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Accumulation of carbon dioxide in the Earth's atmosphere leads to an increase in the greenhouse effect and, as a consequence, to
significant climate change. Thus, the demand to develop effective technologies of carbon dioxide conversion grows year to year.
Additional reason for research in this direction is the intention of Mars exploration, since 96% of the Martian atmosphere is just
carbon dioxide, which can be a source of oxygen, rocket fuel, and raw materials for further chemical utilization. In the present paper,
the plasma conversion of carbon dioxide have been studied in the dc glow discharge at the gas pressure of 5 Torr in a chamber with
distributed gas injection and evacuation from the same side for the case of narrow interelectrode gap. The conversion coefficient and
the energy efficiency of the conversion were determined using mass spectrometry of the exhaust gas mixture in dependence on CO2
flow rate and the discharge current and voltage. Maximum conversion rate was up to 78% while the energy efficiency of the
conversion was always less than 2%. It was found that the discharge at this pressure can operate in normal and abnormal modes and
the transition between the modes corresponds just to the maximum value of the conversion coefficient for a given gas flow. It was
shown that even in anomalous regime, when the cathode is completely covered by the discharge, the discharge contraction occurs in
whole range of parameters studied. The anode glow and the plasma column outside the cathode layer occupy the central part of the
discharge only that reduces the conversion efficiency. Optical emission spectra from the carbon dioxide plasma were measured in the
range of 200-1000 nm, which allowed to make a conclusion that the Oxygen atom emission is mostly origins from the exited atoms
appearing after dissociation rather than after electron impact excitation.
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In recent years, the processes of conversion of carbon dioxide (CO) have attracted considerable attention of
researchers [1-3] due to at least two reasons. First, the accumulation of CO; in the Earth's atmosphere leads to an
increase in the greenhouse effect and, as a consequence, to significant climate change. The main source of carbon
dioxide emission into the atmosphere is energy enterprises that burn fossil fuels and organic materials. In order to
reduce the concentration of CO; in the atmosphere, it is necessary both to reduce its emission by various sources and to
develop effective methods for its utilization. Secondly, humanity plans to explore Mars and other planets and satellites
of the solar system. However, 96% of the Martian atmosphere is CO, [3]. Under such conditions, it is possible to
convert carbon dioxide molecules into carbon monoxide CO and oxygen O-. In this case, carbon monoxide CO can be a
raw material for further chemical utilization, and the CO/O, mixture has proven itself as a rocket fuel [3].

Plasma methods are among the most efficient for CO, conversion. Detailed studies were carried out with dielectric
barrier discharges [4—6], gliding arc [7-9] and microwave [10—13] discharges. There are also a small number of studies
on CO; conversion in nanosecond pulse discharge [14], corona [15, 16], glow [17-19], radiofrequency CCP [20, 21],
capillary [22] and other types of discharges [23, 24]. Recently, a number of review papers have appeared (see for
example [1, 2]), where the advantages and disadvantages of various methods of CO; conversion are analyzed in detail
as well as applicability of various types of gas discharges for this process.

All plasma methods investigated to date can be divided into three different groups. Discharges of the first group
(dielectric barrier, glow, microwave discharges, radiofrequency CCP, ICP [23]) allow to obtain high conversion
coefficients (the ratio of the number of converted molecules to the initial number of CO, molecules entering the plasma
volume) of more than 50%, but at the same time the energy efficiency of the conversion (the fraction of the discharge
power spent specifically for the conversion of CO, molecules) is of the order of 1-10% and lower. The second group of
discharges (gliding arcs) gives the opposite results — the energy efficiency of the conversion can exceed 50%, but the
conversion rate is usually small and comparable to 10%. In the discharges of the third group (nanosecond pulse, corona,
pulsed corona discharges [25]), both the conversion rate (less than 30%) and the energy efficiency of the conversion
(less than 10%) are quite low. Obviously, these three groups can hardly be called effective for an economically viable
production process for the conversion of carbon dioxide. Therefore, additional searches for optimal plasma technologies
are needed. To do this, it is necessary to find out what types of discharges and chamber geometries will allow one to
simultaneously obtain high values of both the conversion rate and the energy efficiency of the conversion.

