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Abstract

An experimental investigation of the dissociation of CO, in a symmetric pin-to-pin dielectric
barrier discharge (DBD) is presented. The reactor geometry allows for an accurate control of the
number of filaments (microdischarges) and is used to study the impact of one single filament on
the CO, dissociation. We show the number of filaments per half cycle follows a power-law as a
function of the injected power and does not depend on pressure, flow or other process
parameters. It is shown that for pressures between 200 and 700 mbar approximately 0.5 W per
filament is required and the charge transferred per filament remains constant at 0.5 nC.
Furthermore, the dependence of CO, conversion on only specific energy input (SEI) is shown to
be valid down to a single filament. Additionally, by using quantum cascade laser absorption
spectroscopy the absolute number of CO molecules produced per filament is measured and is
found to be in the range from 5.10'! to 2.10'2. The conversion degree of CO, into CO is
estimated to be lower than 0.1% within a single filament and increases with SEI. In the presence
of a couple of filaments, the maximum energy efficiency obtained is 25%. A comparison of the
conversion degrees in pin-to-pin DBD and plane-to-plane DBD configuration shows that these
two reactor geometries follow the same power law. This means the geometry is not the most
important parameter in CO; dissociation in DBDs, but the SEI and thus the number of filaments
ignited per unit of time. This result means that the dependence of conversion degree on the SEI
can be extended to a single filament. This observation leads to the conclusion that the SEI
appears to be valid as a universal scaling parameter down to very low values.

Keywords: CO,; dissociation, DBD, absorption spectroscopy, QCL, solar fuels, filament
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1. Introduction

The study of the dissociation of CO, into CO by non-
equilibrium plasma is a topic of great interest due to its import-
ance in the energy storage field. The continued and projected
increase use of fossil fuels, owing to its limited availability,
presents a major energy supply and environmental problem.
An alternative to this issue is the use of renewable energy.
To counterbalance their intermittency, one possible solution
is to store the excess energy in a chemical form by reforming
CO; into fuel. The most energy consuming step of this pro-
cess is the dissociation of CO, into CO. A promising route
to achieve high CO, conversion, while keeping investment
and running costs low, is probably to use plasma-assisted
dissociation [1]. The key enabler for this is that non-thermal
plasmas can utilize electricity generated by renewable energy
for CO; conversion. In addition to being an important step
in storage of renewable energy, plasma assisted CO, dissoci-
ation can be used in other applications. CO, dissociation leads
the formation of CO, which is an important molecule in bio-
logy and shows therapeutic features in medicine [2, 3], while
CO, dissociation could also be used to produce oxygen on
Mars [4].

The dissociation of CO, has been explored in different
plasma sources and under various discharge conditions, such
as corona discharges [5], gliding arcs [6], microwave plasmas
[7, 8] and dielectric barrier discharges (DBD) [9-16]. While
all plasma sources have their benefits, DBDs are ideal for gas
conversion as they can be sustained at low gas temperatures
[17-19], while simultaneously producing significant quantit-
ies of reactive species [20]. Furthermore, to improve the effi-
ciency in CO; conversion, DBDs can be used with a catalyst
[21] which explains the popularity in using DBDs at indus-
trial scales [22]. Also, DBDs are easy to realize with relat-
ively cheap equipment and hence are used in benchmarking
diagnostic techniques [23, 24]. In addition to purely using gas
based DBDs which are the main topic of this paper, packed
bed reactors are interesting, in that a catalyst can be introduced
to exploit the synergistic effect between plasma and surface
[25, 26]. However, packed bed reactors do not give optical
access hence are not suitable for in sifu studies of the funda-
mentals of gas phase chemistry.

Brehmer et al, made fundamental experimental studies
on CO; dissociation in DBDs using a symmetric planar
configuration [9, 24, 27]. In these works, the effect of vari-
ous parameters such as the gap between the two electrodes,
the gas flow rate, the repetition frequency of the applied
voltage, and the thickness of the dielectric layers were stud-
ied in detail. They showed that the specific energy input
(SEI), which represents the average amount of energy that
is spent on each molecule of the gas, is a universal scal-
ing parameter to determine the conversion degree, usually
called « in the literature. No matter how a given specific
energy is attained, using any combination of pressure, applied
voltage, flow, frequency, gap, dielectric thickness, the conver-
sion degree remains constant for that energy. They showed that
the dependence between them is approximately a power law,

where v = Constant X SEI, with n ~ 0.75. Later Aerts et al
have reported similar scaling law with very low flows and
different types of dielectric materials and achieved a higher
degree of CO, conversion [28]. This scaling behavior has
been explained by numerical models, and it predicts that dis-
sociation is dominated by direct electron impact reactions
[28, 29].

When operated in filamentary mode a DBD is character-
ized by plasma channels called filaments or micro-discharges
that are spread stochastically over space and in time [30].
In this mode the superposition of multiple micro-discharges
makes it complicated to study the impact of one single fil-
ament on CO, dissociation. Most of the works on CO, dis-
sociation with DBD in pure CO, were performed in regimes
where several filaments occur, making their number complic-
ated to measure [9-16]. As explained by Brandenburg, micro-
discharge is the most fundamental element of a filamentary
DBD and its optimization is important for the development of
applications [31]. Hoft et al showed that in N, DBD, with a
small admixture of O,, most of the results obtained for single-
filament DBDs can be directly transferred to multi-filament
arrangements [32]. In pure CO, DBD it was not reported that
the power law described above for multi-filaments is transfer-
rable to single-filament.

In order to fill this gap a DBD reactor in pin-to-pin configur-
ation has been built. This configuration is chosen to confine the
filament(s) to a known location and have control over the tem-
poral evolution. The geometry restricts the available space for
a filament to occur thus reducing the number of filaments and
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 fun-
damental aspects of a DBD is widely used [32, 33].

