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Abstract  

The recent intensification of the research on plasma-catalytic dry reforming as a promising route 

in synthesis chemistry makes us understand more its underlying mechanisms. A comprehensive 

zero-dimension kinetic model is proposed in which homogeneous reactions as well as 

heterogeneous reactions are considered together. The evolution of the species densities is followed 

in time and the reaction routes are analyzed. An insight of products formation is given. As an 

example of application, the model allows to predict a decrease of 22.45% and 17.05% on the 

apparent activation energies of CO2 and CH4 respectively when Rh-based catalysts are used with 

plasma. 

Keywords: Plasma-catalysis; Dry reforming; Chemical kinetics; Reaction mechanism; 

Activation energy 
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1. Introduction 

Nowadays, plasma-catalytic dry reforming (DRM) is considered a promising process for 

electrically converting the two main greenhouses gases, i.e. carbon dioxide and methane, into 

syngas. Compared with traditional way, plasma-catalysis initiates the reactions with a lower 

energy consumption by generating an exclusive non-equilibrium environment which contains 

many active species around the catalyst at low gas temperature [1,2]. In such non-thermal plasma, 

the electron temperature is much higher than the gas temperature allowing to trigger reactions 

while limiting the dissipation by relaxation, opening the way of higher energy efficiency 

conversion.  At current research stage, plasma-catalytic DRM has been wildly investigated. The 

main products of this process are syngas, gaseous hydrocarbons and liquid oxygenates [3,4]. 

Unfortunately, due to the complexity of plasma, the insight of reaction mechanism and kinetic still 

remain a great challenge so far.  

Currently, experimental attempts have been conducted in order to determine the nature of the 

plasma-catalytic interaction. Microscopic processes have been partially described somehow by 

using state-of-art characterization methods, such as in-situ Diffuse Reflectance Infrared Fourier 

Transform spectroscopy (DRIFT) and Optical Emission Spectroscopy (OES) [5–7]. The kinetics 

and reaction mechanisms of plasma-catalysis are described and explained to a certain extent. 

However, this is not enough for a comprehensive understanding of the overall process, some basic 

questions remain unanswered.  

In parallel, numerical modelling provides an approach to describe nonthermal plasma (NTP) from 

a theoretical point of view. Bogaerts et al., [8–12] performed a systematic study on the simulations 

of plasma process (such as CO2 splitting, dry reforming and CH4 partial oxidation). Robby et al., 

evaluated the chemical reactions, which involve the vibrational states of CO2, O2, and CO, in 

plasma assisted splitting of CO2 by using a zero-dimensional (0D) kinetics modelling [13]. They 

found the contribution of vibrationally excited CO2 levels in the splitting is significant while it 

would be even higher if the inter-pulse time is short enough due to the accumulation effects. 

Ramses et al., conducted a computational study for the dry reforming of methane in a dielectric 

barrier discharge plasma reactor. Their calculations illustrated the chemical pathways of the 
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conversion in detail and compared the selectivity of the products on the real residence time scale 

by assuming a large number of consecutive micro-discharge pulses [11].  

The interactions between plasma species and catalyst surface (adsorption behavior) caught more 

and more attention recently since it is an essential part of plasma-catalysis by affecting surface 

reactions (e.g. Eley-Rideal reactions). Various chemical kinetics modelling researches have been 

reported [14–18]. For the nitrogen fixation, such as nitrogen oxidation and ammonia synthesis, 

well-established mechanism in non-thermal plasma and on transition metals are coupled to predict 

the chemical product formation. Schneider et al., [16] reported that plasma excited species 

enhanced turnover frequencies of both Pt and Au. By comparing NO production over plasma/Pt 

and plasma/Au, the modelling theoretically indicated that plasma-catalyst combinations should 

consider the properties of plasma, material and the coupling of them. The simulation also predicts 

that metals binding nitrogen more weakly have smaller hydrogenation barriers [17]. On these 

optimal catalysts, the rate enhancements are, consequently, higher for these metals. 

Inevitably, some details of active plasma species and plasma processes are necessarily neglected 

for more complicated processes, such as DRM, Partial Oxidation of Methane (POM) and CO2 

hydrogenation. In those processes, more reactions are involved in the formation of syngas, 

hydrocarbons and oxygenates. As a consequence, the simulation currently is more concerned with 

a certain aspect in plasma-catalysis, for instance, the role of plasma species, nonoxidative coupling 

reactions, and etc. A simple microkinetic model for C-C coupling over a transition metal surface 

was built for nonoxidative coupling of methane. The modelling predicts that vibrationally excited 

methane and presence of catalyst lead to the increase of ethylene formation [19,20]. By building 

microkinetic model on Pt (111) surface, Loenders et al., [21] investigated the effects of three Eley-

Rideal reactions and find that radicals govern the surface chemistry for the plasma-catalytic POM. 

