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Effect of Argon or Helium on the CO,
Conversion in a Dielectric Barrier Discharge

Marleen Ramakers,” Inne Michielsen, Robby Aerts, Vera Meynen,
Annemie Bogaerts*

This paper demonstrates that the CO, conversion in a dielectric barrier discharge rises
drastically upon addition of Ar or He, and the effect is more pronounced for Ar than for He. The
effective CO, conversion, on the other hand, drops upon addition of Ar or He, which is logical
due to the lower CO, content in the gas mixture, and the same is true for the energy efficiency,
because a considerable fraction of the energy is then consumed into ionization/excitation of
Ar or He atoms. The higher absolute CO, conversion upon addition of Ar or He can be explained
by studying in detail the Lissajous plots and the current profiles. The breakdown voltage is
lower in the CO,/Ar and CO,/He mixtures, and the discharge gap is more filled with plasma,
which enhances the possibility for CO, conversion. The rates of electron impact excitation—
dissociation of CO,, estimated from the electron densities and mean electron energies, are
indeed higher in the CO,/Ar and (to a lower extent) in the CO,/He mixtures, compared to the
pure CO, plasma. Moreover, charge transfer between Ar™ or Ar," ions and CO,, followed by
electron-ion dissociative recombination of the CO," ions, might also contribute to, or even be
dominant for the CO, dissociation. All these effects

can explain the higher CO, conversion, especially

upon addition of Ar, but also upon addition of He.

(DBDs),> %) microwave plasmas,** %! and gliding arc

discharges.**¢! Although microwave and gliding arc

1. Introduction

In recent years, there is increased interest in CO, splitting by
plasma, to produce CO and O,.* ¢! Thermodynamically, this
reaction requires a lot of energy (i.e., 2.9 eV/molec or 279.8 kI/
mol), which would typically be supplied in classical processes
by heating the gas. In a non-thermal plasma, however, the gas
canremain at room temperature, because energetic electrons
are created, which can activate the gas by electron impact
excitation, ionization, and dissociation. Different types of
plasmas have been applied for CO, conversion, but most
research is carried out with either dielectric barrier discharges
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plasmas are more promising in terms of energy efficiency,
DBD plasmas have other advantages such as operating at
atmospheric pressure, a simple design, and easy upscaling
capabilities.[”] Moreover, they can be combined with a
catalyst, toimprove the selectivity towards targeted products,
when mixing CO, with another gas, such as CHy, H,, or H,0,
for the production of value-added chemicals.!**~22

A large number of experiments have been performed
already in pure CO,,> % but also mixed with CH,,*#21 H, 22~
24 o1 H,0,2°727) to form value-added chemicals. Moreover, a
few papers have reported on the mixing of CO, (and CH,) with
arare gas, such as He or Ar.**! pinhao et al.*®! investigated
CO,/CH,/He mixtures in a DBD and observed that the addition
of He results in a drop in the breakdown voltage and it
enhances the conversion of both CO, and CH,. On the other
hand, the range of stable discharge operating conditions was
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reduced. Also Gouilard et al.*® reported that He dilution yields
higher conversions of CO, and CH, in a DBD, which they
attributed to Penning ionization. Lindon et al*®! compared a
DBD operating in pure CO, and in a 60/40 CO,/Ar mixture, and
found that the CO, conversion and energy efficiency were
greatly improved upon addition of Ar, and they suggested that
this was due to a reduction in the plasma breakdown voltage
and an increase in the CO," population, due to charge
exchange with argon ions. Finally, Ozkan et al*% investigated
the conversion of CO, and CH, in a DBD with multi-electrodes
and observed an increase in conversion of both CO, and CH,
upon addition of Ar or He. They explained this effect due to the
difference of the shape of the electron energy distribution
function (EEDF) when the plasma is in the filamentary regime
(A1) or in the glow regime (He). Thus, the nature of the carrier
gas—and consequently the regime (glow or filamentary) of the
DBD —directly impacts the shape of the EEDF and therefore the
electron collision processes that may occur.

