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Abstract

This work examines the properties of a dielectric barrier discharge (DBD) reactor, built for
CO, decomposition, by means of electrical characterization, optical emission spectroscopy
and gas chromatography. The discharge, formed in an electronegative gas (such as CO,, but
also O,), exhibits clearly different electrical characteristics, depending on the surface
conductivity of the reactor walls. An asymmetric current waveform is observed in the metal-
dielectric (MD) configuration, with sparse high-current pulses in the positive half-cycle (HC)
and a more uniform regime in the negative HC. This indicates that the discharge is operating
in two alternating regimes with rather different properties. At high CO, conversion, a
conductive coating is deposited on the dielectric. This so-called coated MD configuration
yields a symmetric current waveform, with current peaks in both the positive and negative
HCs. In a double-dielectric (DD) configuration, the current waveform is also symmetric, but
without current peaks in both the positive and negative HC. Finally, the DD configuration
with conductive coating on the inner surface of the outer dielectric, i.e., so-called coated DD,
yields again an asymmetric current waveform, with current peaks in the negative HC. These
different electrical characteristics are related to the presence of the conductive coating on the
dielectric wall of the reactor and can be explained by an increase of the local barrier
capacitance available for charge transfer. The different discharge regimes affect the CO,
conversion, more specifically, the CO, conversion is lowest in the clean DD configuration. It
is somewhat higher in the coated DD configuration, and still higher in the MD configuration.
The clean and coated MD configuration, however, gave similar CO, conversion. These
results indicate that the conductivity of the dielectric reactor walls can highly promote the
development of the high-amplitude discharge current pulses and subsequently the CO,
conversion.

Subject classification numbers
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1. Introduction

Carbon dioxide plays a complex role in the modern world. On the one hand, it is a ubiquitous by-
product of chemical processing and fuel combustion and thus a major contributor to the greenhouse
effect. On the other hand, CO, has a very good potential to be a negative value raw material for the
chemical industry and, possibly, a feedstock for alternative fuels. The conversion of pure CO, flow
into base chemicals is one of the possible pathways for carbon-containing waste valorization. A lot
of new approaches to develop a robust and energy-efficient technology for CO, decomposition by
means of non-thermal plasma, either pure or mixed with a H-source, like CH4 or H,0O, is being
investigated [1].

Dielectric barrier discharge (DBD) systems exploit the properties of non-thermal plasmas
and represent one of the possible solutions for CO, decomposition technology. A coaxial DBD
reactor geometry, in which one or both electrodes are covered with dielectric material, is commonly
used for this process [2,3] while a parallel plate design is utilized to apply optical diagnostics to the
system [4,5]. The most common approaches towards achieving higher values of CO, conversion
efficiency include variation of reactor geometry [6], materials [7-9], the introduction of packing
materials [10,11] or an admixture gas [12-14]. All of the aforementioned work relies on electrical
characterization as one of the diagnostic methods in order to evaluate the power input and to monitor
the discharge process. For instance, in the works by Li et al. [7,8] the implementation of high-
permittivity dielectric materials resulted in establishing distinct high-current pulses and consequently
a higher power discharge.

In this paper, we investigate in first instance the asymmetric current waveforms of a CO,
discharge, composed of high-amplitude sparse peaks in the positive half-cycle (HC) and limited
discharge current in the negative one. An asymmetry of the current waveform of the CO, discharge
was indeed also observed in literature for a system with a metal electrode and an electrode covered
with a dielectric material (further denoted as MD configuration) [2,7] and suggests the dissimilarity
of microdischarge activity in the positive and negative HC. This phenomenon could be expected,
given the asymmetric nature of a coaxial DBD reactor in a MD configuration [15,16] and the
principles of microdischarge formation [17-19]. Nevertheless, the asymmetric properties of the
discharge activity are mostly reported for surface barrier discharge set-ups [20-24] and asymmetric
current waveforms consisting of uniform glow-like and strong filamentary phases are typically
observed for these systems [25-27]. Depending on the polarity of the applied voltage, the half-
cycles are denoted as M+D- when the metal electrode is positive and M-D+ in the other case.
Folkstein et al. studied the asymmetry of the microdischarge properties in N,-O, mixtures and found
that M-D+ microdischarges are less intense, but more frequent than M+D- ones [28]. Hoder et al.
observed differences in the microdischarge development and propagation in various single filament
DBD reactor configurations by means of cross-correlation spectroscopy [19]. Osawa and Y oshika
demonstrated an asymmetrical current waveform using a 50 Hz DBD system operating with two
different dielectric materials [29].

During the CO, splitting experiments reported in this work, a conductive coating was found
on the reactor walls. It was considered to be a carbon film, resulting from the CO, decomposition
process. Interestingly, coke deposition during pure CO, processing in a DBD reactor is typically not
observed by other authors [3,4,30]. Zheng et al. found solid carbonates only when using CO as a
feed gas instead of CO, [12]. On the other hand, Li et al. also observed carbon deposition, and
associated this to the high-current discharge peaks, resulting from the use of a high-permittivity
dielectric [8]. Tomai et al. utilized a DBD reactor under super-critical conditions to achieve carbon
deposition from CO, feedthrough [31,32].

