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Abstract. We investigate the performance of an atmospheric pressure glow discharge
(APGD) reactor. for CO, conversion in three different configurations, through
experiments and simulations. The first (basic) configuration utilizes the well-known pin-
to-plate design, which offers a limited conversion. The second configuration improves
the reactor performance by employing a vortex-flow generator. The third, “confined”
configuration is a complete re-design of the reactor, which encloses the discharge in a
limited volume, significantly surpassing the conversion rate of the other two designs. The

plasma properties are investigated using an advanced plasma model.

1. Introduction
Mitigating greenhouse gas emissions represents an important problem in today’s world. While still
being the main propellant for the industrial progress, burning fossil fuels gives an ever-increasing rate

of CO, emission in the atmosphere. Other processes, such as ammonia production, release excessive



CO, as well [1]. As a result, finding technological solutions for CO, reduction became a rapidly
growing research topic in many scientific fields.

Among other emerging technologies, such as electrochemical [2] and biochemical conversion [3],
plasma technology is also gaining increasing importance [4, 5]. Plasma is an ionized gas, and beside
neutral molecules, it consists of electrons, various ions, radicals, excited species and photons. It is
typically produced by applying electromagnetic power to a gas, either through a high electric potential
difference between two electrodes, or by electromagnetic field resonance. The charged species in the
plasma are accelerated by the strong electromagnetic fields, producing a very active medium. Due to
their low mass, the electrons are capable of achieving high energy, and they can effectively dissociate
CO, molecules upon impact, by various mechanisms, e.g., vibrational or electronic excitation, or
ionization. The new species emerging in this process (i.e., vibrationally or electronically excited
molecules, ions, or radicals) can further contribute-to the conversion process. The conversion is most
energy-efficient at low gas temperature, as-this promotes the (most efficient) vibrational-induced
dissociation pathway, by limiting vibrational-translational relaxation [4-10]. Hence, while a sufficient
electron temperature is needed (1-2.eV), the overall gas temperature should be kept low (certainly
below 2000 K), to create a strong thermal non-equilibrium [4-10].

Many different reactor types are being explored for plasma-based CO, conversion, but most
research has been performed with microwave [10], dielectric barrier discharge (DBD) [11] and
gliding arc(GA) reactors, operating in glow-like or arc regime, which can be AC [12, 13] or DC [14,
15]. The performance of different reactors varies in terms of energy efficiency and CO, conversion.
Microwave plasma reactors exhibit high energy efficiency (around 50%, and even up to 80-90%), but
typically only at reduced pressure [4, 10]. DBD reactors operate at atmospheric pressure, and show
good conversion (up to 30%), but only at a very limited energy efficiency (5-10%) [4, 11]. GA
reactors combine the advantages of atmospheric pressure operation with good energy efficiency, but
their conversion is limited by the fraction of gas that passes through the active arc region. Indeed, in a
classical GA discharge, the conversion is typically only around 8%, yielding an energy efficiency
around 30% [16]. For this reason, a GA discharge in reverse-vortex flow (RVF) configuration was

developed [15], increasing the residence time of the gas inside the plasma. However, this setup still



allows only a limited fraction of gas to pass through the arc, thus still limiting the actual CO,
conversion to 8-9%, with an energy efficiency of about 30% [14]. In addition, it operates in a high-
current regime (around 0.5 A), with a high temperature cathode hot spot (around 5000 K) [17], which
limits the reactor reliability and brings the discharge too close to thermal equilibrium [4, 6, 18].
Furthermore, the fast-swirling conductive plasma in such a reactor presents a significant challenge for
most DC power supplies, as it acts as a reactive load, and it generates strong magnetic fields [17].

The atmospheric pressure glow discharge (APGD) operates in a stable regime, at low current, i.e.,
in the range of a few to a few tens of mA. Its discharge volume is relatively small, which leads to a
high power density (around 5x10" W/m?®), which is comparable to a GA [19]. Typically, APGDs
utilize a sharp pin (cathode) facing a ground plate (anode), with gas flowing axially with respect to the
pin. The cathode pin concentrates the electric field on its tip, which facilitates ionization and
discharge start-up, while its temperature is kept below the melting point by the convective cooling
from the gas flow. Typically, a thin layer of strong electric field (around 10° V/m) forms at the
cathode tip [20, 21], and initiates the-discharge. This makes the discharge breakdown length (or
volume) limited by the maximum voltage supplied (i.e. Paschen’s law [22]) and by the electrode
shape (i.e. a sharper electrode concentrates the electric field). Such configuration — a sufficient initial
electric field to facilitate discharge self-ignition, with a low gas temperature — is very promising for
efficient CO, conversion, as it allows for a high-degree of thermal non-equilibrium plasma.
Furthermore, a low gas temperature is favorable for reducing the vibrational-translational relaxation,
as mentioned above [4-9].

Several papers studied the fundamental properties of APGDs. In an extensive review [23],
diagnostics were carried out for atmospheric pressure glow micro-plasmas. In [24], diagnostics were
performed for a pin-to-plate APGD, with N, and dry air. It was concluded that in these conditions the
plasma is far from thermal equilibrium, with the vibrational temperature (around 5000 K)
significantly higher than the gas temperature (around 2000 K). It is important to note that these
properties are very dependent on the gas used. Similar results were obtained in [25], where discharge
striations were also reported. Finally, APGDs are a typical subject for studying the process of glow-

to-arc transition [26, 27].



APGDs are also gaining increasing interest for various applications, such as surface modification [28,
29] and gas conversion [30-31]. In [30, 31], CO, reforming of CH, was reported to yield a high
conversion, up to around 83%, although for a very low energy efficiency (estimated around 3%). In
[32], a conversion up to 20% was obtained for pure CO, splitting, with a relatively low energy
efficiency (below 10%).

