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Abstract
This work proposes an updated set of electron-impact cross sections (CSs) for carbon dioxide
(CO2) by quantitatively identifying CO2 dissociation within the two electronic excitation
channels proposed by Phelps. In particular, the CS with energy threshold at 7 eV is considered
with a 15% dissociation branching ratio and is associated with dissociation into
O(1D) + CO(X), while the one with threshold at 10.5 eV is used entirely for dissociation into
O(3P) + CO(a3Πr). Experimental data on CO2 dissociation rate coefficients at moderate
reduced electric field (E/N), CO2 conversion efficiencies at high E/N, and electron transport
coefficients for E/N∈[10−2, 103] Td are used to validate the updated set and demonstrate its
completeness and consistency over a wide range of E/N. Notably, the updated CS set enables the
full coupling between the electron and chemical kinetics, a feature lacking in most existing CS
sets. The updated set is applied to study electron kinetics in CO2–Ar and CO2–N2 mixtures,
revealing significant modifications in the electron energy distribution function and CO2

dissociation rate coefficient due to mixture composition. The updated CS set is made available
at the IST-Lisbon database within LXCat.

Keywords: carbon dioxide, electron-impact cross section, CO2 dissociation,
Ar and N2 admixtures, electron kinetics

∗
Author to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

1 © 2025 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6595/adba86
https://orcid.org/0000-0003-0275-6525
https://orcid.org/0000-0001-9046-958X
https://orcid.org/0000-0002-2179-1345
https://orcid.org/0000-0002-3820-3300
https://orcid.org/0000-0002-8476-2103
https://orcid.org/0000-0002-6878-6850
mailto:vguerra@tecnico.ulisboa.pt
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/adba86&domain=pdf&date_stamp=2025-3-10
https://creativecommons.org/licenses/by/4.0/


Plasma Sources Sci. Technol. 34 (2025) 035003 Y Liu et al

1. Introduction

In recent years, non-thermal plasma technology has been
widely applied to CO2 conversion to achieve the goal of net-
zero carbon emissions on Earth [1–4] and in-situ resource util-
ization (ISRU) onMars [5–8]. This interest is due to the abund-
ant reactive radicals in non-thermal plasma (e.g. electron,
excited state particles, and oxygen atoms) and the ability to
couple renewable energy for power supply, providing a prom-
ising way to convert the thermally stabilized CO2 molecule
with high energy and cost efficiencies [4, 9–11]. In addition,
the synergistic effect of plasma and catalyst increases the con-
fidence in the industrial application of plasma-assisted CO2

conversion [12–17].
Electron-impact collisions are at the origin of all plasma

chemistry processes, as they transfer the electron energy
obtained from the electric field into heavy particles that start
the subsequent chemistry reactions [9, 18–20]. The corres-
ponding electron-impact cross sections (CSs) are themost fun-
damental parameter determining electron kinetics, quantifying
the probability that the electron has a specific type of collisions
[21, 22]. In particular, the profile and energy threshold of
the CS define the selectivity to various collisional channels.
Therefore, a reliable set of electron-impact CSs, serving as
critical input to the electron Boltzmann equation [23–27] or
a Monte-Carlo code [28–30], is essential to accurately char-
acterize the electron energy distribution function (EEDF) and
the electron transport coefficients.

A complete and consistent set of electron-impact CSs
for CO2, including effective momentum transfer, dissociative
attachment, vibrational excitation, electronic excitation and
ionization processes, was proposed and published in the IST-
Lisbon database with LXCat a few years ago [31–33]. This set
was validated by comparison with measured values of elec-
tron transport coefficients and was widely used to investigate
the electron and heavy-particle kinetics in different discharge
conditions both in pure CO2 and in mixtures of CO2 with other
gases [34–40]. However, an important uncertainty was poin-
ted out, namely that the electron-impact dissociation CS is not
unambiguously identified [31]. The other complete and con-
sistent CS sets available in LXCat share the same uncertainty,
except for the Biagi database [41], which distinguishes several
dissociation and excitation channels.

Since the 1960s, several sets for electron-impact CO2 dis-
sociation CSs have been proposed, e.g. by Polak and Slovetsky
[42], Itikawa [43], Cosby and Helm [44], and Corvin and
Corrigan [45], supported by experiments or theoretical calcu-
lations. Phelps and co-workers [46] proposed two electronic
excitation CSs by analysing electron transport coefficients,
with energy thresholds at 7 and 10.5 eV and denoted here as
Phelps_7_eV and Phelps_10.5_eV, respectively. Each of these
CSs has already been used in the literature as representative
of dissociation to assess the CO2 dissociation performance by
electron-impact reactions [31, 47–50]. The choice of dissoci-
ation CS to reproduce the measured CO2 conversion has been
a long-standing challenge [51, 52], that remains open. Indeed,

the dissociation rate coefficients calculated from different dis-
sociation CSs can span over a few orders of magnitude [31].

Measurements of dissociation rate coefficients make it pos-
sible to assess and validate the accuracy of electron-impact
CO2 dissociation CSs. Corvin and Corrigan [45] showed CO2

dissociation rate coefficients as a function of reduced electric
field (E/N) by separating and measuring the non-condensable
products formed in positive column glow discharges. With a
‘building-up’ experiment in static conditions, Morillo-Candas
et al [53] reported the latest measured results of CO2 dissoci-
ation rate coefficients in the range of 40 Td to 110 Td.

