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Understanding CO2/CH4 plasmas can help us address one of today’s most pressing scientific
issues: To dissolve carbon dioxide molecules efficiently and lower the amount of greenhouse gases in
the atmosphere. It is critical to gain a firm understanding of the inner workings of the plasma for
this. An experimental investigation of the chemical composition of the plasma, its gas temperature,
and its emission spectrum was done to contribute to this effort. Furthermore, a kinetic model capable
of replicating plasma behavior under various conditions was developed, allowing for a quantitative
examination of the plasma parameters and the corresponding equilibrium concentrations.

I. INTRODUCTION

The generation of energy from fossil fuels was an
achievement that had a massive influence on nearly ev-
ery area of our lives and society. Although fossil fuels
facilitated significant scientific breakthroughs in indus-
try, engineering, medicine, and other fields, we now are
reliant on nonrenewable energy sources, which harm our
ecosystem. Indeed, if major adjustments are not made,
many of contemporary society’s recent accomplishments
begin to be threatened.

Renewable energy sources are commonly presented as
the solution for this problem, but to this day, they are
unable to create enough electrical power today because
of their inconsistency and the imbalance between supply
and demand [1]. For this reason, it is vital that we figure
out how we can store the energy so that we can use it
when there’s an necessity. The creation of an energy stor-
age strategy, which converts transient electrical energy
into valuable chemical molecules, like a fuel, could be
one answer to this problem. The power-to-gas approach
to this problem suggests that the excess of energy pro-
duced by renewable energy sources is used the dissociate
CO2 molecules, and lead to the production of Synthesis
Gas (Syngas) which can be utilized in the manufacturing
of hydrocarbon fuels or in the chemical industry.

One of the most difficult tasks in implementing this
idea is properly disassociating the relatively stable CO2

molecule, since CO2 dissociation is an highly endother-
mic reaction. Under classical industrial conditions, this
reaction is limited by the rate of heat transfer. Conse-
quently, this leads to high production costs, which turns
the whole CO2 conversion chain economically unreason-
able. And this is where plasma applications can make a
difference.

Plasmas are commonly referred to as the fourth state
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of matter and it consists of a gas of ions – atoms or
molecules which have orbital electrons removed, and free
electrons. In particular, low temperature plasmas are
characterized by non-equilibrium conditions under which
electrons, ions and neutral species have different transla-
tional and-in case of molecules-internal (ro-vibrational)
energies.

Low temperature plasmas have the unique ability to
activate the vibrational excitation of CO2 molecules be-
cause of the characteristic low electron energies with 1-2
eV. In this temperature range, it has been estimated that
about 95% of all the discharge energy is transferred from
plasma electrons to the vibrations of CO2 molecules (see
figure 1). This helps to accumulate energy that can be
used to decompose the CO2 molecules via vibrational
climbing [2], which is a much more efficient method of
dissociating the CO2 molecule.

The ultimate aim of this master thesis is to widen our
understanding on plasmas used for chemical conversion.
In particular, we are interested in studying the poten-
tial of plasmas to generate hydrocarbons from CO2-CH4

mixtures in order to create fuels and chemical feedstock.
In this vision of the future, plasma can act as a processor
of electricity into chemistry, providing pathways that are
environmentally friendly. The current work relies on the
systematic investigation of key points important for the
efficient decomposition of CO2-CH4 mixtures in plasmas,
through studying the basic plasma parameters, namely
dissociation degree, gas temperature and vibrational ex-
citation, both by conducting experimental investigation
and by kinetic modelling.
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FIG. 1: Fraction of energy transferred through the differ-
ent energy channels of CO2, as a function of the reduced
electric field . From [3]

II. BASIC CONCEPTS

A. CO2 conversion

CO2 is a triatomic, linear and symmetric molecule.
This leads to three vibrational modes - the symmet-
ric strecthing mode (v1), the double degenerate bend-
ing mode (v2), and the asymmetrical stretching mode
(v3). These modes (illustrated in figure 2) are typically

represented using the Herzberg notation CO2(v1, v
l2
2 , v3),

where l2 is the projection of the momentum of bending
vibrations onto the axis of the molecule. It can take
the values l2 = v2, v2 − 2, v2 − 4, ...,1 or , depending on
whether v2 is odd or even.

