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Abstract:

For the first time, this paper demonstrates a synergistic effect from the combination of a gliding arc discharge

plasma with a photocatalyst TiO, for CO, dissociation. The effects of adding a tray downstream the discharge

and the combination of catalyst with plasma have been investigated. Two different combination modes of plasma

catalysis, i.e., in-plasma catalysis and post-plasma catalysis, have been evaluated with the emphasis on the

analysis of potential mechanisms. The results show that modifying the gliding arc reactor by the addition of a

tray can enhance the fraction of gas treated by plasma, thus improving the reaction performance. An exceptional

synergistic effect of combining the gliding arc discharge with TiO, for CO, activation forms in the in-plasma

catalysis mode. The presence of TiO, significantly enhances the CO, conversion by 138% and the energy

efficiency by 133% at a flow rate of 2 L/min. The plasma activation effect, which produces energetic electrons

that can create the electron-hole pairs on the catalyst surface, is believed to be the major contributor to the

generation of the plasma catalysis synergy. This mechanism has been further evidenced by the negligible

influence of the post-plasma catalysis on the reaction performance.

Keywords: CO, activation; Plasma catalysis; TiO,; Synergistic effect
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1. Introduction

Accumulating evidence has demonstrated that the increasing greenhouse gases emission caused
by human activities is leading to global climate change [1]. As a major greenhouse gas, CO, contributes
85% to the overall global warming [2]. The levels of CO, in the atmosphere have dramatically
increased from 280 ppm in the pre-industrial era to a historical high of 408 ppm (July 2018 [3]).
Undoubtedly, there is an unprecedented need to develop low carbon technologies to mitigate and
valorize CO,. Carbon capture and utilization (CCU) is one of the most attractive strategies as it can
convert CO; into value-added fuels and chemicals [4-6]. In this regard, several chemical processes
have been extensively studied, such as dry reforming and hydrogenation of CO,, producing value-
added syngas or oxygenates [6, 7]. CO; splitting to CO is of particular interest (Eq. (1)) as well [6, 8-
11] as CO is a commonly used feedstock for the synthesis of platform chemicals (e.g., organic acids,
aldehydes and alcohols) and synthetic fuels [ 12]. However, due to the inherent kinetic inertness of CO»,
its activation remains a big challenge. Thermal CO, dissociation is energetically favourable only at
high temperatures. For instance, only up to 1.5% of CO, conversion can be achieved at a temperature

of 2000 K, yielding an energy efficiency of 4.4% [6].

1
CO, —CO+ 50,  AH =280 kl/mol (1)

Recently, non-thermal plasma technology has attracted significant interest in CO, dissociation
since it can activate CO, at atmospheric pressure and low temperatures with reduced energy
consumption [6, 13, 14]. The electrons in non-thermal plasma have average electron energy of 1-10
eV, which is high enough to activate CO, molecules, producing a cascade of radicals, excited

molecules/atoms, and ions etc. These species are highly reactive and play a key role in plasma chemical
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reactions [15-18]. However, because of the non-equilibrium character of non-thermal plasma, the gas
kinetic temperature can remain fairly low (e.g., 200-800 °C), thus saving energy [19, 20]. Moreover,
due to the merits of high specific productivity and instant on/off, non-thermal plasma system is a
promising technology to utilize excess intermittent renewable energy, such as wind and solar power,

for energy storage [11].

Various non-thermal plasma sources have been studied for the dissociation of CO,, including
dielectric barrier discharge (DBD) [9-11, 13, 21-27], microwave (MW) discharge [4, 7, 28, 29], corona
discharge [30, 31] and gliding arc discharge [5, 32-35]. In non-thermal plasmas, the electron-impact
dissociation of CO; can proceed only with an electron energy of > 7 eV to activate CO, molecule to a
dissociative electronic state. However, the amount of energy spent is significantly higher than the
theoretical energy needed for C=0 bond breaking (5.5 eV), thus resulting in energy waste. Vibrational
excitation of CO; is considered as the most effective means for CO, activation because it requires the
least amount of energy [15, 28, 35]. The non-adiabatic transition 0'~" — *B, pens the most effective
dissociation pathway of CO, with an energy requirement of only 5.5 eV [28]. In DBD and corona
discharge, the electron-impact excitation predominates in the dissociation of CO,, leading to fairly low
energy efficiency (typically <15%) [6, 27, 30]. MW discharge allows for a high level of CO, vibrational
excitation and thus show a relatively high energy efficiency (up to 40% [28]). However, this is
achievable only at low pressure (e.g., 50 torrs) [36], which is unfavourable for industrial applications.
Note that the energy efficiency reported in these works typically only considers the power deposit in

