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Abstract
The results of one-dimensional time-dependent simulation modeling of hydrogen production from water vapor dissociation 
using non-thermal discharge plasma in a plate-type reactor were developed. Three different water vapor dissociation reac-
tion mechanisms pathway models were simulated at a water vapor temperature of 573 K and same boundary conditions. 
The electron collision cross sections of electron water vapor were utilized based on the reaction mechanisms. The electron 
attachment and detachment processes were described in detail; additionally, the surface charge accumulation, recombina-
tion of charged species, positive and negative ions production and losses are considered. The electron density, electric field, 
electric potential, electron temperature and the hydrogen mass fraction are presented across the plasma discharge gap and 
over time. The first model was described as direct water vapor decomposition into their constituent’s elements hydrogen 
and oxygen molecules. It was revealed that the formed hydrogen molecules increased across the plasma discharge gap over 
time. In model II, the simulation reaction mechanisms pathway included products of  H2O+,  OH+, and  O+ ions. It was found 
a significant change in the electric potential and electric field across the discharge gap due to the charged species inside the 
plasma gap. In model III, it was introduced  H− radicals which controlled H atoms production by the electron detachment 
reaction. The most interesting results of these simulation models were the growing of hydrogen molecules across the plasma 
gap over time. Further, it was observed that the produced hydrogen mass fraction from model III was higher than model II 
and model I.
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Introduction

Hydrogen fuel offers many advantages such as lower emis-
sions of greenhouse gases (GHGs) which could be utilized 
as alternative fuel. Hydrogen fuel can be produced by differ-
ent methods using a renewable energy sources [1–5]. Steam 
methane reforming process acts 80–85% of the total world 
hydrogen production. All of hydrogen production technol-
ogies are directly or indirectly utilized fossil fuel; subse-
quently, GHGs emit to the environment. One-dimensional 
heat diffusion equation has been developed to find solution 
for the heat transfer problems [6, 7]. The results have been 
shown accuracy for the analytical solution. Moreover, a new 

integral solution has been developed for solving the heat and 
diffusion equations [8, 9]. The current work simulates and 
analyzes one-dimensional model of the hydrogen production 
from water vapor using dielectric barrier discharge plasma 
(DBD) which is cleaner than the hydrogen production from 
the conventional methods.

Studying of plasma and species characteristics has more 
attention due to their successful experimental results and 
applications at atmospheric pressure such as engineering, 
sterilization and surface treatment [10–15]. DBD plasma is 
considered the most important plasma type due to their high 
efficiency, productivity of new radicals, easy setup and oper-
ation. Hydrogen production from water vapor using plasma 
has recently more interest because of the high specific pro-
ductivity [16]. DBD Plasma can be generated from electrical 
energy between two electrodes separated by dielectric quartz 
glass; it will transform it to kinetic electrons energy which 
transformed into new molecular kinetic energy of heavy 
particles [17].
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Water is considered the third most important abundant 
molecule in the world after hydrogen and carbon monox-
ide gases [18]. Because of the continuous increase in global 
temperature, more water vapor will be evaporated and hold-
ing by the atmosphere. Hence, it was clear that it has an 
implication on the warming effect. Additionally, it can be 
considered an important greenhouse gas and also, contribut-
ing more than half of 33 K of natural warming [19]. Further, 
water is one of the dominant components of the biologi-
cal cells and furthermore, water is the main of hydrocarbon 
fuels combustion products. Due to the importance of water 
stated above, electron collisions are stated to play an impor-
tant role to determine the population of water molecules 
using plasma technique [20]. The water vapor electron colli-
sions have been studied by many researchers for many years 
and reporting the cross section data for many interactions 
[21–25]. All water vapor collision processes including the 
total scattering, elastic scattering, momentum transfer, exci-
tation of rotational, vibrational, and electronic states, ioni-
zation, electron attachment, dissociation, and emission of 
radiation have been reviewed by Y. Itikawa and N. Mason 
[26]. The electron collision cross sections are important 
inputs data to executing simulation. Many simulation stud-
ies for atmospheric DBD plasma have been carried out such 
as modeled of co-axial reactor in pure helium [27–30]. Most 
of plasma studies have been carried out and reported at low 
pressure [31–36].