They also pointed out that, currently, the lack of activation energies of extended chemistry set is 

limiting the understanding of Eley-Rideal reactions. Radicals and Eley-Rideal reactions also play 

an important role in catalytic hydrogenation of CO2 to CH3OH. Over a Cu (111) facet, increased 

H* coverage results in the higher production through the formate path via HCOOH* which 

consequently leads to the higher CH3OH production in plasma-catalysis [22]. Shao et al., [23] 

reported that CH3OH(s) could also be produced by the Eley-Rideal reaction in which intermediate 
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CH3O(s) reacts with H. Similarly, relevant kinetic data on the reactions and rate coefficients are 

not clear to construct a comprehensive model. 

Nevertheless, kinetic study of plasma process on a macroscopic scale is still insufficient 

considering its unique and complex characteristics. It is worth noting that most of the fundamental 

researches focus on the micro-reactions on a certain facet of metal catalysts, such as Pt (111), Ni 

(111), Cu (100) and etc [15,18–22]. Obviously, regarding the industrial catalytic applications, such 

a description is not perfect. However, it is impractical to have a perfect and accurate understanding 

of the processes in plasma-catalysis due to the limitations of current research. In addition to the 

microscopic surface of the catalyst, macroscopically, the internal characteristics of the reactor, 

fluid flow, heat and mass transfer, chemical reactions, and reduced electric field in the reactor also 

greatly affect the catalytic process.  

In practice, apparent activation energy plays an important role in the field of chemical kinetics 

while it is still very difficult to calculate in plasma-catalysis. Hicks et al., [24] constructed a 

modified Arrhenius equation which plot the plasma reaction rate constants and the reciprocal of 

the DBD plasma power. Due to the complicated discharged environment, the energy barrier is 

found to decrease in plasma-assisted catalysis. Besides, surface reaction dynamics on the catalytic 

surface can unavoidably influence the physical properties and chemical reactions. Unfortunately, 

few of relevant studies elucidated the plasma kinetics in detail experimentally or theoretically. It 

is crucial for developing a universal method to calculate apparent activation energy theoretically. 

Establishing a general model suitable for process simulation of industrial catalysis for the future 

is rather meaningful. Instead of focusing on specific reactions on certain facet, this general model 

may also be used as an input chemical set for Computational Fluid Dynamics (CFD) simulations 

(e.g. Ansys Fluent) which could be used to gain insight into interaction of plasma and catalysts.  

The goal of this work is to focus on the plasma chemistry during the power pulse and its afterglow 

from a numerical point of view. We propose an approach to understand micro kinetic mechanism 

for plasma-assisted dry reforming process which also has potential to be further applied in fluid 

simulations and industrial process simulations. In this study, we simulated a 0D-plasma reactor by 

using two softwares: BOLSIG+ and CHEMKIN. The electron temperature, number density and 

production rate of key intermediates and products are first calculated. Subsequently, critical 
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reaction channels, including electron-impacted reactions, neutral reactions, ion reactions and etc., 

are investigated to describe the reaction mechanisms on a micro time scale. Additionally, we also 

investigate the role of catalysts by inducing the surface reaction mechanism into the model. We 

manage to compare the effect of surface reactions and calculate the apparent activation energy via 

a numerical route. 

 

2. Description of the methodology 

2.1 Species 

We established a 0D kinetic model in which the species and density distribution are not considered 

and then, it is solved by CHEMKIN. The kinetic model contains 19 molecules, 38 charged species, 

29 radicals, and electrons which are listed in Table 1. Those particles collide with each other and 

generate a large amount of elementary reactions correspondingly. Based on the plasma chemistry 

developed by De Bie, Zheng, Tosi and et al., [9,25,26] we summarize 868 elementary reactions, 

including electron impact reactions, electron-ion recombination reactions, ion-neutral reactions, 

ion-ion reactions and neutral–neutral reactions, in our simulation work of plasma-catalysis.  

Table 1. Summary of species included in the modelling. 

Molecules Radicals Positive species Negative species 

CO2    CO    H2    O2    

H2O    H2O2    CH4    

C2H2     C2H4     

C2H6    C3H6     C3H8    

CH3OH    HCOOH    

CH3CHO    

CH3COOH    

C2H5OH    C3H7OH   

C2O    H    O    OH       

HO2    O2H    C        CH       

CH2      CH3    C2    C2H    

C2H3     C2H5    C3H7    

HCO      CH2O     

CH2OH    CH3O    

COOH    CH2CO    

CH3CO    C2HO    

CO2
+     CO+      H2

+      H3
+     

OH+     H3O+    H2O+    O2
+     

O+    H+    CH5
+     CH4

+     

CH3
+     CH2

+     CH+    O2H+    

C2H6
+    C2H5

+    C2H4
+    

C2H3
+    C2H2

+   C2H+    C2
+   

C+    HCO+     CH2O+    

CH3O+    HCOOH+   

O2
-      O-       H-       

OH-    CH2
-    

Electrons 
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C2H5COOH 

C3H7COOH 

CH2CHO    C2H5CO   

C3H7CO    C2H5O 

C2H5OH+    CHCO+    

CH2CO+   CH3CO+   HCO2
+ 

 

2.2 Kinetic model 

To begin with, the 0D kinetic model is first used by ignoring the configuration of plasma reactor 

and the effects of catalysts (as shown in Fig. 1). Several simplifying assumptions are made in the 

model. The rate of conversion of reactants to products is controlled by chemical reaction rates and 

not by mixing processes. Mass transport to the reactor walls is assumed to be infinitely fast. Natural 

convection and heat transfer in the reactor are ignored. 