the MW plasma but does not consider the extra power consumed of the vacuum systems [36].

Atmospheric pressure gliding arc plasma is becoming increasingly attractive for CO, activation
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as the high level of CO, vibrational excitation in this process enables more effective activation of CO,
[6, 35]. A moderate electron temperature of gliding arc, i.e., 1-2 eV, is ideal for full exploitation of the
vibrational excitation of CO, [5, 17, 36, 37]. Moreover, the electron density of gliding arc discharges
is remarkably higher compared with other non-thermal plasmas (e.g., corona discharge and DBD),
which is favourable for industrial applications due to its flexibility to operate at variable conditions
[15, 38]. A traditional gliding arc reactor consists of two or more diverging electrodes (for the
generation of arc) and a gas nozzle (for injecting the carrier gas) [38]. After initiation at the shortest
electrode gap, the arc is pushed by the gas stream toward the diverging downstream section, until it
extinguishes. A new period then starts with the formation of a new arc at the shortest gap. However,
the 2D geometry of the gliding arc limits gas conversion as only a small part of the reactant can pass
through the plasma zone (e.g., about 20% depending on the geometry [5, 6]). In addition, a high flow
rate is required to sustain the arc, which limits the residence time inside the plasma. However, limited
works have been done to optimize the gas flow field in the gliding arc reactor, which is necessary to

enhance the plasma gas conversion.

In recent years, particular attention has been paid to plasma catalysis, i.e., the integration of
plasma with catalysts for environmental clean-up, fuel reforming and chemical synthesis [39, 40]. The
combination of plasma and catalyst provides significant potential to produce a synergy effect to
increase the reaction rate by reducing the activation barrier of the plasma chemical reactions,
consequently increasing the conversion of reactant and selectivity of desired products significantly,
and decreasing the energy consumption of the processes [14, 40]. To date, a few works have
investigated plasma-catalytic CO, dissociation in non-thermal plasmas, including DBD [14, 23] and

MW plasmas [4, 7, 29, 41]. For instance, Mei and Tu reported that the combination of Ni/y-Al,O3 with

4
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a DBD improved both the conversion of CO, and the energy efficiency in comparison to the y-Al,O3

support, from 24.7% to 26.3% and 3.9% to 4.1% [23]. However, performance is still not competitive.

To the best of our knowledge, the integration of catalysis with plasma for CO, activation using
gliding arc discharges has not been reported. In this work, the plasma catalytic dissociation of CO,
over a photocatalyst (TiO;) has been investigated for the first time in a modified gliding arc discharge
[4, 14]. In addition, a round tray (with different diameters) was placed downstream of the GAD with
the dual objectives of optimizing the gas flow field and serving as the catalyst container. The influence
of the tray size and the positions of catalysts on the reaction performance have been studied in terms
of the CO; conversion and energy efficiency. Particular efforts have been devoted to investigating
different plasma catalysis modes, i.e., in-plasma catalysis (IPC) and post-plasma catalysis (PPC). In

addition, the possible mechanism of plasma catalysis in CO, activation has been discussed.

2. Methods

Experimental setup. The reactant gas CO, was injected into the homemade gliding arc discharge
reactor by a mass flow controller. A high-voltage DC power supply (10 kV, TLP2040, Teslaman) was
used to power the plasma, and a resistor of 40 kQ was used in the circuit to limit and stabilize the
discharge current. An on-line gas analyzer (Mamos, Madur electronics) equipped with a CO; IR sensor,
a CO IR sensor and an O; electrochemical sensor was employed to measure the on-line concentrations

of CO,, CO and O, before and after the plasma reaction.
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Fig. 1 Configurations of the gliding arc reactors.

