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ABSTRACT

The direct conversion of CO, into CO and O, by dielectric barrier discharge (DBD) non-
thermal plasma is effective with simple setup, easy on/off operation and flexibility to the CO,
source. Herein, we demonstrated the frosted dielectric surface without and with ZrO, coating
can significantly improve the conversion and energy efficiency of the plasma CO,
decomposition in a DBD reactor, compared to the conventional un-frosted dielectric surface
without ZrO, coating. The use of the frosted dielectric surface increases the dielectric
capacitance, mean electron energy and micro-discharge channels, leading to increased CO,
conversion and energy efficiency. The coating of ZrO, of a high dielectric constant further
improves the discharge performances with further increased CO, conversion and energy
efficiency. The highest energy efficiency of 7.7% was achieved within the tested conditions.
The effect of CO, adsorption on ZrO, coating is negligible because of the low coating amount.
Keywords: Dielectric barrier discharge; Non-thermal plasma; CO, conversion; Frosted

dielectric surface; ZrO,



1. Introduction

The capture and utilization of carbon dioxide has drawn significant attention worldwide
[1-2]. CO;is a linear inert molecule with a double bond between the carbon and oxygen atoms
(O=C=0), which requires a minimum energy of 5.5 eV to break (reaction (1)) [3-4].

CO, = —0,+CO  (AH) =280 ki/mol (1)

Among various methods exploited for CO, conversion, the CO, decomposition via cold
plasmas is promising with the rapid progress in renewable energies [5-7]. Plasma is defined as
the fourth state of matter. It is very different from the conventional three states (solid, liquid,
and gas). It is usually formed by partial (or complete) ionization/dissociation of gas molecules
under energetic excitation [8-9]. Plasma is thus a collection of molecules, free radicals, excited
species, ions, photons and electrons [10]. Cold plasma or non-thermal plasma is a kind of
plasma phenomenon. It can be initiated at ambient conditions and operated at temperatures
ranging from room temperature to several hundred Kelvin. The average electron temperature
in cold plasmas is typically 10000-100000 K (1-10 eV), while its gas temperature can remain
as low as room temperature [5,11]. Obviously, this kind of non-thermal distribution of energy
is very useful for the activation of inert molecules like CO, [12]. Increasing publications can be
found in the literature on plasma CO, decomposition [4,13-27]. Among various cold plasmas
exploited, dielectric barrier discharge (DBD) is unique [4,13,16,20,26-27] because of its high
effectiveness, simple setup, convenient monitoring, flexibility for scale-up, and easy on/off
operation [28]. Moreover, the physical properties of the dielectric barrier can affect the
characteristics of DBD plasma by tuning the density of discharges [7]. Even large-scale ozone

production, surface treatment and others have been industrialized considering its simplicity [29].



At present, some researchers have evaluated the CO, decomposition reaction using DBD
plasma reactors. Mei et al. [13] studied the effect of the operating parameters (discharge
frequency, carbon dioxide flow rate, discharge length, discharge power, discharge gap and
dielectric material thickness) on CO, conversion in a cylindrical DBD reactor. The results
showed the feed flow rate and discharge power are the key parameters that determine CO,
decomposition. The latter has a more significant effect on energy efficiency. Xu et al. [30]
pointed out that diluting CO, with Ar/N, can increase the conversion of CO,, but is accompanied
by the formation of by-products (O;/N,O, NO, NO,). Ramakers et al. [31] also showed that the
effect of Ar on the DBD plasma CO, conversion is more pronounced than that of He. In addition,
a hybrid plasma system containing packing materials/catalysts can partially compensate for the
shortcomings of low conversion of CO,in DBD plasma reactors. Taghvaei et al. [32] coated
different packing materials (BaTiO;, TiO,, CeO,, ZrO,, CaO, Al,O;, Fe;O,, and SiO,) on three-
dimensional polyurethane foams and incorporated them into the discharge zone of a DBD
reactor. They proved the coating of metal oxides boosts the conversion proportional to their
dielectric constant. In addition, Ray et al. [33] reported that placing 15% MO/y-ALO; (M=Ni
and Cu) catalysts into the discharge zone enhanced the CO, conversion by 42% and 112%,
respectively, compared with the plasma CO, decomposition without a catalyst, thus
demonstrating the importance of catalysts in the plasma-assisted CO, conversion. However,
these filling materials will reduce the reaction space and gas residence time in the plasma zone,
and even affect discharge characteristics [6]. It is well recognized that the modification of the
DBD reactor provides a new solution to enhance CO, conversion. However, most of the

reported research focused on the design of internal and external electrodes [26,34,35]. Less



attention has been paid to the tuning of dielectric materials to enhance the reaction performance
of the plasma CO, decomposition.

