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Abstract

The choice of electrode configuration and dielectric material is critical to the discharge process and
plasma characteristics of a dielectric barrier discharge (DBD) reactor. In this study, a new electrode
configuration of DBD reactor with copper mesh as electrode inserted between dielectrics is proposed,
which has a much higher capacitance than the conventional double-dielectric layer DBD reactor. Two
materials with different relative dielectric permittivities, alumina and zirconia, are chosen as dielectrics
for an experimental comparison of CO, decomposition. The experimental results show that the
conversion rate of CO, for the reactor with copper mesh inserted between dielectrics are higher than
that of the corresponding double dielectric layer reactor under the same discharge power, and the
conversion rate of CO, with zirconia as a dielectric material is higher than the case of aluminaasa
dielectric. Further analysis of discharge characteristics shows that for the reactor with copper mesh
inserted between dielectrics, the applied voltage required for discharge is significantly reduced, the
amount of transferred charge is significantly increased, and the number of micro-discharge current
pulses as well as the average lifetime during a single voltage cycle are also considerably increased,
leading to an increase in the CO, discharge efficiency and conversion rate.

1. Introduction

Dielectric barrier discharges (DBD) under atmospheric pressure conditions themselves have the advantages of
simple structure and moderate operating conditions and have a wide range of applications in a considerable
number of industrial fields [1, 2]. The plasma formed by the dielectric barrier discharge has a distinctly non-
equilibrium characteristic, where the temperature of heavy particles in the plasma system are close to room
temperature and the electrons have relatively high energies, typically in the range of 1-10 eV, sufficient to break
most chemical bonds, making it particularly suitable for the conversion, decomposition, and synthesis of
compounds [3, 4]. DBDs are also well-scalable, robust and good-controllable plasma sources. Therefore, in
recent years, the decomposition and conversion of carbon dioxide by means of DBD has received wide attention
[5-7].

The efficient decomposition of CO, is difficult because of its high thermodynamic stability and the high
energy required [8—13]. Previous studies on the chemical kinetics of CO, decomposition have shown that
stepwise vibrational dissociation by electron impact is a more efficient solution than direct dissociation by
electron impact, i.e., excitation of molecules of the lower vibrational energy levels of carbon dioxide by electron
impact and gradual increase in the population density of molecules of the higher vibrational energy levels, which
eventually leads to the dissociation of carbon dioxide molecules [10, 11, 14—18]. In contrast, a typical dielectric
barrier discharge device is characterized by a relatively high reduced electric field, and the plasma system formed
by the discharge has a high electron energy of about several eV. Therefore, in a DBD system, electron impact
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dissociation of CO, ground state molecules dominates, and the corresponding conversion and energy
efficiencies tend to be lower.

Therefore, from this aspect of DBD reactor, it is necessary to regulate the structure and operating parameters
of the reactor to form suitable discharge conditions for the efficient conversion of CO,. Previous extensive
experimental studies on structural parameters of DBD reactors, such as dielectric thickness, discharge gap
distance and length, and operating parameters such as applied voltage, frequency, power, gas flow rate, etc. have
obtained a series of very informative results [6, 7, 19-22], which have greatly increased our knowledge and
understanding of CO, decomposition in DBD reactors. As the key component of DBD reactor, the selection of
dielectric materials has also gained wide attention. Quartz, alumina, zirconia, calcium oxide, and various
ferroelectric materials have been tried as dielectric, dielectric coating, and even packing materials, the
mechanism of plasma propagation in the dielectric packed bed reactors is investigated by experimental and
numerical methods [23, 24], it is found that higher dielectric constants of packing material help to produce more
intense, localized filamentary micro-discharges, and the experimental results show that different relative
dielectric permittivities have certain effects on the conversion rate and energy efficiency of carbon dioxide
[7,20,21,25-28]. Under some conditions, it has been found that higher CO, conversion can be obtained by
using materials with higher relative permittivity; however, under some conditions, it has been found that the
CO, conversion does not necessarily increase with the increase of the relative permittivity of the materials.
Further study found that the use of materials with higher relative permittivity would reduce the number of
micro-discharge channels in the DBD reactor, increase the micro-discharge pulse current and make the
discharge unstable, so the selection of dielectric material needs to be further combined with the reactor design to
achieve the purpose of improving the CO, conversion [29].

Capacitance is a key parameter of DBD reactor and is a quantitative feature of the reactor electrode
configuration, which largely determines the discharge current and other discharge characteristics of the reactor
[1,22,30,31]. For example, in a recent study, the dielectric capacitance was modified by the means of the
dielectric thickness in a plane to plane DBD configuration to investigate discharge homogeneity in air [32]. The
capacitance of the reactor is not only related to the structural parameters of the reactor such as the gap distance,
thickness of dielectric, but also to the dielectric material. Therefore, the main objective of this study is how to
effectively combine the reactor design with the dielectric material to serve the purpose of improving the CO,
conversion rate. We conducted a comparative experimental study on the decomposition of CO, in a double-
layer dielectric reactor and a new reactor with a copper mesh inserted in the middle of the double-layer reactor as
an electrode using different relative permittivities of dielectric materials (alumina or zirconia), and analyzed the
effect of various parameters on the conversion rate by combining the discharge characteristics of the two
reactors.