In our recent work [19], the process of CO, conversion in DC discharge performed in the device possessing the
distributed same-side gas supply and pumping for the distance between the electrodes of 60 mm was already
investigated. In that work, the conversion rate reached 70%, but the energy efficiency of the conversion remained low
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and usually did not exceed 1-3%. The reason for this was revealed in [26], where it was shown using the COMSOL
software that with the large gap between the electrodes (as was the case in [19]), gas molecules between entering the
discharge chamber and exit into the pumping system spend longer time in the discharge chamber than is necessary for
their effective conversion in plasma that leads to excessive power loss. Therefore, in this work, we investigated the CO,
conversion process for lower distance between the electrodes (11 mm).

EXPERIMENTAL
For the experiments, a discharge chamber was used, in which the CO, feeding and reaction products evacuation
are performed through the same electrode (shower-like electrode, see photo in Fig. 1). This electrode had 265 holes
evenly distributed over its surface. The inlet and outlet holes are located on a regular hexagonal grid with a step of 5
mm along the diagonals. This electrode was grounded to prevent parasitic discharges in the holes and in the pipes
connected to it. The second, solid electrode was supplied with a positive voltage from the DC power supply; therefore,
it was the anode. The electrodes were made of stainless steel.

Figure 1. Photo of shower-like electrode

Turbomolecular and rotary vane pumps were used to evacuate the vacuum chamber. The electrodes described
above were external, a section of a quartz tube with an inner diameter of 93 mm was sealed between the electrodes
spaced by 11 mm gap. Note that in narrower gaps the ignition of the discharge will be difficult, since the breakdown
curves are shifted to the range of high gas pressures [27, 28]. The experiments were carried out at carbon dioxide
pressure of 5 Torr. To measure the gas pressure, a Baratron 627 capacitive manometer (MKS Instruments) with a
maximum measured value of 10 Torr was used. The carbon dioxide flux Q varied from 1 sccm to 200 sccm using a
mass-flow controller.

The CO, conversion rate can be estimated using mass spectrometry of the exhaust gas. The gas mixture leaving
the discharge chamber consists mainly of CO,, CO, O and O». Using a thin capillary with inner diameter of 1 mm, the
analyzed portion of gas was taken from the pumping system near the outlet of the discharge chamber and fed through a
valve into the ROMS-4 mass spectrometer pumped by separate ion pump. Note that oxygen atoms recombine on the
walls of the capillary with the formation of O molecules. The ion peak in the mass spectrum corresponding to the 16th
mass (O7) origins from O, molecules dissociation in the mass spectrometer ionizer. Therefore, we analyzed the peaks of
M =28 (CO"), M =32 (0;") and M = 44 (CO,") mass. Before each experiment, the mass spectrum of the residual gas in
the mass spectrometer was measured and then subtracted from the obtained mass spectra of the analyzed gas mixture.

The optical emission of the discharge was measured by optical emission spectroscopy. The optical fiber was in a
fixed position 5 mm from the grounded cathode electrode (almost in the center of the gap between the electrodes) and
supplied the collected discharge radiation to the Horiba iHR-320 optical spectrometer. This spectrometer has a
diffraction grating of 1800 lines/mm allowing spectrum measurement in wide wavelength range (200-1000 nm), with
high resolution (better then 1 A).

Note that the following three parameters are used to characterize the process of carbon dioxide conversion:
specific energy input (SEI), absolute conversion coefficient y and energy efficiency of the process n. Specific energy
input is the ratio of the power supplied to the discharge to the value of the gas flow:
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where P is the power, dm/dt is the gas flow rate. The absolute conversion rate is the ratio of the number of CO,
molecules that have been converted as the gas passes through the plasma volume to their initial number:
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where N;, and N, are CO, fluxes entering and pumping out of the chamber, respectively. Energy efficiency compares
the energy consumption of a given conversion technique with the standard enthalpy of the process:

AH
T
where AH =2.93 eV per molecule.
Thus, SEI, conversion coefficient y and energy efficiency n can be determined if the concentration of CO»
molecules without plasma and with a burning discharge were measured using a mass spectrometer, while

simultaneously registering the power P deposited into the plasma and gas flow QO fed into the chamber. This technique
is described in detail in [23, 24].