In this work, we report the improvement of the micro-discharge performance of DBD for
enhanced CO, conversion by using the ZrO,-coated frosted quartz tube as the dielectric material.
The improvement mechanism by the frosted dielectric surface and the ZrO, coating was
investigated.

2. Experimental

2.1. Experimental setup

Fig. 1 shows the schematic diagram of the experimental setup. A cylindrical DBD reactor
with a double dielectric was employed in this work. As shown in Fig. 2, a 316L stainless steel
round rod with a diameter of 3 mm was used as the high-voltage internal electrode, which was
located on the axis of the tubular reactor and connected to the plasma source. A quartz tube
covering the electrode with an inner diameter of 3 mm and a wall thickness of 1 mm was served
as a dielectric barrier. The outer surface of the reactor was tightly covered with an 80 mm wide
aluminium foil layer, which was used as the ground electrode. The reactor had a fixed discharge
length. For the preparation of the oxide-coated tube, the frosted quartz tube prepared by
sandblasting process was used to ensure the uniformity of ZrO, coating. The digital photos of
the three types of dielectric barrier surfaces are shown in Fig. 3. The DBD reactor was
connected to a plasma power supply (CTP-2000K, Nanjing Suman Plasma Technology Co.,
Ltd) with a maximum peak voltage of 30 kV and a discharge frequency of 5-20 kHz. A 1000:1
voltage probe (PHV4-8596, LeCroy PPE) was used to measure the applied voltage, and an

external capacitor (0.47 uF) and a resistor (50 €2) were connected in series between the DBD
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reactor and the ground wire to measure the transferred charge and current during the discharge
process. All electrical signals were recorded by a digital oscilloscope (DSO6052A, Agilent
Technologies). Because the use of any co-feed gas, including argon or helium, will increase the
CO, conversion, pure CO, was used here as the feed gas, to study the intrinsic behavior of the
plasma CO, conversion. The feed rate was controlled by a mass flow controller (MFC, D07-7,
Beijing SevenStar Flow Co., Ltd). Because the carbon dioxide decomposition is not an iso-

volumetric reaction, a soap film flowmeter was used to measure the effluent from the reactor

for the calculation of CO, conversion.
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Fig. 1. Schematic of the experimental setup.



Front view

Top view
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Fig. 3. Digital photos of quartz tubes with different surfaces: (a) un-frosted surface; (b)

frosted surface; (c) frosted surface with ZrO, coating.

2.2 Gas analysis

The gas composition after the reaction was detected by a gas chromatograph (GC, Agilent
4890D) equipped with a thermal conductivity detector (TCD) and a flame ionization detector

(FID). A six-way valve system was used for online sampling. The main products of CO,
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decomposition were CO and O,, which were quantitatively analyzed by the external standard
method.
The conversion of CO, (X), specific energy input (SEI) and energy efficiency of the plasma

process (1)) are determined by:

CO, converted(mol s’l)
CO; introduced(mol s™1)

Xco, (%) = x100% )

Discharge power (W)

SEI (kJ L_l) - CO, flow rate(ml s’l)

3)

CO, flow rate(ml s'l) X Xco,(%) X AH (kJ mol'l)
22.4 X Discharge power (W)

n (%) = 4

where AH is the standard reaction enthalpy of pure CO, decomposition, and the value is
280 kJ mol! [4,13]. The discharge power is calculated via the Q-U Lissajous figure, while the
gas flow rate can be controlled directly via the mass flow controller.

