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Abstract: A planar volume dielectric barrier discharge (DBD) in pure carbon dioxide (CO,) for the for-
mation of carbon monoxide (CO) is examined by combined electrical and CO density measurements.
The influence of the type of electrode, the barrier material, the barrier thickness, and the discharge gap
on the plasma power and the CO formation is analyzed systematically. The electrical characterization
by means of charge-voltage plots is based on the simplest equivalent circuit model of DBDs, extended
by the so-called partial surface discharge effect and the presence of parallel parasitic capacitances.
The stackable discharge arrangement in this study enables one to elucidate the influence of parasitic
capacitances, which can be overlooked in the application of such plasma sources. The determination
of the discharge voltage from charge-voltage plots and the validity of the so-called Manley power
equation are revised by taking into account non-uniform coverage as well as parasitic capacitances.
The energy yield (EY) of CO is analyzed and compared with the literature. No correlations of EY
with the mean reduced electric field strength or the geometric parameters of the DBD arrangement
are observed.

Keywords: dielectric barrier discharge; equivalent circuit; carbon dioxide conversion; carbon monoxide

formation; power-to-gas

1. Introduction

Dielectric barrier discharges (DBDs) are well-established as self-sustaining, non-
thermal atmospheric pressure plasma sources in industry, e.g., for ozone generation and
surface activation, in light sources, and air cleaning devices, as well as for the pumping
of gas lasers [1,2]. More recently, DBDs have found application in life-science and have
also been used for film deposition [3,4]. Other active fields of research are aerodynamic
flow control and analytic detection devices [5,6]. A major field of research is currently the
conversion of carbon dioxide (CO,) as a greenhouse gas, which is to be seen in connection
with the storage of intermittent renewable energy as a so-called power-to-X (PtX) approach.
The first attempts to use DBDs as plasma reactors for the conversion of CO, date back to the
1990’s [7-10]; since about 2010, there has been renewed interest due to the energy transition,
i.e., the demand of PtX technologies for the generation of fuels or chemicals [11,12]. For ex-
ample, methanol or carbon monoxide (CO) is of interest as a readily storable synthetic fuel,
platform chemical, or chemical feedstock for hydrocarbon and fuel synthesis, respectively.

DBDs were studied for CO; splitting, hydrogenation, and the dry reforming of
methane and methanization. Many studies include catalysts (i.e., the investigation of
packed-bed DBDs) to exploit plasma-catalyst interaction for increasing the energy effi-
ciency and/or selectivity. The latter two are insufficient in DBDs to enable industrial
application. Microwave-generated plasmas (at sub-atmospheric pressure), gliding arcs,
and radio-frequency-generated plasmas display much better energy efficiency and higher
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conversion degrees in CO; splitting than DBDs. The advantage of DBDs is its simple and
robust design. Additionally, DBDs do not require special high-voltage supplies and are not
prone to significant EMC problems. Therefore, they could be attractive for decentralized
power-to-X approaches. Furthermore, the DBD design allows for direct interaction with a
catalyst to explore and exploit synergies [11].

CO;, splitting efficacy in DBDs was found to be determined by the electrode design
and geometry, as well as by the operation parameters. Most studies were performed in
coaxial DBD reactors with and without a packed bed. Paulussen et al. [13] identified the
gas-flow rate as the most important parameter to optimize the CO, conversion in an empty
coaxial DBD reactor. A maximum conversion of 30% was reported. Aerts et al. presented
systematic experimental studies and simulations, showing that the material of the dielectric
barrier had no influence on conversion and energy efficiency (EE), while smaller discharge
gaps led to an increase in conversion [14,15]. Mei et al. reported similar dependence on
the discharge gap and a decrease in conversion and EE for thicker dielectric barriers [16].
The latter proposed a response surface methodology to investigate the effects of the process
parameters (discharge power, gas-flow rate, and active discharge zone length) and their
interactions on the reaction performance [17]. The discharge power was identified as the
most important factor affecting the conversion, while EE was mostly determined by the
gas-flow rate. The discharge zone length had a significant effect on EE, depending on
discharge power or gas-flow rate. A similar result was reported by Niu et al. with a
multi-electrode cylindrical DBD reactor [18]. Ozkan et al. reported that the barrier material
as well as the high-voltage frequency have an influence on the conversion and on EE [19]
(contrary to [14,20]) and that thicker barriers increase conversion and EE (contrary to [16]).
Belov et al. pointed on the effect of asymmetry in such reactors [21]. When both cylindrical
electrodes were covered by dielectric, a lower conversion was achieved than in the case of
the asymmetric design with only one electrode covered by dielectric. The authors related
these findings to the different operating regimes and current waveforms for the reactors
and reported on the deposition of carbon-containing layers on the barriers [21,22], which
affected the current waveforms and, thus, the chemical performance. Uytdenhouwen et al.
also showed the increase in conversion and the decrease in EE with the discharge gap [23]
and studied the existence of so-called partial chemical equilibria [24]. The position of
these equilibria depended on reactor parameters and operating conditions (i.e., power,
pressure, and gap). Adding a packed-bed in the discharge space usually increased the
reactor performance. Most of the authors discuss the importance of the reduced electric
field strength E/N in the discharge gap on the chemistry.

Coaxial or cylindrical DBDs allow for a compact design without dead volumes or
the slip of the reaction gas, as well as the easy inclusion of packed-beds with catalytic
properties. A disadvantage is that an outer dielectric tube serves not only as the barrier of
the DBD but also as the reactor housing. To ensure a mechanically robust construction, this
dielectric tube therefore often has a wall thickness of more than 1 mm. However, a thinner
dielectric barrier would cause a larger number of charges to be transferred to the discharge
gap at the same high-voltage amplitude, thus generating more power .