FIG. 2: Vibrational modes for the CO2 molecule. [4]

Since CO2 is a highly stable molecule, the conversion
of CO2 to CO+O is not an easy task. The enthalpy
variation of the reaction is very considerable, as shown in
equation 1. CO2 conversion can be accomplished through
thermal conversion, at high temperatures but overall the

effective conversion rate is not sufficiently high to allow
its industrial application[3] .

CO2(g) −−→ CO(g) +
1

2
O2(g),∆H = 283KJmol−1 (1)

In Figure 3 a representation of the energy levels of the
CO2 molecule is given. This figure provides a good illus-
tration of two possible ways of dissociating CO2: either
by a step-wise vibrational excitation (also referred to as
vv up-pupping mechanism), or direct dissociation (equiv-
alent process in equation 1). In the first, the CO2 vibra-
tional levels are excited one by one, and the energy of the
molecule increases until it dissociates into CO and O. On
the other hand, in the direct dissociation, an electron col-
lides with the CO2 molecule, causing the separation into
CO and O, without any vibrational excitation. As it is
shown in figure 3, the vibrational pumping mechanism
requires less energy than the electron impact dissocia-
tion (5.5eV compared to 7.5eV), which is very important
if our goal is to maximize the energetic efficiency of this
process.

FIG. 3: Potential energy values of electronic states of
CO2, as a function of the internuclear distance [2]

Another very important process for CO2 conversion is
dry reforming methane (DRM), which converts CH4 and
CO2 into synthesis gas:

CO2(g)+CH4(g) −−→ 2CO(g)+H2(g),∆H = 247kJmol−1

(2)
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It is well known that CH4 is also a greenhouse gas
which also needs to be recycled. Just like the CO2 disso-
ciation, this reaction is highly endothermic, which means
that high temperatures (≈ 1000 K), are necessary to have
this process run in an efficient manner. Furthermore, a
lot of side reactions occur simultaneously with this pro-
cess, which promotes the creation of carbon deposits that
deactivate the catalysts, preventing this reaction from be-
ing used in an industrial scale.

B. Plasma applications for CO2 conversion

Plasma-based dissociation of CO2 is a topic that has
been experimentally studied in detail for more than 40
years. Two parameters are usually used to quantify the
dissociation process: the energy efficiency η and the con-
version rate α. In this context, it is worth mentioning
that earlier results obtained in the Sovietic Union [5], [6]
gave highly promising results, in the context of CO2 dis-
sociation under a non-equilibrium microwave discharge.
Under supersonic expansion gas conditions, these stud-
ies revealed an energy efficiency of 80% - 90%. These
remarkable levels of energetic efficiency, however, have
not been replicated to this day, since the highest energy
efficiency values recently reported are around 50–60 %
[7]

With regards to dry reforming of methane many dif-
ferent types of plasma reactors for this process have been
used, some with promising results. It is worth mention-
ing the very recent work of Montesano et al [8], using
nanosecond repetitively pulsed discharges. It was shown
that it is possible to achieve a conversion rate between 40
% and 50 % for CH4 and CO2 and an energetic efficiency
between 50 and 65 %. Another promising experimental
setup is the atmospheric pressure glow discharge plasmas
(APGLD). In [9], the dry methane reforming was studied
using this setup and it was possible to achieve a conver-
sion of 98.52 % and 90.3 % of CH4 and CO2 respectively
with a conversion ability was of 12.21 mmol/kJ.

C. DC Glow Discharge

The DC glow discharge will be the experimental setup
used in work to explore the properties of CO2/CH4 plas-
mas. To form a DC glow discharge plasma it is necessary
to apply a potential difference between two parallel elec-
trodes placed in a gas-filled reactor (see figure 4). If the
applied electric field is strong enough, certain molecules
in the gas will break up into positive ions and electrons,
resulting in gas breakdown. The applied electric field
accelerates free electrons towards the anode, where they
may collide with gas molecules, resulting in ionization,
excitation, and dissociation. Former collisions generate
new electrons and ions. The electric field accelerates the
ions towards the cathode, where they generate secondary
electron emission. The newly formed electrons may then

cause more ionization collisions. This series of events re-
sults in self-sustaining plasma.