Infrared absorption spectroscopy with a quantum cascade
laser (QCL) was used to correlate CO produced by a single
filament. The CO density was measured in the exhaust similar
to Brehmer et al [9], and an estimation of the absolute num-
ber of CO molecules per filament is established which can be
used to benchmark the numerical models such as Eliasson et al
[17], Ponduri et al [34] etc. Moreover, energy efficiency for
CO generation is estimated for a single filament.

2. Experimental setup

2.1. Plasma reactor

The reactor geometry and the experimental setup for meas-
uring the CO density are shown schematically in figure 1.
The experiments are carried out in a setup consisting of two
tungsten electrodes covered with soda-lime silica glass. The
two electrodes are placed opposite to each other in pin-to-
pin configuration. The dimensions and electrical parameters
of the reactor are presented in table 1. The plasma is powered
with a sinusoidal high voltage (10-25 kV peak to peak) at
22 kHz using an AC generator (AMPTEC). The electrodes are
mounted inside a cylindrical glass cell connected to a vacuum
pump to maintain reproducible gas conditions. The cylindrical



Plasma Sources Sci. Technol. 32 (2023) 055001

C Douat et al

acL ﬁ
Reference :

cell or Etalon : | :

L 1k
ws || |

Detector

F— 474 mm x 2 =948 mm —

M3I ”
[ S— Tne

M4

wz_J/' ! w1 M2
Exhaust
“DISCHARGE Gasin |
COz
Cell

Glass
/ Dielectric barner
o

Sinusoidal
applied voltage
(10 - 25 kV)

.......................................................

Figure 1. Diagnostic technique applied to measure the CO density
ex situ. The discharge is created in pure CO; gas inside a cylindrical
glass cell connected to a vacuum pump to maintain reproducible gas
conditions. The cell consists of two tungsten electrodes covered
with soda-lime silica glass with 1.7 mm gap. The CO density in the
effluent of the DBD is measured by an ex-sifu IR absorption
spectroscopy method with a QCL with a double-pass cell composed
by a stainless-steel tube of length 474 mm and two KBr windows
(IR transparent material).

geometry of the cell assures good gas recirculation. A gas flow
rate of 100-700 standard cubic cm per minute (sccm) is used.
The pressure in the cell is between 400 and 700 mbar which
is established using a rotary pump at the exhaust. The exper-
iments are performed in CO, with 99.9% purity (Linde, 4L
food-grade).

During all experiments, no carbon deposits have been
observed on the surface of the DBD or on the cell windows,
even after several hours of operation. The absence of depos-
its may be correlated with the relatively low conversion rates
in the present study as compared to Belov et al where such
observation was made [15].

Table 1. Dimensions and electrical parameters of the plasma reactor
used in this work.

Parameters Reactor
Electrodes gap (D) 1.7 mm
Inner volume of the cell 65 cm®
Diameter electrode (d) 1.0 mm
Thickness glass layer (e) 1 mm
Resonance frequency (f) 22 kHz
Volume of the active discharge zone 19 mm?

(Plasma )

Vtﬂt

Figure 2. Schematic drawing of the electronic circuit employed

to operate the DBD reactor with accessories for electrical
characterization. The voltage signal applied to the reactor (V1) is
measured by means of a Tektronix probe (P6015A with 1000:1
division ratio), while the current is measured with a Rogowski coil
(Pearson current monitor 4100) placed in series with the DBD (R).
Transferred charges are collected on a capacitor (Cjis = 140 pF) to
obtain the power absorbed by the plasma via the Lissajous method,
and are detected using a commercial voltage probe, V, (Rigol,
RP3300, 1001).

2.2. Electrical characterization

A fast digitizing oscilloscope (LeCroy Waverunner 610zi,
1 GHz) is used to perform electrical measurements. Figure 2
shows a schematic drawing of the electric circuit. The voltage
signal applied to the reactor (V) is measured by means of a
Tektronix probe (P6015A with 1000:1 division ratio), while
the current is measured with a Rogowski coil (Pearson current
monitor 4100). The latter is placed in series with the DBD (R).
We choose as repetition frequency of the applied voltage, the
one corresponding to the resonance frequency, f, of the total
circuit in order to limit heating of the power supply and max-
imize power transfer efficiency to the plasma. The driving fre-
quency is 22 kHz, and has been determined experimentally.
Figure 3 shows typical -V characteristics.

Transferred charges are collected on a capacitor
(Ciis = 140 pF) to obtain the power absorbed by the plasma
via the Lissajous method, and are detected using a commer-
cial voltage probe, V, (Rigol, RP3300, 100:1) [35, 36]. The
area of the curve formed by the transferred charges, Q, as a
function of the applied voltage, Vi, is proportional to the
injected energy per AC cycle, Ecyce, and thus to the power
input (i.e. the power absorbed by the plasma) Pr, = fEcyce
where f is the driving frequency. Two examples of O-V plot
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Figure 3. Current voltage characteristics at 700 mbar, 700 sccm
CO; flow and 17 kV peak-to-peak applied voltage.
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Figure 4. Q-V plots showing the transferred charges through the
reactor as a function of the applied voltage under two different
applied voltages. The area of the Q-V plot is used to determine the
energy injected per cycle to the plasma. Conditions: 700 mbar,

700 sccm COs.

are shown in figure 4. The area of the loop increases with the
applied voltage, and for low voltages the measure of the area
is therefore not very accurate and it is accounted by bigger
error margins.

The average number of filaments per half-cycle, Ny, is
counted using the waveforms from the current probe. For
example, in figure 3, there are two current spikes per half cycle,
which means two filaments are produced. Number of filaments
per half cycle was determined by measuring current for 50—
60 cycles. Measuring such large number of cycles enables to
get good statistics on filament distribution. It is interesting to
notice that the positive and the negative parts of the current
waveform are symmetrical. This is due to the fact that the two
electrodes are identical and both are covered with a dielectric
layer [15]. As no change of the current waveform is observed

)

£ 20 L )

= H 200 mbar

g 15] ® 400 mbar |
© A 600 mbar

"_;, 10 © 800 mbar |
% 1 Gl 411
TS 18 s W
AT I tindyiy
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5 Power (W)

Figure 5. Charge transferred in the first filament at various gas
pressures: 200 mbar (blue square), 400 mbar (red circle), 600 mbar
(green up-pointing triangles) and 800 mbar (yellow down-pointing
triangles). The dashed line at 0.5 nC is to accentuate the fact that the
charge transferred in the first filament is approximately constant
across the pressure and power range.

in time, it supports the fact that there is no carbon depos-
ition in the present reactor. Carbon deposition would induce
a change on the conductivity of the electrodes, and therefore
would imply a modification of the electrical signal [15].

