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Abstract 

This modeling study aimed to simulate hydrogen production through dielectric barrier discharge (DBD) in an argon-

methane mixture at atmospheric pressure. Argon was selected as an additive due to its high ionization potential, which 

is expected to facilitate methane dissociation and enhance plasma reactivity. A series of simulations were conducted to 

assess the impact of varying argon concentrations (ranging from 0% to 90%) on hydrogen generation. A one-dimensional 

fluid model was employed to investigate methane conversion within the DBD reactor. This approach enabled a 

comprehensive evaluation of the effects of different Ar/CH₄ ratios, including pure methane, on reactor performance and 

key plasma characteristics, such as electron density, ion density, and species concentrations. The findings revealed 

that increasing the argon content significantly enhanced the ionization rate of methane and increased the discharge 

current, which directly correlated with higher electron density. Moreover, methane conversion efficiency and hydrogen 

production were found to be strongly dependent on the Ar/CH₄ ratio, with the highest hydrogen yield observed at a 

50:50 argon-to-methane mixture. 
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1. Introduction  

Hydrogen is one of most important renewable 

energy sources, with its use as major element in 

fuel cell to generate electricity [1], and fuel cell 

electric vehicle [2]. One of common challenge that 

faced by researchers is finding efficient sources to 

produce hydrogen [3]. Among this process, non-

thermal plasma is a promising technology that 

has attracted attention due its ability of 

converting methane gas to hydrogen whether 

using microwave plasma reactor, or radio 

frequency reactor, or dielectric barrier discharge 

reactor [4-6]. Specifically, Dielectric barrier 

* Corresponding Author. 
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discharge (DBD) is a recognized plasma 

technology known for its efficacy in producing 

reactive species at atmospheric pressure. Its 

capacity to promote chemical reactions without 

requiring excessive temperatures or pressures 

makes it an invaluable asset in numerous 

industrial applications [7-11]. 

Dielectric barrier discharge (DBD) is a type of 

non-thermal plasma generated when a high 

voltage is applied between two parallel electrodes 

covered with a dielectric layer [12]. In DBD 

reactors, methane is commonly used for hydrogen 

production, as its molecular structure allows for 

efficient carbon bond dissociation, leading to the 

formation of hydrogen and various hydrocarbons 

[13]. Additionally, methane is among the most 

prevalent gases and a primary component of 
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natural gas [14]. Research on hydrogen 

production from methane conversion using 

dielectric barrier discharge (DBD) plasma has 

focused on various approaches. Studies on 

methane cracking in DBD catalytic plasma 

reactors have identified novel methane utilization 

pathways while optimizing CH₄ conversion, 

energy efficiency, and hydrogen selectivity [15]. 

Other investigations have explored the 

integration of DBD plasma with NiO/γ-Al2O3 

catalysts for methane reforming, examining the 

effects of different operational parameters on 

catalyst performance [16]. 

Numerical simulations are essential for 

gaining deeper insights into the physical and 

chemical processes occurring within the discharge 

gap contributing the optimization and enhanced 

performance of dielectric barrier discharge (DBD) 

reactors. Kinetic modeling has been employed to 

simulate the behavior of DBD reactors operating 

with methane at atmospheric pressure, offering a 

deeper understanding of the mechanisms involved 

in the non-oxidative coupling of methane [17]. 

Additionally, studies have examined the effect of 

gas temperature distribution in DBD plasma 

reactors using pure methane, revealing that 

higher gas temperatures enhance hydrogen 

production [18]. 

The addition of noble gases to the gas mixture 

in dielectric barrier discharge (DBD) systems 

plays a crucial role in enhancing hydrogen 

production and influencing plasma 

characteristics. Investigations into methane 

conversion in planar DBD reactors with helium, 

neon, and argon have demonstrated that argon is 

the most effective in generating excited and 

ionized species [19]. Further studies on methane 

activation confirm that the choice of noble gas has 

a substantial impact on the efficiency of 

conversion processes [20]. Additionally, numerical 

modeling has been employed to analyze DBD 

behavior in CH₄/O₂ and CH₄/CO₂ gas mixtures, 

revealing that syngas, higher hydrocarbons, and 

oxygenates are key reaction products [21]. 

Experimental studies on methane conversion in 

non-thermal plasma DBD reactors have also 

indicated that adding 10% nitrogen enhances 

hydrogen production [22]. However, despite 

significant advancements in methane conversion 

using dielectric barrier discharge (DBD) plasma, 

several limitations remain. One major challenge 

is achieving high hydrogen yield while minimizing 

byproducts due to limited selectivity. The complex 

plasma dynamics involved in methane activation 

are not yet fully understood, and the precise role 

of noble gases in enhancing conversion efficiency 

requires further investigation. 