To improve the performance of APGDs (and other types of gas discharge plasmas) for CO,
conversion, more insight in the underlying mechanisms is clearly needed. This can be obtained by
experiments, but also through computational modeling. The detailed plasma chemistry, either in pure
CO, (with emphasis on the role of the vibrational levels) or in mixtures (e.g., with CHy,), is typically
described by 0D plasma chemical kinetics models [7, 18, 33, 34]. However, the latter cannot describe
the particular features of reactor design. For this purpose, 2D or 3D plasma dynamics models are
required. Some advanced models have been developed for 2D DC plasma sources, such as GAs [35].
The computational load, a main obstacle in such-models, has been reduced using the quasi-neutral
(QN) approach, where the electron density and the sum of all ion densities are assumed to be equal
[36]. This approach allows for more elaborate models, either in 3D [19, 37], or utilizing a more
complex chemistry, which is required for CO, [37, 38, 39]. However, there exist no detailed models
yet to describe the particular features of APGDs, and certainly not with the purpose to improve their
performance for-CO, conversion. In the present paper, we developed such a model, to explain the
characteristics of the APGD, including its benefits and limitations for CO, conversion. In addition, we
performed gas fluid dynamics simulations to develop improved APGD designs.

First the general experimental set-up will be explained (section 2). Besides the basic APGD reactor
design, we developed two modified configurations with improved performance, and the geometry of
the three different setups will be presented in section 3. Their performance, in terms of CO,
conversion and energy efficiency, will be discussed in section 4. In section 5 we try to obtain more
insight in the plasma behavior of the APGD and how it results in non-equilibrium CO, dissociation,
based on a comprehensive plasma fluid dynamics model. Finally, the conclusion is given in section 6.
The paper is accompanied by a supporting information file (SI), including additional data and model

details.



2. Experimental set-up
The APGD is powered by a high voltage Technix DC power supply, capable of supplying up to 30 kV

at 40 mA, regulated to 0.05 % accuracy, with a negative output. A 300 kQ ballast resistor limits the

electric current and sustains the discharge in the glow mode. The flow of CO, gas is adjusted by a
Bronkhorst mass flow controller. The discharge current in our experiments is varied between 20 and
30 mA. The treated gas is measured by a GAS CompactGC gas-chromatograph (GC; Interscience).
The gas composition is captured by the thermal conductivity detector (TCD-B channel) of the GC. A
Molsieve 5A and Rt-Q-Bond column were used to separate O, and CO. A back-flush configuration
for the CO, gas protects the 5A column from poisoning. Figure 1 presents the entire experimental

setup.
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Figure 1. Experimental set-up. Dotted lines represent gas connections, full lines represent electrical

connections. The CO, gas is at 99.5 vol% purity, supplied by Air Liquide.

The CO, conversion is obtained by the following formula:

Nco,(in) ~NCOo,(out)
041 = 2 0
Xco,[%] = E— x 100% 1)

where nCO,y is the CO, concentration without plasma, and nCOyy is the CO, concentration after
plasma treatment. Note that we only measured CO, and O, as products. In principle, there can also be

some Oj production, but it is considered negligible here, due to the high temperature. We always



performed three consecutive measurements, to obtain an average value and standard deviation. The
specific energy input (SEI), which is an important parameter to determine the energy efficiency, is

defined as:

Plasma power [kW] s

Flow rate [ﬁ] min

SEI[k] L] = 2

where the flow rate is defined as standard litres per minute (L/min) and the power (P) is the product of
voltage (U) and current (1), i.e. P = U*Il, as measured on the power supply indicators, subtracting the

power loss in the ballast resistor. The energy efficiency is then defined as:

AHg[k] mol™*|xXco, [%]

77[%] = SEI[k] L~1]x22.4 L mol~1 (3)

where AHj, is the reaction enthalpy for CO3 splitting at standard conditions (279.8 kJ mol™).

3. Different AGPD reactor configurations: design improvement based on gas fluid dynamics
simulations

3.1. Basic APGD

The main body of the APGD reactor consists of an outer quartz tube with total length of 300 mm and
internal diameter of 45 mm (see figure 2). An internal quartz tube, with a diameter of 10 mm and
length-of 100 mm contains the cathode pin. The cathode faces an anode plate, which is mounted on
three metal pins inside the main tube, but the discharge takes place only in the internal quartz tube.
The gas enters the reactor axially, inside the smaller tube, and flows around the cathode pin, which
has a diameter of 5 mm and adjustable length of 78 mm. The electrodes are made of stainless steel
(Therma 310S), which is heat and corrosion resistant, and with a tungsten tip on the cathode. We
performed experiments for an inter-electrode (i.e., pin-to-plate) distance of 18 mm. A larger distance
would require a higher applied voltage, but the latter did not allow stable plasma due to the high

temperature of the cathode tip (see section 4).



We should mention that this discharge is specifically called “atmospheric pressure glow discharge”
(APGD), but it does not look like a typical low pressure glow discharge in terms of appearance, since
it is a constricted discharge and not a diffusive plasma, filling a significant part of the reactor.
However, we certainly see distinctive characteristics of a glow discharge, with a high potential-drop
between the electrodes (several kV), at low current (in the order of mA). For example, an arc
discharge would display a low potential drop (few hundred V), and a high current(1A and above)
with much higher plasma density. Further reference about this APGD, including some photos of the
discharge, albeit in Ny, can be found in ref. [40].

These experiments turned out that the basic APGD design yields a limited CO, conversion (see
section 4), and for this reason, we developed two modified configurations, as will be explained in the

next sections.

Anodering Innertube andcathode

7 . 1
[ { 7 ]
anode ¢

H. T -> quartz tube’ b
[0} Z ~ -
=4 £ i P
3 E T R
2 qm = -3
g’« N ” ‘cathode ©

l afterglow

« )
[ ( ]
300 mm

A

Figure 2. Photograph (a) and schematic diagram (b) of the APGD reactor. The metal plate holding the
anode mesh is mounted on three metal pins. The small internal quartz tube is in the reactor center,
where the cathode pin is also visible. The schematic diagram (b) clearly shows the pin-to-plate reactor

design, with artistic representation of the discharge and the afterglow.

3.2 Vortex-flow APGD
The vortex-flow APGD makes use of a swirl-flow generating brass ring mounted on the cathode pin

(made of stainless steel with tungsten tip, the same as in the basic configuration). The ring has eight



holes, oriented in such a direction so that they guide the gas flow to the cathode tip, while also

rotating in a vortex (see figure 3).

10mm

Figure 3. Vortex generating brass ring, transparent view showing the inclined holes (a), positioned on

the cathode tip (b), and in operation (c).

