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Abstract

Dielectric barrier discharge (DBD) was generated in a wide range of electric field from 60 to 700 Td by adjusting the
operating pressure and the gas gap for the parametric study of electron impact reaction on CO, dissociation. Moreover,
the effect of specific energy input (SE/) was clarified in terms of CO, conversion as well as energy efficiency. The results
show that CO; conversion efficiency increased at higher pressure, while low-pressure operation showed a negligible effect,
indicating that generation of vibrational species followed by vibration-to-vibration (V—V) energy transfer, known as
ladder-climbing dissociation mechanism, provides a more efficient pathway than electron impact direct CO, dissociation
reaction. CO, conversion increases linearly with SE/ because energy input per molecule increases. However, energy
conversion efficiency decreases by SEI, showing a clear trade-off between CO, conversion and energy efficiency: such a
trade-off relationship is correlated with ladder-climbing dissociation mechanism. Electron impact reaction process was
further studied by BOLSIG+, electron Boltzmann equation solver, to gain deep insight into the electronic activation CO»
in DBD type nonthermal plasma.

Keywords: CO; activation, nonthermal plasma, dielectric barrier discharge, vibrational excitation, ladder-climbing
dissociation.

1. Introduction

Dielectric barrier discharge (DBD) is among the nonthermal plasmas that acquire a great interest because of
possessing a strong nonequilibrium discharge where the electron temperature (1-10 eV; 1 eV = 11,600 K) is
substantially higher than gas temperature (ca. 300 K) [1-4]. Moreover, DBD can perform endothermic
reactions at ambient temperature and atmospheric pressure [5, 6]. Today, DBD is recognized as an exclusive
and effective technology for ozone synthesis [7, 8]. Furthermore, DBD becomes a central subject of research
and one of the essential plasma sources in the subject of methane reforming [9—11], carbon dioxides activation
[12-14], and N» fixation [15, 16]. In CO; activation, DBD typically uses a single-step direct electronic
excitation mode to dissociate C=0 bond. However, the single-step mechanism produces low energy efficiency
of less than 15%, which is far from the industrial efficiency of 52% [17]. In contrast, a microwave (MW)
plasma, which is also popular for the CO, activation, offers a high energy efficiency above 40% by using a
vibrational-to-vibrational energy transfer, known as ladder-climbing CO, dissociation mechanism [18-20].
The vibrational excitation is known as the influential pathway, which can provide energy efficiency as high as
90% [21]. However, controlling the gas temperature of MW plasma is an important task. As on the increasing
gas temperature, a vibrational-to-translational (V-T) relaxation occurs which detriments energy efficiency [17].
Thus, to restrain such V-T deactivation, an operation at a lowered pressure as 120 Torr (16 kPa) is
indispensable on MW plasma [22]. Nonetheless, the notable effect of vibrational excitation not only applies to
low pressure but also an atmospheric pressure like in gliding arc discharge [23-25]. Gliding arc plasma that
uses the same vibrational excitation mode produces a high energy efficiency of 30-40% [26]. However, the
trade-off between CO, conversion and energy efficiency always confines plasma technology to develop an
equally high product yield and energy efficiency [26, 27].
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In this study, a DBD reactor was set up to produce a reduced electric field from 60 to 700 Td for initiating
vibrational excitation and dissociation collisions of CO; activation. The influence of vibrational excitation and
dissociation collision of CO; activation can be compared and elucidated with DBD, which is difficult with
MW plasma. Experimental results show in the electric field of higher than 300 Td, an increase of the
dissociation rate constant was negligible to the energy efficiency. In contrast, reducing the electric field from
300 to 60 Td promoted energy efficiency because of an enhancement of the vibrational rate constant. Moreover,
electron Boltzmann equation solver (BOLSIG+) was used to estimate electron collision rate constant, showing
high pressure and low electric field plasma enhances ladder-climbing CO- dissociation mechanism.

