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Abstract
The choice of electrode configuration and dielectricmaterial is critical to the discharge process and
plasma characteristics of a dielectric barrier discharge (DBD) reactor. In this study, a new electrode
configuration ofDBD reactor with coppermesh as electrode inserted between dielectrics is proposed,
which has amuch higher capacitance than the conventional double-dielectric layerDBD reactor. Two
materials with different relative dielectric permittivities, alumina and zirconia, are chosen as dielectrics
for an experimental comparison of CO2 decomposition. The experimental results show that the
conversion rate of CO2 for the reactor with coppermesh inserted between dielectrics are higher than
that of the corresponding double dielectric layer reactor under the same discharge power, and the
conversion rate of CO2with zirconia as a dielectricmaterial is higher than the case of alumina as a
dielectric. Further analysis of discharge characteristics shows that for the reactorwith coppermesh
inserted between dielectrics, the applied voltage required for discharge is significantly reduced, the
amount of transferred charge is significantly increased, and the number ofmicro-discharge current
pulses as well as the average lifetime during a single voltage cycle are also considerably increased,
leading to an increase in theCO2 discharge efficiency and conversion rate.

1. Introduction

Dielectric barrier discharges (DBD) under atmospheric pressure conditions themselves have the advantages of
simple structure andmoderate operating conditions and have awide 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 alsowell-scalable, robust and good-controllable plasma sources. Therefore, in
recent years, the decomposition and conversion of carbon dioxide bymeans ofDBDhas receivedwide attention
[5–7].

The efficient decomposition of CO2 is difficult because of its high thermodynamic stability and the high
energy required [8–13]. Previous studies on the chemical kinetics of CO2 decomposition have shown that
stepwise vibrational dissociation by electron impact is amore efficient solution than direct dissociation by
electron impact, i.e., excitation ofmolecules of the lower vibrational energy levels of carbon dioxide by electron
impact and gradual increase in the population density ofmolecules of the higher vibrational energy levels, which
eventually leads to the dissociation of carbon dioxidemolecules [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 aDBD system, electron impact
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dissociation of CO2 ground statemolecules dominates, and the corresponding conversion and energy
efficiencies tend to be lower.

Therefore, from this aspect ofDBD reactor, it is necessary to regulate the structure and operating parameters
of the reactor to form suitable discharge conditions for the efficient conversion of CO2. 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, gasflow rate, etc. have
obtained a series of very informative results [6, 7, 19–22], which have greatly increased our knowledge and
understanding of CO2 decomposition inDBD reactors. As the key component ofDBD reactor, the selection of
dielectricmaterials has also gainedwide attention. Quartz, alumina, zirconia, calciumoxide, and various
ferroelectricmaterials have been tried as dielectric, dielectric coating, and even packingmaterials, the
mechanismof plasma propagation in the dielectric packed bed reactors is investigated by experimental and
numericalmethods [23, 24], it is found that higher dielectric constants of packingmaterial help to producemore
intense, localized filamentarymicro-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 CO2 conversion can be obtained by
usingmaterials with higher relative permittivity; however, under some conditions, it has been found that the
CO2 conversion does not necessarily increase with the increase of the relative permittivity of thematerials.
Further study found that the use ofmaterials with higher relative permittivity would reduce the number of
micro-discharge channels in theDBD reactor, increase themicro-discharge pulse current andmake the
discharge unstable, so the selection of dielectricmaterial needs to be further combinedwith the reactor design to
achieve the purpose of improving theCO2 conversion [29].

Capacitance is a key parameter ofDBD 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 wasmodified by themeans of the
dielectric thickness in a plane to planeDBD 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 dielectricmaterial. Therefore, themain objective of this study is how to
effectively combine the reactor designwith the dielectricmaterial to serve the purpose of improving theCO2

conversion rate.We conducted a comparative experimental study on the decomposition of CO2 in a double-
layer dielectric reactor and a new reactor with a coppermesh inserted in themiddle of the double-layer reactor as
an electrode using different relative permittivities of dielectricmaterials (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 systemused in this study and the structure of planar reactor are shown infigure 1. The
discharge power of theDBD reactor is energized by a high voltage ACpower supply (Nanjing Suman Plasma
TechnologyCo., Ltd., CTP-2000K)with amaximumpeak 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 tomeasure the applied voltage ofDBD reactor. An external resistor (50Ω) and a capacitor (0.47
μF) are in series withDBD reactor tomonitor 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). CO2 (99.995%purity) is used as the feed gaswith aflow rate of 10–50 sccm (standard cubic
centimeters perminute) controlled by amass flow controller (Beijing Sevenstar Electronics Co., Ltd., CS200-A).
The discharge emission from the gas gap is collected and analyzed by amulti-channel spectrometer (Avantes,
AvaSpec-ULS4096CL). After passing through theDBD 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 CO2 is defined as follows