From the comparison of Boltzmann calculations and the
experimental data from [53], Grofulović et al [31] noted that
the CSs for electronic excitation in the IST-Lisbon database,
based on the work by Phelps and co-authors [46], most likely
include not only dissociative channels but also some additional
contributions. To circumvent this difficulty, it was suggested
that the CO2 dissociation rate coefficient should be calculated
using Polak and Slovetski’s dissociation CSs [42], which is
neither used to obtain the EEDF nor it is part of the IST-
Lisbon dataset, upon integration of a previously calculated
EEDF [31]. This procedure brought a considerable success in
the self-consistent modelling of CO2 plasmas [34, 37, 54–56],
but remains somewhat unsatisfactory as the CSs used to obtain
the EEDF are not the same used in the rate-balance equations
for the heavy-species.

By comparing the calculated CO2 conversions using differ-
ent dissociation CSswith themeasured values in dielectric bar-
rier discharge (DBD) andmicrowave (MW) plasmas, Bogaerts
et al [48] suggested that the CS proposed by Polak [42] and
Itikawa [43] would underestimate CO2 conversion, and rein-
forced that the CS proposed by Phelps [46] would include
more than just dissociation and possibly electronic excitation
channels as well. Pietanza et al [49, 50] recommended the util-
ization of the excitation CS Phelps_7_eV for dissociation, and
the excitation CS Phelps_10.5_eV for electronic excitation.
Vialetto et al [57] assumed the CS by Biagi [41] with a 50%
dissociation factor and showed a good agreement between the
calculated and measured [53] CO2 dissociation rate coeffi-
cients at moderate E/N between 60 and 110 Td. Babaeva and
Naidis [47] demonstrated the accuracy of the Phelps_10.5_eV
CS as the main dissociation channel at E/N > 90 Td, by com-
paring and analysing CO2 conversion efficiencies with dif-
ferent dissociation CSs in DBD and streamer discharges. In
addition, the essential role of electronically excited states for
gas heating was addressed in [58], and a feedback mechanism
for the energy of CO2 electronic excitation channel in fast gas
heating was suggested by Biondo et al [59] in CO2 pulse dis-
charges. All these studies indicate that both electronic excita-
tion and dissociation channels need to be included in a com-
plete and consistent set of electron-impact CSs for CO2, and
the accuracy of the CO2 dissociation CSs should be verified
over a wide range of E/N.

The motivation to study the effects of Ar and N2 addi-
tions on CO2 plasmas stems first and foremost from the new
field of plasma ISRU, as the gas composition in the Martian
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atmosphere is approximately 95%CO2−3%N2−2%Ar [60,
61]. In addition, Ar is usually added to CO2 plasmas for spec-
tral diagnostics of electron density and temperature [62, 63],
and N2 is a major component in industrial flue gases on earth
[64, 65]. Finally, it has been proved that the additions of N2 and
Ar play a beneficial role in the plasma-assisted CO2 conversion
[66–71]. For instance, optical emission spectroscopy studies
revealed an increase in the electron density with the Ar fraction
in CO2–Ar mixtures [72, 73], while an increase of absolute
CO2 conversion was found in CO2–N2 mixtures [37, 66], that
has been justified by vibrational energy exchanges in CO2–N2

and CO–N2 collisions [37, 74], gas dilution and limitation in
the inverse reactions [71, 75], and modifications in the EEDF
[55, 76]. Despite significant insight on the elementary phe-
nomena underlying the kinetics in CO2 with Ar and N2 admix-
tures already achieved [37, 77], the lack of systematic invest-
igations into electron kinetics in these mixtures, particularly
the uncertainties surrounding the CO2 dissociation CS, has
hindered further development of chemical kinetics schemes
and plasma fluid models.

In this work, we capitalize on the results from [31] to pro-
pose an updated set of electron-impact CSs that quantitat-
ively identifies the CO2 dissociation in the electronic excit-
ation channels. This set gives results in excellent agreement
with measured values of CO2 dissociation rate coefficients,
CO2 conversion efficiencies and electron transport coeffi-
cients, over a wide range of E/N, and will be made available at
the IST-Lisbon database within LXCat. Furthermore, we use
the updated CS set to investigate the effects of mixture com-
positions and vibrational excitation degree on the electron kin-
etics in CO2 plasmas with Ar and N2 admixtures.

The structure of this paper is as follows: section 2 presents
the detailed set of electron-impact CO2 dissociation CSs and
the validation with measured values for a wide range of E/N.
Section 3 evaluates and recommends an updated complete and
consistent set of electron-impact CSs for CO2 to study electron
kinetics and plasma chemistry. In section 4, the application of
the updated CS set is extended to address the electron kinet-
ics in CO2 plasmas with Ar and N2 admixtures. Finally, the
concluding remarks are summarized in section 5.

2. Electron-impact CO2 dissociation CSs

2.1. Overview

Direct electron-impact dissociation is regarded as one of the
most critical pathways for CO2 conversion in non-thermal
plasmas [9] and its dissociation rate coefficient directly
depends on the electron-impact CO2 dissociation CS con-
sidered. Figure 1 illustrates several CSs suggested or used
by different researchers as representative of CO2 dissociation
(see also discussion in [31]). Phelps and co-workers [46] pro-
posed two electronic excitation CSs that are often associ-
ated with dissociation [31, 47–50]. Polak and Slovetsky [42]
developed a method to compute two dissociation CSs for

Figure 1. Electron-impact CO2 dissociation cross sections proposed
by different researchers [42–46].