In this study, three models were simulated for water vapor 
plasmolysis at atmospheric pressure in the plate-type reac-
tor. These models are gradually complicated in their chemi-
cal reaction mechanisms pathway from model I to model 
III. The first model was analyzed for the direct water vapor 
decomposition reaction mechanism pathway. Model II and 
model III are more complicated included different ions. The 
electron collision cross sections for all models are prepared 
and utilized. In this simulation study, the electron density, 
electric field, electric potential, electron temperature and the 
hydrogen mass fraction are analyzed across the discharge 
gap and over time. Comparison between the hydrogen mass 
fractions of these models over the time across the discharge 
gap was investigated.

Water molecular properties

Water molecule can be found in the electronically ground 
state; additionally, water has a permanent of electric dipole 
moment which appears in its direction as shown in Fig. 1. 
The ionization energy of  H2O has been investigated as fol-
lows [37]:

Ei = 12.621(±0.002) eV

A critical assessment and a very extensive analysis have 
been implemented to determine the dissociation energy of 
the water molecules to be [38],

Several reviews have been executed for electron collisions 
with water. The water vapor dissociation cross sections data 
have been prepared from the published collision cross sec-
tions pervious work [26, 45].

Simulation models kinetics

In recent years, many researchers’ efforts have been car-
ried out for modeling the water vapor decomposition using 
plasma. Electronic and ionic collisions with the water vapor 
for a single-type plasma-chemical reaction to overall kinetic 
models have been investigated [13, 17, 35, 39]. A math-
ematical model for the water chemical reactions inside the 
discharge channel has been proposed by Mededovic and 
Loke [34]. The discharge channel is divided into the core 
and recombination zones; the molecular hydrogen evolution 
has been described. The water vapor molecule at very low 
pressure (133-150P1), zero dimensional models has been 
studied [35]. They found that the major positive and nega-
tive species were  H3O+ and  OH−, respectively. Vibrational 
excitation and dissociative electron attachment of the water 
vapor plasmolysis mechanism have been discussed [26]. The 
distribution of electron energy through different pathways in 
water vapor plasma is shown in Fig. 2. It can be observed 
that 80% of energy is absorbed by the vibrational excitation 
channel at low electron energy levels lower than 1 eV, while 
the most of energy is absorbed in the dissociative attachment 
reaction type at typical plasma electron temperatures levels 
of 3–5 eV [40]. The recommended ionization energy of  H2O 
is determined as follows [41]: Ei = 12.62(±0.002)eV .

D(H − OH) = 5.0992(±0.0030) eV

H H

O
y

Z

Fig. 1  Nuclear configuration of  H2O
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Geometry

In this paper, the water vapor decomposition using DBD 
plasma in a plate-type reactor was simulated. Three models 
with different reaction mechanisms of water vapor plas-
molysis were simulated using the water vapor cross section 
of electron collisions. The DBD plasma was driven by a 
sinusoidal typical power with high voltage source of 18 kV 
and frequency of 10 kHz. The electron density assumed to 
be  106 m−3, the vapor pressure 1.01 × 105 Pa and tempera-
ture of 573 K. The cross sections of electron collisions of 
water vapor were obtained from the published cross section 
data. The selection criteria of the cross sections data were 
concluded as follows: the priority for experimental meth-
ods and the reliability of the experimental methods [26]. 
The plasma discharge gap is 4.5 mm. The thicknesses of 
the dielectric glass and mesh parts are 2 mm and 0.3 mm, 
respectively.

DBD Modeling equations

In this simulation, the DBD fluid dynamics equations were 
used. The surface chemistry reactions were considered for 
different species to calculate the production rate and the 
electrode surface losses [43]. The simulation models are 
implemented using COMSOL Multiphysics package [44]. 
The electron density and the electron mean energy were 
determined by solving a pair of drift diffusion equations. The 
convection of electrons due to fluid motion in these calcula-
tions is neglected. The simulation modeling equations are 

(1)
𝜕ne

𝜕t
+ ∇ ⋅ Γ⃗e = Re −

(

�⃗u ⋅ ∇
)

ne

(2)Γ⃗e = −
(

���⃗𝜇e ⋅ E⃗
)

ne −
���⃗De.∇ne

where ne is the electron density, the electron diffusion coef-
ficient De, Γ⃗e is the electron flux, u⃗ is the average fluid veloc-
ity, and Re is the rate of electron production.