( ) ( )
( )

( )= ´
/

/
CO conversion %

CO converted mol s

CO input mol s
100% 12

2

2

The specific energy input (SEI) and energy efficiency (h) is defined to evaluate the energy cost of CO2

decomposition

( ) ( )
( )

( ) ( )= ´/ /SEI kJ L
average discharge power W

CO flow rate sccm
60 s min 2

2

2

Phys. Scr. 98 (2023) 085605 CWang et al



( ) ( ) ( )
( ) ( )

( )h =
D ´

´
/

/ /
%

H kJ mol CO conversion %

22.4 L mol SEI kJ L
32

Here,ΔHrepresents the reaction enthalpy (283 kJ mol−1) of pure CO2 decomposition.
Two kinds of structure of theDBDplanar reactors are used in the experiment as shown infigures 1(b) and

(c). One structure is the conventional double dielectric planar reactor, using a length of 85 mmandwidth of
40 mm stainless steelmesh as electrodes. The thickness of the two dielectric plates is set to 2 mmand the
discharge gap distance is set to 1 mm.The geometry of anotherDBD reactor is the same as themain body of the
double dielectric layer reactor, themain difference is that a piece of coppermesh (400mesh)with dimensions of
85 mm length and 40 mmwidth is inserted in themiddle 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 coppermesh electrode is 0.5 mm, respectively. The dielectricmaterials used in the experiment are alumina
and zirconia, respectively.

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

( )e e
=C

S

d
4diel

r0

here, S is the opposite area between the two planar electrodes, d is the thickness of the dielectric barrier, ε0
represents the vacuumpermittivity and εr represents the relative permittivity of dielectric. The insertion of a
coppermesh in a double dielectric reactorwith the same spacing corresponds to a parallel connection of two
metal electrode-single dielectric reactors. Therefore, comparedwith the double dielectric reactor without
coppermesh, the dielectric thickness and surface area of the double dielectric reactorwith coppermesh become
1/2d and 2S, respectively, so that its dielectric capacitance is equal to 4 times that of the double dielectric reactor
without coppermesh.

Thismethod of combining the electrode setupwith the relative permittivity of thematerials allows us to
designDBD reactors with different capacitances, and the reactor dielectric capacitanceCdiel obtained in this
study using two kinds of dielectricmaterials alumina and zirconia in combinationwith the electrode setup is
given in table 1. In the subsequent experiments, we then used four reactors with different capacitances

Figure 1. Schematic diagramof the (a) experimental setup, (b) double dielectric layerDBD reactor and (c) double dielectric layerDBD
reactor with coppermesh.
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composed of different dielectricmaterials and different electrode configurations to investigate their effects on
theCO2 conversion performance.

It is worth noting that a coaxial DBD reactorwhich contains a central electrode rod and a coppermesh on
the outside of a dielectric tube is widely used inmost experimental researchworks about CO2 decomposition by
atmospheric pressureDBD [3, 4, 19, 21, 22, 26–28, 33]. The comparison between the double dielectric layer
DBD reactorwith a coppermesh and a coaxial DBD reactor is helpful to deepen the understanding of the
influence of the structural characteristics of the two reactors onCO2 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 layerDBD reactor with a coppermeshmay have the following three
differences. First, the capacitance of the coaxial DBD reactor is different from that of the double dielectric layer
DBD reactorwith a coppermesh. The coaxial DBD reactor is equivalent to an asymmetric capacitor while the
double dielectric layer DBD reactorwith a coppermesh is equivalent to a symmetric capacitor. As a result, the
dielectric capacitance and reactor capacitance of the twoDBD reactors are different from each other. Here, the
dielectric capacitance of the coaxial DBD reactor is calculated according to the following equation [33]

(( ) )
( )pe e

=
+ /

C
l

d x d

2

ln
5r

diel
0

where l is the length of the outer coppermesh, 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 reactorwith a coppermesh.

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 reactorwith a coppermesh, which indicates that the double dielectric layerDBD
reactorwith a coppermesh has a better ability to store electrical charge than the coaxial DBD reactor. This could
be beneficial for CO2 decomposition.

Secondly, the electric field distribution inside the twoDBD reactors with different structures is different. For
the double dielectric layerDBD reactorwith a coppermesh, 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
a radial distribution and it is a non-uniform electric field. Typical electric field strength distribution inside a
coaxial DBD reactor can be found infigure 3(a) of [34]. It is expected that the non-uniformdistribution of
electric field in the coaxial DBD reactor could affect the CO2 decomposition to some extent.