 

Fig. 1.  Diagram of modelling. 

In this model, stable molecules are first initiated by energetic electrons, creating excited particles, 

positive and negative ions, accompanied by the electron-ion recombination reactions in plasma 

environment which are also meaningful for the formation of the intermediates. In the gas phase, 

various products are formed from active intermediates via electron-neutral, electron-ion, ion-ion, 

ion-neutral and neutral-neutral reactions. For a general elementary reaction in proposed 

mechanism: 

A�+B� ↔ C�+D�         (1) 
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The reaction rate of species A for the mth reaction is defined as rm =d[Am]/dt. 

r� = 
��
��
�� =k��A���B�� �m = 1, 2, 3, … … M�     (2) 

The rate constants for the mth reaction are expressed as km and the concentrations of reactants are 

written as [Am] and [Bm]. 

k�=a� � �
� !"

#
exp �− ()�

*� " �m = 1, 2, 3, … … M�     (3) 

Where am is the preexponential factor which is a temperature-independent constant, T is refers to 

the electron temperature or gas temperature in electron-impact reaction or other reaction 

respectively, Eam is the activation energy for the mth reaction. Consequently, the reaction rates of 

the nth species (rn) are defined as: 

r+ = ∑ r�α+�. − ∑ r�α+�/0
�12 , �n = 1, 2, 3, … … N�0

�12     (4) 

Where the symbols of αnm
f represent nth species’ stoichiometric coefficient in the mth formation 

reaction, while αnm
c represent its stoichiometric coefficient in the mth consumption reaction. 

Based on the electron collision cross-section from the online LXcat database, the rate coefficient 

of electron impact reaction is obtained as a function of the electron temperature. The relationship 

between them is established by the following energy balance equation [25]: 

5
56

�7
� 89:;<9" = =>?@ − =9A> − =BC9        (5) 

Where, in the term at the left-hand side of this equation, ne is the electron density, kB is 

Boltzmann’s constant, Te is the electron temperature. At the right-hand side of this equation, the 

first term represents the energy gain due to Joule heating which is an input of the model. It can be 

chosen under the form of a time dependent function Qsou(t), as we will see in section 3. The second 

and third terms denote the energy loss due to elastic and inelastic collisions, respectively. 

=9A>= ∑ 7
� 89DEB ��EF

GH
" :;�<9−<B�        (6) 

=BC9= ∑ 89 :AIA∆KA          (7) 
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In the equation of elastic collisions, Ti and Mi are the temperature and mass of species i, me is the 

electron mass, νmi is the electron momentum transfer collision frequency with species i. In the 

equation of inelastic collisions, Nl is the density of the gas phase collision partner, kl is the reaction 

rate coefficient for the lth electron impact process and ∆εi is the corresponding change in the 

electron energy. 

Thus, we first use BOLSIG+ for solution of the above equation in order to obtain the rate 

coefficients of the electron-impact reactions. Then, Arrhenius coefficients (for CHENKIN input 

data) are obtained by curve fitting since rate coefficients are assumed to be a function of the mean 

electron energy [25]. Besides the electron impacted reaction, the reactions involving ions, radicals 

and molecules contribute greatly to the plasma chemistry and pulses. The Arrhenius rate 

coefficients and activation energy of the radical reactions are obtained from NIST Chemistry 

WebBook while the kinetic parameters are acquired from the UMIST Database for the ion involved 

reactions [27,28]. 

2.3 Calculation of apparent activation energy 

According to the method presented in the literature [24,29], apparent activation barrier (Ea, kJ mol-

1) of the NTP-catalysis was obtained by using a modified Arrhenius law: 

LM = NM × e 
P∗RST

UT          (8) 

where rp is the reaction rate of plasma assisted dry reforming, Ap is Arrhenius rate coefficients, F 

is the total flow rate of feed gas (50 mL min-1), while Pp is the plasma power (W). In this work, 

the conversion rate of CO2 and CH4 are calculated by using a plasma Perfectly Stirred Reactor 

(PSR) reactor and the DBD discharge power is fixed between 2 and 3 W. The apparent activation 

energy of plasma-catalytic dry reforming was also obtained by using a modified Arrhenius law: 

LMV = NMV × e 
P∗RSTW

UT          (9) 

Now, what we aimed to see were the differences between Ap and Apc from one side, and Eap and 

Eapc from another side. 
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For both plasma-catalysis, ln (ri) and the inverse of plasma power (1/Pp) are plotted, then the slopes 

are obtained by linear fitting of them according to: 

ln�LB� =  YZB × F × 2
\]