2.2. Experimental setup

The experimental system used in this study and the structure of planar reactor are shown in figure 1. The
discharge power of the DBD reactor is energized by a high voltage AC power supply (Nanjing Suman Plasma
Technology Co., Ltd., CTP-2000K) with a maximum peak voltage of 30 kV. In the experiments, the output
voltage frequency is set to 7 kHz at all conditions for comparison purposes. A high-voltage probe (Tektronix,
P6015A) is used to measure the applied voltage of DBD reactor. An external resistor (50 {2) and a capacitor (0.47
(F) are in series with DBD reactor to monitor the total current and transferred charge by a low voltage probe
(Tektronix, P2220). All electrical signals are recorded by a four-channel digital oscilloscope (Tektronix,
MDO3034). CO, (99.995% purity) is used as the feed gas with a flow rate of 10-50 sccm (standard cubic
centimeters per minute) controlled by a mass flow controller (Beijing Sevenstar Electronics Co., Ltd., CS200-A).
The discharge emission from the gas gap is collected and analyzed by a multi-channel spectrometer (Avantes,
AvaSpec-ULS4096CL). After passing through the DBD reactor, the gas is analyzed by a gas

chromatograph (Zhejiang Fuli, GC9790Plus) operating at atmospheric pressure. To evaluate the performance of
plasma processing, the conversion of CO, is defined as follows

CO; converted(mol/s)

CO; conversion(%) = -
CO; input(mol/s)

x 100% (D

The specific energy input (SEI) and energy efficiency (1) is defined to evaluate the energy cost of CO,
decomposition

average discharge power(W)

SEI(kJ/L) = X 60(s/min) 2)

CO, flow rate (sccm)
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Figure 1. Schematic diagram of the (a) experimental setup, (b) double dielectric layer DBD reactor and (c) double dielectric layer DBD
reactor with copper mesh.

AH (k] /mol) x CO, conversion(%)

n(%) = 22.4(L/mol) x SEI(kJ/L)

3)

Here, AH represents the reaction enthalpy (283 k] mol ") of pure CO, decomposition.

Two kinds of structure of the DBD planar reactors are used in the experiment as shown in figures 1(b) and
(©). One structure is the conventional double dielectric planar reactor, using a length of 85 mm and width of
40 mm stainless steel mesh as electrodes. The thickness of the two dielectric plates is set to 2 mm and the
discharge gap distance is set to 1 mm. The geometry of another DBD reactor is the same as the main body of the
double dielectric layer reactor, the main difference is that a piece of copper mesh (400 mesh) with dimensions of
85 mm length and 40 mm width is inserted in the middle of double dielectric layer reactor as a high voltage
electrode, and the electrodes on the other side of the dielectric are grounded. In this case, the gap on both sides of
the copper mesh electrode is 0.5 mm, respectively. The dielectric materials used in the experiment are alumina
and zirconia, respectively.

For double dielectric layer planar reactor, the geometrically determined dielectric capacitance Cg; can be
calculated according to the following equation

Ciiel = (4)

here, Sis the opposite area between the two planar electrodes, dis the thickness of the dielectric barrier, gy
represents the vacuum permittivity and e, represents the relative permittivity of dielectric. The insertion of a
copper mesh in a double dielectric reactor with the same spacing corresponds to a parallel connection of two
metal electrode-single dielectric reactors. Therefore, compared with the double dielectric reactor without
copper mesh, the dielectric thickness and surface area of the double dielectric reactor with copper mesh become
1/2dand 28, respectively, so that its dielectric capacitance is equal to 4 times that of the double dielectric reactor
without copper mesh.

This method of combining the electrode setup with the relative permittivity of the materials allows us to
design DBD reactors with different capacitances, and the reactor dielectric capacitance Cg;, obtained in this
study using two kinds of dielectric materials alumina and zirconia in combination with the electrode setup is
given in table 1. In the subsequent experiments, we then used four reactors with different capacitances

3
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Table 1. Physical properties of the two dielectric materials and dielectric capacitances of reactors.

Dielectric Chemical Relative permit- Dielectric capacitance of Dielectric capacitance of double
material composition tivity (¢,) double layer reactor (pF) layer reactor with copper mesh (pF)
Alumina Al,0399.70% 9.6 72 288

Na,00.15%

Si0,0.10%
Zirconia 7r0,96.5% 25 188 752

Mg00.51%

Ca00.10%

Table 2. Comparison of dielectric capacitances for the coaxial DBD reactor and the double dielectric layer DBD reactor with a copper mesh.

Dielectric capacitance of the coaxial Dielectric capacitance of double layer reactor
Dielectric material ~ Relative permittivity (e,) DBD reactor (pF) with copper mesh (pF)
Alumina 9.6 120 288
Zirconia 25 313 752

composed of different dielectric materials and different electrode configurations to investigate their effects on
the CO, conversion performance.

