radicals and stable intermediates, on the catalyst surface 

chemistry. Recently, similar models have provided valuable new insight in the plasma-catalytic 

synthesis of NH3
43,44, non-oxidative coupling of CH4

45 and CO2 hydrogenation.46
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5

Transition metals from group VIIIb are known to be good catalysts for thermal POX of CH4 to 

syngas at high temperature.8,47 We here investigate whether such transitions metals would be 

suitable catalysts for oxygenate production via low-temperature POX of CH4 in the presence of 

reactive plasma species. From these catalysts, we choose Pt(111) as this is among the most 

noble transition metals in group VIIIb and can thus be expected to be the more suitable catalyst 

for oxygenate formation.39 Note that it is described in literature that plasma methods for catalyst 

preparation, e.g. catalyst reduction by plasma, can easily generate the (111) facet.48 

Additionally, Pt has been fairly well studied in thermal catalysis for syngas formation through 

POX of CH4 at high temperature by both microkinetic modelling49–52 and DFT studies.53,54 

Thus, the DFT data required by the model is accessible in literature and the availability of other 

microkinetic modelling studies allows us to compare our results to those of existing studies.

2. Methods

We constructed a mean field microkinetic model to simulate POX of CH4 on Pt(111).45 For 

every surface species the time-evolution of the fractional coverage is described with a balance 

equation, based on the different gain and loss terms:∂𝜃𝑥∂𝑡 =  ∑𝑖, 𝑔𝑎𝑖𝑛𝑐𝑥,𝑖𝑟𝑖―∑𝑖,𝑙𝑜𝑠𝑠𝑐𝑥,𝑖𝑟𝑖                                                                  (1)

Where θx is the fractional coverage of species x, cx,i is the stoichiometric coefficient for species 

x in the gain and loss reactions i and ri are the rates of said reactions. These rates are calculated 

as the difference between the rates of the forward and reverse reactions:

𝑟𝑖 = 𝑘𝑖, 𝑓∏𝑥𝑓 (𝑎𝑥𝑓)𝑐𝑥𝑓,𝑖 ― 𝑘𝑖,𝑟∏𝑥𝑟 (𝑎𝑥𝑟)𝑐𝑥𝑟,𝑖                                                 (2)

Where ki,f and ki,r are the rate constants of the forward and reverse reactions, respectively, and 

axf and axr are the activities of the reactant species xf and the product species xr, respectively. 

The activities are assumed equal to the fractional coverages for surface species and to the partial 

pressures (in bar) for gas phase species. The rate constants are calculated using transition state 

theory: 

𝑘 =
𝑘𝑏𝑇ℎ exp ( ― Δ𝐺 ‡𝑅𝑇 ) =

𝑘𝑏𝑇ℎ exp ( ― Δ𝐻 ‡𝑅𝑇 )exp (Δ𝑆 ‡𝑅 )                                (3)

Where kb is the Boltzmann constant, T is the temperature, h is the Planck constant, R is the ideal 

gas constant and ΔG‡, ΔH‡ and ΔS‡ are the Gibbs free energy, enthalpy and entropy of 
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6

activation, respectively. We calculate the entropy differences based on the translational entropy, 

as this typically has the largest contribution to the total entropy.55 The translational entropy of 

a gas species is calculated as:56

𝑆𝑡𝑟𝑎𝑛𝑠(𝑇) = 𝑅 𝑙𝑛(𝑘𝑏𝑇𝑝𝑟𝑒𝑓(2πmkb𝑇)
3 2ℎ3
𝑒5 2)                                                  (4)

Where Strans is the translational entropy, m is the mass of the gas species and pref is the reference 

pressure (105 Pa). Gas phase species are assumed to lose all their translational entropy upon 

adsorption onto the surface. Thus, the reaction entropy ΔS is equal to -Strans for adsorption 

processes and Eley-Rideal reactions. For dissociative adsorption and Eley-Rideal reactions, the 

transition state is assumed to have lost all its translational entropy, hence ΔS‡
ads is equal to 

-Strans. For molecular and radical adsorption, on the other hand, the transition state is considered 

a 2D gas and ΔS‡
ads is considered equal to -1/3Strans for these processes.56 For the corresponding 

molecular and radical desorption processes, the Gibbs free energy of activation can become 

negative at higher temperatures, due to the higher entropy in the transition state. In such case, 

the Gibbs free energy of activation ΔG‡
des is set to zero and the rate constants are calculated as:

𝑘𝑑𝑒𝑠 =
𝑘𝑏𝑇ℎ                                                                                                  (5)

𝑘𝑎𝑑𝑠 =
𝑘𝑑𝑒𝑠𝐾𝑒𝑞, 𝑑𝑒𝑠                                                                                               (6)

Where Keq is the equilibrium constant:

𝐾𝑒𝑞 = exp ( ― Δ𝐺𝑅𝑇) = exp ( ― Δ𝐻𝑅𝑇)exp (Δ𝑆𝑅 )                                            (7)

Where ΔG, is the Gibbs free energy of the reaction, ΔH is the reaction enthalpy and ΔS is the 

reaction entropy. Finally, ΔS and ΔS‡ are considered equal to zero for Langmuir-Hinshelwood 

reactions.

A full list of all reactions included in the model alongside the thermodynamic data can be found 

in Table S1 of the Supporting Information (SI). The effect of vibrationally excited CH4 and O2 

is implemented by lowering the enthalpy barriers of their respective dissociative adsorption 

reactions and the Eley-Rideal reactions between gaseous CH4 and surface-bound OH* or O* 

(see Table S1 in the SI, reactions 14 and 15).45 For a detailed description of how vibrational 

excitation is implemented in our model, we refer to section 2 of the SI. 
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7

We obtain steady state coverages, by solving the differential equations to  for all (
∂𝜃𝑥∂𝑡 = 0)

species, at a temperature of 500 K, a total pressure of 1 bar and zero conversion, unless noted 

otherwise. These steady state coverages can be inserted back into the rate equations to obtain 

steady state reaction rates. To compare the product formation and product distributions between 

different conditions, we calculate the steady state turnover frequencies (TOFs) and selectivities 

from the steady state reaction rates, as described in section 3 of the SI.

3. Results and discussion

In the following sections, we solve the model for various cases. We start by solving the model 

for the thermal case, without including any plasma effects. These results will serve as the 

benchmark to evaluate the plasma effects. Subsequently, we modify the model to include either 

vibrational excitation or plasma-generated radicals and stable intermediates and we compare 

these results to the thermal case. In order to make this comparison possible, all simulations are 

performed at a temperature of 500 K and a total pressure of 1 bar, unless noted otherwise. We 

choose these conditions as they are representative for a DBD plasma. In our simulations, we 

use a reactant gas mixture of CH4/O2 (70/30), as the radical partial pressures used in our model 

are based on radical densities calculated by De Bie et al.,37 for this gas mixture. This CH4/O2 

ratio is close to the stoichiometric ratio of 2/1 for POX to CH3OH. Note that this work focusses 

on the effect of the plasma species on the surface chemistry. In reality, molecules and radicals 

formed at the catalyst surface can desorb back to the gas phase and in turn influence the plasma 

chemistry. The influence of the surface reactions on the plasma composition is beyond the scope 

of this study but would be an interesting follow-up work.