Plane parallel DBDs can also be easily constructed from plate electrodes and dielectrics.
Upscaling is relatively simple due to the stacking of plate electrodes and dielectrics [25,26].
Such constructions allow for more flexible choice of discharge gap and barrier thickness.
For these reasons, similar DBDs are already successfully used for air-cleaning applications
(e.g., deodorization) in industry [27,28]. A symmetric plane parallel volume DBD for
CO, splitting was studied by Brehmer et al. [29] and simulated by Ponduri et al. [30].
In [29], the specific input energy (SIE), i.e., the discharge power divided by the gas flow,
was identified as a universal scaling parameter, contrary to the results in coaxial reactors,
e.g., [14,24]. The latter works pointed toward a more distinct effect of the gas residence
time in the reactor, in particular for SIE higher than 100 k] /L. Brehmer et al. showed
no effect on CO yield and EE by the variation of the discharge gap, pressure, thickness,
and material of the barrier or by the frequency and duty cycle of the applied high voltage.
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The effect of the gap voltage and thus E/N was also negligible in this study. The time and
space (1D)-dependent model in [30] confirmed these experimental results, in particular, the
linear dependence of the CO, conversion frequency on the power per CO, molecule. More
recently, Uytdenhouwen et al. presented planar asymmetric DBD reactors with modifiable
gas in and outlet designs for the dry reforming of methane [31]. The shape and size of
the reaction zone and the direction of the gas flow also influenced the plasma chemistry
in experiments in pure CO,. The power delivery to the reactor also largely affected the
plasma chemical performance and product composition.

The mentioned non-comparability with empty coaxial DBDs and the scaling capa-
bilities of planar DBDs motivated our work. The purpose of this paper is to present a
comprehensive electrical characterization and its correlation with the plasma chemistry in
a well up-scalable DBD configuration. We will show how parasitic capacitances and non-
uniform plasma formation in reactors can complicate interpretation and lead to errorneous
conclusions. Current research often overlooks these aspects or lacks the right approach
to the problem. For this purpose, we apply the approach of the simplest equivalent cir-
cuit [32,33] and discuss the influence of geometric reactor properties such as the discharge
gap, the type of electrodes, or the barrier material and thickness. We will introduce the
correct determination of the so-called discharge voltage as an important mean parameter
from charge-voltage (Q-V) plots under such circumstances. We will discuss the validity
of the so-called Manley power equation [34] and how the discharge power is determined
by the geometric reactor properties. Finally, the electrical analysis will be correlated with
the splitting of CO, to CO in a CO; plasma. A comparison with results form literature
will be made and the role of the different process and geometric parameters in DBDs will
be discussed.

2. Experimental Set-Up and Procedures

The DBD configuration used in this study is a volume DBD in plane parallel arrange-
ment as given in Figure 1. It consists of two metal electrodes (EO, area Arp) with an
insulating plate (with relative permittivity ¢,) in between [25]. The discharge gap g at
both sides of the “floating” insulating plate is adjusted by n =2 or 3 spacers on each side
made of dielectric (with relative permittivity e; and area As). We vary the type of the metal
electrode (grid or plate), the insulating plate and spacers material (ceramic or mica), and
its thicknesses b and g. Table 1 summarizes all of the materials, dimensions, and material
properties tha are relevant or varied. Such DBD arrangements can be easily upscaled to
larger gas flows, namely, by stacking several electrodes and insulating plates and, thus,
discharge gaps on each other [25,26,35]. However, for our study we use the most basic ar-
rangement consisting of only two electrodes and one dielectric plate and, thus, 2 discharge
gaps, similar to those in [35,36].

A V,sin(2n ft)

—
Electrode ———————>, AEO %
W%

Spacer
Gap v g

Dielectric & 4 I b
sl L ; A
-+

Gasin

Figure 1. Sketch of the plane parallel volume DBD arrangement with 2 discharge zones each with
n=2 spacers.
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Table 1. Parameters of DBD arrangement and operation.
Part Material/Type Parameters Dimensions
Electrode Stainless steel plate (Pla) - Apj; =14cm X 9cm
(EO) Stainless steel grid (Gri) wire: 0.5 mm; mesh: 0.8 mm Agri=14cm X 9cm x 0.75
Dielectric Mica (Phlogopite) gy =35 b=10.6,1.0mm
Plate (DE) Ceramic (Al,O3; 96%) =9 b=1.0mm
Spacer Mica (Phlogopite) gs= 3.5 As=n X l4cm x 03cm
(number 1) g=106,1.0,1.5mm
Ceramic (Al,O3; 96%) & =9 As=n x 14cm x 0.3cm
g=1.0mm
Gases (Purity) CO, (N4.5) eg = 1.0009 ®=60L,/h
synth. Air (N5.0) eg = 1.0006 ®=60Ly/h
Voltage sinusoidal Vo = 13-22kV,
V(t) = Vosin(2r ft) f=400Hz

The electrode arrangement is mounted in a housing made of Teflon with a cover plate
made of Polycarbonate to enable visible inspection. The housing contains one centered
gas in- and outlet with a diameter of 4 mm. Pure carbon dioxide with a total flow rate of
1slm (or 1L, /min) is applied by a mass flow controller (EL-FLOW SELECT, Bronkhorst).
For comparison, the discharge is also operated in synthetic air.