It is worth noting that a coaxial DBD reactor which contains a central electrode rod and a copper mesh on
the outside of a dielectric tube is widely used in most experimental research works about CO, decomposition by
atmospheric pressure DBD [3, 4, 19,21, 22, 26-28, 33]. The comparison between the double dielectric layer
DBD reactor with a copper mesh and a coaxial DBD reactor is helpful to deepen the understanding of the
influence of the structural characteristics of the two reactors on CO, decomposition performance.

Under the premise of the same gas gap distance, dielectric layer thickness and outer electrode area, a coaxial
DBD reactor and the double dielectric layer DBD reactor with a copper mesh may have the following three
differences. First, the capacitance of the coaxial DBD reactor is different from that of the double dielectric layer
DBD reactor with a copper mesh. The coaxial DBD reactor is equivalent to an asymmetric capacitor while the
double dielectric layer DBD reactor with a copper mesh is equivalent to a symmetric capacitor. As aresult, the
dielectric capacitance and reactor capacitance of the two DBD reactors are different from each other. Here, the
dielectric capacitance of the coaxial DBD reactor is calculated according to the following equation [33]

Coa = —m0erl__ )
In((d + x)/d)
where [is the length of the outer copper mesh, d and x are the inner diameter and thickness of the dielectric tube,
respectively. The calculation results for the coaxial DBD reactor are given in table 2 and compared to the
dielectric capacitance of double dielectric layer DBD reactor with a copper mesh.

As can be seen from table 2, the dielectric capacitance of the coaxial DBD reactor is lower than that of the
double dielectric layer DBD reactor with a copper mesh, which indicates that the double dielectric layer DBD
reactor with a copper mesh has a better ability to store electrical charge than the coaxial DBD reactor. This could
be beneficial for CO, decomposition.

Secondly, the electric field distribution inside the two DBD reactors with different structures is different. For
the double dielectric layer DBD reactor with a copper mesh, the electric field in the reactor is a uniformly
distributed electric field in the absence of discharge. However, the electric field in the coaxial DBD reactor shows
aradial distribution and it is a non-uniform electric field. Typical electric field strength distribution inside a
coaxial DBD reactor can be found in figure 3(a) of [34]. It is expected that the non-uniform distribution of
electric field in the coaxial DBD reactor could affect the CO, decomposition to some extent.

Finally, in this double dielectric layer DBD reactor with a copper mesh, the copper mesh is directly exposed
to the plasma. The copper mesh of the coaxial DBD reactor is located on the outside of a dielectric tube, and its
central electrode rod is directly exposed to the plasma instead of the copper mesh. As reported in [22], the surface
structure of electrode has a considerable effect on the discharge characteristic and CO, decomposition
performance of a DBD reactor. The metal mesh electrode directly exposed to plasma in a DBD reactor helps to
enhance the amplitude and number of current pulses as well as the transferred charge, which can further
improve the CO, decomposition performance of a DBD reactor.

Figure 2 shows a typical example of the Q-V plot of the DBD, which is also known as the Lissajous figure, and
the equivalent circuit of a DBD reactor. In figure 2(a), the lines AB and CD represent the period of discharge-off
in the DBD reactor when only displacement currents are present. The slope of these two lines corresponds to the

4
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Figure 2. (a) A typical Q-V plot of the DBD and (b) equivalent circuit of a DBD reactor.

total capacitance of DBD reactor C without plasma discharge, which is composed of the dielectric capacitance
Cie and the gap capacitance Cg,,. Lines AD and BC represent the discharge-on phase when the gas breakdown
occurs in the gap and plasma is ignited. The slope of these lines is the effective dielectric capacitance (g; and
should be equal to Cygy; for a fully discharge bridged gap [31, 35, 36].

Under atmospheric pressure conditions, molecular gas discharges in DBD reactor gaps usually operate in
filamentary discharge mode, which is characterized by the presence of a large number of narrow micro-
discharge channels with very short lifetimes (1-10 ns), and the micro-discharge channels are randomly
distributed throughout the discharge volume [1, 37]. Therefore, for filamentary discharge mode, the discharge
within the DBD reactor gap is not uniform and the charge on the dielectric surface may not be completely
transferred and is a case of partial surface discharging, and then the discharge usually does not cover the entire
available electrode area [38—40]. Considering this inhomogeneity of the discharge in the planar DBD reactor, the
original simple circuit model based on the lumped parameter method should be further modified to more
reasonably evaluate the electrical characterization of the discharge process [37]. Based on this consideration,
Peeters et al proposed an alternative equivalent circuit model, as shown in figure 2(b) [38]. In this model, the
electrode area of the planar reactor is divided into non-discharging and discharging area components with
fractions avand 3, respectively. The actual measured slope of AD and BC in Q-V plot, called the effective
dielectric capacitance (4;;, Which is a linear combination of the total capacitance of the reactor C,yj, and the
dielectric capacitance Cgje).