An interesting implication of conductive carbon deposition on the electrodes is the
modification of the electrical signal of the CO, discharge. A shift from an asymmetric current
waveform to a symmetric one was observed and attributed to the appearance of a conductive film on
the dielectric surface. To the best of our knowledge, this effect was not described before, although
the influence of the dielectric material conductivity or of conductive coatings on the dielectric
material was investigated for various gas mixtures [9,33-35]. Both Kim et al and Choi et al
correlated the improvement of N, discharge uniformity to the conductivity of the dielectric surface
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[33,34]. Guogqing et al. observed a decrease in the number of filaments and in the discharge power
for the case of highly conductive dielectric surfaces in a N,-Ar mixture [35]. Wang et al. reported a
higher discharge current and efficiency of CO, conversion in the MD reactor by means of custom-
made high-permittivity dielectrics with a higher concentration of glass, i.e. a lower surface resistivity
[9]. In this way the effect of the high-permittivity dielectric conductivity on the CO, discharge in the
MD configuration was explored. However, it is not clear yet whether it is possible to modulate the
CO, discharge current and CO, conversion by means of enhancing the conductivity of conventional
dielectric material surfaces (e.g. borosilicate glass, alumina).

To address this problem, we also explored a double dielectric (DD) configuration of a DBD
reactor, and we compared it to the MD one, by applying a conductive coating on one of the dielectric
layers of the DD reactor. Falkstein et al. examined the different operation of the DD configuration in
dry and wet air, and associated the rise of microdischarge amplitude with a water film appearing on
the electrodes [28]. Brehmer et al. utilized the quartz DD reactor for CO, decomposition and
observed a symmetric waveform with limited discharge current amplitude of about 35 mA, and no
carbon deposition was found during the process [5]. Tu et al. used the DD configuration for dry
reforming of methane in a mixture of CHy and CO, and observed coke deposition, although the
effect of the coating on the electrical properties or conversion was not discussed [36]. Clearly, there
is a lack of understanding in how the reactor walls conductivity can influence the discharge regime
and thus the CO, conversion. Moreover, such a study is also crucial from the industrial point of
view, as the contamination of the electrodes is inevitable in a large scale operation. In our study, the
introduction of a conductive coating on one of the dielectric walls of the DD configuration
significantly enhances the discharge current in one of the HCs and subsequently the CO, conversion.
To the best of our knowledge, this effect was not yet reported before.

In general, it is clear that the surface conductivity of the dielectric walls can greatly
influence the electrical current profiles, and thus also the CO, conversion, but a systematic study of
these effects has not yet been performed. This is exactly the aim of the present work.

2. Experimental part

2.1. Reactor set-up

The experimental setup is schematically shown in figure 1. In case of the MD configuration (figure
1, a), a cylindrical discharge gap of 0.5 mm is obtained between a grounded stainless steel central
electrode (outer diameter 25 mm) and a dielectric tube (26 mm inner diameter, 29 mm outer
diameter) made of borosilicate glass or alumina. It was demonstrated by Aerts et al. [6] that using a
smaller gap allows the rise of the reactor capacitance and a decrease of the onset voltage due to
enhanced electric field intensity, thus it is beneficial for the system performance. A stainless steel
mesh is wrapped at the outside of the dielectric tube, acting as an outer electrode and at the same
time defining the length of the plasma (215 mm). The outer electrode arrangement is cooled with
deionized water with a controlled conductivity of less than 0.5 uS-m. In this way, local overheating
of the reactor and parasitic discharges on the sharp edges of the mesh are prevented. The central
electrode is cooled with drinking water of standard quality.

The DD configuration (figure 1, b) is similar to the MD reactor with respect to the
arrangement of the electrodes. The central electrode is in this case a quartz tube, filled with technical
quality water, i.e. conductive water. A grounded stainless steel rod is introduced into the liquid for
sustaining electrical contact. Water is circulated for cooling of the quartz tube.

The outer electrode is in both cases connected to a power supply with a maximum peak-to-
peak voltage of 40 kV and a variable frequency between 2 and 90 kHz (AFS G10S-V generator,
AFS GT-10...80 transformers). The applied voltage is measured by a high voltage probe (Tektronics
P6015A) and the total current is obtained by a Rogowski-type current meter (Pearson Model 4100,
35 MHz). Due to the design of the reactor it was not possible to introduce an external measuring
capacitor in the electrical circuit of the reactor. This diagnostic tool is implemented only in the DD
configuration of the reactor, where a 5.5 nF capacitance is installed in series with the grounded
electrode to obtain the transferred charge — voltage (Q-U) characteristics.