The discharge is operated with sinusoidal high voltage. The power source consists of
a wave function generator (Chroma, Model 61603) and a high voltage custom-built trans-
former (Bremer Transformatoren GmbH). It provides a high-voltage sinusoidal waveform
with a frequency f of up to 1kHz. The high voltage and the ground connection of the
electrodes are realized by a metallic screw drawn through the Teflon chamber, i.e., there is
no additional high-voltage throughput. The high voltage is measured using a 1000:1 high-
voltage probe (Tektronix P6015A). A polypropylene film capacitor (WIMA FKP1; 220 nF) is
utilized to measure the charge transferred in the DBD. The exact values of this measurement
capacitance as well as of the DBD arrangements are determined with a LCR-meter (GW
Instek, Model LCR- 817). The voltage drop across the capacitor is measured via a voltage
probe (Rigol, RP 2200). Both signals V() and Q(t) are recorded with an oscilloscope (Rohde
& Schwarz, HMO3004 with 4 GSa/s and 500 MHz bandwidth). In general, averaged charge
and voltage slopes over 32 voltage periods are recorded. The high-voltage amplitude V}
and the frequency f are changed to vary the plasma power P.

To study the plasma-chemical performance, the gas at the outlet was analyzed with
a Micro Gas Chromatograph (MicroGC) (3000 MicroGC, Inficon). The MicroGC has
3 modules: one with a Molsieve column for the detection of permanent gases, one with
a PlotQ column for the detection of CO; and hydrocarbons from C1 to C3, and one with
an OV-1 column for the detection of hydrocarbons from C3 to C6 and aromatics. Each
module is equipped with a thermoconductivity detector and uses helium as the carrier
and reference gas to enhance the sensitivity of the detectors. Prior to all experiments,
the MicroGC was calibrated using standard gas cylinders (Alphagaz 1, AirLiquide).

In this contribution, the carbon monoxide formation is evaluated by means of two
parameters, the specific input energy (SIE) and the energy yield (EY) of CO formation.
These quantities are determined as follows.

P
SIE = 3 1)

[CO] Mco 1

EY = 2
SIE Vi« (1—05[CO]) @

@ is the gas flow, given in standard liters (Ly, i.e., at 273.15 K and 1013.25 mbar) per
time unit; [CO] is the carbon monoxide molar fraction; Mco is the molar mass of CO;
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and V}, is the molar volume. In most studies on CO, splitting, the energy efficiency (EE),
which relates the amount of converted CO; with the reaction enthalpy and the dissipated
energy, is discussed. However, the use the EY in [g/kWh] is favorable since it gives the
amount of the "target” molecule CO per energy coupled into the plasma. The second term
in Equation (2) takes into account the increase in the molecular amounts due to the gross
reaction CO, — CO +1/20,.

EE and EY can be converted into one another but only if no other carbon-containing
reaction products including surface depositing species than CO are present. This is not
general as some authors report about carbon deposition in the reactors or unbalanced
carbon in the analyzed gas, e.g., [21]. The reciprocal of EY can be used to calculate the
energy cost (EC) as the amount of energy per mol CO (EC = 1/EY X Mcop).

3. Electrical Characterization
3.1. Q-V Plots and Equivalent Circuit

The analysis of the electrical parameters by means of Q-V plots, in particular the
determination of the plasma power P, is a well-established approach for DBDs [34,37].
The interpretation of Q-V plots is based on an electrical theory that was developed for large-
scale sinusoidal-driven industrial ozonizers [34] but is also applicable to DBDs in other
gases and with smaller dimensions. Since it is not considering the processes at the insulator
surfaces or the non-uniform breakdown, it has some limitation for miniature laboratory
DBDs, which were overcome with the equivalent circuit approach [38]. The interpretation
is macroscopic and one has to be careful with conclusions about the parameters within the
microdischarges forming the filamentary plasma.

A typical Q-V plot measured at our DBD is shown in Figure 2b. The voltage V (t) and
charge Q(t) are measured over two full voltage periods, averaged over 32 samples in this
example (see Figure 2a). Without plasma, the signals V() and Q(t) are in phase, thus,
the Q-V plot is measured as a line with a slope that represents the total capacitance of the
discharge device. At a certain threshold of V), the discharge ignites and a parallelogram-like
Q-V plot is obtained. Its lower slope is the same as for the line in the non-ignited case,
while the higher slope basically represents the barrier capacitance of the system. The time
resolved signals in Figure 2a show that the discharge ignites when a certain value of V (t)
is reached within the half-period T/2 (see the orange circles). The discharge activity stops
when the peak of the applied voltage Vj is reached. This also manifests in the reversal
points of the Q-V plot. In this active phase, the charge transfer into the plasma is measured
with the value Qyqx.

The simplest lumped-element equivalent electric circuit of our DBD is shown in
Figure 3, left. It is based on the circuit discussed in [33] but contains two discharge
gaps. In the non-ignited case, the equivalent circuit is purely capacitive and consists
of three capacitances: one resembles the barrier (C;) and two represent the gas gaps
(Cg)- The linearly arranged capacitances form the discharge cell capacitance C,,;. These
capacitances are calculated as follows.

