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Abstract

Scientific interest to the plasma-assisted greenhouse gas conversion continuously in-
creases nowadays, as a part of the global Green Energy activities. Among the plasma
sources suitable for conversion of CO, and other greenhouse gases, the non-equilibrium
(low-temperature) discharges where the electron temperature is considerably higher
than the gas temperature, represent special interest. The flowing gas discharges
sustained by microwave radiation are proven to be especially suitable for molecular
gas conversion due to high degree of non-equilibrium they possess. In this Chapter the
optimization of CO, conversion efficiency in microwave discharges working in pulsed
regime is considered. The pulsed energy delivery represents new approach for maximi-
zation of CO, conversion solely based on the discharge “fine-tuning”, i. e. without the
additional power expenses. In our work several discharge parameters along the gas flow
direction in the discharge have been studied using various diagnostic techniques, such
as optical actinometry, laser-induced fluorescence, and gas chromatography. The results
show that CO, conversion efficiency can be essentially increased solely based on the
plasma pulse frequency tuning. The obtained results are explained by the relation
between the plasma pulse parameters and the characteristic time of the relevant energy
transfer processes in the discharge.

Keywords: green energy, greenhouse gas decomposition, plasma-assisted CO, conver-
sion, power modulation, optical spectroscopy, laser spectroscopy, optical diagnostics
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1. Introduction

The basic green energy activities include reduction of the greenhouse gas emission, in particu-
lar the emission of CO,, development and implementation of the green energy sources, as well
as the local conversion, reforming and utilization of the greenhouse gases (see Figure 1). The
last activities are represented by the well-known carbon capture and storage (CCS) and carbon
capture and utilization (CCU) techniques being under intensive development during the last
decades [1, 2]. Among the approaches suitable for local conversion of the greenhouse gases,
and in particular CO,, the plasma-assisted conversion based on decomposition of the mole-
cules of interest in the low-temperature discharges is of a special interest. The efficiency of such
a conversion depends on various factors, such as the proper choice of plasma source, as well as
its careful optimization. The plasma source optimization in this case implies tuning the funda-
mental physical parameters, such as the electron density and temperature, the vibrational
excitation of the molecules of interest, the discharge pressure, the residence time of the mole-
cules in the active zone, etc. For successful optimization detailed plasma source characteriza-
tion is required, preferably using nonintrusive in-situ plasma diagnostics methods [3] often
combined with plasma modeling [4].

Since the end of 1970s the utilization of low-temperature discharges is considered as a rather
promising approach for molecular gas decomposition [5, 6], which can be applied for conversion
of CO, as well as the other greenhouse gases. It is well-known that the low-temperature plasma
discharges represent unique media where selectivity toward the various plasma chemical pro-
cesses can be realized [6, 7]. This is a result of the high level of nonequilibrium between the main
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Figure 1. The role of plasma-assisted CO, conversion among the other green energy activities.
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degrees of excitation in the discharge, such as electronic, translational, rotational, and vibrational
ones. At the same time, as also shown previously, the vibrational excitation is particularly crucial
for molecular dissociation in many cases [7, 8]. A high degree of nonequilibrium is especially
pronounced in the microwave (MW) discharges where 90-95% of the applied electro-magnetic
field energy is absorbed by plasma electrons further transmitting their energy to the vibrationally
excited molecular states, while the gas temperature remains relatively low, typically about a
thousand degree K or lower [6, 9].

A decisive role of the asymmetric vibrational mode of CO, (see below) for its efficient plasma-
based decomposition has also been deduced based on the past research. The mentioned efficiency
is defined, however, by several mechanisms working along with the mentioned vibrational
excitation, such as: (i) fast excitation of the CO, asymmetric mode by plasma electrons as a result
of the electron-vibrational (e-V) energy transfer, (ii) several orders of magnitude faster vibrational-
vibrational (V-V) energy transfer, providing fast vibrational excitation of CO, molecules up to the
dissociative level (=5.5 eV), and (iii) rather slow vibrational-translational (V-T) transfer. The fast
V-V process facilitates so-called vibrational “ladder climbing,” i.e., fast excitation of the highly
excited vibrational states of CO, result in its dissociation [6]. The low gas temperature in the
discharge, on the other hand, is important for keeping the V-T energy transfer at a relatively low
level, thus sustaining the vibrational excitation for a longer time. This time may vary from few ps
to tens of ms, depending on the discharge parameters, as discussed below in this Chapter. As a
result, the energy efficiency (defined below) up to 0.8 in the subsonic [10] and about 0.9 in a
supersonic [11] gas flows may be achieved in the microwave plasmas. The nonequilibrium
discharge conditions can also be effectively realized in the other discharges, for example in a
gliding arc plasma (GAP) as a result of the arc length extension resulting in gas cooling [12].

Nowadays, the scientific interest to the greenhouse gas decomposition in the low-temperature
discharges is growing. This is related to both low-pressure and high-pressure (atmospheric)
cases. Apart from the general green energy trends, the growing interest is particularly based on
the fast development of the scientific tools targeted to advanced nonintrusive discharge diagnos-
tics as well as the powerful data processing systems, which are crucial for discharge kinetic
modeling.