FIG. 4: Experimental setup for a low temperature, glow
discharge plasma. Adapted from [10].

Because electrons have a relatively tiny mass in com-
parison to positive ions, they are quickly accelerated by
the electric field, therefore their temperature will be sig-
nificantly higher than that of the heavier species. Thus,
whereas heavy ions have temperatures similar to neutral
molecules, electrons have temperatures in the order of 10
000 K. Collisions will generate excited molecules, which
can decay to lower energy levels and emit light, which is
one of the plasma’s distinctive features.

D. Modelling - LoKI

In order to accurately simulate our low temperature
plasma and compare our experimental results, the Lis-
bOn KInetics Simulation Tool (LoKI) was used [11].
Plasmas are a notoriously complex environment, due to
the non-linearity of the equations that govern it. Over-
all, the LoKI software is able to solve a two-term homo-
geneous electron Boltzmann (LoKI-B) and also to deter-
mine the chemistry of the various neutral and charged
species present in the plasma (LoKI-C).
It’s possible to write the electron Boltzmann equation

as:

∂fe
∂t

+ v⃗e.∇⃗r⃗fe +
F⃗e

me
.∇⃗vefe =

(
∂fe
∂t

)
coll

, (3)

where fe is the electron energy distribution function
(EEDF), v⃗e is the electron velocity, r⃗ is the electron

position, F⃗e is the total force applied on the electron,(
∂fe
∂t

)
coll

is the variation of the EEDF due to the colli-

sion between electrons and heavy species
The LoKI-B algorithm is responsible to solve this

equation. Since this is a difficult task, many approx-
imations are used. To learn more about the assump-
tions/approximations used in the LoKI-B Boltzmann
solver, see Tejero-del-Caz et al [11].
On the other hand, LoKI-C is concerned with the

processes that occur in the plasma that include heavy
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species. So, for each heavy atom in plasma, includ-
ing transport effects, the algorithm solves the zero-
dimensional rate-balance equations (volume averaged).
This is the rate balance equation for the general species
i:

dni

dt
=

∑
j

(
dni

dt

)
j

= 0 (4)

Heavy-species chemistry reactions are classified into
four categories: electron-heavy species (e-H), heavy
species (H-H), diffusion to the wall (H-w), and reactor
inlet and outlet flow. More details about the algorithm
can be found in [11].

III. DIAGNOSTIC TECHNIQUES

Plasma diagnostics are a collection of methodologies,
tools, and experimental techniques used to evaluate
plasma characteristics such as density, temperature, spa-
tial distributions. First we will describe optical emission
spectroscopy and its potential for temperature measure-
ments in plasmas. OES will also be used to analyze the
broadband emission associated to the chemiluminescence
from recombination of CO and O. After, we present
the Fourier-transform infrared spectroscopy techniques,
that were used to obtain the chemical composition of the
plasma.

A. Optical Emission Spectroscopy

Optical Emission Spectroscopy (OES) is a non-
intrusive optical technique that relies on the light pro-
duced by the relaxation of excited species in plasma. Be-
cause of its ease of use and great sensitivity, this method
is perhaps the most commonly utilized diagnostic in plas-
mas. It is a qualitative way of measuring the plasma com-
position and it allows for several species to be detected
at the same time. To characterize the emission spectrum
obtained in OES, the following intensity equation can be
used [12]:

I(p, q) =
hυpq
4π

n(p)A(p, q)l (5)

where I(p, q) is the intensity line of the state transition
p → q, hυpq is the energy difference between the p and
q state, p is the most energetic level , n(p) the density
of the q state, A(p, q) the transition probability and l
the line-segment of the plasma along which radiation is
collected.