The objective of this study is to investigate the 

conversion of methane using dielectric barrier 

discharge (DBD) plasma, with a particular focus 

on optimizing hydrogen production and 

understanding the key factors influencing the 

process. Specifically, it aims to analyze the effects 

of Argon gas additives on plasma characteristics 

and methane dissociation efficiency, providing 

insights into their role in enhancing hydrogen 

yield. A one-dimensional fluid model employed to 

explore the complex plasma dynamics such as 

electron density, electrical characteristics, and 

chemical reaction mechanisms caused by the 

presence of argon. The model incorporates 

detailed plasma chemistry, accounting for over 

100 reactions, including neutral-neutral, ion-

neutral, and electron impact reactions. 

 

2. Materials and Methods  

2.1 Model Equations 

The behavior of electrons in a DBD is 

described by continuity equations that account for 

their density and energy. The electron density 

governed by [23]: 

 
𝜕𝑛𝑒

𝜕𝑡
+ 𝛻𝛤𝑒 = 𝑅𝑒                                                           (1) 

 

with 𝑛𝑒  is the electron density,𝜞𝑒 is the electron 

flux vector, and 𝑅𝑒  denotes the source term 

accounting for processes such as ionization and 

attachment.  

The electron flux is typically expressed using the 

drift-diffusion approximation: 

 

𝛤𝑒 = 𝑉𝑒𝑛𝑒 = −𝜇𝑒𝑛𝑒𝐸 − 𝛻𝑛𝑒𝐷𝑒                                     (2) 

 

where 𝜇𝑒  𝐷𝑒 and E refer to electron mobility, 

electron diffusivity and the electric field 

respectively. 

The electron energy density is described by an 

energy balance equation: 

 
∂𝑛𝜀

∂𝑡
+ ∇Γ𝜀 +  𝐸Γ𝑒 = 𝑅𝜀    (3) 

Γ𝜀 =  −  𝜇𝜀𝑛𝜀𝐸 −  ∇ 𝑛𝜀𝐷𝜀    (4) 

 

where 𝜀  refer to energy, 𝑛𝜀  to electron energy 

density, 𝛤𝜀  is the mean energy flux, 𝑅𝜀  is the 

electron energy loss or gain in collision, 𝜇𝜀  and 

𝐷𝜀  are the electron energy mobility and electron 

energy diffusivity. 

The mean electron energy was calculated across 

this expression: 

 

𝜀 =
𝑛𝜀

𝑛𝑒
       (5) 

 

The electron energy loss obtained by summing the 

collisional energy loss over all reactions: 

 

𝑅𝜀 = ∑ 𝑥𝑗𝑘𝑗𝑁𝑛𝑛𝑒Δ𝜀𝑗
𝑃
𝑗=1     (6) 

 

with 𝑥𝑗  mole fraction of the target species for 

reaction j, 𝑘𝑗 rate coefficient for reaction j, 𝑁𝑛 total 
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neutral number density, 𝛥𝜀𝑗  energy loss from 

reaction j, and P refer to inelastic electron-neutral 

collisions. 

The electric field is computed using the following 

equation: 

 

𝛻 𝜀0. 𝜀𝑟𝛻 𝑉 =  𝜌 𝑠      (7) 

 

where V refers to the electrostatic potential, 𝜀𝑟 is 

the relative permittivity, and 𝜀0  is the vacuum 

permittivity, and  𝜌  is the space charge density. 

The space charge density ρ is computed 

automatically according to the plasma chemical 

defined in the model, utilizing the formula: 

 

 𝜌𝑠 = 𝑞(∑ 𝑍𝑘𝑛𝑘
𝑁
𝑘=1 − 𝑛𝑒)      (8) 

 

with 𝑍𝑘  is the electric charge, q is the absolute 

value of electronic charge. 

The properties of the dielectric given by this 

relation: 

 

𝐷 = 𝜀0. 𝜀𝑟𝐸     (9) 

 

with D refer to the electric field displacement. 

 

2.2 Boundary Conditions  

The dielectric surfaces that are adjacent to 

the opening where the plasma forms are subject to 

surface charge accumulation as a result of the 

following boundary condition: 

 

−𝑛 .  (𝐷1 − 𝐷2) = 𝜌𝑠             (10) 
𝑑𝜌𝑠

𝑑𝑡
= 𝑛 ⋅ 𝐽𝑖 + 𝑛 ⋅ 𝐽𝑒                 (11) 

 

where 𝜌𝑠 is surface charge density, D1 and D2 refer 

to the electric field displacement, 𝑛 ⋅ 𝐽i is the total 

ion current density at the walls (boundary 0, 1, 

Figure 1), and 𝑛 ⋅ 𝐽𝑒  is the total electron current 

density at the walls (boundary 0, 1, Figure 1). 

