https://doi.org/10.46813/2025-155-117
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In this paper, the process of plasma conversion of carbon dioxide in a discharge chamber with gas inlet and
outlet distributed over the electrode surface is investigated. The experiments were carried out in a radio frequency
capacitive discharge (13.56 MHz) in the carbon dioxide pressure range of 0.015...5 Torr. Mass spectrometry and
optical emission spectroscopy were used to analyze the process of plasma conversion of CO,. With the proper
correction of readings, both methods give close results. It is shown that the conversion coefficient can reach 70%
and decreases with increasing gas pressure. The energy efficiency of conversion is 1...2% at low RF discharge
voltages, but with a further increase in RF voltage, it decreases. The reason for this is the elevated losses of the
power dissipated in the discharge due to the acceleration of positive ions in the near-electrode sheaths, heating the
gas and electrodes, as well as power losses for excitation and ionization of the conversion products (CO and O),

which worsens the energy efficiency of conversion.
PACS: 52.80.Hc

INTRODUCTION

Due to the intensive combustion of fossil fuels, an
increased concentration of carbon dioxide CO,
accumulates in the Earth's atmosphere [1]. In turn, this
leads to an increase in the greenhouse effect and climate
change. Therefore, the current tasks are to reduce CO,
emissions into the atmosphere and search for various
methods of its utilization [2]. Plasma-based CO,
conversion methods are among the most effective,
which has generated great interest among researchers in
this topic (see, for example, [3-5]). Dielectric barrier
discharges [6], gliding arc [7], microwave discharge [8,
9], DC glow [10,11], radio frequency (RF) capacitively
coupled plasmas (CCP) [12], corona [13], nanosecond
pulse [14], RF inductively coupled plasmas (ICP) and
other types of discharges [15-18] are widely used for
plasma CO, conversion.

It should be noted that such parameters as the
conversion coefficient (the ratio of the number of
converted molecules to the initial number of CO,
molecules entering the plasma volume) and the energy
efficiency of conversion (the portion of the discharge
power spent on the process of converting CO,
molecules) differ significantly in discharge plasmas of
different types. Thus, in nanosecond pulse plasmas,
corona and pulsed corona [19], the energy efficiency of
conversion does not exceed 10%, while the values of the
conversion coefficient are also low (less than 30%). In
gliding arcs, the energy efficiency of conversion can be
50% or higher, but the conversion coefficient reaches
approximately 10%. In radiofrequency CCP and ICP,
glow, microwave dielectric barrier discharges high
values of conversion coefficient (more than 50%) can be
achieved, but the energy efficiency of conversion is low
(1...10% and lower).

It is obvious that for an economically efficient CO,
conversion, high values of both energy efficiency and
conversion coefficient are simultaneously required.
Therefore, additional studies in various types of gas

discharges are essential to determine the optimal
conditions for plasma conversion of CO,.

The present work is devoted to the experimental
study of the process of plasma conversion of carbon
dioxide in low-pressure RF CCP in the discharge
chamber with gas injection and extraction distributed
over the electrode surface. The conversion and the
energy efficiency were measured in a wide range of
input power using a mass spectrometer and optical
emission spectroscopy.

1. CHARACTERIZATION OF THE
CONVERSION PROCESS OF CO;,

Three parameters are used to describe the conversion
process allowing comparison of the efficiency of
different gas discharges, experimental conditions, etc.
The first is the specific energy input (SEI), which is the
ratio of the power dissipated in the gas discharge to the
gas flow rate:

P(kw)
dm -
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* 6.022~1023(moleculemol‘l)

where P is the power (in the case of RF CCP, this is the
active power), dm/dt is the gas flow rate.

The second parameter is the conversion coefficient
showing the part of the CO, molecules converted after
the gas passed through the gas discharge plasma:

Nin — Nout .

N.
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SEI (eV / molecule) = -60(s-min~")x

l:

Here Nj, and Ng are the CO, input and output flows,
respectively. Since the following reaction occurs during
the conversion process
CO,+e —» CO+ (1/2)0, + ¢,

in which one CO, molecule produces just one CO
molecule, then in the formula for y, the numerator may
be the CO flow at the chamber outlet instead of the
difference between input and output CO, flows.
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And the third important parameter is the energy
efficiency of the conversion process n. A minimum
energy of AH=2.93eV is needed for the above conversion
reaction, which is called the standard enthalpy of the
process.

Energy efficiency n allows us to say how many
times the energy costs in a specific discharge for CO,
conversion will be greater than the standard process
enthalpy (1):

_ ., AH 1

T=4" sE) @)

Ideally, y=1 and =1 could be expected, but in real

plasma, energy is spent on other processes necessary to

maintain the discharge or occurring simultaneously with
its burning, rather than only on the conversion reaction.

