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Chapter 1

General Introduction

1.1 Introduction

The importance of carbon based energy to modern society and well-being of general
population cannot be overstated. Carbon, mainly extracted from fossil resources, is used
extensively: as energy source for transportation, heating, electricity generation etc. in the
form of hydrocarbons; as chemical feed-stocks for plastics and polymers; as precursors
for fertilizers required for food production among many others. However, the exploit-
ation of fossilized carbon had unintentional consequences, since most of the extracted
carbon entered the natural carbon life-cycle as CO2; as of 2013, the amount of CO2 in
atmosphere reached 400 ppm [1] compared with the pre-industrial average of 280 ppm
[2]. Such a high concentration of CO2 in the atmosphere is the main reason for global
temperature increase and the associated climate change. A target to limit the temperat-
ure rise to 20C compared to preindustrial age has been agreed by member countries of
IPCC, which entails huge reduction in green-house gas emissions, especially CO2 [3];
by a conservative estimate limiting CO2 concentration to 450 ppm by 2100 is required to
reach this goal [4].

In spite of the agreements carbon emissions still continue to increase. To illustrate
this fact carbon emissions into the atmosphere from various sources over time beginning
at the start of the century until 2010 [5] has been plotted in figure 1.1. This figure shows
that there is a continued increase in carbon emissions from coal, used for electricity
generation and from petroleum and natural gas, used for transportation and heating. To
reduce further increase in carbon emissions a two fold strategy needs to be adopted.

• First, electricity generation should shift from fossil based carbon to renewable en-
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Figure 1.1: Carbon emissions into atmosphere from various sources between
1900-2010. Mt is metric tons. Data adapted from [5]

ergy sources like wind, solar or nuclear.

• Second, the carbon emitted from conventional processes should be captured and
either stored in rock formations: called carbon capture and sequestration (CCS) or
be utilized as an industrial feed stock reducing the reliance on fossil carbon: called
carbon capture and utilization (CCU).

To make the electricity generation carbon neutral and thereby holding back the car-
bon emissions, solar energy has the best potential because of its sheer volumes [6]; It
has been estimated that solar photovoltaics will reach grid parity – the situation where
the cost of solar electricity becomes equal to the electricity produced by conventional
sources – across the world by the end of this decade[7]. However, the diurnal variation
in solar insolation in particular and intermittency of renewable energies in general pose a
substantial challenge for them to become major contributor to the energy mix. Also, the
global availability of renewable resources is not uniform; there is a big mismatch between
major energy consuming population centers and energy producing areas. This discrep-
ancy imposes a strict requirement that energy produced in energy-rich areas be stored
and transported to locations where it is consumed. If the storage of renewable energy can
be done using carbon based molecules (CCU) the first and second aspects of two fold
strategy can be tied together into one complete solution. Also using renewable energy
to produce chemical feed stocks such as syn-gas (CO + H2) reduces the dependence on

2
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Figure 1.2: A schematic of one of the possible closed, carbon neutral fuel produc-
tion scheme. Here the fuels are hydrocarbons. The parts highlighted in the blue box
are the main focus of this book – CO2 conversion using plasma.

fossil carbon. However, that CCS is fraught with uncertainty as long term implications
of storage in geological formations is difficult to assess [8] making CCU more attract-
ive option. It has to be noted that in the long-term, CCS is required so as to reduce the
already existing CO2 in atmosphere.

1.2 Framework and Goals of this thesis

This research project is motivated by the urgency to find a CCU method that can use
renewable electricity with very high efficiency. The schematic of a generic CCU using
renewable electricity and with hydrocarbons as intermediates is shown in figure 1.2. The
success of CCU in the end depends on the success of molecules targeted as the interme-
diates: Olah et al propound methanol or dimethyl ether as ideal intermediates [9, 10];
Centi et al, among others propose CH4 to exploit the already existing infrastructure that
depends on it [11, 12]; alternatively CO2 can be converted to be CO which can then act
as a precursor for manufacturing fuels subsequently [13, 14].

Although there are many good reasons why methanol or similar molecules be con-
sidered it is more pragmatic to consider latter two as the candidates for the intermedi-
ates. The main reason being both CH4 and CO are extremely important on an industrial
scale and already huge industrial and transport infrastructure exists that depend on the
products derived from them, namely hydrocarbons. CH4 is used for heating, transporta-
tion, for producing higher hydrocarbons etc. and its worldwide consumption (in the form
of natural gas) in the year 2010 has been 2.26 trillion cubic meters [15]. In the same
year the import price of natural gas in USA has been 20 U.S. dollar cents per thousand

3
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Figure 1.3: Gibbs free energy of formation for selected molecules. The red circle
highlights the energy range of typical carbonaceous fuels. The two arrows are
shown to represent the two approaches that are investigated in this thesis.

cubic meters [16] from which we can estimate a total commerce of 672 billion U.S. dol-
lars, certainly a huge number. Similar numbers for CO are not easily available as it is
produced from several different raw materials. However, apart from being important in
syngas production (see appendix 1.A), CO, for example, is also an important feed stock
in producing phosgene which is the starting point in the production of polyurethane, one
of the most widely used plastics [17]. Henceforth CCU with CH4 as target intermedi-
ate is called Approach I and CO as the target intermediated is called Approach II. For
CCU to become successful, H2 should also be made from renewable sources. Significant
progress is being made to produce H2 using water splitting[6] or from water gas shift
reaction (reaction R1) [14].

CO+H2O −−→ CO2 +H2 (R1)

Before addressing the main goals, it is instructive to know the main challenges as-
sociated with CO2 conversion. The foremost among them is the inertness of the CO2

molecule and to put it in perspective, Gibbs free energies (∆G) of formation of few se-
lected molecules are shown in figure 1.3; the lower the ∆G of a molecule, the more
stable the molecule is. Clearly, CO2 is very stable compared with the molecules that
are being aimed for. However, the stability of CO2 need not be a show stopper since a
proper catalytic pathway or a non-equilibrium route could be successful in making CO2
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chemistry feasible by enhancing the kinetics [18, 19]. Here, photosynthetic conversion
of CO2 to reactive species by Mg (II) ions embedded in the ligand fields serves as a case
in point.

Several different ways are being investigated to activate CO2 molecule to make it
more reactive. For example, forming complexes [20] and anionic species [21] at trans-
ition metal surfaces; using electron-hole pair generated by photo-catalyst like TiO2 com-
bined with a catalyst [22–24]. A host of similar works can be found in literature that
describe various methods in a variety of disciplines [8, 25–27]. It has to be noted that it
is not always required for CO2 be activated but instead the reactivity can be enhanced by
using an activated co-reactant.

Although significant progress has been achieved with the aforementioned methods,
in their current state, however they are still not sufficient to stabilize CO2 in the envir-
onment in any meaningful measure. Also, except electrochemical conversion, renewable
electricity is not directly used in any of these methods (see appendix 1.B for the status
of CO2 conversion using electrochemistry). Hence plasmas, especially non-equilibrium
plasmas are also required to be explored for CO2 activation (or for enhancing the react-
ivity by activating the co-reactant), which is the focus of this book. Plasmas have some
unique characteristics and these could be advantageous in the context of CO2 activa-
tion. Some of these characteristics are: plasmas contain charged species such as (free)
electrons and (positive and negative) ions which get deposited on the surfaces enclos-
ing plasma to make them active sites for chemical reactions [28]; radicals produced in
gas phase that open pathways for molecule formation [29, 30]; photons that can initiate
photo-chemistry [31]; electric fields that energize charged species even further [32] etc.

Among all the characteristics of plasma, one that is particularly important in approach
II using CO2 plasmas, is vibrational up-pumping (VV up-pumping). In brief, VV up-
pumping can be described as a process that is responsible for increase in vibrationally
excited states with higher vibrational quantum numbers in excess to what is possible in
thermal equilibrium. Enhancing reactivity using vibrationally excited species is being
investigated also in general chemistry extensively [33, 34]. From research done 1970s
and 80s on CO2 dissociation in plasmas [35–37], it has been hypothesized that production
of vibrationally excited species, due to VV up-pumping enhances CO2 dissociation rates
significantly without requiring to increase the energy input. This fact gives additional
impetus to investigate CO2 plasmas for CCU.

For a general treatment of plasma based CO2 conversion, reader is referred to review
by Liu et al [38] (approaches I + II) and a recent review by Lebouvier et al [39] (ap-
proach II). Very few works have been reported on approach I using either pure plasma

5
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[40] or using plasma and a catalyst [41, 42]. Recently Sakai et al reported on convert-
ing CO2 with H2 plasma generated from plasmas produced in water [43]. The lack of
literature on approach I is quite surprising considering the fact that a lot of research on
a related topic, dry-reforming using plasma is being pursued extensively [44–46]. The
main focus of these works has been to optimize the parameter space to produce a desired
product than to understand the mechanisms in detail. In contrast to approach I, a wealth
of reports exist on approach II. The best results in terms of energy efficiency (between
60-80 %) have been obtained in microwaves at a pressure of 300 Torr [35, 47]. These
exceptional results in microwave plasmas were explained with VV up-pumping [36] as
mentioned before. Spencer et al by trying similar experiments at atmospheric pressure in
RF discharges, could achieve converting 100 % of CO2 into CO, but were not successful
in reproducing such high energy efficiencies [48]. Same group used Microwave plasmas
with a catalyst (Rhodium) and had improved the energy efficiency to 30 % but at the
cost of conversion [49]. In recent years non-equilibrium plasmas at atmospheric pres-
sure have gained popularity due to availability of cheap power sources. These plasma
sources were also investigated for CO2 conversion. Examples include using gliding arc
discharges [50–52], corona discharges [53–55], nanosecond pulsed discharges [56], mi-
crohollow cathode discharge [57], microplasmas [58] and in dielectric barrier discharges
[59–62]. Again most of the research has been only to optimize the parameter space than
to gain insights into the mechanistic aspects. In addition to the experimental research
there has been efforts in theoretical and numerical modeling to understand these plasmas
[62–66].

From this cursory glance at the literature it would become immediately obvious that
there is an immense variety in plasma sources being used for CO2 conversion. Though
this variety implies that thorough investigations into specific details of each type of
plasma are required to be carried out, there can be some general features vis-à-vis chem-
ical and physical mechanisms that are common to all (non-equilibrium) plasmas and
these need to be explored even more.

In this context, this thesis sets itself the goal of exploring some of these general
features plasma assisted CO2 conversion. To this end two different plasma sources are
explored from both experiments and numerical modeling. Detailed description of the
plasma sources and the reasons for their selection will be discussed in the subsequent
chapters. Some of the key issues that this thesis addresses are

6
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..

⋆ To understand comparative merits of Approaches I and II in a plasma en-
vironment, that is, to understand which is more efficient and why?

⋆ To understand the mechanisms that promote or restrict CO2 conversion
to CO in a non-equilibrium plasma environment, with dielectric barrier
discharge as an exemplary plasma source.

In the course of this project many other questions that are specific to the plasma
sources used have also been answered. For example, the role of surface charges in re-
stricting the development of new filaments in a dielectric barrier discharge is explored in
the chapter 3. Hereunder an outline for the thesis is presented.

1.3 Thesis outline

Approach I: In chapter 2, results from exploring the first approach are described.
Plasma expansions, from a thermal arc, of Ar + H2 gas mixtures are
used to convert CO2 into CH4; thermal arc is chosen because of its abil-
ity to produce huge fluxes of activated species like ions and radicals and
to exploit the group’s (PMP) expertise in studying them over past few
decades. Although CO2 conversion to CH4 was shown possible, never-
theless it is found that under similar conditions, converting CO to CH4 is
much more efficient than converting CO2; the excess O atom available
from CO2, as compared with CO, has been shown to scavenge H con-
taining species to produce water. From this work it became apparent that
Approach Two is more viable than Approach One for CO2 utilization in
a plasma environment.

Approach II: For the Approach two in this thesis, a DBD is selected as a plasma
source for converting CO2 to CO. From research done in parallel to this
project, Brehmer et al [67] using a variety of diagnostics established
two important features of CO2 conversion in a symmetric DBD. They
are,

⋆ CO2 conversion to CO follows a power-law relation with specific
energy input (a measure of energy density put in the reactor).

⋆ Specific energy input acts as a strong scaling parameter that de-
termines CO2 conversion to CO; that is, irrespective of pressure,

7
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flow, applied voltage, frequency, and distance between the elec-
trodes used, CO2 conversion will remain same for same specific
energy input.

In chapter 3, using results from electrical and chemical diagnostics
on a pin-pin DBD reactor, the power-law is shown to be valid up to a
single filament – the fundamental unit of the DBDs. A purely electro-
static reasoning to explain the power law is proposed in this chapter. In
simple terms the electrostatic explanation is: the charge deposited by
preceding filaments in the same half-cycle will oppose the development
of subsequent filaments increasing the energy requirement for creat-
ing the additional filaments. This explanation is validated by a simple
model, measured charge transport from individual filaments, measured
filament density, and are complemented by fast imaging of individual
filaments using an iCCD camera.

In chapter 4, results from fluid modeling of pure CO2 DBDs are presen-
ted. Here, contributions from various channels to CO2 dissociation to
produce CO, electron impact induced or otherwise, as calculated from
the model are discussed in detail. Electron impact dissociation of CO2

has been shown to be the most important channel for CO production.
The time scale of filament development is in the range of few nano-
seconds during which most of the energy is deposited in the electrons
and corresponding dissociation channels. Compared with this fast pro-
cess, the range in which operational parameters can be varied is very
little. For instance, the frequency of the applied voltage can be var-
ied in the range of 100 kHz (≈ 10−4 s). As a consequence of relat-
ively static nature of operational parameters, they have been shown to
have very little influence on the self-sustaining development of fila-
ment, given once the filament is initiated. The strong scaling behavior
of CO2 conversion can be attributed to this difference in the timescales
coupled with negligible CO recombination back to CO2 in cold CO2

background.

In the first part of the chapter 5, the theory related with the vibra-
tional excitation in plasmas is discussed in detail. The favorable con-
ditions for different vibrational distributions are discussed in its gener-
ality and later extended to the specific case of vibrational distributions

8
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in CO2 asymmetric stretch mode with a special focus on vibrational
up-pumping. The fluid model introduced in chapyer 4, is extended to
test the efficiency of CO2 dissociation from vibrationally excited mo-
lecules. Two types of calculations will be discussed: First, initial levels
of vibrational modes are included and a detailed study of loss and de-
struction process of the initial states is done.; Second, in addition to
the species included in the first study vibrationally excited species in
asymmetric mode up to dissociation limit are included to evaluate the
rates of dissociation by vibrational up-pumping. Only collisional in-
duced excitation from molecules excited in the asymmetric mode and
collisional de-activation to lower levels in only asymmetric mode have
been included for the higher levels in the second study. These specific,
but limited population processes are included in the second study so as
to evaluate the upper-bound where maximum energy efficiency can be
achieved, that is, predominantly by vibrational up-pumping. However,
it is shown that compared with electron impact dissociation, vibrational
up-pumping is very weak in a DBD.

9
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Appendix

1.A Cost analysis of CO production

Since producing CO from CO2 using non-thermal plasma route is the main topic of this
thesis, it is only logical to estimate what efficiencies and throughputs should this route
achieve in order to be considered successful. Since a complete economic feasibility study
is beyond the scope of this thesis only an order of magnitude analysis is presented. Such
an analysis can also be a guideline for any other new method being explored for CCU
starting with CO2 dissociation. To this end, first an estimate for the cost of producing CO
with existing industry standard is made. Then using present electricity prices, an estimate
of how much energy efficiency should the new route achieve so as to be cost competitive
with conventional routes is calculated.

The major industrial usage of CO is in the form of syn-gas (CO + H2) hence the cost
of syn-gas can be taken as a proxy for the cost of CO. On an industrial scale, syn-gas
is produced by steam methane reforming of natural gas (see equation A1) and the ideal
ratio between H2 and CO should be approximately 2 [68, 69].

CH4 +H2O −−→ CO+ 3H2 (A1)

For a perfect analysis the cost of syn-gas production, separation of CO and H2 costs
and then subsequent reverse water gas shift reaction (RWGS, see equation A2) needs to
be included.

CO2 +H2 −−→ CO+H2O (A2)

However in industry RWGS is only used to adjust CO ratio and hence its costs are
difficult to evaluate [70] independently. Therefore the cost presented here will be a lower
limit for the cost of CO, since it does not include all the factors.

11
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With the assumptions listed above we use the analysis made by Pei et al [69] to cal-
culate the cost of production of syn-gas. In their work Pei et al consider the influence of
interest rates and other capital expenses in producing syn-gas. They found a linear rela-
tionship between natural gas prices and syn-gas prices and by extrapolating the trend to
current natural gas prices in U.S.A [16] we can estimate the price of syn-gas to be approx-
imately 130 U.S. dollars per thousand cubic meter at the end of year 2014. Equivalently
CO prices will be 130 × 3 = 390 U.S dollars per thousand cubic meter (proportion of CO
in ideal syn-gas: 1

3 ).

Energy efficiency of a plasma process to produce CO (η) can be described by equation
1.1.

η =
∆H

ECO
(1.1)

In equation 1.1, ∆H is the amount of energy consumed when reactions A3 and A4
happen in sequence to produce CO; this energy, 2.9 eV per molecule of CO2, is also
theoretically the lowest amount required to produce CO starting from pure CO2.

CO2 −−→ CO+O (A3)

CO2 +O −−→ CO+O2 (A4)

ECO is the amount of energy used to produce CO and when it equals ∆H all the
energy injected into the plasma is used in producing CO alone i.e η = 1. To produce one
cubic meter of CO at 2.9 eV per molecule (2.9× 1.602× 10−19 J, η = 1), a total energy
of 12476 MJ is required. At any other energy cost, 12476/η MJ of energy is required. In
the year 2014 the average wholesale price of electricity in U.S.A is 55 U.S dollars per
MWh [71]. From the electricity prices 12476/η MJ costs 12476/η× 55/3600 U.S dollars.
To be at the same price as the conventional routes the efficiency required by the plasma
process can be found be equating the two values

12476

η
× 55

3600
= 390 (1.2)

=⇒ η ≈ 50% (1.3)

A η of 50 % is easily achievable in the light of already existing reports of even up to
80 % [35, 36]. However this simple analysis discounts few important facts. For example,
a typical natural gas plant handles 30 million liters per minute of gas with almost near

12
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100 % conversion efficiencies [69]. To achieve 50 % energy at high conversion efficien-
cies many far reaching improvements are required to be made in CO2 plasma processing
in both engineering and science. The discovery of shale gas in North America started a
steep decline of fossil fuels [72] which makes it even difficult for an emerging techno-
logy to become competitive. Nevertheless, CCU addresses CO2 problem that has more
implications than simple economics.

1.B Comparison with electrochemistry

In the above section it has been shown that any process that can use electrical energy
directly has potential to be economically competitive. In this respect electrochemical
conversion has been pursued for a long time and can be considered as a benchmark for
new ideas using other technologies. However, the efficiencies reported for CO2 conver-
sion use different standards, namely fardaic efficiencies and current densities than the
ones used in plasma assisted conversion. For a fair comparison, energy efficiency of a
typical electrochemical process vis-a-vis equation 1.1 is presented here. We use work
done by Dufek et al [73] as a reference; the values of important parameters used in this
paper are given in table 1.1.

1.B.1 Definitions and conditions

Faradaic efficiency:describes the efficiency with which charge (electrons) are in a par-
ticular electrochemical reaction. It is the percentage of the total current used for the
chemical reaction.

1.B.2 Analysis

The power consumed P by the reactor at these conditions is

P = VCJA

= 6.6W
(1.4)

The partial current density used to produce CO is 90% of 225 mA/cm2 which is
202.5 mA/ cm2 But according to the paper two electrons are required for producing every
molecule of CO. Hence the current of 101.25 mA/cm2 is used to produce n molecules of
CO

n = 6.3× 1017 CO /cm2/s. (1.5)
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Table 1.1: Table showing the experimental conditions used in different sets of ex-
periments.

Condition symbol value units

Flow of CO2 Q 150 milliliters/min (mL/min)

Fardaic efficiency of CO F 90 % –

Pressure p 18.0 atm

Temperature T 333 K

Total current density J 225 mA/cm2

Cell voltage VC 3.5 V

Area of the electrode A 8.4 cm2

To calculate the conversion efficiency(α), we need the no. of molecules coming and
leaving per second (lets call it N). 150 mL/min flow at 18.5 atm N= 1.2×1021 molecules/sec

α =
8.4n

N

= 4× 10−3

= .4%

(1.6)

Energy required to produce each CO molecule, ECO is

ECO =
P

8.4n

= (6.6/6.3)× 10−17 J

= 1.04× 10−17 J

= 64.9 eV

(1.7)

To compare with the benchmark of 2.9 eV using the equation 1.1 we get an efficiency
of

η = 2.9/64.9

= 4.47%
(1.8)

Though higher than ≈ 5 % energy efficiencies can be achieved using electrochem-
istry, it has to be done at the cost of throughput. Also, to use electrochemical conversion
solvents that dissolve CO2 very well are required which consume energy in itself.
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From both economic analysis and from comparison with electrochemistry we can
conclude that plasma can be a viable candidate for CCU and needs to be investigated.
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Chapter 2

Hydrogen radical assisted
conversion of Carbon dioxide to
methane

Abstract In this work the efficiency of conversion of carbon dioxide to methane
(methanation) using H radicals is reported. Also in non-equilibrium environments, for
efficient conversion of CO2 to methane, a syngas (CO + H2) like intermediate is shown
to be a prerequisite; the underlying mechanisms were inferred by measuring the product
distributions quantitatively using infrared laser absorption spectroscopy and quadrupole
mass spectrometry, and comparing them with product distributions obtained with CO as
carbon precursor. Oxygen radical, also produced in the process, reduces the efficiency of
CO2 methanation by binding H and forming water. Both observations point to necessity
of spatial separation of the CO2 dissociation step and the association of H with carbon
for efficient methanation. The importance of surface reactions and the requirement for
new catalysts suited for radical assisted conversion of CO2 to methane is demonstrated
with copper and aluminium as examples.
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2. HYDROGEN RADICAL ASSISTED METHANATION 2.1. INTRODUCTION

2.1 Introduction

Curtailing average global temperature rise to under 2oC, so as to mitigate climate change,
requires new strategies to reduce green house gas emissions [3]. One such strategy that
fixes CO2, a major greenhouse gas, in a closed loop carbon cycle has gained traction re-
cently. It involves converting CO2 into carbon based fuels like hydrocarbons or alcohols
and recovering carbon in the form of CO2, released by subsequent burning of hydrocar-
bons/alcohols, thus completing the cycle. Such a cycle is carbon neutral on the whole
since no new carbon dioxide is being added to the atmosphere. Hydrocarbons produced
in this manner can also serve as an energy storage medium to solve the intermittency
issue related to the use of renewable energy sources.

Although extensive research is being pursued to develop economically viable carbon
neutral fuels by many different approaches, a clear winner is still not in sight. Dimethyl
ether, formic acid and methane are some of the carbon neutral fuels that gained attention
recently [74]. Methane fulfills many criteria of an ideal carbon neutral fuel; for example,
methane has the highest heating value among alkanes (55 MJ/kg), and an extensive in-
frastructure is already in place to use natural gas (which contains mostly methane [75])
as energy carrier both for electricity generation and transportation fuel. The fact that in
the year 2008, 24% of all the energy needs in the USA were met using natural gas [14]
illustrates its importance in energy infrastructure.

Efforts to find efficient heterogeneous catalysts for CO2 reduction to hydrocarbons
(including methane) are in progress, see for example [76, 77] and references therein,
since such processes are compatible with already optimized infrastructure of the chemical
industry. Additionally various alternative methods like heterogeneous and homogeneous
electrochemical reduction [14], photochemical reduction [78], thermochemical reduction
[79] with H2 and H2O etc. are also being investigated to convert CO2 into methane. In
this context, methods to convert CO2 in certain types plasmas look promising. Plasmas
have been previously investigated for CO2 conversion but mostly in the context of dry
reforming to produce syngas or for pollution control [46, 80, 81]. Also mixtures of
CO2 and CH4 to produce higher hydrocarbons have been investigated [82]. But direct
conversion of CO2 to methane plasma environment, the main focus of this paper, has not
been reported to our knowledge.

Currently carbon feed stocks like coal and biomass are converted into syn-gas (CO+

H2), which is starting point to produce any desired hydrocarbon, including methane,
by using a suitable catalyst [83]; these catalysis reactions are generally referred to as
Fischer-Tropsch (F-T) processes. Methanation of CO2 can also proceed by first form-
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ing syn-gas mixture and subsequently using F-T like mechanism [76]; such a general
mechanism can be represented with equation M1.

CO2
P1−−→ CO

P2+H−−−−→ CHxOy
P3−−→ CH4 (M1)

Or methanation of CO2 can proceed without forming syn-gas but by forming oxygen-
ates as intermediates [76]; such a general mechanism can be represented with equation
M2.

CO2
P1+H−−−−→ CHxOy

P2−−→ CH4 (M2)

The choice of catalyst is the dominant factor that determines which mechanism is
active. In general, a chemical reaction involving saturated molecules is characterized by
an activation barrier (Ea), the extra energy required by the reactants need to successfully
produce products. In conventional catalysis (e.g M1 and M2), Ea of many chemical re-
actions is significantly reduced by using a catalyst. The catalyst does this by creating
chemically active intermediates that enhance the rates of desirable elementary chemical
reactions. However, most catalyst systems suffer from reduction in efficiency due accu-
mulation of nonreactive species on the surface over time and require regeneration period-
ically [84]. Also the optimal catalysts, in most cases, are very expensive metals like Co,
Ru etc., [83]. By comparison, reactions of many radicals with neutral molecules and ions
with neutral molecules proceed with low or almost no activation barriers [85, 86]. High
internal energies of the electronically and ro-vibrationally excited species can help in re-
ducing Ea of reactions (including surface reactions) [87]. For example, internal energy
of H2 is known to enhance the reaction rates of elementary reaction of reducing hydroxyl
radical to water [88]. Hence by using plasma, which can generate significant concen-
tration of active species such as radicals, ions, vibrationally and electronically excited
species the choice of surfaces can be expanded. Even relatively inert stainless steel walls
can become site of enhanced chemical reactivity. If principles of plasma activation are
well understood, then plasma and conventional catalysts can be combined for synergistic
effect – an area of research broadly called as plasma catalysis.

For this work a cascaded arc has been used as a source for the production of active
species; it can act as a very high flux radical source when molecular gases (H2 in this
work) are used [29] and as a high flux ion source when noble gases (Ar in this work)
are used [89]. This source has been thoroughly characterized in terms of parameters like
electron temperature, radical densities ion densities etc [29, 89–91]. It injects radicals and
ions into a reactor that is at a low pressure, resulting in expanding plasma jet (EPJ, see
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section 2.2.1) which works at low pressure and is recombining in nature. In EPJ, a high
fraction of H radicals generated from the source undergo sequence of chemical reactions
producing excited species: ro-vibrationally excited H2 and electronically excited H in
particular [92]. Likewise ions such as Ar+ , H+

2 recombine with electrons to produce
excited species.

In this work, mechanistic aspects of methanating CO2 – both on surface and in gas
phases – with active species generated by Ar-H2 plasmas are described in detail; simil-
arities and differences from F-T are highlighted i.e to ascertain if it is M1 or M2 that is
dominant mechanism in methanation of CO2 in plasmas. A simple calculation is used
to describe the role of the active species in the chemistry. Surface reactions are partic-
ularly important in molecule formation in EPJ because of the low pressures used [93].
Therefore the role of surface reactions is tested by covering the walls of the stainless steel
reactor with copper (Cu) and aluminum (Al) foils. Though the conditions used for this
work may not be applicable to large scale directly, it gives insights into necessary and
limiting conditions for methanation of CO2 in highly activated environments.

2.2 Experimental Details

2.2.1 Experimental set up and Characterization

The experimental setup used in the current work has been described in detail elsewhere
[89, 92] and only the key features are repeated here. The set-up consists of two parts,
the first part generates plasma (plasma source) and the second part is the chamber into
which the plasma expands (called as reactor in this work) and where the gas conversion
takes place – expanding plasma jet (EPJ, figure 2.1). The plasma source consists of a wall
stabilized cascaded arc through which the working gas mixture flows into the reactor. The
plasma generated in the cascaded arc is at sub-atmospheric pressure (around 100 mbar)
with an electron temperature, Te, of around 1 eV [90, 94]. The plasma thus generated
expands supersonically into the reactor through a copper nozzle. This plasma jet from
the arc ends in a stationary shock front (few centimeters from the nozzle) after which
it slows down into a subsonic expansion [95]. Te decreases to 0.2-0.3 eV at the end of
expansion [89, 92] where most of the measurements are performed. Molecular gases like
CO2, C2H2, SiH4 etc. can be admixed in the in the subsonic expansion region (see figure
2.1) [95]; for this work CO2 and CO are admixed. The flow dynamics are such that the
chemical species are thoroughly mixed. The background pressure in the reactor of 1.1
mbar can be maintained independently of pressure in the arc. Since charged species are
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present, a magnetic field is used to confine the electrons and with them ions into a circular
column. This confinement leads to increase in the local density in expansion, especially
when H2 is present, resulting in increased rates of chemical reactions.

A

B

CA

A

C

A B

Ar/H2

CO2/CO

1

2

3

Figure 2.1: A schematic of longitudinal cross-section of the plasma jet setup ad-
apted from [96]. The locations are: 1 is where the feed gases are injected into the
cascaded arc (plasma source). 2 is where molecules (CO2 and CO) are injected in
the background. 3 is where the IR absorption measurements are performed. 4 is the
location where samples are collected for QMS. Distance between arc and the end of
the reactor is around 60cm. Examples for surface reactions depicted here encom-
pass formation of AB from A(s) and B(g) and AC from A(s) and C(s). Details are
listed in table 2.7.

