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Abstract

®

CrossMark

Neutral species and positive ions are measured by means of mass spectrometry in the effluent of
the non-equilibrium atmospheric plasma jet operated in He/0%—1%CO, gas mixture. The
capacitively coupled plasma source is the predecessor of the known COST reference jet with

identical performance and it is operated in a diffuse mode with gas temperature close to the room
temperature. Threshold ionisation molecular beam mass spectrometry is used to measure absolute
densities of CO, O,, O and O3 species. The CO molecules are generated with densities up to

2 x 10" cm ™ at 1 W absorbed power. The O, density is ~6 times lower than the CO density and
even lower than the O density at level of 4.5 x 10'*cm™>. The O; density is negligibly small at
4 x 10" cm . The measured O,, O3 and O absolute densities add up to ~57% of the expected
oxygen amount. The high O density could indicate that the vibrational excitation of CO, is
ineffective in this plasma and gas mixture, because O would otherwise react quickly with
vibrationally excited CO,(v) to form CO and O,, the low energy efficiency is in agreement with
the possibly low vibrational excitation. The highest energy efficiency is just 5% with 1%
conversion efficiency. Ion mass spectrometry have been used to measure positive and negative
ions, where only positive ions have been detected. The ion with highest signal is the O," ion,
probably due to its low ionisation energy. CO,*, O5T, (CO),", but no CO™, and protonated
clusters or clusters containing water molecules have been detected as well. Neutrals and positive
ions have been measured as a function of CO, admixture, applied power and distance to the jet
nozzle. The observed trends can be used for validation of plasma-chemistry models.

Keywords: atmospheric plasmas, molceular beam mass spectrometry, CO, conversion
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Climate change and the influence of greenhouse gases, CO, in
particular, has been high on the societal, political and eco-
nomical agenda in the past years. This has lead to increasing
efforts to find technical solutions. Among those is the idea of
conversion into value-added chemicals and fuels. Taking CO,
as example, the idea is to convert waste products (CO,) into
new chemicals or fuels.

© 2020 The Author(s). Published by IOP Publishing Ltd Printed in the UK


https://orcid.org/0000-0002-3281-8507
https://orcid.org/0000-0002-3281-8507
https://orcid.org/0000-0003-3455-0708
https://orcid.org/0000-0003-3455-0708
https://orcid.org/0000-0002-8954-1908
https://orcid.org/0000-0002-8954-1908
mailto:ante.hecimovic@ipp.mpg.de
https://doi.org/10.1088/1361-6587/ab6b4c
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6587/ab6b4c&domain=pdf&date_stamp=2020-02-10
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6587/ab6b4c&domain=pdf&date_stamp=2020-02-10
http://creativecommons.org/licenses/by/3.0

Plasma Phys. Control. Fusion 62 (2020) 034005

G Willems et al

premix zone

discharge channel  safety gap

(B)

gas tube : ¥
s v1 mm

30 mm

electrode

Figure 1. Picture (A) and illustration (B) of the COST reference jet. Two parallel electrodes are glued between two quartz glass plates with
high-vacuum compatible glue. A detailed description can be found in [25]. Most of the experiments have been performed with external rf-
power supply and match box, replacing the aluminum housing seen in the picture (A). Reproduced from [25]. © IOP Publishing Ltd. CC

BY 3.0.

Emerging technologies, such as plasma-chemical con-
version, focus on driving such conversion processes on the
basis of sustainable energy sources, unlike traditional tech-
nologies that rely on heat provided by the burning of fossil
fuels. Some noteworthy advantages of plasma-based tech-
nology are the low investment cost, the scalability, high
throughput, no use of rare earth materials, and the gas acti-
vation by energetic electrons instead of heat [1]. The last
point can be illustrated by pure CO, splitting, which is briefly
discussed here and treated in depth in literature [1, 2].

The dissociation of CO, into the products CO and O
requires breaking the C=0 bond 5.5 eV. This can be achieved
either by direct electron impact electronic excitation followed
by dissociation which requires at least 7 eV, or by more energy
efficient vibrational ladder climbing. The way to optimise the
CO, dissociation process through the vibrational ladder-
climbing, it is needed to tune the electron energy distribution
function in order to efficiently pump CO,(v) molecules [3-5].

Atmospheric pressure plasmas can play a role in this field as
they enable non-equilibrium chemistry and are easy to integrate
in chemical installations. Several plasma sources are currently
under investigation, often approached from the application point
of view of high energy and conversion efficiency. The model-
ling efforts have either used a global models [6—11] or they were
focused on various types of plasma discharges: dielectric barrier
discharges (DBD) [12—-14], microwave plasma (MW) [15-17],
ns pulsed discharges [18], or gliding arc [19].