2. EXPERIMENTAL SETUP AND METHODS
2.1. SETUP DESCRIPTION

We studied the carbon dioxide conversion process in
an experimental discharge chamber with RF CCP
(Fig. 1). Voltage from an RF generator with a frequency
of 13.56 MHz was applied to the lower solid electrode.
The upper shower-like electrode had 256 holes for the
gas inlet and outlet, which were uniformly distributed
over its surface. The upper electrode was kept at the
Earth potential to suppress the ignition of parasitic
hollow cathode discharges in the holes. This has
allowed us to conduct studies in a wide range of RF
voltage amplitudes.

Mass-spectrometer

CO, ’_” Pumping

———

-.L_“ | ——

Plasma ’

Shower

clectrode

= Rogowsky coil

Matching box

Fig. 1. Schematic of the experimental setup and the
photo of the shower-like (top) electrode

A section of quartz tube was vacuum-sealed between
the electrodes, with the electrodes completely covering
its cross section. The inner diameter of the tube was
93 mm, and the distance between the stainless-steel
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electrodes was 60 mm. The experiments were conducted
with RF power input into the discharge of up to 100 W.
The discharge chamber was evacuated by roughing
and turbomolecular pumps. The process of carbon
dioxide conversion was studied in the pressure range
from 0.015 to 5 Torr. A Baratron 627 capacitive type
sensor (MKS Instruments) with a maximum measurable
value of 10 Torr was used to measure the gas pressure.
The carbon dioxide flow to the discharge chamber was
maintained at a fixed rate of 2 sccm in all experiments.

2.2. MASS SPECTROMETRIC STUDY
OF CARBON DIOXIDE CONVERSION

To determine the conversion coefficient of CO,, a
ROMS-4 quadrupole mass spectrometer pumped by an
ion pump was used. A sample of the gas mixture that
left the discharge chamber for the pumping system was
fed into it. Particular attention was paid to the intensity
of the mass peaks 28 (CO), 32 (O,), and 44 (CO,), the
dependences of which on the amplitude of the RF
voltage are shown in Fig. 2.
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Fig. 2. Peak intensities of the mass-spectra
corresponding to 28 (CO), 32 (O,), and 44 (CO,)
masses against the applied RF voltage for CO, pressure
of 0.5 Torr and CO, flow rate of 2 sccm

Since the sensitivity of the mass spectrometer sensor
depends on the type of gas, calibration experiments
were carried out before the CO, conversion study.
Based on the results of these experiments and using the
cross-sections [20], it was found that for CO, the sensor
readings should be divided by 1.45, while to determine
the partial pressure of oxygen in the chamber relative to
CO,, the line of mass 32 should be multiplied by 1.3.

It was shown that the most accurate method for
determining the conversion coefficient is to consider
only the M44 line with subtraction of its intensity
without discharge. However, since the pumping speed
of the ion pump can be unstable over time and, in
addition, changes for a given gas with a change in the
pump load with other gases, to compensate for this
instability, it is proposed to determine the conversion
coefficient not by the absolute value of line M44, but by
the ratio M32/M44. In this case, it is possible to use the
fact that the pumping speed for all gases changes
synchronously and move on to relative calculations.
Finally, we used the following formula (2):
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k32 M., (2)
(k32M32 + M44)
where ks, = 2x1.3.

Z:

2.3. OPTICAL STUDY OF CO, CONVERSION

To study the optical emission of the discharge, the
Horiba iHR-320 spectrometer was used, which has a
diffraction grating of 1800 lines/mm and allows
measuring the spectrum in the range of 200...1000 nm
with an accuracy of no worse than 1 A. The optical fiber
receiving the plasma emission was installed at a
distance of 5 mm from the upper electrode and did not
move during the experiments. Thus, the fiber collected
the discharge radiation near the boundary of the near-
electrode sheath. An example of such a measured
radiation spectrum is shown in Fig. 3 for two different
voltages, which, as is known, correspond to a low-
current o-mode (225 V) and high-current y-mode
(800 V) of the capacitive discharge [21-24]. It shows
emission lines of CO," (288 and 289 nm), CO,
(337 nm), O, (437 nm), a large number of CO bands
(460, 483, 519, 561 nm), as well as atomic oxygen lines
O (777, 844, 926 nm).
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Fig. 3. Emission spectrum of CCP at CO, pressure of
1.5 Torr and RF voltages of 225 and 800 V