Fig. 1 shows the configurations of the reactors used in this work. Each reactor consists of two
divergent knife-shaped electrodes (stainless steel, 17 mm in both length and width) with a gas nozzle
(with an inner diameter of 1.5 mm) placed upstream. When the applied voltage on the electrodes is
high enough for breakdown, the arc forms initially at the shortest gap point (2 mm). The formed arc
then glides downstream along the electrodes with increasing length under the force of gas flow until it
extinguishes. In Reactor B and Reactor C, a round tray with a diameter (@) of 30 mm and 42 mm,
respectively, is placed downstream of the discharge to modify the gas flow field and improve the
fraction of gas treated by plasma, and further serve as a catalyst bed. Reactor B with the tray of @ =
30 mm was further investigated in the plasma catalytic conversion of CO,, with TiO, particles as the
catalyst. The position of the tray is vertically movable, and the vertical distance between the electrode
tip and the tray (D) can be adjusted in the range of 5 to 20 mm. The discharge powers of the gliding
arc under the studied conditions are: Reactor A: 360+5W; Reactor B (D = 10-15 mm, with/without

catalyst): 360+ 10W; Reactor B (D = 5 mm, without catalyst): 402+35W; Reactor B (D = 5 mm, with
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catalyst): 365+11W; Reactor B (D = 20 mm, without catalyst): 360+ 15W; Reactor B (D = 20 mm,

with catalyst): 343+ 10W; Reactor C (D = 10 mm, without catalyst): 395+35W.

Catalyst material. Commercial photocatalyst TiO, (rutile phase) with diameters of 3-5 mm was used
as the catalyst. For each plasma catalysis experiment, 3 grams of TiO, particles were placed inside the
catalyst tray in Reactor B, forming a catalyst layer (about 5 mm for each experiment) downstream the
discharge. X-ray diffraction (XRD) patterns of the TiO, were detected by an XRD-7000 diffractometer
(Shimadzu) using radiation in the 26 range between 10° and 80° at a scanning rate of 4 °/min. The
atomic state at the surface of the catalyst was analyzed by X-ray photoelectron spectra (XPS) with Al
Ka X-rays (1486.6 ¢V) on an ESCALAB 250Xi system (Thermo Scientific). The spectra were

referenced to Cls peak at 284.5 eV.

Definition of parameters. The CO, conversion (X) was defined as follows.

X ( C 02) (% ): Q(C02 inlet) (mOI/ l’l’lll’l) - Q’(total outlet) (1’1’101/1’1’111’1) X C(Coz outlet) (%) %x100% (2)

O co, ey (MOl/min)

, where Q(coz intety and O (otal outler) 1 the inlet CO, flow rate and outlet total flow rate, respectively,

C(co2 outlery 1S the CO, concentration in the outlet effluent gas.

In the CO; splitting reaction, two CO, molecules are dissociated into three molecules (see Eq.
(1)), which increases the volume by 50%. That means the total outlet flow rate should be higher than
the inlet flow rate (gas expansion effect) [5, 22], which is directly associated with the accuracy of the
calculated CO; conversion. However, the gas expansion effect is often neglected by most of the authors,
overestimating the CO, conversion and energy efficiency (e.g., be overestimated by a factor of 1.5 in

case of 100% conversion). In this work, the gas expansion effect has been considered. Our experiments
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showed that the selectivity of CO remains at > 99% and the total concentration of CO,, CO and O, in
the effluent gas is 100+£1% in the experiments, showing that the CO; splitting to CO and O2 (Eq. (1))
was dominant in this process. Therefore, the O (ol outtery can be obtained according to the carbon
balance before and after the reaction, based on the following equation.

Q(CO2 inlet) (mol/mln)

x100% (3)
C(002 outlet) (%) + C(CO outlet) (%)

Q ’(total outlet) (mOI/ mil’l)Z

, where C(co outler) 1S the CO concentration in the outlet effluent gas.

