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Abstract
Several CO2 electron impact dissociation cross sections are available in the literature, different in
magnitude and threshold, hindering the understanding of CO2 dissociation mechanisms under
gas discharges. This work reports the experimental validation of the electron impact CO2

dissociation cross section using two complementary methods: through the comparison of the
measured rate coefficients with those derived from cross sections available in literature; and
through the comparison of the experimental time evolution of the dissociation fraction with the
simulations of a 0D model. A careful experimental approach was designed to avoid any
influence from other dissociation mechanisms or chemical reactions. The experimental results
match remarkably well the theoretical predictions from Polak and Slovetsky and establish the
validity of the dissociation rate coefficients derived from their cross section. This validation
supports the use of Polak and Slovetsky’s cross section in any theoretical or modelling approach
involving CO2 molecules under electrical discharges.

Keywords: CO2 dissociation, CO2 plasma, low temperature plasma, electron impact dissociation
cross section, rate coefficient, glow discharge

CO2 plasmas have been attracting growing interest for the last
few years. CO2 emissions could be reused to produce dif-
ferent fuels and chemicals [1], contributing to mitigate the
climate change. In this regard, low-temperature plasmas are
potentially more efficient than thermal dissociation [2]
(reported efficiencies are close to 90% [3]) and allow an easy
use of intermittent energy sources, such as renewable energies
[4, 5]. The study of CO2 plasmas is also important for space
mission research to simulate the entry in the atmospheres of
Mars and Venus [6], where CO2 is the dominant compound.
A related hot topic focus on the in situ resource utilization on
Mars for future missions, such as oxygen production from
Mars atmosphere [7, 8]. The use of plasmas for surface
treatment processes on carbon-containing substrates such as

polymers [9], glassy carbon [10], carbon nano-structures
[11, 12] or graphene [13, 14] is also a new and interesting
subject. Surface treatment processes can either use CO2

plasma, or O2 plasma forming CO2 molecules at the surface
[15]. For all these applications understanding the CO2 dis-
sociation mechanism is essential to control the induced
chemistry.

CO2 can be dissociated in low-temperature plasmas by
direct electron impact. This process has an energy threshold
above 7 eV, producing CO or O in an electronically excited
state (the production of ground state CO(X1Σ+)+O(3P) is
spin-forbidden). An indirect dissociation route is the so-called
vibrational up-pumping mechanism, where the energy given
by low energy electrons ∼1 eV is transferred to the asym-
metric stretch vibrational mode of CO2 [16, 17]. The
exchange of vibrational quanta between molecules may lead
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to highly vibrational excited molecules, reaching the dis-
sociation level (∼5.5 eV) [3] and producing ground state CO
and O atoms. Nevertheless, in many plasma regimes electron
impact dissociation is the main path for the CO2 dissociation
and it is a key process in any CO2-containing gas discharge.
The cross section for this process is reported by several
authors. However, the proposed values differ significantly
both in threshold and in magnitude as a function of the
electron energy [18]. Consequently, the derived rate coeffi-
cients are orders of magnitude different, which has a direct
impact in the modelling predictions [19].

A detailed review of the available electron impact cross
sections is given by Grofulović et al [18]. In summary, Iti-
kawa [20, 21] reports a single mechanism with a threshold
energy around 11.9 eV, leading to the production of O(1S),
based on measurements by LeClair and McConkey [22]. This
cross section was adopted for example in [23, 24]. Similar
variation as a function of the reduced electric field, although
up to a factor 5 larger, and with slightly higher energy
threshold is given by Cosby and Helm [25], obtained by
crossed beam experiments and claimed to correspond to
two dissociation channels giving CO(X1Σ+)+O(1S) and
CO(a3Π) + O(3P) and it is used in [26].

The cross sections reported by Phelps [27, 28] are widely
used in the literature [29–33]. Phelps’ cross section was derived
from the comparison between predicted and measured swarm
parameters (transport coefficients) for pure CO2 and CO2 laser
gas mixtures (CO2–He–N2) [34, 35]. The set contains two
electronic excitation cross sections, with thresholds at 7 and
10.5 eV. The 7 eV cross section is often used to calculate the
dissociation rate coefficient [29–33]. The cross section calcu-
lated theoretically by Polak and Slovetsky [36], used in [3, 18],
also includes two excitation/dissociation channels, but smaller
in magnitude and with thresholds shifted towards higher energy
values (∼7.5 and 11.9 eV). Corvin and Corrigan [37] built a
cross section from their measured rate coefficient assuming a
Maxwellian distribution of electron energies, defining a single
process with threshold at 6 eV. The corresponding rate coeffi-
cient falls in between those calculated using Phelps’ and Polak’s
cross section for the high reduced electric field (E/N, where E is
the electric field and N the gas density) range, but they are up to
two orders of magnitude higher for low E/N [18].