The process is monitored by a 25 MHz PicoScope 2205 digital oscilloscope, while the
electrical signals are recorded by a 2.5 GS/s 500MHz Tektronics TDS 3052 (S/s = number of
samples per second). In our system, the energy input in the discharge is controlled by setting the
power of the generator and calculating the corresponding value (equation 1):

1T
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o

where T is the period of the AC, and I(t) and U(t) are the measured current and applied voltage

signals, respectively. Previous calorimetric studies of the system confirmed the accuracy of this
method.
Table 1 summarizes the properties of the MD and DD reactor configurations.

Table 1. Summary of the reactor properties in both the MD and DD configuration

Reactor type
Property MD configuration DD configuration
Gap, mm 0.5 0.5
Length of discharge zone, mm 215 215
Outer dielectric Alumina or borosilicate glass Alumina or borosilicate glass
Inner dielectric - Quartz
Discharge cell capacitance, pF 330 or 250 (for alumina or 175 or 150 (for alumina or
glass dielectric, resp.) glass dielectric, resp.)
External capacitance, pF - 5500

Figure 1. Experimental setup of the coaxial dielectric barrier discharge reactor: a) metal-dielectric
(MD) and b) double-dielectric (DD) configurations (the same analysis systems are applied and not
shown here).

2.2. Process conditions

In case of a 0.5 mm discharge gap and 215 mm steel mesh length, the total volume of the reactor
equals 8.6 mL. The gas flow rate is varied from 0.05 to 0.6 SLM of CO,, yielding a residence time
between 10.3 and 0.86 seconds. Similar flow rates are also applied for N, and O, feedthrough (see
below). CO, gas of industrial quality (99.5% purity, Air Products) is used in this set of experiments.
The gaseous products of the reaction are analysed by gas chromatography (Trace-GC, Interscience),
equipped with a thermal conductivity detector (TCD). The conversion of CO, is calculated by
comparing the peak area of CO, in the TCD signal before and after plasma exposure (equation 2) and
the carbon balance is estimated according to equation 3:
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The specific energy input (SEI) is used to compare the conversion efficiencies of the various set-ups
(equation 4) [37]:

Pinput W) - 60(s/ min) @)
Flowrate(ml/min)-3.92(eV -ml/J -molec)

A UV/VIS (180-750 nm) survey fiber spectrometer (Avantes, AvaSpec 2048) with 2.3 nm
FWHM resolution is used for monitoring the process in both reactors, collecting light through a 6
mm collimating lens. The lens was pointed on the gas gap through the optical window (90%
transmittance in the 320-600 nm range) installed downstream the reactor parallel to the electrode
axis. The same electrical analysis and gas chromatography systems are applied for the experiments
in the MD and DD reactors.

SEI (eV/molec.) =

3. Results and discussion

3.1. Electrical characteristics for the MD configuration

Figure 2 shows the applied voltage and measured current waveforms of the MD DBD configuration
for CO,, as well as for O, and N,. Besides the electronegative gases, like CO, and O,, we also
investigated N,, to compare the electrical signals of the discharges. As the critical electric field for
N, breakdown is lower than that of CO, or O,, a rather different discharge behaviour might be
expected . It is known that the total current is a superposition of a quasi-sinusoidal displacement one
and numerous discharge pulses. The former corresponds to the capacitive nature of the DBD system
and does not depend on the gas composition. Meanwhile, the latter gives evidence for the
filamentary character of the discharge, consisting of randomly distributed individual filaments,
although the amplitude of these current pulses for CO, and O, is clearly higher than for N,.
Moreover, the current waveform of the CO, and O, discharge appears to be asymmetric, i.e. the
discharge current in the positive HC has a different structure than in the negative one.

Figure 2. Electrical signal of the DBD reactor in the MD configuration: (&) CO,; (b) O.; (C) N,
(discharge power: 180W; feed flow rate: 0.2 SLM; frequency: 30 kHz for all three cases; dielectric
material: alumina).



One period of applied voltage, in case of the CO, discharge, is shown in figure 3, after
subtraction of the displacement current from the total current. The discharge current in the positive
HC is composed of relatively high sparse peaks (with values up to 1-2 A) and the applied voltage
waveform is correspondingly distorted by sharp voltage drops up to 1 kV, while a more uniform
discharge appears in the negative HC. Interestingly, this remarkable asymmetric behaviour was not
observed for the N, discharge at the same conditions (fig. 2, c) or other tested gases (Ar, CHy). This
feature of the CO, discharge is observed for the whole range of discharge gaps examined in our
system, ranging from 0.5 to 2 mm, i.e. a central electrode outer diameter between 25 and 22 mm.

Besides the bandwidth of the oscilloscope, the sampling rate (represented in number of
samples per second) is the parameter that might influence the precision of measurements. Depending
on the frequency of the applied voltage the oscillograms were recorded with a sampling rate from 10
MS/s to 50 MS/s (million samples per second). Up to the tested 2.5 GS/s, the asymmetric structure
described above was preserved.

Figure 3. Electrical signal in one period of applied voltage for the CO, discharge (discharge power:
180W; feed flow rate: 0.2 SLM; frequency: 30 kHz; dielectric material: alumina).