+ ln�NB�       (10) 

We neglected the contribution of thermal-catalytic processes since gas temperature in this model 

is fixed to 300K, 

2.4 Surface mechanism 

We also consider the surface reaction kinetics (Table S3 in Supporting Information.) in which the 

rate constants of adsorption, desorption and surface reactions are presented in our model. The 

surface reaction mechanism consists of 13 surface species and 42 surface reactions [30]. The 

surface site density of the catalyst is 2.66 × 10−9 mol/cm2 [31]. The reactants firstly adsorb on the 

catalyst surface: 

CO2 + Rh(s) → CO2(s)        (RS-04) 

CH4 + Rh(s) → CH4(s)        (RS-06) 

The activation processes of CO2 and CH4 occur stepwise on the Rh sites after the adsorption: 

CO2(s) + Rh(s) → CO(s) + O(s)       (RS-22) 

CH4(s) + Rh(s) → CH3(s) + H(s)       (RS-33) 

Dissociated with other adsorbed species: 

CH4(s) + O(s) → CH3(s) + OH(s)       (RS-41) 

and desorption of products and reactants: 

H(s) + H(s) → H2 + Rh(s)        (RS-07) 

CO2(s) → CO2 + Rh(s)        (RS-11) 
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For each adsorbed species, the thermodynamic data used in evaluation of thermodynamic 

properties (entropy, enthalpy, heat capacity) and reverse reaction rate constants are adopted from 

Deutschmann’s work [30,32–34]. 

For this study, the model is limited to a partial plasma-catalytic coupling, i.e. only few gaseous 

species are subject to adsorption/desorption like the reactants (CO2, CH4) and few 

intermediates/products (CO, H2, O2 and H2O). The surface mechanism adopted in the model only 

considers the following adsorbed intermediates: H(s), OH(s), C(s), CH3(s), CH2(s), CH(s), O(s) 

and COOH(s), while more complex intermediates are created and remain in the gas phase. This 

limitation is mainly attributed to a lack of kinetic data but also to a poor knowledge on the plasma-

catalytic interactions. The current model is a starting point and will progressively be improved as 

new experimental insights are obtained. 

 

3. Results and discussion 

3.1 Power deposition and electron temperature 

We apply one plasma pulse which is simplified based on the voltage and current measured from 

our plasma reactor (Fig. S1). In our modelling, the power is input during a pulse duration of 60 ns 

then stopped during an afterglow period of 0.001 s (shown in Fig. 2a). A triangular pulse with a 

maximum power deposition of 3.0�105 Watts is applied to simulate the input power in one cycle 

[13]. Other calculation parameters are listed in Table S3. The electron temperature dose not exhibit 

a similar triangular pulse because the heating rate of electrons in strong electric field is nonlinear. 

The electron temperature gradually increases in the plasma pulse and sharply decreases as soon as 

the input energy ends. For typical simulation, the maximum electron temperature could reach up 

to 3-4 eV. This value corresponds with that in experimental and numerical studies. Due to the 

delay of energy transformation to the electrons, molecules, radicals and other particles, the 

behavior of plasma-catalysis in our modelling is complicated which will be discussed in the 

following sections. Although only a single power pulse is simulated in current work, it is the 

foundation to investigated the cumulative effects for the future study. 
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Fig. 2. (a) Plasma power deposition as a function of time Qsou(t), (b) electron temperature and (c) 

number density of reactants in one plasma pulse (before the dashed line) and afterglow (after the 

dashed line). 

3.2 Conversion of CO2 and CH4 

Before all else, the number density of CO2 and CH4 are simulated and shown in Fig. 2c. The 

dissociation of CO2 and CH4 both undergo a delay, which could be attributed to the gradually 

increasing electron temperature, since the initiation of the plasma. In the first 1.0�10-10 s of plasma 

initiation, the electron temperature gradually increases but is below 1 eV, which is not enough to 

rapidly dissociate the reactants. At 1.5�10-08 s, the electron temperature reaches the maximum, at 

this time the reaction speed of each element increases and their dissociation accelerates. At this 

stage, the main reaction type involved in the reaction is electron involved reactions. Interestingly, 

when the plasma stops, they rise first, which may be caused by the sudden drop in electron 

temperature. The decrease in electron temperature leads to a substantial decrease in the rate of CO2 

and CH4 dissociation with electron participation. Then neutral reactions involving free radicals 

dominate, resulting in a slight decrease in the number density of reactants. Finally, due to the 

recombination reaction of many free radicals (CH3, H, CO, OH and etc.,), CO2 and CH4 are 

produced, and their number density increases and tends to be balance. Overall, the conversion of 

carbon dioxide is slightly lower than that of methane, which is consistent with the experimental 

data. The detailed generation and consumption channels of CO2 and CH4 at each stage will be 

described in the next section. 
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Fig. 3. Consumption (left-side of the figures) and production (right-side of the figures) rates of 

critical reaction channels for the production of (a) CO2, (b) CH4 at 6.0�10-08 s, 1.0�10-07 s and 

1.0�10-05 s. 