B. Rotational Temperature Fit - CO angstrom
rotational band

Gas temperature measurements in plasmas through ro-
tational temperature is a very common method provided
that translational-rotational equilibrium exists. With
this in mind, the objective of this diagnostic is to fit
the emission spectrum of a rotational emission band, to
obtain the rotational temperature. The method used will
be based on the work of Silva at al [13] and Du et al [14].
The intensity distribution Irot in a rotational emission
band, associated to the vibrational translation between
vi and vj , assuming a Boltzmann distribution, is given
by [15] :

Irot =
CrotSJiJj

Qrotλ4
JiJj

exp

(
−F (Ji)hc

kBTrot

)
(6)

where Crot is a constant that combines all the terms
not dependent on J states, Qrot the statistical sum, SJiJj

the Hönl-London factor (taken from [14]) and λJiJj
the

transition wavelength, F (Ji) the rotational energy term,
which can be found in [14] and h,the Planck constant, kB
the Boltzmann constant and c the speed of light. Using a
fitting script, that takes the experimental data collected
and the FIT function of MATLAB, from the Curve Fit-
ting Toolbox, a least-square fit is made and it provides
the value for Trot

C. FTIR spectroscopy

Infrared Spectroscopy consists essentially in the study
of the interaction of infrared light with matter. This can
be achieved through an Infrared Spectrometer. Using IR
absorption spectroscopy it is possible to determine with
a high accuracy the density of the plasma species and its
vibrational states.

A fitting algorithm was used to fit the transmittance
spectrum obtained through the Infrared Spectrometer.
This procedure was based on the algorithm developed
by Klarenaar et al [16] and the later adaptations done
by Henrique in [17]. In essence, using the Beer-Lambert
law to calculate the transmittance, in the region ν ∈
[1000, 4000]cm−1, it is possible to fit the densities of the
species present in table I

Molecules
CO2 CO CH4
C2H2 H2O C2H6
C2H4

TABLE I: Molecules included in the fitting algorithm
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IV. RESULTS

We now present the results of this work, in three dif-
ferent sections: First, the experimental results coming
from optical emission spectroscopy; Second, the experi-
mental results coming from the fourier transform infrared
spectroscopy; Finally, the results coming from the sim-
ulation developed. Experimental measurements for this
work were all done in a glow discharge plasma.

A. Optical emission Spectroscopy - Experimental
Results

In this section we will analyze the results related to
optical emission spectroscopy. In particular we will ana-
lyze the potential of the Angstrom band to measure gas
temperature and the applicability of broadband acquisi-
tion to quantify the reduced electric field of the discharge.
The experimental measurements made using OES shared
the same experimental setup, a glow discharge plasma
similar to the one presented in figure 4. The pressure in
the tube was varied between 0.5 and 5 Torr, with a con-
stant total gas flow of 7.83 sccm using gas from bottles
of pure CO2, CH4 and Ar. The discharge current was
varied between 10 and 50 mA. All measurements were
taken at the axial centre of the positive column of the
glow discharge. Two different spectrometers were used
in throughout the measures one wide range spectrum,
where λ ∈ [200, 900]nm and another for precise measure-
ments, where the λ ∈ [474, 484].

1. Broadband Study

The emission spectra analyzed in this work are charac-
terized not only by the characteristics bands of CO2, CO
and atomic oxygen lines, but also by a continuum-like
shape. This continuum is usually measured between 250
and 800 nm with a maximum intensity around 400 nm
(see figure 5)

FIG. 5: Intensity spectrum measured for a DC glow dis-
charge plasma with current of 40 mA, pressure of 3 Torr,
and with gas composition of input flow of 7.40 sccm of
CO2 and 0.39 sccm of Ar.

To understand what is the process underlying this con-
tinuum, it is necessary to calculate its total intensity,
which can be done by integrating the baseline of the spec-
trum over the full wavelength range. After this is done,
we can analyse its dependence on the plasma parameters.

This emission is similar to the process of CO + O
chemiluminescence reaction, proposed by Slack in [18].
However, it was found that rate coefficients in [18] were
not suited to describe the experimental data. Since we
are in the energy region that promotes CO2 dissociation
via electronic excitation due to high values of reduced
electric field [2], in this work we propose that this is
the main mechanism responsible for the continuum emis-
sion. Considering that the electron temperature is pro-
portional to the change in reduced electric field, we can
propose an expression for the intensity measured

kel = a · exp
(
− cel
(E/N)

)
(7)

I = kel[CO2] (8)

log10

(
I

[CO2]

)
= − cel

(E/N)
+ b (9)

where a, b and cel are constant values, (E/N) is the re-
duced electric field and [CO2] the CO2 concentration.
Equation 9 is used to fit the experimental data, as seen
in figure 6.
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FIG. 6: Variation of the logarithm of broadband intensity
divided by the CO2 concentration, measured for different
gas mixtures, as a function of the reduced electric field.

