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We have registered the mass-spectra of the gas mixture leaving the chamber and the discharge current-voltage
characteristics and determined the specific energy input (SEI), the absolute conversion coefficient x and the
conversion energy efficiency m in the CO, pressure range of 0.05..5 Torr. Converting CO, molecules was
performed in the glow discharge in a chamber with distributed same-side gas supply and pumping. As a result the
conversion coefficient y equaling 70% was achieved, but the conversion energy efficiency n did not exceed 1...3 %
because of considerable power loss due to acceleration of positive ions, gas and electrode heating as well as to

inelastic collisions between electrons and gas molecules not leading to CO, conversion.

PACS: 52.80.Hc

1INTRODUCTION

The growing footprints of carbon dioxide and other
gases lead to the greenhouse effect enhancement and
climate changes. It is important not only to limit the
emission of greenhouse gases but to develop the means
of their utilization. The plasma conversion of carbon
dioxide CO, molecules into carbon monoxide CO and
oxygen O, molecules is one of the most efficient
methods. A large number of papers is devoted to this
problem (see, e.g. papers [1-6]). The reviews [1, 2] have
performed the analysis of the contemporary state of
research into the plasma conversion in gas discharges of
different types. Two extreme cases are usually
observed. In the first case the conversion coefficient
(ratio of the number of decomposed molecules to the
initial number of CO, molecules) may be large (some
tens of percent) but at the same time the conversion
energy efficiency (the portion of power introduced into
conversion of CO, molecules) may amount some parts
or units of percents. In the second case one increases the
power contribution into the conversion process but at
the same time the number of converted molecules is
small.

Therefore it is imminent to find such type of the
discharge and chamber design with which one can
manage to get the maximally large values for both the
conversion  coefficient and conversion energy
efficiency. This circumstance has induced a large
number of papers devoted to studying the processes in
gas discharges in carbon dioxide and its mixtures with
other gases (see, e.g. [7-10]). Contemporary papers
present the results of research into carbon dioxide
conversion in discharges of ambient pressure or lowered
one (hundreds Torr). However, studying the
applicability of low pressure discharges to solve this
problem is also of interest, and here we continue the line
of research presented in papers [5, 6].

This paper presents the study of the plasma
conversion of carbon dioxide in DC glow discharge of
low pressure. Through the employment of the mass-
spectrometer and optical spectrometer we have
determined the conversion coefficient and conversion
energy efficiency values in the wide range of power
deposited into the discharge.
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1. EXPERIMENTAL

Experiments have been performed in the device
possessing the distributed same-side gas supply and
pumping. We have employed a shower nozzle electrode
(photo in Fig. 1), where the orifices for gas supply and
pumping are uniformly distributed over its surface (265
orifices in total). The necessity of combining in a single
electrode all orifices for gas supply and pumping was
due to the circumstance that the second electrode was a
high-voltage one and connecting gas pipes to it might
produce undesirable discharges outside the chamber
limits. In order to exclude parasitic discharge in orifices
or gas supply and pumping systems, this shower nozzle
electrode was always above and was grounded. The
second electrode was solid, placed below, and a DC
supply unit was connected to it. A negative or positive
potential was fed to it. Correspondingly, the upper
electrode may be either an anode (below this case will
be named as ‘Top anode”) or a cathode (‘Top cathode’).
Both electrodes were of stainless steel.

Fig. 1. The photo of the shower nozzle (top) electrode

Between the electrodes a piece of fused silica tube
was located of 93 mm inner diameter and vacuum
sealed, with the inter-electrode distance of 60 mm. The
vacuum chamber was evacuated with preliminary
vacuum and turbo-molecular pumps.

Experiments have been performed in the carbon
dioxide pressure range from 0.05 to 5 Torr. The gas
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pressure was measured with the capacitive-type
Baratron 627 probe (MKS Instruments) with the
maximum registered value of 10 Torr. The carbon
dioxide gas flow in all experiments was 2 sccm.

