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A B S T R A C T   

Gap distance and discharge power have great influence on the morphology and characteristics of glow plasma. 
Unfortunately, there is few research on the influence law and mechanism of these factors for CO2 splitting by 
glow plasma. In this study, an AC-driven atmospheric pressure glow discharge (APGD) plasma reactor was 
developed for CO2 splitting. Through the rational design on the plasma reactor accompanied by numerical 
simulation and systematic experimentation, the unique influence laws and mechanisms on CO2 splitting behavior 
are unveiled. Several key parameters, such as gap distance, discharge power and gas flow rate, are found able to 
play synergistic roles in tailoring plasma reactor to co-improve the conversion and energy efficiency. At an 
optimized gap distance, sufficient electron collisions along the main channel results in the largest active plasma 
volume, leading to the optimal CO2 splitting performance. The conversion and energy efficiency could also be co- 
improved by synchronously increasing the discharge power and gas flow rate at a given specific energy input 
(SEI) value, which exhibits an opposite feature of dielectric barrier discharge (DBD) plasma, because larger 
plasma volume increases the probability of collision dissociation reaction and lower gas temperature decreases 
the rate of recombination reaction. The AC-driven APGD reactor can achieve maximum conversion of 11.96% 
and maximum energy efficiency of 41.51% which superior to the results of most atmospheric pressure plasmas. 
This work gains insights into the behaviors of AC-driven APGD plasma in CO2 splitting and potentially opens an 
avenue to develop plasma technology for sustainable CO2 utilization.   

1. Introduction 

Carbon dioxide (CO2), as the dominated greenhouse gas, has been 
continuing to be excessively emitted to the atmospheric environment in 
the last sixty years, causing a severe global climate problem [1]. While 
the world takes serious attention on the CO2 emissions reduction in 
pursuit of carbon neutrality, various techniques have been proposed to 
realize the CO2 storage and conversion [2]. Compared with the high cost 
of CO2 storage, converting CO2 into chemicals with high value-added 
through catalytic reaction is more favorable. Non thermal plasma 
(NTP)-catalytic CO2 decomposition has been emerged as a promising 
method for CO2 conversion since it could significantly reduce the reac
tion temperature and then enable the activation of stable CO2 molecules 
under relatively mild conditions [3]. As the gas temperature in NTP is 
much lower than the electron temperature, electrons with high energy 
could activate CO2 molecules to produce new active intermediate 
products without heating the whole gas [4,5]. Therefore, it is gradually 

recognized that NTP provides an energy-saving method for CO2 splitting 
[6]. From the perspective of industrial application and environmental 
protection, using photovoltaic and/or wind renewable energy to 
generate discharge plasma and convert CO2 into value-added chemicals 
can effectively solve the problems of both energy utilization and carbon 
emission. 

In general, different types of NTPs are used in CO2 splitting. 
Dielectric barrier discharge (DBD) is with a simple structure and suitable 
for coordination with catalysts [7,8], however, the dissociation of CO2 
basically comes from the direct excitation of CO2 molecules rather than 
the vibrational excitation of CO2 molecules, resulting in a low energy 
efficiency [9]. Using gliding arc (GA) plasma for CO2 splitting has a high 
energy efficiency due to the high proportion of vibrational excitation 
within the plasma region. Unfortunately, the conversion is still relatively 
low (< 8%) up to now, because of the poor diffusivity of arc plasma and 
high gas velocity [10]. Microwave (MW) plasma is also widely used in 
CO2 splitting which can make high conversion and energy efficiency 
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[11,12], but the atmospheric pressure in the reaction chamber needs to 
be confined to be below 400 mbar [13], which greatly limits the 
application scope. Atmospheric Pressure Glow Discharge (APGD) 
plasma is far from the thermal equilibrium, and the gas temperature 
(less than 2600 K) is significantly lower than vibration temperature 
(about 5000 K), which illustrates that APGD is a typical NTP [16]. Lower 
gas temperature is conducive to reducing vibration translational relax
ation, and then benefits increasing energy efficiency in CO2 splitting [9]. 
APGD operates stably under low current, and its discharge volume is 
relatively small, so its power density is high (about 5 ×107 W/m3) [14]. 

