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Kinetic model of processes in low-pressure inductively coupled plasma describing the carbon dioxide conversion
is presented together with the modeling results. The model takes into account only direct electron impact dissociation
of carbon dioxide and is valid at the lowest gas pressures and at a reduced electric field > 150 Td. The influence of
the gas mixture composition and the plasma density on the electron distribution function has been studied. In the low
power limit when e-e collisions don't play a significant role the EEDF is strongly non-Maxwellian, but with the plasma
density increase, EEDF is approaching Maxwellian distribution. Nitrogen and argon were studied as additions to CO».
The influence of the calculated distribution function on the energy efficiency of carbon dioxide conversion has been
studied. It was concluded that the electron temperature is the key parameter for the energy efficiency, which increases
by a factor of 6 with temperature change from 3 to 10 eV and at T, = 10 eV reaches values of more than 6 %. Com-
parison of the calculation results with experimental data shows satisfactory agreement.

PACS: 52.77.-j, 82.33.Xj

INTRODUCTION

The development of effective methods for the conver-
sion of carbon dioxide is one of the most urgent scientific
problems of recent decades. Various researchers are try-
ing to solve this problem with different methods, and one
of the most promising directions is the plasma conversion
of carbon dioxide [1-3]. The parameters of non-equilib-
rium non-thermal plasma are well suited for the conver-
sion [4, 5], and CO; conversion into chemical fuels is
possible using variable plasma-chemical reactions [6].

Wide variety of gas discharges was tried as the basis
for efficient reactor for CO; conversion, beginning from
lowest pressure up to atmospheric pressure discharges. It
was found that at intermediate pressure around
100...300 Torr, sequential excitation of vibrational
modes of molecules can increase the energy efficiency
for CO; dissociation significantly [4]. A necessary con-
dition for this is the low electron temperatures
Te~=1...2 eV, which are typical for the indicated pressure
range.

However, the low-pressure range can also be promis-
ing. Previously, we studied the process of CO, conver-
sion in a number of low-pressure gas-discharge plasmas:
in inductively coupled plasma (ICP) [7], in magnetron
and ion-beam plasma [8], and in glow discharge with flat
cathode [9, 10].

The key result of [7] is that for ICP, the conversion
factor and energy efficiency are relatively high at the
lowest pressures (starting from 2 mTorr), decrease with
increasing pressure (up to 10 mTorr), and then begin to
increase again.

It is well known that ICP is characterized by a direct
monotonic relationship between gas pressure and elec-
tron temperature [11]. It was concluded in [7] that at the
lowest pressures, with relatively high electron tempera-
ture 7.>3 eV, the main channel of CO, molecule

splitting is the direct dissociation by electron impact. The
electron temperature decrease with the pressure growth
leads to redistribution of energy losses not in favor of dis-
sociation, and the efficiency drops. However, at the tem-
peratures below 3 eV, the cascade mechanism of dissoci-
ation through successive excitation of vibrational molec-
ular levels gains strength, and the efficiency increases
strongly.

However, the mentioned conclusion was made with-
out theoretical substantiation. In the present study, we
have built a kinetic model of processes in low-pressure
inductively coupled plasma describing the carbon diox-
ide conversion. The model is focused on the regularities
of direct electron impact carbon dioxide dissociation,
which plays a major role at the lowest gas pressures. In
[7, 8], the dependences of the conversion coefficient and
energy efficiency on pressure are given. In addition, the
results of probe measurements of plasma density and
electron temperature can be found in [7]. These experi-
mental data allow to compare the simulation results with
the real world.

1. MODEL DESCRIPTION

The model considers a cylindrical plasma-chemical
reactor with inductively coupled plasma (ICP). In the
volume of the reactor, both initial gases and gases formed
as a result of the plasma-chemical reaction of carbon di-
oxide conversion are simultaneously present. The model
is zero-dimensional, it assumes that the plasma and gas
mixture are homogeneous throughout the entire volume
of the reactor.

The initial parameters for compiling the gas mixture
in the model are the molecular fraction of nitrogen and
the conversion factor. The gas mixture was composed ac-
cording to the following rules:
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- the molecular fraction of nitrogen (or argon) v re-
mains unchanged as a result of the conversion;

- the remaining share (1 - v) is distributed between car-
bon dioxide and reaction products in accordance with the
given conversion coefficient x: the share of CO; is
(1 =19 (1 —v), the share of CO is 2/3 % (1 —v ), the pro-
portion of Oz is 1/3 3 (1 —v).