Finally, in this double dielectric layer DBD reactorwith a coppermesh, the coppermesh is directly exposed
to the plasma. The coppermesh 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 coppermesh. As reported in [22], the surface
structure of electrode has a considerable effect on the discharge characteristic andCO2 decomposition
performance of aDBD reactor. Themetalmesh electrode directly exposed to plasma in aDBD reactor helps to
enhance the amplitude and number of current pulses as well as the transferred charge, which can further
improve theCO2 decomposition performance of aDBD reactor.

Figure 2 shows a typical example of theQ-V plot of theDBD,which is also known as the Lissajousfigure, and
the equivalent circuit of aDBD reactor. Infigure 2(a), the lines AB andCD represent the period of discharge-off
in theDBD reactorwhen only displacement currents are present. The slope of these two lines corresponds to the

Table 1.Physical properties of the twodielectricmaterials and dielectric capacitances of reactors.

Dielectric

material

Chemical

composition

Relative permit-

tivity (er)
Dielectric capacitance of

double layer reactor (pF)
Dielectric capacitance of double

layer reactorwith coppermesh (pF)

Alumina Al2O3 99.70% 9.6 72 288

Na2O 0.15%

SiO2 0.10%

Zirconia ZrO2 96.5% 25 188 752

MgO0.51%

CaO0.10%

Table 2.Comparison of dielectric capacitances for the coaxial DBD reactor and the double dielectric layerDBD reactorwith a coppermesh.

Dielectricmaterial Relative permittivity (er)
Dielectric capacitance of the coaxial

DBD reactor (pF)
Dielectric capacitance of double layer reactor

with coppermesh (pF)

Alumina 9.6 120 288

Zirconia 25 313 752
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total capacitance ofDBD reactorCcell without plasma discharge, which is composed of the dielectric capacitance
Cdiel and the gap capacitanceCgap. Lines AD andBC represent the discharge-on phasewhen the gas breakdown
occurs in the gap and plasma is ignited. The slope of these lines is the effective dielectric capacitance ζdiel and
should be equal toCdiel for a fully discharge bridged gap [31, 35, 36].

Under atmospheric pressure conditions,molecular gas discharges inDBD reactor gaps usually operate in
filamentary dischargemode, which is characterized by the presence of a large number of narrowmicro-
discharge channels with very short lifetimes (1–10 ns), and themicro-discharge channels are randomly
distributed throughout the discharge volume [1, 37]. Therefore, forfilamentary dischargemode, the discharge
within theDBD reactor gap is not uniform and the charge on the dielectric surfacemay 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 planarDBD reactor, the
original simple circuitmodel based on the lumped parametermethod should be furthermodified tomore
reasonably evaluate the electrical characterization of the discharge process [37]. Based on this consideration,
Peeters et al proposed an alternative equivalent circuitmodel, as shown infigure 2(b) [38]. In thismodel, the
electrode area of the planar reactor is divided into non-discharging and discharging area components with
fractionsα andβ, respectively. The actualmeasured slope of AD andBC inQ-V plot, called the effective
dielectric capacitance ζdiel, which is a linear combination of the total capacitance of the reactorCcell, and the
dielectric capacitanceCdiel.

Based on theQ-V plots obtained from experimentalmeasurements, themaximumcharge transferred
through the gas gapQmax, the effective dielectric capacitance ζdiel, the equivalent total capacitance of the reactor
Ccell and the interceptΔU on the horizontal axis of the sidewith the larger slope of theQ-V plot can be obtained.
Combinedwith the experimentally collected physical quantities (applied voltageV(t) ofDBD reactor, total
circuit current i(t), and total transferred chargeQ(t) of the circuit), the discharge gap voltageUgap(t) and plasma
conduction current iplasma(t) can be calculated as follows

⎜ ⎟
⎛
⎝

⎞
⎠

( ) ( ) ( ) ( )a
b b

= + -U t
C

C
V t

Q t

C
1 6gap

cell

diel diel

⎡
⎣

⎤
⎦

( ) ( ) ( ) ( )=
-

-i t
C C

i t C
dV t

dt

1

1
7plasma

cell diel
cell

The physical quantities such as the conductively transferred charge during the discharge per half-cycle
ΔQdis, the equivalent gap capacitanceCgap, the non-discharging area fractionα, the discharging area fractionβ,
and the voltage across the gas gap during the discharge,Ub, referred to as the burning voltage can be calculated
based on this equivalent circuitmodel ofDBD [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 dielectricmaterials onCO2 conversion and energy efficiency
Asmentioned 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 dielectricmaterial. A
combination of two different dielectricmaterials and twodifferent configurations of electrodes can be