3.1. Thermal catalysis

As discussed in the introduction, the thermal-catalytic POX of CH4 on Pt has been mainly 

investigated for the production of syngas at high temperatures (800 – 1300 K).49–52,57,58 Only a 

few studies have investigated potential pathways for oxygenate formation via POX of CH4 on 

Pt.39,40,53 We start by solving the model for the thermal case to reveal the most important 

reaction pathways for POX of CH4 on a Pt(111) surface at steady state. The overall pathways 

for the main products are shown in Figure 1a. Gaseous CH4 dissociatively adsorbs onto the 

surface, forming CH3* and H*. CH3* is further dehydrogenated to CH2*, which in turn forms 

CH*. We find that the breaking of the C-H bonds in all three steps occurs through interaction 

with empty surface sites, rather than with OH* or O*. Most of the CH* (90.5%) is oxidised to 

CHO* and subsequently decomposes to form CO*, which desorbs from the surface. A smaller 
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8

fraction of CH* (9.4%) first undergoes dehydrogenation, after which the formed C* is oxidised 

into CO* as well. Dissociative adsorption of O2 results in formation of surface O*. Most of the 

O* (79.0%) forms OH* through reaction with H* that originates from the dehydrogenation of 

CHx and CHO*, while the oxidation of CH* to CHO* is responsible for 18.0% of the total O* 

consumption. OH* reacts to form H2O* through the reaction 2OH* → H2O* + O*, after which 

the formed H2O* desorbs as a side product. 

As mentioned before, we performed these calculations at 500 K, to provide a benchmark for 

plasma-catalytic POX of CH4, which typically occurs at such temperature in DBD plasma, 

although we admit that this temperature is too low for thermal-catalytic POX of CH4. Therefore, 

in the SI (section 4), we compare the reaction pathways at 500 K from Figure 1a with the 

pathways calculated at 1000 K (as more common in thermal-catalytic POX of CH4) and results 

predicted by earlier microkinetic studies50,52.

Figure 1. 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 500 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 within each separate scheme. A dotted arrow indicates the species is 

used as a second reactant in another reaction.
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9

Figure 1b represents the pathways for the formation of CO2 and HCOOH, as well as concurrent 

reactions. A relatively small amount (1.8%) of the CHO* formed in the main pathway, is 

oxidised to HCOO* as a side reaction. Only a minor amount (0.003%) of this HCOO* 

undergoes hydrogenation to HCOOH, while the majority is dehydrogenated to CO2*, either by 

interaction with an empty surface site (99.1%) or O* (0.9%). Another important route for the 

formation of CO2* is through oxidation of CO* that is formed in the main pathway. Still, about 

71.0% of CO2* formation occurs via dehydrogenation of HCOO* by empty sites, compared to 

28.4% from oxidation of CO*. The rate of HCOOH formation in Figure 1 is about six order of 

magnitude lower compared to that of CO desorption, which indicates that the formation of 

HCOOH in practice does not occur. The rate of CO2 desorption in Figure 1 is roughly a factor 

40 lower than that of CO. However, experimental and DFT results by Chin et al.59 indicate that 

CO oxidation to CO2 is much faster than CH4 dissociation on Pt clusters, and because of this, 

only trace amounts of CO can be present in the gas phase prior to O2 depletion. Additionally, 

thermal equilibrium calculations show that CO2 and H2O are the thermodynamically favoured 

products at 500 K.4,8 The reason that the rate for desorption of CO in Figure 1 is higher than 

that of CO2 can, however, be attributed to the zero conversion conditions. Indeed, we find that 

the addition of even small amounts of CO (0.1-0.001%) to the gas mixture results in CO2 

becoming the main product, as CO is adsorbed and oxidised. A more in-depth discussion is 

provided in section 5 of the SI.

The pathways leading to the formation of CH3OH and CH2O are displayed in Figure 1c. These 

pathways branch off from the main reaction pathway at the CH3* species, which can be oxidised 

by O* to form CH3O*. The latter serves as a precursor for both CH3OH and CH2O. However, 

dehydrogenation of CH3* by an empty surface site or a surface-bound O* is strongly favoured 

over CH3O* formation, as indicated in Figure 1c. Indeed, the TOFs of dehydrogenation by 

empty sites or hydrogen abstraction by O* are seven and four orders of magnitude higher, 

respectively, than that of CH3O* formation. The CH3O* species can either be hydrogenated to 

CH3OH or dehydrogenated to form CH2O, the latter being strongly favoured (i.e., its rate is ten 

orders of magnitude higher). However, neither of these products are expected to be formed in 

significant amounts under these conditions, as their TOFs are several orders of magnitude lower 

than those of the main products, i.e., CO, CO2 and H2O. As mentioned earlier, this is also the 

case for HCOOH.
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10

3.2. Plasma catalysis: effect of vibrational excitation

As discussed in the introduction, one of the challenges associated with POX of CH4 is the 

activation of the strong C-H bond in CH4.7 Indeed, activation of the C-H bond has been 

identified as the sole kinetically relevant step for POX of CH4 on Pt clusters, except for 

conditions close to O2 depletion, where O2 activation becomes rate-limiting.60 Vibrational 

excitation of CH4 is known to enhance its dissociative adsorption onto transition metal 

surfaces.61 Thus, plasma-induced vibrational excitation can be expected to facilitate POX of 

CH4 on these surfaces. In the following sections we investigate the impact of vibrational 

excitation on the TOFs and product selectivities of POX of CH4 on Pt(111), and we discuss the 

associated kinetic and mechanistic changes. We implement the effect of plasma-induced 

vibrational excitation by lowering the barriers of CH4 and O2 activation, as discussed in section 

2 of the SI. We simultaneously vary the vibrational temperatures of CH4 and O2 between 500 

and 1500 K and assume both vibrational temperatures to have the same value. Chen et al.62 

measured the vibrational temperature in a CH4/N2/He DBD plasma at 60 Torr based on the ν = 1 

peak of N2 and observed a maximal vibrational temperature of 1350 K. We here choose an 

upper limit of 1500 K, which is still in the uncertainty range of the results from Chen et al.62 

We choose this value to be an upper limit since the vibrational temperature measured by Chen 

et al. was based on the ν = 1 peak of N2 and the vibrational temperature of CH4 is likely to be 

lower. As a comparison, Butterworth et al.63 studied the vibrational excitation of CH4 in low 

pressure pulsed microwave plasma and found that the vibrational and gas temperatures 

equilibrate around 900 K. In any case, varying the vibrational temperature in this wide range is 

interesting from a theoretical point of view as well.

3.2.1. Effect of vibrational excitation on the TOFs

Figure 2 illustrates the influence of vibrational excitation on the total TOF of CH4 dissociation 

for a variable O2 content (1-99%), as well as the separate TOFs of the two main CH4 

dissociation reactions. As can be seen in the right panel of Figure 2, the TOF of CH4 dissociation 

increases by several orders of magnitude, i.e. about 4 orders of magnitude at 30% O2, upon a 

rise in vibrational temperature from 500 to 1500 K. Additionally, the CH4 dissociation TOF 

also rises upon lower O2 content due to the corresponding increase in the partial pressure of 

CH4. Below a vibrational temperature of 1000 K, the highest CH4 dissociation TOFs are 

restricted to low O2 content. Yet, above 1000 K the highest TOFs can be found in a region that 

is more spread out over the different O2 fractions. This can be linked to a change in the main 

mechanism of CH4 dissociation around 1000 K. The TOFs of the main mechanisms of CH4 
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11

dissociation can be seen in the left panels of Figure 2. At vibrational temperatures below 

1000 K, the main mechanism for CH4 dissociation is the dissociative adsorption on empty 

surface sites, while above 1000 K the dissociation of CH4 occurs mostly through an Eley-Rideal 

reaction with pre-adsorbed O* (CH4(g) + O*  CH3* + OH*). The change in mechanism 

follows from a stronger rise in the rate constant of the O*-assisted CH4 dissociation, compared 

to dissociative adsorption on empty sites. This is a direct result of the higher reaction barrier 

and Fridman-Macheret α parameter (see SI, section 2) of the O*-assisted reaction (1.28 eV and 

0.48 eV, resp.) compared to that on empty sites (0.63 eV and 0.41 eV, resp.). When comparing 

the TOFs of both reactions, we find that the O*-assisted mechanism depends less on the O2 

content in the gas mixture. This is because the O* coverage varies very little with O2 content or 

vibrational temperature and remains above 99.5% in the investigated range, while the fraction 

of free sites mainly changes with O2 content and drops from 5.3 × 10-5 to 3.7 × 10-6, as the O2 

content rises from 1 to 99%. As the O*-assisted mechanism depends less on the fraction of free 

sites, i.e., it requires only one free site per molecule of CH4, it also varies less with O2 content. 