The comparison of the pulses for positive and negative HC is presented in figure 4. The rise
time of the current peaks is about 10 ns and is similar for both HCs. This value is close to usable rise
time. The ringing of the current signal is observed after the current pulse propagation. This effect is
known to be a drawback of Rogowski coil current meters [25] responsible for the 5% observed
uncertainty during the power measurements.

Figure 4. Measured current and voltage signal for positive (a) and negative (b) HC (180W-0.2SLM
CO,-30 kHz).



An asymmetric current waveform was also observed by Guaitella et al. [38] in a similar
metal-dielectric DBD (6 mm gap) system operating in air at 50 Hz excitation frequency.
Remarkably, the high-current structure was observed in the M+D- polarity (“M+Q-* notation used in
the paper), which is opposite to our observations. A structure similar to our case of the CO,
discharge current was observed by Li et al. in the MD configuration, although the reported
waveforms were not so irregular in the positive and negative half-cycles, possibly because of the
high-permittivity dielectric being used [7,8]. The distortion of the voltage signal might be related to
the reaction of the power supply to the high current pulses. A somewhat similar behaviour in terms
of current discharge asymmetry and amplitude can be seen on the oscillograms presented by Mei et
al. for a system with a wider discharge gap of 3 mm [10]. In the work by Aerts et al. [6],
modifications in the waveform due to a rise in discharge gap or energy input variations were
presented. No clear asymmetry was observed in this study, and the discharge current amplitude was
somewhat lower than in our system. Ramakers et al. explored the discharge properties in mixtures of
CO, with Ar and He [14]. Notably different waveforms were presented both for the case of
discharges of pure CO, and CO, diluted with Ar. As will be shown below, the asymmetry of the
current waveform is highly dependent on the surface quality of the dielectric material. Contaminated
or aged dielectrics can yield a symmetric waveform for a discharge in CO,. Another point is that the
mesh electrode exposed to the atmosphere can induce a parasitic discharge, which will create
additional noise in the current measurements. Finally, the discharge conditions (discharge gap, gas
flow rate, applied frequency) used by Aerts et al. [6] and Ramakers et al. [14] were somewhat
different, so it is dangerous to draw conclusions about the different current waveforms.

From the presented waveforms (figures 2 and 3), it can be concluded that the discharge
current and consequently also the charge transfer in case of the electronegative gases (CO, and O,)
are significantly more established in the positive half-cycle of the applied voltage, when the
grounded electrode has a negative polarity (M-D+ configuration), compared to the negative half-
cycle (M+D-). This behavior is similar to the asymmetric properties of surface barrier discharges
[20-27] but is in distinct contradiction with the studies of microdischarge formation in a N,-O,
atmosphere [28,39], where more intense and irregular microdischarges were reported for the M+D-
configuration. Moreover, prominent decrease of the microdischarge amplitude was correlated with
addition of oxygen. However, considering the electronegativity of CO, and O, and the lower
ionization potential of these gases compared to N, (i.e., 13.8 and 12.1 eV, vs. 15.6 V), one might
expect sparse and high intensity filaments for the CO, and O, discharges. Audier et al. studied the
morphology of surface barrier discharges in mixtures of N»-O, [40]. It was shown that the addition
of the electronegative oxygen gas results in fewer, stronger and brighter filaments. Notably, in pure
O, the current pulses were the strongest, as more filaments were ignited at the same locations,
utilizing the strong channels of the extinguished filaments. This is also in correlation with our
results, where no strong current peaks were observed in the electropositive N, discharge, in contrast
to the electronegative CO, and O, discharges. It might appear that the high current pulses are limited
by the capacitance available for a single filament. A somewhat similar behavior was shown
experimentally (for the CO, discharge) by Li et al. [7,8] and theoretically by Akishev et al [41,42].
Accordingly, the MD discharge asymmetry might be explained by this hypothesis: the capacity of
the electron supply (i.e. charge transferred after streamer breakdown) of the M-D+ polarity is
significantly larger than in the case of the M+D- one. This allows the flow of the high-current pulses
of the CO; or O, discharges in the M-D+ configuration, while the discharge current peaks are limited
in the M-D+ polarity. The current waveforms present an integrated picture of a bulk discharge, i.e.
we cannot deconvolute the information out of it for a single microdischarge. Nevertheless, we can
conclude that the microdischarge activity processes are different in the M+D- and the M-D+
configurations.

3.2. Effect of a conductive film on the discharge properties

During the experiments on CO, decomposition, it was noted that a black-coloured coating was
deposited both on the central metal electrode and on the inner surface of the dielectric tube. The
formation of the film was observed for both of the tested dielectric materials, i.e. alumina and
borosilicate glass. The coating showed a good adhesion to the metal electrode; sand paper had to be



used to clean the surface afterwards. For the borosilicate glass, the adhesion was not so strong and
the coating could be removed with a tissue. In the case of the alumina dielectric, a not well-adhered
layer was found on top of a rather sticky coating, which could not be easily removed. The achieved
coating was absorbing in the visible spectrum, i.e. no light could be extracted through the coated
borosilicate glass walls.