Figure 2. (a)A typicalQ–V plot of theDBDand (b) equivalent circuit of aDBD reactor.
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considered to adjust the capacitance of the reactor to some extent. Under the condition of atmospheric pressure
DBD, themain products of CO2 decomposition are carbonmonoxide and oxygen [26]. A comparison of the
conversion rate and energy efficiency obtained for the decomposition of CO2 in a double dielectric layer reactor
with alumina or zirconia plates as dielectric layers, respectively (identified in thefigure asDouble Al2O3, and
Double ZrO2) and in a double dielectric reactor with coppermesh electrode inserted between the corresponding
double dielectric layers (identified in thefigure as Al2O3-Cu-Al2O3 andZrO2-Cu-ZrO2) is presented infigure 3.

As can be seen from figure 3(a),firstly, corresponding to the same reactor structure, the reactor composed of
ZrO2with a larger relative permittivity presents a higher CO2 conversion rate than that of the Al2O3 reactor with
a smaller relative permittivity. Secondly, the CO2 conversion rates of the double-dielectric layer reactor with
coppermesh aremuch higher than those of the double-dielectric layer reactorwithout coppermesh. Among
them, for the ZrO2-Cu-ZrO2 reactor, the CO2 conversion is as high as 36% at a discharge power of 40Wand a
CO2flow rate of 20 sccm. The energy efficiency of CO2 conversion corresponding to different discharge powers
is given infigure 3(b). In general, the energy efficiency decreases with increasing discharge power, and the energy
efficiencies of the double-dielectric layer reactor with a coppermesh electrode are higher and can reachmore
than 10%at lower power levels.

It is 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 thematerial.With the increase of relative
permittivity of the dielectric, the reactor capacitance increases. For double dielectric layer reactors with or
without coppermesh electrode, the change of electrode configuration also leads to the change of reactor
capacitance. For the double-dielectric layer reactorwith coppermesh in themiddle, its reactor capacitance is
larger than that of double dielectric layer reactor without coppermesh electrode. According to the above trends
of the conversion rate and energy efficiency changes of CO2 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 CO2 decomposition.

The variation of CO2 conversion and energy efficiencywithCO2flow rate for different electrode
configurations is given infigure 4. It is seen from the figure that the CO2 conversion and energy efficiency follow
a similar trend for different configurations, with theCO2 conversion increasing and the energy efficiency
decreasing as theCO2flow rate decreases. Over the entire gasflow variation range, the conversion rates and
energy efficiencies of the reactor composed of dielectricmaterial with higher relative permittivity are higher than
that of the low relative permittivity case. The performance of the double-dielectric layer reactorwith copper
mesh electrode is better than that of the double-dielectric layer reactor without coppermesh electrode. For the
ZrO2-Cu-ZrO2 reactor, the CO2 conversion is higher than 40%at a discharge power of 40Wand aCO2flow rate
of 10 sccm.

3.2. Effect of electrode configuration and dielectricmaterial on the electrical characteristic of aDBD reactor
Asmentioned above, theQ-V plot, i.e., the Lissajousfigure, contains important information about theDBD
reactor. Figure 5 shows theQ-V curves for the decomposition of CO2 in aDBD reactor with different electrode
configurations. It is seen that the correspondingQ-V curves of different reactors vary greatly, with the
Al2O3-Al2O3 reactor having the highest applied voltage amplitude and the lowest transferred charge, and the
ZrO2-Cu-ZrO2 reactor having the lowest applied voltage amplitude and the highest transferred charge. Based on

Figure 3. (a)CO2 conversion rate and (b) energy efficiency as a function of discharge power forDBD reactors with different electrode
configurations (CO2flow rate of 20 sccm).
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figure 5 and the previous equivalent circuitmodel considering the case of partial surface discharging, the reactor
capacitanceCcell as well as the effective dielectric capacitance ζdiel can be obtained, as shown in figure 6.
According to the previous discussion, it is known that the reactor capacitanceCcell reflects the characteristics of
the electrode configuration during the discharge-off period of aDBD reactor.