The idea behind it is to (1) slow down the axial gas flow velocity, and increase the residence time of
the gas molecules in the plasma, (2) force the gas to the actual discharge zone so that a larger fraction
of gas passes the plasma, and (3) lower the gas temperature through increased flow turbulence, as well
as cool down the cathode itself, as the brass ring acts as a radiator. The latter will allow to use a larger
power input, which will lead to a higher conversion (see section 4), and in addition, a lower gas
temperature is beneficial for energy-efficient CO, dissociation through the vibrational pathway (see

Introduction, [4-10]).
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Figure 4. Design process of the vortex-flow APGD through gas fluid dynamics simulations. The
basic configuration (a) with no vortex generator shows typical laminar flow lines. Configuration (b),

with an inclination of the vortex-generating tubes of 13°, shows complex rotating flow patterns.

This design was first investigated by gas fluid dynamics simulations, to find out the optimum
configuration, such as the inclination angle of the holes: These simulations are based on solving the
Navier-Stokes flow equations. More details are given in the supporting information (SI).

As can be seen from figure 4(a), without a vortex generator, the gas flow is almost laminar, while a
complex rotating flow pattern is-observed in the vortex configuration (b). The vortex flow rate
through the discharge area was evaluated by integrating the magnitude of the radial and tangential
components of the gas flow vector (y and z) over a plane covering the discharge area (a circle with
diameter of 2 mm),.and the results are shown in figure 5, as a function of inclination angle of the
holes. The flow rate passing through the discharge area reaches a maximum at 13° inclination angle.
Larger inclination angles were not feasible, due to obstruction with the cathode pin. Hence, we
selected the 13° inclination angle as the vortex-flow design for production, as we want to reach
maximum vortex-flow development. We performed experiments for an inter-electrode distance of 18
mm, as in the case of the basic APGD design, but also for a larger distance of 22 mm, which allows a
higher power deposition, and thus higher CO, conversion (see section 4). In contrast to the basic
APGD design, the vortex-flow design indeed allowed for a longer inter-electrode distance without

melting of the cathode tip, due to the vortex gas flow (see section 4 below).
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Figure 5. Dot product (magnitude) of the tangential and radial flow vectors passing through the
discharge area, as a function of inclination angle of the eight holes in the vortex-flow APGD

configuration.

3.3 Confined APGD

The third configuration of the APGD is based on the assumption that still only a limited part of the
gas actually flows through the discharge zone. This is clearly the main limitation in GA plasmas, as
demonstrated by the fluid dynamics simulations for a gliding arc plasmatron (GAP) [19, 37], and it is
also observed from the model for the previous two APGD designs in our current work (see further).
As a solution, we have encapsulated the entire discharge in a narrow ceramic tube. The tube channel
matches the discharge dimensions, as obtained from our plasma model calculation (see section 5
below), i.e. no gas-can pass through without being activated by the plasma.

357 Anode Cathode pin with groove a Anode Ceramic tube b

Gas input

DISCHARGE —— \

25.3 mm

™ Ceramic tube

A
v

56 mm

Figure 6. Schematic diagram of the “confined” APGD, illustrating the internal configuration of the

device (a). Photograph of the reactor in operation (b).



Figure 6 illustrates this so-called “confined” configuration of the APGD. The high-temperature
ceramic tube with inner radius of 2.5 mm seals tightly with the grooved cathode pin after heat
expansion. The entire cathode is made from steel Therma 310S. The gas is delivered to the groove
with the same inner quartz tube (with a diameter of 10 mm) as shown in figure 2. In this way, the
groove acts as a small channel for the gas, conducting flow at high velocity. The distance between the
tip of the cathode and the anode plate was again 22 mm, like in the vortex-flow design. With this
configuration, two important properties are obtained: a simple, reliable design for confining the
discharge, and an effective cooling for the cathode pin, which will allow.using higher power input in
the plasma. Indeed, even with a steel cathode, 30 mA of current at a flow rate of 1 L/min is possible
without melting due the active cooling from the high gas flow velocity along the grooves.

Based on the average axial gas flow velocity for all three reactor configurations, we estimate the
gas residence time in the discharge zone to be 10 ms, 13 ms and 50 ms for the basic, vortex and
confined setups, respectively. The gas temperature is around 2500K in the discharge centre, and 437K

average in the reactor volume (see further details in the modelling section).

4. Performance of the APGD configurations: CO, conversion and energy efficiency
We present here the results for the CO, conversion and energy efficiency in the three different
configurations, for three different values of electric current. The CO, conversion is evaluated by

means of gas chromatography.
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Figure 7. V-I (voltage vs. current) characteristic of the three APGD variants, indicating also the

cathode-anode distance.

A vital assessment of the actual discharge regime is its current-voltage characteristic. Figure 7
presents the measured voltage as a function of the fixed current source for the three different
configurations, each within its operation limits. As can be seen from the graph, the voltage drop
between the electrodes tends to remain fairly high, but is decreasing steadily with higher current. A
glow-to-arc transition would be marked by a sudden voltage peak, followed by a rapid drop. The
“confined” APGD was even tested up to 35 mA, with no signs of arcing, which assures that the
reactor operates in the glow regime. As it is shown on the graph, the minimum operating current for
the 18 mm APGD is 10 mA (11 mA for the confined variant). Below this value, discharge self-pulsing
would occur.

Figure 8(a) shows that the basic APGD yields a conversion around 3.5-4.5 %, for an inter-
electrode distance of 18 mm. As mentioned in section 3.1 above, a longer inter-electrode distance
would naturally increase the required potential drop over the discharge, and hence the specific energy
input (SEI), and thus the CO, conversion, as the latter typically rises with SEI (although at the
expense of the energy. efficiency) [4]. However, the basic APGD is unable to sustain a stable plasma
at higher voltage; or-current above 25 mA, due to the critically high temperature (at the melting point)
of the cathode tip.