The energy efficiency (1) was defined as follows by comparing the energy consumption of the

plasma process to the standard reaction enthalpy (4H):

Oco, inley (mol/min) x X(CO,) (%) x AH (kJ/mol)
Discharge power (W) x 60/1000

(%)= 4)

, where 4H = 280 kJ/mol for the CO, dissociation process. The discharge power was determined by

the product of the arc voltage and arc current.

In this work, each experiment was repeated three times, and the mean values with error bars were

given in the figures.

3. Results

3.1 Effect of the addition of tray in the reactor

To investigate the effect of tray addition (with different diameters) on the reaction performance, three

8
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types of gliding arc reactors were used in this work, i.e., Reactor A without tray, Reactor B with tray
of 30 mm in diameter (@) and Reactor C with tray of @ =42 mm (see Fig. 1). The results are illustrated
in Fig. 2, upon rising CO, feed flow rate. Clearly, for each case, the CO, conversion first increases to
a maximum value and then drops remarkably with increasing flow rate. It should be noted that most
of the previous studies in DBD [11, 13, 21] and gliding arc plasmatron [5] showed a monotonous
decrease in CO;, conversion when the CO, flow rate increased, resulting from the decreased retention
time of CO; in plasma and the reduced specific energy input (SEI). In the gliding arc discharge, the
gas temperature is relatively high (e.g., up to 2000K, depending on the radial distance [10]), which can
enhance the recombination reaction of CO and O (with rate constant of up to 8.0x10™* cm®/molecule? s
[42]), thus inhibiting the conversion of CO, [12]. The enhancement of CO; conversion with the initial
increase of CO; flow rate might result from the weakening of the recombination of CO and O with
decreased gas temperature, as partly demonstrated by the temperature measurement in Supplementary
Table S1. For example, the gas temperature of Reactor B in the tail of the discharge (at the tray)
decreased from 720 to 440 °C yielding a CO + O recombination rate constant of from 3.7x10>* to
2.0x107* cm®molecule® s [42]. Note that the reaction rate in the central arc discharge area should be
even higher due to the significantly higher gas temperature. After reaching the maximum value, the
further drop of CO, conversion with a rising flow rate could be related to the decrease in both the
retention time of CO; and the SEI. For instance, for Reactor A, the retention time of CO; and the SEI
dropped from 127.5 to 36.4 ms and 10.9 to 3.0 kJ/L, respectively, when the flow rate increased from 2
to 7 L/min. Note that the retention time of CO; (the volume of plasma divided by volumetric gas flow
rate) is only a roughly calculated value, and the plasma volume is assumed to be around 4.25 cm’ based

on the photographs of the discharge in the experiments. In agreement with other studies [23, 30],
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Fig. 2 a) CO, conversion and b) energy efficiency as a function of CO, flow rate in the three types of

reactors with or without tray (D = 10 mm).

Fig. 2 indicates that the addition of tray downstream the plasma can significantly influence the
CO; dissociation performance in the gliding arc reactor. Reactor B with a small tray of @ = 30 mm
and Reactor C with a big tray of @ = 42 mm can both improve the CO; conversion and energy
efficiency pronouncedly, majorly at a relatively high flow rate of > 4 L/min. The big tray exhibits a
significantly higher CO, conversion in comparison to the small tray when the flow rate is over 5 L/min.
For instance, at a flow rate of 7 L/min, the CO, conversion is enhanced by 23% and 55%, respectively,
and the energy efficiency is improved by up to 23% and 47%, respectively, in Reactor B and C. Another
phenomenon that needs to be noted is that a relatively low flow rate in Reactor B and C (especially
Reactor C) gives a lower CO, conversion and energy efficiency in comparison to the Reactor A without

tray. In addition, the flow rate value for the maximum CO; conversion in Fig. 2a is shifted backward
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from 3 L/min to 3.5 L/min and 5.5 L/min, respectively, in Reactor B and C. This phenomenon is
probably associated with the increased gas temperature of the plasma area (especially at relatively low
flow rates, see Supplementary Table S1) because of the reduced heat loss under the sealing effect of
the tray. As mentioned above, a higher gas temperature in the gliding arc is probably detrimental to the

CO; conversion. Note that further plasma modelling study is still needed to confirm this hypothesis.