2. Experimental

The experiments of CO; activation were carried out in a coaxial DBD reactor. The experimental configuration
is presented in Fig. 1. A quartz tube was used as a dielectric barrier with the outer and inner diameter of 18
and 15 mm, respectively, providing a dielectric thickness of 1.5 mm. A stainless steel rod was used as an inner
electrode and positioned in the center of the quartz tube by O-rings. Four different sizes of the inner electrode,
which resulted in four discharge gaps, were used. Detailed parameters of the experiment are shown in Table 1.
A stainless steel mesh with length of 70 mm was covered around the outer surface of the quartz tube
functioning as a ground electrode. The inner electrode was connected to a high-voltage power source (Logy
Electric; LHV-13AC, =12 kHz and V,, = 16 kV maximum, sinusoidal waveform) and the stainless steel
mesh (ground) electrode was coupled in series to an external capacitor (33 nF) for charge measurement.
Discharge power was calculated by using the Voltage—Charge (Lissajous) diagram. The applied voltage was
measured by a high-voltage probe (Tektronix; P6015A), and the charge was measured by a low-voltage probe
(RIGOL; PVP2150). All signals were monitored by using a four-channel digital oscilloscope (RIGOL;
DS1104B). Feeding gas (CO;) was sent to the reactor and regulated through a mass flow controller (HORIBA;
SEC-E40). Product gaseous elements (CO,, CO, and O,) were analyzed online through a quadrupole mass
spectrometer (QMS, Prisma-100; Pfeiffer Vacuum GmbH).
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Fig.1. Schematic diagram of the experimental setup.

Specific energy input (SEI), CO, conversion, and energy efficiency are the essential parameters to evaluate the
performance of CO; dissociation reaction. The SEI expresses the discharge energy consumption per unit
volume of the feed gas, which is also interpreted as the mean electrical energy put into a single molecule [28].
Equations 1-3 were used to determine SE/, CO, conversion, and energy efficiency.
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Here, Ny is the Avogadro’s number, F and AHgr denote mole flow rate of CO, (mol s™') and the reaction
enthalpy of CO, dissociation, respectively: (AHr = 283 kJ/mol = 2.93 eV/molecule for CO, = CO + 0.50,).
The energy efficiency is defined by the endothermic energy of CO; dissociation divided by input energy.

Table. 1. Experimental parameters of CO, activation

CO, flow rate

Discharge gap Operating pressure
STP (25 °C — 101 kPa)
0.5 mm
. 15 kPa
1.5 mm 85 cm? min~!
45 kPa
2.5 mm 400 cm® min!
75 kPa
3.5 mm

3. Results and discussion
3.1 CO; conversion vs. energy efficiency: trade-off relationship

Fig. 2 shows the Voltage-Charge (Lissajous) diagram. The BC and DA slopes represent the event of discharge
and the charge accumulation period. On the other hand, the AB and CD slopes express the discharge-off
condition. Moreover, because the Lissajous diagram is asymmetric, the sustaining voltage of CO, was
determined by the average value of negative (Usys ) and positive (Ugs'). Such asymmetricity arises because the
power source generates a slightly deformed sinusoidal signal. The reduced electric field (E/N) was varied from
60 to 700 Td by adjusting the pressure as well as discharge gap as formulated by Eq. 4. The reduced electric
field is commonly expressed in a unit called Townsend (Td), where 1 Td corresponds to 102" Vm?.
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Here, E expresses the electric field acting over the gas gap. The molecule density (N) was estimated from gas
temperature and pressure. The R is the gas constant and Ug,; expresses the average discharge sustain voltage
which is read from the Lissajous diagram (Fig. 2). The influence of operating pressure, SEI, and E/N on CO;
conversion behavior was investigated.
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Fig. 2. Lissajous diagram (45 kPa, 44 W,12 kHz).

The effect of pressure on energy efficiency is indicated in Fig. 3. Experimental data is clarified uniquely over
the pressure-to-gap matrix as highlighted by the dotted lines. In an electric field from 60 to 300 Td, 75 kPa
produced the most significant improvement of energy efficiency, then followed by 45 kPa and 15 kPa. Also,
point out that energy efficiency increases with the reduced electric field except for the data for a 0.5 mm gap
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at 15 kPa. Based on observation, the higher electric field (up to 300 Td) promotes energy efficiency. Meanwhile,
the effect of operating pressure is much greater than that of the reduced electric field. The effect of the gas gap
is small at 75 kPa and 45 kPa; the reduced electric field is distributed between a narrow range of 60 and 300
Td by changing the gap from 3.5 mm to 0.5 mm, indicating that discharge property may not change to a large
extent in these cases. A similar trend is observed in the case of 15 kPa except for 0.5 mm gap. However, by
reducing the gap from 1.5 mm to 0.5 mm, the reduced electric field increases significantly up to 700 Td;
correspondingly, the data is off the red line, showing that discharge properties at 15 kPa and 0.5 mm gap is
clearly different from other conditions. Due to the high electric field at low gas pressure, the direct dissociation
pathway becomes dominant that deteriorates energy efficiency which is further discussed in section 3.2.
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Fig. 3. Energy efficiency vs. Reduced electric field.
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Fig. 4. CO; conversion as a function of SEI. Fig. 5. Energy efficiency as a function of SEI.

