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Experimental results of comparative study of carbon dioxide conversion efficiency to CO and O, in the plasmas
of different low-pressure discharges are presented. Inductively coupled plasma source, magnetron discharge and
anode layer discharge in Hall-type ion source were used in CO, pressure range 0.5...3 mTorr. It is shown that the
best combination of high conversion rate with significant energy efficiency of the conversion is demonstrated by the

ICP source.
PACS: 52.77.4

INTRODUCTION

The modern world has faced the problem of exces-
sive emissions of greenhouse gases, particularly carbon
dioxide, and, at the same time, with the growing need
for carbon-containing resources. Thus, one of the great-
est challenges of modern science and technology is the
creation of "cyclic industry", in which exhaust gases
containing CO, are raw material for another production.
In recent years increasing interest in the plasma conver-
sion of greenhouse gases appears with the main focus
on CO, conversion into compounds such as methanol
(CH30H) or synthesis gas (CO/H,). There is the possi-
bility of using CO, as a fuel for space engines due to its
presence in different space environments (atmosphere of
Mars contains 95% of CO,).

Plasma conversion of carbon dioxide possesses
some important advantages in comparison to classical
thermal CO, splitting and is actively researched [1 - 10]
with use of different kinds of gas-discharge plasma:
glow discharge [1], dielectric barrier discharge (DBD)
[2, 9, 10], helicone discharge [4], microwave discharge
[8]. There are theoretical studies [4, 5] where CO,
plasma is analyzed in search of optimal conditions of
carbon dioxide conversion. In these papers, it is shown
that the plasma technologies are very promising for
conversion of CO,, but the creation of efficient industri-
al technologies is impossible without additional funda-
mental research to better understand the basic mecha-
nisms of complex plasma-chemical processes occurring
in discharges in CO,.

The main attention in the mentioned researches was
paid to discharges at atmospheric and medium pressure,
and rarely to low-pressure discharges. In the paper [11]
the results of experimental study of efficiency of carbon
dioxide conversion to CO and O, in inductively coupled
plasma in the RF power range 5...500 W at low gas
pressure of 1...100 mTorr was presented. Using the
mass spectrometry method the dependencies of the con-
version rate and the energy efficiency of carbon dioxide
conversion on the gas pressure and the power deposited
in the discharge was measured. The maximum achieved
conversion rate was shown as 82%, while the energy
conversion efficiency was up to 50%. It is important
that according to the mentioned research the maximum
conversion rate is achieved at the lowest pressures
(down to 1 mTorr) and at the highest pressures of the
researched range (up to 100 mTorr) while at intermedi-
ate pressures the conversion rate has a minimum. Thus,
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the low-pressure region can be advantageous in some
specific cases, but the question of the most effective
type of discharge for the CO, conversion at low pres-
sures is still open. The main aim of the present research
is the comparative study of the carbon dioxide splitting
to CO and O, in plasmas at low gas pressure, namely,
inductively coupled plasma, magnetized plasma of
magnetron discharge, and Hall-type ion source with
highly energetic electrons.

1. EXPERIMENTAL TECHNIQUES

Plasma sources and experimental setups used in the
present study were described elsewhere [11 - 13]. Two
vacuum installations were used named here as Setup 1
and Setup 2.

In the Setup 1 a planar magnetron (Magnetron 1)
with permanent magnets was used (Fig. 1). The magne-
tron power supply allows to bias the magnetron target at
up to 1 kV negative potential at the discharge current up
to 20 A, maximum power of the supply is 6 kW. The
magnetron target of 170 mm diameter was made of
stainless steel.

The ICP plasma source was placed inside the vacu-
um chamber of the Setup 1. Plasma in such source is
concentrated in the discharge chamber made of a ceram-
ic tube (see Fig. 1).

i Ceramic tube
Fig. 1. Internal structure of Magnetron 1 (left)
and ICP source (right)

At the source exit the perforated metal screen is
placed which restricts the plasma and provides a pressure
drop between the source volume and the technological
chamber. The RF inductive plasma source is supplied with
the RF power up to 1 kW at the frequency of 13.56 MHz.
Fig. 2 shows photo of the ICP source and magnetron
discharge in simultaneous operation in Setup 1.

The Setup 2 was equipped with the combined mag-
netron-ion-source sputtering system (MISSS) described
in detail in [13]. The schematic diagram of the MISSS
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device with diagnostic equipment is presented in Fig. 3.
The device contains magnetic system, which is common
for the magnetron discharge and the Hall-type ion
source. The steel case being a part of the magnetic sys-
tem serves also as a cathode of the ion source and an
anode for magnetron discharge.