Infrared laser absorption spectroscopy (IRLAS) has been used to measure the species
densities inside the reactor using a lead salt tunable diode laser (TDL) set up. Details of
such a diagnostic approach can be found elsewhere [93, 97–99]. By contrast to earlier
IRLAS measurements done on this reactor [93] a multi-pass cell was attached to the
plasma reactor to increase the effective absorption length to 9.2 m. Molecular densit-
ies were measured at a distance from the arc where density and temperature gradients
were less pronounced by passing the laser beam at the end of the plasma jet, i.e at loc-
ation 3 in figure 2.1, perpendicular to the crossection shown. Therefore an effective gas
temperature along the line of sight, determined from the ratio of several ro-vibrational
CO2 transitions, was used to correct the molecular line parameters given in the HITRAN
database for 296K [100, 101].

Quadrupole mass spectrometry (QMS) has been used to measure homo-nuclear diat-
omic species like O2 and H2 that cannot be monitored by IRLAS and as a supplementary
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diagnostic for other species. A typical mass spectrum for a gas mixture obtained in the
experiments is shown in the figure 2.2. A known amount of He (m/Z=4) is always in-
jected into the system, whose ion current is used to account for the temporal variation of
the detector. By normalizing current signals from all the species with the He current and
multiplying them with the corresponding calibration factors (for each stable species), we
can calculate the relative amounts of each component. The absolute amounts are then
calculated by multiplying with the total pressure. Of all the species produced in the
EPJ, only stable species can be measured by QMS, since highly reactive radicals are lost
through recombination by the time they reach mass spectrometer.
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Figure 2.2: An example mass spectrum (at Φ =0.02, see equation 2.1) with some
important species labeled. Ion current of O2 is used to determine its concentration..
HmOn: OH, H2O, O.

2.2.2 Methodology

The composition of gas mixture in the arc is varied from pure Ar to pure hydrogen by
increasing the ratio of H2 in the total gas mixture while simultaneously keeping the total
gas flow constant at 3000 sccm (standard cubic centimeters per minute). The flow of
CO2 or CO injected into the expansion (fig. 1) is maintained at 12% of Ar/H2 mixtures
(i.e. 360 sccm). Two sets of experiments were performed: Firstly, CO2 gas was admixed
into the expansion (is referred to as Ar+CO2 +H2 plasmas, table 2.1); Secondly, similar
experiments with CO admixtures were carried out to test if the syngas like gas compos-
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ition is effective under non-thermal conditions– this set of experiments are referred as
Ar + CO + H2 plasmas. Table 2.1 summarizes the experimental conditions used.

Table 2.1: Table showing the experimental conditions used in different sets of ex-
periments.

Condition Ar + CO2 + H2 Ar + CO + H2

Ar flow (sccm) 3000-0 3000-0

H2 flow (sccm) 0-3000 0-3000

CO2 flow (sccm) 360 0

CO flow (sccm) 0 360

Pressure (mbar) 1.1 1.1

Magnetic field (mT) 20 20

In what follows, all the plots are shown as function of Φ: the ratio of H2 flow (QH2
)

to the total flow of gas mixture through the arc (QH2
+ QAr) (see equation 2.1). This

implies that the left most part of the x-axis is a pure Ar condition (Φ=0) and the right
most is a pure H2 condition (Φ=1).

Φ =
QH2

QH2
+QAr

(2.1)

This increase in H2 concentration also implies a change from mainly ion driven con-
ditions to mainly radical driven regimes [102–104]. A similar strategy of understanding
the chemistry with different input gaseous mixtures through the arc has been discussed
in detail by others [29, 93]. Mixing ratio (plotted as y-axis) of a given species is defined
as the ratio of amount of that species(proportional to partial pressure) to the total amount
of all the species (total pressure) in the reactor.

2.3 Results

A brief account of observed trends in production of stable species is given in this section.
In figure 2.3a, product distributions in Ar + CO2 + H2 plasmas are shown. When no
H2 flows through the arc (i.e at Φ=0.0), CO2 dissociation, producing mainly CO, starts
with a peak value of 50% dissociation of input CO2. With small amounts of H2 added
to the gas flow through the arc, the CO production decreases before reaching a constant
value (≈ 10% of input CO2) at intermediate values of Φ; CO production again increases
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Figure 2.3: Product distributions measured with Ar + CO2 + H2 plasmas (a) and
Ar + CO + H2 plasmas (b) as a function of Φ (see equation 2.1). CH4 produced in
Ar + CO2 + H2 plasmas is also shown in (b) for comparison.

slightly at very high to pure H2 conditions. Another major species, observed in both sets
of experiments, is H2O. Its production in Ar+CO2 +H2 plasmas peaks at a few percent
addition of H2 before stabilizing to a lower value (≈ 20 % of input CO2). The peak in
the H2O production can be explained taking into account the trends in the production of
O and H radicals. This will be discussed in detail in section 2.4.4.

In Ar + CO2 + H2 plasmas, in pure Ar condition (i.e., at Φ=0.0), O2 densities are
maximally produced and in stoichiometric ratio dictated by unimolecular dissociation of
CO2

CO2 −−→ CO+ 0.5O2 (R1)

and they decrease steeply with the addition of H2. with addition of H2 most of the atomic
oxygen produced from CO2 dissociation ends up in H2O. Methane production increases
with H2 ratio reaching a maximum value at the pure H2 condition (≈ 2% conversion of
input CO2). Measurable quantities of methane are produced when Φ is ≈ 0.3.

By contrast, methane production is detectable immediately with addition of H2 in
Ar+CO+H2 plasmas (fig 2.3b), monotonically increasing with Φ, reaching a maximum
value in pure H2 conditions (25% conversion of CO). The amount of H2O observed is
approximately constant in all the conditions. The maximum amount of water produced
is four times lower than the maximum amount measured in Ar + CO2 + H2 plasmas.
CO2 was only produced when H2 addition is not significant and molecular oxygen was
below detection limits in Ar + CO + H2 plasmas. The balance between total input of
carbon and oxygen from CO in all the products is not complete. This unaccounted car-
bon increases slowly with addition of H2 and reaches almost 50% in pure H2 condition.
More investigations are required to understand this discrepancy. Methanation of CO is
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more likely than that of CO2 and this is more evident in pure hydrogen conditions where
methane production is at least one order of magnitude higher in Ar + CO + H2 plasmas
than under Ar+CO2 +H2 conditions. The higher methane production in Ar+CO+H2

plasmas further validates the hypothesis of requirement of syngas like mixtures for effi-
cient methane production. No oxygenates of carbon e.g. HCHO could be measured in
any of the conditions ruling out the possible mechanism of (gas phase) CO2 methanation
via formation of oxygenates.
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Figure 2.4: CH4 and CO distributions as a function of Φ (see equation 2.1) through
the arc in Ar + CO + H2 plasmas when reactor walls are covered with different
surfaces.

When surface material of the reactor is changed to copper (Cu) by covering the re-
actor wall with a copper foil, soot formation on the wall is observed. For the native
stainless steel surface or Aluminum (Al) foil, of similar thickness as Cu, soot formation
was not detected. A shift in the threshold ratio for methane formation to lower values
was also observed (see figure 2.4). Though methane was detected at lower additions of
H2, the absolute quantities of CH4 and CO production however decreased when Cu foil
is present (fig. 4).

2.4 Discussion

The major trends observed in the experiments can be understood in terms of a simple
chemical scheme presented in following sections and illustrated in figure 2.5; this scheme
is based on the fact that the mean electron energy, Te, is different in the arc (plasma
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Table 2.2: Species used to describe the chemistry

Radicals: H, O, OH, C
Ions: Ar+, H+

2 , CO+
2 , CO+

Saturated species: Ar, H2, CO2, CO, H2O, CH4, O2

Surface species: C(s), O(s), H(s), CHx(x=1-3), OH(s)

source) and in reactor (EPJ), which results in different set of reactions becoming domin-
ant in each of the regions and the species produced in the arc will act as a starting point
for the reactions in the reactor; their production mechanisms will be discussed in section
2.4.1. In section 2.4.2 species and mechanisms operating in the reactor will be discussed.
Mechanism in the arc are tabulated in the table 2.3 and those in reactor in tables 2.4
and 2.5. The species produced in the gas phase diffuse and are adsorbed at the reactor
walls. The reactive adsorbed species take part in surface reactions, some of which are
listed in table 2.7, producing CH4 among others. The details of the surface chemistry is
discussed in section 2.4.3. All the species, gas phase and surface, used for the scheme
are listed in table 2.2. Only the ground level energy species are listed in the table but
the same species in excited form (ro-vibrational and electronically excited) might also be
present. The densities of excited species has been extensively studied, by others, in both
Ar plasmas[102] and H2 plasmas [92]. However, the interaction of such excited species
with carbon and oxygen containing species is not known explicitly and can be described
only qualitatively for the purpose of this work.

Broadly speaking, all the experimental conditions can be classified into two main
regimes that depend on the chemical composition of the gases fed through the arc i.e.,
Φ. Initially when the H2 concentration is low, the chemistry in the volume of the plasma
reactor is ion-driven i.e. mainly ion-molecule and dissociative recombination reactions
are taking place. As the percentage of H2 in the input increases the H radical produc-
tion becomes increasingly important very rapidly leading into the second, radical-driven
regime. The reason for this shift will become apparent in section 2.4.2.

2.4.1 Active species production in the arc

When only Ar is fed through the arc (Φ = 0), part of Ar atoms are ionized (reaction
A1). The degree of ionization could be as high as 10% [102]. When purely H2 is added
through the arc (Φ = 1), the net effect can be described simplistically as the dissociation
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Figure 2.5: Part of the reaction scheme used to explain the product formation.
Dashed arrows indicate reactions. H produced in the arc and reactor is connected
by a solid line.

to H radicals by electron impact dissociation (reaction A1). For detailed description of
process occurring in arc when H2 is introduced, the reader is referred to [105]. Although
the arc is expected to dissociate H2 into H with very high efficiency (> 80%) most of
H atoms recombine at the surface of arc producing rovibrationally excited H2 molecules
(reaction A3). The H2 molecules thus released into the plasma jet are ro-vibrationally
excited. It has be noted that the ro-vibrationally excited molecules (H2

rv) are highly
susceptible to dissociation on interaction with electrons at the periphery of arc. On the
whole with the kind of arc used in this work, we can expect a net dissociation degree
(H2 into H radicals) of around 10% at the beginning of jet [106]. Although H+ ions are
produced in the arc, they are atleast one order of magnitude smaller than H radicals and
whatever are left recombine with electrons very fast [94]. Hence the role of H+ ions is
neglected for the current chemical scheme. When mixtures of Ar and H2 are injected
through the arc the composition of produced species is expected to be in the intermediate
range of pure Ar and pure H2 cases.

2.4.2 Active species production in the reactor

Species produced in the arc flow into the reactor (forming EPJ). Before further analysis
two very important types of reactions occurring in the reactor need to be discussed. They
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Table 2.3: Reactions occurring only in the arc.

Name Reaction Rate coefficient
A1 Ar + e −−→ Ar+ + e + e f(Te)

A2 H2 + e −−→ H + H + e f(Te)

A3 H + H(wall) −−→ H2
rv Depends on surface
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Figure 2.6: Calculated mixing ratios of Ar+ and H as a function of Φ (see equation
2.1)

are charge transfer and dissociative recombination. In the ion-driven regime, these two
occur in a sequence: CT followed by DR.

Ar+ +AB −−→ Ar + AB+ (CT)

AB+ + e −−→ A+ B (DR)

where AB is a molecular species which can dissociate into A and B and CT refers to
charge transfer reaction and DR refers to dissociative recombination reaction. Although
there are two charge transfer reactions possible between H2 and Ar+ ions only reaction
C3 (table 2.4) is very likely at low electron temperatures of EPJ [102].

Using concentrations of H radicals and Ar+ ions (10% of input H2 and Ar respect-
ively) produced by the arc as the starting point and considering the CT and DR reactions
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between them listed in tables 2.4 and 2.5, the densities of active species in the reactor
are calculated. The calculations will be used to test if the reactions set considered will
be sufficient to explain the results. Apart from the reactions listed in the tables, reaction
R2 – reduction of CO2 with H – has been included to explain CO production at Φ = 1.0,
when none of the other reactions will suffice.

CO2 +H −−→ CO+OH (R2)

The rate coefficient of this reaction is taken as 4.6× 10−22 m3s−1 [107]. The concentra-
tion ni(t) of a species can be calculated with equation 2.2

ni(t) =

∫ t

0

∑
j

(−1)pkj
∏
l

nL
l dt (2.2)

The notation in equation 2.2 has the following definitions: t is the residence time (=0.25
s); kj is the rate coefficient of reaction j; nL

l is the density of lth species in the left hand
side of the reaction j; p is 1 when species i appears on left hand side of reaction j and 2
when it appears on the right hand side of reaction j. Combined initial concentration of
all the species is set at 1016 cm−3. No spatial information or effect of the electric field is
considered in this model.

First, the concentrations of Ar+ ions and H radicals in the reactor after a residence
time t is calculated as a function of Φ neglecting CO2. The results are plotted in the
figure 2.6. From this figure it can be seen that when purely Ar flows through the arc
(Φ=0.0), Ar+ ions account for 10% of the total concentration and similarly when purely
H2 flows through the arc (Φ=1.0), 10% of the total species are H radicals; these follow
directly from the initial conditions. With the addition of H2 to Ar, however, the Ar+ ions
densities decrease very fast, producing H radicals. At Φ = 0.1, almost all the Ar+ ions
are depleted with corresponding maximum in H radical densities. The loss of Ar+ ions
with addition of H2 is established by others [94, 102].

With the addition of a constant amount of CO2, there exists a competition between
CO2 and H2 for the charge transfer reactions and Ar+ ions are completely depleted even
at Φ=0.0. This effect is illustrated in figure 2.7. In this figure, Ar+ ions are completely
converted to produce either CO or H eventually. Because of its simplicity, only qualitat-
ive trends in species densities could be captured with the model. Two of those important
trends that match with the measured trends, when CO2 addition is considered are: max-
imum CO density is produced when Φ=0.0; with the addition of H2, CO densities de-
creases. Hence, the initial steep decline of CO can be attributed to fast loss of Ar+ ions,
weakening the CT with CO2 (reaction C1) and subsequent DR of CO+

2 with electrons
(reaction D1) to produce CO.
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Figure 2.7: Calculated mixing ratios of Ar+ and H as a function of Φ (see equation
2.1) through the arc in Ar + CO + H2

The O radical that is produced in DR of CO+
2 (reaction D1) diffuses and is adsorbed

on the walls. Others [36] have considered O radical reduction of CO2 (reaction R3)
important in CO2 conversion in plasma environment

CO2 +O −−→ CO+O2 (R3)

However, the rate coefficient of this reaction is too small at the gas temperatures expected
in the reactor. Also, the ratio of O2 to CO densities is significantly different from what
can be expected if this reaction is important, hence it is neglected for the current analysis.

Carbon production is typically not seen in Ar + CO2 + H2 plasmas (except when the
surface is covered with copper, which will be discussed in section 2.4.3). This is due to
the fact that rate coefficient for CT of CO ( reaction C2) and concentrations of electrons
available for DR of CO(reaction D2) are each much smaller than for the corresponding
sequence with CO2. Atomic oxygen released by dissociation of CO2 (or CO) quickly ox-
idizes the carbon, produced from CT and DR of CO back (reaction S6), further reducing
the effect of net CO dissociation.

The constant amount of water produced for H2 rich conditions (Φ > 0.5) in Ar +
CO2 + H2 plasmas, even when there is no Ar injected in the arc, is because of slow
reduction of CO2 to produce OH (reaction R2). The OH radical diffuses to the surface
where it is converted to water (reaction S6). Similar reaction to reduce CO by H radical
to OH in gas phase is not possible; the higher amounts of water in Ar+CO2+H2 plasmas
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Table 2.4: Charge transfer reactions and their rate coefficients.

S.No Reaction Rate coefficient
(×10−17m3s−1)

Reference

C1 Ar+ + CO2 −−→ Ar + CO+
2 76.0 [108]

C2 Ar+ + CO −−→ Ar + CO+ 9.0 [108]

C3 Ar+ + H2 −−→ ArH+ + H 110 [102]

Table 2.5: Dissociative recombination reactions that are mainly important in the
plasma chemistry in the reactor and their rate coefficients (at Te = 0.5eV ).

S.No Reaction Rate coefficient
(×10−14m3s−1)

Reference

D1 CO+
2 + e −−→ CO + O 10 [109]

D2 CO+ + e −−→ C + O 10 [110]

D3 ArH+ + e −−→ Ar + H 100 [102]

Table 2.6: Reactions between neutral particles that are described in the text. Reac-
tion R1 is a combination of many reactions.

S.No Reaction Rate coefficient (m3s−1) Reference
R1 CO2 −−→ CO + 0.5 O2 – –

R2 CO2 + H −−→ CO + OH 4.6× 10−22 [107]

R3 CO2 + O −−→ CO + O2 6.0× 10−25 [107]
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than in Ar + CO + H2 plasmas supports this claim.

In Ar + CO + H2 plasmas, similar to CO2 admixtures, the CT and DR sequence of
C2 and D2 dissociates CO and produces carbon and oxygen. But the carbon is oxidized
back by reaction S9 and hence it is not observed. Small amounts of CO2, measured in
Ar rich conditions supports the fact that oxygen from dissociation of CO (C2 and D2)
was available. With the addition of H2 through the arc, Ar+ ions are depleted thereby
reducing CO dissociation to carbon and oxygen.

2.4.3 Role of surface

Although the gas phase volume reactions are able to explain part of the trends of form-
ation of species like CO from dissociation of CO2, they cannot describe the association
of carbon to form methane which needs five steps chemically (S7, S8 reactions in table
2.7). Hence the role of surface needs to be invoked. In general, all the chemical reac-
tions on surface can be divided into two categories. These two categories are depicted
in a schematic in figure 2.8: Langmuir-Hinshelwood (L-H) mechanisms where both the
reactant species are present on the surface and interact with each other by diffusion along
the surface figure 2.8a to 2.8b); Eley-Rideal (E-R) mechanism where one of the species is
adsorbed while the second one is in gas phase (figure 2.8a to 2.8c). However, to explain
the product densities observed it does not make difference if a given chemical reaction
follows E-R or L-H mechanism. For example, the H radicals formed in either arc or in
the reactor volume diffuse to the walls either to associate back into H2 [106] or to react
with other species like C(s), and CO(s,g) to produce methane in step wise chain reactions.
These type of reactions are expected to take place only at the walls at the low pressure
range of the experiments.

From the results it is clear that the methnation of CO is much more efficient than
methanating CO2 in EPJ conditions. Mechanisms involving CO decomposition and
methane formation at low pressures on transition metal surfaces (Ni and Fe) was dis-
cussed by Kress et al [111] and similar mechanisms are expected to be operational in EPJ
(reactor). In this mechanism H radicals will react with the carbon adsorbed on the surface
to form precursor radicals for methane (CHy y=0-3). There could be many sources of
adsorbed carbon: It could be from dissociative sticking of CO on the surface (reaction
S1) or it could be the carbon formation from CT and DR. The increased methane levels
as function of H2 admixture in both set of experiments proves that the second mechanism
is not important as efficacy of CT and DR producing carbon decreases with increasing
H2 (see section 2.4.2). In EPJ, molecules are vibrationally excited which can help in
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Table 2.7: List of plausible surface reactions. (s): surface species (g): species
present in the reactor volume.

Name Reaction
S1 CO(g) −−→ C(s) + O(s)

S2 CO(s) + H2
rv −−→ CH(s) + OH(s)

S3 CO(s,g) + H(g,s) −−→ CH(s) + O(s)

S4 O(s) + O(s) −−→ O2(g)

S5 O(s,g)+ H(g,s) −−→ OH(s)

S6 OH(s) + H(s,g) −−→ H2O(g)

S7 CHy(s) +H(s,g) −−→ CHy+1(s) (y=0-3)

S8 CH3(s) +H(s,g) −−→ CH4(g)

S9 C(s) +O(s,g) −−→ CO(g)

S10 CO(s) +O(s,g) −−→ CO2(g)

overcoming the activation barriers otherwise difficult to proceed in similar pressure and
gas temperature [87]. Such ro-vibrationally excited CO could enhance its dissociative
adsorption which is not expected at the inert stainless steel reactor walls.

Another mechanism to explain initial methyl group (CH) formation from physisorbed
CO is hydrogenation of CO by ro-vibrationally excited H2

rv (reaction S2) or by H radical
(reaction S3). Continuous production of H2O in Ar+CO+H2 plasmas even in conditions
where R2 is not effective, also supports the fact that reactions S2 and S3 are important.
Mertz et al [112, 113] have attributed the source of carbon to electron impact dissociation
of CO, for methyl group formation via three body recombination reaction in gas phase,
in their measurements done in CO and H2 mixtures in radio frequency discharges at high
pressures; Te in such plasmas is much higher than in EPJ considered here and hence such
a possibility can be ruled out. For comparison the maximum conversion of CO to CH4 in
their plasmas is 19% compared to 25 % reported in this work. At this point it is not clear
which of these mechanisms is dominant but any successful mechanism should include
CO to explain effective methanation.

To further understand role of surface of stainless steel wall reactor was covered with
copper (Cu) sheets and aluminum (Al) sheets and similar experiments with Ar+CO2+H2

plasmas were conducted. While Al covering did not lead to noticeable differences in the
product distribution (which is therefore not presented here) the product formation was
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Figure 2.8: Schematic representation of possible reaction mechanisms at surface.
A and B can be any of the surface species listed in table 2.2 while C is a gas phase
species. a) starting surface b) and c) ending surface states.

affected by a copper surface (figure 2.4). The experiments with an Al surfaces clearly
indicate that just adding the sheets did not alter the reaction conditions; for example,
change in wall temperature. The qualitative features of the trends of all the measured
species remained similar with Cu as surface but with excessive soot deposition (carbon-
aceous deposits) at the surface and slightly reduced levels of CO and CH4 (figure 2.4).
X-ray photoelectron spectroscopy and Raman spectroscopy of the soot covered copper
confirmed that the deposits are primarily carbon based. The carbon soot deposited can
alter the rate of any of the five steps involved in CH4 production thus reducing its total
yield. Jones et al [114] show with the help of DFT calculations - in contrast to what is
observed in EPJ - that CO dissociation is not favored by copper. The most difficult step in
CH4 formation in chain reactions (S1, S2 and S7, S8) on a copper surface is to dissociate
CO (S1), once carbon is available all the subsequent reactions to form methane are favor-
able. In other words, copper is not expected to bind carbon and to build an appreciable
surface coverage. Disproportionation reaction of carbon monoxide on copper surface
could be another possible pathway [115] for carbon production. Copper electrodes were
known for carbon deposition in CO lasers [116] from disproportionation reaction which
have non-thermal conditions like in EPJ. The unexpected behavior of copper in plasma
conditions show that conventional catalysts are not suitable in EPJ like environments and
new candidates have to be found if plasma has to become viable.
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2.4.4 Scavenging effect of O radicals

In the sections 2.4.2 and 2.4.3 it has been shown that CO and H are required for efficient
methanation. If CO is the prerequisite for formation of methane, one would expect to
observe methane with slight addition of H2 in Ar + CO2 + H2 plasmas just like in the
Ar + CO + H2 case, because the maximum amount of CO is produced in the Ar+ rich
conditions; in other words CO availability cannot be the limiting step of methane forma-
tion under EPJ conditions. This discrepancy may be explained by considering the role of
O radicals produced from the dissociation of CO2. These O radicals scavenge the H rad-
icals required for methane formation producing OH first (reaction S5) and subsequently
producing H2O (reaction S6). In Ar + CO2 + H2 plasmas, if the atomic oxygen does
not react with H-radicals as we propose here, then the concentration of O2 should be
half as the amount of CO, the stoichiometric ratio (see equation R1). O2 is not produced
in the expected stoichiometric amounts as most of the atomic oxygen is converted into
water which is shown in figure 2.3a. Once availability of O saturates because of almost
constant CO2 dissociation (at about Φ=0.1, fig. 2.3a), the scavenging effect of O radicals
becomes secondary and the methane formation begins in Ar + CO2 + H2 plasmas.
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Figure 2.9: Water concentration measured by IRLAS as a function of Φ (see equa-
tion 2.1). The line is used as guide to eye.

The trend of H2O measured in Ar + CO2 + H2 plasmas further illustrates the scav-
enging of H radicals by atomic O. In figure 2.9, mixing ratio of H2O is plotted. In this
figure H2O exhibits an optimum approximately at Φ =0.1, which can be explained as a
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combined effect of increasing H radicals and decreasing O radical production. A lot of
O radicals are available at low Φs while H is absent. Slowly H radical concentration
increases but O radical concentration decreases. At Φ =0.1 there is an optimum value of
availability of O and H radicals. Φ =0.1 is also the condition, Ar+ ions are completely
absent which are required for O production from CT and DR sequence. In essence, the
onset of production of methane after plateauing of both water and CO production in
Ar+CO2 +H2 plasmas strongly corroborates the scavenging effect of reactive H species
by O radical. A similar scavenging behavior of O is insignificant in Ar + CO + H2 plas-
mas because of the fact that relevant CT and DR channels of CO producing O radicals
at the same conditions are each much slower than for the CO2 case resulting in much
less H2O production in Ar + CO + H2 plasmas. Hence, the maximum amount of water
formed in Ar+CO+H2 plasmas is four times as small as the maximum value in the case
of Ar+CO2 +H2 plasmas. In fact such scavenging effect of H by O, producing H2O has
been shown as a viable mechanism for separating CO and O2 in CO2 plasmas by adding
H2 (through simulations) or H containing molecules like CH4(through simulations and
experiments) [117]. Hence, to produce carbon neutral fuels from CO2 + H2, using EPJ
like plasmas, dissociation of CO2 to CO and further hydrogenation need to be optimized
separately to reduce the deleterious effect of atomic O.

2.5 Summary and Conclusions

It is shown, by comparing CO containing plasmas with CO2 containing plasmas, that
for significant methane production, an intermediate of a syngas like gaseous mixture is
a prerequisite. This apparent selectivity in methanating CO over CO2 can be exploited
in other applications such as in fuel cells where the feed gas must be cleaned of CO,
which poisons the catalyst in fuel cells [118]. From carbon deposition in Ar + CO + H2

plasmas in a reactor covered by a copper surface, we also show that new catalysts are
needed if EPJ like plasma environment has to be used for fuel production. We found
that, though CO2 is converted to CO maximally in Ar+ rich conditions, the attendant
oxygen radical released from CO2 reduces the methanation efficiency by scavenging H
radicals. Hence any future efforts need to spatially separate the CO2 reduction and the
addition of hydrogen to make hydrocarbons.
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Chapter 3

Properties of micro-discharges in
CO2 dielectric barrier discharge
and their role in dissociation of
CO2

Abstract It has been discovered that CO production in a dielectric barrier discharge
fed with CO2 depends majorly on specific energy input. In this work such a dependence
is shown to be valid up-to to a single filament. This observation is a necessary link
between experimental results observed in a reactors with stochastically spread filaments
and a fluid model with limited spatial extent. Also, it will be shown in this work that
it becomes increasingly difficult to create second and third filaments in a half-cycle and
that number of filaments in a half-cycle is determined by the power input independent of
operational parameters. Furthermore, it is shown with a simple model that the difficulty
in creating subsequent filaments after the first filament in a half cycle could be the reason
for the unique trends in conversion efficiencies observed in CO2 fed dielectric barrier
discharges. This model is supported by measurements of number of filaments per half
cycle, charge transported by filaments and by optical imaging.
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3.1 Introduction

In the previous chapter it was shown that for optimal CO2 conversion H2 free environ-
ments are required. Following that observation, studying conversion of CO2 to CO in
pure CO2 plasmas is the next logical step. Since the challenge of CO2 conversion is
at a global scale, it is beneficial to study a plasma process that can be easily scaled up
industrially and for this one of the determining factors is throughput. In this context,
for a successful high plasma process high pressures becomes essential along with non-
equilibrium (low gas temperatures and high vibrational temperature for example), which
is considered as a key parameter to achieve high energy efficiencies [36]. Generally, high
pressure non-equilibrium plasmas are difficult to sustain, and often lead to instabilities
such as glow to arc-transition and very high gas temperatures [119, 120]. Recently, how-
ever, an array of plasma sources have become available that can simultaneously achieve
non-equilibrium and work at high pressures, prime example being dielectric barrier dis-
charges (DBD). DBDs are ideal for gas conversion as they can be sustained at low gas
temperatures [66, 121, 122] while simultaneously producing significant quantities of re-
active species [123] and can be used easily with a catalyst [124]. Hence, their popularity
in using at industrial scales [125]. Also, DBDs are easy to realize with relatively cheap
equipment and hence are used in benchmarking the diagnostic techniques [67, 126].

With these advantages DBDs are naturally explored for CO2 dissociation to produce
CO [60, 62]. DBDs, in very simple terms, can be described as a gas gap (typycally in 1-3
mm range) enclosed between two electrodes, with at least one of them being a dielec-
tric (typically 1-3 mm thick). If both electrodes are covered with a dielectric, then the
configuration is referred to as symmetric; asymmetric, if only one electrode is covered
with dielectric; and packed bed if the gas gap also contains dielectric pellets (see [121]
and references therein for a holistic view of DBD configurations). Packed bed reactors
[61, 127] are interesting in that a catalyst can be introduced to exploit the synergistic ef-
fect between plasma and surface. On the other hand, symmetric and asymmetric reactors,
with suitable gap widths afford higher optical access to the active region for fundamental
studies on plasma chemistry in-situ [67, 126, 128]. Exploiting this advantage, Brehmer
et al has systematically explored the parameter space of symmetric DBDs, in flow re-
actor geometry by studying the effect of width of gas gap, thickness of dielectrics, flow
frequency etc on CO2 conversion [60, 67, 128], and later Aerts et al [62] has reported on
very low flows and different types of dielectric materials and achieved a higher degree
of CO2 conversion. This chapter builds on work done by Brehmer et al, and tries to
establish a link between the filaments – microscopic building blocks of DBDs – and the
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unique trends observed in CO2 conversion in DBDs. It has be noted that apart from the
classification which is based on the geometry of the reactor and described here, another
classification can be made based on the DBD operation over time. There can be differ-
ence in measured characteristics depending on the sign of voltage across the gap. These
differences and classification based on such differences into symmetric and asymmetric
DBDs is discussed in some detail in the next chapter.