This short compilation illustrates the discrepancies found in
the literature for the CO2 electron-impact dissociation cross
section. The lack of experimental data and validation for this
cross section is a bottleneck for the understanding of
CO2-containing plasmas [26]. The objective of this work is to
provide an experimental validation of the CO2 electron impact
dissociation cross section. To this aim, we have designed an
experiment, so-called ‘building-up’, performed in static condi-
tions (closed reactor, without gas flow), which allows to follow
the evolution of a fixed amount of CO2 molecules and the dis-
sociation products. We compare our experimental values for the
rate coefficient with those derived from various cross sections
available in literature. A comparison with results of a 0D model
[38, 39] provides an alternative validation and reinforces the
experimental conclusions.

In the building-up experiment, a defined number of plasma
pulses is ignited while consecutive measurements of the CO and
CO2 concentrations by infra-red absorption provide the time
evolution of the dissociation fraction up to the steady-state value.
A glow discharge was chosen as plasma source because of the
homogeneity of its positive column [40], which leads to several
diagnostic advantages: (1) the determination of the electric field
is straightforward, allowing an easy and accurate estimation of
the electron density, (2) the plasma volume is well defined and
constrained between the electrodes, and (3) it allows line-of-
sight integrated diagnostics, such as in situ Fourier transform
infra-red (FTIR) absorption spectroscopy [41, 42]. These char-
acteristics led to a successful comparison with a 0D kinetic
model discussing the electron and vibrational kinetics of CO2

under negligible CO2 dissociation conditions [38, 39]. In this
study, we make use of experimental data from previous works
obtained in similar conditions concerning O atom densities [43],
vibrational kinetics in the discharge and the time evolution of the
gas temperature along a plasma pulse [41, 44].

The pulsed DC glow discharge was ignited at pressures
between 0.4 and 5 Torr and currents between 20 and 50 mA,
in a cylindrical Pyrex (2 cm inner diameter and 23 cm length)
tube positioned in the sample compartment of a FTIR
spectrometer (Bruker, Vertex 70) with a spectral resolution of
0.2 cm−1, as shown schematically in figure 1(a). In static
conditions at the working pressures a pre-treatment of the
reactor walls is required to achieve good reproducibility. The
pre-treatment consisted in 15 minutes of pure O2 continuous
DC plasma at 40 mA, 1.5 Torr [45], with a constant 7.4 sccm
gas flow, followed by 10 minutes of CO2 gas flow (no
plasma) at similar pressure and flow. Following this proce-
dure, the measurements start always with the same surface
conditions and very good reproducibility was achieved.

The reactor is then filled with pure CO2 at the targeted
pressure and closed. A trigger signal provided by the FTIR,
operated in rapid scan mode, triggers a train of plasma pulses,
whose characteristics are defined by two signal generators
(SG): SG1, triggered by the FTIR, defines the number of
pulses within a train by adjusting the gate duration; SG2,
gated by SG1, controls the pulse duration and the delay
between pulses within a train, and triggers the DC pulsed
power supply. After every train, an IR absorption measure-
ment with the plasma OFF (the gas in thermal equilibrium) is
acquired before the next trigger. The default train configura-
tion is 10 pulses of tp

ON=5 ms plasma ON and tp
OFF=10 ms

plasma OFF, which gives a total plasma ON per train
= åt tptr

ON ON=50 ms. This procedure, schematically pre-
sented in figure 1(b), is repeated until the total accumulated
plasma ON time = åT tON

tr
ON is around 25 s (500 trains).

The obtained spectra are analysed using an algorithm
described in [41] providing the molecular densities of CO and
CO2. For the calculation of the reduced electric field the
values of the gas temperature during the plasma pulse mea-
sured in similar experimental conditions [43, 44] were used.
The axial electric field was obtained from the voltage drop
across the positive column of the glow discharge between two
tungsten probes embedded in the Pyrex tube and matches the
modelling predictions [39].
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The time evolution of the dissociation fraction, repre-
sented by the parameter a =

+
CO

CO CO2
, is shown in figure 2.

For every plasma condition, α shows an initial fast increase
followed by a saturation towards longer TON times.
Figure 2(a) plots the variation of α as a function of TON for
two pressures, 1 and 2 Torr, and three discharge currents: 20,
30 and 40 mA. Evidently, higher currents make the time
evolution, i.e. the kinetics of the discharge, faster. This
graph includes two measurements for the same condition,
2 Torr and 40 mA, to show the reproducibility reached in the
experiment. Figure 2(b) presents the time evolution of α for
several different pressures at a given current (40 mA). Lower
pressures show a faster and sharper increase of the dissocia-
tion fraction; consequently, the final equilibrium concentra-
tion is reached for shorter TON than at higher pressures. The
effect of the current can be explained mostly by the increase
of the electron density when the current increases, along with
a small contribution of the slightly higher reduced electric
field. In these conditions the electric field decreases slightly as
a function of current but the reduced electric field still
increases due to the higher gas temperature [43]. The time
variation of α for different pressures is mostly dominated by
the effect of the reduced electric field. Although the electric
field increases as a function of pressure, the reduced electric
field decreases significantly [43].