However, to our knowledge, no systematic studies on the
effects of He or Ar addition on the CO, conversion, including
more detailed attempts to explain the behavior based on
the underlying mechanisms, have been reported yet.

In the present paper, we will therefore systematically
investigate the effect of Ar and He addition on the CO,
conversion and on the energy efficiency in a DBD reactor
over a broad concentration range, and we will try to explain
the observed effects by detailed electrical characterization
of the plasma.

2. Experimental Set-up

The experiments were performed with a cylindrical DBD
reactor, illustrated in Figure 1. It consists of a stainless-steel
rod with a diameter of about 12.88mm and length of
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200 mm, which acts as inner electrode and is grounded,
surrounded by a dielectric tube, made of Al,O5, with (more
or less) the same length, and an outer and inner diameter of
22 and 16.54 mm. The distance between the inner electrode
and the dielectric tube, i.e., the so-called discharge gap, is
1.83mm. The dielectric tube is surrounded by the outer
electrode, made of nickel foil, powered by a high voltage
supply. The length of the outer electrode is 90 mm, so this
defines the length of the plasma.

The high voltage is supplied by a generator and
transformer (AFS). The applied voltage is measured with
a high voltage probe (Tek P6015A), while a Rogowski coil
(Pearson 4100) is used to measure the total current.
Moreover, the voltage on an external capacitor (10 nF) is
measured to obtain the generated charges (Q) in the
plasma. Plotting Q as a function of the applied voltage (U)
gives us a Q-U Lissajous plot, as will be demonstrated
below. Finally, all electrical signals are recorded by an
oscilloscope (PicoScope 6402 A).

The input gas flow of CO,, Ar, and He is controlled by
thermal mass flow controllers (Bronkhorst), and the gas at the
outletis analyzed by a compact GC (Interscience). The total gas
flow rate is always kept constant at 300 mL/min, and the CO,,
Ar and He fractions are varied between 5% and 95%.
Furthermore, measurements in pure CO, are also carried
out.For each GCmeasurement, 10 samples are taken, of which
only the last five are used, to ensure stabilization of the gas
composition. First, blank measurements are taken, ie,
without plasma. Subsequently, a power of 80 W is applied,
with a frequency of 23.5 kHz, and after half an hour, i.e,, when
the measured voltage is more or less constant, GC measure-
ments are taken, to define the CO, conversion as follows:

COx(in) — CO20ut)

x 100%
COx(in)

Xco, (%) =

Figure 1. Left: schematic diagram of the cylindrical DBD reactor, with 1=inner electrode, 2 =discharge gap, 3 = dielectric tube, 4 =outer

electrode. Right: picture of the DBD reactor.
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where COy(iny) and CO,(oyt) are the CO, signals without and
with plasma, respectively.

3. Results and Discussion

3.1. Effect of Ar and He on the CO, Conversion and
Energy Efficiency

As mentioned above, the experiments are carried out in
pure CO, and with the addition of Ar or He, in the range
between 5% and 95%. Figure 2 shows the CO, conversion as
afunction of CO, fraction in the gas mixture, for both Arand
He addition. It is clear that the conversion is lowest, i.e.,
around 5%, in the pure CO, plasma, and increases
drastically upon addition of either Ar or He. At low Ar or
He fractions, and up to 70%, the effect of Ar and He is very
similar, with the He addition giving slightly higher
conversion. However, at Ar or He fractions above 70%,
the effect becomes most pronounced for Ar addition, where
a conversion of 41% is reached in the 5/95 CO,/Ar gas
mixture, whereas in the 5/95 CO,/He mixture, the
conversion is around 25%.