Independent of plasma source used, there are two major aspects of CO2 conversion:
conversion efficiency (α), and energy efficiency (η). Conversion efficiency is the ratio of
amount of CO produced to amount of CO2 used

α(%) =
nCO

nCO2

× 100 (3.1)

where nCO is amount of CO produced and nCO2
is the amount of CO2 fed into DBD

reactor. The energy efficiency is the ratio of lowest amount of energy required theoretic-
ally to produce CO molecule from pure CO2 to the measured energy used to produce CO.
Although, energy efficiency is an important parameter, it is not subject of this chapter. A
very related concept, energy consumed by plasma or specific energy input (Espec) is an
important factor that is considered in detail in this chapter

Espec =
Pavgτ

V
.
p0Tg

pT0
(3.2)

where Pavg is the average power injected into plasma (measured on a per voltage cycle
basis generally), V is volume of the reactor, p is total pressure in the reactor and Tg is
the gas temperature. τ is the residence time of the gas calculated using

τ =
V

Φ
.
p0Tg

pT0
(3.3)

T0 =273.15 K and p0=1013.25 mbar are the standard conditions used to measure gas
flow. Espec has units Jcm−3 or Jl−1; it is a measure of energy spent on unit volume of
gas. Gas flow (Φ) is measured in standard cubic centimeter per minute (sccm) or standard
litres per minute (slm).

Using a plane to plane DBD reactor Brehmer et al [60] have shown that Espec is the
universal scaling parameter that determines CO2 conversion efficiency. Espec is called
an universal scaling parameter for α in the sense that no matter how a given Espec is
attained – using any combination of pressure, applied voltage, flow, frequency, gas gap,
dielectric thickness – α remains constant for that Espec. Also, the functional dependence
between them is shown to be approximately a power law

α = constant× E n
spec; (n ≈ 0.75) (3.4)
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that is, α follows a straight line with Espec on a log-log plot (shown in figure 3.8). Similar
scaling behavior has bee reported by Aerts et al [62] but only at one frequency and at
atmospheric pressure. However, Aerts et al report significant deviation from this behavior
at very high values of α, where the gas composition is no longer purely CO2.

These observations raise two important questions: Firstly, Can this apparent depend-
ence of conversion efficiency explicitly only on Espec be extended to a single filament,
if so why? Secondly, what is the microscopic basis for the functional dependence ob-
served? To answer the first question a DBD reactor in pin-pin configuration (described in
section 3.2.1, see figure 3.2) has been built and CO produced from CO2 is measured us-
ing infra-red absorption spectroscopy at various applied voltages (Uappl), pressures, and
flows. This configuration is chosen to confine the filament(s) to a known location. Also,
the limited space available will reduce the number of filaments, thus ensuring that each
independent filament can still be resolved either by electrical characterization, optical
characterization or both. The strategy to isolate single filaments and study the funda-
mental aspects of a DBD is widely used; for an extensive review on this topic please
refer to [129] and references therein. Also, by studying a localized filaments, an easy
link can be made to computationally tractable fluid models (for example, [130]). Hence,
answer for why part of the first question is reserved for the next chapter where a fluid
model is employed to study the mechanisms behind the CO2 dissociation in a DBD.

In this chapter, a few hypotheses to answer the second question will be discussed
in conjunction with electrical and optical measurements. Also, a very simple model is
described to account for the observed trends. First a general introduction to development
of a filament is presented in the section 3.1.1. This is followed by a description of the
set-up and diagnostics in the section 3.2.1. Results are presented in section 3.3 and are
discussed in section 3.4. Apart from main hypothesis, which is purely electrostatic, few
other probable mechanisms that can explain the observed trends are discussed in section
3.5 and finally a conclusion is presented.

3.1.1 Dielectric barrier discharge

Before proceeding further, it is instructive to understand how a filament (also called a
micro-discharge) develops. An extensive review can be found elsewhere (e.g. [122])
and only a few important aspects are described here. As has been mentioned already,
a DBD is realized between two electrodes with at least one of them is covered with a
dielectric, usually at high pressures under excitation from alternating voltage signal. In
general, a typical DBD at sub atmospheric pressures (>100 mbar) is characterized by a
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large number of micro-discharges, a type of highly transient plasmas, that spread across
in space and time – this mode of operation is called filamentary mode. Under special
conditions (e.g. with certain gas mixtures, driving voltage) other modes called townsend
mode and glow discharge have been observed [131, 132]. However, a CO2 DBD has
always been observed in a filamentary mode.

Figure 3.1: Dynamics of an individual filament. Top figure shows, the spatial
extent at different stages of a cathode directed filament development. The bottom
panel shows, a qualitative picture of discharge current due to the filament. Adapted
from [122]

There are four stages that characterize the evolution of a micro-discharge (or a fila-
ment). They are: electron avalanche formation (pre-breakdown phase), streamer growth,
bridging of the gas gap between the electrodes and spreading on the surface (surface
propagation), and finally decay of the filament. These stages of a streamer are shown
schematically in figure 3.1. In a steady state operation of a DBD, that is, when a period-
icity in current versus time has set in, the pre-breakdown phase is initiated by the elec-
trons deposited in the previous half-cycle on the instantaneous cathode. These electrons
drift in the applied electric field towards the anode and amplify in number by ionization,
and result in an avalanche. This pre-breakdown phase lasts for at least 0.1 µ s. Since
the collision rate of electrons with the neutrals is very high at elevated pressures (>100
mbar) a space charge region– a region of electric charge caused by relatively stationary
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positive ions (low drift velocity) separated by electrons (high drift velocities) in the ava-
lanche head develops which is characterized by an electric field (Es). When Es attains a
critical value, the avalanches transforms into a streamer, the second stage of a filament.
According to the Meek criterion, the critical value for Es is equal to the applied external
field (Eo). Meek criterion is a rough approximation that when the amplification of elec-
trons due to the space charge exceeds approximately 108, the avalanche transforms into
plasma channel [133].

The motion of streamer head (the space charge region) can be described as an ion-
ization wave, which has a velocity far greater than the drift velocity of electrons (in the
range of 106−107cm/s); in 1-2 ns the streamer head reaches cathode head creating in its
wake a plasma channel which is highly conductive . Also, the streamer head on reaching
the surface establishes a cathode fall region [134]. Once this streamer head reaches the
opposite electrode, it spreads on the surface [135, 136]. The extent of the spread on the
surface is determined by the electric field set up due to the difference of charge between
the cathode surface (location of the micro-discharge) with respect the surrounding [137].
As the plasma spreads on the surface it reduces the excess charge locally thus countervail-
ing the applied electric field and hence finally choking the plasma. The plasma column,
which has a very high density of charged (and other active species) slowly recombines,
resulting in a decay of plasma. The time scales of each of these stages of filaments de-
pends mainly on the type of the working gas, applied voltage and dielectric layer used
and typical values are shown in the figure 3.1.

Another interesting feature of a DBD is the memory effect. Memory effect can be
described as the localization of filaments, in a DBD, in space and in time. The origin of
the memory effect can be explained in terms of volume mechanism or more importantly
in terms of charge accumulation on the dielectrics [138]. As per explanations proposed
in terms of volume mechanisms, residual ions or metastables produced from one filament
are present in higher concentrations in the location where the filament occurred in previ-
ous voltage cycle. These active species can help reignite the filament again at the same
location and for the same applied voltage (i.e time in a voltage cycle). For example, the
residual plasma conductivity can help in re-igniting the plasma again at the same location
[139]. However, in a steady state operation, in most cases the memory effect is attributed
to surface charge accumulation. It is still an open question how the charge accumulated
on the surface can cause memory effect. Three different explanations are proposed: First
hypothesis claims that the uneven charge accumulated on the surface will enhance the
electric field locally repeating the breakdown in the same location [140]; Second hy-
pothesis involves the residual plasma channel depleting the charge locally, rather than
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accumulating it – this depletion sets up surface discharge which will eventually lead to
the breakdown in the same location[137]; The third hypothesis predicates on the assump-
tion that a part of charge on the surface is mobile and the local maxima when depleted
due to the filament, the mobile charge spreads reducing the otherwise expected steep
gradients in charge across the surface [122] .

Irrespective of mechanisms causing memory effect, the fact that it is caused by charge
gradients on the surface is important for further discussion. In summary, in most DBDs
the accumulated positive charge is fixed at anode while the negative charge on cathode
desorbs, which drift towards anode and act as seed electrons for electron avalanches
helping the cathode directed streamers [141]. When the streamer bridges the gap the
accumulated charge is transported to the opposite electrode, countervailing the applied
voltage and thus choking the plasma – reason for filamentary mode. The same accu-
mulated charge also helps in reigniting the plasma again when the polarity reverses i.e
memory effect. As has been mentioned previously, though the filament diameter is only
100µm [66] in the volume of the discharge, it spreads to several mm on the surface [135].
The spreading on the surface can be explained in an intuitive way using a simple capacit-
ance argument. As will be shown, typical filaments produce ≈ 0.5 nC, which if spreads
on the same surface area with a diameter of 100µm, will induce a voltage in the orders of
106 V on typical dielectric layers (1 cm). Such high voltages are greater than breakdown
voltage of the dielectric layers suggesting that the filament has to spread.

The dynamics discussed so far describes what happens at only one location. In a
typical DBD, however, there are filaments at multiple locations. Once the charge ac-
cumulated at one location, it prevents further ignition at the same location. However,
with increase in voltage in the same cycle, filaments can occur at locations where there
was no filament earlier. Which locations should be used for first filaments and which for
second and so on depend on the type of gas, reactor geometry and the type of dielectric
used [142] and interesting spatial patterns in filaments have been realized using this fact
[143].

3.2 CO2 dissociation in a DBD

3.2.1 Experimental set-up

The schematic of pin-pin DBD reactor used for this work is shown in the figure 3.2
It consists of two tungsten metal rods of 1 mm diameter which are coated with glass
dielectric (ϵr ≈ 5 − 6) acting as electrodes. One electrode is connected to the high
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Gas inGas out

1.72 mm

2 mm1 mm

0.4 mm

Figure 3.2: Schematic showing reactor. In the top panel CQ: Lissajous capacitor
R: Rogowski coil P1: High voltage probe P2: is voltage probe for Lissajous capa-
citor. Bottom panel is the blown up figure of the electrodes and their dimensions

voltage while the other is grounded. The gap between the electrodes was 1.72 mm and
the thickness of dielectric is 0.5 mm. These electrodes are enclosed in a cylindrical
cell with two gas ports, one for gas input and the other for exhaust. The diameter of
cylindrical cell is 5 cm and the height of 1 cm; the total volume of gas cell is 19.63 cm3.
The circular part of the cylindrical cell is made of quartz so as to allow maximum light
to be transmitted out. Other relevant dimensions are shown in the figure 3.2.

A sinusoidal voltage source with adjustable impedance so as to resonantly match
the impedance of the reactor has been used; maximum voltage up-to 25 kVpk−pk was
achieved and depending on the plasma condition, frequencies ranging between 22.5 and
23 kHz were used. The voltage on the high voltage electrode is measured using a com-
mercially available high voltage probe represented with P1 in the figure 3.2. The current
through the reactor is measured using a Rogowski coil, represented with R in the fig-
ure 3.2. The charge through the reactor, Qcap, is stored in a 140 pF capacitor, called a
Lissajous capacitor in the context of DBDs. The charge measurement is required to cal-
culate the power injected into the plasma (see section 3.2.2). The capacitor is represented
with CQ in the figure 3.2. Qcap is measured by measuring the voltage across Lissajous
capacitor using a voltage probe, represented with P2 in the figure 3.2. The exhaust of

46



3.2. CO2 DISSOCIATION IN A DBD 3. PROPERTIES OF MICRO-DISCHARGES

Figure 3.3: A typical Q-V plot (Lissajous figure) showing transferred charge (QC )
through reactor as a function of applied voltage (Ua). Condition: 18 kVpk−pk ,
700 mbar, 700 sccm, pure CO2

the gas is coupled into an extended cavity to measure CO using quantum cascade laser
spectroscopy that will be explained in the section 3.2.3, also see figure 3.2.

3.2.2 Electrical Characterization

To calculate Espec using equation 3.2, Pavg is most crucial as it is the only quantity
that needs to be measured and is determined by the plasma while other parameters can
be independently set. Pavg is defined as product of Ecycle and f , where Ecycle is the
energy injected into plasma in one time period (or one cycle of voltage) and f is the
frequency of the signal. Ecycle is calculated using Manely method [144]. The gist of
Manely method is that the energy injected into plasma is equal to area of closed figure
(Lissajous figure) formed by applied voltage and charge transferred through the reactor
in each cycle. When there is no discharge, the reactor acts like a capacitor and Lissajous
figure becomes a straight line whose slope gives capacitance of the reactor. For the pin-
pin reactor it is measured to be 0.7 pF . An example Lissajous figure is shown in figure
3.3.

The current is measured using a Rogowski coil (see figure 3.2). A typical meas-
urement of voltage and current are shown in figure 3.4. The current signal is mainly a
capacitive response of the reactor (displacement current) to the applied sinusoidal voltage
with occasional spikes which correspond to micro-discharges. The accuracy of the amp-
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Figure 3.4: A typical Current Voltage plot as a function of time. T≈ 44µs cor-
responds to the time period of voltage cycle. Condition: 17 kVpk−pk , 600 mbar,
700 sccm. pure CO2

litudes of the current spikes is not very high. In addition to a faster measurement tech-
nique, a thorough calibration of parasitic impedances in measurement circuit is required
to increase the accuracy of the current signal. However, Rogowski coil is very well suited
to measure the time-instant of a filament, that is, the location of the filament on time axis;
time-instant of a filament gives information about phase of voltage, current and charge
signals when there is a filament. Also, the time instants of filaments are made used
to count the number of filaments per half cycle (HC). HC is used as the reference time
period because a symmetric DBD characteristics are periodic with every HC in principle.
To ensure that each spike in the current corresponds to only one filament, fast optical ima-
ging is used (see section 3.2.4). Number of filaments per half cycle has been determined
by measuring current for 50 cycles-60 cycles (100 -120 HC) at different voltages (upto
20 kVpk−pk), at different pressures: 200,400,600 and 800 mbar ,and at flows of 500, 600
and 700 sccm at fixed pressure of 600 mbar are used to see the effect of flow. Measuring
such large number of cycles enabled to get good statistics on filament distribution (see
section 3.3.3)

Charge transferred by each filament (∆Qf ) is measured by measuring the change in
the Lissajous capacitor voltage when the filament occurs. ∆Qf is the sudden discontinu-
ity in the charge signal measured by Lissajous capacitor. An example of charge signal
and its corresponding current signal are shown in the figure 3.5 to illustrate the method
used to calculate the charge transferred by each filament . The charge signal is a capa-
citive response of the combined reactor-measurement system to the applied sinusoidal
voltage. However, whenever there is a breakdown, i.e filament, there is a sudden change
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Figure 3.5: A typical Current Charge plot as a function of time. T≈ 44µs cor-
responds to the time period of voltage cycle. The red dashed box shows the charge
transferred during the one filament. Condition: 12 kVpk−pk , 200 mbar, 700 sccm,
second filament in a HC in pure CO2

in the charge to account for the extra charge transport of the accumulated charge on the
surface. ∆Qf can be measured by measuring the step height in the charge signal. If
for example the filament occurs at an instant t0 (which is obtained from the current sig-
nal), then the step height is measured by finding the difference in the charge signal from
t0 − 100ns to t0 + 100ns. This window of 200 ns is chosen so as to account for slight
error in detecting the time-instance of filament and also for the slow decay phase of a
filament (see section3.1.1). This method is applicable only when each charge transfer
event can be separated in time which is possible in a pin-pin reactor. It also relies on the
fact that charge transfer occurs in a narrow time scale, ≈ 100 ns much shorter compared
with the time period of voltage cycle 44 µs approximately.

3.2.3 Determination of CO densities

Two kinds of infrared absorption spectroscopies were used to measure CO produced from
dissociation of CO2, ex-situ: Quantum cascade laser absorption spectroscopy (QCLAS)
and Fourier Transform Infrared (FT-IR) absorption spectroscopy. In general, all absorp-
tion spectroscopies are variants of measuring absorption signal using Beer-Lamberts law

I(λ) = I0(λ)e
−nσ(λ)L (3.5)
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where I(λ) is the absorption signal measured at different wavelengths of incident light
λ, n is the concentration of species being probed, I0(λ) is the intensity of incident light
at different wavelengths which is corrected for all the background absorption i.e absorp-
tion signal without plasma in this work, L is the path length through which laser beam
traverses and σ(λ) is the cross-section of absorption. The cross-section of absorption,
σ(λ), is dependent on both the gas and the wavelength of the light used to measure the
species.

Whereas the values of I0(λ), σ(λ), L are fixed either by the design of experimental
set up or the species, the value of I(λ) has to be measured. From these known val-
ues, n is determined using equaion 3.5. For a given condition, the transmission spectra
with and without the plasma were measured. The ratio of measured plasma-on spectra
(I(λ)) to the plasma-off spectra (I0(λ)) is fitted to ratios from synthetic spectra calcu-
lated by commercially available QMACS-HITRAN software tool with n as the fitting
parameter. The value of n that gives the best fit is assumed to be the number density of
the probed species. This technique is described in detail in [60, 67]. For fitting the data
using QMACS software, spectroscopic constants available from HITRAN database are
used; for each species analyzed, spectral windows are chosen so as to avoid the inter-
ference in signal from other species which is especially important in FT-IR absorption
spectroscopy. Temperature is an input parameter to use HITRAN database and it has
always been assumed to be 296 K, reference temperature of the database and the temper-
ature in the downstream where measurements are made is measured to be approximately
same. QCLAS and FT-IR absorption spectroscopies differ in the range of wavelengths
(spectral windows) of incident light and time resolutions. Whereas QCLAS has a very
narrow spectral window and can measure with micro-second time resolution, FT-IR can
be used in broad wavelength range but with a time resolution of few seconds. The time
resolution, however, is not of big consequence in the ex-situ measurements reported here.

QCLAS

The theory describing the usage of QCL for absorption spectroscopy in plasma environ-
ment is described in detail in [145] and the method to measure CO in CO2 fed DBDs used
in this work is adapted from [67]. However, in contrast to the in-situ measurement repor-
ted in [67], only the exhaust gas was measured in this work. To this effect the exhaust
gas from the DBD was passed through an external cavity of 474 mm in length before it
is pumped out; path length of laser beam is doubled to 948 mm by passing it twice in
the cavity. An etalon and a reference cell are used to select the suitable wavelength and
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Figure 3.6: Comparison between CO densities as measured by QCL (squares) and
FTIR (circles) as a function of specific energy input. The pressure used is 700 mbar.
sccm refers to standard cubic centimeter per minute.

calibrate the wavelength range of 2212–2216 cm−1.

FT-IR absorption spectroscopy

Fourier Transform Infrared (FT-IR) absorption spectroscopy is used as a second dia-
gnostic to corroborate the measurements made by QCL spectroscopy. For quantification
a similar approach to the one used in [60] has been used. However, compared to 49 cm
path-length which is insufficient for much lower concentrations measured in this work, 7
m path length is used with help of a multi-pass cell. Instrumental broadening is the major
broadening mechanism in FT-IR spectra which is 0.15 cm−1 for the instrument used in
this work [60].

The exhaust gas passes first through the QCL and then the same sample is measured
again by FTIR spectroscopy. The agreement between QCL and FT-IR is very good (see
figure 3.6). In further discussion only measurements made by QCL are shown unless
stated otherwise. In principle one absorption diagnostic is sufficient to measure the dens-
ities of the products, but by using two different techniques, which require the gas to pass
different lengths before being analyzed, we can also be sure that the products did not
undergo chemical reactions outside the DBD reactor.
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3.2.4 Imaging of filaments

The spatial characteristics of a filament, such as its spread on the dielectric surface on
reaching the surface, influences the subsequent filaments. Hence, fast imaging of fila-
ments is performed in order to determine the spatial characteristics of the filament. To
this end, an intensified-charge coupled device (iCCD) camera (Andor, iStar, DH734-
18U-03) has been used to record images of the micro-discharges. To ensure that the light
is collected from only one filament the camera is gated. Which implies that the camera
is active for a window of time (TW) only when there is a filament (see figure 3.12).

It has to be noted, however, that the light emitted by individual filaments is very
little. In a DBD fed with CO2, the light emitted is due to the transitions from excited
ions CO+

2( A2Πu, B
2Σ+

u ) to the ground state of the CO+
2(X2Πg) ions. The threshold of

electron impact excitation of these two states are 17.6 and 18.1 eV respectively and only
a very minute fraction of electrons posses such high energy to create these excited states.
Also, collisional quenching of these excited states by ground state molecules decreases
the emission even further at high pressure. Consequently, the light emitted from CO2

fed DBD is particularly low. To overcome the problems posed by low light intensity
multiple averages are required to reduce the signal to noise ratio. For good averaging,
the reproducibility of the filament more or less at the same instant in a given HC becomes
important.

TW used in the experiments reported here is determined both by the reproducibility
of the filament in every HC and also the time between two consecutive filaments in the
same HC. Since the jitter in the first two filaments in a HC, between consecutive voltage
cycles is less than few µs (which is the measure of reproducibility) it has become possible
to synchronize the camera and the filament. For this work, TW is varied between 2-5 µs.
Apart from spatial characteristics, fast imaging can help in ascertaining if each spike in
current signal corresponds to an independent filament, or if it is a collective event induced
by processes such as self triggering of micro-discharges [124].

3.3 Results

3.3.1 Effect of operational parameters on energy input

The parameters that can be independently set are called operational parameters and in
this work they are voltage, pressure and flow. It has been observed that voltage and pres-
sure are the main parameters that determine the power injected into plasma while flow
has no effect on it. To illustrate this effect, power injected into plasma at two different
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Figure 3.7: Plot showing power consumed by plasma at different voltages. Uo is
the amplitude of the applied voltage signal.

flows and pressures has been shown as a function of amplitude of applied voltage signal
Uo in figure 3.7. This result is to be expected as there is a 5 orders of magnitude dif-
ference in time scales between the flow (in ms) and power injection (hundreds of ns).
The frequency is not varied in the experiments and its effect is not discussed; since fre-
quency is not changed energy injected per cycle and power can be interchangeably used
(Pavg = Ecyclef ).

3.3.2 CO2 conversion efficiency

As has been already mentioned, conversion efficiency of CO2 into CO, α is very much
determined by Espec. If Φ is used to determine Espec, then equation 3.2 transforms into

Espec =
Pavg

Φ
(3.6)

Now, the effect of Pavg and Φ can be independently studied. Φ is found to effect the
conversion efficiency by changing the residence time. For example, if everything else
remained constant the conversion efficiency doubles if the residence time is doubled,
provided there is no saturation in CO production. Once it has been verified that flow
does not have any effect other than changing the residence time, a flow of 700 sccm was
selected. Any lesser flows requires a longer times to stabilize and faster flows are not
desirable as they yield far little conversion below the detection limits.

53



3. PROPERTIES OF MICRO-DISCHARGES 3.3. RESULTS

100 101 102 103 104 105
10-3

10-2

10-1

100

 

 

C
on

ve
rs

io
n 

ef
fic

ie
nc

y 
- 

 (%
)

Espec (J/l)

Figure 3.8: Conversion efficiency measured using various conditions. Blue open
stars are measured in plane-plane configuration: taken from [60] and [67]. The
rest of the data points are measured with pin-pin configuration with pressures: blue
squares 200 mbar, red circles: 400 mbar, green triangles: 600 mbar, yellow inverted
triangles: 700 mbar. Φ= 700 sccm.

Conversion efficiency as a function of Espec at different pressures is plotted in figure
3.8. As can be seen in the figure 3.8, conversion efficiency increases monotonically Espec

independent of pressure. It follows the same trend line as the one reported by Brehmer
et al at different pressures, frequencies, flows and gas gaps [60] (shown as green stars in
the figure 3.8). With this observation it can be clearly said that Espec has been shown to
be valid as an universal scaling parameter up to very low values.

3.3.3 Filament statistics

To understand the connection between the average number of filaments per half cycle
(Navg) and conversion efficiency, Navgwas measured as a function of applied voltage,
pressure and flow using the method outlined in section 3.2.2. The results, Navg versus
power, are plotted in figure 3.9 for different pressures; unfortunately, 1000 mbar could
not be used due to operational difficulties. In general, Navg increases monotonically with
power input. It is not surprising that the flow was found not to have influence because of
the difference in the time scales. However, similar Navg for same Pavg at different pres-
sures is unexpected and has not been reported previously. Also, it becomes increasingly
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different pressures. The background shading is to represent the standard deviation
in the measurement. Dashed lines at Navg = 1, 2 and 3 are drawn for reference.
Φ= 700 sccm

difficult to generate new filaments i.e the power required to generate additional filaments
is increasing – a form of power-law relation similar to equation 3.4 with exponent less
than 1 (0.3 to be precise). The standard deviation shown in figure 3.9 is an average of
standard deviation from 5 different sets of 20 HCs each. The standard deviation shown
in figure 3.9 increases with increase in filaments because, power injection becomes in-
creasingly unstable.

Those conditions for which Navg is not a whole number can be explained from the
fact that there is a distribution in filaments with some half cycles having slightly different
number of filaments than Navg. For example, a Navg of 2.5 indicates that half of the
HCs have 2 filaments and the other half 3. A typical histogram that shows distribution in
filaments over different HCs is shown in figure 3.10. In this figure number of HCs with
exactly one filament, number of HCs with exactly two filaments and so on is plotted at
different flows at one constant pressure and voltage (consequently constant Pavg) and at
different flows. The distribution shows that at this condition majority of HCs have two
filaments with few HCs having one filament. It also shows the independence of Navg

with flow.
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3.3.4 Charge statistics

For a complete understanding of electrical properties of filaments and their effect on CO2

dissociation, charge transported by each filament were done using the method described
in section 3.2.2. Also, combined with imaging measurements, charge measurement will
explain the origin of difficulty in creating in new filaments – the power law relation
observed between filaments and power injected.

The average charge transferred by the first filament alone (∆Qf1), second filament
alone (∆Qf2) and all the filaments together (∆Qf ) in a half cycle are plotted in the
figure 3.11. ∆Qf1 remains constant at 0.5 nC irrespective of pressure. ∆Qf2 appears
increasing with increase in power and seems to saturate at some higher Pavg while ∆Qf

linearly increases with power as shown in figure 3.11. According to Eliasson et al [66]
∆Qf per filament should be constant at all pressures. However, in this work only ∆Qf1

remains constant; because of the electrode geometry used, the filament can extend in
length and not all filaments are equivalent in this respect. The extension in length will be
discussed in section 3.3.5. The error in the charge transferred is not shown in the plots
for the sake of clarity. The average standard deviation in charge transferred by same type
of filament (∆Qf1 or ∆Qf2) varies from 30% to 50 % which increases with increasing
in power just like Navg. Further analysis of error is discussed in appendix 3.B.
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Figure 3.11: Plot showing the charge transferred in the first filament alone (closed
symbols), second filament alone (open symbols) and all the filaments in a half cycle
(semi closed symbols). The dashed line at 0.5 nC is to accentuate the fact that the
charge transferred in first filament is approximately constant across the pressure
and power range. See the text for error analysis.

3.3.5 Imaging studies

A series of images for a typical operational condition are shown in a tabular format in
the figure 3.12; this series of images illustrates qualitative features observed at all the
conditions in general. A filament is said to be positive, if during its occurrence, the
voltage on the powered electrode is increasing and it is called negative if the voltage is
decreasing. In the figures the left electrode is powered and the right one is grounded.
The top row shows images of three different types of filaments, namely the first positive
filament, the first negative filament and the second positive filament. And the bottom
row shows their corresponding current oscillograms with time-windows (TW) shown
as rectangular boxes schematically. Since the background current signal is a capacitive
response of applied voltage it is 900 out of phase with the applied voltage. As a result the
background is decreasing for a positive filament and increasing for a negative filament.

In principle, there should be no difference between a positive filament and negative
filament in a symmetric DBD like the one used for this work, provided its sequence in a
half cycle is same; for example, first positive filament in a positive HC and first negative
filament in a negative HC are equivalent. During a positive filament, grounded electrode
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Figure 3.12: Optical emission from the first positive filament (a), first neg-
ative filament (b) and second positive filament (c) and their respective time-
windows (TW) used to record the images: a’, b’, c’ (10 µs). Left electrode
is powered by the high voltage source and the right electrode is grounded.
Condition: Uappl = 16kVpk−pk , 600 mbar
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acts as instantaneous cathode where cathode fall region is observed and during a negative
filament it is formed on the powered electrode. The formation of this cathode fall region
(regions of high light intensity near electrodes) can be clearly seen in the figures 3.12a
and 3.12b. Cathode fall region forms instantaneously and spreads across the surface in
less than 1 ns and has a reduced electric field which is as high as 4000 Td in air[146].
Similar measurements of cathode fall region have been reported in mixtures of N2/O2 by
[141, 147] using a pin-pin DBD reactor similar to the one used in this work. However,
to our knowledge this is the first time such measurements have been reported in CO2

DBDs. Only first two filaments in a half cycle could be imaged because of their low
jitter in time between cycles; from the third filament onwards the variation in temporal
location is bigger and as a consequence, for any chosen time-window, it could not be
guaranteed that only the chosen filament is imaged. As an example, if the third filament
in a given half-cycle is targeted by selecting a time-window, due to the jitter the third
filament could be out of it or it could appear along with fourth filament etc.,

The first filament in a HC always appears between the electrodes whereas the second
filament extends farther on the electrodes avoiding the location where the first filament
has already occurred. This extension can be seen from the cathode fall region of the
second filament shown in figure c of figure 3.12. Also, there is a greater variation in the
location of the second filament (foot of the filament on the electrode) and this variation
increases further with the third filament and so on.