EXPERIMENTAL RESULTS
Let us consider our results obtained for a carbon dioxide pressure of 5 Torr. This pressure is interesting because
the average atmospheric pressure of Mars is close to this value, therefore, a significant part of the experiments of other
authors on the conversion of CO, were carried out precisely for this pressure.
Figure 2 shows a photograph of the discharge with current of 100 mA for the considered CO> pressure. At a lower
current the normal mode is observed where the discharge covers only a part of the cathode surface.

Figure 2. Photo of the discharge at COz pressure of 5 Torr, gas flow rate of 2 sccm, and discharge current of 100 mA.

In this case, an increase in the current (until the moment of complete coverage of the entire cathode by the
discharge) occurs at a constant or even decreasing voltage across the electrodes [29]. Figure 3 shows that the current-
voltage characteristics of the discharge have two branches: falling (the current decreases with increasing voltage) and
growing (current and voltage increase simultaneously).
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Figure 3. Dependences of the current and the power supplied to the discharge on the applied voltage at various gas flow rates (2
scem, 5 scem, 20 scem and 200 scem).

The falling branch belongs to the normal mode. The growing branch describes an anomalous regime in which the
cathode surface is already completely covered by the discharge, and to further increase the current, it is necessary to
increase the voltage across the cathode layer (and over the entire discharge gap) to enhance the ionization production of
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charged particles. The values of the power supplied to the discharge presented in Fig. 3 will be used below to determine
the SEI and the energy efficiency n of the process.
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Figure 4. Dependence of the voltage across the electrodes and the Figure 5. Optical emission spectrum measured at carbon
power applied to the discharge on the gas flow Q at the pressure of 5 dioxide pressure of 5 Torr, flow rate of 5 sccm, and
Torr and the current of 300 mA discharge current of 300 mA.

Note that even when the discharge completely covers the cathode surface the glow occupies only a part of the
anode area. If the distance between the electrodes is increased, then, starting from the anode, with a sufficiently large
gap, a contracted positive column is formed, which occupies only a part of the cross section of the discharge tube. The
photograph of the discharge shown in Fig. 2 shows that the cathode layer (which is practically invisible) and the
negative glow jointly extend only 2-3 mm from the cathode surface. Deceleration of the bulk of fast electrons (born and
accelerated in the strong electric field of the cathode layer) occurs just in the negative glow. The negative glow
transforms into the dark Faraday space and then, in the region of the plasma column, into the anode glow. However,
outside this column, a significant part of the discharge volume is occupied by decaying plasma with low density of
charged particles. Therefore, as will be shown below, at a carbon dioxide pressure of 5 Torr, the energy efficiency of
the conversion is low.

Figure 4 shows that with an increase in the carbon dioxide flux Q both the voltage between the electrodes and the
power applied to the discharge first decrease, reach a minimum at a flux of about 2.5-3 sccm, and then increase. The
discharge current during this experiment was kept constant.

The optical emission spectrum of the discharge (see Fig. 5) consists of lines of atomic oxygen O (777 nm, 844 nm
and 926 nm), as well as a large number of bands of CO molecules (they mainly relate to the Angstrom system, the
B 'S — A 'TT transition from the second to the first state of electronic excitation of the molecule).
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Figure 6. Dependences of the intensities of emission lines for coz (337 nm), CO (519 nm) and O (777 nm) on
the gas flow rate at pressure of 5 Torr and discharge current of 300 mA.