Based on the Q-V plots obtained from experimental measurements, the maximum charge transferred
through the gas gap Quax, the effective dielectric capacitance (g1, the equivalent total capacitance of the reactor
Ceenand the intercept AU on the horizontal axis of the side with the larger slope of the Q-V plot can be obtained.
Combined with the experimentally collected physical quantities (applied voltage V(#) of DBD reactor, total
circuit current i(t), and total transferred charge Q(#) of the circuit), the discharge gap voltage Ug,,,(f) and plasma
conduction current ipj,sma(t) can be calculated as follows

. B 1 v
Iplasma(t) = 1 — Ccell/cdiel [1(t) Ccell dt ] (7)

The physical quantities such as the conductively transferred charge during the discharge per half-cycle
AQq;s» the equivalent gap capacitance Cg,p, the non-discharging area fraction a, the discharging area fraction 3,
and the voltage across the gas gap during the discharge, Uy, referred to as the burning voltage can be calculated
based on this equivalent circuit model of DBD [38], which can be used to further analyze the discharge

characteristics under different electrode configurations.

3. Results and discussions

3.1. Effect of electrode configuration and dielectric materials on CO, conversion and energy efficiency

As mentioned above, capacitance characterizes the ability of a device or equipment to store electrical charge.
Capacitance is related to both the geometry of the reactor design, e.g., the relative surface area of the dielectric
plates and the distance between them, and the relative dielectric permittivity of the dielectric material. A
combination of two different dielectric materials and two different configurations of electrodes can be

5
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Figure 3. (a) CO, conversion rate and (b) energy efficiency as a function of discharge power for DBD reactors with different electrode
configurations (CO, flow rate of 20 sccm).

considered to adjust the capacitance of the reactor to some extent. Under the condition of atmospheric pressure
DBD, the main products of CO, decomposition are carbon monoxide and oxygen [26]. A comparison of the
conversion rate and energy efficiency obtained for the decomposition of CO, in a double dielectric layer reactor
with alumina or zirconia plates as dielectric layers, respectively (identified in the figure as Double Al,O3, and
Double ZrO,) and in a double dielectric reactor with copper mesh electrode inserted between the corresponding
double dielectric layers (identified in the figure as Al,0;3-Cu-Al, O3 and ZrO,-Cu-ZrO,) is presented in figure 3.

As can be seen from figure 3(a), firstly, corresponding to the same reactor structure, the reactor composed of
ZrO, with a larger relative permittivity presents a higher CO, conversion rate than that of the Al,O; reactor with
asmaller relative permittivity. Secondly, the CO, conversion rates of the double-dielectric layer reactor with
copper mesh are much higher than those of the double-dielectric layer reactor without copper mesh. Among
them, for the ZrO,-Cu-ZrO, reactor, the CO, conversion is as high as 36% at a discharge power of 40 W and a
CO, flow rate of 20 sccm. The energy efficiency of CO, conversion corresponding to different discharge powers
is given in figure 3(b). In general, the energy efficiency decreases with increasing discharge power, and the energy
efficiencies of the double-dielectric layer reactor with a copper mesh electrode are higher and can reach more
than 10% at lower power levels.

Itis noteworthy that for the reactor with the same electrode configuration and the same geometry, the
reactor capacitance is only related to the relative permittivity of the material. With the increase of relative
permittivity of the dielectric, the reactor capacitance increases. For double dielectric layer reactors with or
without copper mesh electrode, the change of electrode configuration also leads to the change of reactor
capacitance. For the double-dielectric layer reactor with copper mesh in the middle, its reactor capacitance is
larger than that of double dielectric layer reactor without copper mesh electrode. According to the above trends
of the conversion rate and energy efficiency changes of CO, decomposition for reactors with different electrode
configurations, it is clear that increasing the reactor capacitance helps to improve the conversion rate and energy
efficiency of CO, decomposition.

The variation of CO, conversion and energy efficiency with CO, flow rate for different electrode
configurations is given in figure 4. It is seen from the figure that the CO, conversion and energy efficiency follow
asimilar trend for different configurations, with the CO, conversion increasing and the energy efficiency
decreasing as the CO, flow rate decreases. Over the entire gas flow variation range, the conversion rates and
energy efficiencies of the reactor composed of dielectric material with higher relative permittivity are higher than
that of the low relative permittivity case. The performance of the double-dielectric layer reactor with copper
mesh electrode is better than that of the double-dielectric layer reactor without copper mesh electrode. For the
Zr0,-Cu-ZrO; reactor, the CO, conversion is higher than 40% at a discharge power of 40 W and a CO, flow rate
of 10 sccm.

3.2. Effect of electrode configuration and dielectric material on the electrical characteristic of a DBD reactor
As mentioned above, the Q-Vplot, i.e., the Lissajous figure, contains important information about the DBD
reactor. Figure 5 shows the Q-V curves for the decomposition of CO, in a DBD reactor with different electrode
configurations. It is seen that the corresponding Q-V curves of different reactors vary greatly, with the
Al,0;-Al,O; reactor having the highest applied voltage amplitude and the lowest transferred charge, and the
ZrO,-Cu-ZrO, reactor having the lowest applied voltage amplitude and the highest transferred charge. Based on
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Figure 4. (a) CO, conversion rate and (b) energy efficiency as a function of CO, flow rate for DBD reactors with different electrode
configurations (discharge power of 40 W).
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Figure 5. Q-V plots measured for DBD reactors with different electrode configurations (discharge power of 40 W, CO, flow rate of 20
sccm).

figure 5 and the previous equivalent circuit model considering the case of partial surface discharging, the reactor
capacitance C as well as the effective dielectric capacitance (g4; can be obtained, as shown in figure 6.
According to the previous discussion, it is known that the reactor capacitance C, reflects the characteristics of
the electrode configuration during the discharge-off period of a DBD reactor.