In specific conditions, two filaments can occur simultan-
eously and provide one current spike. Usually, this happens
in pulse excitation, when an over-voltage breakdown occurs
[37, 38]. For sufficiently fast-applied voltage rise times, the
voltage at breakdown can exceed the static breakdown voltage,
which results in a higher initial electric field upon breakdown
[38]. Thus, this intense electric field can ignite more filaments
simultaneously. In AC operation, breakdown occurs when the
voltage across the discharge gap reaches a value, which is
essentially the static breakdown voltage [38]. Due to the slow
rise of the AC waveform, the probability to ignite more than
one filament per current spike is low. As we used an AC excit-
ation and from the intensified charge-coupled device (iCCD
acquisition), we only observed one filament per current spike,
we can reasonably assume that each current spike represents
one filament.

The average charge transferred by the first filament alone
in a half cycle is measured by measuring the change in the
Lissajous capacitor voltage when the filament occurs (g =
Ciis X Vjis) and is plotted in the figure 5. By taking into account
the error bars (the error bars represent the standard deviation of
a data set), the charge remains constant at 0.5 nC irrespective
of pressure, which is in good agreement with Eliasson ef al,
who showed that the charge transferred per filament should
be constant at all pressures [39]. This result ensures that only
one filament occurs at each current spike, otherwise the charge
transferred by a filament would be twice as large.

Fast optical imaging is used to capture the light emission
from the first and the second filament. Due to the jitter, the
third and subsequent filaments cannot be measured with a
good accuracy. As the light emission from individual fila-
ments in CO, DBD is very weak, single shot measurements
of one single filament are too noisy. To overcome this issue,
the measurements are accumulated to increase the signal to
noise ratio. To ensure that the light is collected from only one
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current spike, the camera is gated. The pictures support the
interpretation that the first current peak corresponds to a single
filament located in the region with the shortest gap and the
second current peak corresponds to a filament randomly dis-
tributed around this region. The latter forms when the voltage
reaches sufficient values for generating a second avalanche in a
region where the applied electric field is not shielded by depos-
ited charges on the dielectric.

In order to compare the present experimental results dir-
ectly with other works on CO, dissociation, different paramet-
ers, such as the SEI, the conversion degree and the energy effi-
ciency are used here. According to the previous works related
to CO, dissociation into CO, the SEI can be considered as the
universal parameter for comparisons between plasma sources
[9, 12, 29, 34, 40-42]. The latter, denoted as Egpe. or SEI, rep-
resents the average amount of energy that is spent on each
molecule injected into the reactor without taking into account
if dissociation of the molecule has occurred or not. This para-
meter is defined as

P (W)
v (I/s)

where Pp, is the power input and ¢ the total gas flow
rate. Note that the latter is expressed in standard conditions
(Ty = 273.15 K, po = 1013.25 mbar). The parameter which
defines the amount of CO, dissociated into CO is the conver-
sion degree. This is the ratio of the final CO density over the
total gas density, n, equivalent to the CO, density,

Egpec (J/1) =SEI =

ey

CO
Qlahs = [[ ]ﬁnal —

[CO] final .
CO2] inital

n

@)

The final CO density, [CO]; ., is measured by means of
absorption spectroscopy and the technique is explained in the
following section, while the initial CO, density,[CO,]; ... is
calculated from the input parameters such as the pressure and
the gas flow rates.

While the conversion degree gives an information on the
amount of CO molecule created, to make CO from renew-
able energy source it is also important to measure the frac-
tion of energy used for this conversion. The energy effi-
ciency, 7, reflects this aspect, and throughout this paper will
be expressed as

AH
Espec

N=——-a (3)

where AH is the enthalpy of formation of CO from CO; taken
at room temperature (i.e. the amount of energy stored chem-
ically into CO that can be recovered by oxidizing it) and the
conversion process can be summarized as

CO, —» CO + 1/2 0, AH=29¢eV (R1)
7 gives a measure of how efficient a plasma source is in util-

izing the electrical energy for CO, conversion and no other
process such as heating the gas etc.

2.3. Laser absorption system and data analysis

The CO density in the effluent of the DBD is measured by
an ex-situ IR absorption spectroscopy method with a quantum
cascade laser (QCL). The diagnostic setup with the imple-
mentation of the DBD is shown in figure 1. The latter is sim-
ilar to the one used Douat et al [43], except that the multi-pass
cell is replaced by a double-pass cell. The cell is composed by
a stainless-steel tube and two KBr windows (IR transparent
material) separated by a 474 mm distance. The total absorp-
tion path through the cell is 948 mm.

A QCL laser head by quality management analysis control
system (Q-MAC:s) is used. The diode employed to measure the
CO density is operating in the 2210-2015 cm™! range and is
driven in the so-called intra-pulse mode. The laser wavelength
is coarsely tuned by the temperature of the laser diode, which is
controlled via a Peltier element in contact with the diode. The
emission wavelength of the QCL is fine-tuned by the temperat-
ure change caused by the current flowing during the pulse. The
laser beam coming directly from the diode is collimated with
an off-axis parabolic gold mirror (M1) and is then directed by
a mirror (M2) through the double-pass cell. The laser beam
is focused on an infrared gallium arsenide detector which has
a 1 ns response time (IRDM-1GA, neoplascontrol, Q-MACS)
via a lens (L). The signal is recorded with a digitizing oscil-
loscope (LeCroy Waverunner 610zi, 1 GHz). Since mid-IR is
not directly visible, the optical alignment is performed with
a red laser diode (alignment laser) after overlapping its beam
pathway with the IR laser. Data acquisition is performed on
a PC and processed using the Q-MACSoft Monitor software
[44].