The electron flux is caused by the electric field and by the 
density gradient. The electron energy density equation can 
be expressed as follows:

The amount of energy gained from the electric field by the 
electron indicates in this term E⃗ ⋅ Γ⃗𝜀 . The energy rate from 
the inelastic collisions can be estimated by:

where Sen indicates the power dissipation, Qgen is the main 
heat source, and q is the electron charge. The electron dif-
fusion coefficient De, the energy mobility µe, and the energy 
diffusion coefficient can be determined by:

While the electron energy source Re and the energy loss due 
to inelastic collision R� can be given by:

where xj is the mole fraction of the target species reaction j, 
kj is the reaction rate coefficient  (m3/s), and the total neutral 
number of density is Nn (1/m3). The electron energy loss is 
determined by summing all reactions collisional energy loss 
as follows:

The energy loss from the reaction j is Δ�j (V); it can be 
computed from the reactions cross section data as follows:

where � = (2q∕me)
1∕2

[

C1∕2∕kg1∕2
)

 , where q is the electron 
charge, and me is the electron mass [kg], � is the energy [V], 
�k is the collision cross section  [m2] and will be explained 
for each model, and f is the electron energy distribution 
function. In non-electron species, the following equation is 
solved from the mass fraction for each species:

(3)

𝜕n𝜀

𝜕t
+ ∇ ⋅ Γ⃗𝜀

[

−n𝜀

(

���⃗𝜇𝜀 ⋅ E⃗
)

− ����⃗D𝜀 ⋅ ∇n𝜀

]

+ E⃗ ⋅ Γ⃗𝜀 = R𝜀 −
(

�⃗u ⋅ ∇
)

n𝜀

(4)Γ⃗𝜀 = −n𝜀

(

���⃗𝜇𝜀 ⋅ E⃗
)

− ����⃗D𝜀 ⋅ ∇n𝜀

(5)R� = Sen +
Q + Qgen

q

(6)D� = ��Te,De = �eTe,�� =
5

3
�e

(7)Re =

M
∑

j=1

xjkjNnne

(8)R� =

P
∑

j=1

xjkjNnneΔ�j

(9)kk = �

∞

∫
0

��k(�)f (�)d�

Fig. 2  Electron energy distribution between excitation dissociation 
and ionization channels in water vapor. (1) Elastic scattering; (2) 
vibrational excitation; (3) dissociative attachment; (4) electron excita-
tion; (5) Ionization (Ref. [42])
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where wk is the density of ions, and ∇ ⋅
�⃗jk is the ions energy 

flux. The electrostatic field can be determined from the fol-
lowing equation:

where �0 is the permittivity of vacuum, and �r is the relative 
dielectric constant. Due to the DBD plasma random motion 
effect of resulted electrons, the boundary conditions of the 
electron flux and electron energy flux can be estimated as 
follows: 

In Eq. (12), the term on the right side is the produced elec-
trons due to the secondary emission effect, where the sec-
ondary emission coefficient is �p . The secondary emission 
of energy flux is indicated in Eq. (13); �p is the mean energy 
of the secondary electrons.

In this DBD plasma simulation, the high voltage discharge 
electrode is driven by a sinusoidal electric potential and 
applied for the mesh electrode part,

(10)𝜌
𝜕wk

𝜕t
+ 𝜌

(

u⃗ ⋅ ∇
)

wk = ∇ ⋅
�⃗jk + Rk

(11)−∇ ⋅ (�0�rE) = �

(12)n ⋅ �⃗Γe =
(

1

2
𝜈e,thne

)

−
∑

p

𝛾p

(

���⃗Γp ⋅ n
)

(13)n ⋅ �⃗Γ𝜀 =
(

5

6
𝜈e,thn𝜀

)

−
∑

p

𝜀p𝛾p

(

���⃗Γp ⋅ n
)

(14)V = V0 sin (wt) [V]

where V0 is the applied peak voltage (V0 = 750 V), and w is 
the angular frequency, while the DBD applied frequency is 
10 kHz. Furthermore, the ground electrode is connected to 
the bottom plate as shown in Fig. 3.