Although the conversion of CO, increases upon addition
of Ar or He, it is important to note that the effective amount
of CO, that is converted, will drop from about 5.5% (in pure
CO,) to 2% upon addition of 95% Ar, and even to 1.2% in the
case of adding 95% He. Thereason is simply because there is
less CO, present in the gas mixture that can be converted.
This is illustrated in Figure 3. The effective amount of CO,
converted is used to calculate the energy efficiency of this
process. The following formulas are used for this purpose:

AHg () * X co,efr (%
0 - S
M) «22.4(-L)

mol

and CO,/He gas mixtures, at an applied power of 80 W and a

I Figure 2. CO, conversion as a function of CO, fraction in CO,/Ar
frequency of 23.5 kHz.
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fraction in CO,/Ar and CO,/He gas mixtures, at the same

I Figure 3. Effective amount of CO, converted as a function of CO,
conditions as in Figure 2.

where AHy is the reaction enthalpy of CO, splitting (i.e,
279.8kJ/mol; see Introduction), Xco, o is the effective
amount of CO, converted, and SEI is the specific energy
input in the plasma, defined as:

SEI kI _ Plasma power(kRW) 60 S
L Flow rate(:L-) min

min

where the flow rate is 300 mL/min (kept constant; see
section 2 above). For the power in the above formula, in
most experiments the power coupled into the plasma is
adopted, i.e, the so-called plasma power. This value was
obtained here for each gas composition, by means of the
Lissajous figures (see below). The values varied between 37
and 43 W for CO,/Ar and between 38 and 44 W for CO,/He.

In Figure 4 the energy efficiency of CO, splitting is plotted
as a function of CO, fraction in the gas mixture. We see that
the energy efficiency rises from 1-2% at 5% CO, in the CO,/
Ar or CO,/He mixture, respectively, to about 9% above 80%
CO, in the gas mixtures. The reason that the energy
efficiency is higher when more CO, is present, is simply
because the effective CO, conversion is higher; hence the
energy is more effectively used for CO, splitting, whereas at
the lower CO, concentrations a significant fraction of the
energy is also consumed by ionization/excitation of the Ar
or He gas. Although some of this energy will be indirectly
used for CO, dissociation, through the Ar or He ions or
excited atoms, as will be elaborated below, still a consid-
erable fraction of this energy does not lead to CO, splitting.

Note that the values obtained (up to 9% in the case of high
CO, gas fractions) are typical for a DBD reactor, or even
somewhat higher than commonly reported.’®*! However,
these values only reflect the energy efficiency of the plasma
reactor itself. If the applied power (i.e., 80 W in our case)
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fraction in CO,/Ar and CO,/He gas mixtures, at the same

I Figure 4. Energy efficiency of CO, splitting as a function of CO,
conditions as in Figure 2.

would be used in the above equation instead of the plasma
power, the energy efficiency would reflect the overall
efficiency of the setup, including also the power supply. In
that case, the energy efficiency would be roughly a factor of 2
lower, because about 50% of the energy of the power supply
is not used for the plasma, but is lost by heating of the
electrical connections and transformer coils. Moreover, a
zeroload power requirement of 40 W is always consumed by
the power source, making higher electrical powers (e.g.,
800 W) more efficient compared to low powers such as 80 W.

3.2. Effect of Ar and He on the Breakdown Voltage

To explain the higher CO, conversion upon addition of Ar or
He, we analyze the Lissajous-figures, which is a common
method for the investigation of dielectric barrier
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discharges.?>32734 In Figure 5 we show the Lissajous plots
for pure CO, and the two gas mixtures with 5% CO,. The
explanation of the Lissajous plot is given in the right panel
of Figure 5. Lines DA and CB represent the phase when no
plasma is formed; the slope of these lines indicates the total
capacity of the reactor without plasma (C.). Note that the
latter can also be theoretically estimated from the capacity
of the dielectric (C4) and the gap (C,):