The results show a clear dependence of the intensity
of the broadband emission on the electronic excitation of
the CO2 molecule. From figure 6 it is evident the linear
dependence of the variables, from which we can conclude
that the reduced electric field and the CO2 concentration
are the main parameters that determine the intensity of
this emission.

Overall, the method developed in this section offers
an easy-to-handle solution if quick reduced electric field
measurements are required in CO2 discharges, provided
access to the broadband emission. This approach should
be further studied and validated in future works. In par-
ticular, next studies should analyze the dependence of b
and cel constants with the plasma conditions (e.g. dis-
charge current and flow rate).

2. Gas temperature measurements

The measurements for the CO rotational angstrom
band where made in a much smaller wavelength range
than in chapter IVA1, and so a more precise spectrom-
eter was used, where λ ∈ [477, 484]. As described in sec-
tion , the intensity spectrum was fitted and the gas tem-
perature was obtained, for different experimental condi-
tions. Figures 7 and 8 show the evolution of the gas
temperature as a function of the current and pressure,
respectively.

FIG. 7: Variation of the gas temperature with current,
measured for a DC glow discharge plasma with pressure
of 3 Torr, and with with input flow of 3.7 sccm of CO2

and 3.7 sccm of CH4.

FIG. 8: Variation of the gas temperature with pressure,
for a DC glow discharge plasma with a current of 40 mA,
and varying input flows.

These results are consistent with the measurements
that were made in the PhD thesis of A. S. Morillo-Candas
in [19], in which the gas temperature was measured in
CO2 plasmas (but without CH4), and also increased with
the current and pressure values. Note that in [19] the
gas temperature was obtained through FTIR measure-
ments. In this work we have demonstrated that OES of-
fers an easy-to-handle solution if Tgas measurements are
required in CO2 discharges, provided access to the emis-
sion of CO Angstrom band. To further validated this
approach, it would necessary to compare gas tempera-
ture measures through FTIR measurements and through
the rotational temperature fit.
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B. DC Glow Discharge - Downstream FTIR
measurements

FIG. 9: Experimental setup for the DC Glow Discharge
plasma, used for FTIR measurements.

In this section we analyze the concentration of species
downstream the DC discharge, ignited with mixtures of
CO2 and CH4 (see figure 9). More specifically, we will
analyze the fraction of CO2, CO, CH4, H2O, since these
are the most abundant molecules on the plasma, as func-
tion of various parameters, namely gas pressure, initial
CO2 fraction and total gas flow. The input gas consists
of CO2 and CH4, whose flows are controlled by the re-
spective flowmeters, in the range between 3.7 sccm to
7.40 sccm. The gas is pumped into the reactor, where
the plasma is created as a result of the high voltage ap-
plied between the cathode and anode, with a low current
(typically ≤ 50 mA). Finally, since this is a downstream
measurement, the second reactor acts as a measurement
cell for the post-plasma gas, and this is where the FTIR
measurements will be made.

The results of the equilibrium chemical composition
from the spectrum transmittance fitting are shown in
figures 10 to 15. The simulated results are also present
in the figures, and will be explored in section IVC. We
can make the following general comments about each
molecule:

• CO2 is one of the most present molecules in the
mixture. Overall, its concentration decreases with
the increase in discharge current. Furthermore,
its concentration increases with the increase in the
amount of initial CO2 in the mixture.

• CO is also one of the most present species in the
mixture, for all of the conditions shown. The con-

centration of CO shows great increase with the rise
of the discharge current.

• CH4 concentration is generally not as high as CO2

and CO. Furthermore, when initial flow of CO2 is
≥ 90%, almost all CH4 completely destroyed in the
mixture.

• H2O is present in the mixture and its concentration
generally increases with the increase in pressure.
Furthermore, there is an increase of the measured
H2O with the increase in the initial flow of CO2,
but when the flow is 100 % CO2, the amount of
H2O vanishes (there are no H atoms).