It is noticeable that for short total plasma ON times
(typically TON<0.6 s), the evolution of the dissociation
fraction with time is quasi linear (small deviations for low
pressures are discussed below). This behaviour can be
explained by a first-order process: electron impact dissocia-
tion of CO2: +  +-e CO CO O2 , which can be described
by the first-order rate equation:

= 

=
t

K n

n K T

d CO

d
CO

CO CO ,
1e

e

diss 2

diss 2
ON

[ ] · · [ ]

[ ] · · [ ] ·
( )

where ne is the electron density, Kdiss the dissociation rate
coefficient, [CO2] and [CO] the measured CO2 and CO
densities at each time point and TON is the plasma ON time.

In order to be sure that the initial slope is defined only by
the CO2 electron impact dissociation and can be used to
determine the corresponding rate coefficient, we must verify
that neither the dissociation through vibrational up-pumping
nor the possible occurrence of recombination reactions, such
as that between CO and O, affect the measured CO and CO2

densities in the relevant time range. Firstly, the dissociation
through vibrational up-pumping is not expected to show a
linear time evolution since it is not a first order process. In
addition, the density of the individual vibrationally excited
levels was measured in similar experimental conditions
[38, 39, 44], and was shown to be relatively low, as expected

Figure 1. Experimental set-up (a) and measurement scheme (b).
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in a glow discharge regime. The maximum of vibrational
excitation in the asymmetric stretch mode of CO2 was
reached ∼1 ms after the beginning of the plasma pulse, fol-
lowed by a relaxation due to vibrational–translational (V–T)
energy exchanges [39, 44]. As example, at 5 Torr 50 mA, at
the maximum of vibrational excitation the density of CO2

molecules in ν3=1 was found to be 0.018 times the density
in ground state (ν3=0). For CO2(ν3=2) is 3.4×10−4

times the ground state density. To confirm the negligible role
of vibrationally induced dissociation for the conditions under
study, we varied the pulse duration in our experiment for one
discharge condition (2 Torr and 40 mA) igniting 50
pulses×tp

ON=1 ms ON − tp
OFF=10 ms OFF and 1 pulse

×tp
ON=50 ms ON − tp

OFF=10 ms OFF per train. The
measured time evolution of α for these conditions is shown in
figure 2(c). Despite the different average vibrational excita-
tion [44], the initial slope for short TON is unchanged. Con-
trary to the initial slope, the dissociation fraction for long TON

is significantly affected by the pulse duration. This is prob-
ably related with the occurrence of recombination reactions,
involving CO and oxygen, and producing back CO2. We
therefore conclude that the dissociation through vibrational
up-pumping does not contribute to the dissociation fraction in
the present discharge conditions for short TON.

Concerning the recombination rate between CO and O, it
was found to be at least two orders of magnitude lower than
the recombination of O atoms into O2 in similar conditions
[43], according to the rate coefficients from NIST, widely
used in literature [32, 46]. This rate increases with temper-
ature, which increases with pressure [43, 44]. However, the
largest concentrations of CO in our discharge are for very low
pressures. In addition, by choosing to run experiments with a
limited number of trains of plasma pulses, we limit the
accumulation of O atoms, since they get recombined in
between trains (the time between trains is ∼2 s, whereas the O
atom life-time is ∼50–100 ms [43]). Additional tests with O2

add-mixtures in a similar experimental set-up and similar
excitation regime, but with a radio frequency discharge
showed that adding O2 to the initial gas mixture (even for
25%CO2–75%O2) had no effect on the initial slope, whereas
a clear effect starts to be noticeable after a certain time
point, ∼0.4 s of TON[47]. Hence, only data corresponding to
TON<0.3 s were kept for the calculation of the rate coeffi-
cient. Lastly, the high amount of CO for low pressures could
suggest the possibility of CO dissociation by electron impact.
However, it is not expected to be very relevant due to the high
energy threshold, estimated to be above 10 eV [36], and the
typical electron energy distribution function (EEDF) in our
conditions [18]. Still, only data with a CO/N ratio below 30%
and showing a clearly linear time variation in α versus TON

were kept to insure a minimal influence of other processes on
the determination of the rate coefficients.

The electric field was measured for each data point
matching these conditions. Note that CO affects significantly
the electric field in the discharge, being especially important at

Figure 2. Time evolution of the dissociation fraction (a) for two
pressures (1 and 2 Torr) and three different currents 20, 30 and
40 mA, and (b) for different pressures at 40 mA (c) for different
pulse durations at 2 Torr, 40 mA.
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low pressures. As example, at 1 Torr, 20mA the electric field
changes from 19.3 V cm−1 at TON=0.05 s to 16.4 V cm−1 at
TON=0.3 s. From the reduced electric field (E/N), we calculate
the electron drift velocity through a fitting of data available in
LXCat database [48]. The electron density is calculated with:

=n
J

e v
, 2e

d·
( )

where J is the current density ( =J I

S
, I being the discharge

current and S the transversal area of the plasma reactor), e is the
electron charge and vd the electron drift velocity. For low pres-
sures, the first 2 or 3 trains of pulses present a certain over-shoot
in the discharge current (∼20% higher than targeted). The real
current was recorded by the oscilloscope and taken into account
in the calculations. Substituting the measured CO and CO2

densities and the calculated ne values in equation (1) we obtained
the rate coefficients for the electron impact dissociation of CO2.
These values are plotted in figure 3(a) along with the rate coef-
ficients calculated from the available cross sections by direct
integration over the EEDF in [18].