As can be seen infigure 6(a), for the ZrO2-Cu-ZrO2 reactor, theCcell value ismore than twice that of the
Al2O3-Cu-Al2O3 reactor andmore than five times higher than that of the ZrO2-ZrO2 or Al2O3-Al2O3 reactor
without coppermesh electrode. Although the double dielectric layer reactor also shows the higher dielectric
permittivity, the larger reactor capacitance valueCcell, the use of double dielectric layer with coppermesh
configuration has amore obvious effect on the capacitance value of the reactor. From the effective dielectric
capacitance values ζdiel given infigure 6(b) for the active discharge phase, it appears that for all the reactors with
different electrode configurations, the ζdiel values for the ZrO2-Cu-ZrO2 reactor aremuch higher than the other
reactors. The ζdiel values increase with the increase of the discharge power. Themain reason for this is thatmore
micro-discharge channels are formed andmore charges are transferred between the electrodes as the discharge
power increases. As a result, the ζdiel values become closer and closer to the geometrically determined dielectric
capacitanceCdiel.

The conversion of CO2 in theDBD 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 theQ-V curvesmeasured is also an important indicator of the discharge characteristics of theDBD reactor

Figure 4. (a)CO2 conversion rate and (b) energy efficiency as a function of CO2flow rate forDBD reactors with different electrode
configurations (discharge power of 40 W).

Figure 5.Q-V plotsmeasured forDBD reactors with different electrode configurations (discharge power of 40 W,CO2flow rate of 20
sccm).
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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 themore charge transferred during the discharge process indicates the higher
electron number density in the discharge system and themore reactive the gas is, thus favoring the conversion of
CO2.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 ZrO2 as dielectric has a higher charge transfer capacity than the
Al2O3 reactor, and the reactor with coppermesh electrode has a higher charge transfer capacity than the reactor
without coppermesh electrode. The conductively transferred charge increases almost linearly as the discharge
power increases. For ZrO2-Cu-ZrO2 reactor, themaximumconductively transferred charge per half-cycle can
reachmore than 2400 nC. This indicates that the use of high relative permittivitymaterials and reasonable
electrode configurations can significantly improve the charge transfer capacity ofDBD reactor.

Note that the discharge power range is different for the double dielectric layerDBD reactor and the double
dielectric layerDBD reactor with a coppermesh infigure 3. The discharge power range of aDBD reactor is
related to its structure, dielectricmaterial andmany other factors. On the one hand, the double dielectric layer
DBD reactor requires a higher applied voltage tomaintain the discharge, as shown infigure 5.Under low
discharge power conditions (such as 5W, 10W), the gap voltage of the double dielectric layer DBD reactor is so
low that CO2 gas cannot be broken down and a stable discharge cannot bemaintained.However, for the double
dielectric layerDBD reactor with a coppermesh, the insertion of coppermesh electrode effectively halves the gas
gap distance and enhances the ability of aDBD reactor to transfer charge, which results in a lower applied voltage

Figure 6. (a)The cell capacitance, (b) effective dielectric capacitance as a function of discharge power extracted from theQ–Vplots for
DBD reactors with different electrode configurations (CO2flow rate of 20 sccm).

Figure 7.Variation of the conductively transferred charge during the discharge per half-cycle with discharge power forDBD reactors
with different electrode configurations (CO2flow rate of 20 sccm).
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and allows aDBD reactor to operate under lower discharge power conditions (5W, 10W). On the other hand,
when the discharge power is high enough, the filamentary discharge in aDBD reactor is easy to transition to an
arc discharge. The average current intensity of the double dielectric layerDBD reactor with a coppermesh is
higher than that of the double dielectric layer DBD reactor under the same discharge power condition.When the
discharge power rises, thefilamentary discharge in the double dielectric layer DBD reactorwith a coppermesh is
more likely to transition to an arc discharge, so themaximumdischarge power of the double dielectric layer
DBD reactorwith a coppermesh is lower than that of the double dielectric layerDBD reactor.

3.3. Effect of electrode configuration and dielectricmaterial on themicro-discharge characteristic of aDBD
reactor
The applied voltage ofDBD reactorV(t), gap voltageUgap(t), and plasma conduction current iplasma(t)
waveforms can provide rich information for studying themicro-discharge characteristics ofDBD reactors. In
figure 8, the black line indicates the applied voltage ofDBD 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 ofDBD reactors given infigure 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 onemicrosecond. The presence ofmultiple short-lived current pulses per half-cycle is usually considered as
a sign offilamentary discharge established in the gap between the dielectric layers.

From figure 8, it can be found that the applied voltage amplitudes ofDBD reactors with different electrode
configurations are different. The reactor with coppermesh electrode has a lower applied voltage than the reactor
without coppermesh electrode. Similarly, the gap voltage during the active discharge phase of the reactor with
coppermesh electrode is lower than that of the reactor without coppermesh electrode. It can be seen that the
presence ofmultiple current pulses in the reactors has a good synchronizationwith 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 areawith less variation [19, 38]. From the comparison of four different
electrode configurations, it can be seen that the voltage range of theDBD 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

Figure 8.Comparison of applied voltageV(t), gap voltageUgap(t) and plasma conduction current iplasma(t)waveforms for the reactor
of (a)Al2O3-Al2O3, (b)ZrO2-ZrO2, (c)Al2O3-Cu-Al2O3, and (d)ZrO2-Cu-ZrO2 (discharge power of 40 W,CO2flow rate of 20 sccm).
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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 CO2 decomposition and conversion.