Talking in particular about the MW plasma sources we should note that along with their general
effectiveness for molecular gas decomposition, the power modulation effect is known to be an
additional alternative for enhancing the CO, conversion in these discharges [13]. To realize this
effect, an electromagnetic wave with a filling frequency in the GHz range (serving to sustain the
discharge) is periodically modulated by nearly squared pulses with a certain repetition rate,
typically in the kHz range. Such modulation might be very important when the vibrational
excitation is involved in a molecular decomposition process, as in the CO, case [6]. Since in the
pulsed MW discharges the characteristic time of V-T energy transfer may be comparable to the
typical plasma pulse repetition period (ps—ms range), a resonance-like effect between the power
delivery and the energy transfer processes may be achieved. Thus, the periodic power delivery in
these discharges represents an additional way for improving the efficiency of CO, conversion, at
the same time requiring understanding of the corresponding physical processes. An optimization
performed without increasing of the total power consumption might be extremely beneficial from
the practical point of view.
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In spite of the numerous works devoted to plasma-based greenhouse gas conversion in the
MW discharges [11, 14, 15], dielectric barrier discharges (DBDs) [16-21], GAPs [22-24], radio-
frequency (RF) discharges [25], as well as in different discharges using plasma cataly-
sis [14, 26-28], the effects of CO, conversion and power modulation are still far from being
understood fully. The number of the research works in this domain is also very limited,
mainly by the theoretical speculations of the usability of pulsed plasma regime in MW and
DBD cases [29], as well as by few experimental evidences of the pulsed discharge, benefits so
far only shown for DBD case [17-19]. At the same time, the domain of the power modulation
in MW low-temperature plasmas, representing one of the most promising nonequilibrium
media for selective plasma chemistry, remains mainly unexplored. This chapter addresses the
mentioned gap by demonstrating the importance of power modulation in the kHz range for
improving the CO, decomposition in microwave discharges.

2. The basics of plasma-assisted CO, conversion

2.1. The structure and dissociation of CO, molecule

The structure of CO, molecule is schematically shown in Figure 2. This triatomic molecule
possesses three vibrational modes, namely the symmetric stretch mode (with the main vibra-
tional energy gap equal to about 0.17 eV), the double-degenerated bending mode (0.083 eV),
and the asymmetric mode (0.291 eV). The different energy gaps for the listed modes define the
differences in the energy transfer rates between them and the translational particle motion (V-T
transfer), as discussed in Section 2.3. The vibrational excitation states for CO, are normally
denoted through three vibrational quantum numbers corresponding to symmetric (v), bend-
ing (v,), and asymmetric (v3) vibrational modes.

One of the possible pathways for CO, decomposition is the electron impact dissociation:
CO; + e — CO+ O + e (the energy required is =5.5 eV). (1)
However, as a result of recombination of atomic O with vibrationally excited CO, (denoted as

CO,""*") another CO molecule can be produced [6], and an effective energy per one produced
CO molecule becomes = 2.9 eV:

O 4 COV" — CO + O;(the energy required is =0.3 eV). (2)

As mentioned earlier, the actual CO, dissociation strongly relies of the e-V energy transfer
resulting in the excitation of the lowest vibrational states of CO, molecule, e.g.:

e+ CO, — CO,(0,0,1) +e, (3)

where the parenthesized numbers represent the vibrational quantum numbers mentioned
above. The excitation of higher vibrational states is occurring at the same time as a result of
the fast energy transfer between the different vibrational states within the same vibrational
mode (i.e., V-V transfer), e.g.:
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Figure 2. The structure of CO, molecule showing three vibrational modes. The first quantum oscillator gap energies for
each mode are parenthesized.

CO,(0,0,1) + CO(0,0,1) — CO(0,0,2) + CO,(0,0, 0). (4)

The vibrational transfer between the different modes (V-V’ or nonresonant transfer) is less
efficient, having the typical transfer rates several times lower, according to [30].

In addition to the above-mentioned reactions, the various two- or three-body collisional pro-
cesses leading to O atom recombination (some of them are exothermic) may also be important
for the total energy balance in the O-containing discharges. These processes may involve both
ground state (°P) as well as the first excited (‘D) state of atomic oxygen, as well as the other
states [31]. Among the typical examples are:

O('D) + 0, — OCP) + O, (5a)
OCP) + O('D) — OC’P) + OCP), (5b)
OCP) + OCP) + Oy — Oy 4+ 05(X, 0), etc. (5¢)

2.2. The parameters defining CO, conversion

The CO, conversion efficiency in the discharge (as a result of CO, dissociation following by O™
recombination) is usually determined as a ratio between the densities of the decomposed CO,
molecules to their initial density:

[COa4
— eCA, 6
* [CO2ini, )
where [COs],,. and [CO,|, ., refer to the decomposed and initial CO, molecular density,

respectively. Let us note that in the pure CO, case, x can be defined simply as [COJ/[CO,]
where [CO] is the density of CO molecules produced.

init. 7

7
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At the same time, the energy efficiency 1 is normally defined via the enthalpy of CO, dissoci-
ation (AHco, = 2.9 eV) and the energy spent for production of one CO molecule (Eco) [6]:

AHco,

=—2. 7

Feo (7)
In a general case, both  and 1 quantities are defined locally, as the supplied energy might be
different depending on the point of interest in the discharge. Combining last two expressions
and defining the specific energy input (SEI) as the energy delivered per a single CO, molecule
in a certain discharge volume (usually expressed in eV or eV/molec), the energy efficiency
yields:

_ AHco,

The specific energy can be usually determined via the power P applied to the discharge and
the flux of the gas F in the discharge tube:

SEI = ; , or using more convenient units, SEI(eV/molec) = 0.014 %, 9)

where P is in Watts and F is in slms (slm stands for standard liter per minute).

2.3. The main energy transfer channels in CO, plasma

In molecular plasma, the interaction between translational, rotational, and vibrational degrees
of freedom, involving also the plasma electrons, leads to formation of the numerous energy
exchange (relaxation) channels responsible for excitation or depletion of the corresponding
energy subsystems. Some of these channels are especially important for understanding of the
plasma-assisted CO, decomposition, due to the crucial role of the vibrational excitation in
this process. Among them are the translational-translational (T-T), rotational-translational
(R-T), as well as the e-V, V-V, and V-T channels mentioned above. The physical nature as well
as the corresponding characteristic times for these energy relaxation mechanisms are described
below.