As can be seen in figure 6(a), for the ZrO,-Cu-ZrO, reactor, the C value is more than twice that of the
Al,O3-Cu-AlL O3 reactor and more than five times higher than that of the ZrO,-ZrO, or Al,O3-Al,O; reactor
without copper mesh electrode. Although the double dielectric layer reactor also shows the higher dielectric
permittivity, the larger reactor capacitance value Cy, the use of double dielectric layer with copper mesh
configuration has a more obvious effect on the capacitance value of the reactor. From the effective dielectric
capacitance values (g given in figure 6(b) for the active discharge phase, it appears that for all the reactors with
different electrode configurations, the (4;. values for the ZrO,-Cu-ZrO, reactor are much higher than the other
reactors. The (g values increase with the increase of the discharge power. The main reason for this is that more
micro-discharge channels are formed and more charges are transferred between the electrodes as the discharge
power increases. As a result, the (4;.) values become closer and closer to the geometrically determined dielectric
capacitance Cg;e).

The conversion of CO, in the DBD can be described as a function of the total number of charges transferred
by the gas during its residence time in the active plasma region [41]. Therefore, the transferred charge derived
from the Q-V curves measured is also an important indicator of the discharge characteristics of the DBD reactor
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Figure 6. (a) The cell capacitance, (b) effective dielectric capacitance as a function of discharge power extracted from the Q-V plots for
DBD reactors with different electrode configurations (CO, flow rate of 20 sccm).
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Figure 7. Variation of the conductively transferred charge during the discharge per half-cycle with discharge power for DBD reactors
with different electrode configurations (CO, flow rate of 20 sccm).

with different electrode configurations. One the one hand, the amount of charge transferred in the reactor is
related to the nature of the gas, so the more charge transferred during the discharge process indicates the higher
electron number density in the discharge system and the more reactive the gas is, thus favoring the conversion of
CO,. On the other hand, the amount of transferred charge is related to the size of the reactor geometry and the
relative permittivity of dielectric.

From figure 7, it is seen that the reactor with ZrO, as dielectric has a higher charge transfer capacity than the
Al,O5 reactor, and the reactor with copper mesh electrode has a higher charge transfer capacity than the reactor
without copper mesh electrode. The conductively transferred charge increases almost linearly as the discharge
power increases. For ZrO,-Cu-ZrO, reactor, the maximum conductively transferred charge per half-cycle can
reach more than 2400 nC. This indicates that the use of high relative permittivity materials and reasonable
electrode configurations can significantly improve the charge transfer capacity of DBD reactor.

Note that the discharge power range is different for the double dielectric layer DBD reactor and the double
dielectric layer DBD reactor with a copper mesh in figure 3. The discharge power range of a DBD reactor is
related to its structure, dielectric material and many other factors. On the one hand, the double dielectric layer
DBD reactor requires a higher applied voltage to maintain the discharge, as shown in figure 5. Under low
discharge power conditions (such as 5 W, 10 W), the gap voltage of the double dielectric layer DBD reactor is so
low that CO, gas cannot be broken down and a stable discharge cannot be maintained. However, for the double
dielectric layer DBD reactor with a copper mesh, the insertion of copper mesh electrode effectively halves the gas
gap distance and enhances the ability of a DBD reactor to transfer charge, which results in a lower applied voltage
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Figure 8. Comparison of applied voltage V{(#), gap voltage U,,,(#) and plasma conduction current ipjasma(f) waveforms for the reactor
of (a) ALLO3-AL O3, (b) ZrO,-ZrO,, () Al,03-Cu-Al, 03, and (d) ZrO,-Cu-ZrO, (discharge power of 40 W, CO, flow rate of 20 sccm).

and allows a DBD reactor to operate under lower discharge power conditions (5 W, 10 W). On the other hand,
when the discharge power is high enough, the filamentary discharge in a DBD reactor is easy to transition to an
arc discharge. The average current intensity of the double dielectric layer DBD reactor with a copper mesh is
higher than that of the double dielectric layer DBD reactor under the same discharge power condition. When the
discharge power rises, the filamentary discharge in the double dielectric layer DBD reactor with a copper mesh is
more likely to transition to an arc discharge, so the maximum discharge power of the double dielectric layer
DBD reactor with a copper mesh is lower than that of the double dielectric layer DBD reactor.