To better understand the micro process, as illustrated in Fig. 3, three critical stages in our model, 

including the plasma power deposition (6.0�10-08 s), termination of the power deposition 

(1.0�10-07 s) and the afterglow (1.0�10-05 s), are analyzed by comparing the production 

(consumption: for the reactants) rate of selected 10 key elementary reactions for each compound.  

At the beginning of the discharge, the electron temperature and density start to increase and this 

indicate that the electron impacted reactions occupy the decomposition pathway of the reactants. 

For CH4, it is noted that CH4 is activated via ionization (e.g. R-001) and electron impacted 

dissociation (e.g. R-002 and R-003). The derivative products would be further consumed (e.g. R-

009 and R-037) when collide with another energetic electrons. 

e + CH4 → 2e + CH4
+        (R-001) 

e + CH4 → e + CH3 + H       (R-002) 

e + CH4 → e + CH2 + H2       (R-003) 
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e + CH3 → 2e + CH3
+        (R-009) 

e + CH4
+ → CH3 + H        (R-037) 

e + CH3
+ → CH2 + H        (R-040) 

For CO2, similar reaction pathway at the early stage of the plasma are found to be: 

e + CO2 → 2e + CO2
+        (R-023) 

e + CO2 → e + CO + O       (R-025) 

e + CO2
+ → CO + O        (R-072) 

Besides, the neutral radicals, oxygenates and cationic also participate in the conversion of CO2 and 

CH4: 

CH4 + CH → C2H4 + H       (R-083) 

CH2 + CO2 → CH2O + CO       (R-212) 

CH + CO2 → HCO + CO       (R-225) 

CO2
+ + CH4 → CH4

+ + CO2       (R-600) 

CH4 + HCO2
+ → CO2 + CH5

+       (R-813) 

CH4
+ + CO2 → HCO2

+ + CH3       (R-818) 

CH5
+ + CO2 → HCO2

+ + CH4       (R-820) 

After the termination of the discharge, the neutral-neutral reactions and the ion-neutral reactions 

gradually dominate due to the short life time of electrons and the aggregation of derivative 

intermediates. CO2 is activated and decomposed in the form of collision with free radicals or 

positive ions (e.g. R-212, R-225, R-818 and etc.), while CH4 also could be dissociated and form 

hydrocarbons through those routes (e.g. R-083, R-813, R-818 and etc.). Those reactions cause the 

formation of more intermediates, but at 1.0�10-05 s, only neutral-neutral reactions are observed to 



 15 

exist in the simulated plasma process due to the decreased number density of ions. This suggests 

that ions species are converted back to the neutral species. 

3.3 Production of C2 hydrocarbons 

As reported in our previous work, C2 hydrocarbons, especially unsaturated hydrocarbons, are high 

value-added products in chemical industry. Hence, the time evolutions of C2 hydrocarbons (C2H6, 

C2H4 and C2H2) and number density are simulated and compared in Fig. 4. We notice that in the 

plasma pulse, the rate of C2H4 formation is the fastest, and it is the dominant product of C2 

hydrocarbons in the plasma environment. However, after the power deposition, the number density 

of C2H4 decreases slightly around 1.0�10-05 s due to hydrogenation reaction, while the number 

density of C2H6 keeps increasing. In the C2 hydrocarbons, saturated C2H6 is the main product while 

the selectivity of unsaturated hydrocarbons with higher value decreases. It is worth noting that the 

ratio of unsaturated hydrocarbon to saturated hydrocarbon (U/S ratio) would gradually decrease in 

afterglow and finally reach 0.31606 in our modelling. 

As shown in Fig. 4c, it clearly indicates that time delay does exist between different species. First, 

the total production rates of C2H4, C2H6 and C2H2 increase in succession, then, their production 

terminate in the afterglow. Exceptionally, an extra peak of C2H6 production rate draws our 

attention which might indicate that C2H6 is formed via some neutral reaction channels during the 

afterglow. Between those two peaks, C2H5 production rate is found to exhibit a broad peak 

(1.0�10-07 s) spanning the plasma pulse and afterglow. The possible explanation is that part of 

C2H4 is consumed via the hydrogenation and recombination which contribute to the formation of 

C2H5 specie and higher hydrocarbons (Fig. 5a) [8]. Subsequently, as shown in Fig. 5b and 4c, C2H5 

specie will be further reduced to C2H6 which is corresponding to the production peak in the 

afterglow. The processes (C2H4 → C2H5 → C2H6) restrict the selectivity of unsaturated 

hydrocarbons, hence, some approaches, including the design of special catalysts, optimization of 

plasma input, could be investigated to achieve higher selectivity of unsaturated hydrocarbons by 

inhibiting the process mentioned. 
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Fig. 4. (a) Number density, (b) U/S ratio and (c) production rates of C2 hydrocarbons as a 

function of time. 