The focus of current kinetic modelling is on correct
description of the CO, vibrational state distribution [3, 4, 7]
and the influence of vibrational-vibrational relaxation (V-V)
and vibrational-translational relaxation (V-T) in collisions
with electrons and heavy particles. Another approach is a CO,
plasma chemistry model by Koelman et al [8] using the
PLASIMO code [20]. For all these models the knowledge of
complete set of heavy particles and their absolute densities is
of large importance. Such set should include the ground state
molecules and atoms, vibrationally and rotationally excited
molecules, and ions. In this work we present our contribution
by providing information on density of ground state mole-
cules and atoms, and presence of ions in the effluent of
He/CO; micro atmospheric pressure plasma jet. Commonly,

in the field of CO, conversion using plasmas, the mass
spectrometer is used as a tool for sampling of the cold gas
mixture to determine the conversion of the given plasma
process. In this paper we use an experimental approach in the
subject of CO, conversion where the molecular beam mass
spectrometer is used to investigate kinetic of CO, conversion
through analysis of reactive O atoms and O,, CO and O;
stable species which could be relevant and employed in future
for the effluents of other discharge types.

The results presented here could also be be used in the
field of the low temperature plasma medical treatment which
has gained a lot of attention as a promising therapy for wound
and skin treatment [2, 21]. Additionally, low dosis of CO
shows therapeutic effects [22] and here studied plasma jet
could be used in future medical treatments.

Experimental setup

Plasma source

Within the atmospheric pressure plasma research community,
a reference plasma source has been developed in the frame-
work of the COST (European COoperation in Science and
Technology) Action M1101 ‘Biomedical Applications of
Atmospheric Pressure Plasmas’. The COST reference jet is
the latest step in the development of the ‘Atmospheric Pres-
sure Plasma Jet’ that was initiated by Selwyn and co-workers
[23, 24] and is known in previous versions as the pAPPJ.
Both the final version as well as earlier adaptations of it were
used in the research presented here. The COST reference jet,
illustrated in figure 1, is described in detail elsewhere [25] and
here only a brief summary is given. It is a capacitively cou-
pled atmospheric plasma jet, composed of two parallel elec-
trodes glued between two quartz glass plates. It is glued with
high-vacuum compatible glue, which reduces impurity
intrusion significantly. The electrodes are 1 mm thick and
30 mm long and are placed at 1 mm distance from each other.
The plasma jet is operated at 13.56 MHz and typically a
voltage of 200 to 230 Vs is applied. The absorbed power is
usually below 2 W. When operated in Helium (5.0 purity)
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with small admixture of molecular gases (<1.5%), the plasma
jet operates in a homogeneous alpha-mode (glow discharge)
with electron densities of approximately 1 x 10'' cm™> [26].
The applied helium flow is always 1.4 slm.

Without any changes to the set-up, it is not possible to
surround the COST reference jet completely with a protective
He atmosphere, as parasitic plasmas ignite in the jet’s housing.
Therefore, here presented measurements were conducted using
a variant of the COST reference jet, called here the MS (mass
spectrometer) variant jet. The design of the MS variant jet is in
essence identical to the COST reference jet. The sole difference
is the use of an external, not built-in, power supply, impedance
matching network and voltage probe. Furthermore, no current
probe was used. Due to this difference, the ignition of parasitic
plasmas is avoided. The use of an external power supply does
not change the plasma itself since its properties are determined
by the applied voltage waveform.

As no current probe was used, the delivered power cannot
be calculated for the MS variant jet, in contrast with the COST
reference jet. Therefore, the voltage was fixed throughout
experiments instead of power. It is shown in literature that this
has an influence on the density of produced species when
varying the admixture of additional gases [25], since the
absorbed power by the plasma decreases with an increasing
admixture. It is paramount to keep this in mind when com-
paring experiments by MS (using the MS variant jet) with other
experiments (using the COST reference jet) or plasma models,
where not the applied voltage, but the absorbed plasma power
is kept constant. Experiments with the COST reference jet were
conducted under the same experimental conditions and com-
pared with the MS variant jet results for several gas mixtures
(He/H,0, He/N,/O, and He/O,, see for example [27, 28])
with excellent agreement among measured densities.

Details of mass spectrometry measurements

In this work two molecular beam mass spectrometers were used.
Each mass spectrometer comprise of particular design and each
MS is incorporated in a different experimental setup. One has
been built to measure neutral species and the other to measure
charged species. The particular details of each MS have been
discussed at length in previous publications given below and the
discussion is limited here, therefore, just to the essentials of both
systems. For the reason that neutral and ion measurement are
done at different setups, there are small differences between the
measurement positions and conditions for the two experiments.

Mass spectrometry of neutral species. The mass
spectrometer for neutral species, further abbreviated to
NMBMS (neutral molecular beam mass spectrometer), was
the main diagnostic. The development and design of this
system is described in our earlier work [29-31]. Since then,
some changes occurred and upgrades were added, which are
shortly described here. From the set-up, the actual mass
spectrometer elements: quadrupole, SEM (secondary electron
multiplier) and detector have been changed. Earlier a
HIDEN™ Hal 4 PSM QMS system had been used, which
has been replaced by a Pfeiffer™ HiQuad QMG700 (mass
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Figure 2. Schematic of the mass spectrometer to measure neutral
species. The effluent is sampled into a triple staged differentially
pumped system. A rotating skimmer/chopper fulfills two roles:
correcting for background signal and stopping gas flow into 2nd and
3rd stage. As a result, a very high signal-to-background ratio is
achieved.

range: 0-2400u). This system is equipped with an electron
impact ionisation source and a discrete secondary electron
multiplier (SEM). The plexiglas® cylinder used to create the
protective atmosphere has been upgraded to a full glass
cylinder, with a larger volume of 8.5 L. A cold trap was added
to the last differential pumping stage, where the mass
spectrometer is installed, with the main aim of reducing the
water vapour background pressure.