Fig. 2. Photos of dc discharge in CO, gas at the
pressure of 0.1 Torr for ‘Top cathode’ and ‘Top anode’
cases with the current value of 120 mA
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Fig. 3. Emission spectra of dc discharge at the CO,
pressure of 0.05 Torr for different current values. ‘Top
cathode’ case

The gas mixture leaving the discharge chamber was
measured with ROMS-4 mass-spectrometer. We used
the optical spectrometer Horiba iHR-320 to study the
discharge emission which contained a diffraction
grating with 1800 lines/mm and permitting to measure
the spectrum in the 200..1000 nm range with the
accuracy not less than 1 A. The optical fiber was
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positioned at the distance of 5 mm from the upper
electrode and it was not moved in the process of
measurements.

Carbon dioxide conversion is characterized by three
parameters: specific energy input (SEI), absolute
conversion coefficient y and the conversion energy
efficiency n. Specific energy input is the ratio of the
power contributed to the discharge to the gas flow:
P[w]
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where P is the power, dm/dt is the magnitude of the gas
flow. The absolute conversion coefficient y is the
portion of CO, molecules converted under gas passage
through the plasma volume:
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where N;, and N are the flows of the reagent (CO,),
which are fed into the chamber and removed out of it,
respectively. Energy efficiency compares between the
energy expenses in a standard case with the standard
enthalpy of the process:

out ,

~AH
SEl
where AH =2.93 eV per molecule.

Thus when one registers with a mass-spectrometer
the concentrations of CO, molecules without plasma
and in the burning discharge and knows the power
deposited into plasma and the gas flow, one may
determine both y and n against SEI. This technique has
been described in more detail in papers [5, 6].

2. EXPERIMENTAL RESULTS

The “Top cathode’ and ‘“Top anode’ cases mean that
the CO, feeding and the removal of conversion products
were made through the upper electrode serving
correspondingly as a cathode or an anode. The
discharge photos for these two cases are presented in
Fig. 2. A cathode sheath with the thickness depending
on the gas pressure and the discharge current adheres to
the cathode. At the lowest CO, pressure (0.05 Torr) the
optical fiber collected the discharge emission out of the
cathode sheath. Fig. 3 presents the spectra for different
current values for the ‘Top cathode’ case. For the “Top
anode’ case the spectra differ only quantitatively,
because the flows of fast electrons responsible for
inelastic collisions in plasma are available both in the
cathode sheath as well as in the negative glow [11-17].
It is clear from Fig. 3 that the discharge emission is
dominated by oxygen atoms (lines with the wavelength
values of 777 and 844 nm usually dominate), along with
the CO molecules (Angstrom system, transition B X —
A 1 from the second to the first state of the electronic
excitation, with Fig. 3 showing the most intensive lines)
and 0, (Schumann-Runge system,
B 3% — X 32437 nm). One also observes the CO, line
(337 nm) and two lines of positive CO,"ions (288 and
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289 nm) closely located. The wavelength values of
molecular lines are presented in paper [18]. Domination
of atomic oxygen and CO molecule lines indicates the
intense conversion of CO, molecules in the plasma
volume. However, the registered intensities of emission
lines demonstrate the summary radiation from different
discharge regions which exhibit different conversion
degrees. Therefore in order to calculate the conversion
coefficient we will further pay the main attention to the
results obtained with the mass-spectrometer connected
to the output tube, because they show the efficiency of
the discharge as a whole for performing the conversion
process.
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Fig. 4. Peak intensities of the mass-spectra
corresponding to 28 (CO), 32 (O,), and 44 (CO,)
masses against applied voltage for CO, pressure of
0.1 Torr and the gas flow of 2 sccm ‘Top cathode’ and