The absorption spectroscopy measurement is based on the
Beer—Lambert relation between the incident /o(r) and the
transmitted /(v) intensities of the laser radiation. For an homo-
geneous absorption medium the law can be expressed as
[45, 46]:

=exp{—k(v).l}, 4)
() = e lkw) 4

where [ is the absorption length, which is 948 mm for the
present setup and k the absorption coefficient, which is given
by

k(v)=nS.0(v) Q)

with n (cm™3) the density of the absorbing species,
0 (v) (s) the normalized line profile (fj;o@(u) dv=1) and
S (cm/molecule) the line strength. Integrating equation (4),

the number density of the absorbing species is then defined as

+o00
- 1 IO (I/)

The CO density is measured using the 2212.625 cm™!
absorption line (transition R19) [47]. The line strength at
296 K is 5.546 x 10~2° cm/molecule [47]. The gas temperat-
ure of the plasma is probably in the 350-500 K range [27, 34],




Plasma Sources Sci. Technol. 32 (2023) 055001

C Douat et al

Energy (cm™)
22136 2213.2 22127 22124 221241

-

2211.8 22115

—
S, ]
1

< A €O: 2212.625 ¢cm™!
?’ ) \“A‘ : . cm

® 40 ! \"v- /

g’ l I '\_‘;.\‘ 4(:02

- — }“ll (| III v

» LT N

:wu,” \"I ’
WUy "v-...J

o
[3,]
1

I
]
\)
\
\

0.0

50 100 150
Time (ns)

|
J
{
|
!
0

200 250 300
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wavenumbers (top). Dash blue line: signal without any absorption
(base line), dash dot red line: signal with absorption and green line:
fringes from the Fabry—Perot germanium etalon.

but due to the time of flight of the gas to reach the double-
pass cell, where the CO concentration is measured, the gas has
time to cool down to room temperature. Consequently, we can
assume that the gas temperature is close to 296 K. An example
of absorption spectra is shown in figure 6. Two CO, absorp-
tion lines appear in this spectrum range as well, whose relative
intensity is weak. As only a small amount of CO; is converted
into CO, no visible change is observed in these two lines when
the plasma was on.

In order to sweep the QCL frequency over the CO absorp-
tion line of interest, a 250 ns laser pulse is used, as shown in
figure 6. The raw QCL signal without any absorption (dash
blue lines) and with absorption (dash dot red line) are recor-
ded as a function of time, which has to be converted into a
wavelength scale. This is carried out by recording the fringes
of a germanium Fabry—Perot etalon with a known free spec-
tral range of 0.0485 cm™! (green lines). Due to the character-
istic response of the QCL to the current pulse, about 10 ns of
the laser signal has to be neglected at the beginning and the
end of the laser pulse for further analysis. After converting the
time scale to a frequency scale, the etalon fringes are used to
obtain a relative wavenumber calibration. For the laser diode
used here, a non-linear correlation between time and the rel-
ative frequency of the frequency-down chirp of the laser was
found and fitted with a fifth order polynomial.

According to equation (6) the integrated absorbance,

+oo Ih(v)
f —00 In I(v)
calculate the number density of the absorbing species, n. An
example of a CO absorption spectrum is shown in figure 7. The
observed CO line (blue line) is fitted by a Lorentzian profile
(dash red line) in order to measure the integrated absorbance.
We can assume here that the line has a Lorentzian profile since
the pressure is high (between 400 and 700 mbar). The num-
ber density can then be calculated by dividing the integrated

)dv, has to be evaluated from the spectra to
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Figure 7. Sample of CO absorption spectrum versus wavelength.
Blue line: experimental data and dash red line: fit of the line.
Conditions: 400 mbar, 400 sccm CO,, Vp, = 15 kV.

absorbance of a line with the absorption length, /, and the line
strength S. The Lorentzian fitting gives a FWHM of approx-
imately 0.060 cm™!.

For each data acquisition, an average of ten samples is
measured and the detection limit is evaluated to be 2.10%° m—3

3. Results and discussion

In this section results from electrical characterization, namely
filament statistics and their dependence on operational para-
meters is discussed. This is followed by a section in which
the results of the dependence of CO, conversion on opera-
tional parameters are presented and discussed. Next the res-
ults about CO, conversion measured with few filaments (<5)
is compared with the results from multi filamentary discharges
(>100) from the literature. A discussion about the absolute
number of CO molecules per filament is also presented which
can be used directly to improve the numerical models to
understand CO, dissociation in DBDs. Later a detailed dis-
cussion about energy efficiency in the experiments is presen-
ted. Finally, we present the common thread connecting all the
experimental results with a discussion about electron kinetics
involved in CO, filamentary discharges.

3.1 Filaments statistics in pure CO, discharges

A typical distribution of average number of filaments per half-
cycle (Nayg) for different values of injected power (P ) is plot-
ted in figures 8(a) and (b) for 200 mbar and 600 mbar respect-
ively. A similar distribution for a constant Py, at 0.15 W but at
different flows is plotted in figure 8(c). The bars show distri-
bution of number of half-cycles that have exactly one filament,
two filaments, three filaments and so on, in normalized units
for figures 8(a) and (b). Normalization is done with respect
to total number of cycles measured for that particular opera-
tional setting (50—60 cycles are used). The average of these
distributions, called N, gives a representative number of fil-
aments for each plasma condition. From figure 8(a), it can be
seen that at a low pressure, meaning 200 mbar, the distribution
is sharply peaked for low Py, and spreads with increasing Pry.
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Figure 8. Distributions of number of filaments per half-cycle (Nayg)
at different injected powers (P1n) and constant pressure: (a) at

200 mbar and (b) at 600 mbar. (c) Shows the distribution of filament
count with 0.15 W for different flows. Normalization is done with
respect to total number of cycles measured for that particular
operational setting (50-60 cycles are used).