Arp— A
C;= Sogb(mibs) @)
Arp— A
Co = Eosgw 4)
8
C,C
Ccell = 8 (5)

Cg+2Cd
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Figure 2. (a) Typical voltage V() and charge Q(t) signals measured for a plane-parallel volume
DBD of Figure 1 in CO;. These signals result in the parallelogram-shaped Q-V plot (b). The orange
circles show the time when the plasma ignites in each half period. Processing V(t) and Q(t) by
Equations (8) and (7) result in the slopes of the gap voltage and the charge transferred into the plasma
U, (t) and g(t) as shown in (c). These signals form the “quadratic” g-Ug plot in (d). The enclosed
areas of both Q-V plots are identical and give the energy per period W = P/f (about 40 m] in
this example).
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Figure 3. Simplest equivalent circuit of the DBD arrangement in Figure 1 (left) and its extension
for non-uniform plasma and the presence of a parallel parasitic capacitance Cs (right). Measured
voltages are symbolized by V. while apparent voltages by U...
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The area Agp is either Apj, or Ag,; and, indeed, the area of the spacers As must be
excluded from the calculation of C; (3) and Cg (4). The sum of the voltages across the gas
gaps U, and the barrier U, equals to the applied voltage V. The voltage drops 1/2 Uy are
too low to cause an ignition as long as Vy < V,,;;,. The threshold V,,;;,, is determined by g,
the pressure, and the gas composition but also depends on the properties of the dielectric
barrier (b, €). For Vy > Vi, the gap capacitances are by-passed by time-dependent
resistors Rp,(t) representing the discharge; the Q-V plot appears as a parallelogram as
shown in Figure 2b and sketched below the equivalent circuit in Figure 3 (left). Its area is a
measure of the supplied energy per period W, and its multiplication with the operation
frequency f gives the power P. V,,;;;, can be measured directly from the Q-V plot as the
distance between the apex and the ignition point of the parallelogram (orange circles), while
its slopes are C,¢j; (plasma-off phases) and C,; (plasma-on phases), respectively. The voltage
over the gas gaps U, at the inset of the plasma, the so-called discharge voltage Up, can
be calculated from the value V,,;;,, or directly measured from the Q-V plot as the voltage
difference Up = AV in case of this simplified equivalent circuit.

It was pointed out by Peeters et al. [32] that the interpretation of Q-V plots in case of
non-uniform ignition deserves special attention. In a real DBD reactor with Vy > Vi,
there will be numerous microdischarges that cover the entire electrode area cross section.
However, electrode edge effects and non-perfectly aligned discharge gaps with Ag will
affect the behavior, in particular at low over-voltage [33,36,39]. This effect is called partial
surface discharging and considered in the equivalent circuit in Figure 3 (right) by assuming

a non-discharging areal fraction & and a discharging areal fraction g (with a + = 1).
Only the discharging fraction implements the resistors Rpj, (t). Consequently, the effective
(or apparent) dielectric capacitance depends on Vj and is smaller than Cy; 3(Vp) < C.
The effect of partial surface discharging is analogous to the implementation of a parallel
parasitic capacitance in the circuit. In our DBD configuration, the spacers setting the gas
gap introduce an additional parallel parasitic capacitance C;, which is independent on
and permanent. It is calculated as follows:

Ep€
CS_ bes

= e, + 288, ©

It must be mentioned, that such parallel capacitance is basically unavoidable in DBD
set-ups as it is also caused by high-voltage throughputs, connections, and (shielded) cables
in the entire circuit [40]. Furthermore, the addition of dielectric or ferroelectric packed
beds in the discharge volume introduces such additional capacitances [17,23,24,41]. The
equivalent circuit of surface and coplanar DBDs also contain a parallel capacitance [42,43].
The effect of parasitic (or stray) capacitances was already discussed by Falkenstein and
Cogan in [44].

Applying Kirchhoff’s laws to this equivalent circuit, leads to the following expressions
for the gap voltage U, (t) and the transferred charge g(t).

Ugle) = |1+ 2SS i) - - a0 @)
a(t) = (Cdfdcu) [Q(t)  (Cot + Co) V(B) ®)

The Figure 2c shows U,(t) and q(t) calculated by Equations (7) and (8) from the
measured electrical signals for one configuration. The net charge across the gap during
discharging q(t) and the plasma current were found to be independent from « or 8 [32],
but Cs has to be considered. It is also included in both slopes of the Q-V parallelogram, as
shown in Figure 3, right bottom. The gap voltage U,(t) is affected by both the discharge
fraction and the parasitic capacitance [44]. In this macroscopic, averaged approach, the gap
voltage remains constant during the plasma-on phases (at the value Up), while the trans-
ferred charge is nearly constant in the plasma-off phases when there is no discharge activity.
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In the discharge, the amount Agy; is transferred into the plasma. Consequently, the g-Us
plot in Figure 2d is quadratic and its area equals to W ~ A g;4;; X 2Up. Not including C;
and the partial surface discharging would result in incorrect values of Up and Aqy;s [32,44].
Up is determined as follows:

C
Up = Vinin [1 - CC;”

©)

:| :Av[l+wccell+cs].

BC4

The recent application of a similar equivalent circuit for a coplanar DBD came to the
same relation [42]. The determination of Up from V,,;, is still as described in the literature,
e.g., [37] (due to the parallel arrangement of the capacitances), but the parasitic capacitance
should be considered for the determination of C..;; and C; from the slopes in the Q-V plot.
Even more important is that Up cannot be equated with AV. The Equation (9) changes
to the expression given in [32] for Cs =0. For full discharging (« =0) only the quotient
Cs/C4 remains in the last bracket. Only for full discharging and C; =0 Up equals AV as
in the classical theory of Manley. This is in agreement with the equation given in [44].
For Cs <« Cy, the parasitic capacitance will have no significant influence. However, this
should be checked in advance of the determination of Up and before drawing further
conclusions from the electrical measurements. The amount of transferred charge per
T/2 is determined as follows, and inserting the Equations (9) and (10) in the relation
W = A q4is X 2Up results in expression (11).