This problem is solved with the vortex-flow APGD: as it acts as a radiator to the cathode, it allows
for higher power input. This is beneficial for the CO, conversion. Figure 8 indeed illustrates that the
vortex-flow APGD can reach higher current and power (30 mA and more than 160 W vs. 90 W for
the basic design), and can also be operated at longer inter-electrode distance (22 mm). Thus, it is not
surprising that the high SEI of the vortex-flow configuration with 22 mm inter-electrode distance and

30 mA current yields a higher CO, conversion, i.e., around 8.3 %.
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Figure 8. CO, conversion (a) and corresponding energy efficiency (b), for the basic, vortex-flow
(with two different inter-electrode distances) and confined APGD, for three different values of
discharge current. The flow rate is 3 L/min in the basic and vortex-flow design, while it is 1 L/min in
the confined design. The power input and SEI for the different cases are plotted as well, with the
corresponding values indicated in the right y-axis of (a) and (b), respectively. The error bars are
quantified from the basic accuracy of the instruments, and the number of measurements per data point

(3), using standard formulas.

Finally, the confined APGD allows us to reach a CO, conversion up to 12.5 % at 30 mA. This is a
significant improvement compared to both the basic and vortex-flow APGD configurations. At 20 and

25 mA, an enhancement factor of around 3 is obtained compared to the basic design, and around 2



with respect to the vortex-flow design. At 30 mA, an enhancement of a factor 1.5 is obtained with
respect to the vortex-flow design, while the basic design was not stable at 30 mA, due to a too high
cathode temperature, with the risk of cathode melting. The main reason for this higher conversion is
the fact that a larger fraction of gas passes through the active plasma, as the plasma fills up the entire
discharge region (see figure 6). In addition, the high SEI (6.48 kJ/L at 30 mA, compared to 3.36 kJ/L
in the vortex-flow design, for 22 mm inter-electrode distance; see figure 8(b); right y-axis) also
explains the higher conversion. Indeed, as mentioned above, the specific design of the confined
APGD allows for efficient cathode cooling, and thus enables this configuration to operate at high
power input (above 100 W) with a low flow rate (1 L/min).

However, this higher conversion comes at the price of a lower energy efficiency, as illustrated in
figure 7(b). The energy efficiency is nearly 30 % for the basic and vortex-flow designs at 20 mA, and
even above 30 % at 25 and 30 mA, while it drops to 25 % at 20 mA, 26.5 % at 25 mA and 24 % at 30
mA, for the confined APGD. Two main factors contribute to this efficiency loss. First, the plasma is
in direct contact with the walls (see figure 6), which means that energetic electrons and ions will lose
energy and transfer heat upon impact with the ceramic walls. Indeed, we observed that the ceramic
piece heats up significantly (over 100 °C), despite being relatively non-conductive to heat. The second
reason is that at high SEI, the discharge is closer to thermal equilibrium, which will inherently lower
the energy efficiency, as the most energy-efficient vibrational-induced dissociation pathway is not
fully explored [4-10]. In general, we can conclude from figure 7(a) that the conversion does not rise to
the same extent as the SEI, for both the vortex-flow design and especially the confined design, and
this explains the slight drop in the energy efficiency (see figure 8(b)), because the latter is defined by
both the conversion and SEI (see eq. 3 in section 2 above). Nevertheless, the drop in energy efficiency
compared to the basic and vortex-flow designs is at maximum only around 20 %, which is clearly
lower than the enhancement factors observed for the conversion, so we may conclude that the
confined design overall yields the best results.

In figure 9, we compare our results with the best results obtained in various types of plasma
reactors from literature. The figure is adopted from [4], with our data points added. It is clear that the

APGD does not provide “record values”, both in terms of conversion and energy efficiency, but still



performs rather well, significantly surpassing DBDs in energy efficiency, and achieving a higher
conversion than most GA reactors. Note that the best results presented in figure 8 were obtained with
microwave (MW) and RF discharges, but these record values were reported in the 1980°s and could
not yet be reproduced since then. Moreover, they were obtained at reduced pressure, where it is easier
to reach thermal non-equilibrium, and thus higher and more energy-efficient CO, conversion {4-10].
However, the reduced pressure operation requires vacuum equipment, which is less convenient for
industrial exploitation, and it presents an additional cost, not included in the energy efficiency shown
in figure 9. At present, atmospheric pressure reactors seem to be unable to reach a CO, conversion
above 20 % with reasonable energy efficiency. The APGD, ‘particularly in the “confined”
configuration, gets closer to this boundary, with a conversion of 12,5 % and corresponding energy
efficiency around 25 %.

As no other atmospheric DC plasma reactor seems to offer such a combination of CO, conversion
and energy efficiency, we believe that the confined APGD is quite promising for practical
applications, also in view of its simple design, although further improvements will be needed to make
it competitive with other emerging. technologies. Indeed, the energy efficiency is still below the
efficiency target, as defined in [4]. Nevertheless, the latter was defined for pure CO, conversion,
while the results are typically better for the combined conversion of CO, and CH,4 (dry reforming of
methane, DRM) [4]. In future work, we plan to investigate the performance of our APGD for DRM,
and we also plan to develop further improved designs, based on computer modeling. Finally, it is
worth to mention that our results are clearly above the thermal equilibrium limit, which is also
indicated in figure 9. This illustrates that the CO, conversion in our APGD is due to non-equilibrium

plasma processes, and not just due to thermal conversion, as will be discussed below.
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Figure 9. Comparison of our results, in terms of energy efficiency vs<CO, conversion, with data
collected from literature for CO, conversion by different plasma reactors, adopted from [4]. In

addition, also the energy efficiency target and thermal equilibrium limit are presented (see text).

5. Non-equilibrium plasma-induced CO, conversion: Insights from plasma modelling
In this paper, we presented three different APGD configurations, which demonstrate a difference in
conversion performance (see previous section). The basic APGD shows quite low conversion around
4.5 %, which is limited by the low power handling ability of the reactor. The vortex-flow APGD
allows a larger inter-electrode distance, and thus raising the power input (hence, SEI) by 50%.
Therefore, it reaches a conversion up to 8.3 %. Finally, the confined APGD reaches a conversion of
12.5 %, because it can handle a further increase in SEI, and especially because it allows all gas to pass
through the plasma. These configurations were developed based on gas fluid dynamics calculations,
as explained in section 3, but a gas flow analysis alone is insufficient to explaining the behavior of the
plasma and the underlying mechanisms for the higher CO, conversion. Therefore, we investigate here
the nature of the discharge through detailed plasma fluid dynamics modeling.