The electrical properties of the coating were measured with a multimeter and it was revealed
that the coating is conductive. The resistivity value of the powder scratched from the dielectric tube
was in the order of 1-2:10° Ohm'm, which corresponds to resistive material. However, the
dielectrics used in the experiments are characterized by several orders of magnitude higher
resistivity values (10°-10'° Ohm-m for the borosilicate glass and 10'°-10'> Ohm-m for the alumina).
It should be noted that the resistivity can change drastically with the variation of the applied
frequency and temperature, thus the behavior of the material can be rather complex, considering the
conditions of the DBD operation [43].

The appearance of the coating was associated with the modification of the current
waveform, as shown in figure 5. The case when the conductive coating was covering both reactor
walls is denoted as “Coated system” while the “Clean system” represents the condition when no
conductive coating is deposited. It can be seen that the current waveform shifts from an asymmetric
structure (“clean system”) to a symmetric one (“coated system”) with an irregular high peak
structure appearing in both negative and positive HC, as described above. Interestingly, the
introduction of the conductive coating and the subsequent rise of the discharge current in the
negative HC had little or no influence on the efficiency of the CO, conversion in the MD reactor
configuration. For instance, for an energy input of 60W at 0.2 SLM CO, flow, the conversion in the
clean system was found to be 12.9%, while a value of 12 % was obtained in the coated reactor.
Another point is that the deposited structure might act as a catalyst, enhancing the backward
reactions [44] and thus decreasing the effect of the current amplification.

Figure 5. Electrical signal of the CO, DBD reactor, without the coating (a) and with the coated
walls (b) (discharge power: 60W; feed flow rate: 0.6 SLM; frequency: 4 kHz; dielectric material:
alumina)

The time evolution of the discharge may be presented in the following way. The charge
transfer is calculated via the integration of the discharge high-current component (I>35 mA) (cf.
figure 6). The modification of the current amplitude distribution for the negative HC might be
spotted in this way. It is known that the charge transfer should be equal in both HCs due to the DBD
capacitive nature [16,25]. However, at the beginning of the operation (“clean system™) the charge
balance is not observed. It can be explained by the fact that the current peaks below 35 mA are
shaved out from the calculation for the case of the negative HC (figure 6, b). The coverage of the
dielectric surface with a conductive coating induces the higher-current peaks, and thus the charge
transferred (figure 6, “3 hours”). Ultimately, after 10 hours of operation the steady state is achieved,
as the charge transfer calculated in this way is equal in both HCs. Notably, the charge transfer in the



positive HC (figure 6, a) is rather stable in time, which indicates that the coating is not influencing
the discharge in the positive HC. The coverage time is highly dependent on the power input regime,
ranging from tens of hours for 1-5 eV/molec. power input down to 1-3 hours for a power input of
10-15 eV/molec.

Figure 6. Charge transfer induced by the high-amplitude component of the discharge current
(Idischarge>35 mA) for the cases of 150W, 70W, 20W — 4 kHz power input at 0.6 SLM CO,.

To understand the nature of the coating, the carbon balance of the CO, decomposition was
studied (figure 7). The carbon balance gives an indication on the percentage of the carbon fed to the
reactor that is preserved in the form of CO or CO, after passing through the plasma reactor.
Typically, the carbon balance is somewhat lower than 100%, after exposure to a plasma, meaning
that some carbon is either being deposited on the reactor walls (in the form of C,) or is transformed
into higher order C species. As there is no addition of hydrogen in the system, it is safe to assume
that the lowering of the carbon balance is primarily due to the surface deposition reaction. Most
probably only the dissociation of CO contributes to C, formation, but obviously, CO itself is a
product of CO, decomposition. Taking this into account, as well as other observations in literature
on carbon deposition during CO; splitting [8,12], we may conclude that the carbon deposition is the
result of the high peak structure in the discharge current, resulting in high conversion rates,
especially at high SEI values.

Figure 7. Carbon balance and conversion rate of CO, decomposition as a function of SEIL
(combined data over a range of discharge frequencies and for both dielectric materials)

With respect to the modification of the current waveform, the major factor might be the
appearance of a conductive surface inside the dielectric tube. Interestingly, the introduction of a
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conductive coating did not influence the discharge in the positive HC, while it drastically modified
the discharge in the negative HC (figure 5). In fact, a shift of the current waveform, i.e. a gradual
growth of the discharge current in the negative HC, may in general be used as an indication of the
appearance of a coating on the dielectric wall. If we consider the discharge configuration of the
coated system in the negative HC, we can deduce that it is similar to the M-D+ configuration of the
positive HC, as the cathode surface in this case is conductive as well. According to these
observations, the conductivity of the cathode surface may be the crucial factor for promoting the
discharge current in a CO, atmosphere. Unfortunately, in the case of the MD configuration, it was
not possible to obtain Q-U Lissajous figures to evaluate the influence of the coating on the effective
capacitance of the reactor.