BCy
Aqais = Q : 1
Adis max “Ccell ,BCd Cs ( 0)
W ~ 2UpAqgis = 2AVQuax. (11)

Neglecting parallel capacitances and partial surface discharging would lead to an
underestimation of Up and an overestimation of Ag ;. Nevertheless, the determination of
the power from the as-measured values AV and Qj;4x would result in the same value than
from the apparent discharge parameters Up and Aq ;. The uncertainty of both calculation
path is in the determination of Q. or Up. If the discharge inception is not uniform,
the corners of the Q-V plots (orange circles) are not pointed and W is underestimated.
This is even more pronounced in surface, coplanar, and packed bed DBDs where the
plasma expands over the dielectric [38,43,45]. The most precise determination is by the
mathematical integration of the Q-V plot which is also used in our analysis. The results are
presented in the following sub-section.

3.2. Capacitances and Discharge Power

Figure 4 presents the slopes of the Q-V plots measured at different applied voltage
amplitudes Vj for the DBD reactor with ¢ = b = 1 mm and ceramic dielectric plate. The
results obtained with grid as well as plate electrodes are shown. The lower slope (represent-
ing C.e; + Cs, orange symbols) is lower in case of the grid electrode but always constant
with Vj. The difference can be explained by a smaller effective electrode area Arp in the
case of the grid with Ag,; = 0.75 Apj,. The larger slope (representing {; + C;) increases
with Vj and then saturates, as in [32,36,39]. This effect is attributed to the partial surface
discharging. Increasing V leads to a larger areal fraction of the plasma and for Vo >17kVy,,
B equals 1. This is also seen in the top view photos (configuration Gri/Cer) on top of the
diagram. It is interesting to note that the saturated values for grid and plate electrode are
equal; only the increasing sections of the slopes are different. The same qualitative behavior
is measured for mica as the dielectric, where the saturation is obtained at Vy >19kV ).
Similar slopes and saturation values are obtained when air is used instead of pure CO,.

In Figure 5, we summarize the values measured for the four different configurations
(EO/DE) with ¢ = b =1 mm. The bars show the calculated values for (Cej; + Cs), (Cq + Cs),
and C; (n =3 spacers made of ceramics in these experiments). The circle data points are
the slopes of the Q-V plots measured in air and CO,. The cross is the capacitance of the
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electrode arrangement measured with the LCR-meter. There is a fair agreement between
the values for (C.; + Cs) measured in air, CO,, and without plasma operation (LCR) with
the calculated values. The relative permittivity of the different gases is nearly the same and
should result in the same total capacitance as measured. The lower dielectric capacitance
for mica is due to the lower value of ¢;, and the lower value for grid electrodes is due
to the smaller effective electrode area (see Equations (3)-(6)). The blue data points are
the saturation values for the larger Q-V slopes, which are attributed to (C; + Cs). These
values are significantly larger than the calculated values; there is no difference between
plate and grid electrodes. This effect is caused by edge effects at the electrodes and the grid
wires. The photos in Figure 4 also show that the visible plasma expands over the electrode
boundaries. Thus, the total dielectric capacitance is determined by the area of the plasma
covering the dielectric and not by the physical size of the electrodes alone.
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Figure 4. The values of the slopes of Q-V plots for DBDs with ¢ = b = 1 mm and ceramic dielectrics
at different high-voltage amplitudes Vj in pure CO;. The top of the diagram shows two top-view
photos of the reactor with grid electrodes under operation at 14 and 18 kV,,, respectively.
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The minimum sustaining voltage V,,;,, as a function of V) measured in pure CO; for
ceramic dielectrics and g =b =1mm is presented in Figure 6, left. The values for V,,;,, are
comparable at about 5.9 kV with a slightly higher uncertainty for the grid electrode because
it is less rigid and plane as the plate electrode. The right diagram in Figure 6 presents
the data for all four configurations. In the case of mica, a higher minimum sustaining
voltage is obtained than for ceramic. This is partly explained by the larger voltage drop
over the dielectric barrier U, (~ 1/C; ~ b/¢p). The discharge voltage Up determined by
Equation (9) is set by pressure, gas composition, and g but should be independent from
barrier. Thus, the same value of Up is expected for both dielectrics. However, it is about
5.7KkV for ceramic and 6.3kV for mica. Whether this difference of about 10% is related to
the properties of the dielectric (e.g., mobility and release of deposited surface charges) or is
within the uncertainties of the experiment must be elaborated in future studies. From Up,
we calculate a mean reduced electric field strength E/N according to

Up

E/N:2g~N !

(12)

where N is the particle number density at our lab conditions (1020 hPa; 298 K). The values
are about 110 Td for ceramic and 120 Td for mica. The error bars result from the uncertainties
of pressure, temperature, and gap distance. Air has a similar discharge voltage at ¢ =1mm
(5.8kV for ceramics; 6.3 kV for mica with E/N =113 Td and 121 Td, respectively).
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Figure 6. Minimum sustaining voltage, discharge voltage, and mean reduced electric field strength
in pure CO,.