Reaction mechanism and cross section of Model I

In this model, a direct water decomposition reaction mecha-
nisms are used; the reaction mechanism of model I is shown 
in Table 1.

In this model, a direct and simple water vapor dissocia-
tion reaction mechanisms are investigated [45]; the gross and 
partial ionization cross section for electrons in the energy 
range of 0.1–20 keV have been used as shown in Table 2. It 
can be determined from the following relation 

where I+ is the current of positive ions to the measuring 
electrode; I− is the electron current to the Faraday cage; 1 
is the length from which ions are extracted in centimeters; 
p is the gas pressure in Torricelli; and T is the gas tempera-
ture in degrees Kelvin (room temperature). This is the first 

(15)� =

(

I+

I−

)

(�p)
−1
[

T∕
(

273 × 3.535 × 1016
)]

cm2

Fig. 3  a Illustration of the MPR 
typical DBD plasma. b 1-D 
simulated geometry High voltage electrodeDielectric glass

Ground electrode

Applied
voltage

[kV] 4.5mm gap

(a) Illustration of the MPR typical DBD plasma.

High voltage electrode
Plasma gap

Dielectric glass Iron part

Ground electrode

(b) 1-D simulated geometry.

Table 1  Ionization cross section for electrons on  H2O gas [45]

Reaction Reaction type Type

1 H2O + e → H2O + e Momentum transfer reaction
2 H2O + e → H2 + 1/2O2 Dissociation reaction
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successful trail of water vapor decomposition simulation 
using DBD plasma. Firstly, to simplify the water plasmolysis 
simulation, we started using the direct water vapor decompo-
sition reaction mechanism with the following cross section.

Reaction mechanism and cross section of Model II

In this model, the simulation was carried out for more 
complicated water plasmolysis reaction mechanism. The 
electron collisions of  H2O molecules are excited to these 
levels: rotational, vibrational and electronic levels [26]. 

Some of water vapor plasma reactions may occur but aren’t 
considered in this simulation study due to its high energy 
requirement and low probability [39],

The formation of produced radicals like hydrogen-H, 
hydroxyl-OH and oxygen-O in the non-thermal plasma is 
considered the most important process. After that these spe-
cies react with each other to form new molecular products 
[34, 46, 47]. Several pathways of water molecule dissocia-
tion by electron have been reported [35]. These pathways 
reaction types included the momentum transfer, ionization, 
dissociative attachment, dissociative ionization, dissociation 
and dissociative excitation reactions. It has been reported 
that the rate of negative species produced by the dissocia-
tive attachment reactions  (H−,  OH− and  O−) was very small 
because their cross sections are weak (1–6 × 10−18  cm2/mol-
ecule) [39].

The produced electron by the electron detachment 
would then participate in starting reaction with another 
water molecule and make a chain of reactions. This chain 
of reactions can be recombined by ion–ion or ion-molec-
ular reaction.

In the current model, it was considered that the water 
vapor dissociation reactions pathway included  OH+,  O+ 
and  H2O+ radicals. The chemical reactions list considered 
in this model are shown in Table 3. According to the lit-
erature survey, it is observed that the initiation of water 
vapor plasmolysis dissociation reaction with the previous 
radical as a reaction products is better than to start with 
the unlike reactions [39]. The simulation has been imple-
mented using COMSOL Multiphysics plasma module and 
the electron collision cross sections as inputs import data 
[44].

Table  4 represents the surface reactions which are 
implemented in addition to the volumetric reactions.