Top anode’ cases

Fig. 4 presents the peak intensities on the mass-
spectra corresponding to CO, O,, and CO, against the
voltage applied across the electrodes. The figure shows
that the dependences for the ‘Top cathode’ and ‘Top
anode’ cases happened to be close to each other. With
the voltage growing the CO, peak intensity experiences
a fast (approximately 5 times) decrease and then
saturates with a weak tendency of growth. CO and O,
concentrations grow with voltage uniformly and then
experience saturation. It is not expedient to consider the
behavior of the peak corresponding to the atomic
oxygen (mass number 16) as it describes only the
occurrence of the O atoms in the ionization chamber of
the mass-spectrometer, and O atoms formed in the
discharge volume have time to recombine into O, and
CO, molecules on the walls of the vacuum system and
of a capillary furnishing the gas to be analyzed into the
mass-spectrometer.

We have employed the data presented in Fig.4 and
obtained the dependences of the conversion coefficient
¥ and the conversion energy efficiency m against the
applied voltage (Fig. 5) and against SEI (Fig. 6). These
figures make clear that the maximum conversion energy
n is observed at the smallest voltage values of the
discharge burning and it amounts to 1...2 %. Conversion
coefficient y uniformly grows and then approaches
saturation approaching 65...70 %. Increasing the applied
voltage leads to the fast n lowering due to the increase
of the conversion product concentration in the discharge
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volume in which the energy is deposited but this energy
contribution is useless. The results for the ‘Top cathode’
and ‘Top anode’ cases happened to be close to each
other.
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Fig. 5. Conversion coefficient y and conversion energy

efficiency 7 against applied voltage for CO, pressure of

0.1 Torr, gas flow of 2 sccm for ‘Top cathode’ and ‘Top

anode’ cases
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Fig. 6. Conversion coefficient y and conversion energy
efficiency 7 against SEI for CO, of 0.1 Torr, the gas
flow of 2 sccm and ‘Top cathode’ and ‘Top anode’
cases

Similar results have also been obtained on the
dependences of y and n against SEI (see Fig. 6). This
figure demonstrates that energy expenses for converting
one CO, molecule are sufficiently high. The matter is
that the electrons having gained their energy from the
electric field spend it further not only for a direct
dissociation of CO, molecules and for oscillatory
excitation of these molecules but also for the electronic
excitation and ionization. At the same time, the positive
ions accelerated in the cathode sheath may heat the
cathode to high temperatures spending a considerable
energy for that.

The conversion energy efficiency n against the
conversion coefficient y for the considered CO,
pressure value of 0.1 Torr is shown in Fig. 7. The n(y)
curve possess a characteristic patter, the qualitatively
similar curves may be constructed for all types of
plasma conversion [1, 2, 5, 6]. For the cases of ‘Top
cathode’ and ‘Top anode’ the results are similar
qualitatively but the case of “Top anode’ demonstrates
superiority in energy efficiency (up to doubling) and in
the conversion coefficient.
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Now consider the results obtained for different CO,
pressure values. Consider now only one ‘Top cathode’
case, because the results for both cases are close to each
other.
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Fig. 7. Conversion energy efficiency 7 against
conversion coefficient y for CO, pressure of 0.1 Torr,
gas flow of 2 sccm and ‘Top cathode’ and ‘Top anode’
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Fig. 8. Conversion coefficient y and conversion energy
efficiency n against discharge current for different CO,
pressure values. ‘Top cathode’ case

In Fig. 8 we demonstrate the dependences of the
conversion coefficient y and conversion energy
efficiency m against the discharge current for the CO,
pressure values of 0.05, 0.1, and 5 Torr. If we construct
the dependences against voltage as it was done in Fig. 5,
then in the scale of this figure the curves for 5 Torr
would be two short segments. This is due to the fact that
at a sufficiently high gas pressure a normal mode of
discharge burning is observed [12, 14, 19-25], when the
discharge on the cathode (and on the anode) occupies
only a portion of the surface (photo in Fig.9), the
current may vary in the wide range whereas the applied
voltage remains almost unchanged. Therefore it is more
expedient to show the dependence of the conversion
coefficient  and the conversion energy efficiency n on
the discharge current and not on voltage. Note that the
discharge in the normal mode of burning is not suitable
for the efficient conversion because a portion of the gas
may enter the chamber and leave it not passing through
the plasma region.