The fractional coverages of the 14 most abundant surface species, as well as the fraction of free 

sites, can be found in Figure S3 in the SI.

Figure 2. Influence of the vibrational temperature and O2 content on the TOFs of the two main reactions for CH4 dissociation 

(left panels) and on the total TOF of CH4 dissociation (right panel), both in (s-1). Calculated at steady state for a CH4/O2 

mixture at a pressure of 1 bar and a surface temperature of 500 K. For convenience the same scale is used for the three graphs 

in this figure.

Our results indicate that plasma-induced vibrational excitation shows good potential for 

improving the TOFs of POX of CH4 at low temperature (500 K). The effect of vibrational 

excitation on the product selectivities is discussed in the next section. Additionally, our results 

suggest that vibrational excitation can decrease the dependency of the TOFs on the O2 content 

in the gas phase for relevant O2 fractions (1-99%) by facilitating the O*-assisted dissociation 

of CH4. As a result, high TOFs becomes feasible even at higher O2 fractions.
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12

3.2.2. Effect of vibrational excitation on the selectivities

In the previous section we showed that vibrational excitation can enhance the TOF of CH4 

dissociation. In this section we investigate whether vibrational excitation can affect the 

selectivities of the products. In Figure 3 we illustrate how the selectivities of the oxygenates, 

COx and ethane (CH3CH3) change when varying the vibrational temperature from 500 to 

1500 K for a gas mixture with variable O2 content, i.e. 1-99% O2. Figure 3a), Figure 3b) and 

Figure 3c) display the selectivities of CH3OH, HCOOH and CH3CH3, respectively, which show 

a similar trend. The selectivities of these products rise strongly when increasing the vibrational 

temperature from 500 to 1500 K, i.e. by a factor 104-105 at 33% O2. However, these selectivities 

are less dependent on the O2 content in most of the investigated range and only show a strong 

decrease at high O2 fractions. Figure 3d) and Figure 3e) display the selectivities of CH2O and 

CO2, respectively. The selectivities of both products increase only slightly with a rising 

vibrational temperature and instead depend stronger on the O2 content in the gas mixture, with 

a higher fraction of O2 resulting in higher selectivities towards these products. The selectivity 

of CO, shown in Figure 3f), changes little under the investigated conditions, but drops slightly 

with rising O2 fraction or vibrational temperature. As a result, CO remains the main product 

under the investigated conditions.
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13

Figure 3. Influence of the vibrational temperature and O2 content on the selectivities of oxygenates, COx and CH3CH3. 

Calculated at steady state for a CH4/O2 mixture at a pressure of 1 bar and a surface temperature of 500 K. Note that logarithmic 

scaling is used for CH3OH, HCOOH and CH3CH3, while linear scaling is used for CH2O, CO2 and CO.

The similar trend for the selectivities of CH3OH, HCOOH and CH3CH3, which strongly 

increase with rising vibrational temperature, can be explained by the enhanced dissociation of 

CH4. Vibrational excitation facilitates CH4 dissociation, which enhances the formation of CHx* 

and H*. Therefore, as the vibrational temperature rises from 500 to 1500 K, the fractional 

coverages of these species increase, by about a factor 103-105 at 30% O2 (see Figure S3 in the 

SI). Higher H* coverages enhance the hydrogenation of CH3O* and HCOO* to CH3OH and 

HCOOH, respectively, resulting in higher selectivities towards these products upon higher 
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14

vibrational temperature. Similarly, higher surface coverages of CHx* enhance their coupling to 

form C2-hydrocarbons. In Figure 3, we only show the selectivity of CH3CH3, but the 

selectivities of CH2CH2 and CHCH show a similar trend and can be found in Figure S4 in the 

SI. While the formation of CHx* and H* is also enhanced at high CH4 content and thus low O2 

fractions in the gas mixture, this trend is not observed as strongly in the selectivities of CH3OH, 

HCOOH and C2-hydrocarbons. This is because lower O2 fractions also result in higher fractions 

of free sites, which promote the dehydrogenation of CHx* and CO formation according to the 

pathways in Figure 1a. While vibrational excitation shows potential for improving the 

selectivities towards CH3OH, HCOOH and C2-hydrocarbons, these selectivities remain low 

under the investigated conditions, i.e. below 1.8 × 10-13, 9.4 × 10-8, 3.7 × 10-22 and 6.8 × 10-12
 

for CH3OH, CH3CH3, CH2CH2 and CHCH, respectively. This indicates that the effect of 

vibrational excitation alone is not enough to make the formation of CH3OH or C2-hydrocarbons 

feasible on Pt(111). On the other hand, the selectivity towards HCOOH reaches a maximum of 

0.77%, indicating that the formation of detectable amounts of HCOOH might be possible at 

high vibrational temperature.

As shown in Figure 3, the selectivities of CH2O and CO2 are not affected much by vibrational 

excitation and are instead more strongly dependent on the O2 content in the gas mixture. Both 

products show increased selectivities at higher O2 content, which is a result of the lower 

availability of free surface sites. As less free sites are available, a slightly lower fraction of 

CH3* and CHO* can be dehydrogenated by empty sites. Instead, relatively more CH3* and 

CHO* will bind to O*, forming CH3O* and HCOO*, respectively. As can be seen from the 

pathways displayed in Figure 1, the latter two species are precursors to CH2O and CO2, 

respectively. While the selectivities towards both products thus increase upon higher O2 

fraction, they vary relatively little under the investigated conditions, i.e. from 1.2 × 10-8 to 

1.7 × 10-7 and from 0.89% to 5.1% for CH2O and CO2, respectively. Consequently, the 

selectivity towards CH2O remains too low for its formation to become feasible on Pt(111), when 

only considering vibrational excitation. We find that the coupling of CH3* and O* to CH3O* is 

a bottleneck for the formation of CH2O and CH3OH, as CH3O* is a precursor to both these 

products. This reaction is strongly disfavoured on Pt(111), due to its high activation barrier 

(2.04 eV), while the barriers for CH3* dehydrogenation by either an empty surface site or O* 

are lower (0.83 and 1.62 eV, resp.).53

In summary, our results show that plasma-induced vibrational excitation increases the CH4 

dissociation TOF in its POX. This supports the possibility of plasma catalysis to facilitate POX 
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of CH4 on transition metals, like Pt, at lower temperatures than those required in traditional 

thermal catalysis. Additionally, we find that vibrational excitation increases the selectivities of 

CH3OH, HCOOH and C2 hydrocarbons. The lower activation barrier of CH4 dissociation 

improves the formation of H* and CHx* species at the catalyst surface, which enhances 

hydrogenation of CH3O* and HCOO* and coupling of CHx. However, we find that the 

selectivities towards oxygenates and C2 hydrocarbons remain low on Pt(111), as C-H bond 

breaking of the surface-bound intermediates is too strongly favoured on this catalyst and the 

effect of vibrational excitation alone cannot counteract this.

3.3. Plasma catalysis: effect of radicals and stable intermediates

Radicals and stable intermediates formed in the plasma are implemented in the model by setting 

a non-zero partial pressure for these species. The base case assumes partial pressures based on 

species densities calculated by De Bie et al.,37 for a DBD plasma at a CH4/O2 (70/30) inlet gas 

mixture. These species densities are converted to partial pressures using the ideal gas law and 

normalised to a total pressure of 1 bar. The resulting partial pressures are listed in Table 1. To 

study the impact of different species on the surface chemistry, their partial pressures are varied 

in a wide range. Ions are not considered in our model as they generally have lower densities 

compared to the radicals, indicating that they play only a minor role in the plasma chemistry.37 

Moreover, thermodynamic data for adsorption of ions from the gas phase is not readily 

available. However, in practice ions can also adsorb and react on the surface. For example, O2 

can be transformed into O2
- by electron attachment in plasma. Following adsorption, O2

-* can 

react with H2O* to form OOH* and OH-*.64 While this reaction is thus not considered in our 

model, we do account for the formation of OOH* through adsorption from the plasma.