The momentum transfer cross section can be deter-
mined by the following formula [26],

H2O + e → 2H + O+ + 2e

H2O + e → H+ + O + H + 2e

H2O + e → 2H + O + e

Table 2  Ionization cross section for electrons on  H2O gas [45]

Energy [keV] σH2O × 10−16  [cm2/
molecule]

σH2 + 1/2O2 × 10−16 
 [cm2/molecule]

0.08 1.98 …
0.09 2.01 …
0.1 1.98 2.1
0.12 1.96 2.05
0.16 1.83 1.89
0.2 1.71 1.75
0.3 1.46 1.34
0.4 1.26 1.22
0.5 1.12 1.06
0.6 1 0.94
0.8 0.77 0.75
1 0.622 0.649
2 0.375 0.374
3 0.261 0.271
4 0.22 0.214
5 0.183 0.182
6 0.16 0.153
8 0.123 0.121
10 0.101 0.101
12 0.088 0.086
14 0.078 0.076
16 0.064 0.069
18 0.058 0.062
20 0.054 0.058

Table 3  Reaction mechanism of model II

f = 6.02 × 1017; g = 3.62404 × 1035; T, gas temperature; Te, electron temperature

Reaction Reaction type Type Rate constant (K)  [m3/mol-sec,  m6/
mol-sec]

References

1 H2O + e → H2O + e Momentum transfer reaction 3.65776E+11 [48]
2 H2O + e → 2E+H2O+ Ionization reaction 2.990E+05 [48]
3 H2O + e → 2E+H+OH+ Dissociative ionization reaction 3.268E+02 [48]
4 H2O++e → H2 + O Dissociative ion-recombination reaction f ×

(

0.3 × 10−13
(

0.01∕Te
))

[48]
5 H + OH+→ O++ H2 Charge transfer reaction f ×

(

4.9 × 10−16 exp(−0.36∕T)
)

[48, 49]
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where the elastic differential cross section is qelas. The 
momentum transfer cross section can be determined by 
swarm experiments due to their low energies.  Qm can be 
obtained from the differential cross section (DCS) meas-
ured by the beam experiments. The momentum cross sec-
tion data have been reported [50, 51]. The swarm values 
of momentum cross section almost show a good agreement 
with the beam data [50]. Finally, Table 5 presents the recom-
mended momentum cross section data of electron collision 
with water.

The electron impact ionization cross sections of water 
vapor plasmolysis have been reviewed using the available 
experimental data [52–54]. The recommended values 

(16)Qm = 2�

�

∫
0

(1 − cos �)qelas(�) sin � d�

of the ionization cross section for  H2O are presented in 
Table 6.

It was seen that the cross section for  OH+ has a nonzero 
value at 17.5 eV, due to the uncertainty in the energy of the 
electron beam.

Reaction mechanism and cross section of Model III

Water vapor molecules are decomposed to their elements 
hydrogen and oxygen gas by the dissociation reaction using 
DBD plasma. In this model, the reaction mechanism that has 
been proposed by Fahad et al. [55] for water vapor decom-
position using DBD plasma is simulated. Water vapor in this 
model is decomposed to combine  O2 and  H2 molecules after 
a chain of chemical reactions. Table 7 presents the reaction 
mechanism pathway.

In model III, we considered reactions (5) and (6) in 
Table 7 as the surface reactions. The reaction mechanism 
model presents that the water vapor is decomposed to form 
H, OH and  H−; then hydroxyl OH combines together to form 
 H2O2. Water molecules and  HO2 are produced in reaction 
(4), then  HO2 reacts together to form  H2O2 and  O2 mol-
ecules, and then  HO2 reacts with H to form hydrogen and 
oxygen molecules in reactions (5) and (6), respectively.

In this simulated reaction mechanism model, the water 
vapor molecules are decomposed to produce negative hydro-
gen  (H−) ions. Although the negative hydrogen ions have 
a weak cross sections because the dissociative attachment 
are very small, it is expected to generate a chain of chemi-
cal reactions. The recommended cross section of electron 
attachment of negative hydrogen ions is given in Table 8.