On the increase SEI, CO; conversion is increasing, as illustrated in Fig. 4. Two reasons cause the increase of
CO; conversion on SEI: (1) additional discharge power increases discharge current which enhances an
interaction between electrons and CO, molecules. (2) Reducing the gas flow rate will increase the residence
time of CO, molecules in the discharge region. Moreover, Fig. 4 also demonstrates a strong dependency of
pressure on CO; activation to produce a distinct CO, conversion. Nonetheless, even though CO, conversion
increased with increasing SEI, energy efficiency declined, as illustrated in Fig. 5. This result is logical given
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the energy efficiency is proportional to the CO, conversion, yet inversely proportional to the SEI: there is a
clear trade-off between CO, conversion and energy efficiency as a function of SE/. As discussed in Fig. 3, data
obtained at 15 kPa and 0.5 mm gap are dislocated from the curve.

As for gas heating effect, Nozaki et al. have studied the heat and mass transport behavior in CHs~fed DBD,
and clarified the individual contribution of the steady-state average gas temperature increase and the transient
gas heating by streamer formation [29]. Average gas temperature increases of the order of 10 K because less
than 10% of total energy input is used for gas heating; ca. 90 % of heat is most likely dissipated to both
electrodes. Therefore, the DBD reactor was exposed to an external cooling fan to ensure that the temperature
of the ground electrode is near room temperature. Meanwhile, the internal high-voltage electrode was not
equipped with a cooling device; therefore, the period of DBD operation was limited up to 3 minutes to avoid
excessive electrode heating. The gas temperature within streamer increases temperately in the order of AT =
100 K. Unless the electrical properties of streamer change, such temperature increase is not influenced by the
operating condition such as input power and gas flow rate [30]; note the average gas temperature varies by the
operating conditions with the order of 10 K. We would like to point out that electron collision reaction is almost
independent of gas temperature; therefore, CO, dissociation by direct electron impact reaction is considered to
be independent in terms of gas heating. As for the vibrational ladder-climbing mechanism, AT = 100 K increase
may promote V-T relaxation (vibrational deactivation) to some extent. Meanwhile, CO; conversion increases
linearly with SEJ, indicating V-T transition due to gas heating at higher SE/ is a minor effect.

3.2 CO; dissociation mechanisms

Electron collision with CO, molecules may occur more rapidly in a high electric field because of a large
population of the electron in the discharge region. However, Fig. 6 shows an opposite trend that CO;
conversion declined on an increased electric field. To obtain a better understanding of electron impact reactions
in the electric field from 60 to 700 Td, a numerical Boltzmann equation solver (BOLSIG+) was used. The
electron and CO; collision cross section were adopted from Hayashi database [31] which is summarized in
Table 2. The inelastic collision (momentum transfer collision) and the electron attachment collision are not
included in Table 2. Fig. 7 shows the variation of reaction rate constants with respect to the reduced electric
field. The mean electron energy is also provided.
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Fig. 6. CO; conversion as a function of a reduced electric field.

The CO, molecule has three fundamental vibration modes: symmetric stretching (1372 cm™'), bending (640
cm™'), and asymmetric stretching modes (2346 cm™'). The most important vibration mode is the asymmetric
stretching mode which leads to the dissociation of CO; via ladder-climbing mechanism as schematically shown
in Fig. 8 [17]:

COsz(n) + COx(m) — COx(n+1) + COx(m-1) — CO + O + COz(w) )

Here, n, m, and w denote the asymmetric vibrational quantum number.
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Table 2 The energy threshold of electron impact reactions of CO; obtained from Hayashi
database [31].