 

2.3  Electric Potential 

An applied voltage of 5100 V powers this 

model at a high frequency of 10 kHz under 

atmospheric pressure and a gas temperature of 

300 K. 

 

𝑉𝑟𝑓 = 5100. 𝑠𝑖𝑛(2. 𝜋. 𝑓)             (12) 

2.4  Initial Value 

The initial electron density represents a small 

number of seed electrons present within the 

discharge gap domain (Figure 1): ne,0=106 (1/m3), 

initial mean electron energy: Ɛ= 5(V). 

 

2.5  Time-Stepping Method 

An implicit time integration scheme based on 

the Backward Differentiation Formula (BDF) 

used to address the stiffness of the governing 

equations. The simulation employed an adaptive 

time-stepping strategy, with the initial time step 

set to 1 × 10⁻¹¹ s. The solver dynamically adjusted 

the step size to accurately resolve the rapid 

transient behavior during breakdown and 

relaxation phases. 

 

2.6 Spatial Discretization and Mesh 

The simulation domain, corresponding to a 1 

mm discharge gap, was discretized into 200 

uniform spatial nodes. This mesh density was 

selected based on mesh sensitivity analysis to 

capture steep gradients in plasma parameters, 

particularly near dielectric boundaries. 

 

2.7 Solver Configuration and Convergence 

Criteria 

The nonlinear algebraic system resulting 

from temporal and spatial discretization was 

solved using a fully coupled Newton-Raphson 

iteration. Within each iteration, the linear system 

was handled using an efficient iterative solver 

with appropriate preconditioning to ensure 

robustness and speed (Relative tolerance: 1 × 10-4; 

Absolute tolerance: 1 × 10⁻¹²) and a maximum of 

50 nonlinear iterations was allowed per time step. 

Convergence was assessed based on the residual 

norm of the solution variables and conservation of 

charge within the domain. 

 

2.9 Description of Model Geometry 

To model the process, a one-dimensional 

configuration was developed, consisting of two 

parallel plates coated with a dielectric material 

having a relative permittivity of εr=10 and a 

thickness of 2 mm. The discharge gap, measuring 

1 mm, was filled with a mixture of argon and 

methane, as depicted in Figure 1. 

Figure 1. 1D geometry model of dielectric barrier discharge reactor 
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No.  Reaction  Rate coefficient Ref 

R1 Ar++ CH4 ⇒ CH3
++ H + Ar 6.32 × 107 m3/(s.mol) [25] 

R2 Ar∗+ CH4 ⇒ Ar + CH2+ 2H   1.98 × 108  m3/(s.mol) [25] 

R3 Ar∗+ CH4 ⇒ Ar + CH + H + H2 3.49 × 107 m3/(s.mol) [25] 

R4 Ar∗ +CH4 ⇒ Ar + CH3+ H  3.49 × 107 m3/(s.mol) [25] 

R5 Ar + CH3+H ⇒ CH4+ Ar  2.97 × 107 m6/(s.mol2) [26] 

R7 Ar +C2H + H ⇒ C2H2+ Ar  11243      m6/(s.mol2) [26] 

R9 Ar + C2H2 + H ⇒ C2H + H2+ Ar  3.1878 × 105 m6/(s.mol2) [26] 

R10 Ar + C2H3 ⇒ C2H2+ H + Ar   7.82 × 105 m3/(s.mol) [26] 

R11 Ar++ CH4 ⇒ CH3
++ H + Ar  6.32 × 107 m3/(s.mol) [25] 

R12 Ar++ H2 ⇒ Ar++ H2   1.636 × 108 m3/(s.mol) [27] 

R13 Ar++ C2H2 ⇒ C2H2
++ Ar 25.29 × 107 m3/(s.mol) [27] 

R14 Ar* + Ar∗ ⇒ e + Ar + Ar+ 3.3734 × 107 m3/(s.mol) [35] 

R15 Ar∗+ Ar ⇒ Ar + Ar 1807 [35] 

No.  Formula  Type  Δ (eV) Ref. 

R1 e + CH4 ⇒  e + CH4 Elastic 0 [24] 

R2 e + CH4 ⇒  e + CH4 Excitation 0.162 [24] 

R3 e + CH4 ⇒  e + CH4 Excitation 0.362 [24] 

R4 e + CH4 ⇒ e + CH3+ H  Excitation 8.8 [24] 

R5 e + CH4 ⇒ e + CH2+ H2  Excitation 9.4 [24] 

R6 e + CH4 ⇒ e + CH + H2+ H Excitation 12.5 [24] 

R7 e + CH4 ⇒ e + C + H2+ H2 Excitation 14 [24] 

R8 e + CH4 ⇒ 2e + CH4
+  Ionization 12.63 [24] 

R9 e + CH4 ⇒ 2e + H + CH3
+  Ionization 14.25 [24] 

R10 e + CH4 ⇒ 2e + H2+ CH2
+  Ionization 15.1 [24] 

R11 e + CH4 ⇒ 2e + H + H2+ CH+ Ionization 19.9 [24] 

R12 e + CH4 ⇒ 2e + H2+ H2+ C+  Ionization 19.6 [24] 

R13 e + CH4 ⇒ 2e + CH2+ H2
+  Ionization 20.1 [24] 

R14 e + CH4 ⇒ 2e + CH3+ H+  Ionization 18 [24] 

2.10  Plasma Chemistry 

This study utilizes a chemistry model that 

includes a thorough array of species, such as 

electrons, ions, radicals, and neutrals, as well as 

more than 100 related processes. The electron 

impact reactions of methane are presented in 

Table 1 [24], whereas the interaction between 

argon and methane is described in Table 2. 