The optical measurement data processing technique
was as follows. The intensities of 337 nm (CO,),
777 nm (O), and 519 nm (CO) emission lines were
determined at different values of RF power. These
intensities were normalized to the integral luminosity of
the discharge over the entire spectrum. The result of
such processing is shown in Fig. 4. It shows the
dependences of the emission line intensities on the RF
voltage amplitude, the integral intensity, and the
intensities of the CO, (337 nm), CO (519 nm), and
O (777 nm) lines normalized to it. The figure shows that
with increasing RF voltage, the emission line intensities
increase due to an increase in the discharge current and
electron concentration. It is difficult to draw a
conclusion about the conversion process from such a
dependence. However, the use of line intensities
normalized to the integral intensity shows a decrease in
the concentration of carbon dioxide molecules and an
increase in the concentrations of their dissociation
products, CO and O. The conversion coefficient was
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determined by the normalized CO, line attenuation due
to the conversion in plasma (3)

|
7= 337I0 337 (3)

337
Fig. 5 compares the carbon dioxide conversion
coefficients derived from the mass spectra and optical
emission spectra. Except for single outliers, good
agreement is observed between the two methods.
Therefore, below we will mainly focus on the mass
spectrometry  results. We will determine the
concentrations of CO, molecules without plasma and
with a burning discharge. Since the gas flow rate and
the value of the RF active power input into the
discharge are known parameters, they can be used to
determine the values of y and 7 depending on the SEI.

This technique is described in more detail in [15, 16].
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Fig. 4. Line intensities of the optical spectra
corresponding to 519 nm (CO), 777 nm (O),
and 337 nm (CO,) against applied voltage for CO,
pressure of 0.5 Torr and the gas flow rate of 2 sccm
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Fig. 5. Comparison of conversion coefficients y
determined from mass spectrometry and optical

emission spectroscopy for carbon dioxide pressure of

0.5 Torr
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3. EXPERIMENTAL RESULTS

Above we mentioned that the RF capacitive
discharge can exist in a low-current a-mode and a high-
current y-mode [21-24] (Fig. 6). These modes differ by
the location of predominant heating of electrons and the
processes that facilitate this.

c

Fig. 6. Photos of CCP discharge in CO, at the pressures
of 0.05 Torr (photo (a) is for 200 V, a-mode
and (b) is for 750 V, »-mode) and 5 Torr (photo (c)
is for 600 V, »~mode)

In the a-mode, electrons, which in the anodic phase
filled the sheath near the temporary anode, after the
change in the sign of the electrode potential are expelled
from the sheath during its cathodic phase, and in this
case, they acquire energy. Additionally, electrons can be
heated in the plasma volume by the RF electric field,
but in many cases this mechanism of electron heating is
auxiliary. Positive ions exit the plasma, accelerate in the
time-averaged electric field in the sheaths, and bombard
the surface of the electrodes. Electrons released from
the electrodes due to ion-induced electron emission are
accelerated from the electrode surface toward the sheath
boundary. In the a-mode, these electrons pass through
the near-electrode sheath without gaining enough
energy for ionization.

However, with an increase in the potential difference
between the electrodes, the energy of the electrons
increases, electron avalanches can develop in the
sheaths, and the sheaths themselves will be broken
down. The RF discharge goes into y-mode, in which
predominant ionization occurs in the vicinity of the
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boundaries of the near-electrode sheaths. In gases whose
molecular fragments (radicals) have an ionization
potential lower than the initial molecules, a dissociative
d-mode can also appear [23-25], however, it is not
observed in CO.,.

Typical photographs of discharge glow in carbon
dioxide are shown in Fig. 6. In the first photograph (for
0.05 Torr, see Fig. 6,a) we see a low-current a-mode
with dark near-electrode sheaths and quasi-neutral
plasma between them. When switching to y-mode, a
bright glow is observed near the boundaries of the near-
electrode sheaths (see Fig. 6,b), and the region located
between them is an analog of Faraday's dark space of
DC glow discharge. Fig. 6,c shows the y-mode for a
pressure of 5 Torr, in which we additionally see a
positive column with double striations.
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Fig. 7. Conversion coefficient y and conversion energy
efficiency 7 against applied voltage for different CO,
pressures and gas flow rate of 2 sccm

Now let us consider the results for CO, conversion.
Fig. 7 shows the measured dependences of the
conversion coefficient y and the energy efficiency 7 on
the RF voltage amplitude for different carbon dioxide
pressures. The figure shows the characteristic behavior
of the conversion coefficient y, which first increases
with increasing RF voltage, then saturates at high
voltages (approximately 70% at a carbon dioxide
pressure of 0.015 Torr and 40% at 1.5 Torr). At the
same time, the energy efficiency of conversion 7
reaches 1...2% at low RF voltages but then decreases
monotonically. The rather large spread in Fig. 7 in the
dependences of y and 7 on the RF voltage amplitude for
different CO, pressures is noteworthy. However, when
plotting these parameters versus the specific energy
input (SEI), the discrepancy between the curves is
significantly reduced (Fig. 8). Additionally, we present
Fig. 9, which shows the dependence of the energy
efficiency on the conversion coefficient 7(y).
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If we take into account that SEI is proportional to
power, and the energy efficiency is inversely
proportional to SEI, then we can conclude that it is
advisable to reduce the power input into the discharge
and especially its losses in processes that do not lead to
the dissociation of CO, molecules (by electron impact
or during energy exchange between vibrationally
excited molecules).
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Fig. 8. Conversion coefficient y and energy efficiency 7

versus SEI for different CO, pressures for the gas flow
rate of 2 sccm
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It should be noted that in the RF capacitive
discharge with the gas inlet and outlet distributed over
the electrode area (and, accordingly, large electrodes) it
is possible to obtain high conversion coefficient values
but the energy efficiency is too low for commercial
application. Let us briefly analyze the possible reasons
for this.