The discharge power P is obtained from the area of the Q-V plot. The results for pure
CO; at different voltage amplitudes are presented in Figure 7. In the most basic equivalent
circuit theory of the DBD, the power depends on V; linearly (the so-called Manley power
formula). The derivation of the power equation for the extended equivalent circuit results
in the following equation:

P= 4f.B(Cd - Ccell)Vmin(VO - Vmin) (13)

The power is not affected by the parasitic parallel capacitance, but the partial surface
fraction factor f must be considered. The lines in Figure 7 are calculated with the classical
Manley power formula (i.e., with § =1 in (13)) and with the capacitances determined
from the Q-V plot. Only for the higher values of Vy when full discharge coverage (8 =1) is
achieved is a good agreement between calculated and measured values observed. For lower
voltage amplitudes, the classical Manley equation overestimates the power. Taking the
calculated values of C; instead of the measured values would underestimate the power in
general as it is not taking into account the edge effects.
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Figure 7. Discharge power measured in pure CO, (data points) and calculated (lines) with the
classical Manley equation (8 =1; C; and C,; taken from Figure 5).

A significantly higher discharge power for the same applied voltage amplitude is
obtained for the DBD with the ceramic dielectric. The lower voltage drop over the ceramic
U, results in a lower minimum operation voltage. The lower V,,;, and the higher C; results
in a higher slope of P(Vp). The type of electrode has no significant influence because of the
similar dielectric capacitances due to the discharge expansion on the dielectric surface.

It should be noted that the coefficient 5 is a function of the amplitude (8 = £(Vj)) and
that the revised Manley power formula (13) assumes a constant value of V,,;,, which is
confirmed by experimental data for our discharge configuration. In other DBD geometries,
in particular surface DBDs or non-parallel volume DBDs, Vi, = f(Vj), which complicates
the interpretation [43,45] .

3.3. Variation of DBD Geometry

In this section, we discuss the effect of changes of the geometric parameters g and
b. The increase in the discharge gap results in a smaller total and parasitic capacitance,
as shown in Figure 8a. The minimum sustaining voltage and the discharge voltage scale
nearly linearly with g (see Figure 8b). This is in agreement with the Paschen law for air and
(pressure x distance) > 2bar X mm. The mean reduced electric field strength at discharge
inception E/ N decreases significantly from about 150 Td to 100 Td. An increase in Up with
g was also obtained in [14]. The discharge power scales linearly with the voltage amplitude
only for the condition {; = C; as shown in Figure 9. The smallest gap width enables
the highest E/N and the maximum power at the same voltage amplitude. A uniformly
covering plasma is already obtained at 13kV,,. The maximum power can be achieved for
the highest Vj and the lowest g.

The increase in b results in a significant decrease in the dielectric capacitance (from
about 890 pF at 0.6 mm to 460 pF at 1.0 mm) (data not shown). The minimum sustaining
voltage V,,;, also increases with b slightly (from 6.0 to 6.8 kV), which is explainable by a
higher ratio C;/(Cj — Cgy;). Surprisingly, the values of Up and E/ N also increase (from
about 109 to 115 Td), although gas, pressure, and gap width are not varied. This observation
must be studied in future research.

Most of the trends can be explained by the extended equivalent circuit and the depen-
dency of the elemental capacitances on the parameters of the DBD arrangement. The para-
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sitic capacitances and the partial surface discharging effect have no influence on the power
determined via the Q-V plot area or the product Qy.x X AV. However, Q. and AV are
not identical with the discharge voltage Up and the transfered charge per cycle 24y. This
must be taken into account for the determination of the mean reduced electric field strength
or the total number of transferred charges.
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Figure 8. (a) Dielectric, cell, and parasitic capacitances. The spacers (1 = 2) are made of mica, which
reduces C;. (b) Minimum sustaining voltage, discharge voltage, and mean reduced electric field
strength for DBD reactors with different discharge gap width ¢ measured in pure CO,.
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Figure 9. Effective dielectric capacitance (top) and discharge power (bottom) as function of voltage
amplitude for different discharge gap width measured in pure CO,. The lines are calculated with the
classical Manley equation (B =1).

The maximum P at a given Vj can be obtained with a high ¢;, and a low thickness b
of the barrier. The gap distance g determines the discharge voltage and thus V,,;,,, which
is also affected by C; and C..;; =f(g). The increase in the discharge voltage Up with g is
consistent with the Paschen law in the parameter range of pressure and distance being
investigated here. A high ratio C;/C,.; decreases the voltage drop over the dielectric
barrier and allows higher power at lower applied voltage amplitudes. This is well reflected
in the revised Manley power equation, which shows a linear dependency on the partial
surface discharging parameter . The type of electrode has no influence on Cy, but in the
case of the grid electrode, C,.j; and Cs become smaller . However, the effect on the power
dissipation is not large.
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For the following discussion of the carbon monoxide formation, we can rely on the
measured power values for different applied voltage amplitudes. We will take into account
that the DBD reactors for different parameters can operate at a different mean reduced
electric field strength in a range from 100 Td to 150 Td.