3.3 Comparison of DD and MD configurations

3.3.1 Discharge characterisation in the various configurations

The DD configuration of the reactor was compared with the MD set-up in terms of the electrical
properties of the discharge and the CO, conversion efficiency. Figure 8 shows the current
waveforms of the CO, discharge in the different configurations. It can be seen that in the case of the
DD configuration (figure 8, left) the discharge current is symmetric, with no high current pulses in
both HCs, and thus similar to the clean M+D- system during the negative HC of the applied voltage
(cf. figures 3 and 5a). To modify the existing DD configuration, a dielectric tube with a pre-
deposited carbon coating on the inner surface, resulting from the previous experiments on the MD
configuration, was used in the reactor (figure 6, right). As a result, the discharge current drastically
rises in the negative HC and an asymmetric current waveform is observed. Again, this drastic shift in
behavior was noted only in a CO, or O, atmosphere, and not in the electropositive gases (N,, Ar,
CH,) that we studied, and to the best of our knowledge, this effect is reported for the first time.
Finally, for comparison, also the current waveform of the MD configuration is again plotted (figure
8, middle) and it shows high current pulses during the positive HC (cf. figures 2, 3 and 5a above).
This effect was tested over a range of the applied voltage frequencies, thus on different transformers,
to validate that this phenomenon is not the result of equipment corruption. Interestingly, the
formation of the coating was not observed in the DD configuration. It might reflect that the
interaction with the steel electrode is crucial for the deposition process, for instance playing a role of
catalyst for the disproportionation reaction (cf. equation 6).
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Figure 8. Comparison of the current waveforms in various reactor configurations (discharge power:
180W; CO, feed flow rate: 0.2 SLM; frequency (from left to right): 30 kHz; 25 kHz; 1 kHz;
dielectric material: alumina).

To estimate the effect of the conductive coating on the electrical properties of the DD
reactor, the relation between the transferred charge and the applied voltage was evaluated. Figure 9
depicts the Lissajous figures of this relation, averaged over 512 cycles. The figure consists of the
discharge-off (DA, BC) and the discharge-on (AB, CD) lines. From the slope of these lines, we can
estimate the effective capacitance (during the discharge) and the cell capacitance (when only the
displacement current is present). Some changes in the Lissajous figure can be observed after the
introduction of a conductive coating, indicating a variation of the sum of the cell and stray
capacitances, similar to the observations by Falkenstein et al. [28].
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Figure 9. Lissajous figures of the CO, DBD in the DD configurations, with clean and coated
dielectric surface (discharge power: 180W; feed flow rate: 0.2 SLM; frequency: 30 kHz; dielectric
material: alumina).

By comparing the waveforms in figure 8, we can conclude that the conductivity of the
cathode surface has a crucial role in the development of the CO, discharge current. Indeed, in the
clean DD configuration, the discharge zone is composed of only non-conductive surfaces and hence
the discharge current is limited in both HCs (figure 8, left). In the MD configuration (figure 8,
middle), the central electrode is a metal body and consequently the high-peak discharge current
structure is observed only in the positive HC, when the grounded electrode acts as a cathode. In
contrast, in the DD configuration with conductive coating on the inner surface of the outer dielectric,
this pre-deposited conductive film is attached to the power supply in series with the dielectric.
Therefore, the coating is a cathode when the applied voltage is negative, enhancing the discharge
current pulses in the negative HC (figure 8, right).

Figure 10. Comparison of current measurement by means of the Rogowski coil of the total current
(a) and the discharge current (b) achieved after subtraction of the displacement current.

The validation of the Rogowski coil current measurement approach may be done by the
comparison of the current signal with the derivative of the capacitor probe charge measurements (cf.
figure 10) [45,46]. It can be seen that the high current peak structure is observed for the negative HC
for both measurement systems, while the positive HC was free of the high-amplitude pulses. This
indicates that the differences in the positive and negative HCs are related to the discharge current
amplitude, and not to the detection limits of the system.
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3.3.2 CO, conversion efficiency in the various configurations.

Figure 11 shows the CO, conversion rate as a function of the SEI for the MD and DD reactors, as
well as for the DD configuration with a conductive coating on the inner side of the outer dielectric
wall. In general, it can be stated that the conversion rises with SEI for all types of reactor
configurations. The non-coated DD set-up appears to be the least efficient for the CO,
decomposition. Upon the introduction of a conductive coating in the DD configuration (so-called
coated DD), the conversion rate drastically rises, but still is somewhat lower than in the MD case. As
already mentioned, a conductive coating on the inner side of the outer dielectric has limited or no
impact on the conversion rate in the case of the MD configuration and thus, the data presented here
cover both the “clean” and the “coated” MD configuration. The small difference in the capacitance
of the clean and coated DD systems (cf. figure 9) allows a precise comparison of the process
efficiency for those two reactors. However, when comparing the DD and MD configurations, some
error would be inevitable due to the larger voltage drop (and thus a power loss) over the two
dielectrics in case of the DD setup. This leads to an overestimation of the power input for the DD
systems, when comparing to the MD one.