Fig. 2. Photo of the ICP source and magnetron
discharge in simultaneous operation in Setup 1
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Fig. 3. Schematic diagram of the MISSS setup.
1 —vacuum chamber,; 2 — water cooled sample holder,
3 — flat probe for ion current density measurement,
4 — solenoid; 5 — anode of the ion source; 6 — Magnetron 2

The ion source forms a conical coinciding beam of
gas ions with the angle of 60°, diameter of 100 mm
(near the anode 5) and thickness of about 5 mm. The flat
conductive electrode 2 with diameter of 140 mm located
at a distance of 100 mm from the end of the ion source
is used for sample holding and ion beam monitoring.

The planar magnetron (Magnetron 2) with a stainless
steel target (76 mm in diameter and 6 mm in thickness)
was mounted inside the conical ion beam. DC power up
to 300 W was applied to the magnetron. The conical
magnetron anode forms a subchamber where the mag-
netron plasma is localized. The gas feeding can be for-
warded either through the conical cavity of the magne-
tron subchamber or through the anode cavity of the ion
source. In the both cases the total gas flow passes
through the active plasma region before entering the
vacuum chamber and then the pumping system.

Both devices of the MISSS may be operated simul-
taneously, however, in the present study they operated
separately with the CO, feeding to the corresponding
channel. Fig. 4 shows view of MISSS operation in the
both regimes.
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Fig. 4. Photo of MISSS in Setup 1 with the ion source
(left) and the Magnetron 2 (right) in operation

In the Setup 1 the 1m long vacuum chamber of 0.7 m
diameter was pumped by a turbomolecular pump with
2500 1/s rate while in the Setup 2 the vacuum chamber
with dimensions 240x240x120 mm was pumped by a
turbomolecular pump TMN-1500, with pumping rate of
700 1/s. The experiments were conducted within the pres-
sure range 0.5...3 mTorr which corresponds to different
gas flow rates for the Setup 1 and the Setup 2 due to dif-
ferent pumping throughput. Fig. 5 shows the pressure
dependence on the CO, mass flow rate for the two setups.
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Fig. 5. Pressure dependence in the vacuum chambers
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Fig. 6. Carbon dioxide conversion in ICP source

in dependence on the gas flow

Method for mass-spectrometric evaluation of carbon
dioxide conversion was described in the paper [14]. The
conversion rate y is determined using the amplitudes of
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mass peaks of CO, (Myy) and O, (Mz,). In addition in
the present research we used the following expression
for the conversion rate allowing compensation of mass-
spectrometer pumping instability:

yeFaMn  where kyy=2:1.3,
(k32M32 + M44)

Following the paper [15], let us define the Specific
energy input (SEJ) as

SEI [J/cm®] = 60 [s/min]: Pgr [W)/Qcos [sccm], where
Qcoz is CO; flow rate in standard cubic centimeters per
minute [sccm].

Next, the energy efficiency of the conversion 7 is
defined as

p=Z A here AH =283 ki/mol = 11.55 J/em'
SEI

2. EXPERIMENTAL RESULTS

Fig. 6 illustrates the carbon dioxide conversion in
ICP source in dependence on the gas flow at the con-
stant RF power of 500 W. The upper plot shows the
mass peaks amplitudes in dependence on the gas flow. It
is clearly visible that the Oxygen peak exceeds the CO,
peak at the lowest flow rates that means the conversion
rate is high while the flow rate increase causes the de-
crease of the conversion rate that is seen from the bot-
tom plot in exact quantities. At the lowest gas flow rate
the conversion is maximal reaching as high value as
85%. In contrast, the energy efficiency of the conver-
sion grows monotonically with the gas flow being al-
ways less then 2%.
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Fig. 7. Carbon dioxide conversion in ICP source in
dependence on the gas pressure with constant gas flow

Fig. 7 shows the same results but with the constant
CO, flow rate and RF power input to the ICP source.
The gas pressure was changed in the vacuum chamber
varying the pumping rate by the valve regulation. In this
case both the conversion rate and the energy efficiency
of the conversion are almost independent on the pres-
sure. It should be noted that the dependences shown in
the Fig. 7 may be redrawn versus the pressure using the
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dependence shown in Fig. 5. But these two pressure
dependences are completely different that confirms the
dramatic role of the flow rate for the process of plasma
conversion of carbon dioxide.