Figure 9 shows the comparison of the applied voltage amplitude extracted from applied voltagewaveforms
given in figure 8 and the burning voltage calculated based on theQ-V plots given infigure 5. It can be seen from
figure 9 that the applied voltage amplitude decreases from9.97 kV for theAl2O3-Al2O3 reactor to 3.95 kV for the
ZrO2-Cu-ZrO2 reactor, while the burning voltage reduces from3.80 kV for the Al2O3-Al2O3 reactor to 1.35 kV
for the ZrO2-Cu-ZrO2 reactor. Under the same electrode configuration, the use of dielectricmaterials with
higher relative permittivity can significantly reduce the values of applied voltage amplitude and burning voltage.
This is because the burning voltage ofDBD is largely influenced by the surface charge density generated by the
previous discharge withACpower, which depends on the capacitance of the dielectric [42]. The larger the
relative permittivity of the dielectricmaterial, the higher its capacitance value, so that the reactorwith ZrO2 as
dielectric barriers corresponds to a lower burning voltage than the reactor withAl2O3 as dielectric barriers.
There are twomain reasons for the further reduction of the burning voltage for the reactorwith a coppermesh
electrode, firstly because of the shortening of the gap distance between the electrodes due to the coppermesh as
an electrode, and secondly because the coppermesh as an electrode helps to enhance the charge transfer process.

Asmentioned above, the insertion of a coppermesh into a double dielectric layer DBD reactor is equivalent
to a parallel connection of twometal electrode-single dielectric DBD reactors, and the gas gap distance between
the coppermesh electrode and the dielectric plate is 0.5 mm. The role of the coppermesh electrode can be
further elucidated by comparing theCO2 decomposition performance of the double dielectric layer DBD
reactorwith a gas gap distance of 0.5 mm to that of the double dielectric layerDBD reactor with a coppermesh. It
is worth noting that although the gas gap distance of the twoDBD reactors is the same, the electrical
characteristics of them are inconsistent. Because the double dielectric layerDBD reactor without coppermesh
has two dielectric layers between its high voltage electrode and ground electrode, while the double dielectric layer
DBD reactorwith a coppermesh is equivalent to a parallel connection of twometal 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 twoDBD reactors are 50W, respectively. The
CO2flow rate changes from10 sccm to 50 sccm. The alumina is used as dielectric barrier here.

Table 3 presents all the electrical parameters of the twoDBD reactors at a discharge power of 50Wand aCO2

flow rate of 20 sccm (The double dielectric layerDBD reactor without coppermesh is denoted as ‘Double Al2O3

(gap 0.5 mm)’, and the double dielectric layerDBD reactorwith a coppermesh is denoted as ‘Al2O3-Cu-Al2O3’).
The geometrically determined dielectric capacitanceCdiel, effective dielectric capacitance ζdiel, cell capacitance

Figure 9.Comparison of applied voltage amplitude and burning voltage forDBD reactors with different electrode configurations
(discharge power of 40 W,CO2flow rate of 20 sccm).

Table 3.Comparison of the electrical parameters for the double dielectric layerDBD reactorwithout coppermesh and the
double dielectric layerDBD reactor with a coppermesh (average discharge power of 50 W,CO2flow rate of 20 sccm).

DBD reactor Cdiel (pF) ζdiel (pF) Ccell (pF) ΔQdis (nC) Ub (kV) E (kV/cm)

Double Al2O3 (gap 0.5 mm) 72 71.0 37.2 1171 2.32 46.4

Al2O3-Cu-Al2O3 288 252 109 1857 2.14 42.9
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Ccell, conductively transferred charge during the discharge per half-cycleΔQdis, and burning voltageUb of the
twoDBD reactors shown in table 3 are calculated according to themethodsmentioned 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 layerDBD reactor without coppermesh has a lower
effective dielectric capacitance and cell capacitance than the double dielectric layerDBD reactor with a copper
mesh. In addition, the conductively transferred charge per half-cycle of the double dielectric layer DBD reactor
without coppermesh is alsomuch lower than that of the double dielectric layerDBD reactor with a coppermesh.
The electricfield strength in the double dielectric layerDBD reactorwithout coppermesh is higher than that of
the double dielectric layerDBD reactorwith a coppermesh.