For example, for the power injection of 1.18 W at 200 mbar the
distribution became almost flat (figure 8(a)). Also, as expected
with an increase in Pr,, there is a corresponding increase in the
Navg.

Ideally, when every half-cycle is identical, the number of
filaments should be the same as a function of the power, and
there should be no spread in the distribution even for high Pry,.
However, in a real DBD there are many stochastic processes
that will cause broadening of the distribution like we observe
in figures 8(a) and (b). For example, Zhang et al showed that
in a DBD, at certain values of the applied voltage, the number
of filaments can vary from one half-cycle to the other [48]. At
200 mbar (figure 8(a)), at low power, the broadening of the
distribution decreases, and the chance to get three filaments
per half-cycle is more important, while power does not have
any effect on the distribution at 600 mbar (figure 8(b)).

From figure 8(c) it becomes immediately clear that the gas
flow has no effect on the distribution, which is at first glance
surprising, since the renewal of the gas depends on the flow.
At low gas flow rate, the residence time of the gas between
the two electrodes is expected to be higher than at high gas
flow, meaning that an accumulation effect of CO may occur.
The gas composition may have an impact on the plasma igni-
tion and its properties (electron density, reduced electric field,
temperature, ...), and therefore on the CO, dissociation and
the number of filaments. To estimate the impact of this accu-
mulation effect from a half-cycle to another, we calculated the
Péclet number, P,.. This dimensionless number compares the
diffusion with the transport of the particles, which is due to the
gas flow here. It is defined as:

Pe=— (N

where U is the local flow velocity, D, the diffusion coefficient,
and, L, the characteristic length, which is in our case the dia-
meter of a filament. Using iCCD pictures we measured the dia-
meter of a filament to be about 150-250 pm (not shown here),
which is a typical dimension for this type of filaments [49].
The estimation of the velocity is made from the gas flow rate
(in standard conditions), ¢, and the cross section of the cell,
S, and it is expressed as

_ ¢ Tpo
SpT()

®)

where p is the pressure in the reactor and pg the standard pres-
sure (defined as 1013.25 mbar), T the gas temperature in the
cell and T the standard temperature, which is 273 K. The gas
temperature in the cell is not homogeneous in the cross section
of the cell. For example, the gas temperature in the filament
is different from the gas temperature close to the cell win-
dows. As we want to know the flow velocity in the filament,
we choose as gas temperature in the cell, 7, the temperature of
the filament. Thus, we have a top estimate of the flow velocity
and the Péclet number as well.



Plasma Sources Sci. Technol. 32 (2023) 055001

C Douat et al

Table 2. Péclet number for various conditions of pressure, flow rate, filament diameter and gas temperature.

D=0274cm?s”! D=1.639cm’>s™!
T =350K T =500K
p = 700 mbar p = 200 mbar
L =150 pm L =250 ym L =150 pm L =250 ym
¢ = 200 sccm 0.021 0.034 0.017 0.029
¢ = 700 sccm 0.072 0.120 0.060 0.100
¢ = 10 000 sccm 1.028 1.714 0.860 1.433

As the electrodes are mounted in the center of a cylindrical
cell, S is calculated from the height (6.5 cm) and the width
(2.5 cm) of the cell: S = 16.25 cm?. For a gas mixture of CO,
and CO, the diffusion coefficient is expressed as [50]

1.850 x 103 x 73, /-1

Mco,

p o2Q)

4L
D [cm2 sfl] = Meo

®)

where T is the absolute temperature (in K), M the molar mass
(in g mol~), p the pressure (in atm), o the average collision
diameter (0 = 1 (0co, + 0co) = 1 (330 pm+ 376 pm) =
353 pm [51]) and €2 a dimensionless number, usually close
to 1. Here we assume 2 = 1. As the molar masses of N, and
CO are equal, and their kinetic diameters are almost equal
(364 pm for N; and 376 pm for CO [51]), the diffusion coef-
ficients in CO,/CO and CO,/N, are very similar. In CO,/CO,
at 288 K and at atmospheric pressure, we calculate a diffusion
coefficient of 0.143 cm? s~!, which is very close to the one
estimated by Wilke and Lee in CO, and N, who found 0.158
cm? s~ ! [52]. As there is no table of the diffusion coefficient
from 200 to 700 mbar for a temperature of 350-500 K range,
we use formula (9) for our calculations.

In our case we assume that the absolute temperature in fila-
ment is in the range of 350-500 K [27]. The studied pressure is
from 200 mbar to 700 mbar, which gives D = 0.274 cm? s~ ! at
350 K and 700 mbar and 1.639 cm? s—! at 500 K and 200 mbar,
which are the two extrema. The Péclet number depends also
on the diameter of the filament and the gas flow rate. Table 2
presents its value for various conditions. In our conditions
(from 200 to 700 sccm), it varies from 0.017 to 0.120. In any
case, this number is lower than 1, and as it is a top estim-
ate, the real value can be even lower. The gas flow effect
becomes comparable to the diffusion effect when the Péclet
number reaches 1. This condition is met if the gas flow rate
rises to 10 000 sccm, which is far from our experimental con-
ditions. Thus, we can conclude that diffusion is more import-
ant than the gas flow effects. This is mainly because we look
at the movement of particles over a very small distance (150—
250 pm). As the diffusion is the main process responsible for
particle motion, it explains why there is no gas flow depend-
ence on Noyg.

In figure 9, the average number of filaments per half-cycle,
Navg, s plotted as a function of Py, on a log-log scale for dif-
ferent pressures. N,y is fitted with a straight line as a func-
tion of power input. The accuracy of the fit increases if we
neglect the conditions when only one filament is present due
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Figure 9. Plot showing the average number of filaments per
half-cycle, Nayg, as a function Pr, on a log-log scale; an exponent of
0.3 can be inferred from the fit. Black squares: 200 mbar, red
circles: 400 mbar, blue triangles: 600 mbar, green inverted triangles:
800 mbar. The accuracy of the fit increases if we neglect the
conditions when only one filament is present due to an increased
accuracy in measuring the power consumed.

to an increased accuracy in measuring the power consumed.
As said in the electrical characterization section, at low power
the area of the Lissajous figure is small, which decreases the
accuracy of the absorbed power. The data can be fitted with
a power-law with an exponent of 0.3 (the slope of the dotted
line on figure 9), which is different from the result of Ozkan
et al, since they observed a linear dependence of the number
of filaments as a function of the power [12]. This difference
could be due to the difference in reactor geometry. In addition,
as the area of their reactor was bigger, they could not isolate
all the filaments and obtain precise values for the number of
filaments.