The mass spectrometer is schematically presented in figure 2.
The effluent of the plasma jet is sampled through a @ = 100 um
orifice into a differentially pumped system. It should be kept in
mind that the central axis of the plasma jet is aligned with this
orifice, therefore effects of radial diffusion can appear for reactive
species. The relatively large orifice diameter is possible because
the applied electric field is confined between the electrodes of the
plasma jet. The plasma is not in direct contact with the sampling
orifice and there is no danger of electric-field-penetration into the
low pressure part of the pumping stage, where it could otherwise
ignite a parasitic plasma. A molecular beam is formed from the
sampled gas and passes through the ioniser of the quadrupole
mass spectrometer in the third stage, where the electron impact
ionisation takes place.

A specially designed chopper with rotating skimmer is
installed just behind the (first) sampling orifice. It fulfills two
roles: allowing the correction for the signal due to background
gas in the ionizer and being a valve between the first and
second/third stage. The latter allows for a significant
reduction of background signal, resulting in a very high
beam-to-background ratio [29]. Correction for background
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Figure 3. Schematic of the mass spectrometer to measure charged species. Ions are sampled into a two staged differentially pumped system.
They are guided by electron lenses (U1-U4). Reproduced with permission from [36].

gas is possible because during one chopper rotation, the
chopper is most of the time (98.5%) blocking the molecular
beam. Hence, the ions arriving on the detector mainly
originate from the background gas present in the mass
spectrometer. Only during four brief time intervals (250 ps),
when one of the four skimmers is aligned with the sampling
orifice, the gas from the atmospheric side is allowed to enter
the system. By comparing signals at chopper open and
chopper closed positions the signal originating from the
sampled gas in the molecular beam can be calculated.

A gas flow that is directed towards a solid surface creates
a stagnation zone in front of that solid surface. This applies
here as the plasma jet effluent is sampled. The stagnation zone
is 100 yum under standard operating conditions (1.4 slm
helium flow), as calculated by fluid modelling [32]. As the
helium flow remains laminar, the gas in front of the mass
spectrometer plate is pushed side-wards with respect to the
orifice. Moreover, the design of the mass spectrometer
ensures that no stagnation directly in front of the orifice
takes place. Continuum collisional flow occurs (K, < 1) and
gas species are accelerated into the sampling orifice. The
sampling of gas species occurs at a height of 200-500 pm
above the orifice (2-5 times the diameter of the sampling
orifice [33, 34]). After passing the sampling orifice the gas
density in the molecular beam decreases steeply and the gas
transport turns quickly into a molecular flow. Therefore, the
reaction chemistry inside the sampled molecular beam is not
affected and the gas composition gets frozen.

Absolute densities of reactive species can be determined
with the help of a calibration gas with a known density that is
admixed into the helium flow under the same experimental
conditions. The unknown density of measured species is
determined from the ratios of the mass-dependent transmis-
sion function of the mass spectrometer, measured signals,
ionisation cross-sections and density of the calibration gas.
The general calibration procedure is discussed in more detail
in our other publications [35]. Here, CO, and O, densities
have been calibrated directly with those stable species and the

CO, O, and O; densities have been calibrated with O,, Ne,
and Ar, respectively.

Mass spectrometry of charged species. The mass
spectrometer for charged species is the same as designed
and developed by GroBle—Kreul [36] and is illustrated in
figure 3. Again, the effluent of the plasma jet is sampled into a
differentially pumped system consisting of two pumping
stages. This time, the sampling orifice is smaller, @ = 20 pum.
A set of ion lenses is used to extract and guide ions to the
Besselbox filter of the quadrupole mass spectrometer. The ion
lenses settings are mass dependent, which should be taken
into consideration [37]. The mass spectrometer is equipped
with a channeltron SEM. The QMA mass range is up to 300
amu and the Besselbox energy range is —100 to +100eV. An
electron impact ionisation source is present, but not used
when measuring ions. No beam chopper is required for ion
measurement.

The ion energy distribution function (IEDF) can be
measured. For atmospheric pressure plasma jets this generally
does not provide much new insights (all the ions are
thermalised due to high collision frequency), so the IEDF is
mainly measured to ensure that charged species originate
from atmospheric pressure and no secondary, parasitic plasma
is generated inside the vacuum chamber. An absolute density
calibration of the mass spectrometer is unfortunately not
possible. The measured signal can be correlated with the
density of charged species using an extended ion transport
model [37], but it was not performed here and only relative
signal intensities as function of mass and distance to the jet
nozzle are presented and an order of magnitude estimation
is made.