2.3.1. T-T and R-T energy transfer

The T-T energy transfer is responsible for gas thermalization (i.e., establishing kinetic gas
temperature). The characteristic time of this process can be estimated via the mean free path
of the gas atoms and molecules and their mean velocity, being typically in the ps range for the
gas pressure of several Torr and gas temperature of several hundred degree K. The R-T
process, on the other hand, shows how fast the rotational degrees of freedom in molecular
gas will be in the equilibrium with the translational (kinetic) motion of the gas particles. In
order to estimate the characteristic time of this process, the model proposed by Parker [32] can
be used (see Ref. [6] for further details). According to this model, the characteristic time of the
R-T process can be determined based on the number of collisions necessary for equilibrium
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between the rotational and translational degrees of freedom in discharge. The estimation of this
time (for variety of gases) at about 20 Torr of the gas pressure leads to the values tr_r < 0.1 s,
so the R-T equilibrium can be considered nearly instantaneous in the time scale related to this
work, as compared below.

2.3.2. e-Venergy transfer

For the efficient plasma-based molecular decomposition in the most low-temperature dis-
charge cases, an efficient transfer of the electron energy to the vibrational degrees of freedom
of the corresponding molecules is critical. In the case of CO,, the characteristic time of this
process can be determined through the corresponding rate coefficient k,_y as

Ty ~ (keeynte) (10)

where 7, is the electron density in plasma. Assuming that the electron density in the micro-
wave discharge in the considered gas pressure range is about 10'*~10"* cm > [33], and taking
ke_y = 1078 cm /s [34] corresponding to excitation of the lowest CO, vibrational level, we
obtain 7,_y ~10-100 us. As we can see, under our conditions this process is much slower than
the R-T energy relaxation.

2.3.3. V-Venergy transfer

The rate of establishing vibrational equilibrium within each vibrational mode of a certain
molecule is defined by the V-V energy transfer and the corresponding characteristic time. In
the case of CO, molecule, the V-V rates are roughly comparable for all three vibrational modes
(see Figure 2) having the differences within the order of magnitude [30]. A rough estimation of
the V-V characteristic time for the asymmetric mode of CO, gives

Ty v = (kva.[coz])‘l ~ 3 ns, (at 20 Torr and 300K), (11)

where ky_y is the corresponding rate coefficient (ky_y ~ 5-x 107'° em™%/s for the first energy
levels of the asymmetric mode, according to Ref. [6]), and [CO,] is the ground state number
density of CO, molecules in the discharge estimated in our case using the actual values of the
gas pressure and temperature. As we can see that the V-V process is nearly instantaneous
being faster than both R-T and e-V processes.

2.3.4. V-T energy transfer

While the plasma electrons transfer their energy to the CO, vibrational modes, the vibrational
excitation might be suppressed by the translational motion of gas particles, as a result of V-T
energy transfer. This effect should be considered harmful for the efficient CO, decomposition,
taking into account the importance of vibrational excitation in this case. The characteristic time of
the V-T process, Ty_r, varies significantly spending on the gas pressure and gas temperature and
can be estimated based on several models available elsewhere [5, 6]. One of them is represented
by a semiempirical expression proposed by Millikan and White [35]:

9
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4

Tyt = % exp [1.16 110732 (hew)? (TO—% - 0.015,41/4) - 18.42}, (12)

where Ty _7 is the relaxation time (s), p is the gas pressure (atm), Ty is the gas temperature
(K), p is the reduced mass of the colliding molecules (a.m.u.), and hw is the vibrational gap for
the corresponding vibrational mode (also expressed in K). The expression (12) is very sensitive
to the gas temperature as well as to the vibration mode under consideration, giving extremely
long characteristic times for the CO, asymmetric mode (~10” s). This might be related to the
fact that this expression describes well only the first (lowest) vibrational states of the CO,
bending mode, for which (at 20 Torr and 1000 K) the estimates give ty_r = 15 ps, whereas at
300 K this value increases to about 150 us.

The role of the gas temperature in the V-T energy transfer is additionally illustrated in Figure 3,
where the 7y _r time is calculated in the 300-3000 K temperature range. The calculations clearly
show that Ty_r can vary by nearly two orders of magnitude in the mentioned temperature

T v T v T Y T ¥ 1 07 T T T T T
1 08 1 Torr 5 1 second
asymmetric ] 10 c ]
- . 1 i~ 10" bending
(__I?L 1 0 1 g \ 1
~ symmetric ~— 10 1
K 10* - 10° 0.1 Torr
- P
w 2 [ 107 1 Torr
10 bending 1
(@) 1 "
200 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Tgas (K) Tgas (K)

Figure 3. The characteristic time of V-T relaxation as a function of gas temperature calculated (based on Ref. [35]) for three
vibrational modes of CO, at 1 Torr (a), and for the bending vibrational mode at different gas pressure (b).

Process Characteristic time (at 20 Torr) Comment Source
T-T <0.1 ps Tgas =300 K [36]

R-T <0.1 us Tgas = 300 K [6, 32] **
e-V* ~10 ps T.=15¢eV, ne ~ 10" cm ™3 [34, 37] **
V-v <0.01 us Tgas = 300 K [6]

V-T (bending) 150 us Tgas = 300 K [6, 35] **
V-T (bending) 15 us Tgas = 1000 K [6, 35] **

* Done for the symmetric stretch and bending CO, vibration modes: (1,0,0) and (0,1,0).
** In case of multiple literature sources the results are averaged.

Table 1. The estimates for the characteristic time of the main energy transfer processes described in the Section 2.3.
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range. The calculations also point out on a primary role of the CO, bending mode in this process,
as the one corresponding to the fastest V-T transfer (see Figure 3(a)). Naturally, the Ty_r time is
inversely proportional to the gas pressure since the number of collisions per unit time defining
the V-T energy exchange rate is directly proportional to pressure (see Figure 3(b)).

The rough estimates for the characteristic times corresponding to the main energy exchange
processes described in this section are summarized in Table 1.