Methane reactions and their respective rate 

coefficients are presented in Table 3. 

 

3. Results and Discussion  

This section presents the numerical 

simulation results for the dielectric barrier 

discharge (DBD) plasma operated under various 

argon–methane gas mixtures. To ensure model 

credibility, simulations were initially performed 

using Ar/CH₄ mixtures with 5% and 10% methane 

concentrations. These conditions were selected to 

match experimentally relevant configurations and 

allow comparison with known discharge behavior. 

Figure 2 presents the discharge current 

waveforms of the dielectric barrier discharge 

(DBD) in Ar/CH₄ mixture (5% Ar, 95% CH₄) over 

one period, as predicted by the 1D fluid model and 

compared to the experimental results reported in 

[36]. The simulated waveform leads the 

experimental measurement by approximately 4 

µs, which is consistent with the solver’s 0.5 µs 

temporal resolution and the idealized nature of 

the model, which neglects circuit response and 

energy losses. Despite this minor temporal shift, 

the model successfully reproduces the overall 

shape and peak structure of the discharge current. 

The simulated peak current (0.097 mA) deviates 

by less than 3% from the experimentally 

measured value (0.10 mA). 

Figure 3 shows the distribution of ions, 

electrons, and different species across the 

discharge gap which are taken at the peak current 

(t = 30 µs). According to the figure, we can notice 

an increase in the density number of ions in the 

vicinity of the anode where it is clear that the most 

Table 1. Electron impact reactions with methane. 

Table 2. Reactions argon-methane with rate coefficient. 
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R49 CH+ + C ⇒ C2
+ + H 12E – 16   [29] 

R50 CH+ + H2 ⇒ CH2
+ + H 10.1E − 16   [29] 

R51 CH+ + H ⇒ C+ + H2 74.75E – 16 241 −0.37 [29] 

R52 C+ + CH4 ⇒ C2H3
+ + H 10.3E − 16   [29] 

R53 C+ + CH4 ⇒ C2H2
+ + H2 4.2E – 16   [29] 

N Reaction 
Rate Coefficient 

Ref 
𝐴 [𝑚3/𝑠.mol] E [J/mol] 𝑛 

R1 CH4 + CH2 ⇒ CH3 + CH3 0.0713E − 16 41988 0 [28] 

R2 CH4 + CH ⇒ C2H4 + H 153E − 16  −0.9 [29] 

R3 CH4 + H ⇒ CH3 + H2 2.2E – 26 33632 3 [30] 

R4 CH3 + CH3 ⇒ C2H6 4.66E – 16  −0.37 [28] 

R5 CH3 + CH3 ⇒ C2H4 + H2 170E − 16 133030  [29] 

R6 CH3 + CH3 ⇒ C2H5 + H 0.5E − 16 56540  [28] 

R7 CH3 + CH2 ⇒ C2H4 + H 0.7E − 16   [28] 

R8 CH3 + CH ⇒ C2H3 + H 0.5E − 16   [29] 

R9 CH3 + C ⇒ C2H2 + H 0.83E − 16   [29] 

R10 CH3 + H2 ⇒ CH4 + H 1.1E − 26 39410 2.74 [29] 

R11 CH3 + H ⇒ CH2 + H2 1E − 16 63190  [28] 

R12 CH2 + CH2 ⇒ C2H4 0.017E − 16   [32] 

R13 CH2 + CH2 ⇒ C2H2 + 2H 1.8E − 16 3326  [29] 

R14 CH2 + CH2 ⇒ C2H2 + H2 26.3E – 16 50000  [29] 

R15 CH2 + CH2 ⇒ CH3 + CH 4E – 16 41572  [29] 

R16 CH2 + CH ⇒ C2H2 + H 0.66E − 16   [31] 

R17 CH2 + C ⇒ C2H + H 0.83E − 16   [31] 

R18 CH2 + H2 ⇒ CH3 + H 0.19E − 16 53212 0.17 [29] 

R19 CH2 + H ⇒ CH + H2 2.2E – 16   [29] 

R20 CH + CH ⇒ C2H2 2E – 16   [28] 

R21 CH + C ⇒ C2 + H 0.66E − 16   [29] 

R22 CH + H2 ⇒ CH2 + H 5.46E − 16 16155  [29] 

R23 CH + H ⇒ C + H2 1.31E − 16 665  [28] 