We study the effect of the plasma species listed in Table 1, in the absence of any vibrationally 

excited species, to examine both effects separately. Furthermore, we find that if both effects are 

included in the model, the impact of vibrational excitation on the product TOFs is negligible. 

This is illustrated in Figure S5 of the SI. This indicates that for plasma catalysis with DBD 

plasmas, the surface chemistry is mainly governed by the plasma radicals. Similar conclusions 

were drawn by Engelmann et al.45 for plasma-catalytic non-oxidative coupling of CH4. 
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Table 1: The partial pressures implemented in the model for the base case, i.e., CH4/O2 (70/30) inlet gas mixture. Based on 

species densities from De Bie et al.37

Reactants Partial pressure (bar) Radicals Partial pressure (bar)

O2 0.3 C 1.54 × 10-11

CH4 0.7 CH 1.02 × 10-13

Stable intermediates Partial pressure (bar) CH2 2.32 × 10-11

CO 6.91 × 10-7 CH3 3.17 × 10-11

CH3OH 2.25 × 10-7 O 2.09 × 10-7

H2 3.25 × 10-6 H 2.72 × 10-10

CH3CH3 2.34 × 10-7 OH 8.96 × 10-9

CH2CH2 5.07 × 10-7 OOH 2.62 × 10-6

CHCH 7.90 × 10-9 CHO 4.62 × 10-13

H2O 1.30 × 10-6 CH3OO 3.25 × 10-6

CO2 5.85 × 10-7 CH3O 9.17 × 10-8

CH2O 1.98 × 10-6

HCOOHa 1.98 × 10-6

a) This partial pressure was set equal to that of CH2O, as HCOOH is not included by De Bie et al.

3.3.1. Most important reaction pathways in the presence of plasma species

Figure 4 illustrates the most important steady state reaction pathways on a Pt(111) surface 

exposed to a CH4/O2 (70/30) plasma, i.e. including plasma-generated radicals and 

intermediates. The most important surface reactions, in terms of reaction rate, are adsorption of 

O radicals and subsequent associative desorption of the surface-bound O* to form O2. 

Approximately 96.7% of O* is formed via adsorption of O radicals from the plasma and 85.6% 

of O* desorbs as O2 into the gas phase, while the rest is used in oxidation processes at the 

surface.
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Figure 4. Most important reaction pathways at steady state for POX of CH4 on a Pt(111) surface exposed to a CH4/O2 (70/30) 

DBD plasma at 500 K and 1 bar. The values of the reaction rates in (s-1) are displayed next to the arrows. The arrow thickness 

indicates the relative importance of that reaction within each separate scheme. A dotted arrow indicates the species is used as 

a second reactant in another reaction.

The main carbon pathway starts from adsorption and subsequent dissociation of CHCH to CH*. 

The latter preferentially (74.2%) undergoes oxidation to CHO*, which in turn binds with O* to 

form HCOO*. Most of the HCOO* (92.4%) undergoes hydrogen abstraction by O* to form 

CO2* and OH*, while 6.8% is hydrogenated to HCOOH. About 50.6% of the surface-bound 

OH* is formed from reaction between HCOO* and O*, while the remaining 49.4% is adsorbed 

from the plasma. Most of the OH* (80.0%) forms H2O* and O* via a disproportionation 

reaction, while 19.1% reacts with CH* to form H2O* and C*. H2O* desorbs from the surface 

as a product. Surface-bound C* can either be oxidised to CO* (65.5%), undergo hydrogenation 

to again form CH* (19.3%), react with CO2* to form two CO* molecules (11.6%) or bind to 

OH* to form COH* (3.6%). The latter decomposes into CO* and H*, forming about 9.2% of 

the surface-bound H*, though most H* (82.7%) is formed by direct adsorption from the plasma. 
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H* is mainly consumed in the hydrogenation of C* (49.8%) or the formation of HCOOH 

(49.7%). As discussed above, various routes lead to the formation of CO*. Most of the CO* 

(80.9%) desorbs from the surface as a product, while a smaller amount is oxidised to CO2* 

(19.1%). Thus, our results show that any CO* that reacts further is not hydrogenated to 

oxygenates, but instead further oxidised to CO2. The formation of oxygenates therefore occurs 

via another route than that of CO. While our results show that some CO2 is formed via oxidation 

of CO*, we do not find this to be the main pathway for CO2 formation. Instead, we find that 

CO2 is mainly formed from HCOO* in a separate pathway. Interestingly, DRIFTS results by 

Stere et al.36 indicate that in the plasma-catalytic oxidation of CH4 on a Pd/Al2O3 catalyst, CO2 

formation also occurs via HCOO*. As Pt and Pd are part of the same group in the periodic table, 

similarities in their surface chemistry can indeed be expected.

Note that H2O is formed as a major product. This might be troublesome, as the presence of H2O 

vapor in a DBD plasma can alter the discharge behaviour, resulting in more, but less intense 

micro-discharges.65 H2O addition can also cause destabilisation of the discharge, and plasma 

chemistry calculations revealed a drop of approximately 40% in the maximum electron density 

upon increasing the water content from 0 to 8% in DBD plasma.66 Additionally, a higher H2O 

concentration results in a loss of electron energy due to H2O rotational and vibrational 

excitation, as is discussed in literature for He/H2O and Ar/H2O plasmas.65,67 The presence of 

H2O in plasma also causes quenching of the vibrational levels of CO2, which results in less CO2 

dissociation.68 This might lead to a higher net production of CO2. Moreover, the presence of 

H2O might also result in additional CO2 formation in the plasma through the water-gas shift.69 

This is in line with plasma chemical kinetics simulations and experiments, which revealed that 

H2O addition to a CO2 DBD plasma causes a drop in CO2 conversion, and the detailed chemical 

kinetics scheme explaining this behaviour was presented in ref. 66. Furthermore, this paper also 

explained the underlying chemistry why oxygenates formation was prohibited in this case. 

Therefore, it can be beneficial to remove H2O from the gas phase through condensation by 

cooling of the reactor wall. In addition, this also removes condensable oxygenates from the gas 

phase and limits their further oxidation.69,70

Figure 4b represents the main reaction pathways for the formation of CH3OH and CH2O. As in 

the thermal case (see Figure 1), CH3O* is a key species in the formation of both CH3OH and 

CH2O. Yet, in the thermal case, the formation of this species occurs on the catalyst surface, via 

O* addition to CH3*, while Pt strongly favours CH3* dehydrogenation instead. In the plasma 

case, on the other hand, CH3O is formed in the plasma and subsequently adsorbs on the catalyst 
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surface. As is illustrated in Figure 4b for the plasma case, CH3O* is either directly adsorbed 

from the gas phase (97.0%) or formed from adsorption of CH3OO radicals and subsequent 

cleavage of the O-O bond (3.0%). The formed CH3O* preferentially undergoes 

dehydrogenation to CH2O (> 99.9%), while only a minor fraction is hydrogenated to form 

CH3OH (0.007%). 