3. The experimental

3.1. The plasma sources used

The pulsed microwave discharges (surfaguide-type) have been used as the plasma sources in
this study. In these discharges, plasma is sustained by an electromagnetic wave with the filling
frequency in the microwave range (either 0.915 or 2.45 GHz in our case) coming out of two
orifices in the surfaguide [38], as schematically shown in Figure 4. In our case, the electromag-
netic radiation has been modulated by the nearly square pulses with the repetition frequency
ranging from 0.5 to 30 kHz. The duty ratio of the pulses was kept equal to 50%. The discharges
were sustained in the quartz tubes (14 mm in diameter and 31 cm long) in which the gas flow
has been regulated by digital mass flow controllers. Each quartz tube was additionally cooled
by a flow of Si oil (~2 1 per minute) having the temperature of about 5°C (in the 0.915-GHz
system) or 10°C (in the 2.45-GHz system). The total gas flow rate has been varied in the range
from about 0.08-2.7 slm. Both pure CO, and CO, + 5% N, gas mixtures have been utilized.
The time-averaged power applied to the discharge was always fixed at the level of either
0.4 kW (2.45-GHz system) or 1.0 kW (0.915-GHz system). The reflected electromagnetic radia-
tion has been minimized in each plasma source using three-stub automatic tuning systems.

oil inlet

inlet
/ gas in

discharge

modulated power

filling frequency

Figure 4. The illustration of the surfaguide microwave discharge system. The modulation of the initial electromagnetic
wave (filling frequency of either 2.45 GHz or 0.915 GHz) by the kHz pulses is shown schematically.

11
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The reflected power was always around 5% for 2.45-GHz system, and totally negligible (pre-
sumably <1%) in the case of 0.915-GHz system. Further experimental details related to the
mentioned microwave systems can be found elsewhere [15, 39]. The diagnostics of the micro-
wave discharge has been undertaken both in the discharge active zone (i.e., near the wave-
guide excitation point) and in the postdischarge (at about 40 cm below the plasma excitation
point), as described in the following section.

3.2. The diagnostic techniques used
3.2.1. Diagnostics in the discharge zone

Optical emission spectroscopy (OES), including emission actinometry and ro-vibrational analy-
sis, has been applied for characterization of the CO, conversion efficiency as well as the gas
temperature in the discharge zone. Gas temperature has been also monitored by a thermocouple
at the beginning of the postdischarge (i.e., about 17 cm below the excitation point). The rotational
band from the CO Angstrom system corresponding to the B'S" (v = 0) - A 'IT (v = 1) optical
transition has been used for the rotational temperature determination in the discharge. Gas
temperature has been assumed equal to rotational temperature of CO molecules, based on the
analysis undertaken elsewhere [15, 40].

In order to determine the CO, conversion efficiency in the discharge area, the optical actinom-
etry method based on the addition of a small amount of molecular nitrogen (5% in our case) to
the CO, gas has been applied. This method is based on the measurement of the emission lines
ratio between the unknown species in the discharge (CO) and the known admixture (N,). As a
result, assuming corona excitation in the discharge volume, the absolute density of species of
interest can be determined, as performed recently by Silva et al. [15]. The relative error of this
method is supposed to be <10%, based on our estimations.

An Andor Shamrock-750 monochromator having 0.75 m of focal length and equipped with an
Andor iStar-740 series intensified charge coupled device (ICCD) camera has been used for
spectral acquisition in this work. The spectral resolution during the measurements was equal
to about 0.05 nm (at 500 nm). The accumulative ICCD mode of the spectral acquisition has
been used for all the measurements.

3.2.2. Diagnostics in the postdischarge zone

In the case of 2.45-GHz plasma source, the products of CO, dissociation (such as CO ground
state molecules and O ground state atoms) have been detected in the postdischarge area
using a two-photon absorption laser-induced fluorescence (TALIF) technique [41]. This tech-
nique is based on the laser excitation of the molecular or atomic species in the discharge or
postdischarge by a simultaneous absorption of two laser photons, following by a spontane-
ous emission of light (fluorescence) corresponding to an optical transition between the upper
(excited) state and the intermediate state. The spectral schemes using laser excitation at 225.6 nm
(for O atom) or 230.07 nm (for CO molecule) following by the fluorescence at 844.7 nm (O)
or 483.5 nm (CO) have been applied in this work [42, 43]. The summary of the corresponding
spectral transitions used for O and CO detection by TALIF technique is given in Table 2.
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Spectral parameter Values

Specie of interest O [42] CO [43]
Lower state O(P,) coX'z™
Upper (laser-excited) state O(CP) COB'zh)
Energy gap 10.74 eV 10.78 eV
Laser excitation wavelength 225.6 nm 230.07 nm
Fluorescence wavelength 844.68 nm 483.50 nm
Bandpass filter used 840 nm 480 nm

Table 2. The spectral transitions for TALIF diagnostics of the ground state O and CO in the postdischarge of the 2.45
GHz MW source used in this work.

A Sirah dye laser working at 10 Hz of repetition rate and having 5 ns of the pulse duration pumped
by a Spectra Physics YAG:Nd laser has been utilized for TALIF diagnostics. A Coumarin 450 dye
solution (in ethanol) has been used in the dye laser. During the measurements, the laser pulses
were not synchronized with the plasma pulses, thus giving the time-averaged values of the
corresponding ground state densities in the postdischarge. The provided averaged values are
supposed to reflect an overall system performance regarding CO, conversion, being especially
interesting from the applications point of view.

Another type of diagnostics applied to the 0.915-GHz MW discharge was a gas chromatogra-
phy (GC) technique. The GC technique is based on the different gas elution time on the
analyzer walls, representing ex-situ time-averaged gas analysis, which has been used for
characterization of various gas mixtures, including the products of the CO, decomposition [11].
In spite of being an ex-situ technique, GC provides the results that can be compared with the
laser-based (in-situ) techniques for the stable dissociation products, which is valid for CO
ground state molecules. In our case, a Bruker 450-GC gas chromatograph equipped with a
sampling system has been used for the postdischarge characterization of the dissociation
products in the 0.915-GHz MW source. In the described GC system, a low-pressure gas sample
is diluted with carrier gas (argon) before its injection into the gas chromatograph for the
further ex-situ analysis.