3.2. CO, conversion

3.2.1. Effect of the gas flow rate. ~ Measured CO; conversion
degrees are displayed as function of the SEI in figure 10. The
symbols correspond to different gas flow rates: blue circles
for 400 sccm and red squares for 700 sccm. The CO yield
increases linearly with the SEI, and varies between 0.004%
and 0.06% for SEI between 1 and 80 J 17!

Taking into account the error margins, one can notice that
the conversion degree is independent of the gas flow rate. This
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Figure 10. Conversion degree versus the specific energy input at
two different gas flows: 400 sccm (blue circles) and 700 sccm (red
squares). 400 mbar, pure COx.

is due to the fact that the SEI takes into account the flow
rate through the reactor and represents the average amount of
energy that is spent on each molecule of the gas. If the gas flow
changes, the residence time of the gas mixture also changes.
These results are in line with what is reported by Brehmer ez al
and explained by fluid modeling by Ponduri et al [9, 34]. It
should be noted that the lowest conversion degrees are repor-
ted for the conditions when N,y is only 1; therefore, a CO,
conversion degree of approximately 0.005 can be associated
per filament.

3.2.2. Effect of the pressure.  The effect of pressure on CO,
conversion is studied by varying pressure in following steps:
200, 400, 600 and 700 mbar with a constant gas flow rate
of 700 sccm CO,. Taking into account the error margins, we
observe that the pressure is not the significant variable that
effects the CO,; splitting. As shown in figure 11, the conver-
sion degree does not vary with the pressure, which correlates
with the observation that the deposited charge per filament is
independent of it as well. This implies that the mean reduced
electric field seen by the plasma does not vary and calcula-
tions by Hosseini Rad et al for an Ar/CO, DBD support this
interpretation [53].

3.2.3. Comparison with a plane-to-plane reactor. In
figures 10 and 11, we notice that the conversion degree
increases linearly with the SEI, and varies between 0.004%
and 0.10% for SEI between 1 and 170 J 17!, Kozak et al
showed using their numerical model that the conversion
degree in CO, DBDs follows almost a linear law at ener-
gies lower than 50 kJ 1-!. Previous experiments confirm this
linear dependence for energies up to 10 kJ 17!'-100 kJ 17!
[15, 16, 42].

Table 3 presents the experimental data collected from the
literature for CO, dissociation in pure CO, DBD showing the
maximal conversion degree and energy efficiency as a function
of the SEI. Most of the works performed on DBDs were done

SEI(J/I)

Figure 11. Conversion degree versus the specific energy input at
different pressures: 200 mbar (blue square), 400 mbar (red circle),
600 mbar (green up-pointing triangles) and 700 mbar (yellow
down-pointing triangles). 700 sccm CO,.

at energies of several tens of kJ 17!, while in the present work
the maximum SEI is only 200 J 1=! [54]. In order to compare
the present results with previous works, we plotted in log—log
scale the conversion degree versus SEI in figure 12. The full
green circles represent the measures in the pin-to-pin geometry
and are the same data of the figure 11. For clarity, we did not
make any distinction between the different pressures. Those
results are compared with Brehmer’s measurements on a CO,
plane-to-plane DBD at 1000 mbar for different dielectric bar-
rier thicknesses and applied voltage frequencies [9]. The dif-
ference between these two geometries affects mainly the num-
ber of filaments ignited per unit of time. In order to make the
figure clear, the error margins are not shown here, but are in
the 10%—20% range.

From figure 12, it can be clearly seen that the CO, con-
version in a pin-to-pin reactor (green circle) and the plane-to-
plane reactor (blue star) follows the same linear trend in log—
log scale. A linear trend in log—log scale means a power law
and can be expressed as o = Constant X E¢,.., with n ~ 0.75,
in the 1-10° J 1! range. Aerts et al showed with their numer-
ical model that the conversion follows a power law as a func-
tion of the SEI [42]. For example, they calculated a conversion
of almost 10% at 10° J 11, which is similar to the experimental
data of Brehmer et al (cf figure 12, blue stars). As Aerts ef al
did not plot their results in log—log scale, no direct comparison
with the pin-to-pin data is possible. But as the pin-to-pin data
(cf figure 12, green dots) follow the same law as the plane-to-
plane data (cf figure 12, blue stars), it confirms that for very
low energies, i.e. lower than 500 J 1~ ! the conversion follows
also a power law as a function of the SEI. This typical power
law can be simplified to a linear law at low value of SEI, which
explains the linear law relationship between conversion degree
versus the SEI (figures 10 and 11).

In DBDs the energy is not spent homogenously in the gas
volume of the discharge, meaning that SEI is at first glance
not a good scaling parameter. But our results show that the
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Table 3. Experimental data collected from the literature for CO, dissociation in pure CO, DBD showing the maximal conversion degree
and energy efficiency as a function of the specific energy input (SEI). Adapted from Snoeck et al [54].

SEI(J17")
Type of DBD Min Max Max conversion degree (%) Max Energy efficiency (%) Authors References
Plan-to-plan 500 50 000 10 5 Brehmer et al [9]
Cylindrical DBD 500 50 000 35 25 Ozkan et al [55]
Cylindrical DBD 5000 200 000 30 15 Belov et al [15]
Cylindrical DBD 5000 500 000 40 8 Aerts et al [42]
Cylindrical DBD 20000 500 000 30 5 Paulussen et al [10]
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Figure 12. Conversion degree as function of the specific energy
input for two types of DBD geometries: pin-to-pin DBD (green
circle, data from figure 11) and plan-to-plan DBD (blue star, data
from Brehmer et al [9]). Reprinted from [9], with the permission of
AIP Publishing.