220 220 22.0
1.8 Backflow 1.8 Backflow 1.8
1.6 1.6 ~ 1.6
114 114 1.4
1.2 1.2 1.2
{1.0 1.0 1.0
{08 0.8 0.8
0.6 0.6 0.6
04 04 04
0.2 0.2 0.2
0.0 (mls) 0.0 (mis) 0.0 (mis)
Plasma Reactor A Plasma Reactor B Plasma Reactor C
(a) (b) (c)

Fig. 3 Simulated contours of gas velocity magnitude on the cross-section of each reactor

(O(coz intery = 4 L/min, D = 10mm).

To get insights into the effect of the tray on the gas flow field, the gas flow field and gas velocity
in the gliding arc reactor has been simulated using COMSOL Multiphysics software (three-
dimensional laminar flow module) [43]. The contours of gas velocity magnitude on the cross-section
of each reactor are presented in Fig. 3 (CO; flow rate = 4 L/min). As clearly seen from Figs. 3b and
3¢, the addition of tray downstream the discharge gives rise to the formation of strong backflow above
the top of the tray. Unreacted gas can thus partly flow back to the plasma area for further treatment,

consequently enhancing the fraction of gas treated by plasma. This factor should be associated with
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the facilitating effect of the tray on the CO; conversion reaction. Moreover, the direct contact of the
plasma jet with the surface of the tray in Reactor B or C enables a horizontal extension of the plasma
area (refer to Figs.4c, 4c, and Supplementary Fig. S1). In this way, more gas molecules can pass
through the plasma area, and the gas treatment by plasma can be improved from another aspect. A
larger tray enables a higher fraction of gas treated by plasma, explaining why it shows a better

performance than the small tray at a high flow rate.

To conclude, the addition of tray downstream the discharge decreases the reaction performance
at low flow rates (i.e., 2 L/min for Reactor B and 2-4 L/min for Reactor C) because of the increased
gas temperature, whereas remarkably enhances both the CO, conversion and energy efficiency at
relatively high flow rates (i.e., > 3 L/min for Reactor B and > 5 L/min for Reactor C), resulting from
the improved gas treatment by plasma. The “best results” appear to be obtained in Reactor C, with a
CO; flow rate of 7 L/min, yielding a CO, conversion of 8.5% and energy efficiency of 34.3%.
Interestingly, the energy efficiency in this modified gliding arc reactor is significantly higher compared
with that in typical DBD and corona discharges (<10%) [6]. Note that similar results can be obtained
as well in a three-dimensional gliding arc plasmatron reactor with reverse vortex flow configuration
[5, 33]. The modified reactor by adding a tray and the plasmatron with vortex flow can both improve
the fraction of gas passing through the arc and thus show better performance than a classical gliding
arc. Whereas, Reactor C cannot provide excellent performance in a wide range of flow rates and the
relatively high gas temperature in the plasma area is also unfavourable from the operation point of
view. Therefore, Reactor B was further used to investigate the effect of combining plasma with the

commonly used photocatalyst TiO, on the CO, dissociation reaction.
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3.2 Effect of in-plasma catalysis

TiO, has been proved to have synergistic effect with non-thermal plasma in various applications,
such as NOy reduction [44], VOCs degradation (e.g., toluene, benzene and naphthalene) [45], organic
wastewater treatment [46], or even p-nitrophenol contaminated soil remediation [47], but not yet
applied in gliding arc for CO; activation. In the experiments, by adjusting the position of the catalyst
bed, the vertical distance between the electrode tip and the catalyst surface (D) varied in the range of
5, 10, 15, 20 mm, yielding two combination modes of plasma and catalysis, i.e., in-plasma catalysis
(D =5, 10 mm) and post-plasma catalysis (D = 15, 20 mm). The results for the in-plasma catalysis
mode with different positions of the catalyst beds are illustrated in Fig. 4. The photos were taken by a

digital single-lens reflex camera with an exposure time of 1/100s and aperture of F10.