Collision cross-sections for the listed gases were
taken from the LXC at resource (https://nl.Ixcat.net). The
total amount of processes was 76. It should be mentioned
that complete reaction kinetics model in CO» plasma is
quite complicated and includes more than 100 species
with more than 10000 reactions [12, 13]. This complexity
is raised from the large number of vibrationally excited
states of CO, molecule that are the steps for its dissocia-
tion through the “vibrational ladder” mechanism. How-
ever, the main focus of the present research is the direct
dissociation by electron impact, which is the main disso-
ciation channel at the lowest gas pressures (the highest
values of electron temperature). Thus, the dissociation
through sequential excitation of vibrational energy levels
is not taken into account in the model, and its applicabil-
ity is strongly restricted by the condition 7, > 3 eV.

Four electron-impact processes are known leading to
CO and O creation in different charging states. The cross
sections and reaction rates for these processes are shown
in Fig. 1. One can see that the dissociative attachment
may be neglected for electron temperatures more than
3 eV. The direct dissociation rate is the highest at all the
researched electron temperatures while the dissociative
ionization cross-sections are higher at electron energies
of more than 40 eV.
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#» C0y->C0+0(15)
® C0,>C0+0*
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Fig. 1. Collision cross sections (a) and reaction
rates (b) for processes leading to CO; molecule splitting
into CO and O

One of the objectives of the present research was to
study the influence of the electron energy distribution
function (EEDF) on the conversion process, especially on
the distribution of electron energy losses in various chan-
nels. The BOLSIG + code [14] was used to calculate the
EEDF and its effect on the carbon dioxide conversion
process.

To calculate the energy efficiency of carbon dioxide
conversion, the electron energy losses for the dissociation
processes mentioned above were divided by the total en-
ergy losses, which included volume losses in all elastic
and inelastic collisions and the kinetic energy losses of
charged particles escaping to the chamber surface [11].
The energy losses in elastic and inelastic collisions were

calculated using the BOLSIG code, and original software
was developed to automate the enumeration of its param-
eters.

2. RESULTS AND DISCUSSION

At the beginning of this section, the influence of the
composition of the gas mixture and the plasma density in
the reactor on the electron distribution function is consid-
ered. Then we study the influence of the calculated dis-
tribution function on the energy efficiency of carbon di-
oxide conversion. At the end, the question of the influ-
ence of other gas additions to the initial carbon dioxide
on the energy efficiency of the conversion is studied. Fi-
nally, the calculation results are compared with the ex-
perimental data.

Fig. 2 shows a family of distribution functions with
effective temperatures from 2 to 10 eV for two limiting
cases of plasma density. Fig. 2,a shows the EEDFs for the
case when e-e collisions don't play a significant role, that
is valid for the limiting case of very low power. It can be
seen that the EEDF is strongly non-Maxwellian as a re-
sult of the influence of various inelastic processes. The
effective electron temperature 7. was determined as
2/3 of the average electron energy. Electron-electron col-
lisions in a dense plasma should Maxwellize the EEDF,
and in the limiting case of a very dense plasma, all curves
should become straight, as in Fig. 2,b.
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Fig. 2. EEDF evolution depending on plasma density
Jor pure CO; (curves for Tewp of 2 to 10 eV are col-
lected in each plot): a — no e-e collision (limiting case
of very low power); b — Maxwellian distribution (limi-
ting case of very high power)

The EEDF for plasma density of 4-10'® m™ is shown
in Fig. 3,a. The Maxwellizing effect of e-e collisions is
clearly visible, but still we see serious nonlinearities in
the EEDF, especially in areas of large cross sections. Fig.
3,b shows a similar EEDF family for a gas mixture typi-
cal of partially converted CO». As a result of the presence
in the plasma volume of a large number of various mo-
lecular components with collision cross sections distrib-
uted along the energy axis, the EEDF becomes smoother.

Fig. 4 presents a comparison of different EEDFs for
the all cases shown in Figs. 2, 3 as well as comparison of
EEDFs for pure CO; and for a mixture of 20 % CO, and
80 % N». One can see that all the curves are nonlinear,
excluding the Maxwellian EEDF, which is represented
by a straight line. The difference between the EEDFs is
not significant excluding the high energy tail. Thus, we
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can expect some quantitative effect of the distribution
function shape on the CO; conversion process, but with-
out significant qualitative change.

0 5 10 15 20 25 30 35 40 45
Electron energy, eV

a b
Fig. 3. EEDF for ICP with electron density
of 4-10"m™3: a — pure CO; b — converted CO; (conver-
sion_factor 60 %)
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Fig. 4. Comparison of EEDF for Teep = 3 eV
a — 4 EEDFs taken from Fig. 2 and Fig. 3; b— EEDFs
for pure CO; (green line) and for the mixture of
20 % CO; and 80 % N, (red line)

As mentioned above, the kinetic model makes it pos-
sible to calculate the distribution of electron energy
losses between different types of collisions. The ratio of
the energy loss for the processes responsible for dissoci-
ation to the total energy loss allows us to find the energy
efficiency of CO; conversion.