In the presence of radicals, the reaction rates have generally increased compared to the thermal 

case. The TOF of CO and CO2 have increased by about three and five orders in magnitude, 

respectively, compared to the thermal case. We find that COx are still the main products for the 

plasma case, with selectivities of 20.5% and 74.4% for CO and CO2, respectively. However, 

the selectivities and TOFs of the oxygenates have strongly improved compared to the thermal 

case. The calculated selectivities of CH3OH, CH2O and HCOOH now reach 5.9 × 10-8, 0.084% 

and 5.3%, respectively, which corresponds to a rise by about ten, four and five orders of 

magnitude, respectively. Although CH3OH formation still does not seem to be feasible on Pt 

under these conditions, a reasonable amount of HCOOH is now formed on the surface. The 

combination of a catalyst with plasma radicals thus shows potential for enhanced oxygenate 

selectivities. Additionally, tuning the partial pressures of the radicals in the plasma might 

further improve the formation of oxygenates. In the next section, we therefore show how 

different radicals affect the surface chemistry, fractional coverages and product TOFs. 

3.3.2. The role of plasma species in the surface chemistry

As mentioned before, the reaction pathways discussed in the previous section are based on 

species densities calculated by De Bie et al.37 (see Table 1), which are specific for the selected 

reaction conditions. In this section, we aim to gain additional understanding of how variations 

in the plasma composition might alter the surface chemistry by examining the influence of 

various plasma species on the product TOFs and surface coverages. For this purpose, we vary 

the partial pressures of either individual species or groups of species by a scaling factor, while 

keeping the partial pressures of the other species constant on the values reported in Table 1. 

The species HCOO and COOH are not included in the model by De Bie et al.37 and are therefore 

not included in the simulations discussed below. However, a discussion of the effect of these 

species is included in the SI (see further).

Oxidising species

Figure 5 illustrates how the TOFs of COx, oxygenates and CH3CH3 are affected by a variation 

of the O partial pressure over six orders of magnitude. Next to the TOFs, the surface coverages 
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of the most abundant surface species are also displayed. A drop in the partial pressure of O 

radicals results in a sudden decline of the product TOFs, combined with a strong rise in the 

surface C* coverage. Although our model does not contain a mechanism for cokes formation, 

i.e. clustering of carbonaceous species, like e.g. C*, CH*, CHCH*, high surface coverage of 

these species indicates that coking is likely to occur. Coking reduces the amount of available 

catalytic sites on the surface and thus lowers the product TOFs. Most of the TOFs in Figure 5 

eventually stabilise upon further lowering of the O partial pressure, as OH* becomes the main 

oxidising species at the surface. On the other hand, a high partial pressure of O is also 

disadvantageous, as O* competes with other species for free sites. If the O partial pressure is 

too high, O* will poison the surface, causing the TOFs to decline as well. 

Figure 5. Influence of the O partial pressure on TOFs (left) and surface coverages (right). Dotted lines in the left graph indicate 

consumption, whereas full lines indicate production. Calculated for a temperature of 500 K and a total pressure of 1 bar. The 

species partial pressures used for these simulations are shown in Table 1, but the partial pressure of O is varied by the indicated 

scaling factor.

As can be seen in Figure 5, the O partial pressure can be used to tune the product selectivity 

between CO and CO2. Low partial pressures of O radicals, which can be expected for plasmas 

with a high CH4/O2 ratio, favour the formation of CO. On the other hand, high O partial 

pressures, associated with low CH4/O2 ratios, give CO2 as the main product. If the partial 

pressure of O is increased by about a factor 10, the faster oxidation of CO* results in net CO 

consumption, as plasma-produced CO adsorbs onto the surface and is oxidised to CO2. Indeed, 

various experimental studies on plasma-catalytic POX of CH4 report that transition metals 

(Ni,29,31 Fe,32 Pd32 and Pt30) can catalyse the oxidation of CO to CO2. Additionally, DRIFTS 
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and FTIR results by Zhang et al.34 for plasma-catalytic CH4 oxidation on Ni indicate that the 

selectivity of CO vs. CO2 can be tailored by adjusting the introduction of O2 to a plasma.

Next to O, we also examine the influence of the OH and OOH radicals as oxidising species (see 

section 9 and Figure S6 in the SI). Increasing the partial pressures of these species enhances the 

formation of OH* at the surface. The formed OH* promotes dehydrogenation of CHx, which 

leads to more C* and thus favours CO formation. However, a further increase in the OH and 

OOH partial pressures results in a higher O* coverage, due to hydrogen abstraction from OH* 

by another OH*. This causes a drop in the surface coverage of most of the other surface species, 

which results in a decline of the product TOFs. Likewise, we present the effect of the HCOO 

and COOH radicals on the product TOFs and surface coverages in section 10 of the SI (Figures 

S7 and S8). We conclude that HCOO and COOH mainly result in additional formation of 

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

In summary, oxidative species can reduce the coverage of carbonaceous species that could 

cause catalyst deactivation by coking. Yet, if the partial pressures of oxidative species are too 

high, the surface is poisoned with O* species instead. However, due to their reactive nature, 

plasma radicals might be able to react with surface-bound species, such as O*, via Eley-Rideal 

reactions with low to zero enthalpy barriers. In such case, high TOFs might be achieved even 

at high O* coverages. While our model does contain Eley-Rideal reactions, namely CH4(g) + 

OH* → CH3* + H2O* and CH4(g) + O* → CH3* + OH*, these reactions have higher enthalpy 

barriers (0.50 eV71 and 1.28 eV71, resp.) than what can be expected for similar reactions 

involving highly reactive radicals, rather than stable CH4. In section 3.3.3 we therefore briefly 

illustrate the potential impact of Eley-Rideal reactions with plasma radicals for a range of 

enthalpy barriers. Further, our results show that tuning the amount of O radicals against the 

amount of C-containing species can be used to favour the production of CO over that of CO2.

Carbonaceous species

The influence of the strongly dehydrogenated carbonaceous species (C, CH and CHCH) on the 

TOFs and surface coverages is shown in Figure 6. We include CHCH as well, as this is the most 

important species at the surface and the main source of surface carbon under the base 

conditions. As is shown in Figure 6, high partial pressures of these species lead to strong surface 

poisoning by CHCH* and thus a drop in the product TOFs. As mentioned before, these species 

can act as precursors for coking of the catalyst surface. We find that limiting the partial 

pressures of these carbonaceous species in the plasma has a beneficial effect on the TOFs of 
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most products. However, low partial pressures of these species lead to adsorption and oxidation 

of plasma-produced CO to CO2, as can be seen in Figure 6. Because less carbonaceous species 

are available for reaction with O*, more O* reacts with surface-bound CO*. Simultaneously, 

less CO* can be formed through the pathways in Figure 4, as these pathways go via C*, leading 

to a net adsorption of plasma-produced CO. Furthermore, the simultaneous drop in the C, CH 

and CHCH partial pressures initially shows a beneficial effect on HCOOH formation, but 

scaling the partial pressures with a factor below 10-1 causes the TOF of HCOOH to decline. 

This results from the lower availability of CH* on the catalyst surface, as this species is required 

for HCOOH formation, according to the reaction pathways shown in Figure 4. At low partial 

pressures of the strongly dehydrogenated carbonaceous species, the HCOOH TOF in Figure 6 

eventually stabilises, as CH3 and CH2 radicals become the main precursor species for the 

formation of CH* and HCOOH. In this regime, CH2O becomes the most important oxygenate 

as its formation does not occur via CH*, but through CH3O* and CH3OO* instead.

Figure 6. Influence of the C, CH and CHCH partial pressures on TOFs (left) and surface coverages (right). Dotted lines in the 

left graph indicate consumption, whereas full lines indicate production. Calculated for a temperature of 500 K and a total 

pressure of 1 bar. The species partial pressures used for these simulations are shown in Table 1, but the partial pressures of 

C, CH and CHCH are simultaneously varied by the indicated scaling factor.