Figure 11. CO, conversion rate for the different DBD configurations, as a function of SEI
(frequency: 10-30 kHz; dielectric material: alumina)

These results are consistent with the work of Wang et al. who reported that the CO,
conversion rate was enhanced by using a custom-made high-permittivity dielectric with a
controllable concentration of glass, i.e. controlled surface resistivity [9]. The differences in the
conversion between the coated DD and the MD configurations may be attributed to the defects of the
pre-deposited conductive coating on the dielectric surface. Indeed, visual inspection revealed
uncoated areas, which might be explained by the difficulties in the coaxial geometry reactor
alignment.

3.3.3 OES spectra in the various configurations

Optical emission spectroscopy is a popular technique for non-invasive in-situ plasma diagnostics.
During the CO, decomposition process, the discharge was monitored with a survey spectrometer.
The spectrum of the filamentary CO, plasma consists of CO,/CO," lines in the range of 300-420 nm
(Fox, Duffendack and Barker’s System), CO 3" positive band (280-360 nm), CO Angstroms bands
in the range between 450 and 700 nm, and a continuum part with a maximum at about 450 nm [5,47-
49]. No CH or C, Swan band lines were observed during the CO, experiments. In Figure 11, the
optical emission spectra of the CO, discharge in the MD, coated DD and clean DD configurations
are presented. The spectra were measured with different integration times (5000, 6000 and 8000 ms,
respectively), indicating that the brightness of the discharge in the MD configuration is higher than
in the coated DD configuration, and the brightness in the latter is higher than in the clean DD
configuration.
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Figure 12. Emission spectra of the CO, DBD in MD, coated DD and clean DD configurations
(discharge power: 180W; feed flow rate: 0.2 SLM; frequency: 30 kHz; dielectric material: alumina).

The emission spectra, normalized at the wavelength of 368.4 nm (as it is the most intensive
peak among the CO,/CO," lines), for the 3 configurations in the range of the brightest CO lines
(450-570 nm) are shown in Figure 12.

Figure 13. Emission spectra of the CO, DBD, in the three different configurations, normalized at
368 nm (discharge power: 180W; feed flow rate: 0.2 SLM; frequency: 30 kHz; dielectric material:
alumina).

The results reveal that the luminosity of the CO, discharge in the clean DD configuration is
much lower than in the coated DD and especially in the MD set-up. Moreover, the CO lines of the
spectrum are relatively more intense in the coated DD and especially the MD reactors, while the
intensity of the CO,/CO," lines is virtually the same for all configurations (see figure 13). The fact
that the CO lines are brighter for the coated DD and MD configurations might be attributed to the
intense current pulses observed for these configurations. Thus, the introduction of a conductive
coating in the DD configuration enhances the overall brightness of the discharge, as well as the
intensity of the lines corresponding to the CO, decomposition process.

3.4 Discussion of the results.

In this study we observed that the CO, discharge significantly changes upon modification of the
reactor configuration. The introduction of a conductive coating on the dielectric walls of a DBD
reactor may change a range of surface properties, including the roughness, the secondary electron
emission coefficient, the effective capacitance and the conductivity. Thorough screening of the
various factors involved in this process reveals that the conductivity might be the most crucial
parameter affecting the discharge properties [34]. The effect of the surface conductivity on the
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discharge properties is somewhat contradictory in the literature, as shown in the introduction [9,33-
35]. Falkenstein et al. reported observations similar to the ones presented here, after examining the
influence of a conductive water film on a dielectric surface. In this study of a synthetic air DBD, the
microdischarge intensity grew in the presence of a water film, making the bulk discharge less
uniform [28]. It is interesting to note that in our reactor, the simple introduction of a conductive
coating on the dielectric surface results in a notable current waveform modification, as well as in a
significant improvement of the CO, conversion. A possible reason for this may be found in some
changes in the microdischarge formation process.

Fundamental studies on the microdischarge formation report several stages of the process:
pre-ionisation, cathode- and anode-oriented streamers and a decay phase [17-19,43,50]. It is known
that charge transfer (i.e. a current pulse) starts after the cathode-oriented streamer reaches the surface
of the electrode [17]. At this point, electrons are directed towards the anode through a conductive
channel, left after the previous phase. In the case of the M-D+ configuration, electrons are supplied
from the metal surface. The surface discharge preceding the current transfer is responsible for this
process in case of the dielectric cathode, creating a conductive sheet on top of the barrier [28].
Akishev et al. introduced the term “local barrier capacitance” for this phenomenon that limits the
current passing through the single microdischarge [41,42]. In this work, the dielectric was presented
in the form of multiple parallel capacitances, connected by a series of resistances on the surface. The
local barrier capacitance may be increased by decreasing the surface resistance in this way, i.e. more
electrons might be supplied to the microdischarge channel, forming the current pulse. It seems to be
a possible explanation for the discharge current rise when a conductive coating is acting as the
cathode surface (figures 4, 6). Notably, the conductive surface acting as the anode does not influence
the discharge (cf. asymmetric waveform of the clean MD system in figure 4,a and the coated DD
configuration in figure 6).