The agreement between the experimental rate coefficients
and the values obtained from the cross section proposed by
Polak and Slovetsky ‘Polak total’ [36] is remarkable. The
main contribution to the total cross section comes from the
cross section with threshold at ∼7.5 eV, which includes
excitations of allowed and forbidden transitions between 7
and 9 eV [36]. A significantly smaller contribution is due the
dissociation mechanism leading to the formation of the
CO(a3Π), at ∼11.9 eV. The experimental rate coefficients are
significantly lower than those calculated from the 7 eV cross
section from Phelps. Note that the precision on the
determination of CO2 and CO densities is in the order of
1019 m−3, to be compared with absolute densities in the order
of 1021–1023 m−3. The error associated with the experimental
rate coefficients is then mostly related to the determination of
the electron density. The reproducibility error on the E/N
determination is around 7.2%, which leads to an average error

in the rate coefficients around 2.5%. Apart from the error
derived from the determination of E/N, the use of the data
from [48] for pure CO2 could be a source of error in the
calculation of the drift velocity from the reduced electric field.
The error in this case is maximum for the lowest E/N (highest
pressures), but even at ∼50 Td and considering 20% of CO in
the gas mixture, it is still below 3% [51]. We therefore con-
sider that the experimental error does not affect the conclu-
sions on the CO2 electron impact dissociation cross section.
The obtained experimental rate coefficients are also relatively
close to those calculated from the cross section proposed by
Corvin and Corrigan, derived assuming a Maxwellian dis-
tribution of electron energies. However, they are significantly
different to their experimental rate coefficients [37] particu-
larly in the range of low E/N. The reasons for this dis-
crepancy are unclear but could be related to the larger
uncertainties of the methods used to measure the CO2 and CO
densities, based on the change of pressure due to the dis-
sociation products. The method used to determine the reduced
electric field by varying the distance between the electrodes or
differences in the calculation of the EEDF could also explain
these discrepancies. As final comment, in the present exper-
imental conditions it was difficult to ignite the glow discharge
at pressures above 5 Torr. Consequently it was not possible to
explore E/N values below ∼45 Td, which would require a
significant increase of the initial pressure [43].

The same conclusions extracted from the comparison
between the experimental rate coefficients and those derived
from available cross sections is obtained when comparing the
time-evolution of the dissociation fraction with the predic-
tions of a 0D kinetic model. The calculations are based on a
model previously validated that solves on time the electron
and vibrational kinetics of CO2 and takes into account the
time evolution of the gas temperature and the electric field
along a plasma pulse [38, 39], to which a simple set of
reactions describing CO2 dissociation and recombination
(detailed in table 1) was added for completeness. We have

Figure 3. (a) Rate coefficients for the electron impact dissociation of CO2 calculated from the experimental data compared with values
obtained from theoretical cross section from literature [18]. (b) Comparison of experimental data at 4 Torr 40 mA with a 0D model using
Polak’s or Phelps’ electron impact dissociation cross sections.
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verified that the inclusion of these reactions leads to differ-
ences in the modelled evolution of less than 1% up to
TON=0.4 s. The model considers the average experimental
E/N value, which for the condition plotted in figure 3(b)
varies between ∼52 and 55 Td. The electron density profile
along the plasma pulse was considered either constant or
similar to that discussed in [39], having no influence in the
modelled time evolution. Electron impact dissociation from
vibrationally excited molecules was taken into account in the
model either with the same rate coefficient as from the ground
(000) state or using a threshold shift in the cross section [32].
The results are not affected by the assumption considered.
Indeed, the only vibrational level with a significant population
density is the first level of the bending vibrational mode,
CO2(010), with maximum values up to 0.29 times the density
of the ground state, for the highest pressures and currents
[39]. However, the inclusion of this level in the calculations
has a negligible effect in the modelled dissociation due to its
low energy, ∼0.08 eV, above the ground state. As shown in
figure 3(b), the model reproduces very well the experimental
data for short TON when using Polak’s CO2 electron impact
dissociation cross section, whereas Phelps’ over-estimates the
dissociation. The general trend of a much better agreement
with the experimental data when using Polak’s cross section
is extended to the other conditions of this study. For instance,
at 1 Torr 40 mA the dissociation fraction obtained using
Phelps’ cross section is always larger than twice the exper-
imental values, whereas with Polak’s cross section, the
obtained values are similar to the experiment within an error
∼25%. The larger error in this case is due to the assumption
of a constant E/N in the model, which is more realistic at
the higher pressures, where the variation of E/N due to the
increasing CO content is small, but is less accurate at the
lower pressures for which the CO and the E/N variation is
larger.