In addition, there are weak lines of O, (Schumann-Runge system, B3 — X %), CO* ("comet tail" system,
A 1 — 2% transition from the first excited electronic state to the ground state). The glow of CO, molecules is
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represented by a weak line with a wavelength of 337 nm. Note that the luminescence of atomic oxygen can be caused
both by the dissociation process itself (in this case, the CO, molecule decays into CO in the ground state and into an
excited O atom [1, 2]), and by the excitation of oxygen atoms by subsequent electron impacts. That is why the
intensities of the lines of atomic oxygen are so high in comparison with the lines of CO molecules. Moreover, the
intensities of the CO, CO, and O, lines (which are excited only by electron impact) are usually tens of times lower than
the intensities of the atomic oxygen lines. Thus, we suppose that the glow of oxygen atoms at wavelengths of 777 nm
and 844 nm is almost completely associated with the process of dissociation of CO, molecules.

The difference in the mechanisms of excitation of CO molecules and O atoms is clearly seen in Fig. 6, which
shows the dependences of the intensities of the emission lines of CO,, CO and O on the gas flow rate.

It follows from the figure that the emission intensity of carbon dioxide molecules first decreases with the gas flow
rate increase, reaches a minimum, and then increases. The opposite behavior is shown by the intensity of the lines of
oxygen atoms, first increasing with the flow rate increase, then reaching a maximum, and finally decreasing. This
behavior of the CO; and O lines can be explained by the assumption that at low gas flow rates (Q ~ 1 sccm) carbon
dioxide molecules have time not only to be converted into CO and O, but also to partially recombine back into CO,
molecules. With the flow rate increase, the residence time of molecules in the discharge chamber decreases, the process
of CO and O recombination in CO; plays a lesser role, thus, the CO, concentration decreases, and the concentration of
oxygen atoms increases. At higher flows (Q > 10 sccm), the gas is removed from the discharge without having time to
be converted. However, the intensity of the CO line decreases monotonically with increasing gas flow, without reaching
any extrema. Therefore, a clear correlation between the behavior of the CO, and O intensities is associated with the fact
that the loss of CO, molecules during dissociation is accompanied by the appearance of excited O atoms. But CO
molecules emit light only after they experience inelastic collisions with electrons after the conversion. Consequently,
the intensity of their luminescence decreases with an increase in the gas flow due to the intensification of their removal
from the discharge chamber.
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0 =100 sccm due to a decrease in the residence time of CO, molecules in the discharge. The energy efficiency of
conversion 1 at low flow rates is quite low and amounts to only 0.07%, but at high flows it reaches 1.6%.
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Figure 8. Dependences of the peak intensities in the mass Figure 9. Dependences of the conversion coefficient y and the
spectra of the gas mixture leaving the discharge chamber into the energy efficiency of the conversion n on the gas flow
pumping system on the gas flow at the gas pressure of 5 Torr and at pressure of 5 Torr and discharge current of 300 mA.

discharge current of 300 mA.

Since the specific energy input SEI is inversely proportional to the gas flow, the dependences of x and n on the
gas flow rate shown in Fig. 9 are mirrored when plotting them as a function of SEI (see Fig. 10). That is, the
low Q range corresponds to high SEI values. Conversely, at high gas flows the SEI becomes small. It should be kept in
mind that SEI is proportional to the power input into the discharge, which depends on the gas flow (see Fig. 4).
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Figure 10. Dependences of the conversion coefficient y and the energy efficiency of conversion 1 on SEI
at the pressure of 5 Torr and the discharge current of 300 mA.

A convenient tool for comparison of carbon dioxide conversion processes under various conditions (types of
discharges, ranges of gas pressure, current, gas flow, etc.) is the dependence of 1 on . Such dependence at fixed pressure
and discharge current, but different gas flow rates, is shown in Fig. 11. From the economical point of view, the most
optimal case is when both 1 and y are close to 100%. However, at present, such a technology for the conversion of carbon
dioxide has not yet been developed, as we mentioned in the Introduction. It follows from Figure 11 that higher values of
the energy efficiency m are observed at low values of the conversion coefficient . An increase in y is accompanied by a
rapid decrease in energy efficiency. Under the conditions of our experiments, it was possible to achieve the maximum
conversion rate y = 78%, but at the same time the energy efficiency of the conversion is approximately equal to 0.07%.