CO2: Polak(i), which corresponds to a dissociation channel
by excitation of allowed transitions from a set of electron-
ically excited states with threshold ∼7–9 eV, and Polak(ii),
associated with the formation of CO(a3Πr). The CSs pro-
posed by Cosby [44] and Itikawa [43] were based on abso-
lute measurements of partial dissociation channels and adop-
ted a total CS to represent all dissociation channels. These two
CSs have higher energy thresholds compared with those from
Phelps and Polak, as shown in figure 1. The CS estimated by
Corvin [45] is a construction derived by inverting themeasured
CO2 dissociation rate coefficients, assuming a Maxwellian
EEDF.

A comparison between the calculated CO2 dissociation
rate coefficients using different dissociation CSs with the
latest experimental data [53] indicates that the rate coefficients
obtained from the Cosby [44] and Itikawa [43] CSs are two
orders of magnitude lower than themeasured values. Although
the rate coefficients obtained from Corvin CS [45] align with
measurements at low E/N, they underestimate the rate coef-
ficients at E/N > 90 Td, and lack physical meaning, being
only a mathematical construction as a solution to a (signific-
antly) under-constrained inverse problem. Therefore, the CSs
proposed by Cosby, Itikawa, and Corvin are not considered in
this work.

The CO2 conversion and relative product fractions pre-
dicted using Polak CSs in a self-consistent kinetic model for
low-pressure DC glow discharges align with measured values
[34, 37, 54–56]. Although Polak CSs have proved to describe
accurately electron-impact dissociation in these conditions,
they are not part of complete and consistent CS sets and,
hence, are not used to date for analysing electron transport
coefficients [31, 48]. Moreover, it has been shown that they
underestimate dissociation at high E/N [47]. Phelps CSs tend
to overestimate CO2 conversion, because they account for all
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Table 1. Test cases of CO2 dissociation CSs used for comparing dissociation rate coefficients.

Case

CS for electron-impact CO2 dissociation reactions

e + CO2(X) → e + CO(X) + O(1D) e + CO2(X) → e + CO(a3Πr) + O(3P)

A: Polak CSs [42] Polak(i) Polak(ii)
B: Phelps CSs [46] Phelps_7_eV Phelps_10.5_eV
C: Phelps 50% diss. factor 50%∗ Phelps_7_eV Phelps_10.5_eV
D: Phelps 15% diss. factor 15%∗ Phelps_7_eV Phelps_10.5_eV
E: hybrid Polak(i) Phelps_10.5_eV

the electronic excitation channels and not only dissociation
[48]. However, their excellent performance at high E/N [47]
and their use in the analysis of electron transport coefficient
as part of a validated CS set [31] motivates further study and
refinement of this CS set.

We suggest to consider the Phelps CSs as describing
not only dissociation but also electronic excitation, and to
introduce a dissociation factor to quantitatively identify the
corresponding branching ratio in the excitation channels. In
principle, such proceduremust lead to exactly the sameEEDFs
and electron transport coefficients as obtained with the initial
CS set from [31], as it is shown and discussed in section 3.
In addition, given the widespread adoption and reliable pre-
dictions obtained with Polak’s dissociation CSs in previous
studies [34, 37, 54–56], in section 2.2 we compare and analyse
the differences in CO2 dissociation rate coefficients and CO2

conversion efficiency when using Polak CSs and the present
approach.

2.2. Assessment and validation

Table 1 shows the test cases of CO2 dissociation CSs used here
for comparing the corresponding CO2 dissociation rate coeffi-
cients. The Phelps_10.5_eV CS is assumed to describe disso-
ciation forming O(3P) and CO(a3Πr) [39, 56]. It is the domin-
ant CO2 dissociation channel and provides a good calculation
of the CO2 conversion efficiency at high E/N [47]. In turn,
the incorporation of Phelps_7_eV CS overestimates dissoci-
ation at E/N below ∼110 Td [31]. Therefore, we consider a
dissociation factor, defined as the fraction of the Phelps_7_eV
CS that leads to dissociation producing CO(X) and O(1D),
with the rest allocated to electronic excitation, that correspond
to a lumped excitation of several excited states [31, 46]. We
have calculated CO2 dissociation rate coefficients with dis-
sociation factors ranging from 0 to 1 and include here the
cases 15% and 50% to highlight the results. Additionally, a
‘hybrid case’ where the first dissociation channel is described
by Polak(i) CS and the second by Phelps_10.5_eV is also taken
into account. All calculations in this paper are carried out with
the Boltzmann solver LoKI-B of the LisbOn KInetics (LoKI)
simulation tool [26].