3.4 Discussion

Since a single power-law relation that is valid at all pressures is found between Navg

with Pavg , it could be expected that the difficulty in creating new filaments could also
be the reason behind power-law relation observed between α and Espec (equation 3.4).
Here, first, the reasons behind power-law relation between Navg and Pavg will be ex-
plained using results explained in previous sections. Later, the connection between the
two power-law relations will be explored. When Pavg is ≈ 0.05 W, the first filament
appears irrespective of pressures (see figure 3.9). Each filament carries a charge of 0.5
nC and is located always between the electrodes, bridging the shortest gap. Once the
first filament bridges the gap, it transports charge (∆Qf1) to the cathode; this deposited
charge on instantaneous cathode distorts the electric field and opposes the development
of second filament. However, when the voltage is increased such that Pavg is greater than
0.5 W, a second filament appears. The second filament in a HC spreads deep on the sur-
face of the instantaneous cathode. The distortion in electric field by ∆Qf1 will make the
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second filament bridge a wider gap at a different location and not necessarily between the
electrodes which is seen in figure 3.12c . The cathode fall region of the second filament
not coinciding with the cathode fall region of the first filament shows that the charge
deposited by the first filament, prevents the ignition of the second filament at the same
location. Such an effect of distortion of electric field by the first filament and consequent
movement of second filament to adjacent area has also been reported by Brandenburg et
al [147]. A filament that bridges a wider gap is longer in length hence transports a bigger
amount of charge [148]; because it has to access area that is not affected by charge de-
posited by the first filament, the second filament is longer than the first one which results
in a difference between ∆Qf2 and ∆Qf1 as shown in figure 3.11. To bridge bigger gaps,
a higher energy input is required which manifests as a increased power input required
to create new filaments – reason behind the power-law relation observed in figure 3.9.
In other words, the distortion in the electric field caused by the charge deposited by the
earlier filaments make it difficult to create subsequent filaments in a HC hence the power
law relation between Navg and Pavg. It has also been observed that the location of the
second filament varies significantly when compared with the stable first filament. The
reason for this instability in the location of foot of the second filament, as in the case
of increased variation in Navg with Pavg , could be either due to fundamental change in
capacitance of the system with charge deposition or could be because of unstable power
source.

At very low values of Espec, only one filament per half cycle results but α still follows
the trend-line. This fact will be made used in later chapters where the mechanistic aspects
of CO2 dissociation will be studied. Now that the reason behind the power-law between
Navg and Pavg has been explained, a simple model can be used to see why this should
be the basis of power law relation between α and Espec. Conversion efficiency, α, can be
written in terms of ratio of flux of CO molecules produced, ΦCO integrated over time and
volume, to the flux of molecules of ΦCO2

fed in a given residence time τ . For a single
filament, total number of CO molecules produced

nCO1 =

∫ V

0

∫ Tf

0

∂nCO

∂t
dtdV (3.7)

where ∂nCO

∂t is the rate of production of CO as a function of time and space. The total
number of CO molecules produced in τ is

nCO = 2fτNavg

∫ V

0

∫ Tf

0

∂nCO

∂t
dtdV (3.8)

where f is frequency of applied voltage and Tf is the time for which one filament lasts.
The factor 2 appears since Navg is counted per half cycle. From this conversion efficiency
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can be rewritten as

α =
2fNavgτ

ΦCO2
τ(1− α)

∫ V

0

∫ Tf

0

∂nCO

∂t
dtdV (3.9)

If we assume that, the rate of production of CO is independent of volume (or uniform
over the volume of the filament), then

α =
2fNavg

ΦCO2
(1− α)

Vfilament

∫ Tf

0

∂nCO

∂t
dt (3.10)

The constant production across the volume is a major assumption and it is not necessarily
true. In the next chapter, it will be shown that along the filament the electron density in-
creases, thus the production term changes over the volume. However, to keep the analysis
simpler, we can assume an average production rate along the volume. The implications
of this assumption will be discussed further in the chapter. The rate of production can
be known from the rate coefficient of electron impact dissociation (or an effective rate
coefficient primarily depending only on electrons), k1

α =
2fNavg

ΦCO2
(1− α)

Vfilament

∫ Tf

0

k1n
′
enCO2

dt (3.11)

If we further assume that the change in CO2 density is negligible which is very much
valid in the light of low conversions, then it can be brought out of the integral, and can
be written in terms of pressure (P ) in the reactor

α =
2fNavgPVfilament

ΦCO2
(1− α)kT

∫ Tf

0

k1n
′
edt (3.12)

this equation can be further transformed into energy consumed in CO production, if
the integrand, which is the rate of power transferred into electron impact dissociation is
multiplied with the corresponding threshold energy, then

α =
2fNavgPVfilament

ΦCO2
(1− α)kTϵCO

∫ Tf

0

k1n
′
eϵCOdt (3.13)

here, ϵCO, is the threshold energy of electron impact dissociation. The integral becomes
energy transferred into CO production in one filament, ECO

α =
2fNavgPVfilament

ΦCO2
(1− α)kTϵCO

ECO (3.14)

If we assume that Vfilament does not change so much and using the definition of resid-
ence time,

α(1− α) =
2fNavgτVfilament

kϵCOV
ECO (3.15)
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The product of f and residence time gives total number of voltage-cycles the gas "sees":
Ctotal,

α(1− α) =
CtotalNavgVfilament

kϵCOV
ECO (3.16)

Separating constants and variables

α(1− α) = CtotalNavgf(Pavg)
Vfilament

kϵCOV
(3.17)

Since the conversions measured, especially with pin-pin reactor are very low, the left side
of the above equation can be replaced with α. Also, from the experiments we know that
Navg can be written as some constant times P 0.3

avg . Accounting this information, α can be
written as

α = KCtotalP
0.3
avgf(Pavg) (3.18)

where if we consider ECO is some function of Pavg . In general, f(Pavg) is a complex
non linear function depending on electron energy and electric field, varying with space
and time.

With this equation, we have effectively resolved the contributions to α from number
of voltage cycles the plasma is operated, the surface component which determines the
extra energy required to create new filaments and the volume component of one filament,
which generates CO at an energy cost of ECO. Though it is resolved into two compon-
ents here, there is an inextricable link between the surface component and the volume
component, both determining the power consumed Pavg . The link emerges because the
charge that is created (or depleted) in the ionization wave of the filament impinges on the
(or is consumed from the) surface producing the variation in the surface charge density.
Subsequently, the surface charge density determines the new filament formation.

Now, from the experiments we know that, α follows a power law relation with Espec,
or if we discount the flow (which is considered in Ctotal), then with power consumed (cf.
equation 3.4). Hence the product of P 0.3

avgf(Pavg) should be a power law with exponent
0.75 measured in the experiments. It is also to be noted that for a given reactor system, the
flow – only parameter that can change the residence time without effecting power injected
–can be changed by one order of magnitude while the combined effect of pressure and
voltage changes Espec many more orders of magnitude. So notwithstanding the effect
of flow, the origin of power law relation can still be attributed to difficulty in creating
new filaments as described by equation 3.18. Also, from the flow measurements, it has
been shown that if the flow doubles conversion becomes half – in other words a linear
relationship with Ctotal (cf. figure 3.7), which is captured in equation 3.18. Equation
3.18 is a fairly general relationship between energy required for CO2 dissociation (ECO)

62



3.4. DISCUSSION 3. PROPERTIES OF MICRO-DISCHARGES

and conversion efficiency independent of operational parameters. Even if ECO is not
constant as assumed, then at least a part of the explanation for the power law relation
between α and Espec should be explained by equation 3.18.

There is an implicit assumption made in the preceding analysis, that is, all the fila-
ments are identical in CO production. This assumption is certainly valid if there is only
one filament per half cycle. For more than one filament, irrespective of their occurrence
in a given half cycle, it has been shown that independent of external conditions, all fil-
aments behave almost identically in a plane-plane reactor at atmospheric pressure in air
plasmas [122]. Hence, we can assume that f(Pavg) is also identical for all filaments at
least at a given pressure. Although, to a first degree, a relation between energy consump-
tion and conversion could be established there is nothing in the analysis made thus far,
that will explain how f(Pavg) will change with pressure, frequency, temperature etc.,
Also, if we determine, f(Pavg), does it uniquely determine α. In the next chapter, the
variation of production rate across volume, ignored in the analysis here, is treated in de-
tail to explain the dependance of f(Pavg) on operational parameters. There it will also
be shown that, given the energy input α can be uniquely determined.

It can be argued that the power-law relation is mainly due to the geometry used in
this work and cannot be extended to a plane-plane or cylindrical geometry used else-
where [60, 62]. Nevertheless, a proposition can be made that this observation can be
extended to any geometry. The link between the geometries comes from the fact that
the surface area occupied by the foot print of a first filament (or a collection of a first
filaments in case of reactors with large surface) is large enough and that it will distort
the electric field requiring larger power input to create a second filament (or collection
of second filaments). Each filament is expected to have a footprint which is 10 times as
large as its diameter in the gas gap [137] and the filament diameter is approximately 200
µm (even higher when pressure is lower than 1 atm) [149]. From these typical dimen-
sions of filaments it can be shown that ≈ 8 filaments can be accommodated in a square
centimeter, assuming all the filaments occur simultaneously. This analysis is supported
from the reported values in literature of 106 filaments per square centimeter per second
at a power input of 0.1 W/cm2 in Ar/O2/H2O DBDs operated at 1 kHz frequency [150];
which will yield 5 filaments per square centimeter in a half cycle comparable to 8. How-
ever, the experiments conducted for CO2 dissociation are reported at much higher power
densities: Upto 7.5 W/cm2 [67] and 2 W/cm2 [59, 62] (extrapolated from the values
reported), which implies that there are many more filaments per square centimeter than
that can be accommodated. So even in a plane-plane reactor as the surface density of
filaments increases, it becomes increasingly difficult to create new filaments. A similar
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observation has been made by Mangolini et al [151], in a plane-plane DBD operating in
a glow discharge mode in helium, that the charge deposited by the first discharge event
(ionization wave in case of glow discharge equivalent to filaments in filamentary mode)
prevents the second event to access the same area. The surface charge density and its
effect on subsequent filaments and the effect on charge has been partially described by
Gibalov et al [136]. From a two-dimensional model they arrive at conclusion that at very
close spacing between filaments, the subsequent filaments always appear between the
locations which have already been used. They also report that the charge carried by the
subsequent filaments decrease. But, they do not explain if the power consumed by the
subsequent filaments is same or not, hence the discrepancy in the description of charge
between their model and experiments here. Even if the filaments are not constrained by
the size, from extensive analysis on micro-discharges, Peeters [122] has shown that the
filaments even in planar DBDs, have to "communicate" with each other and hence dis-
tortion of the electric field by the preceding filaments on subsequent filaments is not far
fetched.

There are other useful inferences that can be made from the results reported in section
3.3. Using the lowest value of α shown in the figure 3.8 and the values of flow and
geometry of the reactor, an order of magnitude estimate for α per filament can be arrived
at. As shown in the section 3.3.3, at lowest powers injected only one filament per half
cycle is generated. At the same time the maximum value of τ is realized at low flow
(400 sccm) and highest pressure (1000 mbar): 2.94 s. Assuming one filament per half
cycle, the number of filaments, the gas sees approximately 130,000 filaments in 2.94 s
at a frequency of 22 kHz. From these values the conversion efficiency for each filament
should be 10−7 %. As will be shown in the later chapters this order of magnitude seems
in the same range as predicted by fluid model. However, it has to be noted that it is the
lower limit because residence time is highly over estimated. Eliasson et al [66] reported a
conversion efficiency of 10−5 % by numerical calculation assuming only electron impact
dissociation and Aerts et al [63] show a conversion of 10−2 % per filament, which are
very much over estimated because of very high energy densities (Espec) assumed.

The independence of ∆Qf1 on operational parameters should manifest in the dimen-
sions of the filament i.e change in volume. To see this effect on volume, time and space
averaged electron density (ne) can be related with ∆Qf by equation 3.19

ne =
∆Qf

eVp
(3.19)

Vp in the equation 3.19 is volume of plasma which depends on operational parameters
and even on the sequence of the filament in a given half cycle i.e if the filament is first or
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second etc. in a given half cycle and e is the elementary charge (1.602 ×10−19 C). Also,
during the time period of discharge Tf , the gap voltage can be assumed constant and as a
consequence k1 can be assumed constant at a given pressure and applied voltage [123].
Hence α for one filament can be rewritten as

α1 =
k1∆Qf1Tf

eVp
(3.20)

Since α1 and ∆Qf1 are measured to be independent of pressure at the same power, Vp

and k1 should be connected. In another words, for the same Pavg at different pressures,
change in plasma volume is correlated with k1. k1 is determined by reduced electric field
which is in turn determined by pressure. At low pressures electrons diffuse much farther
increasing the volume. The increase in volume of a filament with decrease in pressure has
been shown by others in air-fed ozonizers [149]. If we assume the same trend for CO2

then with pressure Vp should decrease. However, owing to very small dimensions and
weak light emission, a change in volume could not be measured at present. In summary
it can be said that the filaments, especially the first filaments in a half cycle, behave sim-
ilarly by self-adjusting their sizes such that the net effect appears to be equal conversion
efficiencies, equal charge transferred per filament and equal power required to generate.

3.5 Other Hypotheses for power-law

There can be other possibilities which can explain the power-law relation between α and
Espec and need to be explored. As the Espec increases, higher conversion efficiency
changes the gas composition from pure CO2 to some CO2 +CO+O mixture. In a plane-
plane or a cylindrical reactor, the filaments will see pure CO2 at the entry of gas into
reactor and a gas mixture that is at least partly converted at the exhaust. Such a change in
gas mixture is expected to change the electron energy distribution which in-turn affects
conversion efficiency. An example for the effect of change in gas composition on electron
energy distribution could be seen in the ionization of different species. At the reduced
electric fields expected in a CO2 DBD, rate coefficient of the electron impact ionization of
CO is very much lower than ionization of CO2 [36]; thus, with increasing CO in the gas
mixture it becomes increasingly difficult to ionize the gas and produce electrons required
to dissociate CO2. But at what conversion efficiency does electron energy distribution
differs significantly from pure CO2 needs to be investigated further. In a reduced model,
CO ionization is shown to be not significant until very high conversion ratios by Aerts et
al [62].
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For the concentration of CO to subside significantly at the location of the production
it will take hundreds of microseconds (see appendix 3.A). Meanwhile due to the memory
effect, many filaments would strike at the same location at typical frequencies used in a
DBD. The difficulty in creating the new filaments should manifest even in a given cycle.
Since the remnant gas composition is completely different than pure CO2, this could be
another reason why the second filament propagates along the periphery of the remnant
of the first filament – A consequence of volume mechanism for memory effect.

Another effect of change in gas composition is the change in relative importance
of different chemical reactions. For example, CO recombination with atomic O is very
slow at low concentrations of CO and O; with a three-body reaction rate coefficient of
10−35cm6s−1 [67]. However, as their production increases with Espec, recombination
reaction becomes important; net effect of these loss processes is a slower increase in CO.
Different variants of loss processes are dealt in detail in [60] and [62].

3.6 Conclusion

In this chapter it was shown that the power-law relation observed between conversion
efficiency (α) and specific energy input (Espec) can be extended to a single filament. A
simple method to detect the time instant of the filament enabled measuring the character-
istics of filaments such as charge transferred by individual filaments, power consumed by
individual filaments and filament density per half cycle (Navg). The charge transferred
per filament has been found to be independent of pressure and is strongly correlated with
the power input. For the first time filaments in CO2 DBDs have been imaged using iCCD
camera which showed the effect of surface on the filament development. Navg has been
shown to be constant with pressure and flow at a constant power consumed. A fairly
general relation between energy required to create CO and Navg is also established. Re-
lation between Navg and energy per cycle also showed a similar power-law which shows
that the difficulty in creating new filaments could be the reason of the power-law relation
observed between α and Espec. This hypothesis is further validated by optical imaging
which showed that the second filament spreads longer, because of the electric field dis-
tortion caused by charge deposited by the first filament. With the increase in the length
of the second filament, there is an increase in the charge transferred. Finally an argument
to show that this phenomena can be extended to other configurations has been presented.
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Appendix

3.A Diffusion analysis

Spatio-temporal distribution of concentration, C(x, t), of a species with initial concen-
tration C0, with initial dimension of 2L is given by equation 3.21 [152]

C(x, t) =

√
π

2
erf(

x+ L

2
√
Dt

)−
√
π

2
erf(

x− L

2
√
Dt

) (3.21)

where D is diffusion coefficient of diffusing species in a background gas. x and t are
space and time co-ordinates respectively. In CO2 DBD, the background gas is CO2 and
the diffusing species can be CO
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Figure 3.13: Diffusion profile of CO in CO2. D=0.283 cm2s−1 at 400K [153]

In the example shown in figure 3.13, spatio-temporal evolution of a slab of length 40
µm of CO has been calculated using equation 3.21. It clearly shows that even after many
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cycles at typical DBD frequencies, the gas composition should change as the diffusion is
very slow.

3.B Error analysis in charge measurement

In the method used to measure charge transferred by one filament, contribution from the
background capacitive signal is neglected assuming it to be insignificant. As has been
explained in section 3.3.4, the voltage remains constant when the filament is discharging.
Which implies that the background sinusoidal signal can be expected to be constant.
Even if the voltage is assumed not to stay constant, because of small discharge area,
the error due to the background signal can be estimated by estimating how much the
background signal can contribute to the actual measurement itself. Charge measured by
the Lissajous capacitor as a capacitive response to the applied sinusoidal voltage in the
absence of a filament is given by equation 3.22

Q = Q0sin(
2πt

T
+ ϕ) (3.22)

The maximum rate of change for a sine function is where it crosses zero where it can be
approximated as

Q ≈ Q0(
2πt

T
+ ϕ) (3.23)

In a 200 ns window the maximum change in Q will be

∆Q ≈ Q0 ∗
2π200× 10−9

44× 10−6
(3.24)

∆Q ≈ Q0

20
(3.25)

The amplitude of the charge signal (Q0) varied from 4.3 nC to 6.7 nC in the experi-
ments, which will give a worst case scenario of 50 % error in the charge transferred due
to first filament if it occurs at the zero crossing of voltage cycle. However, most of the
filaments do not occur at the zero crossing and at higher pressure, the amplitude of charge
also decreases which improves the precession. Also, second and later filaments in a half
cycle occur further from zero crossing which will improve the accuracy.

A more robust way to estimate error is to simulate a sine curve using matlab (software
used to analyze all the electrical data) and use it to find the change in sine function for
100 ns at the origin and twice that amount gives the change in sine function for a time
window of 200 ns. It has been found that a sine function with a frequency of 22.5
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kHz will change 2% in a window of 200 ns – which implies that the error induced
by neglecting the background sinusoidal voltage will be 0.09 nC when charge signal’s
amplitude (Q0) is 6.7 nC. As mentioned earlier most of the filaments do not occur near
zero crossing of the voltage signal but slightly later; a typical example of time-instances
of first filament is shown in figure 3.14.
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Figure 3.14: Time coordinates of the first filament, from the zero crossing of
voltage signal. Ua:9-14 kVpk−pk pressure 200 mbar and flow: 700 sccm

3.C Effect of flow on conversion efficiency

In the sections 3.3.2 and 3.3.3, it has been mentioned that the flow has no effect on
conversion efficiency. Figure 3.15 shows . To a good approximation it can be said that
for a given energy density the flow does not affect the conversion efficiency.

3.D Effect of Power on filament distribution

As has been described in section 3.3.3 and as shown in figure 3.9, the uncertainty in
Navg increases with power. One of the reasons for this uncertainty could be intrinsic to
DBDs of small geometry, where new filaments have no area to be created. More likely
reason, however, could be the inability of the power supply to match the load properly
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Figure 3.15: Conversion efficiency α as a function of Espec at flows: 400 and 700
sccm. Pressure: 400 mbar

at high powers, where the capacitance has changed completely due to excessive charge
deposition. An example of this increase in uncertainty is shown in figure 3.16.

 200 mbar, 0.39 W

Figure 3.16: Histogram of filaments per half cycle at different Pavg at 200 mbar

In figure 3.16, counts refer to number of half-cycles which have exactly one filament,
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exactly two filaments and so on. At really high Pavg the filament density is becoming
really erratic; half-cycles with one filament is almost equally likely as half-cycles with
7 filaments. The total number of half-cycles are in between 100-120 and to take into
account this different total half-cycles, counts have been normalized.

3.E Power-law between Navg and Pavg
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Figure 3.17: Plot showing Navg as a function Pavg on a log-log scale; an exponent
of 0.3 can be inferred from the fit.

In this figure, the number of filaments measured at all conditions has been fit and
presented in a log-log scale. The best fit occured with a power of 0.3 with an R value of
91 %.
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Chapter 4

Fluid modelling of CO2
dissociation in a dielectric
barrier discharge∗

Abstract Numerical simulations were done, by employing a spatially one-dimensional
fluid model, to study the dominant mechanisms behind CO2 splitting in a symmetric
dielectric barrier discharge and to explain the scaling of CO2 conversion with specific
energy input. Since relatively lower conversions (1-5 %) of CO2 fed into reactor, are
reported, a simpler chemical reaction set is considered; it consisted mainly of reactions
involving CO2 and twenty eight vibrationally excited CO2 species with electrons and
with each other. In addition reactions involving, four other neutrals, seven ions and two
electronic states are included. Discharge characteristics, such as power-input, evolution
of the electric field, electron energy are evaluated self-consistently at different values of
operational parameters; the parameters varied are the amplitude and frequency of applied
voltage signal, pressure, temperature and relative permittivity of the dielectrics. The cal-
culations predict that an asymmetry arises between half-cycles, which can be attributed
to slow recombination of positive ions and consequent difference in electric field between
half-cycles. The major contribution to CO production is from electron impact dissoci-
ation, and minor, but approximately equal contributions from dissociative recombination

∗this work is done in collaboration with Dr. M. Becker and Priv. -Doz. Dr. Loffhagen of INP Greifswald.
Parts of this chapter are submitted for publication as S. Ponduri, M.M. Becker, S. Welzel, M.C.M. van de
Sanden, D. Loffhagen and R.Engeln
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and dissociative electron attachment. The specific energy input calculated for the resid-
ence times reported in literature matched very well with the corresponding experimental
values. The relative CO2 converted to CO per unit time has been found to monotonically
increase with specific energy input similar to experiment, however, with a slight under
estimation; the reasons behind underestimation have been explained.
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4.1 Introduction

If electrical discharges can be used to generate CO from CO2 in an energy efficient
manner, then electricity from renewable energy can be directly used to make synthetic
fuels sustainable [38, 39]. Research done in the 1970s and 1980s established that non-
equilibrium plasmas, i.e., certain kinds of electrical discharges, are capable of dissoci-
ating CO2 with very high energy efficiencies of up to 90 % [35, 36, 154] albeit at low
throughputs. The advantage of non-equilibrium plasma is that it possesses high electron
temperature and vibrational temperature, which promote dissociation reactions, even en-
dothermic reactions, while simultaneously it has a low gas temperature, which prevents
backward recombination reactions [36]. In this context, many different non-equilibrium
plasma routes have been tested to see if high energy efficiencies can be reproduced. For
example, in recent years there were reports on using a micro-plasma reactor [58], low-
pressure RF discharges [48], a gliding arc plasmatron at atmospheric pressure [51] and
an atmospheric pressure microwave plasma/catalyst system [49] among others for CO2

dissociation. In addition, dielectric barrier discharges (DBD) in CO2 have become sub-
ject of recent works [60–62, 121, 127, 155–158] because their simplicity in operation and
potential for scalability offer immense promise for producing CO in industrial scales.

In order to understand the mechanisms of dissociation and to help predict optimal
operational parameters, numerical simulations are very important. Quite different mod-
elling approaches are employed for the theoretical investigation of gas discharge plas-
mas including fluid models, methods that involve fully kinetic treatment of the charge
carriers and so-called hybrid methods [159]. The modelling of discharges in CO2 has
generally been done by means of fluid models applying mainly a global and spatially
homogeneous description for the analysis of the dissociation mechanisms. In these mod-
els, the corresponding set of rate equations for the different species was solved to analyse
e.g. low-pressure rf discharges [160], dc glow discharges [161] and microwave discharges
at moderate pressures [64, 65] in pure CO2. In addition, various global modelling studies
were done on CO2 laser discharge plasmas [162–169] in different mixtures and dc He-
CO2 glow discharges [58]. In these modelling studies, a more or less extended reaction
kinetics was used, where the vibrational relaxation processes of CO2 were generally not
considered.

However, number of reported works on modelling of the CO2 dissociation in DBD is
rather limited. It has been subject of only a few former works [66] and has started receiv-
ing attention only recently again [62–64, 170]. In these recent works, a zero-dimensional
fluid model has been used including an extensive reaction kinetics which takes the vi-
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brational kinetics of CO2 into account. In contrast, the study reported in [66] used a
time-dependent, spatially two-dimensional model solving the continuity equation for the
charged particles and Poisson’s equation to compute the local electric field, where a sim-
plified set of reactions was taken into account.

Among the various experimental results reported in the literature, the operational
parameter space varies significantly and is mainly determined by the reactor size and
power source used. To harmonize these results with each other and also with modelling
results, two macroscopic parameters, namely the conversion degree

α =
nCO

nCO2

(4.1)

and the specific energy input

SEI =
P

Φ
=

P tr
V

, (4.2)

are commonly used to quantify the CO2 dissociation in a DBD [36, 60]. The conversion
degree (4.1) is given by the ratio of the particle density nCO of CO produced in a certain
period of time and the density nCO2

of CO2 and the specific energy input (4.2) is defined
as the ratio of power Pc absorbed by the plasma and the gas flow rate ϕf which can
be related to the residence time tr of a CO2 molecule in the active plasma volume V

according to tr = V/Φ [60] The SEI is frequently used in plasma processing [171] and
is a measure of the energy density of the plasma. From the quantities α and SEI the
efficiency of CO production η can be calculated according to [60]

η = α
∆HCO2

SEI
, (4.3)

where ∆HCO2
specifies the dissociation enthalpy of CO2.

Using a flow reactor, recently Brehmer et al. [60] established that the CO production
from CO2 dissociation in terms of α increases monotonically with the SEI. They also
showed that the specific energy input can be considered as the universal scaling parameter
for CO2 conversion to CO. That is, no matter how a given SEI is attained, i.e. using
any combination of pressure, applied voltage, flow, frequency, gas gap and dielectric
thickness, the production of CO from CO2 dissociation remains constant for that specific
energy input. Very similar experimental results about the CO production were reported
in [62] and were later found to be valid up to significantly lower values of the SEI.
Brehmer et al. [60] also observed that ozone as a byproduct of the CO production is
strongly modulated by the wall temperature of the reactor.

The present chapter deals with numerical modelling related to the DBD reactor used
in [60] and aims to analyse and explain in more detail the discharge behaviour and the
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observed trends for similar experimental conditions. In the previous chapter f(Pavg) has
been introduced as a proxy to the relation between energy consumed in CO2 dissociation
and CO produced; it is also mentioned that for an unique f(Pavg), there is an unique
conversion, here in this chapter the reasons for such a dependence on time and spatial
evolving production rate will be discussed. A time-dependent, spatially one-dimensional
fluid model taking into account an extended vibrational kinetics of CO2 is employed. The
fluid model is applied to characterize the spatiotemporal behaviour of discharges taking
place in the DBD arrangement under consideration with special focus on the electrical
discharge characteristics and the mechanisms of the CO2 dissociation. In addition, mod-
elling results for a large range of operational parameters are utilized to analyse the CO2

conversion and energy efficiency and their relation to the specific energy input.

4.2 Details of the model

The modelling studies presented in this chapter are related to the geometrically symmet-
ric DBD built in a flow reactor configuration used in [60]. A schematic representation of
this plasma reactor is shown in figure 4.1a. It consists of a tube that directs the gas flow
into the gap between two planar electrodes which form the active zone. The active zone
of the DBD is seamlessly connected with another tube which is used to pump out the gas
that has been processed between the dielectrics. The reactor configuration is optimized
for different experimental diagnostics as e.g. measurement of the CO produced. Several
flow tube reactors with thicknesses ∆ of the dielectric barriers between 1 and 2 mm and
a constant gap width of 1 mm were used in the experiments. Further details are given
in [60].

a) b)

∆ ∆

x = 0 x = d

x

powered
elect r ode

grounded
elect r ode

Figure 4.1: Schematic of the flow reactor geometry used in [60] (a) and the spa-
tially one-dimensional discharge geometry (b) with gap width d and thickness of
dielectric layer ∆.
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A typical DBD is generally composed of many filaments that are distributed stochastic-
ally across the surface of the dielectrics. Thus, a spatially two- or even three-dimensional
model including a stochastic description of the filament generation is needed to the-
oretically describe discharges in this flow reactor configuration. As a step towards such
complex modelling, here a time-dependent, spatially one-dimensional approach has been
used to model and analyse the spatiotemporal discharge dynamics of the active zone.
The corresponding discharge geometry considering the axial component x of the plasma
between the plane-parallel, dielectric covered electrodes is displayed in figure 4.1b. Such
spatially one-dimensional treatment is well suited for the analysis of DBD operating in
the homogeneous or glow mode [36] and has successfully been applied for the analysis
of single microdischarges e.g. in [130, 172].