4. Carbon Monoxide Formation

Figure 10 presents the measured CO fraction as a function of the SIE. The different
configurations are identified by the symbols. A linear increase in the CO fraction with SIE
is obtained. For the conditions being considered, SIE can be confirmed as a sole scaling
parameter, as obtained by Brehmer et al. [29]. Higher CO fraction is obtained with ceramic
as the dielectric because of its higher discharge power; thus, SIE is coupled into the plasma.
There is no effect on the type of discharge electrode and the dielectric material on the efficiency
of CO formation. It is also independent of whether the electrode surface is fully or partially
covered by the plasma. The series of experiments with variation of b and g (symbols with black
border) shows slightly lower concentrations in general, which is still within the uncertainty of
the experiments. A significant influence of the gap or the barrier thickness cannot be detected,
although the gas residence time also changes with g. The dashed light blue line corresponds
to an energy yield of 30 g/kWh, and all EY values are presented in Figure 11.
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Figure 10. CO fraction as a function of specific input energy in the different plane parallel asymmetric
DBD reactors. The color represents the dielectric, full symbols are for plate electrodes, and open symbols
are for grid electrodes. The data measured with different gap and dielectric thickness are included.
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Figure 11. Energy yield and energy cost of CO formation as a function of SIE for the different DBD
reactors. The light blue dashed line corresponds to the one in Figure 10.
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Besides CO and Oy, ozone (O3) is measured as a by-product. The EY calculated by
Equation (2) does not take this into account, but the effect of O3 formation is negligible
since its concentrations are a few hundred ppm only. The values of EY are in a range of
about 20 to 50 g/kWh, but most of the values concentrate around (30 + 8) g/kWh or at
about 0.9 kWh/mol (see the dashed light blue line, this value corresponds to an EE of about
9%). Some larger EY (and lower EC) are obtained at lower SIE, but this seems to be caused
by a higher uncertainty of measured CO fractions at lower discharge powers.

It is expected that the charge per microdischarge will change according to qpp /g o
/b [46,47]. The lower b =0.6 mm leads to a higher g)p (factor 1.7) and a lower number
of microdischarges per period for the same power. A slightly lower EY is obtained for this
situation. The highest discharge gap of 1.5 mm also results in the lowest EY. However,
the change of g);p with ¢, does not show such a correlation, and the lowest discharge
gap also does not result in the highest EY as expected. Therefore, a clear impact of
electrode geometry on the efficiency of CO formation cannot be concluded from our data.
The independence of the CO formation efficiency on the reactor parameters and the linear
dependence of the CO fraction on the SIE was also predicted by the numerical simulations
in [30]. In conclusion, the geometric parameters of the planar DBD allow for the control of
the plasma effectiveness but not of the efficacy.

In case of DBDs in pure CO;, the dominant dissociation process is direct electronic
dissociation. Electron impact ionization followed by dissociative electron-ion recombi-
nation and dissociative electron attachment also contribute but to a lower extent [14,15].
The released oxygen atoms form molecular oxygen or ozone, or undergo back reaction
with CO to CO,.

Since electrons are mainly responsible for dissociation, linear behavior between plasma
energy and CO concentration can be expected. In Figure 12, we compare our results with the
literature. We incorporate only data obtained in pure CO, at atmospheric pressure in empty
volume (coaxial or parallel) DBDs (no packed bed reactors), except the data of Schiorlin et al.,
which were obtained in a coplanar DBD [48]. Most authors discuss the CO; conversion
and not the CO formation, which is not essentially the same. In particular, carbon layers
can be formed, which results in lower CO concentrations than predicted by the CO,
conversion. Brehmer et al. presented CO concentrations measured by quantum cascade
laser absorption spectroscopy and FTIR. The other selected contributions reported on their
selectivity or gave a carbon balance of their processes, which allows one to determine the
CO concentration. All of the literature results (i.e., their proximate ranges) are visualized
by the colored areas in the diagram. A double logarithmic scaling is chosen to enable the
presentation for a wide range of concentrations (4 orders of magnitude) and SIE (5 orders
of magnitude). The dashed lines are for constant EY with the values given. The theoretical
maximum of EY is marked by the red shaded line, while the stoichiometric limit of the
gross reaction (COp — CO +1/20,) at 66.67% is marked by the green dashed line.

All of the results obtained with higher SIE are for coaxial DBDs, except Uytden-
houwen et al. 2021, which was an asymmetric planar DBD with one discharge gap [31].
The experiments were operated in the power range P =1 ... 150 W but at different gas
flows and lengths and volumes of the active plasma zone and thus different residence times
of the gas in the plasma. The residence times span a range from 20 ms to 48s (1s in our
reactor). The volumes of the active plasma zones are between 1 and 22.5mL.

For SIE lower than 10 eV /particle, this parameter is a universal scaling parameter;
there is clear linear behavior with the CO concentration. For all of the data, the EY is in
a “corridor” between 3 and 30 g/kWh, but it is not a sole scaling parameter. In the case
of Brehmer et al. [29], the efficiency decreases with the SIE, while it is almost constant
at about 30 g/kWh in our reactor. The data from Schiorlin et al. [48] have been obtained
for smaller SIE and give a smaller (although nearly constant) EY. In this coplanar DBD
reactor, the discharge was only generated at the electrode surface (the discharge expands
into the gas volume a few 100 um [49] and the majority of the flowing gas was not in
direct contact with it). Furthermore, the residence times were below 1s. Brehmer et al.
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measured the gas temperature in the reactor by Raman scattering and obtained about
450K [50]. Its value was found to be determined by the wall temperature and the power
per electrode area (power surface density, PSD =P/ Arp). These authors discussed the role
of temperature on the chemistry and proposed a more prominent role of wall recombination
(CO +0O +Wall— CO,+ Wall) with higher SIE and temperatures. Our electrode area is about
20 times higher, and the PSD is about one order of magnitude lower than in [29]. The SIE
is also lower. However, we did not measure the gas temperature and cannot conclude
whether less heating is responsible for the higher EY. Further studies including simulation
and similarity studies are needed and remain for future work.
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Figure 12. CO fraction as a function of SIE in the different DBD reactors in comparison with
results from literature, namely, Brehmer et al. [29], Aerts et al. [14], Mei et al. [16], Belov et al. [21],
Uytdenhouwen et al. [24,31] and Schiorlin et al. [48].