Summarizing, a careful experimental approach allowed
to establish the validity of the CO2 electron impact dis-
sociation cross section calculated by Polak and Slovetsky by
two complementary methods: (1) comparing directly the
experimental electron impact dissociation rate coefficients
with those derived from their calculation by direct integration
of the available cross sections over the EEDF; (2) comparing
the experimental time evolution of the dissociation fraction
with the results of a 0D model. This validation suggests and

agrees with the hypothesis that the cross sections proposed by
Phelps probably include energy loss processes besides dis-
sociation [18]. The authors therefore recommend the use of
Polak and Slovetsky’s cross section for the calculation of the
CO2 electron impact dissociation rate under discharge
conditions.

Acknowledgments

The authors thank LabEx Plas@par, receiving financial aid
from the French National Research Agency (ANR) under
project number ANR-11-IDEX-0004-0 and project SYCA-
MORE (ANR-16-CE06-0005-01). V Guerra and T Silva were
partially funded by the Portuguese FCT (Fundaçao para a
Ciência e a Tecnologia) under projects UID/FIS/50010/
2019 and PTDC/FISPLA/1420/2014 (PREMiERE).

ORCID iDs

A S Morillo-Candas https://orcid.org/0000-0002-
6974-1240
T Silva https://orcid.org/0000-0001-9046-958X
B L M Klarenaar https://orcid.org/0000-0003-1544-8011
M Grofulović https://orcid.org/0000-0001-5926-3399
V Guerra https://orcid.org/0000-0002-6878-6850
O Guaitella https://orcid.org/0000-0002-6509-6934

References

[1] Centi G and Perathoner S 2009 Opportunities and prospects in
the chemical recycling of carbon dioxide to fuels Catal.
Today 148 191–205

[2] Adamovich I et al 2017 The 2017 plasma roadmap: low
temperature plasma science and technology J. Phys. D:
Appl. Phys. 50 323001

[3] Fridman A 2008 Plasma Chemistry (Cambridge: Cambridge
University Press) (https://doi.org/10.1017/
CBO9780511546075)

[4] Rooij G J V, Akse H N, Bongers W A and
Van De Sanden M C M 2017 Plasma for electrification of
chemical industry: a case study on CO2 reduction Plasma
Phys. Control. Fusion 60 014019

[5] Bogaerts A and Neyts E C 2018 Plasma technology: An
emerging technology for energy storage ACS Energy Lett. 3
1013–27

[6] Marieu V, Reynier P H, Marraffa L, Vennemann D,
De Filippis F and Caristia S 2007 Evaluation of SCIROCCO
plasma wind-tunnel capabilities for entry simulations in CO2

atmospheres Acta Astronaut. 61 604–16
[7] Guerra V, Silva T, Ogloblina P, Grofulović M, Terraz L,

da Silva M L, Pintassilgo C D, Alves L L and Guaitella O
2017 The case for in situ resource utilisation for oxygen
production on Mars by non-equilibrium plasmas Plasma
Sources Sci. Technol. 26 11LT01

[8] Premathilake D, Outlaw R A, Quinlan R A and Byvik C E
2019 Oxygen generation by carbon dioxide glow discharge
and separation by permeation through ultra-thin silver
membranes Earth Space Sci. 6 557–64

Table 1. Set of chemical reactions included in the model. Reactions
accounting for the electron and vibrational kinetics of CO2 are
detailed in [38, 39].

Reaction References

+  + +- -ve CO e CO O2 *( ) [36] or [28]
+ +  +CO O M CO 000 M2( ) [26, 46]
+  + +- -e O e O O2 [49]
+ O wall 1 2 O2 [43]
+ +  +O O M O M2 [50]

6

Plasma Sources Sci. Technol. 29 (2020) 01LT01

https://orcid.org/0000-0002-6974-1240
https://orcid.org/0000-0002-6974-1240
https://orcid.org/0000-0002-6974-1240
https://orcid.org/0000-0002-6974-1240
https://orcid.org/0000-0002-6974-1240
https://orcid.org/0000-0001-9046-958X
https://orcid.org/0000-0001-9046-958X
https://orcid.org/0000-0001-9046-958X
https://orcid.org/0000-0001-9046-958X
https://orcid.org/0000-0003-1544-8011
https://orcid.org/0000-0003-1544-8011
https://orcid.org/0000-0003-1544-8011
https://orcid.org/0000-0003-1544-8011
https://orcid.org/0000-0001-5926-3399
https://orcid.org/0000-0001-5926-3399
https://orcid.org/0000-0001-5926-3399
https://orcid.org/0000-0001-5926-3399
https://orcid.org/0000-0002-6878-6850
https://orcid.org/0000-0002-6878-6850
https://orcid.org/0000-0002-6878-6850
https://orcid.org/0000-0002-6878-6850
https://orcid.org/0000-0002-6509-6934
https://orcid.org/0000-0002-6509-6934
https://orcid.org/0000-0002-6509-6934
https://orcid.org/0000-0002-6509-6934
https://doi.org/10.1016/j.cattod.2009.07.075
https://doi.org/10.1016/j.cattod.2009.07.075
https://doi.org/10.1016/j.cattod.2009.07.075
https://doi.org/10.1088/1361-6463/aa76f5
https://doi.org/10.1017/CBO9780511546075
https://doi.org/10.1017/CBO9780511546075
https://doi.org/10.1088/1361-6587/aa8f7d
https://doi.org/10.1021/acsenergylett.8b00184
https://doi.org/10.1021/acsenergylett.8b00184
https://doi.org/10.1021/acsenergylett.8b00184
https://doi.org/10.1021/acsenergylett.8b00184
https://doi.org/10.1016/j.actaastro.2006.12.006
https://doi.org/10.1016/j.actaastro.2006.12.006
https://doi.org/10.1016/j.actaastro.2006.12.006
https://doi.org/10.1088/1361-6595/aa8dcc
https://doi.org/10.1029/2018EA000521
https://doi.org/10.1029/2018EA000521
https://doi.org/10.1029/2018EA000521