2.3 Characteristics of the DBDs

To investigate the effects of ZrO, coating and the frosted surface on the electric properties
of DBDs, it is usually assumed that the DBD reactor can be simplified and equivalent to a
circuit composed of the equivalent dielectric capacitance (C,) in the dielectric barrier layer and
the equivalent gap capacitance (C,) in the gas discharge gap in series (Fig. S1(a)) [36-38]. The
analysis of the Lissajous figure, shown in Fig. S1(b), is a common method for the
characterization of DBDs [34,38-40]. Based on this analysis, the mean electron energy and the
electron energy distribution function (EEDF) can be calculated with the Boltzmann equation
by Boltzmann solver BOLSIG+ [41]. The details of the calculation have been given in our

previous work [40].



2.4 ZrQO, coating over the dielectric barrier surface

To load ZrO, on the dielectric barrier surface, the quartz was firstly frosted, as shown in
Fig. S2. A zirconium nitrate solution with a concentration of 1 mol/L was prepared by adding
8.5852 g of zirconium nitrate (Zr(NO;),-SH,0, Tianjin Kemiou Chemical Reagent, China) to a
20 ml deionized water. The obtained mixture was heated and stirred at 60 °C for 10 min in a
magnetic heater agitator. Next, a dropper was used to drip the precursor solution onto the frosted
quartz tube until the frosted surface was completely wet. To prevent local accumulation, the
excess precursor solution on the surface was removed by rotating back and forth. Following
that, the prepared tube was dried in the oven for 12 h. Finally, the dielectric surface coated with
ZrO, was obtained by calcining the dried tube in a furnace at 500 °C for 3 h. With the ZrO,
coating, the discharge gap is ca. 1.9 mm.

2.5 Characterization of dielectric barrier surface

The surface roughness and micro-morphology of the quartz tubes were characterized by
an atomic force microscope (AFM, Multimode V). The test side of the sample was placed
upwards and pasted on a mica sheet. The scan size was 20 pum x 20 wm at a scan rate of 0.5 Hz.

The optical microscope images of the quartz tubes were taken by the OLYMPUS SZ61
optical microscope (OM). A uniform and bright field of the view was obtained by adjusting a
suitable light source.

The surface morphology and element mapping of the tube coated with ZrO, were scanned
by the field emission scanning electron microscope (SEM, Regulus 8100). A small piece of
quartz tube sample was taken. The side without ZrO, was stuck to the conductive glue before

measurement.



3 Results and discussions

3.1 Analysis of dielectric barrier surface roughness

In this experiment, to evaluate the influence of dielectric surface roughness on the plasma
conversion of CO,, abrasive papers with different mesh numbers (i.e., 2000 mesh, 800 mesh,
400 mesh, and 240 mesh) were used to roughen the dielectric surfaces to different levels. Note
smaller mesh number gives greater roughness to the dielectric surface. Fig. S3 shows digital
photos of dielectric surfaces after roughening. The surface roughness parameter Ra was
measured by AFM. The three-dimensional topographies of the surfaces measured by AFM are
shown in Fig. 4. Clearly, the roughened surfaces have more or less defects, and the specific

gully depths are shown in Table 1.

0 nm
(a) ' (b) .| (©) i
(d L ()
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Fig. 4. Three-dimensional topographies of the dielectric barrier surfaces after roughing with
different meshes of abrasive papers: (a) un-frosted; (b) 2000 mesh; (c) 800 mesh; (d) 400

mesh; (e) 240 mesh (scan size: 20 um x 20 um).
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Table 1. Data measured by AFM

Mesh number of abrasive paper

Un-frosted tube 2000 800 400 240
Ra (nm) 9 118 195 369 632
Gully depth (nm) 175.1 581.8 6269 1093.1 1992.6

3.2 Analysis of ZrO, coated tube

Here, to evaluate the uniformity of the coating material on the dielectric barrier surface,
the quartz tube was analyzed by OM, SEM and EDX mapping. As shown in Fig. 5(a), the coated
quartz tube is milky white, and the coated ZrO, dielectric layer has been integrated with the
frosted surface as a whole. The SEM images (Fig. 6) show that the structure does not change
noticeably when exposed to plasma discharge. Elemental mapping analysis (Fig. 5(b)) also
confirms the result, indicating that ZrO, is uniformly distributed on the frosted dielectric barrier.
Because of the low loading of ZrO, on the tube in this work, the CO, adsorption on ZrO, can

be negligible.