Analysis and simulation results

Simulation results of Model I

In this water vapor decomposition using DBD plasma simu-
lation, the electron temperature, electric potential and the 
active species density are investigated. As explained in the 
previous section that model I presented the direct decom-
position of water vapor using the DBD plasma to form 
hydrogen and oxygen molecules. Figure 4 shows the evolu-
tion of the electric potential at time zero and 0.225 s. It was 
clear the change of the electric potential between power and 
ground electrodes due to the positive charges aggregation on 
the dielectric covering the ground electrode.

The applied voltage evolutions across the applied plasma 
discharge gap with distance of (4.5 mm) are presented in 
Fig. 5 at different times. The electric field and electric poten-
tial between both electrodes are indicated in Fig. 6. It was 
seen that the electric field reaches to maximum in the gap 
between power and ground electrodes.

Table 4  Surface reactions

Reaction Reaction type Sticking 
coeffi-
cient

1 O+→ O 1
2 H2O + O+→ H2O++O 1

Table 5  The recommended 
momentum transfer cross 
section for E+H2O [26]

Energy (eV) Cross 
section 
 (10−16 cm2)

0.001861 430.3
0.005393 325
0.01563 228.4
0.04528 139.2
0.1312 60.71
0.3802 21.11
1.102 6.042
1.989 3.975
3.16 4.334
5.02 5.055
6.909 7.769
9.386 8.529
12.75 9.052
17.32 7.244
23.53 5.15
31.96 3.561
43.42 2.5
70 1.5
100 1
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The hydrogen mass fraction and the electron density are 
shown in Fig. 7. In the first picture the hydrogen mass frac-
tion is presented; it showed that the mass fraction increased 
over the time to reach the maximum value of 6.31 × 10−10. 
It was observed that the electron density changed twice with 
the applied voltage positive and negative cycle; the maxi-
mum obtained electron density was 3.5 × 108 m−3.

The electron density and electron temperature across 
the discharge gap at different times are shown in Figs. 8 
and 9, respectively. It was observed that the electron den-
sity increased with time as well as in the electron temper-
ature. Furthermore, the electron temperature and electron 
density reach to the maximum value inside the plasma 
discharge gap.

Table 6  The recommended 
ionization cross section for 
E+H2O [26]

Energy (eV) H2O+  (10−16 cm2) OH+  (10−16 cm2) H+  (10−16 cm2) H2
+  (10−18 cm2) O+  (10−18 cm2)

13.5 0.025
15 0.126
17.5 0.272 0.0013
20 0.411 0.0145 0.0024
22.5 0.549 0.05 0.0091
25 0.652 0.0855 0.0207 0.22
30 0.815 0.16 0.0433 0.018 0.37
35 0.958 0.222 0.0759 0.039 0.7
40 1.05 0.264 0.11 0.057 1.32
45 1.12 0.3 0.145 0.07 2.07
50 1.18 0.329 0.178 0.065 2.75
60 1.24 0.364 0.235 0.066 3.94
70 1.27 0.389 0.279 0.069 4.84
80 1.31 0.409 0.317 0.063 5.94
90 1.31 0.412 0.343 0.078 6.66
100 1.31 0.418 0.36 0.075 6.95
110 1.29 0.415 0.37 0.073 7.38
125 1.27 0.412 0.375 0.064 7.63
150 1.21 0.393 0.371 0.077 7.52
175 1.16 0.381 0.366 0.071 7.31
200 1.12 0.363 0.351 0.054 7.07
250 1.01 0.334 0.316 0.05 6.34
300 0.921 0.311 0.284 0.045 5.51
400 0.789 0.266 0.237 0.04 4.34
500 0.696 0.23 0.198 0.032 3.73
600 0.618 0.203 0.172 0.029 3.13
700 0.555 0.185 0.149 0.033 2.71
800 0.502 0.169 0.135 0.022 2.4
900 0.465 0.156 0.12 0.032 2.2
1000 0.432 0.143 0.109 0.024 1.94

Table 7  Reaction mechanism of 
model III

Reac. Reaction type Type Rate constant (K)  [m3/
mol-sec,  m6/mol-sec]