1_1.1
Ceen Ca Gy

These two capacities can be calculated as follows:**

2mepeql
Cog=7———
In(Tinner /Troa)
C,— 2megegl
In(7outer /Tinner)

where ¢, ¢, and ¢, are the permittivity in vacuum, the
relative permittivity of the gas (which should be in the order
of 1, for the different gases and gas mixtures®)) and the
relative permittivity of the dielectric (taken as 9.34 for
Al,O5®)), respectively. Furthermore, 1 is the length of the
discharge zone (90 mm; see above), and Tinner, Touter, AN 104
are the inner and outer radii of the dielectric tube (i.e., 8.27
and 11mm) and the radius of the inner electrode rod
(6.44 mm), respectively. This yields C, in the order of 20 pF
(depending on the exact value of ¢;) and Cq =163 pF. As we
don’t know the exact value of ¢;, Cj; is subject to some
uncertainties, and therefore we have directly determined
Ceen from the Lissajous plots. The obtained values for both
pure CO, and for the CO,/Ar and CO,/He gas mixtures are
listed in Table 1.Itis clear that the slopes of the lines DA and
CB are very similar for pure CO, and for the CO,/Arand CO,/
He gas mixtures, which is logical when looking at the

Figure 5. Left: Lissajous plots of the pure CO, plasma, and the plasma in a CO,/Ar and CO,/He mixture with 5% CO,. The other conditions are
the same as in Figure 1. Right: Explanation of the information that can be deduced from a Lissajous plot.
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CO,/Ar and CO,/He gas mixtures with 5% CO,, as deduced from

Table 1. Electrical characteristics of the pure CO, plasma and the
the Lissajous plots in Figure 5.

Gas mixture Ceen [PF] Cest [PF] Umin [kV] Us [kV]

100% CO, 21 73 231 2.06
5% CO,—95% Ar 23 161 1.32 1.18
5% CO,—95% He 23 160 118 1.05

theoretical formulas, because C;is the same and C,; will only
be slightly different (depending only on the exact value for ).

Thelines AB and DCin Figure 5 represent the phase when
the plasma is formed inside the gap, so the slope of these
lines indicates the effective capacity of the plasma reactor
(Ce), whichis also listed in Table 1. When the gap is entirely
filled with plasma (i.e, micro discharge filaments or
homogenous plasma), C.;r would be equal to C;.*°! The
effect of He and Ar on the effective plasma capacity will be
described in section 3.3 below.

Finally, the breakdown voltage (Up) can be calculated
from:

T (GC)

where U,y;, is the minimum voltage, which is deduced from
the intersection of the line AB with the X-axis at Q =0 inthe
Lissajous plot (see Figure 5). Both Uy, and U are also listed
in Table 1. We see that U,,;, drops upon addition of Ar or He.
This also leads to a drop in Ug. The voltage needed to initiate
the plasma will thus be lower in the CO,/Ar and CO,/He
mixtures than in the pure CO, plasma. A similar observation
was made by Pinhao et al. for a CH,/CO,/He DBD.?®!

The drop in Up can partially be explained by the
Townsend ionization coefficient «, which is expressed as:M

The parameters A and B for CO,, Ar and He in the range of
E/p=30-500V/(cm Torr)! are listed in Table 2. The
corresponding value for «, estimated with this formula
forE/p =100 V/(cm Torr) and 1 atm pressure, is also given in
the table. We see that « is significantly larger for Ar and He
than for CO,. Moreover, we expect that the value of « is even
overestimated in the case of CO,, as this simple formula
might not take into account electron attachment, which
takes place in an electronegative gas like CO,, and which
would lower the value of «. The same behavior can be
observed for other values of E/p. This explains the lower
breakdown voltage for Ar and He, as a larger value for «
yields more electron production per unit length, so that a
lower voltage can be sufficient to initiate the plasma.
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The lower breakdown voltage in Ar and He can also be
explained by the lower probability for inelastic collisions.
Indeed, in Ar and He, electron impact excitation and
ionization are the only possible inelastic collisions, and they
are characterized by rather high threshold energies (i.e., 15.76
and 11.55eV for ionization and excitation of Ar, and even
24.59 and 19.8 eV for ionization and excitation of He). On the
other hand, for CO,, the threshold for inelastic collisions is
much lower, i.e., 6.23 eV for electronic excitation, 5.52 eV for
dissociation, and only 0.08 eV for vibrational excitation to the
lowest vibrational levels. Furthermore, as many vibrational
levels can be excited, there are many more possibilities for the
electrons to participate in inelastic collisions in CO, than in Ar
or He. Moreover, the probability for recombination of
electrons with Ar™ or He™ ions is also much lower than for
recombination with CO," ions, because of the absence of
dissociative recombination. In conclusion, the lower proba-
bility of the electrons for inelastic collisions with Ar or He, on
one hand, and for recombination with Ar* or He " ions, on the
other hand, results in alonger mean free path of the electrons
inthe Aror He plasma. Hence, the electrons have more time to
become accelerated in the applied electric field, so that lower
voltages are sufficient for electrical breakdown.