FIG. 10: Experimental and simulation equilibrium con-
centration values for CO2, CO, CH4, with varying cur-
rent, at 3 Torr, with a 50/50% CO2/CH4 mixture and
with total flow at 2.89 sccm.

FIG. 13: Experimental and simulation equilibrium con-
centration values for CO, with varying pressure, current
of 40 mA and with a total flow of 7.40sccm.
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FIG. 11: Experimental and simulation equilibrium
concentration values for H2O, C2H2, C2H4 and C2H6,

with varying current, at 3 Torr, with a 50/50%
CO2/CH4 mixture and with total flow at 2.89 sccm.

FIG. 12: Experimental and simulation equilibrium
concentration values for CO2, with current of 40mA and

varying pressure, with a total flow of 7.40sccm.

FIG. 14: Experimental and simulation equilibrium con-
centration values for CH4, with varying pressure, current
of 40 mA and with a total flow of 7.40sccm.

FIG. 15: Experimental and simulation equilibrium con-
centration values for H2O, with varying pressure, current
of 40 mA and with a total flow of 7.40sccm.

C. Simulation Results

In order to simulate the CO2/CH4 plasma and repli-
cate the experimental data, several steps were necessary.
First, it was necessary select the proper cross sections
to correctly simulate the electron kinetics of this system.
This was validated using the IST Lisbon Database [20]
and Dutton Database [21] to compare the swarm parame-
ters,and very good agreement with the experimental data
was obtained.
Having done this validation, we move to creating a

model for the chemistry of our system. This was done by
testing different reactions between the species present in
the plasma and different rate coefficients, that were found
in the literature. The model includes 23 species (present
in table II and more than 250 reactions. The complete
set of reactions and rate coefficients is presented in the
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full version of the thesis. After this, the model was tested
for numerous plasmas conditions, to try to replicate our
experimental data. The results of the equilibrium chemi-
cal composition from the spectrum transmittance fitting
are shown in figures 10 to 15.

O2 O O3 H2 H
CO2 CO CH4 CH3 CH2

HCO OH H2O CH2O CH
C C2 C2H C2H2 C2H3

C2H4 C2H5 C2H6

´

TABLE II: Molecules included in the kinetic model

Overall, the simulation results of the density are sat-
isfactory. It was possible to simulate all the relevant
species and the dependence with plasma parameters.
The model was especially good at replicating the experi-
mental conditions when the initial CO2 was ≤ 90%. Al-
though the agreement with experiment was not always
very good, the predicted orders of magnitude and several
general trends were correctly described. For most condi-
tions, the errors between the experimental and simulated
concentrations were between 2% and 10 %. Furthermore,
for some of the species, like CH4 and H2O, an error of
about 5 % to 15 % in the concentration was consistently
found, which is where major improvements in the model
can happen.

V. CONCLUSIONS

In this work, we carried out an experimental and mod-
elling study of CO2-CH4 plasmas. During the experi-

mental campaign we investigated several parameters, in-
cluding the gas temperature and the plasma composition.
These parameters were investigated as function of input
gas pressure, gas flow and initial gas mixture. In re-
spect to gas temperature analysis, the results revealed
that the emission of CO molecules (measured through
OES) can be used as a thermometer to characterize the
discharge heating. This is particularly relevant for CO2

non-thermal discharges given that CO is expected to be
a direct product of the CO2 decomposition.

Regarding the broadband continuous emission of CO2-
CH4 plasmas, an easy-to-handle solution to measure the
reduced electric field was developed, in the case of easy
access to the broadband emission.

Regarding the studies associated to plasma compo-
sition, it is worth noticing that in this work we used
FTIR to follow the evolution of not only CO2 and CH4

species, but also several decomposition products, includ-
ing CxHy. These results are particularly relevant to the
validation of future models focused on CO2-CH4 plasma
chemistry.

On the modeling section, a kinetic model for CO2/CH4

was developed, which included 23 species and more than
250 reactions. This model was then used to replicate the
experimental conditions and good agreement between ex-
perimental results and modelling was obtained. Despite
the fact that the agreement with experiment was not al-
ways excellent, the expected orders of magnitude and
some broad patterns were accurately characterized.
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