4.2.1 Basic relations

For the theoretical description of the symmetric DBD in CO2 under consideration, a time-
dependent, spatially one-dimensional fluid model, based on the one reported in [130]
was adapted. The fluid model consists of particle balance equations for the densities
nj of electrons (j = e), and several neutral and charged heavy particles; the electron
energy balance equation to determine the mean energy Ue of the electrons; and Poisson’s
equation providing the electric potential ϕ and electric field E(x, t) = −∂ϕ(x, t)/∂x.
These balances are represented by the relations

∂

∂t
nj(x, t) +

∂

∂x
Γj(x, t) = Sj(x, t) , (4.4)

∂

∂t
(ne(x, t)Ue(x, t)) +

∂

∂x
Qe(x, t) = −e0Γe(x, t)E(x, t) + Pe(x, t) , (4.5)

− ∂2

∂x2
ϕ(x, t) =

e0
ε0

∑
j

Zjnj(x, t) , (4.6)

where e0, ε0 and Zj denote the elementary charge, vacuum permittivity and particle
charge number, respectively. The particle fluxes Γj in (4.4) and the electron energy
flux Qe in (4.5) in the x-direction are expressed by the drift-diffusion approximation
according to

Γj(x, t) = sgn(Zj)bj(x, t)nj(x, t)E(x, t)− ∂

∂x
(Dj(x, t)nj(x, t)) , (4.7)

Qe(x, t) = −b̃e(x, t)ne(x, t)E(x, t)− ∂

∂x

(
D̃e(x, t)ne(x, t)

)
. (4.8)

Here, bj and Dj are the mobility and diffusion coefficient of species j, b̃e and D̃e desig-
nate the mobility and diffusion coefficient of electron energy transport and the function
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sgn(Zj) yields the sign of Zj .
Furthermore, the term Sj on the right-hand side of (4.4) describes the gain and loss of

particles in the plasma due to collisional and radiative processes and the terms −e0ΓeE

and Pe in (4.5) denote the power input from the electric field and the gain and loss of
electron energy resulting from the various collision processes, respectively. The colli-
sional power gain is caused by superelastic electron collisions as well as collisional and
associative detachment processes. The collisional power loss considered is due to elastic
collisions, electron impact excitation, dissociation, ionization and detachment, electron
attachment and electron-ion recombination. A detailed description of these terms can be
found e.g. in [173, 174]. In particular, the power gain rate resulting form collisional and
associative detachment P cd is given by

P cd(x, t) =
∑
p

n(1)
p (x, t)n(2)

p (x, t)kpUp (4.9)

with the rate cofficient kp and power gain Up by an individual detachment process p.
Furthermore, the power loss rates due to elastic collisions P el, inelastic collisions P in

leading to excitation, dissociation, ionization and detachment as well as two-body elec-
tron attachment P at are determined according to

P el(x, t) = ne(x, t)
∑
j

nj(x, t)K
el
j , (4.10)

P in(x, t) = ne(x, t)
∑
j

nj(x, t)
∑
m

U in
j,mkinj,m , (4.11)

P at(x, t) = ne(x, t)
∑
j

nj(x, t)K
at
j , (4.12)

where the rate coefficient Kel
j for energy dissipation in elastic collisions with species j

of mass mj , the rate coefficient kinj,m of the mth inelastic collision processes of elec-
trons with neutral species j and the individual energy rate coefficients Kat

j for two-body
electron attachment are given by

Kel
j = 2

me

mj

√
2

me

∫ ∞

0

U2Qd
j (U)

(
f0(U) + kBTg

d

dU
f0(U)

)
dU , (4.13)

kinj,m =

√
2

me

∫ ∞

0

UQin
j,m(U)f0(U)dU , (4.14)

Kat
j =

√
2

me

∫ ∞

0

U2Qat
j (U)f0(U)dU . (4.15)

These rate coefficients are determined by an integration of the product of electron colli-
sion cross section and isotropic part f0(U) of the electron velocity distribution function
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(EVDF) over the kinetic energy U of the electrons, where Qd
j , Qin

j,m, and Qat
j are the

cross section for momentum transfer in elastic collisions, for the inelastic collision pro-
cess considered with the energy loss U in

j,m and for electron attachment, respectively, kB
and Tg denote the Boltzmann constant and gas temperature, and f0(U) is normalized
according to

∫∞
0

√
Uf0(U)dU = 1.

4.3 Reaction kinetics model

In addition to the electron component, the reaction kinetics model includes the 42 heavy
particle species listed in 4.1. As products of dissociation reactions of CO2, carbon
monoxide (CO), molecular oxygen (O2), ozone (O3) and atomic oxygen (O) are taken
into account (species 2-5 in table 4.1). Because up to 97 % of electron energy can be in-
jected into vibrational excitation in molecular plasmas [154], vibrationally excited states
in CO2 plasmas are particularly important as they are expected to enhance the disso-
ciation rates [36]. Thus, 28 vibrationally exited species (species 6-33 in table 4.1) are
considered to describe the evolution of electron energy accurately and to analyse their
role in the CO2 dissociation. Furthermore, two electronically excited states of CO2, as-
signed by 3Σ+

u and 1Σ+
u , as well as the positive ion of CO2 in its ground state (X2Πg) and

in the two excited states A2Πu and 1Σ+
u are taken into consideration. The later are in-

troduced to allow for comparison with optional measurements of their optical emission.
In addition, the four negative ions O–, O–

2, CO–
3 and CO–

4 are included in the reaction
kinetics model.
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Table 4.1: List of heavy particle species considered. For excited species and
positive ions the excitation/ionization energy threshold is listed, for negative
ions the electron affinity is given in the last column.

Number Species State Statistical weight Energy [eV]

Neutral species in ground state
1 CO2(v0) (0 0 0) 1 0.0
2 CO – 1 0.0
3 O2 – 1 0.0
4 O3 – 1 0.0
5 O – 1 0.0

Vibrationally excited species
6 CO2(v1) (0 1 0) 2 0.083
7 CO2(v2a) (1 0 0) 1 0.172
8 CO2(v2b) (0 2 0) 3 0.159
9 CO2(v31) (0 0 1) 1 0.291

10 CO2(v32) (0 0 2) 1 0.579
11 CO2(v4) (0 3 0)+(1 1 0) 6 0.252
12 CO2(v5) (0 4 0)+(1 2 0)+(2 0 0) 9 0.339
13 CO2(v6) (1 3 0)+(2 1 0)+(0 5 0) 12 0.442
14 CO2(v7) (1 4 0)+(2 2 0)+(3 0 0) 9 0.505
15 CO2(v8) sum of higher states 32 2.5

16–33 CO2(v33)–CO2(v320) (0 0 3)–(0 0 20) 1 0.87 – 5.24

Electronically excited species
34 CO2

∗ 3Σ+
u 3 7.0

35 CO**
2

1Σ+
u 1 10.5

Positive ions
36 CO+

2 X2Πg 4 13.8
37 CO+

2 (A) A2Πu 4 17.6
38 CO+

2 (B) B2Σu 2 18.1

Negative ions
39 O– – – 1.46
40 O–

2 – – 0.45
41 CO–

3 – – 3.5
42 CO–

4 – –

The reaction kinetic scheme takes 56 electron impact collision processes with heavy
particles into account. These reactions are given in table 4.2. In addition to elastic col-
lisions contributing directly to the electron energy balance (4.5), exciting, de-exciting,
ionizing, detaching, attaching and recombining electron collision processes with heavy
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particles are taken into consideration where the corresponding rate coefficients depend on
the mean energy Ue of the electrons. For their determination, the collision cross section
data of the respective reference was used. In particular, the collision cross sections for
electron impact de-excitation processes are determined by use of the principle of detailed
balancing using the statistical weights given in table 4.1. In addition, four collisional or
associative detachment processes are included and listed in table 4.2, which also con-
tribute to the electron energy balance (4.5). Notice that the interaction of electrons only
with CO2 is taken into account in the present reaction kinetics scheme. This approach
is justified by the low conversion degrees of less than 5 % observed in corresponding
experiments [59, 60] and leads to a decrease of the number of species to be considered
in comparison with other recent studies reported e.g. in [64].

Table 4.2: Electron impact reactions considered in the model. The rate coef-
ficients of reactions E1–E53 are obtained from the solution of the electron
Boltzmann equation as a function of the mean electron energy Ue using the
cross section data of the respective reference given. The energy rate coefficient
for elastic collisions Kel and the energy rate coefficients for two-body attach-
ment Kat are given in eVm3s−1. All other rate coefficients are given in m3s−1

for two-body collision processes. Te = 2Ue/(3kB) is the electron temperature
in K, and Tg is the gas temperature in K. †: Analogous to E47 and shifted by
threshold energy

Number Reaction Rate coefficient Reference

Elastic electron collisions
E1 CO2(v0) + e −−→ CO2(v0) + e Kel(Ue) [175]

Electron impact excitation and de-excitation of vibrational levels
E2, E3 CO2(v0) + e ←−→ CO2(v1) + e f(Ue) [176]
E4, E5 CO2(v0) + e ←−→ CO2(v2a) + e f(Ue) [176, 177]
E6, E7 CO2(v0) + e ←−→ CO2(v2b) + e f(Ue) [177]
E8, E9 CO2(v0) + e ←−→ CO2(v31)+ e f(Ue) [176]
E10, E11 CO2(v0) + e ←−→ CO2(v32)+ e f(Ue) [178]
E12, E13 CO2(v0) + e ←−→ CO2(v4)+ e f(Ue) [176]
E14, E15 CO2(v0) + e ←−→ CO2(v5) + e f(Ue) [176]
E16, E17 CO2(v0) + e ←−→ CO2(v6) + e f(Ue) [176]
E18, E19 CO2(v0) + e ←−→ CO2(v7) + e f(Ue) [176]
E20, E21 CO2(v0) + e ←−→ CO2(v8) + e f(Ue) [176]
E22, E23 CO2(v1) + e ←−→ CO2(v2b) + e f(Ue) Analogous to E2 [176]
E24, E25 CO2(v1) + e ←−→ CO2(v4)+ e f(Ue) Analogous to E6 [177]
E26, E27 CO2(v1) + e ←−→ CO2(v5) + e f(Ue) Analogous to E12 [176]
E28, E29 CO2(v2a) + e ←−→ CO2(v5) + e f(Ue) Analogous to E4 [176, 177]
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E30, E31 CO2(v2b) + e ←−→ CO2(v4)+ e f(Ue) Analogous to E2 [176]
E32, E33 CO2(v2b) + e ←−→ CO2(v5) + e f(Ue) Analogous to E4+E6 [176]
E34, E35 CO2(v31)+ e ←−→ CO2(v32)+ e f(Ue) Analogous to E8 [176]
E36, E37 CO2(v4)+ e ←−→ CO2(v5) + e f(Ue) Analogous to E2 [176]

Electron impact excitation and de-excitation of electronically excited states
E38, E39 CO2(v0) + e ←−→ CO*

2 + e f(Ue) [176]
E40, E41 CO2(v0) + e ←−→ CO**

2 + e f(Ue) [176]

Electron impact dissociation
E42 CO2(v0) + e −−→ CO + O + e f(Ue) [175]

Electron impact ionization and detachment
E43 CO2(v0) + e −−→ CO+

2 + e + e f(Ue) [175]
E44 CO2(v0) + e −−→ CO+

2 (A) + e + e f(Ue) [175]
E45 CO2(v0) + e −−→ CO+

2 (B)+ e + e f(Ue) [175]
E46 O– + e −−→ O + e + e [179, 180]

Dissociative electron attachment
E47 CO2(v0) + e −−→ CO + O– f(Ue), Kat(Ue) [181]
E48 CO2(v1) + e −−→ CO +O– f(Ue), Kat(Ue) [181]†

E49 CO2(v2a) + e −−→ CO + O– f(Ue), Kat(Ue) [181]†

E50 CO2(v2b) + e −−→ CO + O– f(Ue), Kat(Ue) [181]†

E51 CO2(v31)+ e −−→ CO + O– f(Ue), Kat(Ue) [181]†

E52 CO2(v4)+ e −−→ CO + O– f(Ue), Kat(Ue) [181]†

E53 CO2(v5) + e −−→ CO + O– f(Ue), Kat(Ue) [181]†

Dissociative electron-ion recombination
E54 CO+

2 + e −−→ CO + O 4.2× 10−13(Te/300)−0.75 [109]

Collisional and associative detachment
E56 O– + CO2(v0) −−→ O + CO2(v0) + e 4.0× 10−18 [168]
E57 O– + CO −−→ CO2(v2b)+ e 5.8× 10−15(Tg)−0.4 [182]
E58 O– + O −−→ O2 + e 2.3× 10−16 [183]
E59 O–

2 + O −−→ O3 + e 1.5× 10−16 [167]

In addition to the collision processes involving electrons, further 239 heavy particle
collision processes and four radiation processes are considered. In order to allow for an
analysis of the vibrational energy transfer, an extended set of reactions describing the
vibrational-translational (VT) and vibrational-vibrational (VV) relaxation processes is
used. The corresponding reactions and rate coefficients are listed in tables 4.3 and 4.4.
Furthermore, 16 collisions between neutrals in their ground state, non-detaching ion-
neutral reactions such as charge transfer reactions as well as ion-ion recombination pro-
cesses are taken into account as given in table 4.5. In this table the two radiation processes
(from excited ions) are listed as well.
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Table 4.3: Vibrational-translational relaxation reactions considered in the
model. The rate coefficients refer to a gas temperature of 400 K and are given in
m3s−1. †: j = 3, . . . , 20; cj = j − 2.

Number Reaction Rate coefficient Reference

VT1 CO2(v1) + CO2(v0) −−→ CO2(v0) + CO2(v0) 1.06× 10−20 [184]
VT2 CO2(v2b) + CO2(v0) −−→ CO2(v1) + CO2(v0) 2.15× 10−20 [184]
VT3 CO2(v2a) + CO2(v0) −−→ CO2(v0) + CO2(v0) 9.68× 10−20 [184, 185]
VT4 CO2(v2a) + CO2(v0) −−→ CO2(v2b) + CO2(v0) 6.92× 10−17 [185]
VT5 CO2(v31) + CO2(v0) −−→ CO2(v0) + CO2(v0) 1.0× 10−23 [36]
VT6 CO2(v31) + CO2(v0) −−→ CO2(v1) + CO2(v0) 1.66× 10−23 [184]
VT7 CO2(v31) + CO2(v0) −−→ CO2(v4) + CO2(v0) 6.04× 10−21 [184]
VT8 CO2(v32) + CO2(v0) −−→ CO2(v31) + CO2(v0) 5.0× 10−23 [36]
VT9 CO2(v4)+ CO2(v0) −−→ CO2(v2b) + CO2(v0) 3.20× 10−20 [184]
VT10 CO2(v4)+ CO2(v0) −−→ CO2(v1) + CO2(v0) 8.96× 10−24 [184]
VT11 CO2(v5) + CO2(v0) −−→ CO2(v4)+ CO2(v0) 6.46× 10−20 [184]
VT12 CO2(v5) + CO2(v0) −−→ CO2(v31) + CO2(v0) 1.72× 10−22 [184]
VT13 CO2(v5) + CO2(v0) −−→ CO2(v2b) + CO2(v0) 5.95× 10−26 [184]
VT14 CO2(v6) + CO2(v0) −−→ CO2(v5) + CO2(v0) 9.62× 10−20 [184]
VT15 CO2(v6) + CO2(v0) −−→ CO2(v4)+ CO2(v0) 2.65× 10−23 [184]
VT16 CO2(v7) + CO2(v0) −−→ CO2(v6) + CO2(v0) 2.12× 10−20 [184]
VT17 CO2(v8) + CO2(v0) −−→ CO2(v7) + CO2(v0) 3.18× 10−20 [184]
VT18–VT35 CO2(v3j) + CO2(v0) −−→ CO2(v3(j−1)) + CO2(v0) cj × 10−22 [36]†

Table 4.4: Table of vibrational energy exchange reactions used in the model.
The rate coefficients refer to a gas temperature of 400 K and are given in m3s−1.
†: i = 2, . . . , 19; ‡j = 2, . . . , i; ci = 10 for i ≤ 9; ci = (19 − i) for 10 ≤ i ≤
15; ci = (20− i) for 16 ≤ i ≤ 19.

Number Reaction Rate coefficient Reference

VV1 CO2(v2b) + CO2(v0) −−→ CO2(v1) + CO2(v1) 1.01× 10−18 [184]
VV2 CO2(v31) + CO2(v31) −−→ CO2(v32) + CO2(v0) 1.0× 10−16 [36]
VV3 CO2(v32) + CO2(v31) −−→ CO2(v33) + CO2(v0) 1.0× 10−16 [36]
VV4 CO2(v4) + CO2(v1) −−→ CO2(v2b) + CO2(v2b) 2.99× 10−18 [184]
VV5 CO2(v4) + CO2(v4) −−→ CO2(v2b) + CO2(v5) 8.30× 10−17 [185]
VV6 CO2(v5) + CO2(v0) −−→ CO2(v4) + CO2(v1) 3.07× 10−18 [184]
VV7 CO2(v5) + CO2(v1) −−→ CO2(v4)+ CO2(v2b) 6.03× 10−18 [184]
VV8 CO2(v5) + CO2(v2b) −−→ CO2(v4)+ CO2(v4) 9.24× 10−18 [184]
VV9 CO2(v6)+ CO2(v0) −−→ CO2(v5) +CO2(v1) 4.58× 10−18 [184]
VV10 CO2(v6)+ CO2(v1) −−→ CO2(v5) + CO2(v2b) 9.24× 10−18 [184]
VV11 CO2(v6) + CO2(v2b) −−→ CO2(v5) + CO2(v4) 1.52× 10−17 [184]
VV12 CO2(v7) + CO2(v0) −−→ CO2(v6) +CO2(v1) 2.76× 10−16 [185]
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VV13 CO2(v7) + CO2(v1) −−→ CO2(v6) + CO2(v2b) 5.53× 10−16 [185]
VV14 CO2(v8) + CO2(v0) −−→ CO2(v7) +CO2(v1) 1.31× 10−15 [185]
VV15 CO2(v5) + CO2(v5) −−→ CO2(v4)+ CO2(v6) 1.30× 10−15 [185]
VV16-VV33 CO2(v3i) + CO2(v31) −−→ CO2(v3(i+1)) + CO2(v0) 1× 10−16 [36]†

VV34-VV204 CO2(v3i) + CO2(v3j) −−→ CO2(v3(i+1)) + CO2(v3(j−1)) ci × 10−17 [36]†‡

Table 4.5: Neutral-neutral, ion-neutral and ion-ion collision processes as well
as radiative transition processes used in the model. The rate-coefficients have
the units of m3s−1 for two-body collisions, m6s−1 for three-body collisions and
s−1 for radiative transitions. The gas temperature Tg is given in K.

Number Reaction Rate coefficient Reference

Neutral kinetics of ground state particles
N1 CO2(v0) + O −−→ CO + O2 2.8× 10−17 exp(−26500/Tg) [107]
N2 CO + O2 −−→ CO2(v0) + O 4.2× 10−18 exp(−24000/Tg) [107]
N3 CO + O + CO2(v0) −−→ CO2(v0) + CO2(v0) 1.6× 10−45 exp(−1510/Tg) [161]
N4 O2 + O3 −−→ O2 + O2 + O 7.26× 10−16 exp(−11400/Tg) [183]
N5 O2 + O + CO2(v0) −−→ O3 + CO2(v0) 1.7× 10−42T−1.2

g [161]
N6 O2 + O + O2 −−→ O3 + O2 8.61× 10−43T−1.25

g [186]
N7 O2 + O + O −−→ O3 + O 2.15× 10−40 exp(345/Tg) [183]
N8 O3 + O −−→ O2 + O2 1.81× 10−17 exp(−2300/Tg) [186]
N9 O + O + CO2(v0) −−→ O2 + CO2(v0) 3.81× 10−42T−1.0

g exp(−170/Tg) [63]

Ion-atom and ion-molecule reactions (including charge transfer)
I1 O– + CO2(v0) + CO2(v0) −−→ CO–

3 + CO2(v0) 9.0× 10−41 [163]
I2 O–

2 + CO2(v0) + CO2(v0) −−→ CO–
4 + CO2(v0) 1.2× 10−40 [167]

I3 O–
2 + O −−→ O2+ O– 1.5× 10−16 [167]

I4 CO–
3 + O −−→ O–

2 + CO2(v0) 1.1× 10−16 [167]
I5 CO–

4 + O −−→ CO–
3 + O2 1.4× 10−16 [167]

Ion-ion recombination
I6 CO+

2 + CO–
3 −−→ CO2(v0) + CO2(v0) + O 5.0× 10−13 [163]

I7 CO+
2 + CO–

4 −−→ CO2(v0) + CO2(v0) + O2 5.0× 10−13 [163]

Radiative transitions
R1 CO+

2 (A) −−→ CO+
2 + hν 6.1× 106 [187]

R2 CO+
2 (B) −−→ CO+

2 + hν 7.2× 106 [187]

87



4. FLUID MODELLING OF CO2 DISSOCIATION 4.3. REACTION KINETICS MODEL

4.3.1 Transport and electron rate coefficients

In order to describe the flux of particles and electron energy according to (4.7) and (4.8),
the corresponding transport coefficients are required. The mobility of the positive and
negative ions specified in table 4.1 are determined as a function of the reduced electric
field E/N , where N is the number density of the neutral gas. Here, the mobility of CO+

2

in CO2 given in [188] and of O– and CO–
3 in CO2 according to [189] are employed. The

mobility of O–
2 and CO–

4 is assumed to be the same as that of O– and CO–
3, respectively.

The corresponding diffusion coefficients are calculated using the Einstein relation [36].
Regarding the neutral species, the diffusion coefficient of CO2 in CO2 is taken from
the relation NDCO2

= 3.07 × 1020 m−1s−1 according to [190], where the same value
is also used for all vibrationally and the electronically excited states. Furthermore, the
coefficients NDCO = 9.86 × 1018 m−1s−1 [153], NDO2

= 7.3 × 1020 m−1s−1 [153]
and NDO = 6.5 × 1018 m−1s−1 [161] are used and the diffusion coefficient of O3 in
CO2 is assumed to be the same as that of O2.

In the framework of the present fluid model, the local-mean-energy approximation is
used for the description of the electron properties [191]. That is the transport and rate
coefficients of the electrons including the coefficients (4.13) and (4.15) are determined in
advance from the solution of the steady-state, spatially homogeneous electron Boltzmann
equation using the collision cross section data according to table 4.2. The kinetic equa-
tion of the electrons has been solved for given reduced electric field, gas temperature
and cross section data in multiterm approximation of the EVDF expansion in Legendre
polynomials using a generalized version of the method described in [192] adapted to take
nonconservative electron collisions and the random motion of gas particle into account.
The resulting coefficients have subsequently been put into look-up tables as a function of
the mean electron energy Ue and used in the model calculations. Notice that the consist-
ent coefficients b̃e and D̃e of the electron energy transport have been utilized instead of
the frequently used simplified expressions b̃e = 5Uebe/3 and D̃e = 5UeDe/3 [193].

Based on the solution of the electron Boltzmann equation, it is also possible to get
an impression of the fraction of power transferred from plasma electrons to different
channels of collisions of the CO2 molecule. Using equations (4.13), (4.14) and (4.15),
the fraction of transferred power can be calculated by dividing the energy rate coeffi-
cient Kel

CO2
for elastic collisions , the individual energy rate coefficient U in

CO2,m
kinCO2,m

for the mth inelastic collision process and the energy rate coefficient Kat
CO2

for two-
body electron attachment, respectively, by the total energy rate coefficient Kel

CO2
+∑

m U in
CO2,m

kinCO2,m
+ Kat

CO2
. The resulting fractions of power transferred to different
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channels as a function of the mean electron energy are shown in figure 4.2.
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Figure 4.2: Fraction of power transferred into important channels as a function of
mean electron energy at Tg = 400K. Selected reduced electric field values are
also added. Only important channels are shown for the sake of clarity.

It is found that almost all power is dissipated in vibrational excitation of CO2 for
mean energies below about 1.2 eV, where the excitation of the asymmetric mode level
CO2(v31), i.e., CO2(0 0 1), is generally the dominant one. The contribution of this vibra-
tional excitation decreases for larger mean energies and the electron impact excitation of
the electronically excited states CO2(3Σ+

u ) and CO2(1Σ+
u ) becomes predominant above

about Ue = 3.0 eV. The electron impact dissociation of CO2 ground state molecules
consumes 1 % of transferred power at a mean energy of 3.5 eV increasing to about 5 %
at larger Ue. The fraction of power dissipated in ionizing collisions increases continu-
ously above about 2.0 eV and becomes larger than the dissociation for Ue = 3.8 eV. At
the same time, the contribution of the momentum transfer in elastic collisions and the
dissociative electron attachment are of minor importance in general. These results show
great similarity with those presented e.g. in [36, 63], where an analysis with respect to
the reduced electric field dependence is represented.

This global consideration indicates that low mean energies (and reduced electric
fields) are favourable for CO2 dissociation that is induced by vibrational up-pumping
along the asymmetric mode. Nonetheless, for vibrational up-pumping to contribute sig-
nificantly to CO2 dissociation, a remarkable population of vibrational levels is required,
which, in turn, leads to modifications of the discussion due to the expected impact of su-
perelastic electron collisions of the distribution function similar to the results for nitrogen
reported in e.g. [194].
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4.3.2 Boundary conditions and solution method

The system of partial differential equations (4.4)–(4.6) including the fluxes (4.7) and (4.8)
is completed by appropriate boundary conditions. For the heavy particles, the electrons
and the electron energy density, flux boundary conditions are employed at the dielectric
surfaces in front of the electrodes at x = 0 and x = d (cf. figure 4.1b) taking into
account partial reflection of the particles with reflection coefficients of 0.3 for electrons
and neutral species and 0.001 for ions. Additionally, the emission of secondary electrons
caused by positive ions impinging onto the surface is considered assuming a secondary
electron emission coefficient of 0.02. Further details of these boundary conditions are
given in [130].

For the determination of the electric potential and electric field in the gap, a sinus-
oidal voltage U0(t) = V0 sin(2πft) with amplitude V0 and frequency f is applied at the
powered electrode (x = −∆) and the potential at the grounded electrode (x = d+∆) is
zero. To describe adequately the accumulation of surface charges on the dielectrics the
condition [130, 146]

εrε0Ediel(x0, t) · ν − ε0E(x0, t) · ν = σ(x0, t) (4.16)

is used at the plasma boundaries, where the parameter ν is given by ν = −1 at
x0 = 0 and ν = 1 at x0 = d, respectively. The electric field Ediel inside the dielectrics
with relative permittivity εr is obtained from the assumption of an immediate drop of the
space charges inside the dielectrics by the Laplace equation and the temporal variation
of the surface charge density σ results from the particle currents impinging onto the
dielectrics [130].

The numerical solution of the resulting set of equation has been realized using the
finite-difference method according to [130, 195]. In particular, an adaptive time stepping
is used for the model calculation performed using 500 non-equidistant intervals with
logarithmic meshing for the spatial grid. The calculations were done on Intel(R) Xeon(R)
CPU E5-2603 CPUs with a processing speed of 1.8 GHz. A typical calculation of 20
voltage cycles at a discharge frequency of 130 kHz lasted about 5 days.

4.4 Results and discussion

In order to analyse the behaviour of the CO2 DBD in the reactor configuration used
in [60] by means of numerical modelling, a number of different operational parameters
have been considered. These values are listed in table 4.6 and were selected to represent
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Table 4.6: Standard condition and parameter variations used for the model cal-
culations.

Parameter Standard Parameter variation
condition

Frequency [kHz] 130 60, 90
Pressure [mbar] 1000 600, 700, 800, 900
Voltage amplitude [kV] 10.0 8.0, 8.5, 9.0, 9.5, 10.5, 11.0
Gas temperature [K] 400 300, 350, 450, 500
Dielectric permittivity 3.8 4.5, 6.0

different experimental conditions studied. Beginning with the standard condition, where
the relative permittivity of the dielectric of 3.8 is a representative of quartz , voltage
amplitude of 10 kV, frequency of 130 kHz, pressure of 100 mbar and gas temperature
of 400 K, usually one parameter is changed for the respective parameter variation while
keeping the other parameters constant.

The temporal evolution of the applied voltage, the gap voltage and the discharge cur-
rent density as well as the spatiotemporal evolution of the electron density, mean elec-
tron energy and reduced electric field are shown in figure 4.3. Because already after few
cycles a quasi-periodic state establishes for these properties at the discharge conditions
considered, here the three cycles 18 to 20 are shown, where the electrical characteristics
are identical in every cycle. Since a sinusoidal voltage signal is applied to the electrodes
of the DBD, each electrode alternates between being cathode and anode. That is, for half
of the period one electrode is the instantaneous cathode (lower voltage compared to the
other electrode) and for the next half-period it is the instantaneous anode (higher voltage
compared to the other electrode). On basis of this alternating nature of a DBD, another
classification is generally made, where a voltage cycle is divided into positive and neg-
ative half-cycle. The positive half-cycle takes place when a positive voltage is applied at
the powered electrode, while the negative half-cycle occurs when a negative voltage is
applied. These classifications are helpful in simplifying the discussion in the following
sections.

It can be seen from the characteristics of the voltage and discharge current density
displayed in figure 4.3a that there is one discharge event every half-cycle. Each peak in
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Figure 4.3: Temporal variation of applied voltage (- - -), gap voltage (—) and dis-
charge current density (a), and spatiotemporal distribution of electron density in
logarithmic scale (b), mean electron energy (c) and electric field magnitude (d) for
the standard condition given in table 4.6. The black lines in (d) mark the positions at
which the sign (direction) of the electric field changes. The direction of the electric
field is also identified.

the discharge current density

J(t) =
1

d

∫ d

0

[
ε0

∂

∂t
E(x, t) + e0

∑
i

ZiΓi(x, t)
]
dx (4.17)

corresponds to a filament which lasts approximately 100–200 ns. The voltage across the
gap

Vg(t) = ϕ(0, t)− ϕ(d, t) (4.18)

increases until the breakdown voltage of 2.4 kV in positive and 2.7 kV in negative half-
periods is reached. In both half-cycles the filament starts with an ionization wave from
the instantaneous anode and reaches the instantaneous cathode after few nanoseconds
There is an increase in the electron density and mean electron energy (cf. figures 4.3b
and 4.3c) when the filament crosses the gap at a large electric field (figure 4.3d) and a
subsequent decline once the filament approaches to the opposite electrode.