As discussed by GroBle-Kreul, the mass spectrometer
settings of energy, cylinder and endcap are mass dependent
[37]. The relation for energy at a fixed value of cylinder and
endcap is Ey;,(eV) = ((1.2 £ 0.1) x 1073 m (amu).
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Figure 4. Density of CO and O, and the power absorbed by plasma
as a function of CO, admixture. The distance was 4 mm and applied
voltage 230 Vius-

Experimental results and discussion

Absolute densities of neutral species

The absolute densities of CO and O, as function of CO,
admixture are presented in figure 4. The measurements were
made at 4 mm distance from the electrodes and 230 Vyps
applied voltage. The trend appears to be the same for both CO
and O,: an initial increase in density culminates in a max-
imum around 5500 ppm and is then followed by a decrease,
which can be explained by the decrease of the measured
absorbed power. The CO density is about 6 times higher than
the O, density. Additionally, the CO, density has been
measured in the gas mixture (plasma off) and with plasma
turned on. The difference of these two densities provide the
information about CO, consumption. However, this con-
sumption is, as we will discuss later, small and the subtraction
of the two large numbers results in scattered data and is,
therefore, not shown here.

The performance of the jet is determined by its geometry,
gas flow and gas mixture and the applied root-mean-square
voltage independent of the power supply used due to very small
current (absorbed power below 1W). The absorbed power
plotted in figure 4 was measured for COST jet where measure-
ments of both current and voltage are possible. For the jets used
in the here presented experiments only voltage is measured. The
data plotted in figure 4 are for the COST jet at the same condi-
tions. Based on our experience the values of the current and the
voltage are comparable between the jets within accuracy of 10%.

The error bars given for each data point in figure 4 are
derived from the statistical distribution of the measured sig-
nals and calibration measurements performed.

The ratio of CO versus O, is expected to be two, based
on the overall reaction 2CO, — 2CO + O,. Since the mea-
sured ratio is around 6, the measured products are deficient in
oxygen, accounting for only 34% of the expected amount.
The most likely explanation of this discrepancy is that other
oxygen containing molecules were not measured. Therefore,
O and Oj species were detected and calibrated in a new
measurement campaign. However only a few data points
could be measured due to long measurement times needed,
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Figure 5. Density of CO, O,, O, and Os as a function of CO,
admixture. The distance was 4 mm and applied voltage 230 Vgrps.
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Figure 6. Density of CO (black) and O, (blue) and their ratio (red) as
a function of applied voltage at 4 mm distance to the jet electrodes
and 4975 ppm CO, admixture.

and no trends are, therefore, presented for their densities, see
the results in figure 5.

The O density is 1.5 times higher than the O, density and
about 100 times higher than the Oj density. The high O
density can be explained by its low reactivity towards ground
state CO, (k ~ 1.2 x 107* cm®s™! [38]) and three body
recombination of O with ground state CO (50 times slower
than O, + O three body recombination [38, 39]). The low
density of O, is also responsible for the low loss of O in the
three body recombination with O, to O3, which also explains
the low measured O3z density. The sum of O,, O3z and O
species account now for 57% of the expected oxygen. It is not
clear at the moment, whether the remaining deficiency of the
gas mixture in oxygen is due to loss of oxygen in reactions
with gas impurities (mainly N5, H,O leading to NO, or H,O,
species), surface reactions or due to possible systematic error
in the density calibration.

The dependence of density of CO and O, species has
been measured as the function of applied voltage (Figure 6)
and distance to the jet (figure 7) as well. Here, 4975 ppm CO,
was admixed and the distance was kept at 4 mm and the
applied voltage at 310 Vyys, respectively.
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Figure 7. Density of CO (black) and O, (blue) as a function of
distance to the jet electrodes at fixed 4975 ppm CO, admixture and
310 Vrms applied voltage, the parameters for which maximum
signal of CO and O, was observed.

The density of both CO and O, increases linearly, while
keeping a near constant ratio slightly decreasing towards 5
with increasing voltage. The density increase can be
explained by an increase of input power that enhances the
CO, dissociation in the plasma. It should be noted that
applied voltage is not linearly proportional to input power as
shown by Golda et al [25]. Both CO and O, species show
constant densities during the distance variation, confirming
them to be a final unreactive products of the plasma chem-
istry. The density of CO appears to drop ~20% in the first
4-5mm and we discuss the possible reactions in the
following.

The most common neutral-neutral species reactions used
in CO, plasma modelling are given in table 1. The reaction
rate constants were evaluated in case of three-body reactions
with the density of He, the most abundant species, but it
should be noted that only data for nitrogen as third body are
provided in the literature.

Atomic oxygen transforms into O,, through a combina-
tion of reactions RO1 and ROS5 in the effluent or by reaction
RO2 in the plasma. No rate constant was found for the latter,
but according to literature it is even faster than RO1 [2].
Reaction R02 is also essential to make the CO, conversion
energy efficient by removing atomic oxygen. The main O,
loss reaction here, RO3, is compensated by production reac-
tion RO1, explaining the constant O, density as a function of
distance.