4. Optimization of CO, conversion in microwave plasma

4.1. The emission spectroscopy analysis

CO, decomposition in a flowing gas discharge can often be noticed visually by changing the
color of the discharge before and after the excitation point (waveguide position) in the dis-
charge tube. This corresponds to the formation of CO molecules in the so-called discharge
“active zone” (being approximately 6 cm wide in our case, according to Ref. [15]), where the
decomposition process is mainly taking place. In the case of CO, the observed emission

13
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corresponds to the CO Angstrom band (COB'Z") — CO(A 'TT)) and partially to the third
positive (3P) CO band (CO(b>L")-CO(a °T1)) [44], as shown in Figure 5. In the CO,-N, gas
mixture, these effects are qualitatively similar to the pure CO, case. The O atom emission
triplet around 777 nm is also clear in both cases, whereas the N atom emission around 821
nm is rather negligible in the case of N, admixture, as shown in Figure 5(b).

The emission spectra corresponding to the CO,-5%N, gas mixture and taken in a wider
spectral range are presented in Figure 6. As we can see that at higher gas pressure, a much
stronger contribution of the N, and N, " molecular bands such as N, second positive band
(N2(C °IT,)-N,(B °I1,)), N, " first negative band (N *(B*Z, *)-N, " (X*L, ")), and Nj first posi-
tive band (N»(B ?’Hg)-Nz(A3Zu+)) is evident. The contribution of the CO Angstrom ro-vibra-
tional band is rather strong in both cases. The structure of all the observed CO rotational

pure CO,
T T T T T -’ T T T b T ]
 top S . S s
—~ [ cozps CO Angstrom J' »
1 pe=— s S
S WIDPTITRY '
25 X10 " -
@ [ i
8 2 Fbottom 5 B
® F ;. ]
— b
Eh | , -
11| R J ]
'r“u""‘.""“""t"' L | " W‘ i f e s
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Wavelength (nm)

CO, + 30% N,

Ctop | X10 4 ’ T -
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Figure 5. Time-averaged emission spectra measured in the 2.45-GHz MW discharge at two different special positions for
pure CO; (a) and CO, + 30%N, mixture (b). Gas pressure is about 2 Torr. Bold arrows indicate the top and bottom
measurement points. The spectral correction is applied in both cases. The corresponding discharge photographs are
shown on the left side.
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Figure 6. Time-averaged emission spectra taken in the 2.45-GHz MW discharge at high and low plasma pulse frequency
at 1 Torr (a) and ~20 Torr (b) in the CO, + 5%N, gas mixture. No spectral correction is applied.

bands is different at high and low pulse repetition frequency. At low frequency, they are
more elongated toward the shorted wavelengths corresponding to higher gas temperature in
the discharge, confirmed by calculations, whereas the gas temperature is essentially lower at
high frequency.

In addition, the low pressure spectra possess much more pronounced continuum band in
the 400-600 nm range (Figure 6(a)). Such a strong contribution of the continuum band is
likely related to the chemiluminescence induced by the CO-O recombination process, as
also detected in Ref. [15] and analyzed in Refs. [45, 46].

4.2. CO; conversion efficiency and related results

The main results on the CO, conversion efficiency (x) and energy efficiency (1) are described in
this section aiming at comparison of two mentioned MW plasma sources. The obtained data
are presented as a function of the plasma pulse repetition frequency (f) aiming at the clarifica-
tion of namely the effect of plasma power modulation on the CO, conversion.

The relative density of the CO ground state molecules detected by the TALIF technique in the
postdischarge of the considered MW plasma sources is shown in Figure 7. The beneficial effect
of power modulation is evident in this case leading to a fourfold increase in the CO density (so
the corresponding CO, conversion efficiency) at low pulse frequency. The maxima of x are
observed at about 0.5 kHz (for the 2.45-GHz system) and at about 0.8 kHz (for the 0.915-GHz
system). Apart from the different positions of these maxima, in the 2.45-GHz case, maximum
appears to be much narrower than that detected in the 0.915-GHz discharge case.

As also clear from Figure 7(a), the O production is strongly suppressed at low pulse frequen-
cies (below 1 kHz), when the dissociation of CO, reaches its maximum. At the same time, the
O, density also has a maximum at low frequency (detected in the 0.915-GHz system though),
pointing out on the efficient O-recombination process under these conditions (see Figure 7(b)).
Note that the CO and O, densities determined by GC are not different by a factor of two in this
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Figure 7. (a) Normalized density of CO and O in the postdischarge as a function of the plasma pulse repetition frequency
(f) measured by the TALIF technique in the 2.45-GHz MW system. (b) The relative density of CO and O, molecules
measured in the 0.915-GHz MW system by GC. The points of measurement are indicated below.

case, due to the fact that calibration of our GC system response was not performed. Finally, the
CO density decay slopes measured in two different plasma sources reveal rather similar
behaviors.

The data on the CO, conversion efficiency as a function of the plasma pulse frequency deter-
mined by optical actinometry in the 2.45-GHz system (in the discharge area) and by GC in the
0.915-GHz system (in the postdischarge area) are compared in Figure 8. As we can see that
there is a fourfold difference between the observed maximum values of x in these two cases.
This is related to the power differences between the considered plasma sources as well as to the
fact that the actinometry measurements were performed in the center of the discharge tube
where the CO, conversion is not yet fully accomplished. After the corresponding corrections,
the obtained conversion efficiency values appear to be very similar for both systems. The
energy efficiency values corresponding to the observed x maxima in this case are 0.14 and
0.16, respectively. In addition, in the case of Figure 8(a), the CO, conversion curve does not
reveal a clear maximum at low plasma pulse frequency, which is only present in the 0.915-GHz
case (Figure 8(b)). This phenomenon might be related to the gas displacements in the dis-
charge tube, as well as to the differences in the discharge geometry. The physical reasons for
the observed behavior of x and CO production in the postdischarge are discussed in the
following section.