The CO2 dissociation rate coefficient, calculated by integ-
rating the CSs considered in the various cases with the EEDFs
obtained with the IST-Lisbon CS set [31] at different E/N and
for a gas temperature of 300 K, are compared with the experi-
mental data from [45, 53] in figure 2(a). At E/N below 60 Td,

the calculated rate coefficients are lower than the measure-
ments by Corvin and Corrigan [45] for all cases, but there
are significant uncertainties associated with pressure changes
and the determination of gaseous dissociation products in the
experiment [54]. Moreover, the results from Morillo-Candas
et al [53] under these conditions were performed at higher cur-
rent and pressure, and thus higher gas temperatures Tg (600–
700 K) are reached at the end of the pulses. If we use higher
values of the gas and vibrational temperatures in our calcula-
tions, the agreement with the experimental data from [53] for
E/N < 60 Td is noticeably improved, as shown by the dotted
line in figure 2(a). At E/N > 100 Td, the rate coefficient of the
single Phelps_10.5_eV, which is representative of dissociation
in this E/N range [47], is always lower than the total dissoci-
ation obtained using Phelps (case B), exceeds those from the
Polak CSs (case A) and gradually approaches the Phelps CSs
with a 15% dissociation factor (case D) (cf as well figure 4 and
its discussion).

To facilitate the comparison with the latest measured val-
ues at moderate E/N [53], a partial zoom-in in the E/N range
from 60 Td to 110 Td is shown in figure 2(b). The meas-
urements fall between the calculated values for the Polak
(case A) and Phelps (case B) CSs, confirming that the total
Polak CSs lead to an underestimation of CO2 dissociation at
high E/N, while the total Phelps CSs include more than just
dissociation [48]. The Phelps CSswith 15%dissociation factor
(red curve marked in figure 2) is close to the Polak CSs for
E/N below ∼80 Td. This observation is of importance, since
the Polak CSs were used successfully in the self-consistent
modelling of DC discharges with E/N in this range [34, 37,
54–56]. In contrast, both the Phelps CSs with a 50% dissoci-
ation factor (case C) and the hybrid CSs (case E) overestimate
the CO2 dissociation rate coefficients. Therefore, by setting a
15% dissociation factor for the Phelps_7_eV CS and adding
Phelps_10.5_eV CS to dissociation, the calculated CO2 disso-
ciation rate coefficients show an excellent agreement with the
measured values at moderate E/N.

Figure 3 illustrates the relative contribution of the two dis-
sociation channels to the total CO2 dissociation rate coeffi-
cient versus E/N in case D (Phelps CSs with a 15% dissoci-
ation factor). The contribution of the 15% Phelps_7_eV to the
CO2 dissociation rate coefficient by electron impact is above
60% for E/N below 50 Td. For E/N in the 50–110 Td interval,
this contribution is reduced to 20%–60% and decreases with
the increase in E/N, revealing that the two dissociation chan-
nels play a joint role on the rate coefficients in the zoomed-
in E/N range of figure 2(b). Once E/N exceeds 200 Td, the
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Figure 2. CO2 dissociation rate coefficients as a function of E/N for
various sets of dissociation CSs compared to experiments [45, 53]:
(a) E/N in the range of 30–200 Td, (b) enlargement in the range of
60–110 Td.

Phelps_10.5_eV CS becomes the dominant channel for CO2

dissociation and contributes more than 90% to the dissociation
rate coefficient, confirming the importance of this dissociation
channel at high E/N pointed out in [47].

The efficiency of CO2 conversion (G-value), represent-
ing the numbers of produced CO species per 100 eV of
input energy, is one of the important parameters for evalu-
ating the electron-impact dissociation CS, especially at high
E/N [47]. Through the comparison of the calculated G-values
using various CO2 dissociation CSs at 400–600 Td in corona
discharges [78, 79], Babaeva and Naidis [47] found that the
Phelps_10.5_eVCS leads to the best agreement with themeas-
ured values. However, ameasured value [80] at 120 Td inDBD
is between the results of Phelps_7_eV and Phelps_10.5_eV
CSs. Our case D (15% dissociation factor) makes it pos-
sible for the calculated G-value to be in good agreement
with the measured value in DBD [80], as shown in figure 4.
Furthermore, as the contribution of the 15% Phelps_7_eV

Figure 3. Contributions of two CO2 dissociation channels to the
total CO2 dissociation rate coefficient in the set of Phelps CSs with
a 15% dissociation factor.

Figure 4. The numbers of produced species per 100 eV of input
electric energy (G-values) for CO2 dissociation by electron impact
compared to experiment [80].

channel to CO2 dissociation in corona discharges of 400–
600 Td is below 5% cf figure 3), the contribution to CO2

dissociation under these conditions is essentially due to the
Phelps_10.5_eV channel. Therefore, combining the data on
the CO2 dissociation rate coefficients at moderate E/N with
the CO2 conversion efficiencies at high E/N, it is confirmed
that the Phelps CSs with a 15% dissociation factor (case D)
yields results in excellent agreement with the measured values
over a wide range of E/N, at least from ∼50 Td to 400 Td.

It is worth noting that dissociation mechanisms other than
direct electron impact have been proposed and studied in
the literature. In particular, vibrational-induced dissociation
[9, 81] and thermal dissociation [82] have been invoked to
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explain observed dissociation degrees in MW and RF dis-
charges. Recent work by Montesano et al evinced a delayed
dissociation mechanism in nanosecond discharges [83], that
is likely a signature of any of these additional dissociation
mechanisms. Hence, the question arises whether vibrational-
induced and/or thermal dissociation can alter the conclusions
of this work. In fact, this is not the case, as it is carefully dis-
cussed in [53–55]. The experimental data on the CO2 dissoci-
ation rate coefficient at moderate E/N [53] and the CO2 con-
version efficiency at high E/N [47, 78–80] were all measured
at relatively low vibrational excitation degree and gas temper-
ature, and the experiments in [53]were designed to specifically
rule out any of these effects.