We developed a fluid dynamics model, very similar to the model presented in [37] for a GAP. It is
based on solving the Navier-Stokes equations to obtain the gas flow pattern, while the plasma model
is based on the drift-diffusion approximation, and it assumes quasi-neutral plasma [36]. As the CO,

plasma chemistry is too extensive for a 3D geometry [37], we have to limit ourselves to a 2D model.



For this reason, the model can only be applied to the basic design, as the latter is characterized by a
laminar flow with a pin-to-plate configuration, which is cylindrically symmetrical (figure 2), allowing
to use a 2D axi-symmetric approach. Indeed, the vortex motion originating from the two other
designs cannot be properly described in 2D, but based on our previous experience [36], we believe
that the present model is sufficient to predict the plasma behavior, and to elucidate the underlying
mechanisms (and limitations) of the CO, conversion. Detailed information on the modelling method,
as well as the chemistry included in the model, is available in the supporting information (SI). The

plasma species considered in the model are listed in table 1.

Table 1. CO, plasma species included in the-model

Ground state neutrals C0O,, CO, C, 0,0
Charged species e, CO;", 0,", CO5, 0y, O
Excited species CO, (25 vibrational states*, 1 electronic excitation state),

0, (3 vibrational states)

*Combined in three groups, following the level lumping method of [38, 41]

Figure 10 describes the boundary setup in the plasma model geometry. This is a small excerpt of the
entire reactor, covering only the parts with actual plasma. As mentioned above, an axially symmetric

approach is used, i.e. with cylindrical coordinate system.
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Figure 10. Schematic illustration of the boundary conditions in the plasma model

First, to assess the model capabilities, we compare in figure 11 the measured and calculated CO,

conversion and energy efficiency as a function of discharge current for the basic APGD design. The



conversion in the model is obtained by integrating the species density over the reactor output, while
the energy efficiency is derived from the conversion, power and flow rate, and formulas (2) and (3).
Note that the calculation results also contain a data point at 22.5 mA. A higher current (e.g., 30 mA)
leads to model instability, consistent with the experiments.

The calculated and measured conversions and energy efficiencies are both in quite good
agreement, showing that the model presents a realistic picture of the plasma characteristics affecting
the CO, conversion (see below). While the calculated conversion is slightly underestimated, the
energy efficiency is somewhat overestimated, and this can be explained by the model approximations.
Indeed, we use a quasi-neutral model, in which the plasma sheath, i.e. the cathode layer, is not
explicitly included. Hence, the voltage drop across the sheath is not accounted for. As a result, the
model predicts a lower overall voltage drop across the discharge. Indeed, while the experimental
voltage drop is 5.6 kV (at 25 mA, 22 mm), the calculated value (also at 25 mA) is only 4.2 kV, as can
be deduced from the calculated potential distribution, presented in the Sl (figure S2). Hence, this is
25% lower than in the experiments. Since the power input is calculated as the product of voltage and
current, it is also underestimated by 25 %, explaining why the calculated energy efficiency is
somewhat higher than the measured values in figure 11. However, we want to stress that our model is
fully self-consistent across all parameters, with only the current as primary input, and self-consistently
calculating the power from the voltage drop, so this comparison gives a thorough assessment of the

real predicting capabilities of our model.
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Figure 11. Comparison of calculated and measured CO, conversion and energy efficiency as a

function of discharge current, for the basic APGD design.

As our model yields a reasonable agreement with measured conversion and energy efficiency, we
believe it presents a realistic picture of the plasma characteristics affecting the CO, conversion. This
includes the gas temperature, the electron density and temperature, the vibrational temperature, the
electric field, the species densities and.the reaction mechanisms responsible for the CO, conversion.
Thus, we will now present these characteristics, to better understand the underlying mechanisms of
CO, conversion in the APGD.

Figure 12 illustrates a gradient-mapped photograph of the basic APGD reactor in operation (a), as
well as the temperature profile obtained from the model (b). The close relation between the measured
plasma luminosity (a) and the calculated gas temperature (b) is very obvious. The peak gas
temperature (at the cathode tip) reaches 2600 K, but the value remains fairly uniform around 2400-
2500 K along the discharge axis. In [42], an APGD in air was investigated by means of spectroscopy,
measuring a rotational temperature of up to 2000 K. Hence, our calculated value is slightly higher,
which can be explained by the differences in reactor design. In addition, it would be better to compare
with a CO, plasma, but such data are not available. Indeed, measuring the rotational temperature in

CO, plasma is very difficult without add-in gases (typically N,), which affects the overall accuracy.



When we compare the calculated gas temperature in this APGD with values obtained in GA plasmas,
we can conclude that similar values are reached in a classical GA. For instance, in [43] a gas
temperature of 2600 K was measured for a classical GA in air. However, in a gliding arc plasmatron
(GAP), a much higher gas temperature (around 3000 K [37]) was calculated for CO,, and in [17] the
measured value in N, was reported to be even 5500 K. Hence, the gas temperature in the APGD
seems to be significantly lower than in a GAP. This is beneficial for efficient CO, conversion,
because (i) it might give less vibrational-translation relaxation losses, and (ii) the recombination

reaction of CO + O, — CO, + O becomes less important at lower temperatures (with a rate constant

of 1.28 x 10™%exp(-12800/T ), see table S5 in SI).
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Figure 12. Gradient-mapped photograph of the basic. APGD, illustrating the measured plasma
luminosity (in arbitrary units) (a), the calculated gas temperature profile (b), and electron (or plasma)

density (c) at 25 mA and 3 L/min.

Figure 12(c) illustrates the calculated electron density profile (also called plasma density). Obviously,
the maximum electron density (around 2x10*® m?®) is at the cathode tip, due to the electric field
enhancement in this region (see below). A plasma density in the order of 10'® m™ has also been
reported for APGDs in literature, i.e., 10'® for an APGD in N, [40], and around 5x10*® m™ for an
APGD in helium [44]. It is clear from figure 12(c) that the plasma is concentrated near the cathode
tip, and hence, the discharge does not fill the entire reactor volume. Thus, a significant amount of gas
will pass between the plasma and the walls, being untreated by the plasma, hence confirming our
conclusions made in section 4 above. As already explained in section 3, this is the reason we
developed the confined APGD configuration (figure 6 above), which fully encapsulates the discharge

in the reactor volume.
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Figure 13. Calculated electron temperature profile (a) and reduced electric field profile (b), at 25 mA

and 3 L/min.