R24 C + H2 ⇒ CH + H 6.64E − 16 97278  [28] 

R25 CH4
+ + CH4 ⇒ CH5

+ + CH3 11.5E − 16   [32] 

R26 CH4
+ + H2 ⇒ CH5

+ + H 1.086E − 16 −300 −0.14 [29] 

R27 CH4
+ + H ⇒ CH3

+ + H2 0.1E − 16   [29] 

R28 CH5
+ + CH2 ⇒ CH3

+ + CH4 9.6E − 16   [29] 

R29 CH5
+ + CH ⇒ CH2

+ + CH4 120E – 16  −0.5 [29] 

R30 CH5
+ + C ⇒ CH+ + CH4 12E – 16   [29] 

R31 CH5
+ + H ⇒ CH4

+ + H2 1.5E – 16   [29] 

R32 CH3
+ + CH4 ⇒ C2H5

+ + H2 9.6E − 16   [32] 

R33 CH3
+ + CH2 ⇒ C2H3

+ + H2 9.9E – 16   [29] 

R34 CH3
+ + CH ⇒ C2H2

+ + H2 123E − 16  −0.5 [29] 

R35 CH3
+ + C ⇒ C2H+ + H2 12E – 16   [29] 

R36 CH3
+ + H ⇒ CH2

+ + H2 7E – 16 87800  [29] 

R37 CH2
+ + CH4 ⇒ C2H5

+ + H 2.88E − 16   [29] 

R38 CH2
+ + CH4 ⇒ C2H4

+ + H2 5E – 16   [29] 

R39 CH2
+ + CH4 ⇒ C2H3

+ + H2 + H 2.64E − 16   [29] 

R40 CH2
+ + CH4 ⇒ C2H2

+ + 2H2 1.44E − 16   [29] 

R41 CH2
+ + C ⇒ C2H+ + H 12E − 16   [29] 

R42 CH2
+ + H2 ⇒ CH3

+ + H 7.2E – 16   [33] 

R43 CH2
+ + H ⇒ CH+ + H2 10E − 16 58866  [29] 

R44 CH+ + CH4 ⇒ C2H4
+ + H 0.77E − 16   [29] 

R45 CH+ + CH4 ⇒ C2H3
+ + H2 10.57E − 16   [29] 

R46 CH+ + CH4 ⇒ C2H2
+ + H2 + H 1.55E − 16   [29] 

R47 CH+ + CH2 ⇒ C2
+ + H2 10E − 16   [29] 

R48 CH+ + CH ⇒ C2
+ + H2 128E − 16  −0.5 [29] 

Table 3. Reactions with rate coefficient. 
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R54 C+ + CH3 ⇒ C2H2
+ + H 13E − 16   [29] 

R55 C+ + CH3 ⇒ C2H+ + H2 10E – 16   [34] 

R56 C+ + CH2 ⇒ C2H+ + H 5.2E − 16   [29] 

R57 C+ + CH2 ⇒ CH2
+ + C 5.2E – 16   [29] 

R58 C+ + CH ⇒ C2
+ + H 65.8E − 16  −0.5 [29] 

R59 C+ + CH ⇒ CH+ + C 65.8E − 16  −0.5 [29] 

R60 C+ + H2 ⇒ CH+ + H 1E − 16 38579  [29] 

R61 H2
+ + CH4 ⇒ CH4

+ + H2 14E − 16   [29] 

R62 H2
+ + CH4 ⇒ CH5

+ + H 1.1E − 16   [29] 

R63 H2
+ + CH4 ⇒ CH3

+ + H2 + H 22.8E − 16   [29] 

R64 H2
+ + CH2 ⇒ CH2

+ + H2. 10E − 16   [29] 

R65 H2
+ + CH2 ⇒ CH3

+ + H 10E – 16   [29] 

R66 H2
+ + CH ⇒ CH+ + CH2 123E − 16  −0.5 [29] 

R67 H2
+ + CH ⇒ CH2

+ + H 123E – 16  −0.5 [29] 

R68 H2
+ + C ⇒ CH+ + H 24E – 16   [29] 

R69 H2
+ + H2 ⇒ H3

+ + H 21E − 16   [29] 

R70 H2
+ + H ⇒ H+ + H2 6.4E − 16   [29] 

R71 H+ + CH4 ⇒ CH4
+ + H 15.2E − 16   [29] 

R72 H+ + CH4 ⇒ CH3
+ + H2 22.8E – 16   [29] 

R73 H+ + CH3 ⇒ CH3
+ + H 34E – 16   [29] 

R74 H+ + CH2 ⇒ CH2
+ + H 14E − 16   [29] 

R75 H+ + CH2 ⇒ CH+ + H2 14E – 16   [29] 

R76 H+ + CH ⇒ CH+ + H 329E − 16  −0.5 [29] 

R77 C2H4
+ + H ⇒ C2H3

+ + H2 3E – 16   [29] 