The CO, conversion dependence on RF power input
to the inductively coupled plasma is shown in Fig. 8.
With the RF power increase, the Oxygen part in the
exhaust gas mixture changes from zero value to the ma-
jor part. The conversion y growth from zero to 75%
while the energy efficiency of the conversion decreases
continuously from approximately 2% at 150 W to about
1.2% at 700 W.
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Fig. 8. Carbon dioxide conversion in ICP source

in dependence on RF power

Now, let us consider the same dependencies for the
carbon dioxide conversion in magnetron discharge. The
dependencies for Magnetron 1 are shown in Figs. 9-11.
One can see from the figures that the conversion is not
so effective as in ICP case. The conversion rate y is less
then 50% at any parameters that can be explained by the
fact that the gas was fed into the vacuum chamber not
exactly at the magnetron plasma region so there is a way
for some molecules to go to the pump without interac-
tion with the magnetron plasma. The energy efficiency
n is also quite low that is natural for rather high power
input to the discharge. In contrast to the ICP case the
conversion efficiency is growing with the pressure at the
constant CO, flow rate.
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Fig. 9. Carbon dioxide conversion in Magnetron 1
plasma in dependence on the gas flow
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Fig. 10. Carbon dioxide conversion in Magnetron 1
plasma in dependence on the gas pressure with constant
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Fig. 11. Carbon dioxide conversion in Magnetron 1
plasma in dependence on RF power

Let us review now CO, conversion results in plasma
of the Hall-type ion source. One can expect significant
difference comparing to the ICP and the magnetron cases.
It is known that the electron energies in the anode layer of
the discharge in crossed electric and magnetic fields may
reach the values of hundreds of electron-volts. From the
other side, the axial extent of the anode layer containing
the high-energy electrons is only few millimeters that
reduces the electron-molecule interaction probability on
the molecule way through the discharge gap.

It should be noted initially that the ion source can
operate in two regimes depending on the gas pressure.
Current-voltage characteristics of the ion source at three
different gas pressures are presented in Fig. 12. At low
pressure (see curve for 0.8 mTorr) the discharge exists
in high-voltage acceleration mode, but when the gas
pressure in the discharge gap overcomes some critical
value, the discharge jumps from acceleration to plasma
regime (2 mTorr curve). Not only the current-voltage
characteristics are essentially different in these regimes,
the plasma distribution outside the source is also
changed. In contrast to the acceleration regime, in the
low-voltage regime the space outside the source is filled
by plasma. Despite the plasma possess low electron
temperature the pathway of the gas molecules trough the
plasma is much longer. As a result the conversion rate is
higher just in the low-voltage regime of the ion source.
Generally, all the obtained results for the conversion
rate are below 25% while the energy efficiency of the
conversion is less then 1% (Fig. 13).

The following series of experimental results is de-
voted to carbon dioxide conversion in plasma of Magne-
tron 2. Figs. 14, 15 show the dependence on power and
CO, flow rate, respectively. The conversion rate is simi-
lar to the case of Magnetron 1, while the energy effi-
ciency of the conversion is much better.
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Fig. 12. Current-voltage characteristics of the ion
source at three different gas pressures
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Fig. 13. Carbon dioxide conversion in the ion source
plasma in dependence on input power

It should be noted that the working area diameter of
the Magnetron 1 target is about 140 mm while for the
Magnetron 2 this value is about 50 mm. Thus, the area
ratio of these two magnetrons is about one order of
magnitude. The power ratio (3 kW vs. 300 W) is of the
same order that means the power density is similar for
the both devices. The main difference between the mag-
netrons from the point of view of CO, conversion is that
the gas feeding is performed through the cavity sur-
rounding the Magnetron 2. The cavity is completely
filled with the dense magnetron plasma that ensures
effective CO, interaction with plasma.
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Fig. 14. Carbon dioxide conversion in the Magnetron 2
plasma in dependence on input power
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Fig. 15. Carbon dioxide conversion in the Magnetron 2
plasma in dependence on the gas flow
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Fig. 16. Comparison of carbon dioxide conversion
efficiency in all the researched devices in dependence
on input power

Finally, let us gather all the available data in gener-
alized plots in order to compare performance of all the
tested devices. Fig. 16 presents the conversion efficien-
cy in dependence on the input power. It is clear that the
most efficient conversion is observed in the ICP source.
The magnetron discharges are less efficient, next is the
ion source in plasma regime, and the worst results are
for the ion source in acceleration regime.

Further detalization gives Fig. 17 where dependen-
cies on the gas flow are presented for the both magne-
trons and the ICP source. The maximum conversion is
reached for the ICP source, while from the point of view
of the energy efficiency of the conversion the Magne-
tron 2 is advantageous due to lower consumed power.