As the plasma power in our experiments is more or less
the same for the pure CO, plasma and the CO,/Ar and CO,/
He mixtures (i.e., around 40 W; see above), this means that
more power can be used for dissociation of CO,, as less
power will be dissipated for the gas breakdown. We believe
that this is one of the reasons for the higher CO, conversion
upon addition of Ar or He. A similar explanation was also
recently given by Lindon et al.*%

3.3. Effect of He and Ar on the Plasma Capacity

As explained in previous section, from the Lissajous plots,
we can also deduce the capacities of the different gas
mixtures with and without plasma (see Table 1 above). As
mentioned above, C.; is almost the same for the different
cases, which can be expected from the theoretical formulas,
because Cis the same and C; will only be slightly different
(depending on the exact value for ¢,). The effective capacity

Table 2. Parameters A and B for the semi-empirical calculation of
the Townsend ionization coefficient o« [1], and corresponding
values of «, calculated for E/p=100V/(cm torr) and 1atm
pressure.

-1
GAS A (cm-:;'on) B (cm-‘ll'orr> « (cm )
co, 20 466 142
Ar 12 180 1488
He 3 34 1602
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of the plasma, on the other hand, rises significantly upon
addition of either Ar or He, as is clear from Table 1, and
moreover, these values become comparable to the value of
Cy(i-e., 163 pF)for the CO,/Ar and CO,/He gas mixtures. This
indicates that the discharge gap will be more “filled with
plasma,” ie., either as a homogenous plasma, like in the
case of He, or with a higher density of micro discharge
filaments, like in the case of Ar. This also explains why the
dissociation of CO, will be higher in the CO,/Ar and CO,/He
gas mixtures compared to pure CO,.

3.4. Effect of Ar and He on the Electrical Current
Profiles

Figure 6 illustrates the current profiles for pure CO, and the
CO,/Arand CO,/He gas mixtures with 5% CO,.Itis clearthat
in the case of the CO,/Ar mixture, both the intensity of the
current peaks, as well as the amplitude of the (more or less)
sinusoidal current profile are significantly higher than in
the case of pure CO,. Hence, there will be more charges
generated in the CO,/Ar plasma, as could also be deduced
from the Lissajous plots (cf. Figure 5 above). In the case of the
CO,/He mixture, the current peaks are not higher, but there
is a clear rise in the amplitude of the (more or less)
sinusoidal current profile, and hence also a rise in the
generated charges (cf. the Lissajous plots). Note that the
current profile of the CO,/He mixture clearly indicates that
the plasma is more homogeneous (i.e., less filamentary)
than the two other discharges.

3.5. Effect of Ar and He on the Electron Density,
Mean Electron Energy and CO, Dissocation Rate

It has been demonstrated by Aerts et al.»% that electron
impact dissociation, mainly through excitation (e~ +CO,

the CO,/Ar and CO,/He plasmas with 5% CO,, for the same

I Figure 6. Electrical current profiles in the pure CO, plasma, and in
conditions as in Figure 2.
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—e 4+ CO,* —e” +CO+ 0)is the most important reaction
for CO, splitting in a DBD. Therefore, to further explain the
effect of Ar and He addition on the CO, conversion, it is
interesting to compare the electron density and electron
energy, as well as the rate of this electron impact excitation
process, between the pure CO, plasma and the CO,/Ar and
CO,/He gas mixtures.