R78 CH4 + C2H3 ⇒ C2H4 + CH3 2.41E – 30 22860 4.02 [29] 

R79 CH3 + C2H6 ⇒ C2H5 + CH4 0.9E − 30 34670 4 [29] 

R80 CH3 + C2H5 ⇒ C2H4 + CH4 0.019E − 16   [28] 

R81 CH3 + C2H3 ⇒ C2H2 + CH4 8833E – 16 2494 −1.5 [28] 

R82 CH2 + C2H3 ⇒ C2H2 + CH3 0.3E − 16   [28] 

R83 CH + C2H6 ⇒ C2H4 + CH3 4.8E − 16 242.7 −0.52 [29] 

R84 H + C2H5 ⇒ C2H6 0.6E − 16   [30] 

R85 H + C2H5 ⇒ CH3 + CH3 0.6E − 16   [29] 

R86 H + C2H5 ⇒ C2H4 + H2 0.03E − 16   [32] 

R87 H + C2H4 ⇒ C2H5 0.14E − 20 4150 1.49 [33] 

R88 H + C2H4 ⇒ C2H3 + H2 2.2E – 24 51220 2.53 [33] 

R89 H + C2H3 ⇒ C2H2 + H2 0.332E – 16   [28] 

R90 H + C2H2 ⇒ C2H + H2 3.8E – 16 113359  [29] 

R91 C2H5 + C2H5 ⇒ C2H6 + C2H4 0.024E − 16   [29] 

R92 C2H5 + C2H5 ⇒ C4H10 0.19E − 16   [29] 

R93 C2H5 + C2H ⇒ C2H4 + C2H2 0.03E − 16   [28] 

R94 CH4
+ + C2H6 ⇒ C2H4

+ + CH4 + H2 19.1E − 16   [28] 

R95 CH4
+ + C2H4 ⇒ C2H4

+ + CH4 13.8E − 16   [28] 

R96 CH4
+ + C2H4 ⇒ C2H5

+ + CH3 4.23E − 16   [33] 

R97 CH4
+ + C2H2 ⇒ C2H2

+ + CH4 11.3E − 16   [29] 

R98 CH4
+ + C2H2 ⇒ C2H3

+ + CH3 12.3E − 16   [29] 

R99 CH5
+ + C2H4 ⇒ C2H5

+ + CH4 15E − 16   [29] 

R100 CH5
+ + C2H2 ⇒ C2H3

+ + CH4 16E − 16   [29] 

R101 CH5
+ + C2H ⇒ C2H2

+ + CH4 9E − 16   [29] 

R102 CH3
+ + C2H6 ⇒ C2H5

+ + CH4 14.8E − 16   [29] 

R103 CH3
+ + C2H4 ⇒ C2H3

+ + CH4 3.5E − 16   [29] 

R104 CH3
+ + C2H3 ⇒ C2H3

+ + CH3 51.9E − 16  −0.5 [29] 

R105 H2
+ + C2H6 ⇒ C2H6

+ + H2 2.94E – 16   [29] 

R106 H2
+ + C2H6 ⇒ C2H5

+ + H2 + H 13.7E − 16   [29] 

R107 H2
+ + C2H6 ⇒ C2H4

+ + 2H2 23.5E − 16   [29] 

R108 H2
+ + C2H6 ⇒ C2H3

+ + 2H2 + H 6.86E – 16   [29] 

R109 H2
+ + C2H6 ⇒ C2H2

+ + 3H2 1.96E − 16   [29] 
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R110 H2
+ + C2H4 ⇒ C2H4

+ + H2 22.1E − 16   [30] 

R111 H2
+ + C2H4 ⇒ C2H3

+ + H2 + H 18.1E − 16   [30] 

R112 H2
+ + C2H4 ⇒ C2H2

+ + 2H2 8.8E – 16   [29] 

R113 H2
+ + C2H2 ⇒ C2H2

+ + H2 48.2E − 16   [29] 

R114 H2
+ + C2H2 ⇒ C2H3

+ + H 4.8E − 16   [29] 

R115 H+ + C2H6 ⇒ C2H4
+ + H2 + H 14E − 16   [29] 

R116 H+ + C2H6 ⇒ C2H3
+ + 2H2 28E – 16   [29] 

R117 H+ + C2H5 ⇒ C2H4
+ + H2 16.5E − 16.   [29] 

R118 H+ + C2H5 ⇒ C2H3
+ + H2 + H 30.6E – 16   [29] 

R119 H+ + C2H4 ⇒ C2H3
+ + H2 30E – 16   [29] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

abundant ions are (CH4+, CH3+, CH2+, H+, H2+), 

The result is attributed to the elevated number of 

electrons near the anode, which collide with 

neutral species, leading to ion generation and an 

increase in their density. The number of electrons 

decreases as they approach closer to the cathode. 

this is due to their interaction with neutral species 

and atom, leading to the formation of other 

species. Furthermore, electron density decreased 

as migrating toward the ground, which resulted in 

more collision processes. 