Figure 10 shows theCO2 decomposition performance of the twoDBD reactors. It is seen that theCO2

conversion and energy efficiency of the double dielectric layerDBD reactor without coppermesh are bothmuch
lower than those of the double dielectric layerDBD reactor with a coppermesh under all CO2flow rate
conditions. Combinedwith the discharge characteristic parameters presented in table 3, it appears that in this
situation, the increase of electric field strength is not enough to improveCO2 conversion and energy efficiency
without the coppermesh.

A large number ofmicro-discharge processes formed in the dielectric barrier discharge gap are actually the
response of theCO2 system to the instantaneous energy input [44], influenced by the amount of charge stored on
the dielectric surface as well as the surfacemorphological properties, thus showing a random spatial-temporal
distribution. By observing and analyzing the basic characteristics ofmicro-discharge, themodulation effect of
different electrode configurations and dielectricmaterials on the discharge process and the influence on the
characteristics ofmicro-discharge can be summarized and analyzed. Using amethod similar to [19], themain
parameters describing the characteristics of themicro-discharge process, such as the number ofmicro-discharge
current pulses per cycleNmd, the average value ofmicro-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 infigure 8. It is worth pointing out that themicro-discharge
characteristics obtained here do not represent real physical individualmicro-discharge channel, but the actual
combined characteristics of a large number ofmicro-discharge channels in the discharge gap at a givenmoment.

As can be seen from figure 11(a), for the double-dielectric layer reactor, the number ofmicro-discharge
current pulses for Al2O3-Al2O3 reactor ismuch higher than that of ZrO2-ZrO2 reactor. This difference in the
number of current peaks can also be seen from the conduction current waveforms infigure 8, and the reason for
this phenomenonmay be strongly related to the surfacemorphological characteristics of the two dielectrics. It
can also be seen from figure 11(a) that the number ofmicro-discharge peaks in both double-dielectric layer
reactors without coppermesh electrode is smaller than that in double-dielectric layer reactors with coppermesh
electrode. For the double-dielectric layer reactors with coppermesh electrode, which is composed of two
different dielectrics, the corresponding number ofmicro-discharge peaks are very close to each other, indicating
that the use of coppermesh as the electrode can significantly improve themicro-discharge characteristics in the
reactor, increase the number ofmicro-discharge peaks, and improve the uniformity of discharge in the gas gap.

Figure 10.CO2 conversion and energy efficiency as a function of CO2flow rate for the double dielectric layerDBD reactorwithout
coppermesh and the double dielectric layerDBD reactor with a coppermesh (average discharge power of 50 W).
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The average values ofmicro-discharge current pulses for the reactors with different electrode configurations
are given infigure 11(b), fromwhich it is seen that the average values of current pulses for the double-layer
zirconia reactor aremuch higher than the other cases. Themain reason needs to be analyzed in conjunctionwith
the conductively transferred charge shown infigure 7 and the number ofmicro-discharge peaks infigure 11 (a).
For the ZrO2-ZrO2 reactor, the amount of conductively transferred charges during discharge is larger, but the
number ofmicro-discharge peaks is lower, resulting in a larger average value of the current pulse. The large pulse
current intensity ofmicro-dischargewill cause the discharge to be unstable and it is possible for theDBD to
evolve into arc discharge, which is not conducive to the long-termoperation of the reactor. It can also be seen
fromfigure 11 that for the double dielectric reactorwith coppermesh electrode, the amount of conductively

Figure 11. (a)Number ofmicro-discharge current pulses per cycle, (b) average current intensity and (c) average lifetime ofmicro-
discharge current pulses per cycle forDBD reactors with different electrode configurations (discharge power of 40 W,CO2flow rate of
20 sccm).
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transferred charge during the discharge is high, however, its number ofmicro-discharge peaks is also higher,
which lead to the decrease of average value of themicro-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]. Asmentioned above, the average lifetime
ofmicro-discharge current pulses given infigure 11(c) is not the true lifetime of individualmicro-discharge
channel in the gas gap, and the duration of individualmicro-discharge channel during actual discharge is only a
fewnanoseconds. It can be seen from figure 11(c) that themicro-discharge current pulse duration of the double
dielectric reactorwith coppermesh electrode ismuch higher than the duration of themicro-discharge current
pulse of the reactorwithout coppermesh. Combinedwith the number ofmicro-discharge peaks given in
figure 11(a), it shows that the use of coppermesh as the electrode greatly improves the discharge uniformity in
discharge time and space, which is beneficial to the conversion of CO2.