Fig. 8 clearly shows that at the pressure of 5 Torr
and low current values (below 100 mA) the conversion
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coefficient y is substantially lower than at low pressure
values (0.1 and 0.05 Torr), but with the current increase
the y values for different CO, values become
comparable in value. The conversion energy efficiency
7 at the pressure value of 5 Torr and the current values
above 50 mA some times larger than for low pressure
values but it does not exceed 0.3 %. However at the
pressure of 5 Torr the discharge cannot burn if the
current is below 20 mA and it is extinguished. At the
same time, at low pressure the discharge can be
supported with the current values of 1 mA and lower,
and the conversion energy efficiency mn becomes
approximately 1 % and higher.

——

Fig. 9. Discharge photos at the pressure of 5 Torr for
‘“Top cathode’ (above) and ‘Top anode’ (below) cases
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Fig. 10. Conversion coefficient y and conversion energy
efficiency n against SEI for different CO, pressure
values. ‘Top cathode’ case

The dependences of the conversion coefficient x and
the conversion energy efficiency n against SEI for
different CO, pressure values are shown in Fig. 10,
from which it follows that in the total pressure range we
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have studied one requires considerable expenses for the
CO, conversion, the SEI may approach
2000 eV/molecule. This is due to the fact that our
studies encompassed the wide range of the input power
including knowingly excessive power for converting the
employed flow of carbon dioxide. However, even in the
best case one spends for the conversion itself not more
than 1...2 % of the power contributed into the discharge.
Therefore it is expedient to perform further studies with
other types of the gas discharge (RF, pulsed) and in
discharge chambers of other designs.
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Fig. 11. Conversion energy efficiency 7 against
conversion coefficient y for different CO, pressure
values

At last let us consider Fig. 11, in which we compare
the dependences of the conversion energy efficiency n
on the conversion coefficient y for different CO,
pressure values. The best results have been obtained at
the pressure of 0.1 Torr for the ‘Top anode’ case: the
maximum conversion coefficient amounts
approximately to 70 %, but the conversion energy
efficiency may exceed 2 %. Under these conditions the
plasma filled the whole discharge chamber, and near the
anode (in the negative glow) there was a large number
of fast electrons capable to produce a direct dissociation
colliding with CO, molecules as well as slow electrons
with the energy 1..2eV, causing the excitation of
molecular oscillatory levels. It is known that mutual
collisions of such excited molecules may lead to even
larger dissociation than the direct dissociation via
electron impact [1, 2]. In the cathode sheath the electron
concentration is small excluding its portion located near
the negative glow. CO, molecules penetrated into the
chamber for a short time and moving in the cathode
sheath may have no time to experience dissociation
before their escape to the evacuating system. At large
pressure (5 Torr) the cathode sheath is narrow and a
bright anode glow is pressed to the anode. That is, the
there must be many charged particles near both
electrodes. But the conversion efficiency then becomes
lower because the effect of the normal current density
resulting in the plasma occupying only a portion of the
discharge chamber volume. Therefore the conversion
coefficient y and the conversion energy efficiency n
become lower at large gas pressure.
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CONCLUSIONS

We have performed the research into conversion of
CO, molecules in the dc discharge in a chamber with
distributed same-side gas supply and pumping. We have
measured the mass-spectra of the gas mixture leaving
the chamber as well as optical emission spectra in the
200...1000 nm range. We have determined from mass-
spectra such important parameters as the conversion
coefficient y and the conversion energy efficiency n in
the broad range of gas pressure, applied voltage and
discharge current values. We dealt separately with the
cases when feeding and pumping were performed
through a cathode or an anode. We have demonstrated
that the conversion coefficient ¥ may attain 70 % (at
low gas pressure values) with the conversion energy
efficiency 1 not exceeding 1...3 %.
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HNCCIEJOBAHUE IMTPOUECCA KOHBEPCHUMU CO, B TJIEIOLHIEM PA3PSIE
B.A. Jlucosckuii, C.B. /[youn, ILI1. IInamonoe, B./l. Ezopenkos