Figure 7 displays the change in TOFs and fractional surface coverages, when increasing the 

partial pressures of CH3 and CH2 up to a factor 104. A higher partial pressure of these more 

hydrogenated carbonaceous species positively affects the TOFs, especially those of CH3CH3, 

HCOOH and CH3OH. The effect on the TOF of CH3CH3 is straightforward, as a higher partial 

pressure of CH3 improves the CH3* coverages and its coupling towards CH3CH3. CH3OH and 

HCOOH, on the other hand, benefit from the improved hydrogenation of CH3O* and HCOO*, 
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respectively, because CH3 and CH2 provide the surface with more H* (due to catalytic 

dehydrogenation). Moreover, the formation of H* through dehydrogenation of CH2* also forms 

CH*, which is an intermediate in the formation of HCOOH (see Figure 4). As can be seen in 

Figure 7, this results in HCOOH becoming the main carbon product (even slightly above CO2) 

at around a scaling factor of 103. This shows that Pt is potentially a good catalyst for the plasma-

catalytic HCOOH synthesis under plasma conditions with abundant CH3 and CH2 radicals 

(hence high CH4/O2 ratio), as it can readily dehydrogenate adsorbed CHx* radicals to form 

CH*, while simultaneously forming the H* required in the hydrogenation of HCOO*, later on 

in the reaction path. However, as can be seen in Figure 7, enhancing the partial pressures of 

CH3 and CH2 by more than a factor 103 is no longer beneficial. The surface coverages indicate 

strong cokes formation past this point, resulting in a decline of most of the TOFs. Note that CH3 

and CH2 themselves bind less strongly to the surface compared to CH and C,71 and are less 

likely to act as coking precursors.

Figure 7. Influence of the CH3 and CH2 partial pressures on TOFs (left) and surface coverages (right). Calculated for a 

temperature of 500 K and a total pressure of 1 bar. The species partial pressures used in the simulations are shown in Table 

1, but the partial pressures of CH3 and CH2 are simultaneously varied by the indicated scaling factor.

In summary, strongly dehydrogenated carbonaceous species are mainly precursors for cokes 

formation, and their partial pressures in the gas phase should ideally be kept low. These species 

also show some beneficial effect on HCOOH and CO formation at lower partial pressures. The 

more hydrogenated CH2 and CH3, generally show a more beneficial effect, enhancing the TOF 

of CH3CH3, HCOOH and CH3OH at higher partial pressures, but also cause coking at very high 

partial pressures. The partial pressures of carbonaceous species can be expected to be higher 

for gas mixtures with high CH4 content, but the ratio of less vs. more hydrogenated CHx species 
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might be influenced by the CH4 fragmentation pattern through electron impact dissociation in 

the plasma. Nozaki et al.19 simulated streamer formation in CH4 without catalyst and showed 

that the fragmentation pattern depends on the reduced electric field, with stronger reduced 

electric fields resulting in a larger fraction of more dehydrogenated CHx species. Therefore, 

plasma characterised by weaker reduced electric fields can be expected to give less cokes 

formation. As discussed in the previous section, coking can also be counteracted by using high 

partial pressures of oxidising radicals, e.g. O, OH and OOH, and by tuning the partial pressures 

of oxidising species against those of carbonaceous species, the formation of either CO or CO2 

can be favoured. Moreover, the choice of the catalyst material can also be expected to play an 

important role in mitigating both coking and excessive oxidation, as different transition metals 

have different binding strengths for O and C. It is therefore essential in plasma catalysis to 

carefully tune the CH4/O2 ratio as function of the plasma conditions and the catalyst material.

Hydrogen radicals

Figure 8 illustrates the influence of the H radical partial pressure on the TOFs of COx, the 

oxygenates and CH3CH3, as well as the surface coverages of the most abundant surface species. 

A higher partial pressure of H strongly enhances HCOOH and CH3OH formation. This is 

caused by the higher availability of H* on the catalyst surface, which improves the 

hydrogenation of CH3O* and HCOO* to CH3OH and HCOOH, respectively. Upon increasing 

the H partial pressure by about a factor 400, a strong rise in the TOFs of CH3OH, CH2O and 

CO2 is observed. This is attributed to the improved hydrogenation of O* to H2O*, which readily 

desorbs to make more free sites available. The fraction of free sites on the surface increases 

from about 10-10 to 10-6 in this region. This improves the adsorption of CH3O, which can form 

both CH3OH and CH2O (see Figure 4b), and the adsorption of CO, which is oxidised to CO2. 

At low H partial pressure, the TOFs in Figure 8 stabilise, as OH* now becomes the main source 

of H*. This results from coupling between OH* and C* followed by decomposition of the 

formed COH* to CO* and H*. 

Given the favourable effect of the H radical on the formation of oxygenates, and especially 

CH3OH, it is of interest to find a way to increase the partial pressure of H in the plasma. For its 

POX, CH4 serves as the source of H in the plasma and increasing the CH4 fraction in the feed 

gas might thus increase the partial pressure of H radicals. As discussed above, however, high 

CH4/O2 ratios might induce coking, due to the limited availability of oxidising species. Adding 

a H-containing co-reactant, such as H2 or H2O, might allow for more flexibility in maximizing 

the TOF of oxygenates, and especially CH3OH.
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Figure 8. Influence of the H partial pressure on TOFs (left) and surface coverages (right). Dotted lines in the left graph indicate 

consumption, whereas full lines indicate production. Calculated for a temperature of 500 K and a total pressure of 1 bar. The 

species partial pressures used in the simulations are shown in Table 1, but the partial pressure of H is varied by the indicated 

scaling factor.

CH3O and CH3OO radicals

Modelling results by De Bie et al.37 for plasma-only POX of CH4 indicate that the CH3O and 

CH3OO radicals are important intermediates in the pathways leading to CH3OH production in 

plasma. Our results show that for plasma catalysis these species also play an important role in 

the formation of CH3OH and CH2O at the catalyst surface, as indicated by the pathways in 

Figure 4b. We are therefore interested in the influence of these species on the catalyst surface 

chemistry and thus examine how a variation in their partial pressures affects the TOFs and 

fractional coverages at the catalyst surface. The results are shown in Figure 9. 

As CH3O and CH3OO are precursors to both CH3OH and CH2O, the TOFs of these products 

strongly depend on the partial pressures of CH3O and CH3OO, while the TOFs of the other 

products are largely unaltered. Only at high partial pressures, where the adsorption and 

subsequent decomposition of CH3O becomes important, the TOFs of the other products are also 

influenced, as can be seen in Figure 9. The decomposition of CH3O* leads not only to the 

formation of CH2O*, but also provides H*. The higher availability of H* improves HCOO* 

hydrogenation, so that CH2O and HCOOH eventually become the main products (even above 

CO and CO2). Moreover, the rise of the CH3OH TOF also becomes much steeper in this region, 

illustrating the strong beneficial effect of both CH3O* and H* on the CH3OH formation. We 

also observe a shift in the surface coverages in Figure 9, as more C* is converted to CH*. The 

lower surface coverage of C* and preferred conversion of HCOO* to HCOOH at high CH3O 
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and CH3OO partial pressures, limit the formation of undesired CO and CO2. We therefore find 

that CH3O and CH3OO can play an important role in enhancing the formation of oxygenates. 

Additionally, our results show that Pt is potentially a good catalyst for CH2O synthesis, as CH3O 

selectively decomposes to CH2O on this catalyst. Moreover, it might be possible to vary the 

selectivity between CH3OH or CH2O by changing the catalyst material, as more noble transition 

metals have lower barriers for CH3O hydrogenation and higher barriers for its 

dehydrogenation.39

Figure 9. Influence of the CH3O and CH3OO partial pressures on TOFs (left) and surface coverages (right). Dotted lines in 

the left graph indicate consumption, whereas full lines indicate production. Calculated for a temperature of 500 K and a total 

pressure of 1 bar. The species partial pressures used in the simulations are shown in Table 1, but the partial pressures of CH3O 

and CH3OO are simultaneously varied by the indicated scaling factor.