References

1 H2O + e → H + OH +e Dissociation reaction 9.978E+07 [36, 48]
2 H2O + e → H− +OH Ionization reaction 3.706E+07 [42, 48]
3 OH + OH → H2O2 Neutral–neutral reaction 1.02E+07 [36]
4 OH + H2O2 → H2O + HO2 Neutral–neutral reaction 1.02E+06 [36]
5 HO2 + HO2 → H2O2 + O2 Surface reaction 1 9.64E+05 [36]
6 HO2 + H → H2 + O2 Surface reaction 2 3.91E+07 [36]
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Simulation results of Model II

In this new proposed water vapor dissociation reaction 
mechanism simulation model II, the boundary conditions 
are same as model I, the reaction mechanisms pathway is 
more complicated than the first model, and the reaction 
mechanisms included  H2O+,  OH+, and  O+ ions. It is con-
sidered in model II the unlike chemical reactions dissocia-
tion pathway explained in the previous section is excluded 
due to their low probability and high energy requirement 
[39]. Furthermore, it is expected that the hydrogen mol-
ecules produced from this mechanism will be higher than 
model I (direct water vapor decomposition). The results 
of the 1-D model II are analyzed by extruding the solu-
tion results in two dimensions. The surface plot has been 
investigated because it can represent how the variables 
evolve over time. Figure 10 presents the electric potential 
across the discharge gap over time. The plasma applied 
voltage is relatively changed in the positive and negative 
cycles between the power and ground electrode. The elec-
tric field and the electric potential are shown in Fig. 11 as 
a 2-D plot. It was clear from these pictures that the voltage 
is relatively uniform; it can more clearly be seen in the 
examining electric field. It was observed that the electric 

field was much stronger in the plasma reaction area. The 
active species  H2 mass fraction and the electron density 
are indicated in Fig. 12. The hydrogen mass fraction was 
much higher than that obtained from the model I. Addi-
tionally, the excited species have a long lifetime in the 
plasma gap. The revolution of the electron density inside 
the gap also is presented in next picture.

The electron density and the electron temperature 
across the discharge gap are shown in Figs. 13 and 14, 
respectively. The electron temperatures are changed across 
the discharge gap over time to reach the maximum value 
of 180 V.

Table 8  The recommended 
cross section for  H− production 
from  H2O [26]

Energy (eV) Cross section 
 (10−18 cm2)

5.5 0.02
5.74 0.16
5.9 0.985
6.01 4.3
6.1655 6.22
6.286 6.317
6.4 6.37
6.52 6.25
6.65 5.79
6.81 4.89
7 3.56
7.465 1.29
7.69 0.877
7.89 0.74
8 0.79
8.09 0.995
8.14 1.09
8.235 1.166
8.395 1.04
8.79 0.76
9.01 0.62
9.57 0.28
9.8 0.17
10 0.098

Fig. 4  Electric potential between both electrodes at 0 s and 0.225 s
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Fig. 5  The applied voltage at different times versus th discharge gap

Fig. 6  The electric potential and the electric field versus the discharge 
gap

Fig. 7  The hydrogen mass fraction and the electron density versus the 
plasma discharge gap

Fig. 8  The electron density versus the discharge gap
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Simulation results of Model III

This model that simulates the water vapor plasmolysis reac-
tion mechanisms has been proposed by Fahad et al. [55]. The 
water vapor molecules electrical breakdown are very com-
plicated process; the dielectric plasma was formed inside 
the discharge gap at atmospheric pressure. The boundary 
conditions of this model are same as the previous models 
and the plasma is generated in the plasma gap (4.5 mm). 
This one-dimensional simulation is considered the first trail 
for water vapor decomposition using DBD plasma in the 
plate-type reactor. This model reaction mechanisms pathway 
includes negative hydrogen ions  (H−). The simulation results 
were implemented using a 2-D plot. Figure 15 shows the 
applied voltage change across the discharge distance in the 
negative and positive cycles.