An interesting behavior of the gas temperature in the discharge tube along the gas flow direction
has also been detected, as a result of combination of ro-vibrational spectral analysis and
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Figure 8. The CO, conversion efficiency yx as a function of the plasma pulse repetition frequency (f) measured in the
discharge region of the 2.45-GHz MW system by optical actinometry (a), and in the postdischarge region of the 0.915-GHz
MW system by GC (b). The energy efficiency corresponding to the maximum y values is equal to 0.14 (a) and 0.16 (b). The
points of measurement are indicated below.

thermocouple measurements. The corresponding results are shown in Figure 9. The gas temper-
ature in the discharge zone has been measured in this case using the rotational band of CO,
following by the Boltzmann plot approximation for the obtained rotational populations, as
described elsewhere [15, 47]. As a result, the error bars in Figure 9(a) correspond to the error of
Boltzmann fit applied to the rotational distributions for each data point.

As we can see that a trend for CO, conversion efficiency shown in Figure 8(a) clearly correlates
with the one obtained for the gas temperature in the discharge zone, shown in Figure 9(a) for
the 2.45-GHz MW source (the point of measurements is indicated by a dot). At the same time,
at the end of the discharge tube (indicated by a square), the temperature behavior is roughly
opposite. In this case, the gas temperature is somewhat reduced at low plasma pulse frequen-
cies (see Figures 9(b) and 9(c)). The observed temperature reduction is especially clear in the
case of 0.915-GHz plasma source, when the gas temperature drops by nearly 200 K at low
pulse frequency. In this case, we can talk about the existence of a temperature gradient
established between the excitation point in the discharge and the end of the discharge tube
(beginning of the postdischarge). Apparently, this gradient is much larger at low pulse repeti-
tion frequencies (about 600 K in our case, based on Figure 9(a) and 9(b)) compared to the high
frequency (only about 300 K). Based on the data shown in Figure 9(c), one can speculate that
this effect might be also similar in the 0.915-GHz plasma source case (for which the T, data in
the discharge area are not available).
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Figure 9. The evolution of the gas temperature as a function of plasma pulse repetition frequency (f) measured in the
discharge area (a) and at the end of the discharge tube (b) in the 2.45-GHz MW system, as well as at the end of the
discharge tube in the 0.915-GHz MW system (c). Pure CO, gas is used. The points of measurement are indicated below.

4.3. Discussion

Several physical effects should be taken into account for proper explanation of the observed
CO, conversion efficiency as a function of the plasma pulse frequency, as well as its relation to
the measured gas temperature, both in the discharge and the postdischarge areas. Among the
main physical phenomena responsible for the efficient molecular decomposition, the vibra-
tional excitation of CO, molecules, the gas displacement in the tube, as well as V-V and V-T
relaxation processes in the discharge should be considered. The CO rotational temperature, at
the same time, being determined using a CO rotational emission band, is supposed to be an
indicator for the other important processes in the discharge, such as V-T energy transfer. This
temperature is supposed to be in equilibrium with the kinetic gas temperature rather quickly
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(us scale) as a result of the fast R-T transfer, according to our estimations (see Table 1), giving
nearly instantaneous image of the gas heating.

According to our estimations, the plasma electrons transfer their energy to the (lowest) CO,
vibrational states during the time 7,_y ~ 10-100 ps. This time might be somewhat smaller at
higher gas pressures, as one may expect a slight increase in 7, in this case [33]. At the same
time, the equilibration of the vibrational distributions for each vibrational mode is taking place
nearly instantaneously, with a time constant in the order of magnitude of 0.01 ps or less,
estimated for our discharge conditions. Finally, the loss of the vibrational excitation as a result
of vibrational energy transfer to the translational gas motion through the bending vibrational
mode (resulting in gas heating) takes place with a characteristic times ranging roughly
between 15 and 150 ps in our case, depending on the gas temperature. Let us also note that
the V-T energy exchange occurs faster in the discharge active zone, where the gas temperature
may exceed 1000 K (thus ty_7 <15 ps), and slower in the other parts of the discharge when the
temperature might be close to the room temperature (ty_r ~ 150 ps).

The gas velocity (i.e., gas displacement) in the tube is another key parameter defining the
residence time for CO, molecules in the discharge active zone (~6 cm wide in our case). The
rough estimations for the gas velocity based on the ideal gas low give the values of about 40 m/s
in the 2.45-GHz source case (at 20 Torr, 1100 K, and 2.7 sIm of a total gas flow), and about 30 m/s
in the 0.915-GHz case (at 30 Torr, 1600 K [48], and 2 sIm of a total gas flow).

Taking into account the above-mentioned estimations, the observed processes along the gas flow
direction can be explained as follow. At first, in the discharge zone (the excitation point), the CO,
vibrational excitation is initiated by the fast e-V energy transfer. The e-T and T-T energy exchange
channels, at the same time, may contribute to the overall gas heating. In addition, the gas heating
due to the V-T transfer should also occur, which is supposed to be more efficient at longer
plasma off-times (i.e., at low frequencies). Even though the V-T characteristic time is rather short
according to our estimations (~15 ps at 1000 K), its contribution at lower pulse repetition
frequency is supposed to be more pronounced, likely resulting in the increase of gas temperature
at low frequency measured in our case (see Figure 9(a)). Note that the gas temperature has been
determined in this work based on the time-average spectral data and the time-resolved measure-
ments may be necessary for a full clarification of the temperature evolution. The additional
experiments [49] indicate that the vibrational temperature of the N,(X) ground state molecules
in the active zone decays rapidly under the increase of the pulse repetition frequency, following
the trends obtained for CO density (Figure 7(a)) and CO, conversion (Figure 8(a)). Rather fast
nonresonant V-V’ energy exchange taking place between N, and CO, (see Ref. [50] and refs
therein) leads to similar expectations for the CO, vibrational temperature as well. This leads to a
conclusion that vibrational excitation is the main reason for higher CO, dissociation at low pulse
frequency, in spite of the fact that the V-T transfer is also enhanced in this case (gas temperature
increase is observed). A gradual decay in the CO, dissociation (Figure 8) leading to a weaker CO
production (Figure 7) at high frequencies is most probably related to a less efficient e-V transfer
at shorter plasma pulse durations. The top estimations of the e-V transfer time in our case
correspond to the pulse frequency of about 5 kHz, only roughly correlating with the obtained
data still requiring final clarification first of all based on the precise measurements of the electron
density in the discharge active zone.
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The presence of maximum in the frequency dependences of x (0.915-GHz case, Figure 8) and
CO density in the postdischarge (Figures 7 and 8(b)) at low pulse frequencies deserves special
attention, since the gas displacement in the tube may play a decisive role in this effect. Three
cases can be considered explaining the observed data, namely: (i) a slow gas displacement,
when the gas displacement is small between two consecutive plasma pulses, (ii) a “resonant”
gas displacement, when the gas displacement time in the active zone is almost equal to the
plasma pulse duration, and (iii) a fast gas displacement, when the gas displacement time is
shorter comparing to the time between two plasma pulses. Since in our case, the gas velocities
are comparable for both the 2.45-GHz (~40 m/s) and 0.915-GHz (~30 m/s) systems, it can be
shown that nearly the resonant case is realized at low plasma pulse frequency (0.5 kHz) in both
systems. This results in a nearly maximum system performance in terms of CO, decomposi-
tion and energy efficiency. More pronounced x-maximum found in the 0.915-GHz case, as well
as its position shifted toward higher plasma pulse frequency values may be a result of the
differences in system geometry as well as the errors related to gas pressure and especially gas
temperature determination, which are the critical parameters for gas velocity.