To investigate the insight of hydrocarbons formation, we subsequently analyze the detailed 

reaction progress of C2H4, C2H5 and C2H6 at different stages. The main reaction channels differ 

significantly in terms of time scale. In the plasma pulse, the combination between the derivative 

radicals not only dominates the formation reaction of C2H4 but also contribute to the formation of 

C2H6 (e.g. R-090, R-091, R-092 and etc.) [35]. 

CH3 + CH3 → C2H6         (R-090) 

CH3 + CH3 → C2H4 + H2       (R-091) 

CH3 + CH2 → C2H4 + H       (R-092) 

After the power pulse, parts of those reaction rates are significantly reduced while others become 

more dominant (Fig. 5). For instance, the reactions involving C2H4, the C2H4 hydrogenation 

becomes the dominant reaction at 1.0�10-05 s and consequently a large amount of C2H5 radicals 

are produced in this duration. The crucial product, C2H4, are converted via neutral reactions (e.g. 

R-109, R-132 and etc.) rather than electron reactions (e.g. R-018 and etc.). This indicates that 

concentration of unsaturated hydrocarbons would shift to the chemical equilibrium instantly out 

of the plasma environment. Amount them, the H attachment to C2H4 occupy the main route. 

e + C2H4 → e + C2H3 + H       (R-018) 
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CH2 + C2H4 → C3H6         (R-109) 

C2H4 + H → C2H5         (R-132) 

Correspondingly, C2H5 further hydrogenation (e.g. R-127, R-128, R-130 and etc.) gradually 

becomes a major reaction path for the formation of C2H6 after the end of pulse and finally occupies 

a dominant position in the afterglow. 

C2H5 + CH4 → C2H6 + CH3       (R-084) 

C2H5 + H2 → C2H6 + H       (R-127) 

C2H5 + H → CH3 + CH3       (R-128) 

C2H5 + H → C2H6         (R-130) 

 

Fig. 5. Consumption (left-side of the figures) and production (right-side of the figures) rates of 

critical reaction channels for the production of (a) C2H4, (b) C2H5 and (c) C2H6 at 6.0�10-08 s, 

1.0�10-07 s and 1.0�10-05 s. 

In thermal-catalysis, several mechanisms, involving a RWGS step and Fischer–Tropsch synthesis 

(FTS) step, were proposed for the hydrocarbon formation [36]. The carbide mechanism via FTS 

is the most plausible one. Monomer species, methylene (CH2), are formed on the surface and then 

followed by chain propagation in which other monomers are inserted into a growing alkyl chain. 
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We believe that more comprehensive understanding of surface mechanisms on plasma-catalyst 

would be attractive.   

3.4 Reaction barrier and surface mechanism 

The apparent activation energy is often used to evaluate the energetic threshold for reactions. It 

enables us to deal with the reaction process from the fundamental microscopic nature of chemical 

collisions to macroscopic aspects of chemical reactions. Hence, the in-depth understanding of the 

plasma-catalyst’s effect on activation energy is crucial, so, we discuss this vital kinetic parameter 

in this section. Table S3 shows the critical input information and values for the calculation of 

apparent activation energy. According to the modified Arrhenius equation introduced in section 

2., the flow rate and power deposition are set as 50 mL/min and 2-3 W respectively while the other 

parameters remain the same value. Typically, two surface mechanisms on the Ni based catalysts 

are evaluated so that we could investigate the effects of catalysts in plasma surroundings. Dry 

reforming over Rh based catalyst is also studied especially. 

The apparent activation energy of the plasma assisted dry reforming without catalyst and over Rh-

based catalyst are compared in Fig. 6. The plasma process exhibits a typical Arrhenius behavior 

and the apparent activation energy of CO2 and CH4 are estimated to be 55.41 kJ mol-1 and 58.65 

kJ mol-1. It is critical to mention that the apparent activation energy decreases after introducing the 

surface reactions on the Rh sites. The apparent activation energy of CO2 and CH4 decrease to 42.97 

kJ mol-1 and 48.65 kJ mol-1 respectively due to the interactions of plasma and catalysts. Compared 

with plasma process, the apparent activation energy decreases up to 22.45% and 16.90% 

respectively. The catalysts provide an alternative route in which less activation energy (Fig. 6)  is 

required. The adsorbed species, such as CO2(s) and CH4(s), are activated by other species stick on 

Rh sites [30]: 

CO2(s) + H(s) → COOH(s)       (RS-26) 

CO2(s) + H(s) → CO(s) + OH(s)      (RS-30) 

CH4(s) + O(s) → CH3(s) + OH(s)      (RS-41) 
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As a result, new transition species and states, such as COOH(s), CH3(s) and etc., are produced via 

this novel approach which require less energy. Chain decompositions of CH4 exist and produce 

adsorbed intermediates: 

CH3(s) + Rh(s) → CH2(s) + H(s)      (RS-35) 

CH2(s) + Rh(s) → CH(s) + H(s)      (RS-37) 

We also notice that, besides the direct dissociation of CO2(s), combination of CO2(s) and H(s) also 

is significant while formed COOH(s) will further decompose. 