3.3. Effect of electrode configuration and dielectric material on the micro-discharge characteristic of a DBD
reactor

The applied voltage of DBD reactor V{(?), gap voltage Ug,,(t), and plasma conduction current i;jasma(t)
waveforms can provide rich information for studying the micro-discharge characteristics of DBD reactors. In
figure 8, the black line indicates the applied voltage of DBD reactor, the red line indicates the conduction current
through the discharge gap obtained from the calculation of equation (7), and the blue line indicates the gap
voltage obtained from the calculation of equation (6). As can be seen from the conduction current waveforms of
the different electrode configurations of DBD reactors given in figure 8, the discharge is characterized by
multiple current pulses per half-cycle, and the duration of these current pulses is extremely short, typically less
than one microsecond. The presence of multiple short-lived current pulses per half-cycle is usually considered as
asign of filamentary discharge established in the gap between the dielectric layers.

From figure 8, it can be found that the applied voltage amplitudes of DBD reactors with different electrode
configurations are different. The reactor with copper mesh electrode has a lower applied voltage than the reactor
without copper mesh electrode. Similarly, the gap voltage during the active discharge phase of the reactor with
copper mesh electrode is lower than that of the reactor without copper mesh electrode. It can be seen that the
presence of multiple current pulses in the reactors has a good synchronization with the gap voltage, that is, when
the gap voltage reaches a certain threshold, a large number of discharge current pulses start to appear, then the
gap voltage seems to enter a plateau area with less variation [19, 38]. From the comparison of four different
electrode configurations, it can be seen that the voltage range of the DBD reactor composed of different dielectric
materials, the number of current pulse peaks varies greatly, which is a comprehensive reflection of the
interaction between the reactor electrode configurations and the discharge characteristics of carbon dioxide
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Figure 9. Comparison of applied voltage amplitude and burning voltage for DBD reactors with different electrode configurations
(discharge power of 40 W, CO, flow rate of 20 sccm).

Table 3. Comparison of the electrical parameters for the double dielectric layer DBD reactor without copper mesh and the
double dielectric layer DBD reactor with a copper mesh (average discharge power of 50 W, CO, flow rate of 20 sccm).

DBD reactor Ciel (PF) Gaiel (PF) Ceen (pF) AQuis (nC) Up (kV) E(&V/cm)
Double Al,O5 (gap 0.5 mm) 72 71.0 37.2 1171 2.32 46.4
Al,03-Cu-Al, O3 288 252 109 1857 2.14 429

itself. Further analysis of the connection between the two aspects can provide a reference for further
improvement of the reactor design to enhance the performance of CO, decomposition and conversion.

Figure 9 shows the comparison of the applied voltage amplitude extracted from applied voltage waveforms
given in figure 8 and the burning voltage calculated based on the Q-V plots given in figure 5. It can be seen from
figure 9 that the applied voltage amplitude decreases from 9.97 kV for the Al,O5-Al,O; reactor to 3.95 kV for the
Zr0O,-Cu-ZrO, reactor, while the burning voltage reduces from 3.80 kV for the Al,O5-Al,O5 reactor to 1.35 kV
for the ZrO,-Cu-ZrO; reactor. Under the same electrode configuration, the use of dielectric materials with
higher relative permittivity can significantly reduce the values of applied voltage amplitude and burning voltage.
This is because the burning voltage of DBD is largely influenced by the surface charge density generated by the
previous discharge with AC power, which depends on the capacitance of the dielectric [42]. The larger the
relative permittivity of the dielectric material, the higher its capacitance value, so that the reactor with ZrO, as
dielectric barriers corresponds to alower burning voltage than the reactor with Al,Oj as dielectric barriers.
There are two main reasons for the further reduction of the burning voltage for the reactor with a copper mesh
electrode, firstly because of the shortening of the gap distance between the electrodes due to the copper mesh as
an electrode, and secondly because the copper mesh as an electrode helps to enhance the charge transfer process.

As mentioned above, the insertion of a copper mesh into a double dielectric layer DBD reactor is equivalent
to a parallel connection of two metal electrode-single dielectric DBD reactors, and the gas gap distance between
the copper mesh electrode and the dielectric plate is 0.5 mm. The role of the copper mesh electrode can be
further elucidated by comparing the CO, decomposition performance of the double dielectric layer DBD
reactor with a gas gap distance of 0.5 mm to that of the double dielectric layer DBD reactor with a copper mesh. It
is worth noting that although the gas gap distance of the two DBD reactors is the same, the electrical
characteristics of them are inconsistent. Because the double dielectric layer DBD reactor without copper mesh
has two dielectric layers between its high voltage electrode and ground electrode, while the double dielectric layer
DBD reactor with a copper mesh is equivalent to a parallel connection of two metal electrode-single dielectric
DBD reactors and there is only one dielectric layer between its high voltage electrode and ground electrode. In
the comparison experiment, the average discharge powers of the two DBD reactors are 50 W, respectively. The
CO, flow rate changes from 10 sccm to 50 sccm. The alumina is used as dielectric barrier here.

Table 3 presents all the electrical parameters of the two DBD reactors at a discharge power of 50 W and a CO,
flow rate of 20 sccm (The double dielectric layer DBD reactor without copper mesh is denoted as ‘Double Al,O5
(gap 0.5 mm)’, and the double dielectric layer DBD reactor with a copper mesh is denoted as ‘Al,O3-Cu-AlL,O5).
The geometrically determined dielectric capacitance Cg;e), effective dielectric capacitance (g;e), cell capacitance
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Figure 10. CO, conversion and energy efficiency as a function of CO, flow rate for the double dielectric layer DBD reactor without
copper mesh and the double dielectric layer DBD reactor with a copper mesh (average discharge power of 50 W).