[9] Bousquet A, Cartry G and Granier A 2007 Investigation of
O-atom kinetics in O2, CO2, H2O and O2/HMDSO low
pressure radiofrequency pulsed plasmas by time-resolved
optical emission spectroscopy Plasma Sources Sci. Technol.
16 597

[10] Pérez-Mendoza M, Domingo-Garcıa M and López-Garzón F J
1999 Modifications produced by O2 and CO2 plasma
treatments on a glassy carbon: comparison with molecular
gases Carbon 37 1463–74

[11] Babu D J, Yadav S, Heinlein T, Cherkashinin G and
Schneider J J 2014 Carbon dioxide plasma as a versatile
medium for purification and functionalization of vertically
aligned carbon nanotubes J. Phys. Chem. C 118 12028–34

[12] Ramos S C, Vasconcelos G, Antunes E F, Lobo A O,
Trava-Airoldi V J and Corat E J 2010 Wettability control on
vertically-aligned multi-walled carbon nanotube surfaces
with oxygen pulsed dc plasma and CO2 laser treatments
Diam. Relat. Mater. 19 752–5

[13] Gokus T, Nair R R, Bonetti A, Bohmler M, Lombardo A,
Novoselov K S, Geim A K, Ferrari A C and Hartschuh A
2009 Making graphene luminescent by oxygen plasma
treatment ACS Nano 3 3963–8

[14] Nourbakhsh A, Cantoro M, Vosch T, Pourtois G, Clemente F,
van der Veen M H, Hofkens J, Heyns M M, De Gendt S and
Sels B F 2010 Bandgap opening in oxygen plasma-treated
graphene Nanotechnology 21 435203

[15] Koizumi K, Boero M, Shigeta Y and Oshiyama A 2013 Atom-
scale reaction pathways and free-energy landscapes in
oxygen plasma etching of graphene J. Phys. Chem. Lett. 4
1592–6

[16] Aerts R, Martens T and Bogaerts A 2012 Influence of
vibrational states on CO2 splitting by dielectric barrier
discharges J. Phys. Chem. C 116 23257–73

[17] Armenise I and Kustova E 2018 Mechanisms of coupled
vibrational relaxation and dissociation in carbon dioxide
J. Phys. Chem. A 122 5107–20

[18] Grofulović M, Alves L L and Guerra V 2016 Electron-neutral
scattering cross sections for CO2: a complete and consistent
set and an assessment of dissociation J. Phys. D: Appl. Phys.
49 395207

[19] Bogaerts A, Wang W, Berthelot A and Guerra V 2016
Modeling plasma-based CO2 conversion: crucial role of the
dissociation cross section Plasma Sources Sci. Technol. 25
055016

[20] Itikawa Y and Mason N 2005 Cross sections for electron
collisions with water molecules J. Phys. Chem. Ref. Data 34
1–22

[21] LxCat data base, (www.lxcat.net)
[22] LeClair L R and McConkey J W 1994 On O(1s) and CO(a3π)

production from electron impact dissociation of CO2

J. Phys. B: At. Mol. Opt. Phys. 27 4039
[23] Ponduri S, Becker M M, Welzel S, Van De Sanden M C M,

Loffhagen D and Engeln R 2016 Fluid modelling of CO2

dissociation in a dielectric barrier discharge J. Appl. Phys.
119 093301

[24] Koelman P, Heijkers S, Mousavi S T, Graef W, Mihailova D,
Kozak T, Bogaerts A and van Dijk J 2017 A comprehensive
chemical model for the splitting of CO2 in non-equilibrium
plasmas Plasma Process. Polym. 14 1600155

[25] Cosby P C and Helm H 1992 Dissociation Rates of Diatomic
Molecules Report No. MP 92-280 SRI International

[26] Capitelli M, Colonna G, D’Ammando G and Pietanza L D
2017 Self-Consistent time dependent vibrational and free
electron kinetics for CO2 dissociation and ionization in cold
plasmas Plasma Sources Sci. Technol. 26 055009

[27] Lowke J J, Phelps A V and Irwin B W 1973 Predicted electron
transport coefficients and operating characteristics of
CO2–N2–He laser mixtures J. Appl. Phys. 44 4664–71