Figure 13(a) shows that the electron temperature in the discharge is about an order of magnitude
higher than the gas temperature (i.e. 1.9 eV or 20,000 K vs. 2500 K), which means that the plasma is
in thermal non-equilibrium. For comparison, in [25] an electron temperature of 1.4 eV was reported
for a low-current (10 mA) APGD in N,. Hence, the electrons have sufficient energy to activate the
CO, molecules by electron-impact vibrational excitation, leading to CO, splitting. At the cathode tip,
the electron temperature reaches 3 eV in a very small region, due to the enhanced electric field at the
sharp edge. Although this is a very small, localized region, it could have some impact on the overall

CO, dissociation through high-energy electron impact electronic excitation. However, the region of



high-energy electrons is relatively small (see figure 13(a)), which explains why this process plays a
minor role in the CO, dissociation (see below).

In figure 13(b), we plot the calculated electric field profile in the reactor. It is depicted as reduced
electric field, i.e., electric field divided by gas number density, expressed in units of Td (1 Td =10%
V mP). This is done because the reduced electric field is a very important parameter to characterize the
CO, conversion ability of gas discharge plasmas [4, 9]. Indeed, reduced electric field values below
100 Td (typical for MW and GA plasmas) are known to give rise to electron temperatures (around 1-2
eV) most suitable for vibrational excitation, which is the most energy=efficient CO, dissociation
pathway, while values above 100-200 Td (characteristic for DBD plasmas) mainly result in electronic
excitation-dissociation and ionization, due to the higher electron temperatures produced [4]. It is clear
that the APGD gives rise to a reduced electric field around 60 Td in the discharge center, which is
thus very beneficial for vibrational excitation due to the produced electron temperature of 1.5 — 2 eV
(see figure 13(a)), explaining the good energy efficiency reached in our experiments (see figure 8(b)
above). A small area around the cathode tip shows a higher value, above 100 Td, which produces the
high electron temperature in figure 13(a). These values are in agreement with [20, 21], for a direct
current plasma jet at atmospheric pressure.

Figure 14 illustrates the neutral species densities in the plasma, as a function of axial position
along the discharge center (a) and radial position, at an axial position of 11 mm from the cathode tip
(b). In (a), 0 mm corresponds to the cathode tip and 18 mm is the position of the anode. Along the
discharge axis, CO is the main plasma species: its density is up to a factor 3 higher than the CO,
density. This indicates a quite high (~75%) conversion in the center, while it drops rapidly beyond 1
mm from the discharge center (see figure 14(b)). The O, and O atom densities are also a direct result
from the CO; dissociation. Upon a splitting reaction, naturally an O atom will be produced, which can

further recombine into O,.
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Figure 14. Axial density distribution, at the discharge center (a), and radial density distribution at an
axial position of 11 mm from the cathode tip (b), of the neutral species in the plasma, at 25 mA and 3

L/min.

Table 2. Main CO, splitting and formation reactions, and their relative contributions to the total

splitting and formation, integrated over the entire plasma volume, at 25 mA and 3 L/min.

CO;, splitting Relative contribution (%)
1. O+ COpyiry — CO + O, 74.4

2. € +COqyiy— e +CO+0 9.79

3. O+ COyq) = CO+0, 95

4. M+ COyyiy » CO+0+M 3.74

5. € +COyy— e +CO+0 2.23

CO, formation Relative contribution (%)
1. CO+0,—»CO,+0 90.72

2. CO+0O+M—>CO,+0 9.14

3. CO+O0—-CO+¢e 0.14




In Table 2, we present the relative contributions of the CO, splitting and formation reactions,
integrated over the discharge volume. The reason that we present the individual splitting and
formation reactions, and not just the net reactions, is that separate CO, splitting reactions (i.e., for the
CO, molecules in vibrational levels and ground state: reactions 1 and 3, and reactions 2 and 5) yield
common products, so we cannot simply subtract the formation reactions from the splitting reactions to
obtain the net reactions. However, in this way, it looks like 84% of the CO, splitting.is upon collision
with an O atom (with either CO, in the vibrational levels or in the ground state), but this accounts
only for the forward (splitting) reaction, and not for the reverse reaction,-hence it does not represent
the net splitting. When looking at the net contribution, this reaction contributes for less than 50%,
because the reverse reaction is also very important (90%, cf. Table 2). Indeed, the net contribution of
this reaction cannot be more than 50%, because the O atoms must first be created from another CO,
splitting reaction (e.g., reaction 2, 4 or 5 in Table 2).

The main CO, splitting mechanism is the collision of O atoms with vibrationally excited CO,
molecules, with a relative contribution of 74 %. This process is of course initiated by electron impact
vibrational excitation of ground-state CO, molecules, followed by so-called ladder climbing by
vibrational-vibrational relaxation collisions, gradually populating the higher CO, vibrational levels,

i.e. the so-called “vibrational pathway”, as illustrated in Figure 15.

Figure 15. Reaction scheme of the main CO, splitting mechanisms. The main dissociation process is
the so-called “vibrational pathway”, starting from electron impact vibrational excitation of the CO,

ground-state molecules, followed by gradually populating the higher vibrational levels through



vibrational-vibrational (VV) relaxation collisions, which are then dissociated into CO and O, upon
impact of O atoms. The dissociation upon O atom impact can also occur from the CO, ground-state
molecules. In addition, electron impact dissociation, both from CO, vibrational levels and ground-
state molecules, also contributes to CO, splitting, as well as the dissociation upon impact by any

molecule in the plasma (M).

The same process also occurs for CO, ground-state molecules, with a relative-contribution of 9.5%.
Besides, electron impact dissociation upon collision with both vibrationally excited and ground-state
CO, molecules also contributes for about 9.8% and 2.2%, respectively, to the total splitting process.
Note that the contribution of electron impact dissociation from the ground state is mainly due to the
energetic electrons close to the cathode tip, and because this process is only important in a small
region, it explains the low relative importance of this process. Finally, dissociation upon reaction with
any other neutral species in the plasma (mainly molecules: M) contributes for 3.7% to the total
conversion, again mainly from the CO; vibrational levels. Hence, when summing up the splitting
reactions upon collision with O atoms or electrons (or other molecules M), with either CO, ground-
state or vibrational levels, we see that the vibrational levels contribute for about 88 % to the CO,
splitting in the discharge volume, while the ground-state molecules contribute for about 12 %. This
demonstrates the important role of the CO, vibrational levels in the CO, splitting process in the
APGD reactor.