At present, large-scale APGD has been realized through pin-plate 
electrode [15]. It is of great significance to study the conversion effect 
and influencing factors of APGD on CO2. Trenchev et al. [16] used 
DC-driven APGD for CO2 splitting, and optimized the APGD reactor by 
adding vortex nozzles and limiting discharge areas. Under DC driving, 
the gas temperature in the APGD reactor is high, so it is necessary to use 
a higher gas flow to reduce the gas temperature and reduce the influence 
of thermal instability factors in order to achieve stable glow discharge. 
The increase of gas flow reduces the residence time of CO2 molecules in 
the plasma region, which limits the conversion. On the other hand, 
Tochikubo [17] found that it is easier to obtain stable APGD in high 
frequency (> 1 kHz) electric field, and using AC high voltage to drive 
APGD can effectively reduce the influence of thermal instability factors 
and improve the stability of APGD [18]. Raja et al. [19] studied the 
influence of gas input mode on CO2 splitting and achieved competitive 
energy efficiency but low conversion rate at high gas flow rate. In APGD, 
gap distance and discharge power have a great influence on the 
morphology and characteristics of glow plasma [20]. Unfortunately, 
there is few research on the influence law and mechanism of gap dis
tance and discharge power for CO2 splitting by APGD at present. 
Although specific energy input (SEI) is a crucial factor for CO2 splitting, 
it is reported that a certain SEI value obtained by different combinations 
of gas flow rate and discharge power may result in different conversion 
performances in plasma system [21]. However, the conversion perfor
mances of those different combinations in APGD is not clear so far. 
Therefore, to explore the influences of gap distance, discharge power 
and gas flow and their synergy on CO2 splitting by AC-driven APGD is 
urgently significant under the current global environment where the 
carbon neutral economy is pursued. 

In this work, we have developed a custom-designed AC-driven APGD 
reactor, and discussed the influence mechanisms of gap distance, 
discharge power and gas flow on CO2 splitting through the combination 
of experiment and finite element model (FEM) simulation. By comparing 
the influences of different factors systematically, we have explored the 
synergistic effect of discharge power and gas flow on CO2 splitting. The 
corresponding relationship between macroscopic parameters and 
microscopic physicochemical processes is established through FEM 

simulation. 

2. Experimental setup and simulation 

2.1. Experimental setup 

Fig. 1(a) shows the schematic diagram of the CO2 splitting and 
analysis system. AC high voltage power supply (CTP-200k) is used as 
glow discharge plasma generator, which can output a maximum voltage 
of 30 kV with the center frequency of 20 kHz. The ballast resistance is 
chosen to be 500 kΩ to ensure a stable glow discharge at atmospheric 
pressure. The discharge voltage is measured by Tektronix high voltage 
probe (P6015A), while the discharge current is measured by the 50 Ω 
non-inductive sampling resistance. The discharge voltage and current 
are monitored through a Tektronix DPO 4032 oscilloscope. The CO2 gas 
with purity of 99.99% is feed into the reactor through the gas flow meter 
(0–1000 mL/min, LZB-3wb) and the gas cylinder. The composition and 
concentration of the product gas are detected online by gas chromato
graph (GC, Bruker scion 456-GC) equipped with a thermal conductivity 
detector (TCD), and product gases are separated by chromatographic 
column TDX-01. The mechanical pump is connected in parallel with the 
GC and connected to the gas product outlet of the reactor. At the 
beginning of the experiment, the air in the reactor is pumped out by 
mechanical pump and then CO2 is introduced, which can ensure the 
maximum purity of CO2 in the reactor in a short time. 

Specifically, Fig. 1(b) and (c) show the schematic diagram and real 
picture of the APGD CO2 splitting reactor. In the reactor, the high 
voltage electrode is a stainless-steel ring with an inner diameter of 3 mm 
and an outer diameter of 20 mm. The grounding electrode is a stainless- 
steel needle with a tip diameter of 1 mm and a length of 80 mm. The 
outer wall of the reactor is a 2 mm-thick quartz glass tube with an inner 
diameter of 20 mm. The distance between the pin and the ring elec
trodes could be adjusted in the range of 1–30 mm. CO2 gas flow is feed 
into the reactor from the needle electrode side and the products are 
carried into the GC for in-situ analysis. 