— - —Magnetron 1
—— Magnetron 2

Q> scem
20 ———————
500W
156 200W ]
....... 1CP source
- — - —Magpetron 1
S 10+ —— Magnetron 2 4
=
05+ g
W
0.0 L L L L L L
0 20 40 60 80 100 120 140

QCQ, scem
Fig. 17. Comparison of carbon dioxide conversion rate
in all the researched devices in dependence
on the gas flow
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Fig. 18. Comparison of carbon dioxide conversion
efficiency in all the researched devices in dependence
on the specific energy input

The plots in Fig. 18 contain curves for different gas
flows that complicates the comparison. In order to pre-
sent the results in dependence on universal parameter
taking into account both the input power and the gas
flow rate the curves were replotted verus the specific
energy input SEI that is shown in Fig. 18. It can be seen
that all the curves excluding the dependencies for the
ion source in acceleration mode are placed within a
band, which has a "knee" near SEI of 100 eV per mole-
cule. Lower values are insufficient for high conversion
rate while at higher values the energy efficiency of the
conversion drops quickly.
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Fig. 19. n-y plots for all the researched devices
CONCLUSIONS

The final picture (Fig. 19) generalizes all the ob-
tained data in n-y coordinates. It can be concluded from
the figure that high n and ¢ values are unreachable sim-
ultaneously and for practical applications the optimal
operation regime should be chosen in dependence of
primary task, focusing either on the conversion rate or
on the energy efficiency. The best combination of high
conversion rate with significant energy efficiency of the
conversion is demonstrated by the ICP source. This
looks natural since the RF ICP is an electrodeless dis-
charge where the most valuable part of the input energy
goes into the plasma creation and chemical reactions
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while in the high-voltage discharges significant energy
is spent for ion acceleration. The dependence of the
conversion efficiency on the electron temperature noted
in [14] allowed to hope for the high conversion in the
Hall-type ion source in acceleration regime with high-
energy electrons present. However, despite high elec-
tron energies, the discharge zone in this case is very
short, and low voltage plasma regime is advantageous
due to higher plasma densities and wider geometrical
plasma extent.
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IVIASMEHHASI KOHBEPCHUS YTJIEKHCJIOI'O I'A3A B I'A3OBBIX PA3PAJAX HU3KOI'O
JABJIEHUSA

C.B. /lyoun, A.B. 3vixos, C./I. Axoeun

[IpencTaBneHbl SKCHEPUMEHTANBHBIE PE3YJIBTaThl CPABHUTEIHLHOTO HCCIEAOBaHUS d3((PEKTUBHOCTH KOHBEPCUH
nuokcuaa yriaepoja B CO u O, B ma3zme pa3psioB HU3KOrO AaBiaeHUsd. HIyKTUBHO CBSI3aHHBII UCTOYHMK IJIa3MBI,
MarHeTpOHHBIM pa3psii U pa3psi C aHOJHBIM CIOEM B MOHHOM HCTOYHHMKE XOJUIOBCKOTO THIIA UCIOJIb30BalIHCh B
nuamnasone pasieHuid CO, or 0,5 no 3 mTopp. Ilokazano, 4ro Hamrydmiee coueTaHue BBHICOKOrO koddduimenra
KOHBEPCHH CO 3HAYUTENIHHOIN SHEProdhPEeKTUBHOCTHIO IEMOHCTPUPYET UCTOYHHK IUTa3Mbl ¢ BU-paspsagom mHIyK-
IIHOHHOTO THIIA.

IIJIABMOBA KOHBEPCIA BYTJIEKUCJIOT'O T'A3Y B 'A30BUX PO3PSAIAX HU3BKOI'O TUCKY
C.B. /Iyoin, O.B. 3uxoe, C./1. fkoein

[IpencraBneHo ekclepUMEHTAbHI Pe3yIbTaTH MOPIBHAIHHOTO TOCTIKEHHS e(DeKTUBHOCTI KOHBEPCii TIOKCHITY
Byraento B CO i O, y mma3Mi po3psAmiB HU3BKOTO THCKY. J[Xepermo iHIyKTHBHO 3B'S3aHOI IUTa3MH, MarHeTPOHHUI
O3PSI 1 pO3psi 3 AHOJHUM IIAPOM B I0HHOMY JKEpPEi XOJUTIBCHKOTO THITY BUKOPHCTOBYBAIIUCS B Jlialla30HI TUCKIB
CO; Bix 0,5 no 3 mTopp. [Tokazano, O ONTUMANILHE TIOETHAHHS BUCOKOTO KOe(illieHTa KOHBEPCii 31 3HAYHOKO CHE-
Proe(peKTHBHICTIO IEMOHCTPYE JpKEpeo mia3mu 3 BU-po3psaaoM iHIYKIIHHOTO THITY.
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