We should note that at lower pulse frequencies (or higher gas flows) one may expect a significant
drop in the CO, decomposition, as the fast gas displacement limit will be achieved and some
portions of the passing gas will remain untreated by plasma. On the other hand, at higher pulse
frequencies, as observed in our case, a considerable drop in the CO, conversion should be likely
explained by a combination of several factors, such as (i) a decrease of the e-V transfer contribu-
tion at shorter pulse durations, (ii) a decrease of the role of dissociative recombination of CO,"
(via the reaction: e + CO," — CO + O, see Ref. [29]) in this frequency range, as suggested by
Silva et al. [49], (iii) decomposition of CO molecules in the active zone when residence time is too
long. The third argument, however, is supposed to play a minor role, due to the synchronous
changes of both CO and O, densities observed in the postdischarge detected by GC, as shown in
Figure 7(b).

Finally, some attention should also be given to the gas temperature differences in the excitation
point and at the beginning of the postdischarge, as well as to the corresponding temperature
gradient between these points. At low plasma pulse frequency, the high values of both gas
temperature and CO, conversion are observed, whereas the O ground state density reaches its
minimum. The gas temperature at the beginning of the postdischarge is rather low in this case,
resulting in a high temperature gradient between the tube center and its end. At high fre-
quency, on the other hand, CO, conversion drops several times, along with the CO density,
measured in the postdischarge. The O ground state density in the postdischarge is roughly 10
times higher in this case (see Figure 7(a)). Also, the gas temperature is getting lower in the
discharge area and higher in the postdischarge (comparing to the low frequency case), flatten-
ing the mentioned temperature gradient.

Based on our experimental data, the observed gas temperature phenomena may be explained by
the O atom recombination. Considering two main ways of this recombination, namely the
reaction (2) and reactions (5) mentioned above, we can conclude that at low frequency ground
state, O gets efficiently recombined either with CO,"™" or with atomic/molecular oxygen. The
additional heat released as a result of (some) recombination processes (along with the e-T energy
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transfer) is a probable reason for the gas heating in the discharge area. As a result of the efficient
O-recombination, the delivery of ground state O to the postdischarge is significantly reduced in
this case, the corresponding heat release is reduced as well, resulting in a low temperature. On
the other hand, at high pulse frequencies CO production drops (partially due to the reduced
O-CO,"™" recombination), letting more O ground state atoms to be formed as a result of electron
impact dissociation in the discharge area and to be transported to the postdischarge. The O-
recombination processes, other than O-CO,""™" one, are still taking place all the way down to the
postdischarge, thus “blurring” the hear release along the discharge tube and flattening the
temperature gradient between the excitation point and the end of the tube. The O-O recombina-
tion on the termocouple surface might also be an important factor contributing to the observed
tempearture elevation in this case.

The given explanation, however, describes the observed temperature behavior only in the first
approximation, do not taking into account numerous additional O-recombination reactions,
e.g., those involving excited O states (such as O('D) state), as well as the processes in which O
ions are involved (such as O + O,(a) — O," + OCP) or O™ + O~ — OCP) + OCP), see Ref.
[31]), which may additionally contribute to the O ground state density distribution along the
discharge tube, as a result of quenching of the excited O states. The reactions (5a) and (5b)
mentioned above also correspond to this case. This described temperature effects may still
need a further clarifications in the future, based on the kinetic discharge modeling. It is already
clear, however, that these effects may play a key role for the future optimization of the plasma-
based CO, conversion in the microwave gas-flowing discharges, since by lowering the gas
temperature the lifetime of CO, vibrational excitation might be significantly enhanced, which
is favorable for efficient CO, conversion.

4.4. Comparing with literature

In this section, the most prominent results obtained based on the power modulation in the
pulsed microwave plasma considered in this work are compared with the available literature
data. The most competitive literature results have been chosen for this purpose, representing
microwave, DBD, and gliding arc discharges. The discharges operating with catalysis, i.e., using
a plasma-catalyst synergy, are not considered (except for one example). The corresponding data
are summarized in Figure 10.

As we can see, the most competitive results are grouping around the diagonal line
corresponding to the value of SEI of 2.9 eV/molec, as the virtual limit of the CO, conversion
(when x = 1 = 1) can be reached only in this case. The beneficial effect of the plasma power
modulation (indicated by solid arrows) resulting in about twofold increase of the CO, conver-
sion and energy efficiencies is evident for both microwave plasma sources described in this
chapter. In addition, the effect of plasma catalysis studied by Chen et al. [28] in the 0.915-GHz
source is also given for illustration (indicated by dashed arrow). More than a twofold gain for
both x and 7 values has been achieved in this case.