As it can be seen from the figure 4.3b, the electron density starts to increase at the
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instantaneous anode and reaches a maximum at a certain distance from the instantan-
eous cathode during the discharge event. This distance at which the maximum electron
density occurs during positive and negative half-cycles is denoted as d0 and corresponds
to the thickness of the cathode fall region. It is approximately 200µm for the standard
condition. After breakdown the electrons drift towards the anode where they are partly
absorbed. Note that in negative half-cycles not all electrons reach the anode before the
polarity changes. The remaining electrons drift back to the former cathode as it becomes
the anode in the following discharge. Figures 4.3c,d show that the mean electron energy
as well as the electric field have their maxima in the cathode fall region. However, the
electron density in front of the cathode is small and thus the highest electron induced
CO2 dissociation is expected to occur in the cathode sheath to plasma transition region.
Plasma electrons (electrons not in the sheath region) have a low mean energy of less than
1 eV and thus the CO2 dissociation in collisions with plasma electrons is negligible (cf.
figure 4.2).

As it can be noticed from all the discharge characteristics, there is a difference in
positive and negative half-cycles. Discharges occurring in negative half-cycles are char-
acterized by, i.a., a higher breakdown voltage, stronger current peak and longer period
with higher electron density compared to discharges in positive half-cycles. This asym-
metry is caused by the relatively high frequency of 130 kHz, which doesn’t allow the
charge carriers to recombine completely between subsequent discharge events. The res-
ulting volume memory effect leads to a mutual influence of the discharges occurring in
positive and negative half-cycles. Golubovskii et al. [196] have observed a similar dif-
ference between positive and negative half-cycles in a helium discharge. In their model,
they attributed this difference to the slow recombination of He+

2 ions. They could reduce
the memory effect and thus the differences between positive and negative half-cycles
by using an artificially increased recombination rate coefficient for electron-ion recom-
bination. Note that even the slow decay of surface charges could possibly induce the
asymmetry between subsequent half-cycles.

To understand the influence of the charged particles on the observed asymmetry in
the discharge evolution, the spatiotemporal behaviour of the charged particle densities is
plotted in figure 4.4. Instead of 3 cycles like in the figure 4.3, only one representative
cycle (18.45–19.45) is chosen so as to capture the important features of both half-cycles.

Obviously, there is a clear difference in the spatiotemporal evolution of the charged
particles between positive and negative half-cycles. The density of the CO+

2 ions shown
in figure 4.4a decays slowly after ignition of discharges in the negative half-cycle due to
electron-ion recombination accordant with process E54 in table 4.2. Note that the dens-
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a)

b)

Figure 4.4: Spatiotemporal behaviour of the density of CO+
2 ions, including its

excited states (a) and density of all negative ions (surface) and electrons (grid lines)
(b) in logarithmic scale for the standard condition given in table 4.6. The white
line in (a) marks the discharge current for a better understanding of the temporal
position. In (b) the electron density exceeds the density of negative ions in regions
where grid lines are shown.

ity of the excited ionic states CO+
2(A) and CO+

2(B) amounts only to 10 % of the total ion
density during the discharge phase and is smaller than 2 % of the total ion density in the
off-phase. Since the time between subsequent discharges of about 4µs is much smaller
than the recombination time which is in the range of milliseconds, the ion density decays
by less than one order of magnitude until ignition of the following discharge in the posit-
ive half-cycle. In the positive half-cycle electron-ion recombination is less important due
to the absence of electrons (lower density of electrons. vide infra). During the positive
half-cycle, because of the higher electric field between the electrodes compared to the
negative half-cycle (cf. figure 4.3d) a pronounced ion drift to the instantaneous cathode
(x=d) occurs and, thus the ion density in the gap decreases stronger compared to the neg-
ative half-cycle. At t/T = 19.2 (part of a positive half-cycle) few new positive ions are
generated in front of the instantaneous anode at x = 0 because the mean electron energy
slightly exceeds the threshold for ionization of CO2 molecules in electron collisions at
this position (cf. figure 4.3c).
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Even larger differences between the negative and the positive half-cycle are found in
the spatiotemporal evolution of the negative charge carriers shown in figure 4.4b. In the
negative half-cycle electrons are the dominant negatively charged species in the plasma
region whereas negative ions dominate in the cathode fall region. Here, CO–

3 is the dom-
inant anion and its density contributes to more than 95 % to the total density of negative
ions over the entire period. Due to their larger mass compared to the electron component,
anions respond more inertly to the change of the electric field direction at t/T ≈ 18.8 (cf.
figure 4.3d). As a result, most anions remain in the gap until re-ignition of the discharge
in the positive half-cycle and constitute the the dominant negatively charged species here
in contrast to the dominance of electrons during the negative half-cycle. Ion-ion recom-
bination (processes I6 and I7 in table 4.5) as the dominant loss channel of negative ions
is too slow for a marked depletion of its density within one voltage half-cycle. CO–

3 has
been found to be the dominant negative ions from numerical simulations (for example,
[63]) and from experimental studies (for example, [197]) in pure CO2 plasmas.

Mechanisms of CO2 dissociation

In order to analyse the mechanisms of CO2 dissociation generating CO and O, the spa-
tiotemporal distributions of CO and O particle densities are displayed in figure 4.5 for
the standard condition. Starting from a spatially homogeneous distribution of these spe-
cies with an initial particle density of 1000 cm−3 the densities of CO and O gradually
increase in time. They are mainly generated around d0. The slight asymmetry of their
spatial distribution is a consequence of the differences in the discharge behaviour the
positive and negative half-cycle (cf. figure 4.3) At the end of the calculation the dens-
ity of CO is slightly larger than that of O because the dissociative electron attachment
to CO2 according to reaction E47 in table 4.2 leads to an additional generation of CO,
while it does not produce O. Furthermore, the loss processes of CO and O in table 4.5
due to heavy particle collisions are comparatively inefficient during the period of time
considered and the diffusion of both these species takes place with comparable velocity.

To analyse the contribution of the different CO production channels, the rates of CO
production due to electron impact dissociation (reaction E42 in table 4.2), by dissociative
electron attachment to CO2 (reactions E47–E53 in table 4.2) and by dissociative electron-
ion recombination (reaction E54 in table 4.2) are shown in figure 4.6 together with the
temporal variation of the discharge current density and the spatially integrated CO density
over one representative voltage cycle (t/T = 18.45–19.45 in figure 4.3) It is found that
the CO density shows a step-like increase during the short discharge events, while it
remains almost constant for the rest of the cycle (cf. figure 4.6a). The representation
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Figure 4.5: Spatiotemporal behaviour of the particle density of CO (a) and O (b)
calculated for the standard condition.

of the CO production rates in figure 4.6b points out that the steep increase during the
current pulses results mainly from electron impact dissociation with weaker contributions
from dissociative attachment. Immediately after breakdown, electron-ion recombination
weakly contributes to the CO2 splitting in the plasma region. In contrast to the negative
half-cycle, a second weaker increase of the CO density occurs in the positive half-cycle
at t/T ≈ 19.2 (cf. figure 4.6a) because of a marked re-increase of the electron impact
dissociation rate (cf. figure 4.6b).

A quantification of the different contributions of the electron processes to the CO
production can be obtained by considering the period-integrated density production of
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a)

b)

-

�

Figure 4.6: Temporal variation of current density and spatially integrated CO dens-
ity (a) and spatiotemporal change of the CO production (b) due to electron impact
dissociation (black grid lines), dissociative attachment (grey grid lines) and dissoci-
ative recombination (no grid lines) over one representative voltage cycle. In blank
regions the CO production rates are smaller than 1014 cm−3.

CO at every position in the gap. The particle density Nj,m(x) of a species j generated
by the two-body electron collision process m during the period T = 1/f is given by

Nj,m(x) =

∫ t0+T

t0

ne(x, t)nm(x, t)kj,m(Ue(x, t))dt (4.19)

in the framework of the fluid model, where nm denotes the density of the collision part-
ner in the process m and kj,m is the corresponding collision rate coefficient depending
on the mean electron energy (cf. equation (4.14)) and t0 denotes a certain instant of
the periodic state. The resulting densities of CO generated by electron impact dissoci-
ation (reaction E42 in table 4.2), by dissociative electron attachment to CO2 (reactions
E47–E53), by dissociative electron-ion recombination (reaction E54), respectively and in
total during one voltage cycle are shown in figure 4.7. The results confirm that the CO2

dissociation in electron collisions is the dominant CO production channel. Furthermore,
it becomes obvious that dissociative attachment and recombination processes contribute
with almost equal parts of about 10 % to the CO production. Figure 4.7 also highlights the
spatial asymmetry of the CO production which is caused by the differences in negative
and positive half-cycles. In particular it becomes obvious that the asymmetry of the CO
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Figure 4.7: Spatial variation of the CO molecules generated during one voltage
cycle by electron impact dissociation, dissociative electron attachment, dissociative
electron-ion recombination, respectively, and in total during one voltage cycle.

density shown in figure 4.5a is mainly caused by different contributions of electron-ion
recombination in positive and negative half-cycles.

4.4.1 Universal scaling parameter of CO2 dissociation

According to the analysis of the related DBD experiment given in [60], the SEI (4.2)
can be considered as the universal scaling parameter for the CO2 conversion to CO (also
see chapter 3). Because a flow of the gas transverse to the direction of the discharge is
not considered in the spatially one-dimensional model and thus the residence time tr of
gas molecules in the active plasma zone is an open parameter, the power spent per CO2

molecule
PCO2 =

Pd

nCO2

(4.20)

is introduced and correlated with the CO2 conversion frequency ∆nCO/(nCO2T ) in fig-
ure 4.8. Here, the average power density Pd is determined by

Pd =
f

d

∫ t0+T

t0

J(t)Vg(t) dt (4.21)

and ∆nCO denotes the increase of the spatially averaged CO density during one voltage
cycle of length T = 1/f .

The results represented in figure 4.8 have been obtained by a number of model cal-
culations for the operational parameters given in table 4.6, where only one parameter
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Figure 4.8: CO2 conversion frequency as a function of PCO2 for the parameter
conditions of table 4.6.

with respect to the standard condition was changed for the respective parameter vari-
ation. Obviously, a linear dependence of the conversion frequency on the power spent
per CO2 molecule is obtained for all discharge conditions considered. In particular, with
decreasing temperature, voltage and frequency the CO2 conversion frequency decreases
linearly while the gas pressure has an inverse effect: A decrease of pressure leads to
higher power per CO2 molecule and at the same time to a higher CO2 conversion. For
dielectric materials with slightly larger permittivity a markedly higher power density is
obtained.

The linear dependence of the CO2 conversion on the input power predicted by the
model calculations for the variation of five parameters is in reasonably good agreement
with the experimental results reported in [60]. In the experiment however, as noted in
the previous chapter, the conversion degree follows a power-law approximately when
large range of SEI is considered and approximately linear when a narrow range of SEI
is considered. In the range of SEI as those reported in [60], a linear scaling of the CO2

conversion has also been observed in [64], where a global time-dependent model was
applied for the theoretical description of an atmospheric pressure DBD using a constant
average power density and gas temperature as input.

In order to compare the modelling results directly to the measured CO2 conversion
degree in dependence on the specific energy input, the parameters α and SEI are determ-
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ined according to

α =
∆nCO

nCO2

tr
T

(4.22)

SEI =
Pd

nCO2

tr (4.23)

for measured residence times tr of 70, 230, 800 and 2017 ms, respectively [60]. Fig-
ure 4.9 shows that the scaling of the modelling results (full color symbols) with the ex-
perimental residence times (full circles) leads to a fair agreement of the specific energy
input from the experiment and the SEI predicted by the model.
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Figure 4.9: Calculated CO2 conversion degree as a function of the specific energy
input for residence times of 70, 230 and 800 ms in comparison with the measured
data of Brehmer et al. [60] for a dielectric barrier thicknesses of 2 mm without (full
symbols) and with (open symbols) the contribution of CO*

2 to the CO2 dissociation
according to Pietanza et al. [198]. .

From this fact it can be concluded that the considered self-consistent fluid model
provides a good prediction of the electrical characteristics of the discharge. However,
figure 4.9 also shows that the model underestimates the conversion degree α by one
order of magnitude in the lower SEI range and by a factor of three for the highest SEI
considered.

Apart from the conversion degree, the energy efficiency η given by equation (4.3) is
an important parameter for the rating of the CO2 dissociation. It is defined as the ratio
of the dissociation enthalpy ∆HCO2

of CO2 and the energy ECO consumed to generate
one CO molecule produced in the plasma. When determining the latter as the ratio of the
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specific energy input and the conversion degree according to [60, 64]

ECO =
SEI

α
, (4.24)

it is immediately obvious that ECO and thus also the energy efficiency η is constant
over the entire energy range because of the linear dependence of α on SEI. Using the
enthalpy ∆HCO2

= 2.9 eV [60, 64], the energy efficiency obtained by the present model
calculations is about 0.3 %, which is about one order of magnitude smaller than in the
experiment [60].

A possible reason for the comparatively low conversion degree and energy efficiency
obtained by the model calculation consists of an overestimation of the electron energy
loss due to vibrational and/or electronic excitation as a consequence of insufficient cross
section data [175]. There could be many possible reactions, that are missing in the current
model and which leads to an underestimation of CO2 conversion. It is known that the
some electronically excited states dissociate in plasmas e.g N2(B and C states) [199].
Similarly the electronic state densities calculated from the model which are at least an
order of magnitude higher than CO produced from electron impact dissociation could
possibly also contribute CO2 conversion. Willis et al [200] ascribe the fast dissociation
of electronically excited molecules with thresholds at 7 and 10.5 (equal to the electronic
states considered in this model) to explain dissociation in CO2 glow discharges in 400-
800 Torr range (similar pressure range as used in model). Corvin et al [201] propose a
dissociative electronic state with a threshold at 6.1 eV. Though its maximum cross-section
is ten-times smaller than that of any of the electronic states considered in the framework
of this model, its lower threshold could be responsible for very high densities. Elliason
et al [66] and Pietenza et al [198] include a dissociative channel from electronically
excited state with a threshold at 6.9 eV and 7.0 eV respectively . Eliasson et al report
a conversion frequency of approximately 1000/s (calculated from the results presented
on conversion for one microdischarge after 100 ns), which is much higher than the ones
calculated in this work and would lead to significant over estimation if we compare with
the experiment. But the details about power consumption are missing and they assume
a constant reduced electric field (155 Td) which is very far from reality. Pietenza et al
do not discuss dissociation and energy efficiency in a DBD. At the same time, it has
to be noted that Itikawa [175] who reviewed databases available on cross-sections of
interaction of electrons with CO2 does not refer to the electronic state of Corvin et al, or
that of Eliasson et al and Pietenza et al. In the global model of Aerts et al [63, 117],
just as has been found here, the electron impact dissociation (in the model neglecting
dissociation from electronic states) has been described as the dominant channel for CO
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production. But later Kozak et al [64], by including an extensive vibrational kinetics,
suggest that the maximum dissociation occurs due to reactions between ions and CO2

and not from electron induced reactions. In the same paper they claim that the electron
energy is significantly used in exciting vibrational states along asymmetric mode (which
do not contribute to dissociation) and it can be assumed that as a consequence the balance
shifts to ion reactions. In a recent paper, Aerts et al [62] reduce the reaction set to include
only important reactions in a CO2 DBD and claim that the major dissociation channels
are electron impact dissociation and dissociative recombination.

To test if considering dissociation of electronically excited states lead to a better
match with the experimental results, the conversion degree and SEI are recalculated by
assuming instantaneous dissociation of CO*

2 and CO**
2 . From this an energy efficiency

of 7.6% is obtained for the standard condition which is higher than the experimental
values. However, by considering dissociation of CO*

2 akin to Pietenza et al, an energy
efficiency between 4-5 % is obtained; the results from these calculations, adjusted for
various residence times are plotted in the figure 4.9 (open symbols).

Another obvious feature about the experimental results is the slope (on a double log
plot) between conversion degree and SEI. The slope as calculated from the model is dif-
ferent from the experimental values. As the number of filaments increase, the charge
deposited from one filament effects the one that can develop nearby [202] hence in-
creasing the energy consumption to create new filaments, manifesting as an increased
difficulty in creating new filaments. However, in any given narrow range, when the effect
from nearby filaments can be considered same, the model can be assumed to replicate
the reality (see chapter 3 for extended discussion).

An alternative way to determine the energy ECO and to analyse the energy conver-
sion in more detail consists in an evaluation of the electron energy balance equation (4.5).
As an example, the period-averaged, line-integrated power loss due to the different re-
action pathways leading directly to the generation of CO have been determined for the
standard condition. The analysis shows that the spatially averaged energy consumed over
one cycle is 1.48× 1014 eVcm−2 , of 0.8 % is used in electron impact dissociation; from
this an efficiency of close to 0.28% (without considering dissociation from electronically
excited states) can be obtained if we replace 2.9 eV in (4.5) with threshold for electron
impact dissociation, 11 eV. The description of the CO2 conversion degree in terms of the
universal scaling parameter SEI becomes possible because most of the energy is injec-
ted into the DBD plasma during the formation of the filaments and is dissipated almost
immediately due to different electron collision processes for the most part according to
the fractional power shown in figure 4.2. This emergence of universal scaling in CO2
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dissociation, i.e. net CO production, at the cold conditions used in a typical DBD in pure
CO2, is due to the fact that the CO produced is very stable and cannot be easily oxid-
ized or reduced so that loss processes of CO are slow. For example,one of the expected
loss reaction, the recombination of CO and O back to CO2 is spin forbidden [203] and
hence, proceeds only very slowly in the gas phase or on non-catalytic surfaces like quartz.
Another loss process, ionzation of CO is also not expected to occur at low conversion de-
grees [62].

As an extension, it can be expected that a description of an electron induced produc-
tion process in terms of the specific energy input is fairly general independent of the gas
mixture. That is, if the fractional power transferred is the determining variable, as op-
posed to other probable means such as chemical reactions like ionization of meta-stables
then, the density of a chemical species produced by an electron impact collision pro-
cess with ground state molecules should scale only with the specific energy input in a
filamentary dielectric barrier discharge.

The reason why universal scaling relations are not widely observed in other electron
induced plasma processes, for example, in optical emission intensity from electronically
excited species depending also on the fractional power transferred but cannot be easily
described with one single scaling parameter, is that they have different fast loss rates
(collisional quenching) which vary widely depending on pressure and temperature. One
example is the ozone generation in dielectric barrier discharges [30, 204]. But the ozone
yield scales with the specific energy input only over a limited parameter range because
of the thermal destruction of ozone at elevated temperatures [30].

4.5 Comparison with pin-pin reactor

In this chapter, the results from the model were mainly compared with that experimental
results obtained from a planar geometrically symmetric DBD. In principle the results
could also be compared with that of the experimental results from the pin-pin reactor. In
the previous chapter it was shown, by an approximation, that conversion from one fila-
ment is approximately in the same order as that the model predicts. But, to extend further,
the calculations should be performed for the corresponding frequencies (22 kHz) in the
future. Nevertheless, from the first glance when the conversion from the experimental
values are adjusted according to equation 4.23, they fall approximately in the same trend
line as shown in the figure 4.9.

The main advantage of the pin-pin reactor has been to show that the trends in conver-
sion can be extended to individual filaments. However, this advantage could not be used
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in direct comparison of electrical characteristics with the calculations from the model be-
cause of lack of knoweledge of the area of the filaments and also due to limited resolution
of the electrical probes employed. To overcome these challenges further imaging studies
to determine the area of the filament has to be conducted in conjunction with improving
the accuracy of the electrical characteristics in general and current density in particular.

4.6 Conclusion

In summary, CO2 conversion in a symmetric DBD has been analyzed in detail by em-
ploying a spatially one-dimensional fluid model. From the self consistent calculations of
discharge characteristics at one important condition, it has been observed that an asym-
metry arises between the positive and negative half-cycles. Relatively slow recombina-
tion of CO+

2 ions, when compared with high frequencies usually employed, results in a
difference in electric field between the half-cycles. In quasi-periodic state, the discharge
in negative half-cycle produces a stronger discharge (in terms of current density, electon
density etc.,) which results in a higher density of CO+

2 ions, that recombine only slowly
before the next half-cycle. While the electrons drift very fast to the walls in response
to applied voltage, the ions that remain in the gas-gap reduce the electric field in the
subsequent positive half-cycle. Hence, the discharge in positive half-cycle is weaker.
Also, a difference exists between in negative charge carriers between positive and negat-
ive half-cycles. Whereas electrons are the dominant negative charge carriers in negative
half-cycle, it is CO–

3 ions in the positive half-cycle. A significant amount of CO–
3 ions

are created in the negative half-cycle, but less than the density of electrons. While the
electrons drift to the electrodes, CO–

3 ions still remain in the gas gap; since only a weak
discharge results in the subsequent positive half-cycle, CO–

3 remains as the dominant
charge carrier before slowly recombining.

The differences observed between half-cycles with respect to ion densities, is also re-
flected in CO2 dissociation mechanisms. The major channel of CO production has been
found to be the electron impact dissociation and with minor contributions from dissoci-
ative recombination of positive ions with electrons and dissociative electron attachment.
Majorly CO2 dissociation happens during the occurrence of filament which hints at a
small role played by the dissociative recombination. Although the contributions from
dissociative recombination and dissociative electron attachment are roughly equal, dis-
sociative recombination is mainly active in the bulk of the plasma where mean electron
energies are low; electron attachment occurs more or less uniformly throughout the gas
gap.
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Conversion frequency – the ratio of amount of CO produced per unit time to the CO2

present in the reactor – is used to compare between the experiments, which involve a
flow and the one-dimensional model which does not. Just as in the experiment, conver-
sion frequency increases monotonically with specific energy input, regardless of the set
of operational parameters used. While the specific energy input matched very well with
the experiment, a deviation was clearly noticed with respect to CO2 conversion; CO2 con-
version is the conversion frequency scaled to the corresponding residence times reported
in the experiments. The discrepancy in the conversion can be easily explained when the
dissociation from electronically excited molecules is considered. The results presented in
the work can be used to explore the important electronic states which hitherto neglected,
but might prove to be important in CO2 dissociation.
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Chapter 5

Vibrational kinetics in CO2
dielectric barrier discharges

Abstract Part I: In the first part of this chapter, theoretical background and the im-
portance of vibrational excitation in dissociation of molecules in plasma is introduced
and substantiated. Different types of reactions responsible for vibrational energy cre-
ation, exchange and loss in a single vibrational mode are discussed in detail. The condi-
tions for emergence of different non-equilibrium vibrational distributions which enhance
dissociation rates are explained. Later, the discussion is extended to CO2 a polyatomic
molecule with several modes of vibration. A special focus is given to the independence
of vibrational modes in CO2 in the context of energy efficient dissociation

Part II: In the second part of this chapter, a reaction kinetic scheme to calculate the
vibrational kinetics, especially in asymmetric mode of CO2 is introduced. Calculations
performed using the reaction kinetic scheme, with the fluid model presented in chapter 4,
to simulate vibrational kinetics in a DBD reactor are discussed. Two sets of calculations
are performed: First set includes only the first two vibrational levels in asymmetric mode,
and the second set includes all the vibrational levels up to dissociation limit in the asym-
metric mode. In the first study, a detailed analysis of all production and loss processes
of excitation of initial vibrational levels is performed; electron density is found to be the
key parameter that determines the vibrational excitation. In the second study, using an
extended kinetic scheme that included 20 vibrational levels along the asymmetric mode,
vibrational distributions have been calculated. From the calculated vibrational distribu-
tions an upper limit on CO2 dissociation from VV transfer along asymmetric mode has
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been determined. Also, dissociation rate dependence on pressure and duty cycle has been
discussed. It is found that DBDs are not ideal to achieve maximum energy efficiencies in
CO2 dissociation because of ineffective vibrational up-pumping.
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Part I

Introduction to vibrational
kinetics
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5.1 Introduction

For a sustainable future, it has become imperative to store the electric energy generated
by renewable sources in chemical forms with an high energy density. Many research
efforts are being pursued to develop closed loop chemical cycles that produce fuels (also
called solar fuels) using renewable energy without any further increase of green house
emissions.

In this context, non thermal plasmas becomes especially attractive because they can
be tuned in such a way that up to 95 % of total injected energy can be used for vibrational
excitation in molecular gases [36, 63, 154]. Apart from being the optimal path for disso-
ciation, in many cases vibrational energy is expected to enhance the chemical reactivity
of endothermic reactions [36, 205]. For example, activation barrier of chemical reactions
can be reduced, which will effectively enhance the rate coefficient of reaction. Such a
reduction in activation energy and associated enhancement of reaction rate coefficient
has been demonstrated by Schatz et al for the reaction,

OH+H2 −−→ H2O+H (R1)

Here it is found that the rate coefficient was enhanced by a factor of 300 at room temper-
ature when H2 is excited to its first vibrational mode as compared with H2 in just ground
state. Different modes of vibration might be required to enhance the rate of chemical re-
actions of different molecules; for example, in the reaction R1, the vibrational excitation
of OH has been found to have no effect on the rate coefficient. Other examples include,
the excitation of symmetric mode in CH4 dissociation on surfaces [33] and the asymmet-
ric mode excitation for CO2 dissociation in a plasma [35]. However, for most chemical
systems it is not yet very clearly known how non equilibrium vibrational distributions
effect specific chemical reactions. For example, in CO2 plasmas the effect of vibrational
excitation of CO2 on the reaction CO2 +O −−→ CO+O2 is not known and it is an active
topic of research to understand the chemical reaction pathways of CO2 molecule excited
to a selective vibrational mode [206]. In the following sections a detailed review of how
vibrational energy can be used for CO2 dissociation will be given.

The sections are divided so as to first discuss different reactions that create and ex-
change vibrational energy. Secondly a discussion on preferred vibrational distributions is
presented. Later, the discussion is extended to describe the vibrational energy exchange
in CO2, a polyatomic molecule. Vibrational energy storage in asymmetric mode and its
effect on dissociation is emphasized. Lastly, as a special note dissociation from vibra-
tional quasi-continuum will be briefly touched upon.
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5.2 Vibrational energy creation and exchange

In contrast to dissociation from the (dissociative) electronically excited states which is
a one step process, dissociation due to vibrational excitation is a multi-step process re-
quiring energy accumulation by several processes and energy exchange between many
molecules. The vibrational energy should be created initially by low energy electrons.
Broadly speaking, in non thermal discharges with electron temperatures in the range of 1-
3 eV, electrons excite molecules to the first few vibrational quanta (e.g 0 −−→ 1, 1 −−→
2 . Here each number represents vibrational quantum number of the ground electronic
state). The rate coefficients for electronic excitation of vibrational quanta can be calcu-
lated by solving the Boltzmann equation as discussed in chapter 4 and in order to solve
Boltzmann equation energy dependent excitation cross-sections are required as input.
Reliable set of cross-sections describing excitation of lower quanta from the ground state
are available for many molecules, however the same cannot be said about multi-quanta
transitions (e.g 0 −−→ 3 ); similarly cross-sections for excitation from higher vibrational
states to even higher vibrational states (e.g 3 −−→ 5 ) are not easily available. The im-
portance of multi-quanta excitations vary depending on the gas. For example, in N2 they
are considered insignificant [207], while in H2, they play important role even having
higher rates when compared with excitation from the ground state [208]. To calculate the
cross-sections of these excitations a semi-empirical formula is suggested in [36]

σ(m,n) = σ01(ϵ+ Em − En)(
exp(−α(n−m))

1 + βm
) (5.1)

Here σ01 is the cross-section of exciting the first level from the ground state as a function
of electron energy ϵ; Em and En are the energies of vibration levels m and n; α and β are
constants that depend on the gas. Equation 5.1 has been used to calculate the electronic
excitation of higher vibrational states in CO2 [64]. Thus calculated cross-sections – for
excitation of molecules in asymmetric mode – have been compared with cross-sections
reported by Hake et al [209], however, these differ significantly with those measured
by Allan [178]. Also, Itikawa who reviewed the cross-sections in CO2 from a variety
of sources also does not recommend Hake et al. Therefore, further investigations into
vibrational excitation when concentration of vibrationally excited molecules becomes
significant is warranted. For our calculations however, we use only one multi-quanta
transition along asymmetric stretch that has been different when compared with those
recommended by Itikawa (see section 5.7.2).

Thus created vibrationally excited molecules exchange the energy deposited from
electrons between themselves in collisions, with some losing energy and while some
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other molecules gaining in energy. Such collisional exchange of energy becomes espe-
cially important at high pressures where collisional frequency is high. These exchanges
fall under two main categories [210]: Vibrational-Vibrational relaxation (V-V relax-
ation), if vibrationally excited molecules collide with each other and exchange energy
such that one gains the energy while the other loses the energy

A(m) + A(n) −−→ A(m+ 1) + A(n− 1); (R2)

Vibrational-Translational relaxation (V-T relaxation), if vibrationally excited molecules
collide with the ground state molecule and lose the excess energy into translational en-
ergy (kinetic energy or heat)

A(m) + A(0) −−→ A(m− 1) + A(0) (R3)

It has to be noted that, in harmonic oscillators in each collision only one quantum can
be changed (e.g m −−→ m + 1 in reaction R2). Multi-quantum transitions are possible
in anharmonic oscillators however, the probability of such a transition is in the range of
10−9 per collision and therefore can be neglected. Generally, VT relaxation is extremely
slow when compared with creation by electron impact which helps in storing energy
in vibrations in non-thermal discharges [36]. For all the processes discussed so far the
reverse processes also exist the rate coefficients of which can be calculated using the
principle of detailed balancing [211].