When comparing to the mechanisms of CO, splitting in a GA plasma, we can see some
similarities, but also some differences. Indeed, for a transient AC GA, model calculations predicted a
relative contribution of 66 % and 19 %, for dissociation upon impact of O atoms and electrons with
vibrationally excited CO, respectively [38]. On the other hand, in the quasi-stationary regime,
characteristic for a DC GA, the contributions of these two processes were predicted to be 43% and
40%, respectively, pointing towards very similar contributions for both O atom and electron impact
dissociation of the CO, vibrational levels [38]. While the APGD can also be interpreted as a quasi-
stationary discharge (given that it is also a DC plasma), it is important to note that the model used in

[38] was only a 1D model. In [39] a 2D CO, model was developed for a classical GA, and the



contribution of splitting upon impact of O atoms with vibrationally excited CO, molecules was also
found to be dominant here (80%), while the same process with ground-state CO, contributed for
9.2%, hence very similar to our APGD results. Electron impact dissociation was found to be
somewhat less important, while the splitting of CO, upon collision with other molecules (M) was
higher (7.3% for the vibrational levels). This difference can be attributed to the different type of
plasma, different reactor volume and the iterative nature of the classical GA. On the other hand, a 0D
modelling study on a GA for CO, conversion predicted that electron impact dissociation of
vibrationally excited CO, was much more pronounced (61-67%), while the splitting upon impact with
O atoms contributed only for 7-10% [16]. This can be attributed to‘the much lower gas temperature
assumed as input in this 0D model, i.e., around 1200 K, promoting the electron impact reactions
above thermal (neutral) reactions. In [8], a modeling study of a microwave discharge for CO,
conversion in a wide range of conditions indeed revealed that the dissociation upon impact with O
atoms and any molecules (M) becomes more important at higher power deposition (promoting the
vibrational excitation) and temperature (promoting neutral (thermal) dissociation reactions above
electron reactions). Our simulation. results for the gas temperature (figure 12(b)) show that the
temperature in the APGD is-indeed high enough to promote the dissociation reactions upon impact by
O atoms.

It is clear that vibrational excitation of CO, acts as an effective leverage to the overall CO,
conversion, and_this explains the good energy efficiency obtained in our experiments. However, as
can be noted from figure 12, the CO, conversion only occurs in a small region of the reactor, i.e.,
along the discharge center, which limits the overall CO, conversion, as also seen in our experiments.
Indeed, a significant fraction of the gas does not pass through the plasma region, and this was the
reason why we developed the confined APGD design, to make sure that all gas will be activated by
the plasma, yielding a higher overall conversion.

To elucidate which CO, vibrational levels contribute most to the CO, splitting, i.e., rather the
higher or lower levels, we plot in figure 16 the vibrational distribution function (VDF) at the
discharge center, at an axial position of 11 mm from the cathode tip, for three different values of

electric current. It is clear that the VDF exhibits a Boltzmann distribution, dictated by the gas



temperature. Indeed, the dashed line indicates a Boltzmann distribution at a temperature of 2500 K,
and it largely coincides with the calculated VDFs. The vibrational temperature is typically obtained

from the ratio of the first vibrational level and the ground state:

Eyy
= 4
kln(nCOZ(vl)/nCOZ(gr)) ( )

Ty

where E,y/k is the energy of the first vibrational state and nCOx1), NCOyy stand for the densities of
vibrationally excited and ground-state CO, molecules, respectively. In figure 17, we plot both the
vibrational and translational (gas) temperature as a function of radial position, and it is obvious that
they are almost identical. They are both around 2500 K along the discharge center (see also figure
12(b) above), but they gradually drop to room temperature near the walls. The fact that they are
almost equal indicates that the VDF of CO; is close to thermal, as is indeed obvious from figure 16.
This means that the higher vibrational levels are less populated and only the lower vibrational levels
of CO, actually contribute to the CO, conversion. Although the energy efficiency in our experiments
is quite good already, it could be further improved if the higher CO, vibrational levels could be
overpopulated compared to a Boltzmann distribution. This overpopulation is typically realized by
vibrational-vibrational (VV) relaxation, as mentioned above, but it is counteracted by vibrational-
translational (V/T) relaxation, which depopulates the vibrational levels. The latter process becomes
more important at high gas temperature. Hence, we believe that a further improvement of the energy
efficiency would only be possible if we can let the APGD operate at much lower temperature, i.e.,
below ca. 1000 K. It was indeed demonstrated by Berthelot and Bogaerts [8] that a non-thermal VVDF,
with a significant overpopulation of the higher vibrational levels, could only be realized at high power
density, while at the same time low gas temperature, but the latter is not easy to realize at atmospheric
pressure [7]. This represents a fundamental challenge for developing atmospheric pressure sources for
CO, splitting. In future work we will aim to develop a further improved APGD design that can

operate at high power density, but at the same time at lower gas temperature.
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6. Conclusion

In this work, we thoroughly investigated the potential of a novel plasma reactor for CO, conversion,
by a combination.of experiments and modeling. In the experiments we explored two different reactor
improvements with the aid of gas fluid dynamics simulations. In addition, we also developed a fluid
plasma model to obtain a better insight in the underlying mechanisms in the plasma, and in the way
they affect the performance of the APGD for efficient CO, conversion. The basic APGD design
shows limited overall CO, conversion, which can be explained from the model, because the plasma is
only created in a limited region of the reactor, i.e., around the central axis. The calculated conversion
inside the plasma region is around 75%, but as a significant fraction of the gas does not pass through
this plasma region, the overall conversion is limited to 4.5 %. The energy efficiency is fairly good
(around 30 %), but the model indicates that it could be further improved, because the calculated VDF
exhibits a Boltzmann distribution, dictated by the gas temperature. This is due to the significant role

of VT relaxation, depopulating the vibrational levels, which is especially important at high gas



temperature. Thus, the energy efficiency could be further improved if the higher vibrational levels
could be overpopulated, which should be realized by a higher power density, but at the same time
reducing the gas temperature.