Considering the other discharge types, the most promising results on the CO, conversion have
been obtained so far in an atmospheric DBD discharge using the effect of power modulation
(open square in Figure 10), thus one more time underlining significance of this effect for better
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plasma-assisted CO, conversion. Somewhat lower conversion efficiency has been achieved in
an atmospheric GAP case, as studied by Indarto et al. [23] (open circle). On the other hand, two
other examples related to the low-to-moderate pressure microwave discharges, one
representing high conversion efficiency, but rather low energy efficiency attained as a result of
applying high SEI [15] (open up-triangle), and the other representing the well-known work of
Asisov et al. [11] where a supersonic gas flow enabled high energy efficiency (open down-
triangle). These two examples are shown in order to illustrate the well-known x-n tradeoff,
especially evident in the nonoptimized discharge cases. In this regard, the results presented in
this work clearly demonstrate the importance of the discharge tuning, as one of the possible
ways to partially overcome this tradeoff, simultaneously achieving high conversion and
energy efficiencies of CO, conversion.

5. The perspectives

Based on the obtained experimental results as well as on the comparison with the literature
data, it is clear that there is a definite room for further improvement of the CO, conversion in
low-temperature microwave plasma. It should be noted that the improvements achieved by
tuning only the plasma parameters, without changing the energy expenses in the whole
system, are implied in this case. The beneficial effect of modulation (i.e., timely interruption)
of the electric power delivered to the discharge is already evident based on the results
described in this chapter. At the same time, there are still few physical parameters that should
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be considered critical for the further maximization of the plasma-assisted CO, conversion. The
main factors influencing these improvements are summarized in Figure 11, and can be
subdivided into three following groups:

* Power-related parameters

¢  The parameters related to gas mixture and gas dynamics
*  Plasma catalysis

Among the power-related parameters, the plasma pulse duty ratio, as well as the gas residence
time (related to the gas velocity in the discharge as well as to the gas pumping speed in the
whole system), requires deeper investigation. One may expect an essential improvement of the
CO; conversion efficiency as a result of more careful optimization of the gas residence time in
the active zone, along with the optimization of the plasma pulse duty ratio, in order to fully
utilize the resonant effects related to the relevant energy transfer processes described in this
work.

The second group includes the gas mixture control as well as the gas flux optimization
including gas expansion effects. The influence of the gas mixture in the microwave plasma
has already been studied recently showing a beneficial effect for CO, decomposition [14]. The
optimization of the gas flux dynamics, e.g., via the gas expansion for the sake of lowering
kinetic gas temperature, on the other hand, represents a powerful way to control the V-T

Plasma power
distribution

Gas
temperature
(gas expansion)

Plasma
catalysis

Efficient
CO, conversion

Gas admixture
(i.e. H,0)

Gas flow
velocity

Residence
time

Figure 11. Summary of the critical factors influencing CO, conversion in microwave flowing gas discharges.
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transfer rates, and thus the vibrational distributions of the molecules of interest. This work is
supposed to be assisted by plasma modeling targeted at clarification of the numerous impor-
tant kinetic processes.

Finally, the plasma catalysis activities are supposed to be especially beneficial since an essential
gain in the CO, conversion efficiency can be achieved in this case. As shown recently [14, 28],
the regenerative properties of the Ni-based catalysts are the microwave plasma combined with
their long lifetime [51] enable roughly a twofold increase in the overall CO, conversion and
energy efficiencies. The questions related to the utilization of plasma catalysis for improve-
ments of the CO, conversion efficiency are discussed in the following chapter.

6. Conclusions

Several physical aspects related to the power modulation during the plasma-assisted conver-
sion of CO; in the low-to-moderate pressure flowing gas microwave discharges are discussed.
The beneficial effects of controlling the plasma pulse frequency (in the vicinity of 1 kHz or
lower in our case) for increasing the CO, conversion efficiency are clearly demonstrated.

In particular, it was shown that by tuning the plasma pulse repetition frequency, the CO,
conversion and energy efficiencies can be improved several times. In the 2.45-GHz plasma
system, a fourfold overall improvement has been registered. Based on the estimations of the
characteristic time corresponding to the relevant energy transfer processes for the studied
pulse frequency range (0.5-30 kHz), it was concluded that the electron-vibrational as well as
vibrational-translational energy transfer mechanisms are mainly responsible for the optimi-
zation of CO, conversion in a flowing gas microwave discharge. A resonant-like relation
between the characteristic time of the mentioned processes and the plasma pulse-on time
may lead to either high or low CO, decomposition efficiency, depending on the plasma pulse
frequency. The maximum efficiency found so far corresponds to the frequencies of about
0.5-0.8 kHz depending on the studied plasma source.

At the same time, the gas temperature in the discharge active zone (i.e., near the excitation
point) is supposed to be strongly influenced by the V-T and e-T energy transfer, as well as by
the O atoms recombination at low repetition frequencies. Under these conditions at the begin-
ning of the postdischarge, the gas temperature is somewhat reduced, as compared to the high
frequency case. At high pulse frequency, the gas temperature in the active zone is getting lower
by few hundreds degree K, presumably mainly due to the reduced O recombination (which is
an exothermic process), whereas at the end of the discharge tube, it elevates following the O
atom density, which is higher in this case. Numerous processes involving O atom kinetics
should be studied by modeling, however, before clarifying this question fully.

In addition to the modulated microwave power delivery to the discharge, studied in this work,
the other ways of optimization of the MW plasma-based CO, conversion are suggested.
Among them are the optimizations related to the gas residence time, plasma pulse duty ratio,
gas admixture, gas expansion in the discharge tube, and plasma catalysis. The results
described in this chapter, combined with the suggested ways for the CO, conversion
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improvements are supposed to be useful for the industry-oriented applications dealing with a
local plasma-assisted CO, conversion.
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