We can estimate the electron density from the current
profiles shown in Figure 6, by:

J

n, =
¢ Epee

where Jis the current density, E is the electric field, . is the
electron mobility and e is the elementary charge. The value
of the electric field is taken from E/n=200Td, which is a
typical value for a DBD,*% and p, is calculated with
Bolsig +3”! for the different gas mixtures at E/n =200 Td.
The current density is estimated from the maximum
current (deduced from Figure 6), divided by the surface of
one micro discharge (roughly assumed to be
1.05 x 10~°m?).24 Note that in the case of the CO,/He
gas mixture, the discharge is more uniform, so the concept
of the surface of a micro discharge is only a rough
approximation, but this formula yields only a rough
estimate of the electron density anyway. The electron
densities for the pure CO, plasma and the CO,/Ar and CO,/
He mixtures, obtained in this way, are given in Table 3. We
see that the electron density is more than a factor two
higher inthe CO,/Ar mixture, but it is a factor three lower in
the CO,/He mixture, compared to the pure CO, plasma. We
have to point out that this method is only a rough
estimation because of the three following reasons: 1) the
current is measured in a situation where many filaments
act simultaneously and this is not completely representing
the properties of a single discharge, 2) the non-uniformity
of plasma formation is suggesting that filaments with
different properties are generated, 3) the discharge cross
section and local electric field are dependent on the gas
mixture.

The mean electron energy for the three cases, as
calculated with Bolsig+ , is plotted as a function of E/n
in Figure 7(a). It is clear that the mean electron energy rises
faster in the CO,/He and CO,/Ar mixture than in the pure
CO, plasma. This can be explained because the electrons do
not lose their energy so rapidly by inelastic collisions,
because of the higher thresholds for inelastic collisions with
Ar and He, as discussed above. The effect is much more
pronounced in the CO,/He mixture, because the thresholds
for He are much higher than for Ar (see above).

Figure 7(b) illustrates the rate constants for the above-
mentioned electron impact excitation of CO,, leading to
dissociation, as a function of E/n, also calculated with Bolsig +
for the three cases. The rate constants for the pure CO, plasma

DOI: 10.1002/ppap.201400213
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to dissociation, calculated with Bolsig + for a reduced electric field of 200 Td, and corresponding rate of this reaction, for the pure CO,

Table 3. Electron density, obtained from the current profiles of Figure 6, mean electron energy and rate constant for CO, excitation, leading
plasma and the CO,/Ar and CO,/He plasmas with 5% CO,.

Gas mixture Electron density [m ™3] Mean electron energy [eV] Rate constant [m?/s] Reaction rate [s™]

100% CO, 6.52 x 108 6.61 1.8 x 1071 1200
5% CO,—95% Ar 1.64 x 10*° 7.83 2.7 x10718 4500
5% C0,—95% He 2.05 x 10*® 15.43 1.8x10°%° 3700

and the CO,/Ar mixture show a very similar profile, but the
values in the CO,/He mixture are significantly higher. This is
logical, because of the higher electron energy in the CO,/He
plasma. Indeed, this electron excitation process, leading to
CO, dissociation, requires 11.9 eV, which is higher than the
mean electron energies in the pure CO, and CO,/Ar plasma, so
only the tail in the electron energy distribution will be able to
participate in this process.