As shown in Figs. 4¢; and 4c;, in this mode the gliding arc plasma jet can be in direct contact with
the catalyst surface, yielding an interaction between plasma and catalyst. Results with the presence of
catalysts at relatively high flow rates (> 5 L/min for D = 5 mm and > 6 L/min for D = 10 mm) were
not plotted, because during experiments the catalyst particles were readily blown out of the catalyst
bed due to the high-speed gas flow. It is observed that the combination of TiO, catalysts with the

discharge drastically improves both the conversion of CO, and energy efficiency of the process.

13
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Fig. 4. Effect of in-plasma catalysis on the CO, conversion and energy efficiency with different

positions of the catalyst bed (a;, by, ¢; for D =5 mm, a,, by, ¢, for D = 10 mm; Reactor B).

Specifically, a shorter distance between the electrodes and catalysts at relatively low flow rates
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exhibits exceptional performance. For instance, in the reactor with D =5 mm at a flow rate of 2 L/min
(Figs. 4a; and 4b,), the integration of TiO, catalysts with plasma dramatically enhances the CO,
conversion by 138% (from 4.6% to 10.8%) and the energy efficiency by 133% (from 5.4% to 12.6%).
Rising flow rate from 2 to 4 L/min leads to a drop of the CO, conversion from 10.8% to 8.7% in this
case, probably resulting from the reduced retention time of the reactive CO, plasma on the catalyst
surface. Interestingly, although the reactor with D = 5 mm at a flow rate of 2 L/min shows the highest
gas temperature (see Supplementary Table S2), it yields the best results when the catalyst is present,
indicating that the negative effect of higher temperature, in this case, is more than compensated by the

positive effect of plasma activation of the catalyst.

For the reactor with D = 10 mm in Figs. 4a, and 4b,, the reaction performance also shows notable
enhancement with the addition of TiO, catalyst, but less pronouncedly in comparison to the reactor
with D =5 mm. The CO; conversion shows an increase of 23% at a flow rate of 2 L/min in comparison
to the single plasma process and reaches the maximum value of 10.9% at a flow rate of 3 L/min. Upon
rising flow rate, both the conversion of CO, and energy efficiency, in this case, have similar variation
profiles with that in the absence of a catalyst. These results suggest the formation of a significant
synergistic effect in the conversion of CO, when combining gliding arc plasma with TiO,

photocatalysts.

3.3 Effect of post-plasma catalysis

Fig. 5 exhibits the effect of the post-plasma catalysis (two-stage plasma catalysis) with D = 15
and 20 mm on the conversion of CO,. In this mode, no direct contact between the plasma jet and the

catalyst surface occurs (see Figs. 4c; and 4c,).
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Fig. 5 Effect of post-plasma catalysis on the CO, conversion and energy efficiency with different

positions of the catalyst bed (a;, by, ¢; for D =15 mm, ay, by, ¢, for D =20 mm; Reactor B).

In comparison to the in-plasma catalysis mode, the post-plasma catalysis exhibits a negligible
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effect on the CO, conversion reaction, as seen from the various profiles of the CO, conversion and
energy efficiency in Fig. 5. In a post-plasma catalysis configuration, only long-life species produced
in plasma that can touch the catalyst surface could affect the catalyst activity [48, 49]. This is probably
the reason why a slight improvement of the CO, conversion and energy efficiency can be observed

with relatively high flow rate (6 L/min for D = 15 mm and > 5 L/min for D = 20 mm).

The above results allow us to conclude that the synergy of gliding arc plasma with TiO, for CO,

activation can form only in the in-plasma catalysis mode.

It is also interesting to note that varying the position of the tray (without catalyst) from D = 10
mm to 20 mm has no remarkable influence on the reaction performance, as indicated from the
comparison among Figs. 4a,, 4b, and Figs. 5a;, 5b;, 5a,, Sb,. Whereas, the reactor with D = 5 mm
exhibits a relatively lower CO, conversion and energy efficiency (see Figs. 4a;, 4b;), probably resulting
from the higher gas temperature in the plasma area (see Supplementary Table S2) that may induce the
reverse reaction of CO; dissociation. Further study of plasma modelling will be carried out to confirm

this hypothesis.