One additional aspect to consider is the possible role of
stepwise electron dissociation. Calculations of stepwise res-
onant vibrational excitation in CO2 by Laporta et al [84] show
an increase of some excitation rate coefficients in transitions
v → v + 2 with the vibrational quantum number v of the
bending and asymmetric stretching mode. A possible similar
increase in the rate coefficients of stepwise electron impact
dissociation may have some impact in the total dissociation
rate coefficient, even considering the decrease in the popu-
lation of the target vibrationally excited states. However, at
present there are no reliable data on stepwise dissociation CSs
and the estimated differences by including this process fall
within the differences between our calculations and the exper-
imental data. This question is discussed and analysed in [55].

3. An updated set of electron-impact CSs

In this section, we update the set of electron-impact CSs
based for CO2 from [31], formerly available at the IST-Lisbon
database within LXCat [33], by identifying CO2 dissociation
within the electronic excitation channels. With this paper the
new CS set is made available in the same database. Although
the utilisation of the previous set in a Boltzmann solver is
known to lead to a very good reproduction of the reported
measurements of the electron transport coefficients [31], the
CO2 dissociation CSs are not included in the set. This absence
means that in the set from [31] the electron kinetics and the
EEDFs do not depend explicitly on the CO2 dissociation CSs.

To couple the electron and the heavy-particle kinetics with
the CSs from [31], the rate coefficient of electron-impact
CO2 dissociation (kdissoc) must be obtained by an extra integ-
ration of the CSs with a previously calculated EEDF, as
illustrated in figure 5(a). In other words, the CSs that are
used to study the electron kinetics and obtain the EEDF
are not the same as the ones used to obtain the electron-
impact rate coefficients required to study the chemical kin-
etics. By employing the setup of Phelps CSs for electronic
excitation with a 15% dissociation factor in the Phelps_7_eV
CS (see section 2), an updated IST-Lisbon CS set for CO2

is proposed, that takes into account both electronic excit-
ation and CO2 dissociation in a straightforward manner.
With this updated set of electron-impact CSs for CO2, all

electronic processes including attachment, elastic collisions,
vibrational and electronic excitation, ionization and disso-
ciation can be simultaneously incorporated into the elec-
tron Boltzmann equation. Consequently, the EEDF, electron
transport coefficients, and all the corresponding rate coeffi-
cients of electron-impact reactions can be accurately obtained
using this complete set of electron-impact CSs, as depicted in
figure 5(b). The new workflow using the updated set enables
a full and consistent coupling between the electron and chem-
ical kinetics. It is worth underlining that, by construction, the
new set must yield exactly the same EEDF, transport coeffi-
cients and electron-impact rate coefficients as the validated
set from Grofulović et al [31]. This verification is carried out
below.

To highlight the consistency of the updated set of electron-
impact CSs, the three sets of CSs presented in table 2 are used
to analyse the impact of the new approach on the EEDF and
electron transport coefficients. Case 1 corresponds to the CS
set from [31], in which the total Phelps CSs are regarded as
electronic excitation channels rather than dissociation; case 2
incorporates Polak’s CSs for dissociation [42] into the previ-
ous IST-Lisbon database [31]; in case 3, the updated set divides
Phelps_7_eV CS into two distinct CSs, for dissociation produ-
cing O(1D) and electronic excitation, with branching ratios of
15% and 85%, respectively, and utilises the Phelps_10.5_eV
CS as an additional dissociation channel to produce CO(a3Πr)
(see case D in table 1).

Figures 6(a) and (b) display the calculated EEDFs at 50 Td
and 100 Td, respectively. As anticipated, the EEDFs for case
3 are identical to those of case 1: the division of CSs and the
modification of collision types do not influence the solution of
the electron Boltzmann equation, as the total electron energy
transferred in collisions in is the same in both cases. In con-
trast, the EEDFs for case 2 are lower than those of the other two
cases at electron energies exceeding the energy threshold of
the 7.5 eV of Polak CSs. This deviation is due to the additional
electron energy losses transferred to the dissociation channel
described by Polak CSs in case 2, that is not present in the
other cases.

The reduced electron mobility and the effective ioniza-
tion coefficient are calculated and compared with the exper-
imental data from [85–101] in figures 7(a) and (b), respect-
ively. The reduced electron mobility of case 2 is similar to
those of cases 1 and 3 (the latter two being again exactly the
same), and all three cases give results in good agreement with
the measurements [85–96] over the entire range of E/N. The
mobility depends mostly on the electrons with low energies
and in the body of the distribution, and EEDFs are very sim-
ilar in these energy ranges (cf figure 6). The slight discrepancy
in the calculated values of reduced electron mobility for cases
1 and 2 atE/N > 100 Td reflects small changes in EEDFs at the
lower electron energies. Regarding the reduced effective ion-
ization coefficient, defined as the subtraction of the attachment
coefficient from the Townsend ionization coefficient, the res-
ults of cases 1 and 3 are once more confirmed to be the same
and match very well the measurements, and case 2 slightly
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Figure 5. Comparison of solution workflows for coupling the electron and chemical kinetics by adopting (a) the CS set from [31] and (b)
the updated CS set from this work.

Table 2. Sets of electron-impact CSs with various CO2 dissociation CSs based on the complete and consistent set from [31].