Cee» conductively transferred charge during the discharge per half-cycle A Qg;s, and burning voltage Uy, of the
two DBD reactors shown in table 3 are calculated according to the methods mentioned in section 2. The average
electric field strength E during the discharge is also determined by the ratio of burning voltage to the gas gap
distance [43].

As can be seen from table 3, the double dielectric layer DBD reactor without copper mesh has alower
effective dielectric capacitance and cell capacitance than the double dielectric layer DBD reactor with a copper
mesh. In addition, the conductively transferred charge per half-cycle of the double dielectric layer DBD reactor
without copper mesh is also much lower than that of the double dielectric layer DBD reactor with a copper mesh.
The electric field strength in the double dielectric layer DBD reactor without copper mesh is higher than that of
the double dielectric layer DBD reactor with a copper mesh.

Figure 10 shows the CO, decomposition performance of the two DBD reactors. It is seen that the CO,
conversion and energy efficiency of the double dielectric layer DBD reactor without copper mesh are both much
lower than those of the double dielectric layer DBD reactor with a copper mesh under all CO, flow rate
conditions. Combined with the discharge characteristic parameters presented in table 3, it appears that in this
situation, the increase of electric field strength is not enough to improve CO, conversion and energy efficiency
without the copper mesh.

Alarge number of micro-discharge processes formed in the dielectric barrier discharge gap are actually the
response of the CO, system to the instantaneous energy input [44], influenced by the amount of charge stored on
the dielectric surface as well as the surface morphological properties, thus showing a random spatial-temporal
distribution. By observing and analyzing the basic characteristics of micro-discharge, the modulation effect of
different electrode configurations and dielectric materials on the discharge process and the influence on the
characteristics of micro-discharge can be summarized and analyzed. Using a method similar to [19], the main
parameters describing the characteristics of the micro-discharge process, such as the number of micro-discharge
current pulses per cycle N4, the average value of micro-discharge current pulses, and the average lifetime of
micro-discharge current pulses can be analyzed according to the conduction current waveforms of reactors with
different electrode configurations given in figure 8. It is worth pointing out that the micro-discharge
characteristics obtained here do not represent real physical individual micro-discharge channel, but the actual
combined characteristics of alarge number of micro-discharge channels in the discharge gap at a given moment.

As can be seen from figure 11(a), for the double-dielectric layer reactor, the number of micro-discharge
current pulses for Al,O3-Al,O5 reactor is much higher than that of ZrO,-ZrO, reactor. This difference in the
number of current peaks can also be seen from the conduction current waveforms in figure 8, and the reason for
this phenomenon may be strongly related to the surface morphological characteristics of the two dielectrics. It
can also be seen from figure 11(a) that the number of micro-discharge peaks in both double-dielectric layer
reactors without copper mesh electrode is smaller than that in double-dielectric layer reactors with copper mesh
electrode. For the double-dielectric layer reactors with copper mesh electrode, which is composed of two
different dielectrics, the corresponding number of micro-discharge peaks are very close to each other, indicating
that the use of copper mesh as the electrode can significantly improve the micro-discharge characteristics in the
reactor, increase the number of micro-discharge peaks, and improve the uniformity of discharge in the gas gap.
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Figure 11. (a) Number of micro-discharge current pulses per cycle, (b) average current intensity and (c) average lifetime of micro-
discharge current pulses per cycle for DBD reactors with different electrode configurations (discharge power of 40 W, CO, flow rate of
20 sccm).

The average values of micro-discharge current pulses for the reactors with different electrode configurations
are given in figure 11(b), from which it is seen that the average values of current pulses for the double-layer
zirconia reactor are much higher than the other cases. The main reason needs to be analyzed in conjunction with
the conductively transferred charge shown in figure 7 and the number of micro-discharge peaks in figure 11 (a).
For the ZrO,-ZrO, reactor, the amount of conductively transferred charges during discharge is larger, but the
number of micro-discharge peaks is lower, resulting in a larger average value of the current pulse. The large pulse
current intensity of micro-discharge will cause the discharge to be unstable and it is possible for the DBD to
evolve into arc discharge, which is not conducive to the long-term operation of the reactor. It can also be seen
from figure 11 that for the double dielectric reactor with copper mesh electrode, the amount of conductively
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Figure 12. Optical emission spectra of the CO, discharge in different DBD reactors (discharge power of 40 W, CO, flow rate of 20
sccm).

transferred charge during the discharge is high, however, its number of micro-discharge peaks is also higher,
which lead to the decrease of average value of the micro-discharge current pulse.