Plasma-generated radicals and stable intermediates in general

In Figure 10, we illustrate how the TOFs and fractional coverages are affected by 

simultaneously lowering the partial pressures of all plasma-produced radicals and stable 

intermediates by a factor 10-6. The product TOFs, especially those of CH2O and CH3OH, 

initially rise upon lowering the partial pressures of these plasma species, and CH2O becomes 

the main product (clearly above CO and CO2) below a scaling factor of 10-2. Its TOF keeps 

rising upon lowering the partial pressures by a factor 10-3-10-4, after which all TOFs decline. 

The initial rise in the TOFs of CH2O and CH3OH results from improved adsorption of CH3O 

and CH3OO. Indeed, at high partial pressures of plasma species, the adsorption of CH3O and 

CH3OO is hindered by surface poisoning by stronger binding species, such as O* and coking 

species. By lowering the partial pressures of all plasma species, more free sites become 

available, i.e. the fraction of free surface sites increases from 10-10 to 10-5 when lowering the 
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partial pressures by a factor 10-6. Moreover, the right panel of Figure 10 illustrates that the 

fractional coverages of coking precursors strongly decline as the partial pressures are lowered. 

The enhanced availability of free sites initially improves the adsorption of CH3O and CH3OO, 

even though their partial pressures are lower. As these species are precursors to CH2O and 

CH3OH, the TOFs of these products are higher. Upon further lowering the partial pressures of 

the plasma species, the TOFs eventually decrease due to the lower availability of reactive 

plasma species in the gas phase. 

Our results thus show that lowering the radical densities in the plasma, up to a certain limit, is 

beneficial for oxygenate production, as this limits surface poisoning by strongly binding plasma 

species. This might be achieved by using a lower plasma power or placing a catalyst in the 

plasma afterglow. However, this might also change the radical distribution (in the plasma or 

afterglow). On the other hand, modelling of POX of CH4 in a DBD shows that the densities of 

CH3O and CH3OO vary little between the pulses.37 Therefore, these species are expected to 

remain among the most important radicals even in the afterglow.

Figure 10. Influence of the partial pressures of all plasma-produced radicals and stable intermediates on TOFs (left) and 

surface coverages (right). Dotted lines in the left graph indicate consumption, whereas full lines indicate production. 

Calculated for a temperature of 500 K and a total pressure of 1 bar. The default values of the species partial pressures used in 

the simulations are shown in Table 1, but the partial pressures of all species, except for CH4 and O2, are simultaneously varied.

Figure 11 summarizes how the different plasma species discussed in this section affect the 

formation of COx and the oxygenates. Strongly dehydrogenated carbonaceous species, e.g. 

CHCH, CH and C, cause cokes formation on the catalyst surface and favour the production of 

CO over that of CO2. O radicals, on the other hand, reduce coking but result in overoxidation 

to CO2. The less strongly dehydrogenated carbonaceous species, i.e. CH3 and CH2, mainly 
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favour HCOOH, but also to a lesser extent cokes formation. H enhances the formation of 

HCOOH and CH3OH by improving the hydrogenation of their respective precursor species, 

HCOO* and CH3O*, and it also enhances the formation of CH2O, by the higher adsorption of 

CH3O, which can form both CH3OH and CH2O. The CH3O and CH3OO radicals are the 

precursors to both CH3OH and CH2O and thus also favour the formation of these products.

Figure 11. Overview of the influence of various plasma species on the formation of oxygenates and COx in the plasma-catalytic 

POX of CH4 on Pt(111).

It should be noted that the present model focuses on the surface reactions, and the plasma 

chemistry is only taken as input. In future work, we plan to combine both the plasma chemistry 

and catalyst surface chemistry into one model, so that the effect of the surface reactions on the 

gas phase composition is self-consistently accounted for.

3.3.3. Eley-Rideal reactions involving radicals

Due to their highly reactive nature, radicals generally form strong bonds when adsorbing onto 

a catalysts surface. Together with the abundancy of radicals in the plasma, this can induce strong 

poisoning of the catalyst surface, as illustrated above. However, the high reactivity of plasma-

generated radicals might also enable them to react with the surface species via Eley-Rideal (ER) 

reactions with low to zero enthalpy barriers. Therefore, we briefly illustrate the potential effect 

of these ER reactions by including the following three reactions in the chemistry set: 

CH3(g) + O* → CH3O*, H(g) + O* → OH* and O(g) + C* → CO*. We choose these 

reactions as CH3, H and O are the main products of electron impact dissociation of CH4 and O2, 

respectively, and because O* and C* are abundant and simple surface species. To the best of 
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our knowledge, no activation barriers have been reported for these ER reactions. We therefore 

simultaneously vary the enthalpy barriers of these reactions between 0.0 and 0.75 eV. Higher 

enthalpy barriers show no further effect on the TOFs. For comparison, the ER reactions that 

involve CH4 (CH4(g) + OH* → CH3* + H2O* and CH4(g) + O* → CH3* + OH*) have enthalpy 

barriers of 0.50 eV71 and 1.28 eV71, respectively. We would also like to emphasise that all ER 

reactions, including those with radicals, have an entropy barrier that corresponds to the loss of 

all translational entropy of the corresponding radical or gas molecule, as explained in the model 

description.

In Figure 12, we illustrate the influence of these ER reactions on the TOFs and surface 

coverages for the indicated range of enthalpy barriers. All the TOFs in Figure 12 rise upon 

lowering the enthalpy barriers and thus enhancing the importance of the ER reactions. For low 

barriers, CO becomes the main product due to the reactions of O radicals with surface C*. The 

TOFs of CH2O and CH3OH also rise strongly upon lowering the barriers, as a result of the 

enhanced formation of their precursor species, CH3O*, through reaction between CH3(g) and 

O*. Note that the net rate of CH3O and CH3OO adsorption/desorption is set to zero if desorption 

of these species occurs, thus assuming that an equilibrium is reached due to accumulation of 

these radicals near the surface. For the lower barriers (< 0.09 eV), CH2O becomes the second 

most important product, after CO. The decomposition of CH3O* to CH2O* also forms H*, 

which enhances the formation of HCOOH and CH3OH. Additionally, a drop in C* coverage 

and a rise in CH* coverage can be observed as a result of the improved H* formation. 

In summary, our results show that ER reactions involving radicals have a potentially strong 

contribution to the TOFs in plasma catalysis. Additionally, these ER reactions might be 

responsible for a significant part of the oxygenate formation in plasma-catalytic POX of CH4. 

We note that other ER reactions might also be important; however, the lack of reported 

activation energies currently limits the construction of an extended chemistry set with these 

reactions. The three ER reactions that we considered, are aimed at illustrating the potential 

impact of these reactions.
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Figure 12. Influence of the enthalpy barriers of Eley-Rideal reactions involving radicals on the TOFs (left) and surface 

coverages (right). The following Eley-Rideal reactions are included: CH3(g) + O* → CH3O*, H(g) + O* → OH* and 

O(g) + C* → CO*, and their enthalpy barriers are simultaneously varied in the simulation. Calculated for a temperature of 

500 K and a total pressure of 1 bar. The values of the species partial pressures used in the simulations are shown in Table 1.

3.4. Additional remarks and suggestions

3.4.1. Possible effect of C-C coupling reactions

As shown in Figures 5, 6 and 7, carbon-containing radicals can be present on the surface in high 

coverages. While high coverages of carbonaceous species like C*, CH* and CHCH* indicate 

that coking is likely to occur, our model does not explicitly capture the mechanism for coking. 

Additionally, C-C coupling to higher hydrocarbons might also become important under these 

conditions. While our model does contain some C-C coupling reactions to form C2 

hydrocarbons, C-C coupling to higher hydrocarbons is not included, mainly due to lack of 

availability of the required thermodynamic input data in literature. Therefore, we should remain 

careful with the interpretation of our results under conditions where carbonaceous species 

appear to poison the surface. If C-C coupling to higher hydrocarbons would be favoured over 

cokes formation, then formation and desorption of these higher hydrocarbons might result in an 

improved availability of free sites and higher TOFs. However, this also depends on the barrier 

for desorption of the formed product. Nevertheless, we would like to emphasise that the main 

focus of this study is on the formation of oxygenates under partial oxidation conditions, where 

oxidation reactions are the dominant mechanism. 