3.4. Effect of electrode configuration and dielectricmaterial on the optical emission characteristic ofDBD
plasma
The plasma emission spectra collected during theDBDare also an important source of understanding and
analyzing the discharge process. The spectral line distribution of the plasma for different electrode
configurations ofDBD reactors collected is given infigure 12. It can be seen from figure 12 that the optical
emission spectra of the plasma discharge between 300 nmand 850 nmare very informative and contain Fox,
Duffendack andBarker (FDB, A2Π→X2Π) bands of theCO2

+, (Ångström system, B1Σ+→A1Π and triplet
system, d3Δ→a3Π) bands of excitedCOmolecules, excitedCO2molecules (391.2 nm, 1B2→X1Σ+), excited
oxygenmolecules (400.5 nm, 406.5 nm), excitedO2

+ (588.3 nm, 602.6 nm), and excited oxygen atom (777.2 nm,
845.0 nm) [45–48]. At a discharge power of 40W, the Fox, Duffendack andBarker (FDB, FDB, A2Π→X2Π)
bands of CO2

+ formed by theDBDhave the highest emission intensity, while the two characteristic bands of CO
have the second highest emission intensity (Ångström system, B1Σ+→A1Π and triplet system, d3Δ→a3Π), so
the emission intensity of these bands can be used for further analysis of the ionization and dissociation processes
of CO2.

As shown infigure 12, the spectral intensity of CO2
+ is quite high, which is also observed in other

experimental studies about CO2 decomposition byDBD [41, 49]. As reported in [3, 49], the formation of CO2
+

molecular ions is through the following reaction

( )+  + + +e CO e e CO 82 2

The cross section of the collision ionization reaction between electrons andCO2molecules is relatively large,
and the threshold energy of collision ionization is 13.77 eV,which indicates that the process of generating CO2

+

under the action of high-energy electrons inDBD is relatively important. CO2
+ ions are usually generated in the

electronic excited states A2Π (at 17.31 eV above CO2 ground state) [50].When the excitedmolecular ions
CO2

+(A2Π) are deexcited to the ground statemolecular ions CO2
+(X2Π), the emission band of CO2

+ is produced.
This is themain source of theCO2

+ characteristic spectral band located between 300 nmand 420 nmobserved in
figure 12.

Figure 12.Optical emission spectra of theCO2 discharge in differentDBD reactors (discharge power of 40 W,CO2flow rate of 20
sccm).
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Due to the presence of CO2
+, the accompanyingCO2 dissociationmechanism is dissociative recombination

reaction of CO2
+ as follows

( )+   ++e CO CO CO O 92 2

This reaction is a highly exothermic process [51]. Since CO2
+ in aDBDplasma usually appear in the formof

electronic excitedmolecular ions, the products of dissociative recombination reaction are also usually electronic
excitedCOmolecules or excited oxygen atoms.

It can be seen that the the formation of CO2
+molecular ions is connectedwith the release of an electron and

while the formation of CO species is connectedwith the dissociation of CO2molecules. Therefore, we extracted
two spectral lines fromfigures 12, 337.0 nm aswell as 440.8 nm, for normalized comparison of their emission
intensities in the following analysis, as shown infigure 13, for the analysis of the discharge characteristics of the
reactors with different electrode configurations.

As can be seen from figure 13, forDBD reactors with different dielectricmaterials and electrode
configurations, the use of dielectrics with higher relative permittivity, and the use of double-dielectric layer with
coppermesh electrode all result in enhancedCO2

+ as well as CO spectral line intensity, which is also a reflection
of enhanced discharge efficiency of CO2 system.

4. Conclusions

In this experimental study, the effect of different electrode configurations, dielectricmaterials ofDBD reactors
onCO2 conversion is investigated. The electrical characteristics,micro-discharge characteristics, and optical
emission spectral characteristics of the double dielectric layer reactorwith alumina or zirconia as dielectric and
the reactorwith coppermesh as a high voltage electrode are compared. The results show that both the zirconia
reactorwith a higher relative dielectric permittivity and the double dielectric reactorwith coppermesh electrode
are beneficial for improving theCO2 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 aswell as reactors with coppermesh electrode can reduce
the applied voltage required for reactor discharge, increase the reactor capacitance, and substantially improve
the charge transfer capability of theDBD reactor. The analysis ofmicro-discharge characteristics shows that the
double-dielectric reactor with coppermesh as the high-voltage electrode can substantially increase the number
ofmicro-discharge peaks, and improve the uniformity of dischargewithin the gap to some extent. Optical
emission spectra analysis of CO2 plasma shows that the combination of using high relative permittivitymaterial
as well as reactorwith coppermesh electrode can effectively improve the discharge efficiency of CO2.
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