Fig. 5. (a) Optical microscope images and (b) elemental mapping analysis for a ZrO,
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coated dielectric barrier.

Fig. 6. SEM images of ZrO, coated dielectric surface (a) before and (b) after exposure to
plasma discharge.

3.3 Effect of frosted dielectric barrier surface on the plasma CO, decomposition

Fig. 7 shows the conversion of CO, increases gradually when increasing the roughness of
the dielectric surface. The highest CO, conversion of 11.7% is achieved when the roughness of
the dielectric surface is 632 nm, 31.5% higher than that over the un-frosted dielectric surface

(Ra=9nm).

CO, conversion (%)

9 118 195 369 632
Ra (nm)
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Fig. 7. Effect of dielectric barrier roughness (Ra) on CO, conversion. (SEI=29 kJ/L; total flow
rate: 30 mL/min; frequency: 8.8 kHz)

In general, the electric field can be enhanced by roughness or geometric distortion [42,43].
Due to the difference in the depth of the dielectric surface defects, the surface charge adsorption
and desorption capabilities are significantly changed, which leads to different charge densities
accumulated on the dielectric surface. A large amount of charge local accumulation centers is
thus formed. This causes more discharge channels, resulting in a higher conversion of CO,.
From the experimental results, the dielectric surface with a roughness of 632 nm corresponding

to the use of 240 mesh abrasive paper is most significantly affected by this mechanism.

3.4 Effect of ZrQO, coating on the plasma CO, decomposition

Fig. 8 shows the effect of ZrO, coating and gas flow rate on the plasma CO, decomposition.
The ZrO, coating on the frosted dielectric surface leads to a further remarkably increase in the
conversion of CO,, compared to the un-coated frosted dielectric surface. In the entire flow rate
range, the CO, conversion and energy efficiency over the ZrO, coated dielectric barrier surface
are higher than those with the un-frosted dielectric and frosted dielectrics. The highest CO,
conversion is 21.7% over the ZrO, coated dielectric barrier at a gas flow rate of 10 ml/min,
while the conversion of CO, drops to 16.3% and 13.2% on the frosted and the un-frosted
dielectric surface, respectively, at the same CO, gas flow rate. On the other hand, the energy
efficiency increases with the increasing CO, flow rate. The ZrO, coating significantly enhances

the energy efficiency. There exists a trade-off between the conversion and energy efficiency.

13



The highest energy efficiency is 7.7% at the gas flow rate of 50 ml/min. The energy efficiency
can be increased when further increasing the gas flow rate.

Fig. S4 presents a stability test result. Because DBD plasma reaction has the advantage of
easy on/off operation, the study through cyclic test is used to prevent the excessive thermal
effect of DBD plasma reaction caused by the discharge reaction. Each cycle lasts for 30 min,
and the reaction will restart each time when the plasma reactor is cooled down to room
temperature through the flowing feed gas. From the results, excellent stability can be observed

when a frosted dielectric or ZrO, coated dielectric is used.
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Fig. 8. Effect of feed flow rate on CO, conversion and energy efficiency with different
types of dielectric surfaces (discharge power: 14.5 W; discharge length: 80 mm; frequency:
8.8 kHz; discharge gap: 0.19 cm; the maximum discharge voltage: 11.8 kV (un-frosted

surface), 11.6 kV (frosted surface), 11.0 kV (ZrO, coated surface)).

Fig. 9 shows the effect of frequency on the CO, conversion and energy efficiency. As the
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frequency increases from 8.8 to 10 kHz, the CO, conversion and energy efficiency decrease

slightly. This cannot be explained from the perspective of the total number and average lifetime

of micro-discharges or discharge currents [44]. It may be due to the discrepancy in the shape of

the electron energy distribution function at different frequencies. More electrons, which are

good for breaking the C=0 bond in CO, molecule, will be generated at a lower frequency [29].

CO, conversion thus decreases at a higher frequency. In addition, the result obtained in this

work is consistent with the work by Zhu et al. [27], who put the packing materials in the

discharge gap to improve the CO, conversion. The relevant maximum discharge voltages are

shown in Table S1.
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Fig. 9. Effect of discharge frequency on CO, conversion and energy efficiency (SEI=29 kJ/L;

feed flow rate: 30 ml/min; discharge length: 80 mm; discharge gap: 0.19 cm).
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Fig. 10. Effect of discharge power on CO, conversion and energy efficiency (feed flow rate:

10 ml/min; discharge length: 80 mm; discharge gap: 0.19 cm; frequency: 8.8 kHz).