[28] Hake R D Jr and Phelps A V 1967 Momentum-transfer and
inelastic-collision cross sections for electrons in O2, CO, and
CO2 Phys. Rev. 158 70

[29] Pietanza L D, Colonna G, D’Ammando G, Laricchiuta A and
Capitelli M 2016 Electron energy distribution functions and
fractional power transfer in cold and excited CO2 discharge
and post-discharge conditions Phys. Plasmas 23 013515

[30] Pietanza L D, Colonna G, D’Ammando G, Laricchiuta A and
Capitelli M 2016 Non-equilibrium vibrational assisted
dissociation and ionization mechanisms in cold CO2 plasmas
Chem. Phys. 468 44–52

[31] Pietanza L D, Colonna G, Laporta V, Celiberto R,
D’Ammando G, Laricchiuta A and Capitelli M 2016
Influence of electron molecule resonant vibrational
collisions over the symmetric mode and direct excitation-
dissociation cross sections of CO2 on the electron energy
distribution function and dissociation mechanisms in cold
pure CO2 plasmas J. Phys. Chem. A 120 2614–28

[32] Kozák T and Bogaerts A 2014 Splitting of CO2 by vibrational
excitation in non-equilibrium plasmas: a reaction kinetics
model Plasma Sources Sci. Technol. 23 045004

[33] Berthelot A and Bogaerts A 2017 Modeling of plasma: effect
of uncertainties in the plasma chemistry Plasma Sources Sci.
Technol. 26 115002

[34] Nighan W L 1969 Effect of molecular dissociation and
vibrational excitation on electron energy transfer in CO2

laser plasmas Appl. Phys. Lett. 15 355–7
[35] Wiegand W J, Fowler M C and Benda J A 1970 Carbon

monoxide formation in CO2 lasers Appl. Phys. Lett. 16
237–9

[36] Polak L S and Slovetsky D I 1976 Electron impact induced
electronic excitation and molecular dissociation Int. J.
Radiat. Phys. Chem. 8 257–82

[37] Corvin K K and Corrigan S J B 1969 Dissociation of carbon
dioxide in the positive column of a glow discharge J. Chem.
Phys. 50 2570–4

[38] Silva T, Grofulović M, Klarenaar B L M, Morillo-Candas A S,
Guaitella O, Engeln R, Pintassilgo C D and Guerra V 2018
Kinetic study of low-temperature CO2 plasmas under non-
equilibrium conditions: I. Relaxation of vibrational energy
Plasma Sources Sci. Technol. 27 015019

[39] Grofulović M, Silva T, Klarenaar B L M, Morillo-Candas A S,
Guaitella O, Engeln R, Pintassilgo C D and Guerra V 2018
Kinetic study of CO2 plasmas under non-equilibrium
conditions: II. Input of vibrational energy Plasma Sources
Sci. Technol. 27 115009

[40] Raizer Y P 1991 Gas Discharge Physics (Berlin: Springer-
Verlag)

[41] Klarenaar B L M, Engeln R, van den Bekerom D C M,
van de Sanden M C M, Morillo-Candas A S and Guaitella O
2017 Time evolution of vibrational temperatures in a CO2

glow discharge measured with infrared absorption
spectroscopy Plasma Sources Sci. Technol. 26 115008

[42] Klarenaar B L M, Grofulović M, Morillo-Candas A S,
van den Bekerom D C M, Damen M A,
Van De Sanden M C M, Guaitella O and Engeln R 2018 A
rotational Raman study under non-thermal conditions in a
pulsed CO2 glow discharge Plasma Sources Sci. Technol. 27
045009

[43] Morillo-Candas A S, Drag C, Booth J-P, Dias T C,
Guerra V and Guaitella O 2019 Oxygen atom kinetics in
CO2 plasmas ignited in a DC glow discharge Plasma
Sources Sci. Technol. 28 075010

[44] Klarenaar B L M, Morillo-Candas A S, Grofulović M,
Van de Sanden R, Engeln R and Guaitella O 2018 Excitation
and relaxation of the asymmetric stretch mode of CO2 in a
pulsed glow discharge Plasma Sources Sci. Technol. 28
035011