4. Discussion

Based on the measurement results by using a thermal infrared imager, the temperature of the
catalyst surface in the discharge is in the range of 219 to 650 °C under the studied conditions. To
elucidate whether the heating effect of gliding arc plasma plays a role in activating the catalyst, blank
experiments in the absence of plasma were performed by heating the reactor gradually from 100 to

1000 °C (higher than the catalyst surface temperature in the presence of plasma), and no conversion of
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CO, was observed, indicating that the activation of TiO, catalysts in the gliding arc plasma is not

related to the thermocatalytic mechanisms.

It is well known that as a photocatalyst TiO, can be activated when absorbing photon energy (Av)
that is greater than or equal to the band gap energy (3.0 eV for rutile phase and 3.2 eV for anatase
phase) between the valence band (VB) and the conductive band (CB) to form the electron-hole pairs
(e - h") [14, 50]. Although it is a fact that non-thermal CO, plasma can generate UV radiation [14, 18],
its photon flux is too low to make any significant contribution to the activation of TiO, catalysts, as
widely reported and demonstrated in various works [14, 41, 48]. For instance, in an atmospheric air-
surface discharge by Sano ef al., the total UV intensity was only 2.5 pW/cm” when the input power
was 5W, generating relatively weak photocatalysis effect with a contribution of less than 0.2% against

the acetaldehyde decomposition by the plasma itself [S1].

In a DBD plasma, Mei ef al. confirmed the significance of the physical effect, i.e., enhancement
of the electric field that was induced by packing TiO; pellets into the discharge gap, activating the
photocatalytic reactions for CO; dissociation [ 14]. Whereas, in this work, the physical effect of adding
TiO, particles into the catalyst tray is thought to be negligible as the catalyst tray was placed
downstream the discharge gap. In addition, the flow field inside the reactor is hardly affected by the
addition of TiO, particles since quartz pellets with similar size were placed in the tray for the
comparative experiments without catalysts. It is also interesting to note that stone and glass bead with
similar size with that of the TiO, were also used to perform comparative experiments, and no

perceptible improvement of the CO, conversion performance was observed.

We can conclude that the gliding arc plasma-activated photocatalytic reaction is considered as the

18



dominant contributor to the synergistic effect of plasma and catalysis for CO; activation. As proposed
by Whitehead et al. [49, 52], in a plasma catalysis system, the electrons existing in discharge with an
electron energy of > 3.0 eV can create ¢ - 4" pairs on the rutile TiO, surface (Eq. (5)), like the effect
of UV excitation. The production of e - 4" pairs, which facilitates the further redox reaction, is

considered as the initial and critical step of photocatalytic reactions.

TiO, +e (>3.0eV)>h'" +¢ (5)

Electron energy (eV)
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Fig. 6 EEDF of the gliding arc discharge and the possible reaction mechanisms of the plasma

photocatalytic CO, dissociation process.
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To get insight into the energy level of the electrons generated by the CO; gliding arc plasma, the
electron energy distribution function (EEDF) was calculated by solving the Boltzmann equation using
a commonly used solver, i.e., BOLSIG+ [10, 19, 53]. The cross-section data needed for various
collisional processes in CO, were derived from Ref. [54]. Based on the electrical signals obtained by
the oscilloscope, the reduced electric field (E/N, E is the electric field intensity, and N is the total gas-
particle number density) under the studied conditions is in the range of 25-30 Td. The results for the
EEDF are plotted in Fig. 6 (upper figure), yielding estimated mean electron energy of 1.0-1.2 eV, which
is inconsistent with previous works [19, 55]. Although the mean electron energy is relatively low, the
high-energy tail of the EEDF suggests the existence of energetic electrons in the CO, gliding arc
plasma at energies exceeding the activation threshold (3.0 eV). In addition, gliding arc plasma has a
relatively high electron density (e.g., 10°-10'* ecm™) [19, 55], providing significant numbers of

energetic electrons for the activation of e - 4" pairs on the TiO, surface.