5.3 Vibrational distributions

To study the role of vibrational excitation in dissociation of a molecule, the population
of vibrationally excited molecules as a function of the vibrational energy (E), the vibra-
tional distribution f(E) has to be studied. In general a distribution is calculated by setting
up a "master equation" – a set of differential equations describing competing processes
and solving it as a function of time [210–212]. In addition to the processes discussed in
section 5.2, dissociation of highly excited states is also a very important loss process that
affects the vibrational distribution.

When the system under consideration is in thermal equilibrium, f(E) can be de-
scribed with a Maxwellian distribution with the same temperature (Tv) as that of gas
temperature (T0). However, the main attraction of a non thermal plasma is deviation
from equilibrium thus driving the system into a desired state – for example enhancing
dissociation rates than dictated by thermal rates. Treanor et al [211] considered one ex-
ample of such a non thermal distribution where VV relaxation between the molecules is
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dominant. By equating the gain and loss of molecules by VV process to zero, a distribu-
tion of the form

f(E) = B exp(− E

Tv
+

xeE
2

T0~ω
) (5.2)

can be obtained. In equation 5.2, B is normalization factor and the effective vibrational
temperature can be defined as

1

Tv
=

∂lnf(E)

∂E

∣∣∣∣
E→0

(5.3)

Equation 5.2 describes the vibrational distributions very well for lower vibrational quanta
in many non thermal plasmas. In figure 5.1, Treanor distributions calculated at different
translational temperatures for a given vibrational temperature (0.3 eV) is plotted. For
comparison, Boltzamnn distribution at the same temperature is also plotted. The Treanor
distribution and Boltzmann distribution predict the same numbers for lower quantum
numbers but deviate for higher quanta, and the difference increases when the difference
between the gas temperature and vibrational temperature is higher. It implies that after
certain critical energy, the probability of populating upper levels increases if VV trans-
fer is the dominant process. In fact, the increased Treanor effect of over-populating the
higher quanta with increasing difference between vibrational and translational temperat-
ures is exploited in gas dynamic lasers [213] and has been attributed as the reason for
increased dissociation in CO2 supersonic expansions [214]. Treanor distributions have
been measured in symmetric modes [215] and in asymmetric mode [216] in CO2 plasmas
using high resolution tunable diode absorption spectroscopy, in lower quanta for which
VT relaxation is not important. However, Treanor distribution predicts unrealistic distri-
butions for higher quanta; this problem has been solved by including VT relaxation for
higher levels [210], radiative losses [217] or dissociation and VT losses combined with
dissociation [212, 218]. The basis of most of these works is that the rate coefficients
calculated according to SSH theory [219] which predicts high rate coefficients for VV
relaxation for lower quantum numbers and lower VT relaxation for lower quantum num-
bers and an increased rate coefficients of VT relaxation from higher quantum numbers.

The effect of dissociation from highly excited vibrational states can be calculated
from vibrational distributions and has been dealt in detail in diatomic gases like H2 and
N2 [212, 220, 221]. In these works dissociation is considered as populating a pseudo
vibrational level whose energy is equal to dissociation energy. A similar approach is
taken in this work where the population of very highly excited molecules is taken as
equal to the amount of CO produced from CO2 (see section 5.9.3). Alternatively, the
method developed by Treanor et al can be modified to describe dissociation rates, by
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Figure 5.1: Boltzamann and Treanor distributions calculated for asymmetric mode
of CO2. Tv: vibrational temperature. T0: gas temperature. n0: density of ground
state molecules nE: density of excited molecules.

equating the flux of molecules from a given vibrational quanta to the dissociation flux
rather than zero. In general the distributions differ depending on whether the dissociation
from higher states is considered or not. However, in few molecules the dissociation event
is very fast and its effect on the vibrational levels lower than the dissociation energy level
can be considered insignificant and in cases where it is applicable dissociation rates is
determined by VV fluxes and not the details of dissociation reaction itself [36]. CO2

is one such molecule and hence vibrational distributions calculated without explicitly
considering dissociation do not significantly effect the vibrational distributions.

5.4 Vibrational energy exchange in CO2

Up till this point, the vibrational distributions of molecules in general case, that is, mo-
lecules with one vibration mode are discussed. In a polyatomic molecule there are several
modes of vibration, increasing the complexity of the analysis. In a non-linear polyatomic
molecule of N atoms, there are 3N-6 modes of vibration and 3N-5 modes in a linear
polyatomic molecule. Hence, CO2 being a linear molecule has 4 modes of vibration.
These can be divided into symmetric modes of vibration, which are further divided into
symmetric stretch (ν1) mode and two degenerate bending modes (ν2), and antisymmetric
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mode of vibration (ν3). Different modes are schematically shown in the figure 5.2.

Figure 5.2: Different vibrational modes of CO2. Smaller middle sphere represents
carbon (C), outer bigger spheres represent oxygen (O). Arrows showing relative
motion of the atoms

Any vibrationally excited state of the CO2 molecule is represented by a set of three
numbers (ν1 ν2 ν3) [222]. In addition, the degeneracy in bending mode should also be
specified for a complete description of the vibrational mode. If two such vibrational
states have different individual modes of vibration but are equal in total energy then they
are collectively represented as (ν1a ν2a ν3a) + (ν1b ν2b ν3b), see species 11–14 in table
4.1 in chapter 4.

In polyatomic gases like CO2, in addition to the vibrational energy flow in the same
mode, and between a given mode and the ground state (VT relaxation), energy can also
flow between two different vibrational modes. This inter-mode vibrational energy ex-
change is represented usually as VV’ trasnfer; reactions describing VV’ transfer are
presented here. Most important among VV’ transfer reactions is resonant two quantum
exchange between the symmetric and bending modes

CO2(ν1 ν2 ν3) +M −−→ CO2(ν1 ± 1 ν2 ∓ 2 ν3) +M (R4)

In this reaction M can be any of the molecules or atoms present in the system, such as
vibrationally excited CO2, CO or O. This process is resonant as two quanta of bending
mode has nearly equal energy as one quantum of symmetric mode [222]. The energy can
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be exchanged between the asymmetric mode to the bending mode

CO2(ν1 ν2 ν3) +M −−→ CO2(ν1 ν2 ± 3 ν3 ∓ 1) +M (R5)

or between asymmetric mode and both symmetric modes

CO2(ν1 ν2 ν3) +M −−→ CO2(ν1 ± 1 ν2 ± 1 ν3 ∓ 1) +M (R6)

However, the vibrational exchange between the asymmetric modes and the symmetric
modes is non resonant and hence is not significant. This observation has been further val-
idated by a first principles calculations which showed insignificant interaction between
asymmetric and symmetric modes [223].

In addition to the kinetic approach described in section 5.3, vibrational distributions
can also be calculated using statistical mechanics, that is, to find the probability of to
find ni particles in state i; such an approach can be applied even for some special cases
of non equilibrium [224]. For non-equilibrium plasmas, molecules excited in a given
mode can be assumed to equilibrate to a vibrational temperature. In fact, use of vibration
mode-specific temperatures to calculate vibrational distributions have been employed in
the case of analyzing CO2 lasers extensively [185, 216, 225]. Kustova et al [226] by re-
viewing rate coefficients available for different vibrational exchange processes have con-
cluded that a two temperature model (Tvs for symmetric modes and Tva for asymmetric
mode) is useful in describing the vibrational distributions in CO2, even when dissociation
is important. They came to this conclusion by evaluating different characteristic times of
vibrational energy exchange

τtr ≪ τrot ≪ τV Vi ≪ τV V ′
1−2

≪ τV V ′
1−2−3

≈ τV T1−2 < τV T3 < τdiss (5.4)

Here, τtr, τrot are characteristic times of rotational and translational relaxation; τV Vi is
VV relaxation in the same mode (i=1,2,3); τV V ′

1−2
and τV V ′

1−2−3
are characteristic times

of VV’ relaxation between symmetric modes and, between symmetric and asymmetric
modes respectively; τdiss is characteristic time for dissociation.

5.4.1 Importance of asymmetric mode (ν3) for dissociation

In essence, the two temperature model is based on the assumption that the interaction
between the asymmetric mode and the symmetric modes is minimal and for all practical
purposes they can be treated independently. Independence of modes becomes important
especially in evaluating the efficiency of dissociation from highly vibrationally excited
CO2 molecules. For dissociating a CO2 molecule the most efficient channel is to store the
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energy in the asymmetric stretch mode ν3, since the higher quantum on this mode implies
a larger separation between CO and O species and eventually dissociation. This separa-
tion is achieved at dissociation energy via inter-system crossing (from ground electronic
state to 1B2 electronic state) at 5.1 eV [36, 203]; a schematic of potential energy with
average separation between CO and O shown in figure 5.3 illustrates this inter-system
crossing. It has to be noted the energy of 20th vibrational level of asymmetric mode
possesses 5.1 eV. Also, a major fraction of electron energy is transferred to excite the
lower quanta of asymmetric mode (when Te = 1-3 eV) which is further enhanced by CO
formation [35] ; as can be seen from equation 5.4, VT relaxation is much slower in this
mode hence higher quanta in this mode can be populated. Also from 5.4, VV’ transfer of
energy from asymmetric mode to the symmetric modes is very slow. Consequently very
high densities of vibrationally excited molecules can be achieved in asymmetric mode
easily compared with symmetric modes [36].

Although, the vibrational distribution is considered for individual states, dissociation
in a poly-atomic molecule occurs from a vibrational quasi-continuum [36, 227]. For CO2

the nature of quasi-continuum depends on the relative number of quanta of asymmetric
and symmetric excited; the nature of vibrations in quasi-continuum can be purely asym-
metric mode or in some cases made up of all the modes. The vibrations are not mixed
when Tva ≪ Tvs and when the quanta of vibration on asymmetric mode exceeds the av-
erage number of quanta on symmetric mode significantly. Conversely, when Tva ≈ Tvs,
then the nature of continuum is mixed and also one temperature model can be used.
However, for CO2 dissociation under non equilibrium the first case is more common and
hence, more useful for the current study [36].

5.5 Summary of part I

The part-I of this chapter introduces the basic notions of vibrational distributions and the
method to calculate dissociation rates from them in CO2 plasmas. The main ideas from
this part on which the next part is built are

• Vibrational excitation is very important in achieving very high energy efficiencies
in dissociation of molecules.

• Kinetic modeling can be used to calculate the vibrational distributions which can
then further used to infer the dissociation rates from the population of highly ex-
cited vibrational states.
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• In CO2 plasmas, symmetric and asymmetric modes can be separately analyzed
owing to minimal interaction between them. Hence, vibrational distributions in
asymmetric mode can be independently studied.
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Vibrational kinetics of CO2 in a
dielectric barrier discharge ∗
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5.6 Introduction

In the preceding part of this chapter, the importance of vibrational excitation in CO2

dissociation has been discussed. Nonetheless the initial vibrational excitation has to be
generated by electrons in a plasma. How this initial vibrational excitation is achieved is
very sensitive to the electron energy distribution function (EEDF). In simplified terms, it
can also be said that the numerous configurations of plasma sources available are mainly
to get a handle on the EEDF. Therefore, to study a plasma in its totality, the main goal
is then reduced to calculate the EEDF properly, either from pure theory or by numerical
simulations.

In general, the Boltzmann function is solved to obtain the EEDF, taking into consider-
ation energy gain and loss from both elastic collisions with heavy particles, and inelastic
collisions such as ionization and attachment etc., Depending on the type of plasma source
that has to be modeled, different assumptions are to be applied to use the EEDF from the
Boltzmann equation. For example, in a microwave induced plasma the effect of mag-
netic fields cannot be neglected [228] while in transient plasmas like pulsed discharges
(for eg. dielectric barrier discharges which are intrinsically pulsed) where the electric
field changes continuously, requires EEDF to be calculated using time steps in the order
of pico-seconds [229]. Thus, to develop a numerical method that is generic to all plasma
sources is rather impractical. As a consequence, calculating generic vibrational distri-
butions in CO2 plasmas becomes complicated. Additionally, any particular model can
be trusted only when it can be validated from experiments. The fluid model introduced
in chapter 4 is one such model in which the EEDF (or mean electron energy) evaluated
could reproduce experimental trends. As an extension of chapter 4, numerical simulation
of vibrational excitation using the fluid model in a DBD is the focus of this chapter.

As has been noted in chapter 4, numerical simulations have been used in the context
of CO2 plasmas mainly to understand CO2 lasers. Nighan et al reported on the effects of
dissociation on EEDF [230]. Many reports appeared describing CO2 dissociation using
chemical kinetic models [161, 163–168]. A different class of reports appeared on the
relation between the vibrational temperature (different between symmetric and asym-
metric modes) on the laser performance [225, 231, 232]. However, only recently kinetic
models were being used to establish the connection between CO2 dissociation and vibra-
tional excitation [63–65]. Although a comprehensive list of vibrational energy exchange
reactions have been included in these models, these do not describe the interaction of
electrons with vibrational levels in detail. For example, the importance of superelastic
collisions in reducing the vibrationally excited populations is not discussed. The im-
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portance of such effects not only in dissociation, but also in altering the EEDF has been
discussed elaborately in [198]; however, only a limited number of vibrational levels are
included in their model.

In this context the main goals of the chapter are:

• First, to determine the limiting and favorable conditions for electron excitation of
the initial quanta of asymmetric mode; the basis for exclusively considering only
asymmetric mode has been discussed in the preceding part.

• Second, estimate an upper bound for dissociation by VV transfer in a DBD.

In order to achieve these goals every vibrationally excited molecule is considered as an
independent chemical species and a state-to-state approach is used to calculate their dens-
ities as a function of space and time. Populations of some of the species are mainly mod-
ulated by electron induced processes and the rate coefficients of these reactions depend
on mean electron energy Um; for this purpose the fluid model simultaneously calculates
Um (see chapter 4 for details).

The aforementioned goals are better illustrated with an example considered here.
Assume that there are 20 CO2 molecules (see section 5.4.1 of part I) which are all excited
in their first level of asymmetric mode. In an ideal scenario, every collision of vibrational
excited molecule induces a change in vibrational quantum number that is in the right
direction to promote dissociation. Hence among these twenty molecules, assuming only
one test molecule collides with every other molecule and with each collision it is excited
to the next level while the partner is de-excited to ground level.

CO2(0, 0, i) + CO2(0, 0, 1) −−→ CO2(0, 0, i+ 1) + CO2(0, 0, 0) (R1)

In this idealized system the energy consumed to prepare the system in initial state Ei, is

Ei = 20× .291 eV

= 5.82 eV
(5.5)

In nineteen collisions, the test molecule will be excited to the dissociation energy and,
hence, dissociates.

CO2(0, 0, 20) −−→ CO+O (R2)

For highest energy efficiency, the O radical released in reaction R2 is required to disso-
ciate another CO2 molecule by reaction

CO2 +O −−→ CO+O2 (R3)
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If two molecules are dissociated (from R2 and R3), then the conversion efficiency achieved
is 0.1 (2/20), while the specific energy input is 0.291 eV/molecule. Implying a near 100
% energy efficiency, which was indeed reported in supersonic expansions in microwave
discharges [233], for a specific energy input of 0.3 eV/molecule. At room temperature
and at atmospheric pressure the number of collisions per second in CO2 gas is approx-
imately 2.2 × 109, hence, 20 collisions take 9 ns (for a molecular diameter of 232 pm).
The rate of CO production from this is 108 /s (an order of magnitude estimate).

However, in this extremely idealized scenario we discounted the energy required to
create electrons, i.e the ionization cost. Also, the rate at which electrons transfer the
energy very much depends on the reduced electric field (or Um). In addition to this, the
electrons also de-excite the initial vibrational levels. Hence, the first goal is very much
related with studying the processes that create and destroy the initial states and hence
directly related with energy efficiency by including ionization cost and suitable Um de-
pendant rate coefficients. In the idealized scenario, every collision is assumed to transfer
vibrational energy. However, not every collision is very effective in transferring energy
between each other. The number of collisions required determines the rate at which CO is
produced from vibrational energy exchange. For example, at room temperature, approx-
imately 106 collisions are required to transfer one quantum of energy from CO2(0,0,1)
to CO2(1,1,0) [234]; similar numbers are not explicitly available for collisions for asym-
metric mode, but the same information is available in rate coefficients. Building on this
extremely idealized scenario the second goal of this chapter addresses, the rate at which
CO is produced in a DBD in the situation where the interaction of every excited mo-
lecule is included and only by up-pumping; that is only VV transfer reactions in which
molecules excited in higher level are excited further up, while molecules excited in lower
level decrease in energy further are considered. These reactions can be summarized as

CO2(0 0 m) + CO2(0 0 n) −−→ CO2(0 0 m+ 1) + CO2(0 0 n− 1);m > n (R4)

In summary, in this part of the chapter the model developed in chapter 4, in which
electron kinetics is described in great detail and validated against experiment is used
to understand the evolution of vibrational distributions. Even though the model is de-
veloped for a DBD, some of the inferences are rather general and are applicable to other
non-equilibrium plasmas as well. In the following sections, first, the vibrationally ex-
cited species considered and the reasons for their selection will be discussed in detail.
Second, a discussion on the reactions involving these species and the rate coefficients of
the reactions will be presented. Next, results and discussion on the two different stud-
ies conducted, each related with two goals specified is presented. Finally concluding
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remarks and outlook will be presented.

5.7 Description of the reaction kinetics

5.7.1 Considered species

In figure 5.4 the vibrational levels of different modes considered in this model along with
their energies is shown. For the symmetric modes the energy shown is equal to threshold
energy of the electron impact cross-sections and for the rest (CO2(v32)-CO2(v320)) en-
ergy is calculated using equation

E =
∑
i

hωi(ni +
di
2
) +

∑
j≥i

xij(ni +
di
2
)(nj +

dj
2
) + xl2l2 l

2
2 (5.6)

In this equation, ωi, xij and xl2l2 are spectroscopic constants. di are degeneracies; for
notation and values refer [36]. The x-axis of the figure shows three fundamental vibra-
tional modes of CO2. Each line represents a different species while the color of the line
shows the mode of vibration. The lines that span symmetric (ν1) and bending modes (ν2)
represent the species which are a combination of two degenerate vibrational states (green
color, species 11–14 in table 4.1). As has been discussed in section 5.4.1, only 20 levels
of asymmetric mode are considered as against 21 levels considered in [64]. However,
qualitatively there is a little difference in kinetics either by considering 20 or 21 levels.
The list of all the species included in the model are tabulated in table 4.1.

A survey of literature illustrates that these are the vibrational energy levels,(except
CO2(v32) – (CO2(v320)) in which electrons deposit their energy in pure CO2 atmo-
spheres [175, 176, 235, 236]. Also, an inference can be drawn that electrons with kinetic
energy of less than 10 eV are effective in exciting these vibrational states and that at
higher energies, the electron energy is mainly consumed in excitation of electronic states
and ionization.

5.7.2 Electron kinetics

Among the 53 electron collision reactions considered for the reaction kinetic scheme,
42 electron collision processes involve vibrationally excited levels (reactions E2–E43 in
table 4.2). These reactions include excitation of the ground level to higher vibrational
levels, excitation of excited levels to even higher vibrational levels, de-excitation of vi-
brational levels to lower energy levels and dissociative electron attachment of excited
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Figure 5.4: Energy levels of CO2 that are included in the model. The combined
symmetric mode are the vibrational levels that are combination bands involving
symmetric stretch mode and bending mode. ν1, ν2, ν3 represent the symmetric
stretch, bending and asymmetric stretch mode, respectively.

levels. Although the species that are considered important for CO2 dissociation are vi-
brational levels in asymmetric mode, symmetric modes (ν = 1, 2) are also included as
they play important role in determining energy input especially at lower Um.

A detailed discussion on the method to calculate rate-coefficients of these processes
is given in chapter 4 and few important remarks on cross-sections used are made in
the part I of this chapter. As mentioned already, the cross-sections for the excitation
from the ground level to (CO2(v32) are obtained from Allan [178]; this is one of the
main differences between the model here and other models. The interaction of electrons
with even higher levels of asymmetric mode (CO2(v33)–CO2(v320)) is not considered;
the reason for neglecting the interaction is due to very small cross-sections and, more
importantly, to establish an upper-limit on CO2 dissociation from VV transfer alone.

In plasmas, electron impact de-excitation is an important process that prevents ac-
cumulation of energy in vibrational levels [237]. To calculate the rate coefficients of
electron induced de-excitation of the excited species, the principle of detailed balancing

127



5.7. DESCRIPTION OF THE REACTION KINETICS

(DB) has been employed. The validity of using DB with respect to CO2 plasmas has
been discussed in Kozák et al. [64].

5.7.3 Vibrational kinetics

The set of reactions involving symmetric modes has been discussed in chapter 4. The
confidence in the rate coefficients of reactions involving these low lying vibrational
levels of symmetric modes have been established by experiments on CO2 lasers [185].
Generally, the rate co-efficients of reactions involving higher levels are determined by
spectroscopic methods [238]. However detailed studies are not available for reactions
involving molecules excited along asymmetric mode. In order to over come the lack
of experimental data, theoretical methods have to be employed to calculate rate coef-
ficients. Among the theoretical methods available Schwartz-Slawsky-Herzfeld (SSH)
theory is quite successful [219] for many diatomic molecules and is easy to implement
with formulas in closed form [64, 218].

SSH theory is most widely used to calculate a transition probability for change in
quantum numbers of interacting molecules, Pm,m+1

n,n−1 [239] (probability for example re-
action R4) which when multiplied with gas collision rate (k0) gives rate coefficient of the
reaction [36] (effectively integrating the probability over velocity distribution)

km,m+1
n,n−1 = k0P

m,m+1
n,n−1 (5.7)

From this equation it becomes clear that the rate-coefficients cannot exceed gas-collision
rates unless the cross-section used for integrating the probability over velocity distri-
bution is much higher than the collisional cross-section of background molecules as in
ion-electron interactions. However, SSH theory is developed for very short range re-
pulsive forces and fails for long range forces (polar molecules or multi-pole interaction)
[239], hence gas-collision rates should serve as an upper limit for rate coefficients cal-
culated from this theory. There are other theories which are more suitable to calculate
the rate-coefficients or probabilities of transitions where long range forces are important
like Sharma and Brau [240] and Forced Harmonic Oscillator (FHO) theory [241]. FHO
theory is also more suitable to be applied for higher vibrational levels, where SSH ap-
plicability is doubtful [241]. Nonetheless, none of these theories have been yet tested,
experimentally, for CO2 asymmetric mode vibrational kinetics.

As has been mentioned before, there is a dearth of experimental reports on the rate
coefficients of VV transfer in asymmetric mode. However, an estimate on the rate-
coefficient can be drawn from one of the few papers available [242]. To measure the rate
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Figure 5.5: Rate coefficients of VV up-pumping and VT relaxation processes of
asymmetric stretch as given in [36]

of deactivation of CO2 (0,0,1) (CO2(v31)), it is excited from CO2 (1,0,0) (CO2(v2a))using
a 10.6µm narrow laser pulse (<100 ns) which is followed by measuring the fluorescence
at 4.3µm ((0,0,1) −−→ (0,0,0)). From the rate of decay of this spontaneous emission sig-
nal measured in the range of 0.1 -20 torr, they could arrive at a rate coefficient of 1.12
×10−14 cm3s−1. This rate coefficient is later confirmed by others [243, 244]. Let us
assume that the three reactions that CO2(v31) can undergo, in gas-phase without plasma
are: VV transfer to CO2 (0,0,2) (CO2(v32)) (rate coefficient k1)

CO2(v31) + CO2(v31) −−→ CO2(v32) + CO2(v0) (R5)

and deactivation to CO2(v2a) (rate coefficient k2)

CO2(v31) + CO2(v0) −−→ CO2(v2a) + CO2(v0) (R6)

Reverse of reaction R5 is also possible (rate coefficient k3)

CO2(v32) + CO2(v0) −−→ CO2(v31) + CO2(v31) (R7)
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From these three reactions, the rate of change of density of CO2(v31) (n1) can be calcu-
lated as

dn1

dt
= −k1n

2
1 − k2n1n0 + k3n2n0 (5.8)

Here, n2 is the density of CO2(v32) and n0 is the density of CO2(v0). Since a pure
exponential decay is observed the first term or the last term cannot be important; first
term will result in a hyperbolic decay, while the last term cannot result in a decay. This
condition gives us an inequality

k1n
2
1 < k2n1n0 (5.9)

=⇒ k1 < k2
n0

n1
(5.10)

The maximum value of n1 can be achieved if all the molecules in CO2(v31) are excited to
this state, which is the physical limit. At room temperature, from Boltzmann distribution
the value of the fraction in the equation 5.10 equals 103, which implies that the maximum
value for k1 is 10−11 cm3s−1. However it is an upper bound because not all the CO2(v31)

molecules can be excited and also we have taken a simple inequality but in reality the
difference between the term k2n1n0 and k1n

2
1 could be significant so as to observe a pure

exponential. Unfortunately, similar analysis to estimate the rate-coefficients of other VV
transfer processes in asymmetric mode is not possible as there are hardly any works
reported on the topic.

As a first approach the rate coefficients vibrational energy exchange reactions (VV
and VT) involving vibrational levels of assymmetric mode CO2(v31) to CO2(v320) are
adapted from [35, 36] which are calculated from SSH theory. Figure 5.5 shows the rate
coefficients used here for VV transfer and VT processes as a function of the quantum
of the asymmetric stretch mode. Similar rate coefficients were later used by Kozák et
al [64]. However, for many of these reactions, the rate coefficients exceed gas kinetic
collision rates and there is an order of magnitude difference between the upper bound
calculated for the reaction R5 and the rate coefficient suggested in [64]. To avoid ex-
ceeding gas collision rates, an assumption is made that all the reactions of the type R4
will have the same rate coefficient as the reaction

CO2(0 0 m) + CO2(0 0 1) −−→ CO2(0 0 m+ 1) + CO2(0 0 0) (R8)

This assumption will not have a significant influence on the results if the rates of vibra-
tional excitation is actually determined by the creation of lower excited states and not
the VV transfer itself. Although the lowest rate-coefficients calculated by SSH theory
are assumed, they are significant and comparable with VV transfer rate coefficients of
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Table 5.1: Table showing the species of asymmetric mode included in two dif-
ferent studies

Study Vibrational levels of asymmetric mode included

Study A CO2(v31), CO2(v32)

Study B CO2(v31), CO2(v32), CO2(v33) . . . CO2(v320)

symmetric modes, which are considered very fast (see section 5.4). The major differ-
ence between the reaction kinetic scheme used here and one by Kozák et al is that in this
model the main loss channel of vibrationally excited molecules is VT relaxation along
the asymmetric mode while in their model it is to the symmetric modes.

5.8 Studies

Using the reaction kinetics model described in section 5.7 and the fluid model described
in chapter 4, two types of studies were performed in this work. The geometry of the
DBD reactor and the boundary conditions for which calculations are performed remain
same as in the case of chapter 4. The first study, study A, includes only 10 vibrational
levels (species 6-15 in table 4.1). This study is used to understand the interaction of
electrons with vibrationally excited species. In study A, the same standard condition as
in the chapter 4, namely frequency of 130 kHz, 1000 mbar, 10 kV amplitude applied
voltage, 400 K gas temperature and 3.8 relative permittivity representative of quartz is
used. Total number of cycles for which the calculation has been done is kept constant
at 20 cycles (0.153 ms). The major deviation from the standard condition is that instead
of maintaining a continuous applied voltage the plasma is switched off after 10 cycles to
distinguish between the role of electron collisions (initial excitation) and heavy particle
collisions (VV transfer). This is a purely hypothetical scenario as the vibrational excita-
tion to higher states should be present in reality. However, we use this case to understand
how the vibrational excitation is dependent on the discharge parameters.

The second study, study B, in addition to the ten species included in the first study
includes all the levels of asymmetric mode up to dissociation limit (species 16-33 in table
4.1). For this study, apart from studying the effect of a continuous applied voltage ( the
standard condition of chapter 4), different number of on-cycles (while keeping the total
number of cycles under study constant at 20) were used to understand the contribution
from electronic excitation of initial quanta and the pure vibrational exchange process. In
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Table 5.2: Conditions used for calculations in Study B

Pressure (mbar) tplasma(ms) [Number of cycles voltage-on]

1000, 800, 600 0.077 [10], 0.115 [15], 0.153 [20]

the off-phase, plasma does not consume any power, however, the excited species pro-
duced during on-phase still continue to be active and undergo reactions. For maximum
energy efficiency it is desired that the active species produce desired products without
being lost from undesired reactions.

There are process designs which separate the vibrational energy creation in active part
and vibrational energy exchange (e.g. DBD plasma jet). The pulsed model introduced
here can be used to simulate such designs. In study B, apart from the number of on-cycles
pressure is also varied to calculate the vibrational distributions in asymmetric mode. The
reasoning for choosing these two parameters as variables as follows. Pressure influences
vibrational distribution in two ways: First by affecting the power coupled into plasma
(with higher pressures more power) determing the creation of seed states (CO2(v31) and
CO2(v32)), when the voltage is still on, and secondly by determining the VV transfer
rates (via number densities of active species). tplasma influences the distribution by
determining the amount of energy coupled into plasma. In order to understand their
effect, a series of calculations at different pressures and tplasma have been performed;
parameters for different calculations for study B are listed in table 5.2.

The results of study A and study B will be discussed in detail section 5.9.2 and section
5.9.3 respectively. It has to be noted that the discharge behavior does not show any
difference if species CO2(v33) – CO2(v320) are included or not as they do not interact
with electrons (i.e. there is no difference, in discharge behavior, between the two studies).