COOH(s) + Rh(s) → CO(s) + OH(s)      (RS-24) 

COOH(s) + H(s) → CO(s) + H2O(s)      (RS-27) 

This species could further participate in the formation of organic acid, which is not described in 

our kinetic model, under certain conditions. 

 

Fig. 6. The Arrhenius plot for the plasma assisted dry reforming (a) without catalyst and (b) over 

Rh-based catalyst. 

In dry reforming, the CH4 chemisorption (RS-06) is considered to be a rate determining step [37]. 

It is reported that the apparent activation energy would decrease from 91 kJ mol-1 to 44.7 kJ mol-1 

(in 100 kHz DBD) due to the state-specific reactivity of vibrationally excited CH4. In plasma 

assisted CH4 reforming, vibrationally excited CH4 in streamers contribute a lot to the enhancement 
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of CH4 chemisorption which is considered to be the rate-determining step [37]. RS-06 and RS-33 

cooperatively simulate such a dissociative chemisorption of CH4 (CH4 → CH3* + H*), which is 

corresponding to the increase of efficiency. Besides, the rate of adsorption, desorption, surface 

diffusion processes and elementary reactions on different surfaces also affects the apparent 

activation energy.  

Comparing different surface mechanisms on Rh and Ni sites in this study, it is worthy to mention 

that the parameters in the Arrhenius equations for CO2 and CH4 adsorption processes (RS-06 and 

RS-04) show great difference which further affects the reaction progress. The sensitivity analysis 

of methane dry reforming shows that methane adsorption (RS-06) and desorption (RS-12) 

reactions are the most sensitive reactions [32]. 

There is another discussion exists in thermal-catalytic modelling. Eley-Rideal reactions play an 

important role in products formation. Nakamura et al., [38] reported that H2O reacts with adsorbed 

CH2 species and forms adsorbed CO and H2 through RER-01. On the other side, gas phase CO2 

could also collide with an adsorbed H and form CO and adsorbed OH species (RER-02) [39]. Mark 

and Maier further proposed an alternative path for the formation of CO in which gas phase CO2 

reacts with surface carbon species (RER-03) [40]. With the help of fundamental study of surface 

reactions (to obtain relevant kinetic data), we will understand those Eley-Rideal reactions more 

globally in the future modelling of plasma-catalysis.  

CH2(s) + H2O → CO(s) + 2H2       (RER-01) 

CO2 + H(s) → CO + OH(s)        (RER-02) 

C(s) + CO2 → 2CO + Rh(s)        (RER-03) 

The apparent activation energy over other catalysts are summarized in Table 2. For all the 

simulations (simulation details are shown in Table S3) in this work, the data well fit in the 

Arrhenius law linearly and the R-squared (R2) are all higher than 0.99 which indicate a goodness-

of-fit. In our simulations, the apparent activation energy of CO2 and CH4 without catalyst, with Ni 

catalyst according to two different surface mechanisms adopted from works of Delgado [32] and 

Janardhanan [33] respectively, and with Rh catalyst according to a surface mechanism adopted 

from Karakaya’s work [30], are compared. The catalysts clearly show capability to decrease the 
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apparent activation energy. The Ni-based catalysts have a comparable slope, in other word 

comparable reaction barrier, since they share a similar reaction route, while Rh-based catalyst 

exhibits even lower apparent activation energy due to their surface reactions. It is critical to 

mention that, for all the simulations, the apparent activation energy of the CO2 is lower than that 

of CH4. This tendency could not only be attributed to the surface properties of the metal sites but 

also to the reverse water gas shift (RWGS) reaction. This phenomenon is consistent with the 

literature [41–43]. Ladavos et al., [43] reported that, rather than just adsorb on the surface, CO2 

could react with catalyst structural phase (La2O3 and SrO) and form new lanthanum or strontium 

containing crystal phases (La2O2CO3 and SrCO3) which are characterized by XRD. Due to the 

strong affinity of CO2 with the oxides and special surface destruction, the value of apparent 

activation energy of CO2 consumption is lower than that of CH4. As mentioned in the introduction 

and literature, lack of kinetic data for surface reactions considerably restricts the development of 

a more realistic model. On the other side, CO2 is able to participate in multiple reaction pathway 

including RWGS (CO2 + H2 → CO + H2O) which is also attribute to the decreasing of its apparent 

activation energy [41]. 

Table 2. Summary of calculated apparent activation energy of CO2 and CH4. 