Case Set of electron-impact CSs Note

Case 1 Former IST-Lisbon database
for CO2 [31]

Without CO2 dissociation CSs

Case 2 Former IST-Lisbon database
for CO2 [31] + Polak diss.
CSs

With CO2 dissociation CSs
proposed by Polak [42]

Case 3 Present work: updated
IST-Lisbon database for CO2

Identifying the dissociation in
the electronic excitation
channels by Phelps [46]

Figure 6. The calculated electron energy distribution functions with the three sets of electron-impact CSs for (a) 50 Td and (b) 100 Td.
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underestimates the effective ionization coefficient due to the
depletion of the high-energy tail of EEDF.

4. Electron kinetics in CO2 plasmas with Ar and N2

admixtures

To extend the application of the updated set of electron-
impact CSs for CO2 presented here, this section investigates
the effects of mixture compositions and vibrational excita-
tion degrees on the electron kinetics in CO2 plasmas with Ar
and N2 admixtures. Furthermore, the impact of the choice of
the CO2 dissociation CSs is emphasized by computing and
comparing the corresponding electron-impact rate coefficient,
kdissoc, when using different electron-impact CO2 dissociation
CSs in these mixtures. The sets of electron-impact CSs for N2

and Ar are taken from the IST-Lisbon database [32] on LXCat
[33]. The sets for Ar and N2 were validated by comparing cal-
culated swarm data and rate coefficients with measured values
in [102] and [103, 104], respectively.

In this section, T1,2 stands for the common vibrational tem-
perature of the CO2 symmetric stretching and bending modes,
T3 is the vibrational temperature of the CO2 asymmetric
stretchingmode and TN2 denotes the vibrational temperature of
N2. We consider two sets of vibrational temperatures: the first
one is T1,2 = 500 K, T3 = 1000 K and TN2 = 2000 K (for CO2–
N2 mixtures), the second one is T1,2 = 1000 K, T3 = 3000 K
and TN2 = 5000 K (for CO2–N2 mixtures). The two cases cor-
respond to typical degrees of vibrational excitation observed
under different discharge conditions [37, 70, 71, 105–110].
The population of vibrational levels at different vibrational
excitation degrees is assumed to follow a Boltzmann distri-
bution at the corresponding vibrational temperatures.

4.1. CO2–Ar mixtures

Figures 8(a) and (b) show the EEDFs for different mixture
compositions and vibrational excitation degrees in CO2–Ar
mixtures, for E/N in the range of 10–100 Td. The high-energy
tail of the EEDF is significantly populated as the CO2 frac-
tion in the mixture decreases, especially at low E/N. This is
attributed to the high excitation energy thresholds of inelastic
processes in Argon (above 11 eV) and smaller excitation CSs,
making it more difficult to transfer electron energy into the
excitation channels in Ar than in CO2. At low E/N, the pop-
ulation of high-energy electrons is relatively low, exacerbat-
ing the differences in the shapes of the EEDFs for different
mixture compositions. The increase in the vibrational excita-
tion degree enhances the high-energy tails of the EEDF due to
the effect of superelastic collisions with vibrationally excited
states [54, 55]. In addition, the influence of mixture compos-
ition and vibrational temperatures on the shape of the EEDFs
is attenuated at high E/N, as the applied field drives the elec-
trons to high energy regions, where the differences between
the global CSs of the two gases are less pronounced.

The CO2 dissociation rate coefficients as a function of E/N
are shown in figures 9(a) and (b). The results obtained using
the Phelps CSs (case A in table 1) and Polak CSs (case B in

table 1) as CO2 dissociation CSs are performed by the work-
flow in figure 5(a) to guarantee the same EEDF as the new
workflow (cf figure 5(b)) using the updated CS set in this
work. Both the increase of the Ar fraction and the vibrational
excitation degree enhance the tail of the EEDF and lead to
an increase in the electron-impact dissociation rate coefficient
kdissoc. This prediction is consistent with the reported experi-
mental results [67, 75, 79] that show an increase in the CO2

conversion with the addition of Ar to CO2 plasmas. It is worth
noting that the influence of mixture composition on kdissoc can
be neglected once E/N exceeds 500 Td as shown in figure 9(a),
due to the saturated transfer of electron energy to the CO2 dis-
sociation channel at highE/N. The rate coefficient kdissoc calcu-
lated with the updated CS set lies between the results of Phelps
and Polak CSs and for pure CO2 is close to the one of Polak
CSs at E/N ≲ 80 Td and to the Phelps CSs at E/N ≳ 300 Td.

We have verified that the proximity of the new results of
CO2 dissociation rate coefficient with the ones obtained with
Polak and Slovetsky’s CSs [42], for moderateE/N, ensures that
self-consistent calculations made with the updated CS set lead
to nearly the same results as in our previous works [34, 37,
54–56], within a relative error of 5% in the CO2 dissociation
fraction, difficult to distinguish in a figure. However, for lar-
ger Ar fraction the differences between kdissoc obtained with
the present updated set and Polak CSs are apparent at lower
values of E/N, indicating that in this case the choice of the
CO2 dissociation CSs may play an important role in the cal-
culation of dissociation fractions in CO2–Ar mixtures. New
experiments in CO2–Ar mixtures may help to further clarify
and validate the accuracy of the CO2 dissociation CSs presen-
ted in this work.