The calculated dependences of the energy efficiency
of conversion 1 on the electron temperature for the Max-
wellian EEDF are shown in Fig. 5,a. One can see that the
electron temperature is the key parameter for energy ef-
ficiency, which increases by a factor of about 6 with a
temperature change from 3 to 10 eV. This can be ex-
plained by the fact that the collision cross sections lead-
ing to dissociation by direct electron impact become sig-
nificant only starting from electron energy of 15...20 eV
(see Fig. 1).

A set of classical dependences of the energy effi-
ciency of conversion 1 on the coefficient of conversion
are shown in Fig. 5,b for different electron temperatures.
It can be seen that at 7, = 10 eV 1 reaches values of more
than 6 % at the minimum conversion coefficients. The
energy efficiency decreases monotonically (almost line-
arly) with increasing . This seems natural, given that the
higher the conversion rate, the more energy is put into the
reaction products rather than into the carbon dioxide.

Let us now consider the influence of the electron dis-
tribution function on the energy efficiency of the conver-
sion. Fig. 6 shows the dependences of the energy effi-
ciency of conversion n on the electron temperature for
the low-power case when EEDF is non-Maxwellian (see
Fig. 2,a) as well as a comparison with the case of Max-
wellian EEDF (see Fig. 2,b).
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Fig. 5. Calculated dependences of the energy efficiency
of conversion n on the electron temperature (a) and on
the coefficient of conversion (b) for the
Maxwellian EEDF
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Fig. 6. Calculated dependences of the energy efficiency
of conversion n on the electron temperature for the case
of no e-e collision (a) and comparison with the
Maxwellian case (b)

The typical task for CO, conversion with the purpose
of environment protection is processing of gas mixtures
containing different gases aside from the carbon dioxide.
Dedicated calculations were performed to reveal the
impact of different gas additions on the carbon dioxide
conversion. In all these calculations just Maxwellian
EEDF was used. Fig. 7,a depicts the dependences of the
energy efficiency of conversion on the electron
temperature for the input gas mixture of 20 % CO, and
80 % N,. One can see that the energy efficiency drops by
about 5 times in accordance with the CO; share in the
initial gas mixture while the shape of dependences on
electron temperature remains the same. It is interesting to
compare the nitrogen impact with other gases.

The argon was chosen for the comparison since it is
an atomic gas and its non-elastic collision set does not
contain any process for electron energy below 11.5 eV in
contrast to molecular gases possessing a number of cross
sections of vibrational and rotational excitation being
significant at much lower energies.
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The comparison between the cases of 80 % N, and
80 % Ar is shown in Fig. 7,b. As expected, 1 is higher for
Ar due to the lack of energy loss for molecular levels
excitation, but the difference is not substantial.
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Fig. 7. Influence of different gas additions on the car-
bon dioxide conversion: a — dependences of the energy
efficiency of conversion n on the electron temperature
for the input gas mixture of 20 % CO; and 80 % N>,
b — comparison between the cases of 80 % N
and 80 % Ar

For the model validation, the comparison of the cal-
culation results with experimental data was performed.
The n-y dependence was calculated for pure CO; plasma
with non-Maxwellian EEDF, plasma density of
4-10' m~ and electron temperature of 6 eV. The experi-
mental results for similar conditions were taken from [8].
The comparison of the theoretical and experimental de-
pendences can be found in Fig. 8.
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Fig. 8. Comparison of the theoretical and experimental
dependences of the energy efficiency of conversion n on
the coefficient of conversion y

One can see reasonable accordance between the the-
ory and the experiment. Experimental data are not avail-
able for x< 0.3 since ICP operation at low RF power was
impossible in the system used in the experiments. At the
highest x values, the experimental dependence tends to
% ~0.87 while the theoretical curve crosses the horizontal
axis exactly at x = 1. This discrepancy appears because
of the model takes into account the CO, splitting pro-
cesses but no reverse process is accounted for. The re-
combination of CO molecule with atomic or molecular
oxygen leading to CO; creation may occur both in the
plasma volume or on the chamber surface. Three-body
volume reactions may be neglected at low pressures
while the surface recombination may play a significant
role, but the corresponding sticking coefficients are
highly dependent on the surface material, and scarce
available data are not always in agreement [15].

CONCLUSIONS

Thus, the kinetic model of processes in low-pressure
inductively coupled plasma describing the carbon diox-
ide conversion is described in the present paper together
with the modelling results. The model takes into account
only direct electron impact dissociation of carbon dioxide
neglecting the dissociation through sequential excitation
of vibrational levels of CO, molecule. Thus, the de-
scribed model is valid only at the lowest gas pressures, in
mTorr range.