Also, the applied voltage of model III is clearly seen uni-
form in the 2-D picture in Fig. 16. For more investigation of 
the effective area of the applied plasma, it can be seen in the 
electric field picture across the plasma discharge gap. In this 
model the electron collision cross section of  H− production 
from water vapor was utilized. The produced hydrogen mol-
ecules from the water vapor dissociation mechanism using 
DBD plasma in model III are presented in Fig. 17. It can be 
observed that the hydrogen produced from model III is much 
higher than that obtained from model I and model II. Fur-
thermore, the produced hydrogen molecules mass fraction 
increased with the time to reach value of 1.64 × 10−7. The 
electron density evolutions are depicted in the next picture 
of Fig. 17 versus the discharge gap distance. It was seen 
that the discharge cycle changed twice, one in the positive 
and the other in negative half cycle. The electron density 

Fig. 9  The electron temperature versus the discharge gap

Fig. 10  The applied voltage over different times versus the discharge 
gap

Fig. 11  The electric field and the electric potential versus the dis-
charge gap
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and electron temperature change across the discharge gap 
distance are shown in Figs. 18 and 19, respectively. It was 
observed the maximum electron density values at the dis-
charge gap center. The electron temperature revolution graph 
was clearly indicated the discharge cycles change over the 
time.

Comparison and discussions 
between models

A comparison between three models is shown in Fig. 20 for 
the produced hydrogen molecules mass fraction. For com-
parison the available data of three models log scale were 
used. It was clear that the model III hydrogen mass frac-
tion was much higher than that obtained from model II and 

Fig. 12  Model II hydrogen mass fraction and the electron density ver-
sus the discharge gap

Fig. 13  The electron density versus the discharge gap

Fig. 14  The electron temperature versus the discharge gap

Fig. 15  Model III applied voltage over different times versus the dis-
charge gap
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model I. Further, the hydrogen mass fraction of model II 
was higher than model I. It can be observed that the water 
vapor dissociation reaction mechanism pathway in the model 
III has much higher hydrogen production molecules. This 
simulation results have a good agreement with Fahad et al. 
[55] recommendation for water vapor decomposition reac-
tion mechanisms pathway using DBD plasma.

Conclusion

Hydrogen production from water vapor using plasma has a 
great interest as a good solution for environmental issues. 
Further, the dielectric barrier discharge (DBD) is considered 
the simplest method to produce plasma at low gas tempera-
ture and atmospheric pressure. This simulation was carried 
out to study the DBD plasma characteristics and the densi-
ties of species using COMSOL Multiphysics package. Three 

Fig. 16  Model III electric field and the electric potential versus the 
discharge gap Fig. 17  Model II hydrogen mass fraction and the electron density ver-

sus the discharge gap

Fig. 18  The electron density versus the discharge gap
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models with different water vapor dissociation reaction 
mechanisms pathway were investigated. In the first model, 
the direct water vapor decomposition reaction was utilized; 
it was revealed that the hydrogen mass fraction increased 
across the plasma discharge gap over the time. More com-
plicated reaction mechanism pathway in model II has been 
simulated included  H2O+,  OH+, and  O+ ions; the electron 
collision cross sections have been prepared. It was observed 
that the produced  H2 molecules from model II were higher 
than model I. The electric potential and electric field across 
the discharge gap were simulated. It was found that the elec-
tric potential and electric field showed a significant changes 
inside the gap between the power and ground electrodes 
due to the charged species and plasma effect. The proposed 
and recommended water vapor plasmolysis dissociation 
model by Fahad et al. [55] has been simulated in model 
III. This model reaction mechanism pathway introduced 
 H− radical; the electron collision cross section of produced 
 H− from water vapor plasmolysis was utilized. It was seen 
that  H− radical controlled the H production by the electron 
detachment and  H2 was mainly produced from the reaction 

between  HO2 and H species. It was seen from the reaction 
kinetic modeling that H–H atom recombination wasn’t the 
responsible for  H2 production. One of the most interesting 
simulation results was the growing of the  H2 mass frac-
tion over time; additionally, it was found that the produced 
hydrogen molecules from model III were higher than model 
II and model I. The electron density and electron tempera-
ture evolution of these models were investigated across the 
plasma gap versus time. From the simulation results, it was 
clear that model III water vapor reaction mechanisms path-
way was better than model II and model I.
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