4.2. CO2–N2 mixtures

The EEDFs at different mixture compositions and vibra-
tional excitation degrees in CO2–N2 mixtures are shown in
figures 10(a) and (b). In contrast to CO2–Ar mixtures, a
decrease in the CO2 fraction contributes to the depletion of
the population of high-energy electrons and the EEDF tails,
due to the low energy threshold for N2 inelastic processes of
∼0.3 eV (vibrational excitation) and total excitation CSs larger
than that of CO2. Moreover, the influence of mixture composi-
tion on the shape of EEDFs is intensified when the vibrational
excitation degree increases, as a consequence of superelastic
collisions with vibrationally excited nitrogen [104, 111–113].

Figures 11(a) and (b) show the CO2 dissociation rate coef-
ficients calculated using the three different CO2 dissociation
CSs for various CO2–N2 mixtures compositions. Both the
increase of CO2 fraction and of the vibrational excitation
degree in the mixtures can enhance the EEDF and lead to a
higher kdissoc. As in the case of CO2–Ar mixtures, for mod-
erate values of E/N below ∼80 Td the CO2 dissociation rate
coefficient calculated from the present updated set is close to
the one obtained by integration of the EEDF over Polak CSs.
However, as the CO2 fraction decreases the deviation occurs
at higher values of E/N, as opposed to the CO2–Ar mixtures.

Although the addition of N2 to CO2 leads to a decrease
in kdissoc, the CO2 absolute conversion increases with the
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Figure 7. The calculated and measured values [85–101] of electron transport coefficients: (a) reduced electron mobility, (b) reduced
effective ionization.

Figure 8. EEDFs at different mixture compositions and vibrational excitation degrees in CO2–Ar mixtures, for E/N = 10, 50, and 100 Td,
for two cases of vibrational temperatures (T1,2, T3): (a) 500 K and 1000 K, (b) 1000 K and 3000 K.

Figure 9. Electron-impact CO2 dissociation rate coefficients using three sets of CO2 dissociation CSs at different mixture compositions in
CO2–Ar mixtures, for two cases of vibrational temperatures (T1,2, T3): (a) 500 K and 1000 K, (b) 1000 K and 3000 K.
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Figure 10. EEDFs at different mixture compositions and vibrational excitation degrees in CO2–N2 mixtures, for E/N = 10, 50, and 100 Td,
for two cases of vibrational temperatures (T1,2, T3, TN2 ): (a) 500 K, 1000 K, and 2000 K, (b) 1000 K, 3000 K, and 5000 K.

Figure 11. Electron-impact CO2 dissociation rate coefficients using three sets of CO2 dissociation CSs at different mixture compositions in
CO2–N2 mixtures, for two case of vibrational temperatures (T1,2, T3, TN2 ): (a) 500 K, 1000 K, and 2000 K, (b) 1000 K, 3000 K, and 5000 K.

Figure 12. Comparison of the absolute CO2 absolute dissociation fraction calculated using the present updated set with reported simulation
results and measurements [37] in CO2–N2 mixtures.
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fraction of N2 in the mixture, owing to the vibrational energy
exchanges in CO2–N2 and CO–N2 collisions and the limita-
tion of the inverse dissociation reaction [37]. It is worth noting
that the calculated CO2 conversion adopting Polak CSs as CO2

dissociation channels in a self-consistent model for CO2–N2

mixtures under glow discharges conditions slightly underes-
timates the experimental measurements [37], while the meas-
ured E/N is in the range of 75 Td to 125 Td. We have veri-
fied the impact of using the updated set in these conditions.
Figure 12 illustrates a comparison of the CO2 absolute dissoci-
ation fraction, defined as the ratio of the concentrations of CO
to CO2 and CO in CO2–N2 mixtures (i.e. nCO /(nCO + nCO2)),
when kdissoc is calculated using the updated CS set for CO2

as compared with Polak’s dissociation CSs as in [37]. The
differences are not very significant and all the conclusions
from Fromentin et al [37] remain valid, but it can be noted
that the update set leads to a slightly better agreement with
experiment.

5. Conclusion

In this work, we update the set of electron-impact CSs for
CO2 from the IST-Lisbon database at LXCat by quantitat-
ively identifying CO2 dissociation within the electronic excita-
tion channels, and this updated set is validated with measured
data over a wide range of E/N. A 15% dissociation branch-
ing ratio is set to the electronic excitation CS with threshold
at 7 eV proposed by Phelps, associated here with the forma-
tion of O(1D) + CO(X), while the whole Phelps’ excitation
CS with threshold at 10.5 eV is associated with dissociation
into O(3P)+CO(a3Πr). Thereby, the updated CS set takes into
account explicitly both dissociation and electronic excitation
processes, contrary to most consistent sets available in the lit-
erature. The separation of the dissociation from the electronic
excitation channels enables a full coupling between the elec-
tron and chemical kinetics, where the same CSs used to obtain
the EEDF are used in the solution of the rate balance equations
for the heavy-particles.

Through analysis and assessment of the CO2 dissociation
rate coefficients at moderate E/N (≲110 Td) and the CO2

conversion efficiencies at high E/N (≳110 Td), it is con-
firmed that the updated set of electron-impact CSs gives cal-
culated electron-impact dissociation rate coefficients in excel-
lent agreement with the measured values over a wide range
of E/N. Hence, the updated CS set, made available at the IST-
Lisbon database within LXCat, prevents the underestimation
of the dissociation rate coefficients at high E/N when using
Polak’s CSs, and its overestimation at low E/N when using
Phelps’ CSs. Moreover, the reproduction of measured elec-
tron transport coefficients when the updated set of electron-
impact CSs is used in a Boltzmann solver indicates that the set
is consistent.