A similar dependence of 1 on y at the 5 Torr pressure with various flow rates is shown in Fig. 12. To obtain these
dependences, the current varied from the minimum value at which it was possible to maintain a stable discharge burning
(several milliamperes) to 500 mA. Recall that at low currents, the glow discharge burns in the normal mode, covering
only a part of the cathode surface. The complete filling of the cathode with a discharge is observed at approximately a
current of 100-200 mA (which depends on the gas flow). From Fig. 12 it can be seen that for a flow of O = 1 sccm, the
dependence of n on y has two branches: an upper (corresponding to low currents) and a lower (high-current branch).
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The transition from the upper to the lower branch occurs at the maximum value of the conversion coefficient  for a
given gas flow. The more the gas flow was, the less pronounced the lower branch was. In this case, the use of higher gas
flows led to an increase in the energy efficiency of the conversion n. At a flow rate of O = 25 sccm, it was possible to
simultaneously achieve the values y > 50% and n = 1 %; moreover, the value of the energy efficiency n changed little
over a wide range of values of the discharge current. Note that the presented results on the conversion efficiency are
generally close to the same results of the paper [19] with wider discharge gap.
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Figure 11. Relation between the energy efficiency of conversion Figure 12. Dependence of the energy efficiency of conversion
1 and the conversion coefficient  at a pressure of 5 Torr and a 1 on the conversion coefficient y at the 5 Torr pressure with
discharge current of 300 mA. various gas flow rates
CONCLUSION

In the present research, we have studied the conversion of carbon dioxide in the dc glow discharge at the gas
pressure of 5 Torr in a chamber with distributed gas injection and evacuation from the same side for the case of narrow
interelectrode gap. The conversion coefficient  and the energy efficiency of the conversion 1 were determined using
mass spectrometry of the exhaust gas mixture in dependence on CO; flow rate and the discharge current and voltage.
Under the conditions of our experiments, it was possible to achieve the maximum conversion rate y = 78%, but the
energy efficiency of the conversion was always less then 2%. Optical emission spectra from the carbon dioxide plasma
were measured in the range of 200-1000 nm, which allowed to make a conclusion that the oxygen atom emission is
mostly origins from the excited atoms appearing after dissociation rather than after electron impact excitation.

It is shown that at the studied pressure the discharge can operate in two different modes. At low discharge current
the normal mode reveals where the discharge covers only a part of the cathode. At higher currents the anomalous
regime appears, in which the cathode surface is already completely covered by the discharge, and to further increase the
current, it is necessary to increase the discharge voltage. We have found that the transition between the modes occurs
just at the maximum value of the conversion coefficient y for a given gas flow. The use of higher gas flows led to an
increase in the energy efficiency of the conversion 1. At a flow rate of Q = 25 sccm, it was possible to simultaneously
achieve the values y > 50% and n = 1 %.

It was found that even in anomalous regime, when the cathode is completely covered by the discharge, the
discharge contraction occurs in whole range of parameters studied. The plasma column outside the cathode layer and
the anode glow occupy the central part of the discharge only. Outside this column, in a significant part of the discharge
volume only low density decaying plasma is present that reduces the energy efficiency of the conversion.
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IJIASMOBA KOHBEPCIS CO: ¥V TJIIOUOMY PO3PAII HOCTIMHOTO CTPYMY 3 PO3HOAITEHAM
HAITYCKOM TA BIIKAUYBAHHSIM I'A3Y
B.A. JlicoBebknii, C.B. Ayain, ILIL. IlnaTtonos, B./I. €Eropenkon
Xapxiecvruil nayionanvuuil ynieepcumem imeni B.H. Kapaszina, maiioan Ceoboou 4, Xapxis, 61022, Vxpaina