The duration of a single pulse actually depends on the gap distance and the capacitance of the dielectric
material, or the amount of charge stored on the dielectric surface [44]. As mentioned above, the average lifetime
of micro-discharge current pulses given in figure 11(c) is not the true lifetime of individual micro-discharge
channel in the gas gap, and the duration of individual micro-discharge channel during actual discharge is only a
few nanoseconds. It can be seen from figure 11(c) that the micro-discharge current pulse duration of the double
dielectric reactor with copper mesh electrode is much higher than the duration of the micro-discharge current
pulse of the reactor without copper mesh. Combined with the number of micro-discharge peaks given in
figure 11(a), it shows that the use of copper mesh as the electrode greatly improves the discharge uniformity in
discharge time and space, which is beneficial to the conversion of CO,.

3.4. Effect of electrode configuration and dielectric material on the optical emission characteristic of DBD
plasma
The plasma emission spectra collected during the DBD are also an important source of understanding and
analyzing the discharge process. The spectral line distribution of the plasma for different electrode
configurations of DBD reactors collected is given in figure 12. It can be seen from figure 12 that the optical
emission spectra of the plasma discharge between 300 nm and 850 nm are very informative and contain Fox,
Duffendack and Barker (FDB, A*IT—X?II) bands of the CO3, (Angstrom system, B' ¥ " — A'IT and triplet
system, d>A—a’IT) bands of excited CO molecules, excited CO, molecules (391.2 nm, 'B,—X'% ™), excited
oxygen molecules (400.5 nm, 406.5 nm), excited O3 (588.3 nm, 602.6 nm), and excited oxygen atom (777.2 nm,
845.0 nm) [45—48]. Ata discharge power of 40 W, the Fox, Duffendack and Barker (FDB, FDB, A’TT—X21D)
bands of CO3 formed by the DBD have the highest emission intensity, while the two characteristic bands of CO
have the second highest emission intensity (Angstrém system, B'X " — A'IT and triplet system, d> A—a’II), so
the emission intensity of these bands can be used for further analysis of the ionization and dissociation processes
of CO,.

As shown in figure 12, the spectral intensity of CO3 is quite high, which is also observed in other
experimental studies about CO, decomposition by DBD [41, 49]. As reported in [3, 49], the formation of CO3-
molecular ions is through the following reaction

e+ CO;, — e+ e+ COS (8

The cross section of the collision ionization reaction between electrons and CO, molecules is relatively large,
and the threshold energy of collision ionization is 13.77 eV, which indicates that the process of generating CO5
under the action of high-energy electrons in DBD is relatively important. CO3 ions are usually generated in the
electronic excited states A’I1 (at 17.31 eV above CO, ground state) [50]. When the excited molecular ions
CO3 (A™II) are deexcited to the ground state molecular ions COj3 (X?II), the emission band of CO3 is produced.
This is the main source of the CO3 characteristic spectral band located between 300 nm and 420 nm observed in
figure 12.
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Figure 13. Comparison of normalized spectral line intensity of (a) CO3 and (b) excited CO molecules in different DBD reactors
(discharge power of 40 W, CO, flow rate of 20 sccm).

Due to the presence of CO3, the accompanying CO, dissociation mechanism is dissociative recombination
reaction of CO3 as follows

e+ COf — CO, - CO+0 9)

This reaction is a highly exothermic process [51]. Since CO3 in a DBD plasma usually appear in the form of
electronic excited molecular ions, the products of dissociative recombination reaction are also usually electronic
excited CO molecules or excited oxygen atoms.

It can be seen that the the formation of CO5” molecular ions is connected with the release of an electron and
while the formation of CO species is connected with the dissociation of CO, molecules. Therefore, we extracted
two spectral lines from figures 12, 337.0 nm as well as 440.8 nm, for normalized comparison of their emission
intensities in the following analysis, as shown in figure 13, for the analysis of the discharge characteristics of the
reactors with different electrode configurations.

As can be seen from figure 13, for DBD reactors with different dielectric materials and electrode
configurations, the use of dielectrics with higher relative permittivity, and the use of double-dielectric layer with
copper mesh electrode all result in enhanced CO; as well as CO spectral line intensity, which is also a reflection
of enhanced discharge efficiency of CO, system.

4. Conclusions

In this experimental study, the effect of different electrode configurations, dielectric materials of DBD reactors
on CO, conversion is investigated. The electrical characteristics, micro-discharge characteristics, and optical
emission spectral characteristics of the double dielectric layer reactor with alumina or zirconia as dielectric and
the reactor with copper mesh as a high voltage electrode are compared. The results show that both the zirconia
reactor with a higher relative dielectric permittivity and the double dielectric reactor with copper mesh electrode
are beneficial for improving the CO, conversion and energy efficiency.

The analysis of reactors with different electrode configurations further indicates that the use of a reasonable
combination of reactors with high relative permittivity as well as reactors with copper mesh electrode can reduce
the applied voltage required for reactor discharge, increase the reactor capacitance, and substantially improve
the charge transfer capability of the DBD reactor. The analysis of micro-discharge characteristics shows that the
double-dielectric reactor with copper mesh as the high-voltage electrode can substantially increase the number
of micro-discharge peaks, and improve the uniformity of discharge within the gap to some extent. Optical
emission spectra analysis of CO, plasma shows that the combination of using high relative permittivity material
as well as reactor with copper mesh electrode can effectively improve the discharge efficiency of CO,.
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