We have indicated above that positive ions move
from the plasma volume to the electrodes, accelerating
in the near-electrode sheaths. The typical amplitude of
the applied RF voltage in our experiments was in the
range of hundreds of Volts. The time-averaged voltage
drop on the near-electrode sheath (which accelerates
positive ions toward the electrode) is of the same order.
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This leads to large losses of RF power for ion
acceleration. lons, moving through the sheaths, transfer
part of the acquired energy to the gas molecules, and
then additionally collide with the electrode surface. As a
result, both the gas and the electrodes heat up (the
electrode temperature could exceed 100 °C). One can
see in Fig. 7 that the highest energy efficiency appears
just at the lowest RF voltage values. With the voltage
increase, the elevated power losses for ion acceleration
inevitably lead to a significant decrease in energy
efficiency.

In addition, in paper [26] for the given electrode
geometry, numerical modeling showed that the CO,
molecules entering the chamber spend too long in the
plasma volume, due to which the electrons not only
have time to decompose them into CO and O fragments,
but also lose additional energy on excitation, ionization,
and heating of these conversion reaction products. All
these losses of RF power lead to a significant decrease
in the energy efficiency of conversion.

CONCLUSIONS

This work is devoted to the study of the process of
plasma conversion of carbon dioxide in a radio
frequency capacitive discharge. A discharge chamber
with the gas inlet and outlet distributed over the
electrode surface was used. The process of plasma
conversion of CO, was studied by mass spectrometry
and optical emission spectroscopy methods, which, with
the necessary correction, give close results. In the
experiments, high values of the conversion coefficient
(up to 70%) were obtained, but the energy efficiency of
conversion did not exceed 1...2%. It was shown that the
energy efficiency of conversion is worsened by the
power loss for the acceleration of positive ions in the
near-electrode sheaths, as well as by RF power losses on
the excitation and ionization of the conversion products
(CO and O).
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IJIABMOBA KOHBEPCIS CO, Y B4 EMHICHOMY PO3PSIAI I3 PO3ITOAIVIEHUMHA HAITY CKOM
TA BIIKAYKOIO I'A3Y

B. Jlicosecvkuit, C. /yoin, I1. Ilnamonos, B. Ezopenkos

JocnipkeHo Tpolec IUIa3MOBOi KOHBEpCii BYTJIIEKHCIIOIO Ta3y B PO3pSOHIA Kamepi 3 pO3NOIUICHUMH II0
TIOBEPXHI €JEKTPOJIiB HAIyCKOM 1 BilkauyBaHHSIM. EKcCrIepHMEHTH NpOBENEHI Yy BHCOKOYACTOTHOMY €MHICHOMY
po3psni (13,56 MI'm) y miamaszoni tucky Byriekucioro raszy 0,015...5 Topp. Jdns anamizy mporecy Imia3MoBoOl
konBepcii CO, BHKOPHCTOBYBAJIMCS METOAM MAac-CIEKTPOMETpii Ta ONTHYHOI eMiciifHoi crekTpockomii. 3a
BHKOHAaHHS KOpPEKIii MmoKa3aHb OOMIBa METOIM NAIOTh ONU3BKI pe3ynbTaTu. [lokazaHo, mo KoedilieHT KOHBepCil
Moxe npocsrati 70% 1 3HIDKYETBCS y pasi MiJBHINEHHS THCKY rasy. EHepreTnyHa e(eKTHBHICTH KOHBepCil
cTaHoBUTH |...2% mpm Hu3pKHX 3Ha4YeHHAX BU-Hanpyru, ane mpu momansmioMy migsumeHHi BU-manpyrm BoHa
3HWXKYEThCA. [IpHUMHOI0 IIBOTO € MiABHUIIEHI BTPATH AWCHUIIOBAHOI B PO3PSIi MOTYXHOCTI Ha NPHUCKOPEHHA Yy
MIPHUENEKTPOJHNX IIapax MO3WTHBHHUX 10HIB, HarpiBaHHS Ta3y 1 €NEeKTPOIB, a TaKoX Ha 30yIKEHHS Ta 10HI3aIiio
npoxayktiB koHBepcii CO i1 O, mo moripirye eHepreTHuHy e(eKTUBHICTH KOHBEPCii.
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