The influence of the gas mixture composition and the
plasma density in the reactor on the electron distribution
function has been studied. In the low power limit when
e-e collisions don't play a significant role the EEDF is
strongly non-Maxwellian as a result of the influence of
various inelastic processes. With the input power in-
crease the plasma density is growing, and EEDF is ap-
proaching Maxwellian distribution. In order to meet the
demands of practical application nitrogen and argon were
studied as additions to CO,. The conclusion was made
that EEDF change in response to the gas mixture change
is not significant excluding the high energy tail. Thus,
one cannot expect a significant effect of the distribution
function shape on the CO, conversion process.

The influence of the calculated distribution function
on the energy efficiency of carbon dioxide conversion
has been studied. It was concluded that the electron tem-
perature is the key parameter governing the energy effi-
ciency of the conversion, which increases by a factor of
about 6 with the temperature change from 3 to 10 eV.
This can be explained by the fact that the collision cross
sections leading to dissociation by direct electron impact
become significant only starting from electron energy of
15..20 eV.

A set of classical n-y dependences was calculated for
different electron temperatures. At 7. = 10 eV 1 reaches
values of more than 6 % at the minimum conversion co-
efficients and decreases almost linearly with increasing
- Investigation of the influence of other gas additions to
the initial carbon dioxide on the energy efficiency of the
conversion has shown that for the case of 80% of nitrogen
the energy efficiency drops by about 5 times in
accordance with the CO; share in the initial gas mixture
while the shape of dependences on electron temperature
remains the same.

The comparison of the calculation results with exper-
imental data shows satisfactory agreement. Thus, the
model may be useful in development of carbon dioxide
conversion technologies with use of low-pressure elec-
trode less discharges, like inductive or microwave dis-
charge. Probably, the model may be useful even at atmos-
pheric pressure, for example with Corona or Dielectric
Barrier Discharges (DBD), where the vibrational kinetics
play a minor role [13]. According to the model, the ap-
plicability limit of 7, = 3 eV corresponds to the reduced
electric field of 150 Td. All the plasmas with stronger
electric field fit the approach presented in the present pa-
per. The model validity for description of CO, conver-
sion in DBD or Corona plasma is subject of future re-
search.
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KIHETUYHE MOJIEJIIOBAHHS KOHBEPCII CO:
¥V BE3EJIEKTPO/IHIN ILJTIA3MI HU3bKOI'O TUCKY

C. Iyoin, B. Jlicoscovkuii, Il. Ilnamonoes, C. Pe3ynenxo

[IpencraBneHo KiHETUUHY MOZEIb MPOILECIB y IHAYKIIHHII MIa3Mi HU3bKOTO THCKY, IO OITUCYE KOHBEPCIiO BYT-
JIEKUCIIOTO ra3y, Ta pe3ylabTaTd MOJeItoBaHHA. Moeslb BpaxoBye JHMILE JUCOLIAlil0 ByTJIEKUCIOrO Ta3y eIeKTPOH-
HUM yJIapOM i CIIpaBeJINBa 33 HAWHIKYMX THCKIB Ta3y Ta IPH 3BeJCHOMY eneKkTpuaHomy nomi nonax 150 Td. Hoc-
JI/KEHO BIUIMB CKJIaly Ta30BOI CyMillli Ta MIIJIBHOCTI MJIa3MU Ha (DYHKIIIO PO3NOALLY €eKTPOHIB. Y BHITIAIKy MaJIol
TIOTYXXHOCTI, KOJIM €-€-31TKHEHHS He BifirpatoTs icrotHy posib, DPEE € cnnbHO HeMaKcBeniBChKOIO, ane i3 301IbIIeH-
HsM minbHOCTI a3Mu OPEE HabmmkaeThes 10 MAKCBETIBCHKOTO PO3IIOALTY. A30T Ta aprOH BUBYAIHCS SIK JOOABKH
10 CO». HocnmimkeHo BIUIMB pOo3paxoBaHOoi PYHKIIIT pO3MIONLTY Ha EHEPTeTHUHY e(peKTUBHICTh KOHBEPCii BYTJIEKHC-
JI0T0 Ta3y. 3pobJIeHO BUCHOBOK, IO TEMIIEPATypa EIEKTPOHIB € KIFOYOBHM MapaMeTPOM Il eHepreTHIHoi eeKTu-
BHOCTI, sIKa 301NIbIIYeThCs B 6 pasis IIpy 3MiHi TeMrepatypu Bij 3 10 10 eB ta npu Te = 10 eB pocsrae 3HaueHb oHa
6 %. [TopiBHSHHS pe3yIbTATIB PO3PAXYHKY 3 €KCIIEPUMEHTAIBHUMH JaHUMH ITOKa3y€e 33J0BUIBHY 3TrOLY.
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