HaxomuaeHHs ByTJIEKUCIOTO ra3y B aTMocdepi 3eMiti MpU3BOAUTE 10 MOCHICHHS MApHUKOBOTO e(eKTy i, K HACTIJOK, 10 3HAYHOI
3MiHM KiiMary. TakuM YHHOM, MOMUT Ha PO3pOOKY €(PEKTUBHHX TEXHOJIOTiH KOHBEpCii BYTJIEKHUCIOrO ra3y 3 KOXKHHUM POKOM
3pocrae. JIoAaTKOBUM MPUBOJIOM I JAOCIHIDKEHb y 1[bOMY HANpPSAMKY € Hamip JociipkeHHss Mapca, ockinbku 96% Mapciancbkoi
aTMocdepr — 11 BYIJICKUCIIHUIA a3, sIKHil MOXKe OyTH JUKEpEIoM KHCHIO, PAaKETHOTO MaJlkBa Ta CHPOBHHY JUIS HOJAJIBIIOI XiMIYHOI
yTriizanii. Y 1ii poGoTi JOCHIiPKEHO MIa3MOBa KOHBEPCis BYTJICKHCIIOrO Ta3y B TIIIFOYOMY PO3PSIIi MOCTIHOTO CTPyMy MPU THUCKY
razy 5 Topp B kamepi 3 PO3NOJIJICHUM HaITyCKOM Ta BiJIKauyBaHHSM ra3y 3 OJHOTO OOKy JJIsl BUIAJKy BY3bKOTO MIXKEIEKTPOIHOTO
npoMikky. KoedinieHT KoHBepcil Ta 11 eHeproeeKTHBHICTh BU3HAYAIH 32 JIOIIOMOIOI0 Mac-CIIEKTPOMETPil CyMillli BUXJIOMHUX ra3iB
3anexHo Bix motoky CO2 Ta cTpyMy Ta Hampyru pospsiay. MakcumanbHuil kKoediuieHT KoHBepcii craHoBHB 10 78%, Tomi sk
eHeproedekTHBHICT, KOHBepcii 3aBkan Oyma MeHma 3a 2%. BcTaHoBmeHO, IO pO3psa MpU BOMY THUCKY MOXE ICHYBaTu B
HOpPMAaJIbHOMY 1 aHOMAaJbHOMY PEKMMax, a Mepexifi MiX peKAMaMd BiAMOBINAE SKpa3 MaKCHMalbHOMY 3HAUEHHIO KoedimieHTa
KOHBepcil Juisi JaHOTO MOTOKY rasy. Iloka3aHo, 110 HaBiTh B aHOMAJIBbHOMY PEXHMi, KOJIM KaTOJ MOBHICTIO MOKPHUTHII PO3PSIOM,
KOHTpAKIis po3psiy BiOyBaeThCs B YChOMY Mialla30Hi JOCHIIKYBaHUX IapamMeTpiB. AHOJHE CBITIHHS 1 CTOBI IDIa3MH M03a
KaTOJAHMM IIapOM 3afiMarOTh JIMIIE LIEHTPAJbHY YaCTHHY pO3psAy, L0 3HIKYE e(EeKTHBHICTH KOHBepCii. BHUMIpsSHO CriekTpu
OINITHYHOTO BHIIPOMIHIOBAaHHS 3 IUIA3MM BYTJIEKHCJIOro rady B miamasoHi 200-1000 HM, mo m03BOJIMIIO 3pOOWTH BHCHOBOK, IO
BUNpPOMiHIOBaHHs aToMa OKCUreHy 3/1e01IbIIoro Big0yBaeThCs Bijl 30yAKEHUX aTOMIB, SIKi BAHUKAIOTH ITICIsl JUcoLianii, a He mics
30y/UKCHHS €JIEKTPOHHUM YIapOM.

Ku11040Bi c10Ba: BYTIIeKUCTHIA Ta3, IIa3MOBa KOHBEPCIsL, TIIOUNI PO3PSII MMOCTIHHOTO CTPyMY