The spatial distribution of radicals and 

molecules across the discharge gap follows a clear 

sequential pattern. the radical CH₃ appears first, 

generated by electron-impact dissociation of CH₄ 

(reaction R4, Δε = 8.8 eV), reaching its initial peak 

shortly after the ionization front, consistent with 

its relatively low excitation threshold. CH₂ 

produced via R5 (Δε = 9.4 eV), rises only slightly 

later. hydrogen atoms (H) from R6 and R7 (Δε ≈ 

12.5–14 eV) emerge next, accumulating to higher 

Figure 2. Comparison between simulated and experimental discharge current profiles [36]. 

Figure 3. Distribution of ion, electron and different species densities across discharge gap. 
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densities as the discharge continues. hydrogen 

(H₂), formed through R5 and secondary pathways 

(effective Δε ≥ 9.4 eV), builds up most slowly, 

peaking near the cathode. This progression from 

lower- to higher-energy thresholds confirms that 

low-energy electron processes dominate early 

radical formation, whereas higher-energy 

channels govern the later stages of plasma 

chemistry, consistent with the findings of previous 

researcher [34]. 

Figure 4 presents the temporal evolution of 

key charged and neutral species alongside the 

discharge current waveform during a single DBD 

pulse at the dielectric wall (boundary 0, Figure 1). 

The discharge current exhibits a distinct peak 

that correlates with a sharp rise in electron 

density, primarily due to ionization processes. 

Among the ionized species, CH3⁺ and CH3⁺ appear 

early in the discharge, peaking concurrently with 

the electron density. This rise is attributed to 

direct electron-impact ionization of methane 

occurring during the high-field phase. CH2⁺ and 

CH⁺ emerge slightly later and at lower 

concentrations, followed by hydrogen-based ions 

(H2⁺ and H⁺), which display a similar but slightly 

delayed trend compared to the carbon-containing 

ions. The lower densities of these hydrogen ions 

are consistent with the higher ionization 

potentials of H₂ (15.4 eV) and H (13.6 eV). 

In a complementary view, the second panel of 

Figure 4 illustrates the evolution of neutral 

species in alignment with the discharge current. 

The rapid formation of CH₃ and H radicals shortly 

after the current peak suggests that these species 

are predominantly generated through lower-

energy dissociation reactions. CH2 and CH follow 

similar trends but with lower peak densities, 

reflecting their higher excitation energy 

requirements and a greater tendency for 

recombination. 

Effect of Argon Study: in this section, we 

present a result obtained from a DBD reactor 

filled with different ratios of argon. Figure 5 

illustrates the time evolution of the applied 

voltage and discharge current in a DBD reactor 

with varying argon concentrations in methane 

(from 0% to 90%). The results show that the 

discharge current exhibits one peak per half-cycle 

of the applied voltage for all gas ratios. As the 

argon content increases, the peak current also 

increases, indicating that argon’s higher 

ionization potential enhances electron generation, 

leading to stronger current pulses. Furthermore, 

as the Ar ratio rises, the microdischarge ignites 

earlier in each half-cycle, shifting the current 

peak forward in time. The maximum current 

peak, 0.12 A, occurs at 80% Ar, which is attributed 

to the increased production of high-energy 

electrons. At 90% Ar, a slight decrease in peak 

current is observed due to the reduced methane 

concentration, which limits further ionization. 

Figure 6 illustrates the distribution of 

electron density across the discharge gap for 

various Ar/CH₄ mixtures at t = 29.8 μs. As the 

ratio of argon increases, the electron density 

increases near the anode compared to pure 

methane. Notably, at 90% Ar, the electron density 

reaches 1015 m-3, highlighting the influence of 

argon on the discharge characteristics. However, 

the electron density profile at 80% Ar is lower 

than those at 40% and 50% Ar despite its higher 

inert gas content. This result is attributed to the 

filamentary nature of the discharge at higher 

Argon content, where the current waveform 

exhibits transient spikes. At t = 29.8 μs, the 

discharge current for the 80% Ar case is in a 

declining phase, reducing the ionization rate and 

thus the electron density. In contrast, for 40%, 

50%, and 90% Ar cases, the current is still rising 

at this time, contributing to higher electron 

densities. 

Figure 4. Temporal evolution of charged and neutral species with discharge current. 
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into pronounced plateaus, signaling a balance 

between ion–molecule reactions and charge‐

transfer processes. 