C 1OMOIIIBI0 U3MEPEHHBIX Macc-CIIEKTPOB I'a30BOM CMECH, BBIXOJSIIECH M3 KaMephbl, a TakKe BOJBT-aMIIEPHBIX
XapaKTePUCTUK paspsfa OMpeleleHbl YJenbHbIi sHepretudeckuit Bkian (SEI), abcomoTHbIM Kod(hdULIEEHT
KOHBEpCHUH ¥ M dHepreTuieckas 3h(HeKTHBHOCTh KOHBepcHHU M B ananaszone aasienuit CO; 0,05...5 Topp. Iponecc
IUTa3MeHHOU KoHBepcuu MoJieKyn CO; MpoBOAWIICS B TIICIONIEM pa3psjie B KaMepe C paclpeIeIeHHBIMUA HAITyCKOM
U OTKAa4YKOW Ta3a ¢ OJHOH CcTOpOHBI. B pe3ynbraTe MOoCTHUTrHYTa BenuunHa kKod(¢uimenta kousepcuu y ~ 70 %,
OJIHAKO SHepreTnyeckas 3(pQPEeKTUBHOCTh KOHBepcHHM T He mnpeBblmana 1..3 % un3-3a 3HAUUTENBHBIX HOTEPh
MOIHOCTH Ha YCKOPEHHE TIOJIOKHUTEIFHBIX HOHOB, HArpeB JJIEKTPOAOB M Ta3a, a TaKXKe IPH HEYIPYTHx
CTOJIKHOBEHUSX 3JIEKTPOHOB C MOJICKYJIAMHU T'a3a, KOTOpbIe He MpuBOAAT K KoHBepcuu CO,.

JOCJIIKEHHS TPOILIECY KOHBEPCII CO, Y TJIIIOYOMY PO3PSIII
B.0O. Jlicoecvkuit, C.B. [yoin, I1.11. ITnamonos, B./]. €2openxos

3a JI0NOMOT0I0 BUMIPSIHAX Mac-CHEKTPIiB Ta30BOI CyMillli, 110 BUXOAWUTH 3 KaMepH, a TAaKOX BOJbT-aMIIEPHUX
XapaKTePUCTHK PO3PsAy BU3HAUCHI MUTOMUN eHepreTnaHuid BHecoK (SEI), abcomoTHuil KoedimieHT KOHBepcii ¥ Ta
eHepreTuuHa e(eKTHBHICT KoHBepcii 1 B ngiamasoni tucky CO, 0,05..5 Topp. Ilpoumec mia3moBoi koHBepcii
MoJekys CO, IPOBOAMBCS y TIIIOUOMY PO3psilii B Kamepi 3 PO3IOAUICHIMHU HAITyCKAaHHSAM Ta BiKadyyBaHHSM Tra3y 3
omHOro OOKYy. Y pe3yibraTi JOCsATHYTa BeluMuuHa KoedimieHta kouBepcii y ~ 70 %, mnpore eHepreTnuHa
eeKkTUBHICT, KOHBepcii 1 He mnepeBuimyBaia 1.3 % dyepe3 3HAuHI BTpaTH MOTYXKHOCTI HA MPUCKOPEHHS
MIO3UTHBHUX 10HIB, HATPIBaHHS €JIEKTPOJIB 1 ra3y, a TAKOXK MPH HETIPY)KHHUX 3ITKHEHHSX €JEKTPOHIB 3 MOJIEKYJIaMH
rasy, siki He Ipu3BoAATh 10 KoHBepcii COy.
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