5.9 Results & Discussion

Since the electrons are required to populate the first few vibrational levels, it is important
to know the range of mean electron energy in which vibrational excitation from elec-
tron impact becomes important. From the fractional power transferred diagram plotted
in chapter 4 (as reproduced here in figure 5.6 ), it can be seen that the vibrational excit-
ation is dominant at lower mean electron energies; Up to 50% of electron energy can be
coupled into CO2(v31). At the same time the amount of energy transferred to CO2(v32)

by electron impact excitation is about two orders of magnitude smaller than energy trans-
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ferred to CO2(v31). The result is a direct consequence of smaller cross-sections of elec-
tron impact excitation of CO2(v32) by electrons when compared with that of CO2(v31).
This smaller transfer of electron energy into higher asymmetric vibrational modes gives
confidence that neglecting the direct electron impact excitation of even higher vibrational
states from the ground state does not effect the results. It has to be noted that fractional
power transferred plotted here is general and is valid for plasmas where ionization de-
grees are not too high.
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Figure 5.6: Fractional power transferred into each of the important channel con-
sidered. Not all the vibrational channels are shown.

5.9.1 Discharge Characteristics

The fractional power transferred presents a static picture at fixed mean electron energies.
For dynamics when Um is continuously varying however, discharge characteristics are
more useful especially in assessing characteristic time scales of various processes and
their spatial distribution – for example, electron density evolution. Hence, like in chapter
4, discharge characteristics of the standard condition are plotted in the figure 5.7. The
initial conditions considered in this study are exactly same as the one in chapter 4. It
includes discharge current, gap voltage and applied voltage as a function of time, and
spatio-temporal evoltion of electron density, mean electron energy and reduced electric
field. The major difference between this figure and the one plotted in chapter 4 is that
the voltage is switched off after 10 cycles, so as to compare between the role of electron
induced processes and the role of heavy reactions alone.

In a steady state operation of a DBD plasma, discharge characteristics are peri-
odic (henceforth called periodic state); therefore only last 2 cycles before the voltage
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Figure 5.7: Temporal variation of voltage (- - -) and discharge current (—) (a),
and spatiotemporal distribution of electron density in logarithmic scale (b), mean
electron energy (c) and reduced electric field (d) for a gas pressure of 1000 mbar,
and an applied voltage amplitude of 10 kV at 130 kHz frequency.

is switched off are shown. There is no periodicity once the voltage is switched off; hence
all the cycles are shown when the voltage is switched off. Discharge characteristics for
the standard condition in periodic state are described in detail in chapter 4 and the main
aspects are repeated here. As per convention, positive half-cycle is when the voltage on
the powered electrode is increasing and negative half-cycle is when the voltage is de-
creasing. For example, at the end of ten cycles, the voltage is increasing on the powered
electrode and hence its a positive cycle. In figure 5.7a each spike in the current signal
corresponds to a filament which lasts around approximately 100-200 ns. It can be seen
that there is one discharge event every half-cycle.

Also shown in the figure are applied voltage (10 kV amplitude sinusoidal voltage)
and gap voltage which has a maximum of approximately 2 kV. The spatio-temporal dis-
tribution of electron density and mean electron energy is plotted in figures 5.7b and 5.7c
respectively. From the figure 5.7b, it can be seen that the electron density increases from
instantaneous anode and reaches a maximum at certain distance from the instantaneous
cathode. The distance from the instantaneous anode at which these maxima occur are
different during positive and negative half cycles; say d0 and d1 respectively (d0 is closer
to x=1 mm and d1 is close to x=0). For the standard condition d0 is approximately 250
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µm and d1 is 300 µm. The density of electrons decreases after the maximum density is
reached beyond d0 and d1 , steeply, indicating formation of sheath regions; sheath region
also corresponds to maximum in electron energy 7 eV. The reasons for the difference
between positive and negative half-cycles are discussed in chapter 4. One of the major
differences is higher electron density, that persists longer, is produced during negative
half cycle. The increase in the electron density during negative half cycle is also reflec-
ted in current (figure 5.7a). Spatio-temporal evolution of reduced electric field plotted
in the figure 5.7d follows the mean electron energy as they are strongly related to each
other.

At the instant when the voltage is switched off (t0), the filament has bridged the gap
reaching the ground electrode. As a consequence, the maximum electron density has
been produced at d0. After switching off, the electron density only slowly decays at a
very slow with a maximum of up to 1011 cm−3. It has to be noted that electron densities
exceeding 109 cm−3 have been measured up to 100 µ s fter termination of streamer even
in strongly electro-negative gases like synthetic air [245]. The high electron density does
not however translate into chemistry or vibrational excitation as the electron energy is not
suitable. Immediately after t0, the mean electron energy decreases at a faster rate when
compared with the periodic state and reaches very low values. Also, when the voltage is
switched off the gap-voltage decreases to zero very fast reducing the power consumption
to zero as a consequence.

5.9.2 Spatio-temporal evolution of CO2(v31) and CO2(v32)

The spatio-temporal evolution of densities of CO2(v31) and CO2(v32) are plotted in fig-
ures 5.8a and 5.8b respectively so as to study the relation between discharge character-
istics and densities of these vibrational levels. From the figure 5.8a, it can be seen that
CO2(v31) density variation is periodic with voltage signal and with maximum produc-
tion at d0 and d1 for positive and negative half cycles respectively. Following the trends
of electron density, the CO2(v31) at d1 is higher than the density at d0. However, at t0
the rate of change of CO2(v31) decreases compared with the periodic state and hence its
population declines at a slower rate (this difference between periodic state and off-phase
is seen as a bright red spot at d0 in the figure 5.8a). At times greater than t0, the density of
CO2(v31) declines through out the gas gap uniformly. In contrast with CO2(v31), dens-
ity of CO2(v32) increases at an uniform rate without showing any periodic nature. Like
CO2(v31), its density is also higher at d1 than at d0. After t0, the density of CO2(v32)

remains at a constant level, only spreading in the gap due to diffusion. It has to be noted
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Figure 5.8: Spatiotemporal distribution of asymmetric modes CO2(v31) and (002)
for the same conditions used in Fig 5.7. Voltage is switched off after 10 cycles at
t0 = 77µ s marked with pink line. See the text for explanation.

however, that the initial conditions the densities considered are very low so as to match
the initial conditions of the calculations done in chapter 4.

These trends can be explained considering the production and loss rates of each spe-
cies. Let us assume that n1, n2, ne and n0 are the densities of CO2(v31), CO2(v32),
electrons and CO2(v0) respectively. Then the rate of change of n1 can be written as

dn1

dt
= −kV Tn1n0−k1n1n1−kV en1ne+keV n0ne+kV T2n2n0+kV e2n2ne (5.11)

where k1, keV and keV are the rate coefficient of VV transfer (VV2), electronic ex-
citation (E8) and electronic de-excitation (E9) reactions, keV 2 is the rate coefficient of
electron impact de-excitation from CO2(v32) (E35). kV T includes two VT relaxation
reactions to the ground state: VT7 to CO2(v4) and VT6 to CO2(v1); kV T2 is VT relaxa-
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tion from CO2(v32) to CO2(v31) (reaction VT8). Rate-coefficient of VT7 is higher than
VT6, because the energy difference between CO2(v4) and CO2(v31) is only 0.04 eV as
opposed to 0.21 eV of the corresponding reactants in VT6 (please refer to tables 4.2, 4.3
and 4.4 in chapter 4). In this equation, diffusion and other processes such as dissociative
electron attachment of CO2(v31) as their rates are found to be very small. Though the
rate-coefficients of VT relaxation are less than 10−15cm3s−1, the rates itself are signific-
ant because of the high pressure. The relative importance of each of the terms determines
the spatio-temporal evolution of CO2(v31) density and to understand this, each term of
RHS of equation 5.11 to the total rate at one location namely, d0 have been plotted in
figure 5.9.

The electron impact excitation is the most important at this location, at the instant
when filament occurs, and it is the fastest process that changes the density of CO2(v31),
while all the other processes respond to change induced by it. The electron impact de-
excitation of CO2(v32) is also a very important process, which shows that once signific-
ant amount of CO2(v32) are created the act as source for CO2(v31) back. From figure
5.9, among loss processes, it is clear that VT relaxation to CO2(v4) has the highest rate
at any given time, followed by VV transfer to CO2(v32). Between VV transfer to, and
VT relaxation from CO2(v32), to the density of CO2(v31) clearly the former dominates
when the plasma is on, reversing only at long times after plasma has been switched off.

From these rates it can be concluded that at atmospheric pressure, and for the calcu-
lated CO2(v31) densities VV transfer though significant but is not the dominating pro-
cess. However, by decreasing the pressures, the VT rates can be decreased and thereby
increase the importance of VV transfer. The highest rates of VV transfer are at d0 and
d1, as the maximum n1 is reached at these locations, which explains the trends in figure
5.8b.

At t0, all destruction processes become slow when compared with the periodic state
and as a result, the variation in n1, dn1

dt becomes smaller. Consequently the effective
life time of CO2(v31) increases which can be seen in figure 5.8a. If we assume that,
electron kinetics are not affected by VV transfer, then for a given n1 and from figure 5.9,
it can be seen that the rate coefficient of VV2 can become the dominant process only if
the rate coefficient is higher than the one used for this model, or at significantly higher
densities of n1. Another important inference from figures 5.8 and 5.9 is that even though
rates of destruction of CO2(v31) are really high, it takes longer time-scales to reduce the
density significantly. For example, the characteristic time of reaction VT7 is in the range
of milliseconds.

Although maximum amount of electron energy is transferred into CO2(v31) at low
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Figure 5.9: Production and destruction rates of CO2(v31) (001) at d0. Pink line
indicates t0 = 77µ s.

Um, it does not necessarily mean that the optimal processes should be at low mean elec-
tron energies. As has been seen from figure 5.8a, it requires high electron densities to
produce significant densities of CO2(v31). To understand the importance of ne, it is in-
structive to resolve the contribution to electron induced production term (keV n0ne) from
increase in rate coefficient (if any) and the electron density, especially at d0 and d1. To
this effect, the CO2(v31) density, the rate coefficient, the electron density and the Um at
d0 are plotted as a function of time for the last three cycles before the voltage is switched
off in figure 5.10. To bring about the contrast with other locations in the gas gap, the
same variables are also plotted at x=0.09 cm. From the figure 5.10, it can be seen the
density of CO2(v31) increases, at both locations, only when the electron density and the
rate-coefficient increase simultaneously. However, the rate coefficient changes only by a
factor of two (also see figure 5.11) while the electron density changes few orders of mag-
nitude. This dependance on the electron density becomes apparent, at instances when
there is a filament (eg. at t0). While the rate-coefficient saturates at instances prior to
the occurrence of the filament, the density of CO2(v31) actually increases only when the
electron density increases.

To compare between E8 and E9, the rate coefficients of these reactions are plotted
in figure 5.11. The method to calculate these rate coefficients from Boltzmann solver is
briefly described in chapter 4 and in detail in references provided therein. Although the
rate-coefficient of E9 is always greater than E8, for same electron density ne, the rate of
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electron density (d) as function of time at d0 (—) and at x=0.09 cm (- - -). The
voltage is switched off at t/T=10. T is the time period of the applied voltage.

excitation of CO2(v31) is always higher than than de-excitation at high pressures. The
de-excitation becomes dominant at low pressures, at very high vibrational temperatures
(n1

n0
) or at high ionization degrees; however, it has to be noted that these rate co-efficients

are calculated for low ionization degrees, neglecting electron-electron collisions.

In general, from the figure 5.11, it can be seen that the rate coefficient of electronic
excitation increases only by a factor of 2 when Um changes from 0.3 and 2 eV, before
it saturates. Consequently, to enhance the CO2(v31) and VV transfer rates a significant
electron density, or in other words, ionization is required. And from fractional power
transferred it can be seen that ionization and vibrational excitation cannot be simultan-
eously optimized. Electron density becomes even more important when we consider
all the missing loss processes. For example, the accommodation coefficient (a measure
of loss of vibrational energy at walls similar to sticking coefficient) of CO2(v31) is 0.3
[36] is not included. A similar competition exists between the requirement of electron
density for dissociation and reducing ionization to minimize energy consumption. It has
been found that, in many different plasma sources, while conversion increases energy
efficiency suffers [48, 49, 60].

Achieving high energy efficiencies and conversion efficiencies thus requires re-using
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Figure 5.11: Rate coefficients of electron impact excitation and de-excitation of
CO2(v31) as function of mean electron energy

the electrons or producing them at lower ionization costs. Ionization cost can be reduced
by using chemical species possessing lower ionization potentials [246]; electrons can
also be produced at low energy cost by using materials with higher secondary electron
emission coefficients such as MgO [247, 248]; or using materials with negative electron
affinity. However, one of the easiest approaches is to operate the plasma at higher fre-
quencies such that the electrons produced are not lost by recombination, thus gaining in
ionization cost. But the frequencies should not be so extremely high that the electrons
see only an average electric field such as in microwave plasmas [228]. A similar strategy
to increase electron densities has been used in RF plasmas, by increasing the frequencies
where electrons are supposedly trapped in sheaths [249].

An estimate for the frequency that can be optimum can be calculated under some
assumptions. Neglecting drift and diffusion of electrons and assuming that recombination
of electrons with CO+

2 ions (density : ni) is the main loss process, than the frequency
should be greater than the characteristic time (τc) of dissociative recombination reaction.

τc =
1

kDRni
(5.12)

Here kDR is rate coefficient of dissociative recombination of CO+
2 ions. If we assume

quasi-neutrality
ne = ni (5.13)

From figure 5.7b, maximum value of ne is in the range of 1012 cm−3 and if we assume
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these are typical values then the values that τc reach are in the order of 10−6 s or frequen-
cies in the range of MHz. However, it has to be noted that at Um suggested for optimal
vibrational excitation (1-2 eV), kDR decreases by one order of magnitude bringing the
frequencies closer to the ones used in typical DBDs (100 kHz). Hence, DBDs can be
successful in promoting vibrational excitation only if ionization cost can be reduced.

5.9.3 VV up-pumping along asymmetric mode (ν3)

For study B, 20 vibrational levels of asymmetric mode are included and the vibrational
distributions are calculated for the conditions listed in table 5.2. Initial populations are
calculated for 400 K and the simulations are perfomed to calculate the vibrational dis-
tributions. Thus calculated vibrational distributions at the end of 20 cycles are plotted
in the figure 5.12. The ground state (CO2(v0)) density is not shown in the figures as
it is always fixed for a given condition. A qualitative description of these distributions
is presented here. By including the 20 vibrational states it has been found that there is
no difference in CO production from electron induced processes at the end of 20 cycles,
which shows that the vibrational kinetics, as described here does not affect the electron
energy distribution. However, in reality it will, but since the focus of this chapter is only
on theoretical limits to the VV transfer this assumption works in our favor.
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Figure 5.12: Vibrational distributions for different pressures and duration of
plasma. The total simulation time is 20 cycles at 130 kHz or 0.153 ms.

In all the conditions, a vibrational distribution with almost equal number densities
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in the intermediate (ν3=3-16) vibrational levels emerges; this equal number densities of
vibrational levels is often termed as "Treanor plateau" [250]. Hocker et al [242] reported
that the population of higher vibrational states (upto ν3 = 4) reached equal concentra-
tions in less than 10 µ s in low pressure CO2 discharges. It was attributed to the very fast
VV transfer rates and in the framework of this simple model high VV-transfer rates are
responsible for equalization. Similar distributions in vibrational levels of CO2 asymmet-
ric mode, in microwave plasmas, and in a very short time scales for DBDs have also been
reported by Kozák et al. [64] from numerical simulations albeit in a more comprehensive
model.

The similarity in distributions calculated at different conditions in this model indic-
ates that once a significant amount of CO2(v31) is created, it will always lead to an
efficient VV transfer along the asymmetric mode and subsequently to over population of
higher levels. An inversion between the first two states, that is higher density of CO2(v32)

as compared with CO2(v31) occurs for the two low tplasma, at all pressures. It shows that,
if the electrons are not continuously populating the initial levels, then there is a net flux
towards highly excited states. There is no such inversion observed between CO2(v32) and
CO2(v33) indicating that for the time scales probed the VV transfer between CO2(v32) to
CO2(v33) is still slower when compared between the first two excited states; CO2(v32)

population increases at the expense of CO2(v31) while CO2(v31) decreases due to lack of
electron impact excitation. Lowest densities of all the levels are observed at all ressures
when the voltage is switched on for the lowest time (tplasma = 0.077ms) at all pressures
as expected.

If we look at the evolution of vibrational distribution for a typical condition, figure
5.13 for the standard condition but when the voltage is switched off after 10 cycles of
operation (tplasma = 0.077ms), we can see that distribution starts from a Boltzmann like
distribution and it slowly evolves into Treanor like distribution. This form of evolution
has been observed in all the conditions with few important differences. The common
feature is that the population of initial states decreases with time while the population of
higher states (ν3 > 2 ) increases with time. The amount of this decline in seed states
depends on tplasma. When plasma is switched off, densities of higher levels increase
at the expense of lower levels, which require electrons to be populated. The number
of vibrational levels that are reaching the flat part (or over population) increases with
plasma-on time.

From the rate of evolution of vibrational distributions, rate of dissociation can be cal-
culated – the second goal of this chapter. If it is assumed that the 20th level (CO2(v320))
along the asymmetric vibrational mode spontaneously dissociates into CO and O, then
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Figure 5.13: Vibrational distributions at different times. The voltage is switched
off after 10 cycles. The total simulation time is 20 cycles at 130 kHz or 0.153 ms.

the rates of dissociation from VV transfer can be calculated as function of pressure and
tplasma. The spontaneous dissociation can be simulated by assuming that a collision of
every CO2(v320) with ground state CO2(v0) will result in dissociation (e.g. A rate coeffi-
cient of 10−8 cm3s−1). In reality however the rate should also take into account the speed
of inter-system crossing between the ground electronic state and 1B2 state (see section
5.4 in part I). Since 20 cycles were used, the rate of CO production (Φ) in cm−3s−1 will
be

Φ =
nCO2(v320)

154× 10−6
(5.14)

In figure 5.14, Φ is plotted for different conditions. From this figure it becomes apparent
that at any pressure, the maximum production rate can be achieved with 20 on-cycles
and that it decreases as we decrease the number of on-cycles. For the same number of
on-cycles, Φ decreases with pressure. From these trends it can be said that the electronic
excitation of initial states, which increases with pressure and with on-cycles is the ma-
jor determining factor in VV transfer (see figure 5.12). Since in (quasi-)periodic state,
number of initial states created per cycle is in similar range, the total number of initial
states created changes by a factor of two when the on-cycles is changed from 10 to 20.
However, the attendant increase in Φ is more than 3 times. Changing pressure on the
other hand affects the VT relaxation included in the model, which should decrease the
number density of highly excited levels. But changing the pressure by almost factor of
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two does not have the same influence as that of production of initial states.
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Figure 5.14: Rates of CO production from VV transfer alone at various conditions
after time period of 20 cycles with different number of cycles voltage-on , at 1000,
800 and 600 mbar

Preceding analysis of Φ gives us an important insight that the VV transfer is mainly
determined by the rate at which the initial vibrational excitation is created and that it
is only weakly influenced by pressure. However, low values of Φ do not mean lower
energy efficiency. For example, between 10 voltage on-cycles and 20 on-cycles the power
coupled into plasma changes by a factor of two. So unless the gain in Φ is greater than
a factor of 2, energy efficiencies do not become better by continuous operation. For the
conditions tested here, CO production from VV transfer increases 3-6 times while the
energy consumption only increases by a factor of two. It is likely that an optimum can
be found between power-consumption and VV transfer, but here the focus of this work
has been limited only to estimate maximum Φ and the factors influencing it.

During the voltage-on phase CO is produced not only by VV-transfer but also from
many other processes namely, electron impact dissociation, dissociative electron attach-
ment of CO2 ground state and vibrationally excited states, dissociative recombionation
of CO+

2 ions. To achieve maximum energy efficiency it is desired that maximum amount
of CO produced should be from VV-transfer. In order to check, if VV-transfer contrib-
utes significantly, the ratio of CO produced from VV-transfer can be compared with the
amount of CO produced from other channels (nCO)

β =
nCO(V V transfer)

nCO
(5.15)
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Figure 5.15: Ratio of CO by VV with CO from other process (β) after time period
of 20 cycles with different number of cycles voltage-on at at 1000, 800 and 600
mbar

In figure 5.15, β calculated at different conditions is plotted. If we compare the CO
production from VV transfer with other channels, it is atleast two orders of magnitude
smaller owing to difference in time scales. In a DBD, CO is produced mainly by elec-
tron impact dissociation (see chapter 4) and the very high ionization produces significant
electron density for a short time-scales. In the framework of model, there is one filament
every half cycle producing CO (> 1018cm3s−1) at rates far exceeding that of Φ. Con-
sequently, energy efficiency of producing CO from VV transfer alone is also worse by 2
orders of magnitude. In reality VV transfer processes requires energy only in the form of
creation of seed states and thermal energy in the form of gas temperature. It can be made
much more effective than what is predicted by increasing energy coupling into the seed
states alone. The selective coupling is not possible in a DBD configuration due to self
determination of reduced electric field once streamer is formed and hence energy con-
sumed by VV transfer cannot be decoupled from other processes. The lowest efficiency
is achieved at 600 mbar, because though CO produced from other channels decreases at
this condition, CO produced from VV transfer decreases even more.

5.10 Conclusion

In this chapter, the requirement for reliable rate co-efficients for VV-transfer in asymmet-
ric mode has been brought home by comparing what can be inferred from experiments
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and those that are calculated from theory. Using the fluid model introduced in chapter 4,
and reaction kinetic scheme adapted from literature, simulations were performed to study
vibrational kinetics in a DBD. By using a pulsed model, relative importance between the
VV -transfer, electron impact excitation, de-excitation and VT relaxation to and from the
initial excited states has been evaluated. It has been found that electron density is the
key parameter that controls the rate of excitation at high pressures. As a consequence,
it has been shown that any plasma process that has a very high ionization cost cannot
achieve high energy efficiency. In order to save the electron density from recombining,
frequency modulation such as the one used in RF discharges is suggested. By consid-
ering extended set of vibrational levels in a asymmetric mode, it has been shown that
similar vibrational distributions are achieved at different operational parameters which is
linked to the creation of initial vibrational levels. From the time evolution of vibrational
distributions, rate of CO production from VV transfer has been estimated and it has been
shown that it is mainly determined by the rate at which initial levels are created. For
example, when the total number of initial vibrational levels are changed only by a factor
of two, CO produced from VV transfer has been shown to increase by a factor of three. It
has been shown that though non-equilibrium populations are possible in the vibrational
levels of asymmetric mode under some assumptions, however, such over populations are
not sufficient to reduce the energy required CO2 dissociation; it is mainly because of lack
of selective coupling of energy into VV transfer in a filament of DBD, where reduced
electric field emerges on a very fast time-scales and is not easily amenable for external
control.
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Chapter 6

General Conclusions and
Outlook

This dissertation deals with several aspects related to plasma assisted CO2 conversion
using experiments and modeling. In this part of the thesis, the general conclusions drawn
from the work as well as some recommendations for future work are presented.

• In the second chapter it has been shown that in a non-equilibrium environment,
even in the presence of excited H species, methanation of CO2 proceeds mainly
through the formation of CO. Further, the importance of surface is outlined by
using copper and aluminum surfaces as examples. For a complete understanding,
however, extensive research is required to develop suitable catalysts that work in
plasma environment.

• The role of atomic O in decreasing production of methane from CO2 by scavenging
of H related species has been explained. This insight should be used when new
plasma (or non plasma) based CO2 conversion to hydrocarbons is undertaken in
the future.

• In the third chapter, CO2 dissociation from individual filaments of a dielectric
barrier discharge has been described in detail using a pin-pin reactor configura-
tion. A simple method of counting filaments using high time-resolution current
measurement and corresponding charge transfer along with imaging the filaments
has been shown to be useful in understanding the behavior of individual filaments
and their contribution to CO production.
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• The power-law that is observed between CO2 conversion (to CO) and specific en-
ergy input, observed in planar configurations by others and by using a pin-pin
reactor in this work, has been shown to have electrostatic underpinnings. It has
been shown that the dynamics of charge on surface determine the consumption of
energy in a given half-cycle and the filament distribution. Because of very rapid
changes in current (few ns) a faster diagnostic than the one used in this work needs
to be employed (or developed) to be used as input in the models. Also, a better
imaging technique (e.g. Lichtenberg figures) needs to be employed for accurate
measurements of the spatial dynamics of filaments.

• In chapter four, a fluid model – code developed by Dr. M. Becker in the plasma
modeling group of Priv.-Doz. Dr. Loffhagen of INP Greifswald– has been used
to calculate the spatial (one dimension) and time resolved production rates of CO
in a CO2 fed dielectric barrier discharge. As an input for the fluid model, rate
coefficients calculated by a Boltzmann solver (electronic kinetic data supplied by
Priv.-Doz. Dr. Loffhagen) were used. The calculations done using this model were
able to reproduce the published experimental results. The model also predicts an
asymmetry between positive and negative half cycle (in electrical characteristics
and CO production), which could be attributed to slow recombination of ions in
the volume of the plasma.

• From the model, the electron impact dissociation was shown as the major channel
of CO production. The specific energy inputs calculated are in agreement with that
of the experiment, showing that the electron energy dynamics has been described
accurately in the model. The match between the experimentally observed CO2

conversion and the conversion calculated from the model was shown to be better
when the spontaneous dissociation of electronically excited state (with a threshold
of 7.0 eV) is considered. The nature of electronic states and their effect on energy
consumption in plasma needs to be studied in the future.

• In chapter five the fluid model introduced in chapter four is extended to calculate
the vibrational kinetics of the CO2 molecules. The vibrational kinetics are im-
portant in energy efficiency of CO2 conversion. The electron density is shown to
be a key parameter in determining the population of vibrationally excited states.
To conserve the electron density without excessive ionization new plasma sources
should be explored in future. From a purely hypothetical case, in which vibrational
excitation works only favorably, it is shown that DBDs are inefficient in achieving
high energy efficiency due to the large time scales involved.



6. GENERAL CONCLUSIONS AND OUTLOOK
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Summary

Understanding CO2 containing non-equilibrium plas-
mas: Modeling and Experiments

In recent years CO2 is explored as a source of carbon for fuel production, because
such fuels can simultaneously help in halting the increase in atmospheric green-
house gases, while keeping the carbon based economy running. However, for a
net carbon neutral cycle, renewable electricity should be used for CO2 conversion.
In this context, non-equilibrium plasmas fit the bill as they can use the renew-
able electricity directly, while creating exotic chemistry. Hence, in this thesis two
plasma sources have been studied, from the point of view of plasma chemistry, to
test their efficacy in CO2 conversion and draw some general inferences.

The first plasma source is an expansion from thermal arc. The gas composition is
the main parameter which has been varied in the study of the plasma expansion.
From this study, it is found that converting CO2 to methane, a target fuel molecule,
majorly proceeds through formation of CO, even in the presence of highly ex-
cited H species; hence, hydrogenation of CO, produced from CO2, should be the
preferred route. A direct hydrogenation of CO2 to methane is expected to occur
only when the concentrations of H radicals become the main chemical species in
the expansion. The reduced importance of direct hydrogenation can be explained
from the fact that the excess oxygen released from CO2 dissociation, scavenges H2

and related species to form water; the recombination is mainly expected to hap-
pen at the surface. Hence, CO2 conversion in the presence of H2 is shown to be
ineffective.

Dielectric barrier discharge (DBD) is chosen as the second plasma source; the
choice is motivated from their ease of operation and the prospects for scaling-up
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to industrial sizes. Two peculiar trends have been observed, by others, in CO2 con-
version to CO in a DBD: Firstly, a power-law relation between conversion degree
and specific energy input, which is a measure of energy density; Secondly, this
power-law, to a first degree remains the same for any combination of operational
parameters. In this work, the scaling of conversion degree with energy density
has been extended up to a single filament, using a pin-pin reactor. By counting
the number of filaments at various conditions, a similar power-law to that of one
observed between conversion degree and energy density has been shown to exist
between the filament density and power absorbed by the plasma. By correlating the
transported charge from the filaments and by fast imaging of filaments, it has been
shown that the uneven surface charge distributions, modulated by filament density
results in a power-law relation between filament density and energy consumed. A
simple model is developed, to connect CO2 conversion and the number of filaments
per time-period. From this, it has been shown that at least a part of the reason for
the observed power-law between CO2 conversion and energy density should be
ascribed to difficulty in creating subsequent filaments in a given half cycle. How-
ever, the volume and time dependent variation in CO production is shown to hold
the key to explain the observed unique conversion for unique energy density.

To simulate the volume and spatial variation of CO production rates, a fluid model
is set up by considering various electron induced processes, such as ionization, at-
tachment etc., in pure CO2 plasmas. In addition to the ground state molecules, few
vibrationally excited molecules have been considered. Using this model, the single
most dominant production mechanism has been attributed to electron impact dis-
sociation, while minor but equal contributions have been ascribed to ion-electron
recombination and dissociative electron attachment (up to 10% each). It has also
been shown that CO production scales with energy density, irrespective of the man-
ner in which the energy density has been arrived at. Also, for a given residence
time, the specific energy input calculated by the model has been shown to be equal
to that measured in the experiments.

Another important and required channel for high energy efficiency in CO2 disso-
ciation is the so called vibrational transfer along CO2 asymmetric mode. Using
the fluid model, two hypothetical studies were performed. In the first study, per-
formed to understand gain and loss process of first vibrational level of the asym-
metric mode, both electron impact excitation from the ground state and the electron
impact de-excitation from the second level have been shown to be important pro-
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duction processes. Hence, electron density is shown to be a key parameter for
vibrational excitation. In the second study, an extended vibrational kinetics has
been employed so as to understand the limits of CO production. It has been shown
that the excitation of initial levels is the rate limiting step and that the rate of CO
production from vibrational transfer alone is very small compared to the other sim-
ultaneously active processes. Hence, in a DBD, it is highly unlikely that vibrational
transfer can contribute in any significant amount of CO production.
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