Figure 7. Mean electron energy (a) and rate constant for electron
impact excitation of CO,, leading to dissociation (b), in the pure
CO, plasma, and in the CO,/Ar and CO,/He plasmas with 5% CO,,
as a function of the reduced electric field, calculated with
Bolsig +.
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Table 3 summarizes, besides the values of the electron
density, also the mean electron energy, the rate constant for
this CO, excitation—dissociation process, and the resulting
rate of this reaction, calculated for E/n =200 Td, which is a
typical value for a DBD plasma (see above), for the pure CO,
plasmaandthe CO,/Arand CO,/He mixtures. Asmentioned
above, the electron density rises upon addition of Ar, and
drops upon addition of He. The mean electron energy
increases upon addition of Ar, and more drastically upon
addition of He, and the same is of course true for the rate
constant of CO, excitation—dissociation (cf. also Figure 7),
because it depends on the mean electron energy. The
product of this rate constant with the electron density gives
us the electron impact excitation—dissociation rate, which
isindeed higher in the CO,/Ar and CO,/He mixtures thanin
the pure CO, plasma, explaining the higher CO, conversion,
shown in Figure 2 above. Moreover, the rate is higher in the
CO,/Ar mixture than in the CO,/He mixture, explaining
also why the CO, conversion is higher upon addition of Ar
than upon addition of He, at least for Ar and He fractions
above 70% (see Figure 2 above).

Finally, besides the above explanation, we have to keep
in mind that in the CO,/Ar and CO,/He mixtures, some
other reactions might be responsible for CO, dissociation as
well. Indeed, it is stated in literature®®3°! that the addition
of Ar has a beneficial effect on the CO, dissociation, because
of charge transfer of the Ar* ions with CO,, yielding CO,™
ions (Ar"+CO,— Ar+CO,%). The latter can undergo
dissociative electron-ion recombination (CO," +e~ — CO
+ 0), effectively contributing to CO, splitting. Alternatively,
as the above charge transfer reaction is exothermic
(AH=—2eV), it occurs quickly,! and the excess energy
can be coupled into the vibrational and rotational states of
the CO, molecule, thereby also increasing the dissocation
rate.

We can estimate the rate of this charge transfer reaction,
based on rate coefficients found in literature.[*°=#?! Typical
values for this charge transfer reaction are reported to
be 7.6 x 10 cm’s % 4.6-7.6 x 107 cm?s~*,**) and
4.4-7.6 x 107 2% cm® s~ for Ar* ions. Moreover, a similar
charge transfer reaction is also reported for Ar," ions, with
typical rate coefficients of 1.1x10 °cm®s % and
48%x107° —11x10 °cm?®s 1 In all cases, the
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formation of CO," ions is reported. It is well possible that
the Ar," ion density is (much) higher than the Ar* density
at these atmospheric pressure conditions.** In any case,
we expect that in the CO,/Ar mixture with 5% CO,, the
highest ion density is either Ar* or (most probably) Ar,™,
and its value will be in the same order as the electron
density, listed in Table 3 above, ie., 1.64 x 10*°m ™ (or
1.64 x 10" cm?). Multiplying this ion density with the
above-mentioned rate coefficients for charge transfer, gives
us an estimated rate for this process in the range between
7,220 and 18,000s %, which is clearly higher than the
estimated rate for electron impact excitation—dissociation,
listed in Table 3 (i.e,, 4,500 at a reduced electric field of
200Td). This suggests indeed that this charge transfer
reaction is predominant for CO, dissociation in CO,/Ar
mixtures, and it therefore explains why the CO, conver-
sion increases upon addition of Ar in the CO,/Ar mixture.