Table 4. Main production processes of CO in a DBD [34].

# Name of the reaction Reaction

(R2)  Electron impact dissociation COy +e¢~ —CO+ 0+ e~

(R3) Dissociative electron CO, +e¢ —CO+ O™
attachment

(R4) Recombination processes CO," +e~ —-CO+0

conversion degree depends on the number of filaments which
depends on the SEI, which lead to the conclusion that the SEI,
has been shown to be valid as a universal scaling parameter
even for DBDs and this is also true at very low SEIs when
only one filament occurs.

There are several different classes of mechanisms that can
result in CO; dissociation in a plasma reactor. Broadly, these
can be classified as: (1) electron mediated reactions (2) vibra-
tional up-pumping (3) chemical reactions with active species
such as atomic O [56]. The main production processes of CO
in a DBD are listed in table 4. Numerical models predicted that
in a CO, DBD, 80% of the CO production is due to electron
impact dissociation (R2), while dissociative electron attach-
ment (R3) and recombination processes (R4) contribute each
about 10% [28, 34].

The most efficient process to dissociate CO; is by vibra-
tional up-pumping along the asymmetric stretching mode [56].
Aerts et al showed that in a DBD configuration this channel is
significant if there is an accumulation effect. They showed that
if the inter-pulse time exceeds about 10 us, most of the vibra-
tionally excited CO, molecules relax back to the ground state
and the dissociation by vibrational up-pumping is insignificant
[28]. Additionally Ponduri et al showed that the generation of
CO mainly takes place during the discharge pulses, meaning,
when filaments occur [34].

Each filament has a life time of a couple of hundreds nano-
seconds, which is definitively too short for the dissociation by
vibrational up-pumping in the same filament [17, 57]. If the
CO, excited molecules pass a couple of filaments locally in a
time frame of 10 us, then an accumulation effect may occur.
In our case, there are from one to a couple of filaments in one
half-cycle. The typical time between two filaments in the same
half-cycle rises a couple of some us, meaning that dissociation
of CO, by vibrational up-pumping is not impossible during the
same half-cycle. But from the last filament of one half-cycle to
the first filament of the following half-cycle, the time is in the
15-25 ps range, which is higher than 10 us but in the same
order of magnitude. Vibrational up-pumping may happen in
our case, but it must not be the main process to dissociate CO,.

In the gas phase, CO is a very stable molecule if the temper-
ature does not exceed 3000 K [56]. Brehmer et al measured in
pure CO; plane-to-plane DBD that the gas temperature was in
the range of 300-500 K [27]. We can assume that the gas tem-
perature in our case was similar, meaning that CO was stable.
Additionally, the direct recombination of CO and O to CO; is
spin forbidden [34]. This means that this recombination occurs
very slowly on non-catalytic surfaces, like in our experiment.
We also recorded the CO concentration as function of time of
flight of the gas through the reactor and observed no influence
[34, 58]. So we can assume that loss processes are negligible
in the present study. Hence most of the oxygen released from
CO, dissociation ends up in O, or O3 [9]. However, to increase
the energy efficiency of CO, conversion process the active O
released from CO; should be reused.

From the data shown in figure 12, it can be concluded that
independent of the type of reactor the data points follow the
same trend. Thus, the conversion degree seems to be inde-
pendent of the geometry of the DBD reactor. This confirms the
fact that the SEI in a filamentary DBD determines the density
of chemical species produced by an electron impact collision
process [34]. Since CO is mainly produced by direct electron
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impact, it can be explained why the main parameter to control
the CO density is the SEI. Higher energy specific input, higher
the number of filaments, higher the CO density is. And since
the N,y follows a power law, the CO, dissociation also fol-
lows a power law. If other chemical processes, like vibrational
up-pumping or dissociation of CO; by active atomic O, would
be important such a universal law could not have been seen.

3.2.4. Absolute amount of CO molecules produced by a single
flament.  The absolute amount of CO molecules produced
by a single filament, N¢, can be estimated from the measure-
ment of the number of filaments per half-cycle and the CO con-
centration. This parameter is important for comparison with
numerical models and to evaluate the conversion degree within
one filament.

The concentration of CO molecules can be expressed as
follow:

ONtfNaygT
v

where 7 is the residence time in the cell, Ny, the number of fil-
aments per half-cycle, f, the repetition frequency of the applied
voltage and V the volume of the cell. Equation (11) can be sim-
plified by replacing 7 by

o] = (10)

VT()p
T:
v Tpo

where p is the pressure in the reactor and p, the standard
pressure (defined as 1013.25 mbar), ¢ the total gas flow rate
(m? s~!) in standard conditions, T the gas temperature and T,
the standard temperature, which is 273 K. Thus, N¢ can be
expressed as follow

an

[CO] ¢ po T

~ 2fNawep To

It is interesting to notice that N does not depend on the
volume of the cell.

Figure 13 presents the number of CO molecules produced
per filament as a function of the SEI at different pressures.
The gas temperature has not been measured during the experi-
ments discussed here. However, in previous works it has been
determined experimentally and calculated through a numer-
ical model in CO, DBD. The gas temperature was found to be
in the 350-500 K range [27, 34]. For the data of figure 13,
we chose 400 K as a gas temperature. The number of CO
molecules produced per filament is in the 5.10''-2.10'? range.
This number is only weakly dependent on the gas temperature.
In any case, these results are in very good agreement with Eli-
asson’s calculations, who calculated from their model that the
total number of CO molecules, N, formed during a microdis-
charge, i.e. a filament, in a CO, DBD at atmospheric pressure
is in the 1.10'1-1.10"2 range [17].