The ozone density is governed by reactions RO3-R05
and R15. As RO3 is faster than the other reactions, the balance
is tilted towards production of ozone by three-body recom-
bination. Therefore, it is expected that the trend of ozone
density as a function of distance will be a linear increase until
O is consumed. The trend as a function of admixture is more
uncertain, it most likely will follow a combined trend of O
and O,.

All production reactions of CO (RO6-R12) are very slow.
For reactions RO8-R10, the density of C is unknown. Based

on discussions about CO, modelling [42], the density is
estimated to be at the very maximum 1 x 10'° cm ™. In fact,
the density of C would have to be higher than the CO density
to explain the measurements. Likewise, for reactions R11-
R12, the density of C,0 is unknown. C,0O is usually not taken
into consideration in CO, models, because of its significantly
lower density. The slow reactions explain why the CO density
does not increase with distance in the effluent. This also
implies that the increase of CO density with increasing pre-
cursor admixture must originate from inside the plasma
region. However, the reaction chemistry inside the plasma
region is out of the scope of this work.

The observed small decrease of the CO density in the first
millimetres of the distance variation (figure 7) cannot be fully
explained on the basis of the available reactions. It would
require an effective rate of 3.50 & 0.56 x 10" cm>s™" as
estimated based on the density decrease and gas velocity of
20ms~'. None of the loss reactions listed above is fast
enough. Reaction R13 is a factor 10* too slow, reactions R14
and R15 a factor 10* and 10" respectively (using the mea-
sured or known densities to calculate the rates) and reaction
R16 would require the density of C to be equal to the one of
CO. Assuming that there are 5 O('D) atoms per 100 O atoms,
reaction R17 would be fast enough. However, CO reacts
effectively with O(lD) and therefore the maximum decrease
of CO is limited by the O('D) density. Even if all the O would
be O('D), it still cannot explain the observed decrease.
Reaction R18 follows a similar argument, but is under all
assumptions too slow. Reactions of CO with N, and H,O as
5 ppm and 2 ppm impurity, respectively, in the helium feed
gas, originating from the gas bottle, were also considered.
Radial diffusion is another possible explanation, although
unlikely. The diffusion effect would be present for the com-
plete measured distance range (=up to 25 mm) and not only
the first millimetres, furthermore it would manifest itself for
O, as well.

Another possible explanation is the presence of CO by
dissociative ionisation of vibrational excited CO,. CO is
measured with an electron energy of 18eV to avoid dis-
sociative ionisation of CO,. Vibrationally excited CO,
(CO,(v)), however, has a lower ionisation threshold and
subsequently a lower threshold for dissociative ionisation.
Considering that CO,(v) is still present in the effluent just
behind the jet nozzle and it is quenched within few milli-
metres, it could explain the extra CO signal that is observed
the first millimetres of the effluent. The presence of CO,(v) in
the effluent can be verified by a measurement of CO,, while
varying the electron energy in the ionizer and keeping all
other experimental parameters constant. Such a measurement
was conducted during the experimental campaign at the dis-
tance of 4 mm and no CO,(v) could be detected (signal under
ionisation threshold of ground state CO,) in the effluent.
Therefore, we do not have any reasonable explanation for the
CO density decrease in the distance measurement. It should
be noted that the CO,(v) can still be present in the active
plasma zone between the electrodes.
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Table 1. Reactions used in the discussion of most likely production and loss reactions in the effluent of a plasma in a He/CO, gas mixture.

The reaction rate coefficients are evaluated at 7 = 315 K.

Reactants Products kem®s™) References
ROI O+0+M 0, +M 211 x 1074 @ [8]
RO2 0 + CO* 0, + CO 2]
RO3 O0+0,+M 0;+M 747 x 1072 [40]
R04 0;+M 0,+0+M 167 x107% 2ab [8]
RO3 0+ 0; 0, + 0, 1.17 x 107 [40]
R06 CO, + M CO+0+M 1.17x 1078 @b [8]
RO7 CO, + O CO + 0O, 8.15 x 1074 [8]
RO8 CO, +C CO + CO 1.00 x 10713 [8]
R09 0,+C CO+0 3.00 x 107! [38]
RIO O+C+M CO+M 522 x 1071 @ 18]
R11 0 + C,0 CO + CO 9.51 x 107! [8]
RI12 0, + G0 CO+CO, 330x 107" [8]
RI3 CO+O0+M CO, + M 328 x 10716 @ [8]
R14 CO + 0, CO, +0 342 x 1074 [8]
R15 CO + 03 CO, +0, 400 x 107 [8]
RI6 C+CO+M C,0+M 147 x 10712 @ [8]
R17 CO + O('D) CO, 8.00 x 107! [8]
RI8  Oy(b'g,")*CO Products 3.74 x 107" [41]

"k of three-body reaction is already multiplied by nye.

* k has as unit: kGs™").
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Figure 8. Conversion and energy efficiency as function of CO,
admixture, measurements are done at 4 mm.

Figure 8 shows the CO, conversion efficiency 77, and the
net energy efficiency 7, calculated as:

n
e = o (1)
NCO2.0p
P(nco) - Ey
e = @
ﬁ)lasma

respectively, where nco, . is the CO, density without plasma,
®(nco) is the flow of CO molecules at the jet exit, Eyonq iS the
CO bonding energy in CO, molecule and Byjasm, is the power
absorbed by plasma as shown in figure 4.