We therefore proposed some reactor modifications. The vortex-flow AGPD effectively lowers the
cathode temperature, and thus allows for operation at higher power, which leads to" a higher
conversion of about 8 %. However, because of the higher power, the gas temperature is still high,
limiting the energy efficiency due to a thermal VDF. In addition, still only a limited gas fraction
passes through the discharge.

The confined APGD addresses this issue by making use of a ceramic tube with a smaller inner
radius of 2.5 mm that fits precisely with the cathode pin. A spiral groove is carved on the pin, guiding
the gas into the tube, which acts as effective cooling for the cathode pin, preventing it from melting,
and thus also allowing us to use higher power. The plasma region is indeed limited to a radius of 2.5
mm or less, as predicted by the model, so using this ceramic tube with small inner radius makes sure
that the plasma fills the entire reactor, and all the gas passes through the active plasma. This gives rise
to a higher conversion of 12.5 %. - However, because the plasma now fills up the entire reactor, it is in
contact with the walls, leading to loss of plasma species, as well as heat loss to the walls. For this
reason, the energy efficiency is somewhat lower than in the vortex-flow APGD, i.e., around 26 %.
Nevertheless, the'enhancement in conversion is much more significant, i.e., a factor 3 compared to the
basic APGD design and a factor 1.5-2 compared to the vortex-flow design. This makes the confined
APGD reactor the more cost-effective option for CO, conversion.

The plasma model, besides explaining the limited CO, conversion in the basic (and vortex-flow)
APGD configuration due to the limited fraction of gas passing through the plasma, as well as the
limits in energy efficiency due to a thermal VDF, also provides very useful information on other
plasma characteristics in the APGD. The calculated electron (or plasma) density of 10" m™ is in
reasonable agreement with experimental observations in an APGD (albeit operating at somewhat
other conditions and gases, as no experimental data for CO, are available in literature). The calculated
gas temperature is around 2500 K, which is comparable to measured values in an APGD in air [42],

but somewhat lower than in a GAP, where values of 3000 K were calculated for CO, [37] and even up



to 5500 K were measured for N, [17]. This means that the thermal dissociation processes for CO,
conversion are somewhat lower in the APGD, although still quite significant. Indeed, the vibrational
temperature is equal to the gas temperature, and the VDF follows a Boltzmann distribution. The
vibrational levels contribute most to the CO, splitting, i.e., 88% of the dissociation occurs from the
vibrational levels (mainly from the lower levels), while 12% originates from the CO, ground state.
Indeed, due to the high electric field near the cathode tip, high-energy electrons contribute to the CO,
splitting with a somewhat larger contribution than in the GAP. However, electron impact dissociation
(through electronic excitation) is not the most energy efficient process, so it would be better if we
could further exploit the vibrational dissociation pathway by overpopulation of the higher vibrational
levels. Nevertheless, the discharge is clearly in non-equilibrium, with the gas temperature being
almost 10 times lower than the electron temperature, which was calculated at around 1.9 eV. In
addition, the reduced electric field is calculated to be around 60 Td in the discharge center, indicating
optimum conditions to maximize the vibrational excitation. Hence, we believe the APGD is a very
promising plasma source for CO, splitting, especially in the confined configuration, but future efforts
should focus on increasing the power density, but at the same time lowering the gas temperature, and
thus further promoting the vibrational pathway, to further enhance the CO, conversion and energy
efficiency. Furthermore, as the gas temperature outside the plasma region is still fairly high, we might
expect some contribution from the gas phase chemistry in this region to the CO, conversion as well,
but this is.not yet taken into account in our models. We plan to account for this in our future work,
when further finetuning/optimizing the reactor design.

In addition, we plan to further improve our plasma fluid dynamics model, to be able to account for
effects that are currently neglected, but which might be important for the reactor design optimization.
Indeed, the model would have more predictive power if we could implement a coupled heat transfer
and fluid dynamics model, to estimate the cooling power and the inlet gas temperature, as the latter
might be important to suppress vibrational-translational relaxations. A fully coupled flow simulation
+ plasma model is, however, not yet feasible at this stage. Indeed, the Navier-Stokes equations for the
flow simulation are solved in 3D, but for the plasma model, we take only the 2D cut-plane of the

reactor, because a 3D model including the complete CO, chemistry would be prohibitively slow.



Therefore, any radial or vortex flow is omitted in the plasma model and the flow vectors are adopted
as stationary solution from the 3D model. If we want to make a coupled study, we have to include the
flow as time-dependent, and compute it together with the plasma equations, which are also time-
dependant. This could slow down the computations by a factor 10, and it is even no guarantee to reach
a stable solution. In addition, the solution might not be accurate anymore: the flow would react to the
plasma (i.e. due to expansion and buoyance force), but the system would be incomplete without the
third vector. Another, simpler approach would be to include a heat zone (instead of plasma) in the
flow. However, this raises more questions than answers. Indeed, our aim_is'to cool down the cathode,
but it is not yet clear how much heat is actually produced there. The cathode heats up due to several
different and complex mechanisms, including Joule heating, thermionic emission, ion bombardment,
and heating from back-scattered electrons. Hence, in order to obtain a proper solution, we would need
an accurate cathode spot description, which is a major challenge due to the huge number of reactions
and species included in the model. In the confined APGD configuration, the situation would become
even more complex, because also the plasma-surface interactions between the plasma and the walls
would need to be accounted for. All these effects are outside the scope of our present study, but we
plan to study them in our future work. Nevertheless, the present model is already very useful to
understand reactor design modifications.

Hence, in spite of the fact that our model could be further improved, we showed in this paper that,
using modelling as a main driving force, we could design and test improved APGD configurations,
whichis more time and cost effective than tedious trial-and-error experiments. In addition, the
support from plasma modeling presents a significant advancement in our understanding of the

underlying plasma mechanisms of CO, conversion in the APGD.
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Highlights

e A novel plasma reactor for CO, conversion is investigated.

e The reactor performance is optimized through computer simulations.

e Two new reactor configurations are developed, showing excellent results.

o A plasma model is developed, showing good agreement with the experimental data.
e The modelling results provide a deep insight into.the CO, plasma properties.