Note that a similar reaction could in principle occur in the
CO,/He mixture as well, but the He"/He,* ion density will be
lower (as can also be deduced from the lower electron density;
see Table 3), because of the higher ionization potential of He
(24.59€V vs. 15.76 €V for Ar). Typical values for symmetric
charge transfer with He™ ions are reported to be 1.1 x 10~°
cm? s~ (with a branching ratio of 79/11/10/1 toward CO*,
CO,*, 0%, and O," ions) and 1.2 x 10~ cm®s 4! (forming
mainly CO" and O™). For He," ions, a value of 1.8 x 10~°cm?
st is reported,*”! mainly forming CO," ions. Even if this
reaction does not always form CO,* ions, it will still contribute
to CO, dissociation. Hence, following the same reasoning as
above for Ar, we can multiply the electron density (as a
measure for the He* or He, " ion density) with these reported
charge transfer rate coefficients, and this yields a rate in the
order of 2,255-3,690 s~ 1. This value is significantly lower than
therate for charge transferin Ar, due to the lower He* /He, " ion
densities, but it is comparable (or slightly lower) than the
estimated rate for electron impact excitation—dissociation in
the CO,/He mixture (i.e, 3,700 s~ * at the reduced electricfield of
200 Td; see Table 3), indicating that this process might indeed
also play a role, albeit probably not so dominant as in the
CO,/Ar mixture.

Finally, it is worth to mention that Penning ionization of
CO, by He or Ar excited levels, yielding CO, ™" ions, or a so-
called Penning dissociation reaction by He or Ar excited
levels, might also play a role in the enhanced CO,
dissociation upon addition of Ar or He, as was suggested
in.** However, as we don’t have data on the densities of the
He or Ar excited levels at the investigated conditions, we
cannot quantify the importance of these processes.

4, Conclusions

We have performed a rather detailed electrical character-
ization of a DBD plasma operating in CO, and in CO,/Ar and
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CO,/He mixtures, to explain why the CO, conversion rises
drastically upon addition of Ar or He, and why the effect is
more pronounced for Ar than for He, atleast for Ar or He gas
fractions above 70%. From the Lissajous plots it is clear that
the breakdown voltage is significantly lower in the CO,/Ar
and CO,/He mixtures, which suggests that a larger fraction
of the applied power can be used effectively for the CO,
conversion. Moreover, the effective capacity of the plasma
is higher in the CO,/Ar and CO,/He mixtures, and becomes
comparable to the capacity of the dielectric, indicating that
the discharge gap is more filled with plasma (either due to
more energy dense micro discharge filaments in CO,/Ar, or
by ahomogeneous plasma in CO,/He), which enhances also
the possibility for CO, conversion. Finally, the Lissajous
plots illustrate that more charges are generated in the CO,/
Ar and CO,/He mixtures, which can also be observed from
the electrical current profiles.

The electron densities are estimated from these current
profiles, and the electron mean energies are calculated with
Bolsig +, as well as the rate constants for electron impact
excitation of CO,, which is the most important process
responsible for CO, dissociationin a DBD. The product of the
electron densities and the rate constants gives us the rates
of electronimpact excitation—dissociation of CO,, which are
indeed higher, especially in the CO,/Ar mixture, but also in
the CO,/He mixture, compared to the pure CO, plasma.
Moreover, in the CO,/Ar mixture, a charge transfer process
between Ar* or Ar,* ions and CO,, followed by electron-ion
dissociative recombination of the CO," ions, will most
probably also contribute to the CO, dissociation, and it
might even be the dominant process, as suggested by the
estimated rates. In principle, this effect can take place with
He* or He," ions as well, but the He*/He, " ion density is
expected to be (significantly) lower than the Arf/Ar,*
density, based onthe higherionization potential, and as can
be deduced from the electron densities. All these effects can
explain the higher CO, conversion upon addition of Ar or
He, and can also explain why the CO, conversionis higherin
the CO,/Ar mixtures than in the CO,/He mixtures at CO,
concentrations below 30%.

Finally, it is worth to mention that the effective CO,
conversion, which indicates how much CO, is effectively
converted, keeping in mind the CO, concentration in the
mixture, drops upon addition of Ar or He, and the same is
true for the energy efficiency, which is calculated from the
effective CO, conversion. Indeed, at lower CO, fractions in
the gas mixtures, a larger fraction of the energy will be
consumed by the Ar or He gas, and only part of it (through
the Ar or He ions or excited atoms) will be finally used for
CO, conversion.
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