Description Reaction Energy threshold (eV)
CO,+te—COx+e 0.083 eV (RD)
CO,+e—COx+e 0.172 eV (R2)
Vibrational excitation = CO,+e — CO,+e 0.291 eV R3)
CO,+e—COx+e 0.36 eV (R4)
CO+e—CO+e 25 eV (RS)
CO,+e— COx* +e 57 eV (R6)
Electronic excitation CO;te— COx*+e 9.0 eV R7)
CO,+e— COx*+e 11.0 eV (R8)
Ionization CO;+e— COy +2e 13.7 eV (R9)

The asymmetric vibrational CO; is produced via R3 in nonthermal plasma, showing the large rate constant
from 60 to 700 Td. Multiple collisions between asymmetric vibrational CO; lead to the dissociation into CO
and O (Eq. 5) when the quantum number exceeds v =21 which corresponds to the CO; dissociation limit (5.52
eV) [32]. To ensure such high collision frequency, high-pressure nonthermal plasma such as DBD and gliding
arc discharge is desired. Activation into the bending mode (R1) and the symmetric stretching mode (R2) are
also strong, but excitation into these modes is not as important as asymmetric stretching mode for V-V energy
transfer. In addition to fundamental vibration modes, another vibrational excitation, such as (RY), is possible
in nonthermal plasma. The excitation level is about half of the dissociation limit which may imply a single
collision between these molecules lead to CO, dissociation. However, the rate constant is an order of magnitude
smaller than that of fundamental vibration modes; therefore, RS is excluded from the dominant pathway.
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Fig. 7. Electron collision rate constants estimated by BOLSIG+ (version 03/2016).
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As the reduced electric field increases, the contribution of electronic excitation (R6) becomes the dominant
pathway after 300 Td. Reaction (R8) also exhibits higher reaction rate compared to other electronic excitation
reactions. In R6 and R8, CO, is excited into the electronic excitation potential (Fig. 8). The excitation energy
is clearly larger than the CO, dissociation limit. The electronically excited CO, dissociates eventually into CO
and O, but the excess energy fed into CO, is dissipated to the ambient as heat (energy loss). The vibrational
ladder-climbing mechanism is more efficient than direct dissociation pathway because energy transfer between
CO; (n) and CO; (m) occurs efficiently without excess energy transfer into the electronically excited state of
CO.. However, there is a trade-off between energy efficiency and CO, conversion as shown in Figs. 4-5:
production of higher vibrational state (CO, (n+1)) inevitably accompanies deactivation of counter molecule
(CO; (m-1)). Such trade-off relationship is observed in DBD, gliding arc discharge, and MW plasma as
presented in the recent review paper [26].

Yamazaki et al. have performed a kinetic study of plasma-activated CO, dissociation using a low-pressure
recombining hydrogen plasma [33]. They selected such unique plasma as extremely low-energy electron
plasma source which is suitable for CO, vibrational activation and minimize inefficient direct dissociation
process. Moreover, they performed the comprehensive in situ plasma diagnostics of the recombining plasma,
showing electron density; 10"*~10'" m~ and mean electron energy; 0.15-0.45 eV at 8.8 Pa. Because of low
gas pressure and high electron density, vibrational ladder-climbing via multiple electron collision becomes the
dominant pathway:

CO;(n) +e=COx(nt+1) +e (6)

Unlike high-pressure nonthermal plasma such as DBD and gliding arc discharge, V-V energy transfer is
inefficient in the low-pressure recombining plasma. However, the electron-induced ladder-climbing
mechanism (Eq. 6) is possible, yielding the CO, conversion as high as 60%. Their study implicates the
necessity of a new plasma source for efficient CO; splitting by electronic process: a low-energy and high-
density electron plasma would break the limitation of the trade-off between CO, conversion and energy
efficiency via an electron-induced ladder-climbing pathway.

4. Conclusion

CO; activation experiments were conducted at three pressures and four discharge gaps on a DBD reactor.
Several principal parameters of DBD, such as pressure, specific energy input, and reduced electric field, were
explored systematically. Moreover, the influence of the rate constant of electron impact reactions was
investigated by electron Boltzmann equation solver (BOLSIGH).
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An efficient CO; dissociation is possible by the vibrational ladder-climbing mechanism when the reduced
electric field is small (< 300 Td) and high gas pressure (> 45 kPa) is ensured. Direct dissociation pathway
would become dominant as the reduced electric field exceeds 300 Td. A low-pressure operation suppresses the
ladder-climbing mechanism even if the reduced electric field is smaller than 300 Td. Meanwhile, the
vibrational ladder-climbing shows the trade-off between energy efficiency and CO, conversion. Because one
molecule gains vibrational energy via V-V energy transfer, meaning the counter molecule loses vibrational
energy. To overcome such an obstacle, the electron-induced ladder-climbing mechanism would satisfy the
higher energy efficiency and CO, conversion simultaneously. One possible approach is the low-pressure
recombining hydrogen plasma proposed by Yamazaki ef al. From the viewpoint of energy cost and scalability,
a necessity of a new plasma source, which is equivalent to the hydrogen recombining plasma, is desired.
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