7

Plasma Sources Sci. Technol. 29 (2020) 01LT01

https://doi.org/10.1088/0963-0252/16/3/020
https://doi.org/10.1016/S0008-6223(99)00009-3
https://doi.org/10.1016/S0008-6223(99)00009-3
https://doi.org/10.1016/S0008-6223(99)00009-3
https://doi.org/10.1021/jp5027515
https://doi.org/10.1021/jp5027515
https://doi.org/10.1021/jp5027515
https://doi.org/10.1016/j.diamond.2010.01.044
https://doi.org/10.1016/j.diamond.2010.01.044
https://doi.org/10.1016/j.diamond.2010.01.044
https://doi.org/10.1021/nn9012753
https://doi.org/10.1021/nn9012753
https://doi.org/10.1021/nn9012753
https://doi.org/10.1088/0957-4484/21/43/435203
https://doi.org/10.1021/jz400666h
https://doi.org/10.1021/jz400666h
https://doi.org/10.1021/jz400666h
https://doi.org/10.1021/jz400666h
https://doi.org/10.1021/jp307525t
https://doi.org/10.1021/jp307525t
https://doi.org/10.1021/jp307525t
https://doi.org/10.1021/acs.jpca.8b03266
https://doi.org/10.1021/acs.jpca.8b03266
https://doi.org/10.1021/acs.jpca.8b03266
https://doi.org/10.1088/0022-3727/49/39/395207
https://doi.org/10.1088/0963-0252/25/5/055016
https://doi.org/10.1088/0963-0252/25/5/055016
https://doi.org/10.1063/1.1799251
https://doi.org/10.1063/1.1799251
https://doi.org/10.1063/1.1799251
https://doi.org/10.1063/1.1799251
http://www.lxcat.net
https://doi.org/10.1088/0953-4075/27/17/026
https://doi.org/10.1063/1.4941530
https://doi.org/10.1002/ppap.201600155
https://doi.org/10.1088/1361-6595/aa6427
https://doi.org/10.1063/1.1662017
https://doi.org/10.1063/1.1662017
https://doi.org/10.1063/1.1662017
https://doi.org/10.1103/PhysRev.158.70
https://doi.org/10.1063/1.4940782
https://doi.org/10.1016/j.chemphys.2016.01.007
https://doi.org/10.1016/j.chemphys.2016.01.007
https://doi.org/10.1016/j.chemphys.2016.01.007
https://doi.org/10.1021/acs.jpca.6b01154
https://doi.org/10.1021/acs.jpca.6b01154
https://doi.org/10.1021/acs.jpca.6b01154
https://doi.org/10.1088/0963-0252/23/4/045004
https://doi.org/10.1088/1361-6595/aa8ffb
https://doi.org/10.1063/1.1652857
https://doi.org/10.1063/1.1652857
https://doi.org/10.1063/1.1652857
https://doi.org/10.1063/1.1653177
https://doi.org/10.1063/1.1653177
https://doi.org/10.1063/1.1653177
https://doi.org/10.1063/1.1653177
https://doi.org/10.1016/0020-7055(76)90070-X
https://doi.org/10.1016/0020-7055(76)90070-X
https://doi.org/10.1016/0020-7055(76)90070-X
https://doi.org/10.1063/1.1671416
https://doi.org/10.1063/1.1671416
https://doi.org/10.1063/1.1671416
https://doi.org/10.1088/1361-6595/aaa56a
https://doi.org/10.1088/1361-6595/aadb60
https://doi.org/10.1088/1361-6595/aa902e
https://doi.org/10.1088/1361-6595/aabab6
https://doi.org/10.1088/1361-6595/aabab6
https://doi.org/10.1088/1361-6595/ab2b84
https://doi.org/10.1088/1361-6595/aada5e
https://doi.org/10.1088/1361-6595/aada5e


[45] Booth J P, Guaitella O, Chatterjee A, Drag C, Guerra V,
Lopaev D, Zyryanov S, Rakhimova T, Voloshin D and
Mankelevich Y 2019 Oxygen (O3P) atom recombination on
a Pyrex surface in an O2 plasma Plasma Sources Sci.
Technol. 28 055005

[46] Cenian A, Chernukho A, Borodin V and Śliwiński G 1994
Modeling of plasma-chemical reactions in gas mixture of
CO2 lasers: I. Gas decomposition in pure CO2 glow
discharge Contrib. Plasma Phys. 34 25–37

[47] Morillo-Candas A S, Klarenaar B L M, Silva T, Engeln R,
Guerra V and Guaitella O 2019 Time-evolution of the CO2

conversion studied by in situ FTIR absorption and isotopic
exchange Proc. 24th Int. Symp. on Plasma Chemistry
ISPC24 (Naples)

[48] ETH Zurich High Voltage Laboratory database (Retrieved on
27 September, 2018) (www.lxcat.net)

[49] Phelps A V 1985 Tabulations of collision cross sections and
calculated transport and reaction coefficients for electron
collisions with O2 JILA Information Center Report 28 Joint
Institute for Laboratory Astrophysics

[50] Annušová A, Marinov D, Booth J-P, Sirse N, da Silva M,
Lopez B and Guerra V 2018 Kinetics of highly vibrationally
excited O2(X) molecules in inductively-coupled oxygen
plasmas Plasma Sources Sci. Technol. 27 045006

[51] Ogloblina P, Caz A Tejero-del, Guerra V and Alves L L 2019
Electron impact cross sections for carbon monoxide and
their importance in the electron kinetics of CO2–CO
mixtures Plasma Sources Sci. Technol. 29 015002

8

Plasma Sources Sci. Technol. 29 (2020) 01LT01

https://doi.org/10.1088/1361-6595/ab13e8
https://doi.org/10.1002/ctpp.2150340105
https://doi.org/10.1002/ctpp.2150340105
https://doi.org/10.1002/ctpp.2150340105
http://www.lxcat.net
https://doi.org/10.1088/1361-6595/aab47d
https://doi.org/10.1088/1361-6595/ab4e72

	Acknowledgments
	References