The overview of conversion and energy -efficiency
obtained at different plasma sources for CO, conversion has
been given by Snoeckx et al [1]. The highest achieved values
are obtained using the microwave and RF plasmas;

conversion up to 90% at energy efficiency of up to 40%, and
energy efficiency up to 90% at conversion efficiency up to
40%. The conversion and energy efficiency of a gliding arc
was up to 20% and 70%, respectively. The DBD discharges
have conversion and energy efficiency up to 40% and 15%,
respectively. First it is important to mention that reported
energy efficiency of 90% in the microwave discharge has
been reported in 1980s, and have not been successfully
reproduced since then. Secondly, for all plasmas it has been
observed that the conversion and energy efficiency exhibit
anti-correlation, indicating that simultaneous high conversion
and high energy efficiency is not possible. For case of
microwave plasmas, van den Bekerom et al argumented that
most of the currently achieved results can be explained by
inhomogeneous heating with gas being in the thermal equi-
librium [43].

Both efficiencies are in agreement with current under-
standing of CO, conversion. Higher conversion efficiency is
achieved in the parameter range with high applied power per
CO, molecule and low energy efficiency. On the contrary, the
increasing energy efficiency is achieved with increasing CO,
admixture, where, however, the conversion efficiency
decreases below 1%. Both efficiencies are low, being more
comparable to values obtained in DBD discharges [1] then
compared to RF discharges where conversion of 80% have
been reported [44—46]. The difference between here presented
results is that the COST jet was operated in He/CO, gas
mixture at atmospheric pressure, while in other experiments it
was a pure CO, gas and the pressure was up to 40 Pa. The
difference can be explained by high He dilution and low gas
temperature. It could indicate an inefficient vibrational exci-
tation preventing reaction R2 to be effective, which would
also results in the observed high atomic oxygen density.
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Figure 9. Ion mass spectrum of the plasma effluent in a He/CO, gas
mixture immediately (1 min) after plasma ignition. The spectrum is
dominated by protonated water clusters due to impurities in the
set-up.

Higher conversion efficiencies can be achieved with more
applied power into the discharge [47].

Relative measurement of charged species

The ion chemistry of an atmospheric pressure plasma is quite
different from the ion chemistry of a low pressure plasma.
Charged species produced in the plasma region in electron
impact ionisation or Penning ionisation processes (we will
call them in the following text primary ions) will, due to the
very high collisional rate at atmospheric pressure, quickly
undergo charge transfer reactions with neutral species inside
the effluent. Ions with lower ionisation energy, including ion
clusters, are favoured as most stable reaction pro-
ducts [48, 49].

The primary ion composition of an atmospheric pressure
plasma, i.e. the composition in the plasma region, is thus
modified. Next to a few primary ions, mainly secondary ions
can be observed. These secondary ions are created by charge
or proton transfer reactions as well as cluster formation
reactions, e.g. the H"(H,0), cluster. Generally, such reac-
tions dominate the ion chemistry in the plasma effluent (see
for example [50, 51]).

The measurements of charged species in the effluent of
the He/CO, plasma by means of ion mass spectrometry are
presented and discussed here. Only positive ions in the
plasma effluent could be detected since negative ions
recombine quickly in the effluent and can only be observed
when the sampling orifice is in contact with the active plasma
[50]. Gas impurities present in the set-up after plasma ignition
have a strong effect on the ion spectrum presented in figure 9.
This effect is discussed in literature on the example of helium
and He/N, plasma [52]. Immediately after plasma ignition,
the ion spectrum is dominated by protonated water clusters
H"(H,0),. The effect of impurities disappears after a certain
waiting period, typically 30-60 min, and the measurements
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Figure 10. Ion mass spectrum of the plasma effluent in a He/CO,
gas mixture after 60 min of operation.

with impurity level given by the gas purity in the feed gas,
can be conducted. The assignment of ions to the measured
masses is based on the most probable ion due to admixed gas.
However, it cannot be excluded that other ions are also
contributing. This is especially valid when a lot of impurities
are present, as in figure 9.

Figure 10 shows the ion spectrum for a 1000 ppm CO,
admixture at 1 mm distance and 230 Vyys applied voltage. A
very strong signal of O," is visible as well as a strong signal
for O3+, O, (H,0), C,0," and O,1(CO,). O, has the lowest
ionisation energy from the observed primary ions (12.07 eV,
water molecule has for comparison ionisation energy of
12.62 eV), explaining its dominance in the spectrum. Further,
there are several H,O clusters visible such as HY(H,O),,
0,"(H,0), H" (H,0)(CO,) and O (H,0)(COy),.

Only relative signal intensities, but no absolute ion
densities, have been measured. Nevertheless, the ion densities
are estimated to be at maximum 1 x 10%cm >, based on a
simulation of the transfer function for this mass spectrometer
[36]. This estimation supports the expectation that the ion
densities in the effluent are much lower compared to the
plasma density (n, =~ 10" em ™3 [26]), due to the fast
recombination of ions with other ions (k ~ 10~ cm’®s™})
[53]. Therefore, the ions play an insignificant role in the
recombination chemistry in the plasma effluent of this remote
plasma jet.