With higher SIE the slope of CO formation and thus, the EY decrease. Due to the
much lower SIE in our experiments, we cannot obtain such saturation and reach a quasi-
equilibrium as described in [14,24]. Studying whether the chemical performance is deter-
mined by the residence time in our reactor requires experiments at lower gas flow (and
thus higher SIE). This remains for future work. Furthermore, a higher CO formation is con-
nected with more oxygen formation, which enhances the back reaction (CO +1/20, — COy).
An increase in gas temperature should be considered too. Paulussen et al. [13] showed
a slight increase in CO, conversion and CO yield by the gas temperature (up to 470K
preheated gas flow). Mei et al. measured an increase in 100K at 28 k] /L, to about 430K
with a fibre optic probe [17], while Belov et al. suggested an increase up to 600K [21].
Although these temperatures are too low for thermal dissociation, they can significantly
affect the chemical kinetics and wall processes in a non-thermal plasma.

Finally, we compare the EY related to the mean reduced electric field strength E/N in
Figure 13. The data points are the average of the individual measured values, while the bars
show the minimum and maximum values being obtained for this particular configuration.
The large range of EY was already discussed above. However, the data points concentrate
in a range of 20 ... 30g/kWh (or 0.93 kWh/mol), while a clear dependency of the EY
on E/N cannot be concluded. The EY for the highest E/N (148 Td) appears even lower
than for the configurations with ¢ =b =1mm (107 ... 123 Td), but that might be in the
uncertainties of the gas analysis.
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Figure 13. Energy yield EY or energy cost EC of CO formation as a function of the reduced electric
field strength or electric field strength (at ignition) in comparison with results from literature, namely,
Brehmer et al. [29], Aerts et al. [14], Mei et al. [16], Belov et al. [21], and Uytdenhouwen et al. [24].

A clear dependence of the EY from the mean E/ N is neither obtained in our results nor
reported in the literature. For E/ N lower than 30 Td, a more prominent role of vibrational
excitation can be assumed [11], but these E/ N values are not covered by DBDs in pure COs.
The results in Figure 13 question the significance of the mean E/N for the CO, splitting
in DBDs. The constant discharge voltage during the active discharge phases is only the
macroscopic picture since the plasma is filamentary, i.e., consists of multiple individual
microdischarges. The microdischarge development in pure CO; is characterized by positive
streamer development [51] with local values of E/ N exceeding the ignition electric field
strength significantly [52,53].

5. Summary and Outlook

We introduced a stackable, and thus easily up-scalable, volume DBD reactor for the
conversion of CO, and presented its electrical properties as well as the CO formation under
variation of the geometric parameters.

The systematic investigation of the electrical parameters under variation of the voltage
amplitude gave (i) information about electrode coverage by the discharge and (ii) enabled
one to determine the exact values of the capacitances and discharge powers. The role of
the different geometric parameters on the discharge power was studied systematically.
We universalized the equivalent circuit for the situation of partial surface discharging
with additional dielectric material in the discharge gap, which was described by a parallel
capacitance. Neglecting these issues can affect the proper determination of the gap or
discharge voltage and the transferred charge. The Manley equation for the calculation of
the discharge power was generalized for partial surface discharging but was found to be
independent from additional parallel capacitances. This was confirmed by experimental
data, which also showed that a higher dielectric permittivity and a thinner dielectric enabled
a lower threshold voltage and a higher discharge power for the same voltage amplitude.
The form of the electrode (grid or plate) showed no distinct effect on the power dissipation.
The discharge voltage increased linearly with the discharge gap, while the mean reduced
electric field strength decreased. Surprisingly, the barrier material and thickness had an
effect on the discharge voltage and thus on the mean electric field strength in the gap at the
microdischarge ignition.
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The geometric parameters of the DBD configuration influenced the effectiveness of
carbon dioxide splitting but not the efficacy. The energy yield of CO formation was not
changed by the reactor construction. The distinct dependence of the energy yield of CO
formation on the mean reduced electric field strength could not be concluded from the
measurements. The specific input energy was identified as a sole scaling parameter in
the range being studied (100 to 2000]J/Ly), which is in agreement with the literature.
The comparison with the literature suggests an effect of the residence time of the gas in the
active discharge zone, which must be studied further.

Future studies will use a higher number of electrodes and dielectric plates as well as
different electrode sizes to explore the role of the residence time and the power surface
density and to apply approaches of plasma chemical similarity similar as in [24,29,31].
Furthermore, the flow dynamics must be considered, and the studies will be extended to
higher SIE. The reactor presented here had one gas inlet, and one outlet hole of about 4 mm
and the gas flow distribution was not optimized. The discussion will be extended to the role
of packing materials on the discharge operation and gas residence, and, finally, the addition
of catalytic materials will also be taken into account. In particular, the addition of ceria as a
material with oxygen vacancies is planned [41]. Ceria can be coated on the dielectric plates,
or packed bed particles with ceria on its surface can be placed in the discharge gap.
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Abbreviations

The following abbreviations are used in this manuscript:

DBD  Dielectric barrier discharge
DE Dielectric

Cer Ceramic

EC Energy cost

EE Energy efficiency

EMC  Electromagnetic compatibility
EO Electrode

EY Energy yield

Gri Grid
LCR  Inductance (L), capacitance (C), and resistance (R)
Mic Mica
Pla Plate

PSD  Power surface density
SIE Specific input energy
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