SEI is generally regarded as one of the key factors in the CO, conversion process. As
described in Eq. (3), the SEI value is determined by the gas flow rate and the discharge power.
Fig. 8 shows a higher gas flow rate leads to lower CO, conversion but high energy efficiency.
When other operating parameters are fixed, increasing the CO, flow rate would decrease the
residence time of CO, in the plasma, which reduces the probability of collisions between CO,
molecules and energetic species (e.g., electrons and reactive species), resulting in the decreased
conversion of CO,. However, the amount of CO, excited by the plasma per unit time increases
at a higher gas flow rate, while the percentage of energy consumed by the plasma reaction for
CO, conversion increases, thus the energy efficiency is higher at a higher gas flow rate.

As shown in Fig. 10, the conversion of CO, increases as discharge power increases.
However, the energy efficiency shows a reverse trend. Specifically, varying the SEI from 87 to
159 kJ/L increases the CO, conversion from 16.3% to 19.3% when using the frosted dielectric

surface in the DBD reactor. For the ZrO, coated dielectric surface, the CO, conversion increases
16
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from 21.7% to 24.4% when increasing the SEI from 87 to 159 kJ/L. The amplitude and number
of current pulses increase with the increase of the discharge power [26], which induces more
high energetic electrons and discharge channels. Therefore, appropriately increasing the
discharge power is conducive to CO, conversion. However, higher discharge power leads to
more energy loss released in the form of heating in the plasma process, which in turn reduces
the energy efficiency of the plasma process. A balance between the CO, conversion and energy
efficiency would be considered for the potential applications.

Table 2 compares the CO, conversion and energy efficiency of DBD plasma CO,
decomposition at atmospheric pressure. From Table 2, the frosted dielectric surface with ZrO,
coating shows higher energy efficiency, compared to the same reaction without packing
materials or catalysts [26,34,45-47]. Considering the difficulty in the loading and removal of
particles or powders in the discharge gap (normally 1~3 mm) of the conventional DBD reactor,
the frosted dielectric surface with ZrO, coating represents a significant advance in the design
of more efficient plasma-catalytic reactors for gas conversions not limited to CO,

decomposition.
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Table 2. Comparison of CO, conversion and energy efficiency in different specific operation

conditions by DBD plasma

Specific operation SEI Conversion Energy Ref.
condition (kJ/L) (%) efficiency (%)
71O, coating 435 174 5.0 This work
17.4 10.7 7.7
Segmented outer 534 13.1 3.1 [34]
Electrode
Electrode made of 232 92 50 [26]
compact copper powder
NaCl solution as outer 539 15.1 35 [45]
Electrode
Discharge length of 53 12.6 30 [46]
112 cm
Copper foil as outer 67.5 9.5 1.8 [47]

electrode

3.5 Discharge characteristics

According to the previous work by Takuma [48], the electric field can be enhanced with

the increase of the dielectric constant of the dielectric material at the contact. While, in the gas

discharge, the electric field plays a key role in determining the plasma reaction performance, as

it changes the electron energy distribution function. Higher electric field results in higher mean

electron energy, which increases the electron impact reaction rate [43,49-50]. Therefore, when

the ZrO, dielectric material is coated onto the frosted dielectric surface, the dielectric constant

rises from €=3.9 (i.e., Si0,) to €=25 (i.e., Zr0O,) [39,42], the rate of CO, dissociation will be

significantly accelerated. It is worth noting that the unique configuration of ZrO, coated frosted
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dielectric surface does not change the reactant residence time and discharge gap in the DBD
reactor.

Fig. 11(a) plots the discharge current waveforms of the CO, DBD. Since a sinusoidal
voltage signal is applied to the electrodes of the DBD, each electrode alternatively serves as a
cathode and an anode [51]. Therefore, the discharge current waveforms have repeatability with
typical filamentary discharge observed. This kind of filamentary discharge or micro-discharge
can be regarded as a reaction channel. The more micro-discharges, the more reaction channels

are created, which enhance the reactions between highly active species [52].
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Fig. 11. (a) The current signals and (b) Lissajous figures of the CO, DBD with different

types of dielectric barriers (discharge power: 26.5 W; frequency: 8.8 kHz).