An admixture and a distance variation was conducted and
is presented in figure 11. Generally four groups of ions can be
distinguished when the signal is normalised (on the maximum
of each species), see figures 11(A) and (E). The division of
ions into groups is given in table 2.

First the general trend is discussed. The first group
(black) shows an exponential decay with increasing admix-
ture (figure 11(A)) and increasing distance (figure 11(E)). For
the second group (blue) no decrease is present up to
2000 ppm admixture, afterwards a near-linear decrease is
observed. This group shows a slower exponential decay with



Plasma Phys. Control. Fusion 62 (2020) 034005 G Willems et al
0 1000 2000 3000 4000 5000
T T T T T T T T

T T
104 4 1.0
7 ;
)
= 0.8 0.8
©
5
&5 06- 0.6
°
()]
@ 04- 0.4
®©
e
5 02- 0.2
< A
t T T T T T
10%4 32:0; 110°
] 56:(CO)q ]
E 104 88:(CO,); , ?88: (CO% o ) 110
O ] Al T it 1
— 1 72: 0*(CON-- _ i F72.0"CON~.  a
© 1 - T e
3 Ve A Ty “w B
(®)] 44: CO: 1\\'\'*\;, AT 44: CO* o v-. ‘ S
» 0%y e oL Tw i Tedqp3
B v Y e - |
] ) S T - . S S . A
4 ‘ i T ~v
(B) S (F) S, S —
5 _ 1405
10° 476 O3(CO, ) —— -~ —me 176: 05(CO,) 210
] e fo o TR :
150:03H,0) . o e T PR0:03(H0) e e -
189: HY(CO A AT T IBOHCOM A Qe g ol
g 1004 480 L 0 A - 3 10*
— ] o T ARG ]
© 163:H'(H,0)(CO,) ~ ®~ - 1 63: H'(H,0)(COy)
c e
o R 1
P 0% 3 110°
(C) : : : : : : : : : (G‘) : : : : : : : : :
10° 3 < 10°
— ., [122:000(C0), 4. A 4 i o,0)coy)
£ 10% A .- ¢ — g F O 5 10
S, T SR SR S
= S e 520 of o 2 a1 DO
g -~ [ 107: H*(H,0)(CO,), e
& 103-120: 03(COy), L120:0(CO,), S 1100
1 £ —e__ _ ]
] r —
o2 (D) 1.4 sim He, 1 mm distance, 230 Viys (H) 1.4 sim He, 1000 ppm CO,, 230 Vgys .
T T T T T T T T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 1 2 3 4 5

CO, admixture [ppm] Distance [mm]

Figure 11. Influence of admixture and distance variation on selected ions in the plasma effluent in a He/CO, gas mixture. When the measured
signal is normalised (A), (E), four different groups can be distinguished. These are detailed in (B)-(D) and (F)-(H) and in table 2. The
statistical error for all signals is smaller then 5%. Due to the logarithmic scale the error bars are within the size of the symbol.
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Table 2. List of all measured ions in the plasma effluent in a He/CO, gas mixture. Four different groups can be distinguished in figure 11.

The ions between straight brackets [] are not included in this figure.

Group 1 (Black)

Group 2 (Blue)

Group 3 (Red)

Ion Mass Ion Mass Ion Mass
[H"(H,0)] 19 [H(H,0)] 37 0*(H,0), 52
(O7%s 32 O5* 48 H*(H,0)(COy), 107
[0"H0)] 34 0,"(H,0) 50
CO,* 44 H*(H,0)(COy) 63
(CO),* 56 0,7(COy) 76 Group 4 (Green)
0*(CO), 72 H*(CO,), 89 0,7(CO»), 120
(COy), ™ 88 0" (H,0)(CO,), 122
+C0, €0, + E” (€C0y), gt T & 7 & = 1 ¥ I . 1 T " -I
CO;E 2)2 T (O H0HY < (CO,),(H,0)H N . Destruction | Production 1
+H0 + = X0F = B
(CO,)H,0 E g
> (C0z)(H,0)03 % .
=
+H,0 (HZO)O; +C0, g .
O;'<|:: = .
(€005 2 (C0,),0% g 20r 1
©
+H,0 - (H20),07 -§ =
> (H,0)0* &
o* (CO,)(H,0)0% 2% (C0,),(H,0)0% = "
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Figure 12. Example of cluster formation in the plasma effluent in a B2 S8 g« g S T
He/CO, gas mixture. Starting from the primary ions CO,*, O,™, L 55 S X 2T X
O™, and CO™, water or CO, clusters are formed as this is R 8 e & 8
energetically favourable. The observed clusters are colour coded as 8 5

in figure 11, clusters in magenta colour have too low intensity and
are visible only in log scale.

increasing distance compared to the black group. The third
(red) and fourth (green) group show an initial increase with
increasing admixture followed by a saturation starting from
3000 ppm. Whereas the fourth group shows a linear decrease
with increasing distance, the third group increases until a
maximum is reached at about 3 mm, after which the signal
decreases again.