INFORMATION 
Plasma 

alone 

Ni Plasma-

catalysis according 

to mechanism of 

[33] 

Ni Plasma-

catalysis according 

to mechanism of 

[32] 

Rh Plasma-

catalysis according 

to mechanism of 

[30] 

Slope (CO2) -2.05 -1.81 -1.83 -1.59 

R(CO2)
2 0.99 0.99 0.99 0.99 

Slope (CH4) -2.17 -2.15 -2.04 -1.80 

R(CH4)
2 0.99 0.99 0.99 0.99 

Ea (CO2) kJ mol-1 55.41 48.92 49.46 42.97 

Ea (CH4) kJ mol-1 58.65 58.10 55.13 48.65 
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It is essential to compare our simulated values of apparent activation energy with experimental 

values reported in previous work. Table 3 shows the activation barrier of CO2 and CH4 conversion 

in thermal catalysis and plasma-catalysis. For the thermal catalysis, the apparent activation 

energies of CO2 are reported to be 62.2 kJ mol-1 - 108.9 kJ mol-1 while it requires 65.5 kJ mol-1 - 

87.8 kJ mol-1 for CH4 activation [42,44]. The reaction barriers decrease remarkably in plasma 

assisted process. The apparent activation energies are estimated to be 6.1 kJ mol-1 - 29.5 kJ mol-1 

and 32.6 kJ mol-1 - 35.2 kJ mol-1 for CO2 and CH4 respectively [24,45]. In most of works, the 

apparent activation energy of CO2 is lower than CH4 which is in line with our numerical study. 

Besides dry reforming, the apparent activation energy of CO2 also declines sharply in CO2 plasma 

assisted hydrogenation (21 kJ mol-1 - 43 kJ mol-1) when it is compared with the value in thermal 

catalysis (68 kJ mol-1 - 112 kJ mol-1) [29].  

Table 3. Comparison of reaction barrier of reactants over different catalysts. 

Catalysts Reaction system Reaction type 

Ea (CO2) 

kJ mol−1 

Ea (CH4) 

kJ mol−1 

Ref  

 Ni/TiO2 (673−823 K) Thermal-catalysis  dry reforming 108.9 87.8 [42] 

 Ni-CeMgAl (773–873 K) Thermal-catalysis  dry reforming 62.2 65.5 [44] 

 Ni/Al2O3 (673–783 K) Thermal-catalysis  dry reforming 69.0 70.6 [46] 

 Rh/Al2O3 (673–783 K) Thermal-catalysis  dry reforming 82.3 65.6 [46] 

 Rh/SiO2 (673–783 K) Thermal-catalysis  dry reforming 54.8 74.8 [46] 

 Ni-SiO2 Plasma-catalysis  dry reforming - 6.1-18.6 [24] 

 Ni/La2O3-MgAl2O4 Plasma-catalysis   dry reforming 35.2 32.6 [45] 

 Ni–La2O3@SiO2 Plasma-catalysis  dry reforming 29.5 24.7 [47] 

 Ni-based Plasma-catalysis   dry reforming 49.46 55.13 This work 

 Rh-based Plasma-catalysis   dry reforming 42.97 48.65 This work 
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For modelling a combustion and/or thermal-catalytic process in a CFD solver, the corresponding 

reaction mechanism is commonly implemented in the thermofluidic model which composes the 

basis of the solver [48–50]. Such a numerical model could not only indicate spatial-temporal 

distributions of major species but also describe the effects of turbulence, reactor geometry, etc. on 

the process. Hence, we expect that the chemical model built in this work can be adopted for higher 

dimensional modelling of plasma-catalysis by implementation in a CFD solver, like FLUENT, to 

have a better idea of the chemical dynamics, and not only the kinetics, in our configurations of 

reactor and flowing. 

4. Conclusion 

In this numerical work, we investigated the kinetic aspect of plasma-catalytic dry reforming via a 

zero-dimension plasma-catalytic model in a batch reactor. A kinetic method for evaluating the role 

of the electrons and the catalyst in this plasma-catalysis process is proposed. The number densities 

of reactants, products and key intermediates were calculated during one plasma pulse. For C2 

hydrocarbons, in agreement with previous published experimental results [3], C2H6 was found to 

be the main product. The ratio of unsaturated over saturated hydrocarbons first increases and then 

decreases in the plasma pulse, and finally returns to an equilibrium value. This could explain the 

limitation of this ratio observed in the experimental studies. It may be related to two successive 

processes: a dehydrogenation during the plasma phase followed by a re-hydrogenation after 

plasma extinction. In this frame, we observed that C2H5, an intermediate, plays an important role 

in the plasma-catalytic reduction of C2H4 to C2H6. The detailed reaction pathway was investigated 

via time scale analysis of reaction rates of important elementary reactions. The apparent activation 

barriers of plasma assisted dry reforming with or without catalysts are calculated and fitted by a 

modified Arrhenius law which are rarely calculated by computational method in previous study. 

In this study, by inducing reported surface mechanisms over Rh and Ni catalysts, it was shown 

that the apparent activation energies decreased by 22.45% and 17.05% for CO2 conversion and 

CH4 conversion respectively. These results show by a numerical way the advantage in terms of 

energy of plasma-catalytic conversion face of nonthermal plasma conversion alone. However, this 

first complete study is based on several approximations to simplify the model. The main one is the 

consideration of a partial plasma-catalytic coupling due to the lack of experimental data. In future, 

the model will be extended to a full plasma-catalytic coupling supported by new experimental data 
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in order to get closer to the reality. Other crucial factors such as accumulation effect of charges 

and species should not be ignored either.  
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