Table 3. Electrical parameters of CO, plasma

Dielectric barrier Peak applied Cq Qpip™ ET E/N 1
surface type voltage (kV) (pF) (nC) (kV cm™) (Td)
Un-frosted surface 134 24.1+0.1 046+001 14.7+04 78.9
Frosted surface 12.8 26.7+0.9 0.48+001 15.8+0.5 84.5
ZrO, coating 122 31.0+0.3 051001 174405 93.0

* Quipk Mmeans the peak to peak charge;
T E is the average electric field;
I E/N is the average reduced electric field.

Compared to the DBD using the un-frosted quartz tube, the current intensity of the DBD
using the frosted tube or the ZrO, coated frosted tube is higher, as shown in Fig. 11(a). To get
further insights into the characteristics of the discharge, the Lissajous figures of the DBD using
different dielectric surfaces were compared (Fig. 11(b)). Table 3 exhibits the specific discharge
parameters, calculated from the analyses of the Lissajous figures with the method described
previously. [38-40] Under the same conditions, the peak-to-peak charge increases when using
the frosted dielectric surface or ZrO, coating. The calculated effective capacitance follows the
order: ZrO, coated surface > frosted surface > un-frosted surface.

The frosted dielectric surface enhances the charge deposition and the formation of local
charge accumulation centers on the surface. Moreover, a higher dielectric constant can lead to
stronger polarization of dielectric material and higher capacitance [53]. And when the ZrO,
coated tube is used as the dielectric barrier, the mean electric field is increased by about 18%

compared with the un-frosted tube, which results in more micro-discharges. Therefore, the
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conversion and energy efficiency of CO, decomposition can be significantly improved in this
configuration. It is noteworthy that the maximum applied voltage decreases from 13.4 kV of
the un-frosted dielectric surface to 12.2 kV with the ZrO, coated surface. Considering that the
discharge power is the same in each case, the current in the discharge must be increased when
using a ZrO, coated dielectric surface or frosted dielectric surface, which can also be confirmed

from the current signals (Fig. 11a).
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Fig. 12. (a) Calculated mean electron energy as a function of the

reduced electric field. (b) Calculated EEDF for three types of dielectric barriers.

The mean electron energy and the electron energy distribution function (EEDF) were
calculated with the Boltzmann equation by Boltzmann solver BOLSIG+ [41]. As shown in Fig.
12(a), for the pure CO, conversion, the mean electron energy increases with the increase of E/N
in DBD. And the colored rectangle shows the range of the average reduced electric field in this
study. The order of mean electron energy is: ZrO, coated surface (3.76 eV) > frosted surface

(3.47 eV) > un-frosted surface (3.18 eV). In addition, the electron energy distribution also
21



follows this order (Fig. 12(b)). Especially above 3.55 eV, the discharge region with the ZrO,
coated dielectric barrier generates more energetic electrons.
4. Conclusion

The present work has demonstrated that using the frosted dielectric surface in a DBD
reactor significantly improves the energy efficiency and the conversion of CO, in the plasma
decomposition of CO,. The ZrO, coating on the frosted dielectric surface further improves the
energy efficiency and the conversion of CO,. Compared to the conventional DBD reactor using
an un-frosted dielectric surface (e.g., quartz tube), coating ZrO, onto the frosted dielectric
surface increases the dielectric capacitance, discharge channels and mean electron energy,
which further boosts the conversion and the energy efficiency of CO, decomposition. This work
represents a significant advance in the design of efficient DBD reactors for the conversion of
CO.,. To understand the intrinsic characteristic of the DBD plasma decomposition of CO,, co-
reactant such as argon, helium, hydrogen or others, was not employed here. With the use of co-
reactant, the energy efficiency and the CO, conversion can be further increased, which will be
investigated in our future works. The present design of the DBD reactor has a clear advantage
in the enhanced micro-discharge performances with negligible influence on the space gas
residence time and discharge gap. It is convenient for the preparation of the frosted surface and

oxide coating, which can lead to more applications beyond the plasma CO, conversion.
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