The dependence of each group on admixture is shown in
figures 11(B)~(D) and the dependence on distance in
figures 11(F)—(H). Generally, a similar trend of increase of the
cluster size has been observed in case of increasing the dis-
tance from the jet, and in case of increasing the CO,
admixture. The smaller or primary ions (group 1—figure B
and F) react to build medium clusters (group 2—figure C and
G), which then build larger clusters (group 3 and 4—figure D
and G). The process of cluster building explains the observed
trends, as the probability of building a clusters increases when
more CO, is admixed or when the distance, i.e. reaction time
in the effluent, is increased. The clustering process is given in
figure 12 starting with smaller or primary ions (group 1)
building medium clusters (group 2), eventually leading larger
cluster with H;O and CO, molecules (group 3 and 4). The
trend of group 4 containing CO, and oxygen ions exhibits

10

Figure 13. Destruction and production frequencies of selected ions
(as a function of distance) as determined in the first 3 mm distance
from the jet nozzle with gas velocity of 20 ms™".

production trend with CO, admixture addition and destruction
trend with the increase of distance. As molecules in group
4 are CO, and oxygen ion rich, higher COadmixture will
support creation of such cluster, while increasing the distance
at a given admixture will result in destruction behaviour
similar to the ion clusters in group 2, as shown in figure 11(E)
and in figure 13.

The trend of high loss frequency of the small molecules
(Group 1) due to clustering can be clearly visualised as a plot
of the loss frequency for different group of ions, as shown in
figure 13. The medium size clusters (Group 2) have lower loss
frequency, while Group 3 ions exhibit a production trend. The
destruction /production frequency has been calculated for the
first 3mm from each ion exponential decay assuming gas
velocity of 20ms ™" (1.4 slm gas flow through 1 mm? cross
section of the jet). The decay of CO, related ions due to
collisions with H,O and O, has been studied and reported by
Ikezoe et al [49].

It is remarkable that no CO™ ions are detected in the
plasma effluent. This is likely due to charge exchange pro-
cesses as well as the reactions (3), leading to the strong signal
of O,™ [48]. The formation of clusters based on O, ", explains
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the strong signal of O,7(CO,) and O,"(H,0). It should be
noted that He™ and also He, " are not formed in the helium
gas mixture with some additional gas admixture due to very
high helium ionisation energy of 24.59 eV (see for example
the global model results of Liu et al for He/O, plasma [54])

COX'St) + e — CO@) + e
CO(@@) + 0, — COX!TH) 4+ O,

0% + e — 0" + 2e. 3)

Conclusions

The neutral species CO, O, O, and O3 as well as various
positive ions were observed when admixing CO, into the
helium feed gas of radio frequency driven the atmospheric
pressure plasma (predecessor of the COST reference jet with
identical performance). During experiments the CO, admix-
ture, applied voltage and distance were varied.

Absolutely calibrated densities were obtained for the
neutral species. The density of all neutral species, except
ozone, was in the range of 10" to 10" cm™>. The ozone
density was in the range of 10'°~10"* cm™>. Notable is the
very high atomic oxygen density (18 ppm O) relative to the
molecular oxygen density (13 ppm O,). The very low reaction
rates of atomic oxygen with ground state CO, and CO are
very probably responsible for this high O density and it could
indicate that vibrational excitation of CO, is not effective in
this discharge and gas mixture.

An analysis of the neutral reaction chemistry was con-
ducted based on reaction rates available in literature. Most
trends can be explained based on this analysis. An exception
is the small decrease of CO density in the first millimetres of
the effluent, which could not be explained. The measured
absolute densities of O,, O, and O3 add up to the 57% of the
oxygen balance of the CO, dissociation. It is not clear at the
moment, whether the remaining deficiency of the gas mixture
in oxygen is due to loss of oxygen in reactions with gas
impurities (mainly N,, H,O leading to NO, or H,O, species),
surface reactions or due to possible systematic error in the
density calibration.

The conversion efficiency of CO, into CO is the largest
(~13%) at admixtures below 500 ppm (energy efficiency is
below 1%). The energy efficiency is the largest (~5%) at high
CO, admixtures, where the conversion efficiency is only
around one percent or below. These low values of conversion
and energy efficiencies are expected for this type of cold
highly diluted CO, plasma operated at low power in the
diffuse mode. The results are similar to performance of di-
electric barrier discharges.

A large number of ions and ion clusters were observed.
O,* is dominant in the ion spectrum and as direct con-
sequence most ion  clusters are O,"  based
[0,7(H,0),(CO»),]. No CO" ion was observed, which is
likely due to charge transfer reactions favouring O, ™. The ion
chemistry follows the known transformation of primary ions
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into secondary ions and terminal ions, i.e. ions in which the
charge transfer chain terminates. This is based on an initial
analysis, as a detailed analysis of the ion chemistry by an
extended reaction rate model is not pursued here.

The obtained result can serve as a test bed of current
plasma-chemistry models used for the study of the CO,
conversion processes.
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