For moderate reduced electric fields (E/N lower than
∼80 Td), the calculated dissociation rate coefficients in pure
CO2 are similar to the ones obtained by integrating Polak’s
dissociation CSs with the EEDF. This similarity ensures the

compatibility of the results of self-consistent models for low-
pressure DC discharges in pure CO2 developed using Polak’s
dissociation CS with models using the dissociation CSs pro-
posed in this work. A similar compatibility is extended to the
case of CO2–N2 mixtures, where the newCSs slightly improve
the agreement with experiments.

The effects of mixture composition and vibrational excita-
tion degrees on the electron kinetics in CO2 plasmas with Ar
and N2 admixtures are systematically investigated to extend
the application of the updated CO2 CS set. In CO2–Ar mix-
tures, the high-energy tail of the EEDF is more populated
as the CO2 fraction decreases, and the influence of the mix-
ture composition on the shape of the EEDF is attenuated with
increasing vibrational excitation; these trends are opposite in
CO2–N2 mixtures. In CO2–Ar mixtures, as the Ar fraction
increases the deviations between the calculated dissociation
rate coefficients using Polak’s CS or the CSs from this work
emerge at lower values of E/N than in pure CO2; in CO2–N2

mixtures, as the N2 fraction increases these deviations mani-
fest at higher values of E/N. This behaviour suggest that new
experiments in CO2–Ar mixtures can bring additional inform-
ation on the correctness of the choice of the CO2 electron-
impact dissociation CSs proposed here.
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Grofulović M, Guerra V and Guaitella O 2020 Electron
impact dissociation of CO2 Plasma Sources Sci. Technol.
29 01LT01

[54] Silva A F, Morillo-Candás A S, Tejero-del-Caz A, Alves L L,
Guaitella O and Guerra V 2020 A reaction mechanism for
vibrationally-cold low-pressure CO2 plasmas Plasma
Sources Sci. Technol. 29 125020

[55] Ogloblina P, Morillo-Candas A S, Silva A F, Silva T,
Tejero-del-Caz A, Alves L L, Guaitella O and Guerra V
2021 Mars in situ oxygen and propellant production by
non-equilibrium plasmas Plasma Sources Sci. Technol.
30 065005

[56] Silva T, Morillo-Candas A S, Guaitella O and Guerra V 2021
Modeling the time evolution of the dissociation fraction in
low-pressure CO2 plasmas J. CO2 Util. 53 101719

[57] Vialetto L, Viegas P, Longo S and Diomede P 2020
Benchmarking of Monte Carlo flux simulations of
electrons in CO2 Plasma Sources Sci. Technol. 29 115006

[58] Pokrovskiy G V, Popov N A and Starikovskaia S M 2022
Fast gas heating and kinetics of electronically excited
states in a nanosecond capillary discharge in CO2 Plasma
Sources Sci. Technol. 31 035010

[59] Biondo O, Fromentin C, Silva T, Guerra V, van Rooij G and
Bogaerts A 2022 Insights into the limitations to
vibrational excitation of CO2: validation of a kinetic
model with pulsed glow discharge experiments Plasma
Sources Sci. Technol. 31 074003

[60] Owen T, Biemann K, Rushneck D R, Biller J E,
Howarth D W and Lafleur A L 1977 The composition of
the atmosphere at the surface of Mars J. Geophys. Res.
82 4635–9

[61] Pepin R O 1994 Evolution of the Martian atmosphere Icar
111 289–304

[62] Boffard J B, Lin C C and De Joseph Jr C A 2004 Application
of excitation cross sections to optical plasma diagnostics J.
Phys. D: Appl. Phys. 37 R143

[63] Silva T, Britun N, Godfroid T, van der Mullen J and
Snyders R 2016 Study of Ar and Ar-CO2 microwave
surfaguide discharges by optical spectroscopy J. Appl.
Phys. 119 173302

[64] Songolzadeh M, Soleimani M, Takht Ravanchi M and
Songolzadeh R 2014 Carbon dioxide separation from flue
gases: a technological review emphasizing reduction in
greenhouse gas emissions Sci. World J. 2014 828131

[65] Bains P, Psarras P and Wilcox J 2017 CO2 capture from the
industry sector Prog. Energy Combust. Sci. 63 146–72

[66] Heijkers S, Snoeckx R, Kozák T S, Silva T, Godfroid T,
Britun N, Snyders R and Bogaerts A 2015 Snyders R and
Bogaerts A 2015 CO2 conversion in a microwave plasma
reactor in the presence of N2: elucidating the role of
vibrational levels J. Phys. Chem. C 119 12815–28

[67] Ramakers M, Michielsen I, Aerts R, Meynen V and
Bogaerts A 2015 Effect of argon or helium on the CO2

conversion in a dielectric barrier discharge Plasma
Process. Polym. 12 755–63

[68] Snoeckx R, Heijkers S, Van Wesenbeeck K, Lenaerts S and
Bogaerts A 2016 CO2 conversion in a dielectric barrier
discharge plasma: N2 in the mix as a helping hand or
problematic impurity? Energy Environ. Sci. 9 999–1011

[69] Ray D, Saha R and Ch S 2017 DBD plasma assisted CO2

decomposition: influence of diluent gases Catalysts 7 244
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