3.4.2. Other catalyst materials

Our model is applied to Pt(111) ), but we provide here some information on how (or whether) 

our results might be translated to other catalyst materials, based on insights obtained from our 

work and literature. Microkinetic modelling of the thermal-catalytic POX of CH4 by Yoo et 
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al.40 shows that for Pt-group metals the selectivity of CH2O increases when going towards 

metals that bind O* more strongly. This was attributed to the higher O* coverages, which 

promote the coupling between CH3* and O* to form CH3O*, and the subsequent O*-assisted 

dehydrogenation of CH3O* to CH2O*.40 While for plasma conditions where CH3O* can be 

formed in the plasma itself, we can expect that metals with a higher O*-binding strength, such 

as Pd and Rh, improve the adsorption of CH3O* and CH3OO* to the surface, thus also 

enhancing CH2O, and possibly CH3OH formation. Yoo et al.40 also found that coinage metals, 

such as Cu, Ag and Au, are most suitable catalysts for CH2O and CH3OH synthesis. The authors 

determined that the selectivity of CH2O vs. CH3OH on these catalysts was determined by 

competition between two reaction paths: CH3* + O* → CH3O* (following dehydrogenation to 

CH2O*) and CH3* + OH* → CH3OH*.40 For plasma catalysis we might thus also expect a 

change in the mechanism of CH3OH* formation, where CH3 and OH radicals become the main 

precursors for CH3OH on the most noble metals. In this case it might be possible to steer the 

selectivity of CH2O vs. CH3OH by changing the densities of O vs OH radicals in the plasma.

Using DFT and microkinetic modelling, Studt et al.72 illustrated the effect of alloying Cu with 

ZnO for thermal-catalytic hydrogenation of CO and CO2. Zn results in stronger O-binding and 

weaker C-binding. The former enhances CO2 hydrogenation by stabilizing the O*-bound 

intermediates, such as HCOO*, while the latter results in more difficult adsorption and 

hydrogenation of CO.72 Applied to our results, this catalyst might also be beneficial for plasma 

catalysis, because stronger O-binding might result in less desorption and formation of CO2 and 

more facile hydrogenation of HCOO* to HCOOH or other oxygenates, and weaker C-binding 

is expected to result in less adsorption and oxidation of plasma-produced CO.

Certain metal oxides, such as MoO3 and V2O5, may also be suitable catalysts for the production 

of CH2O and CH3OH by plasma-catalytic POX. CH3 radicals can react with reducible metal 

oxides to form methoxide anions (CH3O-) on the surface, as was shown by Tong et al.73 (Note 

the similarities with the Eley-Rideal reaction CH3 + O* → CH3O*, discussed in section 3.3.3.) 

The reactivity of the metal oxide in this reaction depends on its reducibility, with more reducible 

metal oxides being more reactive. On CeO2, the formed CH3O- anion reacts into a formate anion 

(HCOO-), which produces CO and CO2.73 However, on MoO3 and V2O5 the CH3O- anion can 

react to produce CH2O or, in case H2O is present, CH3OH.74,75 Additionally, MoO3 and V2O5 

are known catalysts for the selective O-insertion into CH3 in thermal-catalytic POX of CH4 to 

CH2O and CH3OH. In this reaction NO is typically added as a radical initiator.76 As high 
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densities of radicals, such as CH3, can easily be achieved in plasma, the combination of a MoO3 

or V2O5 catalyst with plasma also seems promising for plasma-catalytic POX of CH4.

4. Conclusion

We used microkinetic modelling to investigate the influence of various plasma species on the 

catalyst surface chemistry for plasma-catalytic POX of CH4 on a Pt(111) surface. We evaluated 

the effect of vibrationally excited CH4 and O2, as well as, radicals and stable intermediates, and 

compared the results to those of thermal catalysis at the same reaction conditions.

Plasma-induced vibrational excitation of CH4 and O2 increases the TOF of CH4 dissociation. 

Furthermore, it also shows potential for enhancing the selectivities of CH3OH, HCOOH and C2 

hydrocarbons, but has little effect on the selectivities of CH2O, CO and CO2. Nevertheless, the 

selectivities of CH3OH, CH2O and C2 hydrocarbons remain too low for their production to be 

feasible on Pt(111) at conditions when only vibrational excitation is considered as a plasma-

effect. However, we find that for plasma-catalytic POX of CH4 the surface chemistry is mainly 

governed by radicals, rather than vibrationally excited molecules. 

The presence of plasma-produced radicals and stable intermediates greatly increases the TOFs 

of COx and the oxygenates, compared to thermal catalysis. Interestingly, it also enhances the 

selectivities of the oxygenates and we find that the production of HCOOH becomes non-

negligible. Further, we examine the role of various radicals in the surface processes:

 O radicals counteract coking, but also promote deep oxidation to CO2 and their partial 

pressures should be tuned against that of carbonaceous radicals.

 Strongly dehydrogenated carbonaceous species (CHCH, CH, C) are found to strongly 

induce coking, and their formation should be avoided.

 The more hydrogenated carbonaceous radicals (CH3, CH2) show in general a beneficial 

effect, as they bind less strongly to the catalyst and lead to H* formation on the surface, yet 

also cause coking at high partial pressures.

 H radicals appear beneficial by promoting the hydrogenation of CH3O* and HCOO* to 

CH3OH and HCOOH, respectively. Moreover, high partial pressures of H radicals can 

potentially form more free surface sites by removing excess O* via H2O formation.

 CH3O and CH3OO radicals are important precursors to both CH3OH and CH2O. Increasing 

their partial pressures thus also strongly enhances CH3OH and CH2O formation. 
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 Lowering the radical partial pressures in general decreases surface poisoning and allows for 

more facile adsorption of weak-binding radicals (e.g. CH3O and CH3OO), which is 

beneficial for oxygenate formation.

Based on the effects of these radicals we make the following suggestions on which reaction 

conditions should be used to favour the formation of certain products:

 The formation of undesired CO2 is favoured at low CH4/O2 ratios, for which high partial 

pressures of O radicals are expected. While such conditions should generally be avoided to 

limit deep oxidation, these can also be beneficial to some extent by avoiding coke formation.

 The formation of CO is favoured at high CH4/O2 ratios and might to some extent also benefit 

from a higher plasma power, that yields stronger CH4 dissociation, although caution must 

be taken to avoid excessive carbon deposition on the surface.

 HCOOH formation benefits from the presence of CH3 and CH2 radicals, which are expected 

to be abundant in plasmas with a high CH4/O2 ratio and lower plasma power, avoiding 

complete CH4 dissociation. An additional H source, such as H2, might also be beneficial by 

improving HCOO* hydrogenation.

 The formation of CH3OH might also benefit from a lower plasma power, resulting in lower 

radical densities (especially of strong binding carbonaceous species) and more free sites, 

which enhances CH3O and CH3OO adsorption. Additionally, CH3O hydrogenation is 

expected to improve from using H2 as additional H source in the plasma or a more noble 

catalyst.

 The formation of CH2O is also expected to benefit from lower plasma power, for the same 

reason as CH3OH. Moreover, an additional H source can also partially enhance CH2O 

formation, as it can help to clear the surface from excessive O*.

Finally, we briefly illustrate the potential impact of Eley-Rideal reactions that involve radicals. 

We find that these reactions allow to reach high TOFs, even at the high surface coverages that 

are relevant for plasma catalysis. Additionally, these reactions might lead to significant 

oxygenate production in the plasma-catalytic POX of CH4 due to reactions such as 

CH3(g) + O* → CH3O*, that result in more direct routes towards oxygenates.
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