However, the ¢ - A" pairs are ready to be recombined with the fast rate (~10”s), limiting the
efficiency of CO; conversion [56, 57]. In this regard, the defect disorders in photocatalyst, like oxygen
vacancy (V,), can contribute significantly to the CO, reduction processes by providing active sites for
the adsorption and thus activation of CO, [7, 14, 41, 58]. To understand the surface structure of the
TiO,, XPS measurement was performed, and the deconvolution spectra of Ti 2p are plotted in Fig. 7.
The XPS spectra suggest the existence of both the formal valence Ti*" and Ti*" states on the catalyst
surface. The appearance of the Ti’" state indicats the generation of V, on the TiO, surface due to the
reaction Eq. (6) [59].

2Ti*" + O —» V, + 2Ti’" + 120, (6)

, where O is the lattice oxygen.
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Fig. 7 XPS spectra of Ti 2p peaks of TiO,.

It has been widely reported and investigated that, the presence of V, on the rutile (110) facet (the
dominant facet of rutile TiO,, see the XRD patterns in Supplementary Fig. S2) can significantly induce
the formation of new stable adsorption structures with an enhanced activation of the C—O bonds [56,
60-62]. Reasonable mechanisms of the gliding arc plasma photocatalytic CO, activation process are
schematically given in Fig. 6. After the activation of e - 4" pairs by the energetic electrons in plasma,
the CB electrons (e”) formed can be transferred spontaneously to the absorbed CO, molecules in the
V,, leading to the formation of CO," anion (Eq. (4)) [7, 14, 56, 57]. CO;" can then dissociate into CO
with the occupation of an oxygen atom into the V, [7, 56]. The above two processes yield an overall
reaction of Eq. (5). Note that this dissociative electron attachment process of CO, proceeds more
readily for the absorbed CO, in the V, than for the CO, in gas phase due to its low threshold energy
(1.4 eV versus 5-10 eV) [7, 62]. The release of O, results from the oxidizing reaction of the lattice O

anions with 4" (Eq. (6)), in which process V,, can be regenerated [14]. The electron attachment of Ti*"
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to produce Ti’" also happens to balance the charge (Eq. (10)) [14].

CO,+e — COy (7)
CO, + [TiO; + Vo] — CO + [TiO;] (8)

2h"+ 0" =120, )
e +TiY - T (10)

Note that the combination of Egs. (9) and (10) yields an overall reaction of Eq. (6).

The above-proposed plasma activation mechanisms were further confirmed by the negligible
influence of the post-plasma catalysis on the activation of CO, because the short-life electrons in
plasma cannot touch and activate the catalyst surface.

It is also interesting to note that in this work both anatase TiO, and rutile TiO, catalysts have been
investigated for plasma catalytic CO, activation, but only the TiO, catalyst with rutile phase showed

facilitating effect on the reaction performance.

5. Conclusions

In summary, plasma-TiO, catalytic activation of CO; has been investigated in a modified gliding
arc reactor. The addition of a tray downstream the discharge can improve the fraction of gas treated by
plasma due to the formation of strong backflow above the top of the tray and the horizontal extension
of the plasma area. The integration of TiO; catalysts with gliding arc plasma in the in-plasma catalysis
mode formed an exceptionally synergistic effect, which dramatically enhanced the CO, conversion by
138% (from 4.6% to 10.8%) and the energy efficiency by 133% (from 5.4% to 12.6%) at a flow rate

of 2 L/min. The existence of energetic electrons at energies exceeding the activation threshold of TiO,

22



photocatalyst (3.0 eV) is considered as the primary contributor to the synergy of gliding arc plasma
with TiO, photocatalyst by motivating the activation of electron-hole pairs on the catalyst surface. The
presence of oxygen vacancy (V,) on the TiO; surface is vital in facilitating the adsorption and thus
activation of CO, molecules. This work provides critical clues for further enhancement of CO,

activation in the promising gliding arc discharge reactor by plasma catalysis.
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