Again, the current waveforms are a superposition of multiple microdicharges over time, thus
we cannot spot differences of single microdischarge behaviour in this setup. For this aim, single
filament DBD reactors were utilised [19], producing fundamental data on these processes.
Nevertheless, we tried to correlate various analysis methods with the bulk discharge current
oscillograms. For the clean DD set-up, the discharge current was limited and resembled that of the
M-+D- configuration. The CO, conversion rate and the discharge brightness were correspondingly
limited in this case. The introduction of a conductive coating on the dielectric wall enhanced the
discharge current peaks in the HC corresponding to the time when this surface was acting as a
cathode. Consequently, the conversion efficiency and the emission of the CO lines were amplified.
In the case of the MD configuration, the conversion rate was the highest and a conductive carbon
coating was deposited on the reactor walls. We can therefore assume that microdischarges of higher
intensity occur in case of high-peak discharge current structure, leading to the formation of more CO
(due to CO, decomposition) and possibly to the formation of a carbon coating on the reactor walls.
The fact that the conversion rate did not rise upon coating appearance in the MD configuration might
be explained by the CO disproportionation reaction (6) [51]:

2C0 —C+CO, (6)

This reaction might limit the conversion efficiency and lead to the formation of the carbon coating
on the reactor walls.

According to the current waveforms, the CO, discharge is composed of numerous low-
amplitude filaments in the clean DD configuration. For the case of the coated DD or MD
configurations, sparse high-amplitude current pulses are observed, which could be related to stronger
and rare filaments, appearing in the channels of previously extinguished filaments [40]. It might be
deduced that different plasma parameters correspond to streamers of those two regimes, as ne, Te,
should be higher for high-current regimes. From the presented results it might be concluded that
high-current pulses, although rather sparse and non-uniformly distributed, are more favourable for
CO, conversion.The deposited conductive coating is shown to amplify the discharge current,
however probably enhancing the backward reaction at the same time. This indicates that a more
precise choice of a conductive catalytic coating on the dielectric wall may be beneficial for the
process efficiency.
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The phenomena of the conductivity influence on the discharge current may be further
studied in a parallel-plate reactor. A controlled conductivity of the dielectric surface may be
achieved by thin film deposition techniques. For instance, a thin layer of chromium would possibly
allow the utilization of an optically transparent DBD system, resistant to the oxidation of the CO,
discharge. In this way the measurements of the discharge current might be correlated with the
conductivity of the surface, speed imaging of the filaments and conversion efficiency. Additionally,
the analysis of the solid products of the CO, discharge would be more straightforward in this case.

In summary, it was shown that the microdischarge activity of a DD type DBD reactor and
the process efficiency in CO, splitting can be significantly modified by the introduction of a
conductive film on the dielectric surface. In this way, the appearance of a conductive coating can be
considered as an activation step for the DD configuration. Indeed, typically high-permittivity
dielectric materials are utilized when higher conversion rates and high-peak discharge currents are
observed [7-9]. In our work, similar effects were observed upon the introduction of a conductive
coating on the surface of conventional dielectric materials (borosilicate glass and alumina). This
property might be applied in fundamental studies of DBD systems, where DD reactors are
commonly used [4,5], to simulate processes in the MD configuration.

However, the MD configuration of the DBD reactor seems to be more advantageous for the
CO, decomposition technology, as the highest rates of CO, conversion efficiency were achieved in
this configuration. Besides, the MD configuration presents a better solution in terms of design based
on robust constructional materials.

4. Conclusion

In this work it was shown that the surface conductivity has a prominent role in the CO, discharge in
a DBD reactor with various configurations:

(1) In the clean MD configuration, the CO, discharge current was asymmetric, with a high-peak
discharge current structure observed during the positive HC (denoted as M-D+);

(i) During the CO, decomposition process, a conductive coating was found to be covering the
reactor walls, and subsequently changing the current waveform into a symmetric waveform with
current peaks in both the positive and negative HC;

(ii1) In the clean DD configuration, the discharge current was limited in both HCs, similar to the
M+D- phase of the clean MD reactor;

(iv) In the DD configuration, when using the dielectric tube with pre-deposited conductive coating,
i.e., so-called coated DD configuration, the CO, conversion efficiency, the optical emission signal,
and the discharge current in the negative HC were significantly higher than in the clean DD
configuration.

All this indicates that the microdischarge activity drastically changes when the conductive surface
acts as a cathode. In this way it is possible to control the CO, conversion efficiency and modify the
microdischarge formation process in the DD reactor without using elaborated dielectric materials.
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