Figure 8 illustrates the evolution of species 

densities with varying argon ratios in DBD 

plasma. As the Ar concentration increases, the 

densities of hydrocarbon radicals, such as CH₃, 

CH₂, and CH, exhibit a modest rise, particularly 

up to around 50% Ar. Among them, CH₃ shows the 

most significant increase, rising from 1.3 × 10¹⁹ 

m⁻³ to 1.7 × 10¹⁹ m⁻³. Similarly, hydrogen also 

show an upward trend, with densities increasing 

Figure 7 illustrates the impact of increasing 

the argon proportion on ion and electron densities, 

revealing notable variations in the concentrations 

of key charged species. From the figure, the peak 

electron density rises steadily with Ar 

concentration, reflecting argon’s higher ionization 

cross-section and lower energy loss in inelastic 

collisions. At low Ar levels (0–40%), the densities 

of CH₃⁺, CH₂⁺, CH⁺, H⁺, and H₂⁺ all increase, 

whereas at high Ar fractions (>70%) Ar⁺ becomes 

the dominant ion species. Between 40% and 60% 

Ar, both electron and ion density curves level off 

Figure 5. Influence of argon-methane ratios on discharge current. 

Figure 6. Influence of argon-methane ratio on distribution of electron density across the gap. 
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content. This high reaction efficiency contributes 

to a quasi-steady-state concentration of CHx and 

H species, resulting in the nearly flat or mildly 

increasing density trends observed before the 50% 

Ar threshold. Beyond 50% Ar, however, a gradual 

reduction in radical densities becomes apparent. 

This decline is attributed to further increases in 

argon content, which result in a dilution effect, 

lowering methane concentration and 

subsequently reducing the formation of hydrogen 

and other hydrocarbon species. In contrast, Figure 

8b shows that stable higher-carbon molecules 

such as C2H2, C2H4, and C2H6 exhibit different 

from 2.1 × 10¹⁸ m⁻³ to 3.1 × 10¹⁸ m⁻³, indicating 

optimal conditions for methane dissociation and 

hydrogen production. The consistent presence of 

H and H₂ indicates ongoing methane dissociation 

and hydrogen recombination, which are less 

sensitive to dilution effects due to their lower 

mass and higher mobility. These species are 

primarily produced via fast electron-impact and 

Ar⁺ assisted dissociation reactions, such as R₁ 

through R₄ in Table 2. These reactions are 

characterized by relatively high rate constants, on 

the order of 10⁻¹⁷ to 10⁻¹⁶ m³/(s·mol), supporting 

the formation of radicals even under increasing Ar 

Figure 7. Density of electron, and ion, for different argon-methane ratio. 

Figure 8. Density of various species at different argon-methane ratios. 
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behavior. Although their absolute densities 

remain lower than those of CH3 and CH2, they 

persist throughout the full range of Ar ratios, with 

a generally declining trend at higher Ar 

concentrations. These species are primarily 

formed from neutral-neutral reaction, ion-neutral, 

and three-body reactions, such as R9 and R7 (Table 

2), which possess significantly lower rate 

constants. This reduced reaction efficiency, 

combined with the increased electron energy from 

Ar enrichment, favors molecular fragmentation 

over synthesis leading to the observed 

suppression of C2 based species. 

 

4. Conclusion 

In this study, a numerical simulation of 

dielectric barrier discharge in an Ar/CH₄ mixture 

was conducted to investigate hydrogen production 

during the discharge process.  The model 

evaluated the influence of the Ar/CH₄ ratio on 

plasma behavior and species generation. The 

results indicate that CH₃ is the most abundant 

radical, while CH₄⁺, CH₃⁺, and CH₂⁺ are the 

predominant ionic species. Notably, increasing 

the argon concentration leads to a higher 

discharge current due to elevated electron 

density, which enhances methane dissociation 

and results in greater production of both neutral 

and ionic species.  

Among the most affected species are CH₃, CH₂, 

H₂, and H, while the primary ions exhibiting 

substantial density increases include CH₃⁺, CH₂⁺, 

CH⁺, H⁺, and H₂⁺. The hydrogen density was found 

to be sensitive to the gas composition, peaking at 

3.1×1018 m⁻³ for a 50:50 Ar/CH4 mixture. These 

findings provide valuable insights into optimizing 

plasma conditions for applications such as 

hydrogen production and hydrocarbon conversion.  

Beyond gas composition, other aspects of DBD 

reactor design warrant consideration. The current 

electrode gap (1 mm) appears sufficient for stable 

discharge generation, but optimizing this distance 

could enhance power efficiency and electron 

energy utilization. Additionally, synchronization 

between discharge activity and gas residence time 

may improve methane conversion, particularly 

during high-current filamentary discharge 

phases. Although residence time was not directly 

modeled in this work, future studies should couple 

plasma kinetics with gas flow dynamics to 

determine the optimal residence time that 

maximizes CH₄ conversion. 

Future work should also explore multi-

dimensional reactor designs, including partially 

packed bed configurations, the influence of 

different dielectric material, reduce unwanted 

byproducts species, and detailed surface 

chemistry. These insights support the 

development of more efficient plasma-assisted 

systems for hydrogen production and methane 

reforming. 
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