Ne 12)

3.2.5. Conversion degree within a flament.  The conversion
degree within a filament can be deduced from N; and the num-
ber of CO molecules produced per filament. It is expressed as
follows:
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Figure 13. Absolute number of CO molecules produced per
filament as a function of the specific energy input at different
pressures: 200 mbar (blue square), 400 mbar (red circle), 600 mbar
(green up-pointing triangles) and 700 mbar (yellow down-pointing
triangles). 700 sccm CO;. A gas temperature of 400 K is taken.
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Figure 14. Conversion degree in a filament as a function of the
specific energy input at 600 mbar and 700 sccm CO;. Three
different filament diameters are taken: 150 pm (blue square),

200 pm (red circle) and 250 pm (green up-pointing triangles). A gas
temperature of 400 K is taken.
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Here, kg is the Boltzmann constant, 7 the gas temperature
(in K), D the electrode gap (in m), [ the filament diameter (in
m), and p the pressure (in Pa). The filament diameter is meas-
ured to be in the 150-250 pum range. In figure 14 the conver-
sion degree within a filament at 700 sccm CO, and 600 mbar
is plotted as function of the SEI for different values of fila-
ment diameters: 150 um (blue square), 200 um (red circle)
and 250 pm (green up-pointing triangles). We assume that the

[CO]/[CO,] /filament = cflament = (13)
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Figure 15. Energy efficiency as a function of the specific energy
input at different pressures: blue squares at 200 mbar, red circles at
400 mbar, green up-pointing triangles at 600 mbar and yellow
down-pointing triangles at 700 mbar. Conditions: gas flow of

700 sccm COs.

gas temperature is 400 K. One can notice that the conversion
degree is very sensitive to the filament diameter; a four-fold
increase in going from 150 pm to 250 pm. In all cases, the
conversion degree remains below 1% and increases linearly
with the SEIL

3.2.6. Energy efficiency. The current work is mainly
focused on the fundamental aspects of CO, in a filamentary
DBD and hence the energy efficiency of CO, conversion is not
of prime importance. Nonetheless, we can draw some import-
ant conclusions about energy efficiency from a few filaments.
The energy efficiency as a function of the SEI at different pres-
sures is presented in figure 15. The CO, dissociation is more
efficient at lower values of SEI. Taking into account the error
margins, it goes up to 25% efficiency. The power law for Ny,
vs SEI also hints that forming the first filament is easier while
subsequent filaments require more energy. Hence, the energy
efficiency for CO, dissociation also decreases as more energy
is spent in creating new filaments. Such trend is not specific to
DBDs and is commonly seen in gliding arcs, radio-frequency
and microwave discharges as well [8, 59-61]. The maximum
of energy efficiency obtained in CO, DBDs so far that is repor-
ted in literature is around 10% [9, 29, 42], while we report here
an energy efficiency of 25%. The main difference in this work
compared with previous works lies in the DBD geometry. The
dimensions of our DBD are much smaller and only a couple of
filaments can occur. In previous works, larger DBDs are used
in which several filaments occur.

To understand the power law observed in both Ny,
(figure 9) and in CO; conversion (figure 12) a few observa-
tions are outlined here. In figure 16, we show that the energy
spent per filament increases with the number of filaments. The
first filament chooses the path which requires the less energy
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Figure 16. Specific energy input per filament as a function of the
number of filaments per half-cycle at different pressures: blue
squares at 200 mbar, red circles at 400 mbar, green up-pointing
triangles at 600 mbar and yellow down-pointing triangles at

700 mbar. Conditions: gas flow of 700 sccm CO;.

(usually the shortest distance). Due to the deposited charges
on electrodes, in the same half-cycle, the subsequent filament
does not take the same path of the first one, and chooses a path
that requires more energy. This energy is even more import-
ant due to the presence of deposited charges. This will be the
same for the next filaments until the applied voltage is reversed
and allow the unloading of the deposited charges. As shown in
figure 13, the quantity of CO produced per filament is in the
5.10''-1.10'> CO molecules range per filament up to 50 J 1~
The number of filaments increases with the SEI (figure 9) and
the energy spent per filament increases with the number for
filaments (figure 16). Below 50 J 1-! and for a fixed pres-
sure, the quantity of CO produced per filament barely increases
(figure 13), meaning that each filament produces comparable
amounts of CO even if the energy to produce a filament is
bigger. Thus, the efficiency of the CO, dissociation decreases
with the SEI until 50 J 17!, At higher values the efficiency
reaches a plateau of around 5% and this value is comparable
with other works for CO, DBD [9, 29, 42].

4. Conclusion

In this paper, an experimental investigation of the dissociation
of CO; in DBD was performed using QCL absorption spec-
troscopy for the ex situ determination of CO number density
(i.e. CO, conversion degree). The reactor geometry provides
the opportunity to accurately control the number of filaments
per half cycle and allows to study the impact of one single fil-
ament on the CO, dissociation. We measured that the charge
transferred per the first filament remains constant at 0.5 nC
irrespective of pressure. We show that the number of filaments
follows a power-law with an exponent of 0.3 as a function of
the injected power and that the exponent is independent of the
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pressure. The absolute number of CO molecules produced per
filament is also measured and found to be in the range between
5.10'! and 2.10'? molecules. This number increases with the
SEI. The conversion degree of CO, into CO is estimated to be
lower than 0.1% within a single filament and increases with
SEI. Due to the presence of only a couple of filaments, the
maximum of energy efficiency obtained rises up to 25%.

The conversion degree in pin-to-pin DBD has been com-
pared with a plane-to-plane DBD configuration, and the results
show that these two reactor geometries follow the same power
law, meaning the reactor geometry is not the most important
parameter in CO; dissociation in DBD. The SEI, which in turn
affects mainly the number of filaments ignited per unit of time,
is the main parameter for optimizing the energy efficiency. It
is shown that single filaments per half period have the highest
energy efficiencies. As in the pin-to-pin DBD only a couple of
filaments occur, this result means that the dependence of con-
version degree on the SEI can be extended to a single filament.
From this observation, we conclude that the SEI can be used
as a universal scaling parameter down to very low values.

In large DBD, a CO accumulation can occur and influence
the number of CO molecules produced per filament. Adding a
small amount of CO gas in the feed gas would allow simulating
this accumulation. Future work could be dedicated to the study
of this effect.
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