The conversion and energy efficiency are key parameters to char
acterize the effect of plasma for CO2 conversion [16]. CO2 conversion is 
calculated by the following equation: 

XCO2

[

%
]

=
cCO(out)

cCO(out) + cCO2(out)
× 100% (1)  

where, cCO(out) and cCO2(out) are the concentrations of CO and CO2 out of 
the reactor, respectively.The energy efficiency is calculated by the 
following equation: 

Fig. 1. (a) Schematic diagram of the CO2 splitting and analysis system, (b) the schematic diagram and (c) real picture of the APGD reactor.  
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η
[

%

]

=
ΔHR

[
kJmol− 1

]
× XCO2

[
%
]

SEI
[
kJL− 1

]
× 22.4Lmol− 1

(2)  

where, ΔHR is the reaction enthalpy of CO2 splitting under standard 
conditions (279.8 kJ mol− 1), and SEI is the specific energy input. SEI is 
the main parameter determining CO2 conversion and energy efficiency, 
which is calculated by the following equation: 

SEI
[
kJL− 1] =

Dischargepower[W]

Gasflowrate
[

mL
min

] × 60
s

min
(3)  

where, the gas flow rate is defined as standard mL/min (mL/ min), and 
the discharge power (P) is is as follows: 

P = fW = f
∫ t0+T

t0
u(t)i(t)dt (4)  

where, u(t) is the discharge voltage, i(t) is the current flowing through 
the reactor, uc(t) is the voltage across external capacitor, T is the 
discharge cycle, f is the discharge frequency of the applied voltage. 

2.2. Simulation model and parameters setting 

In order to explore the mechanism of AC-driven APGD for CO2 
splitting influenced by gap distance, discharge power and gas flow rate, 
we built a simulation model based on plasma module and fluid module 
in COMSOL Multiphysics. In the simulation model, the gas gap distance 
is set to 4, 6, 8 mm, the voltage amplitude of AC is set to10, 15, 20 kV, 
the frequency is 22 kHz, and the gas flow rate is set to 250, 300, 350, 
400, 450, 500 mL/min. All species considered in the model are shown in  
Table 1. In the CO2 plasma simulation model, four neutral species and 
five charged species, as well as five vibrational excited states and two 
electronic excited states of CO2 molecules are considered. CO2va rep
resents the first bending mode (010), CO2vb represents the first sym
metric stretching mode (100) and the second bending mode (020), 
CO2vc represents the first asymmetric stretching mode (001), CO2vd 
represents the higher-order symmetric stretching mode (n00) and 
bending mode (0n0) [22]. CO2s represents the electronic excited state 
1Σu

+. The plasma chemical reactions and their reaction coefficients 
involved in this model are shown in the Supporting Information. 

3. Results and discussions 

3.1. Discharge plasma characteristics 

Fig. 2 shows the typical voltage and current waveforms of APGD at 
different discharge powers (7.46, 15.24, 20.94 and 23.13 W), in which 
the gas flow rate is 250 mL/min and gap distance is 6 mm. It’s worth 
noted that the discharge power is changed by adjusting the applied 
voltage, so the corresponding voltages are 7.9, 11.8, 17.4 and 20.0 kV 
respectively. It can be seen that the pulse electrical signals appear within 
the discharge initial period (as shown in Fig. 2(a) and (b)), where the 
phase of current pulse lags behind the voltage pulse. This is considered 
as the characteristic of streamer discharge, indicating that streamer 
discharge occurs before the glow discharge at lower discharge power 
[23]. That is attributed to the intensification of the electric field at the 
electron avalanche heads. During the discharge initial period, the space 

electric field intensity of the electron avalanche heads would become 
higher than the applied electric field when the applied voltage is low, 
leading to weakening of electric field in the middle of electron avalanche 
[18]. The recombination process of positive and negative charges emits 
photons, causing photoionization and secondary electron avalanche, 
forming streamer discharge under the distorted electric field of the 
electron avalanche head. Due to the existence of current limiting resis
tance, the streamer could not further develop into electric arc, and then 
form glow discharge. In Fig. 2(c) and (d), it is found that the proportion 
of pulse signals decrease along with the increase of the applied voltages, 
since the applied electric field are higher than space electric field of the 
electron avalanche before breakdown and streamer discharge is difficult 
to form.The influence of the streamer discharge on CO2 splitting will be 
discussed in Section 3.3. Furthermore, it is noteworthy that the 
discharge voltage decreases with the increase of discharge current, 
illustrating that the glow discharge is at γ-mode, that is, normal glow 
discharge [15]. 

3.2. The influence of gap distance 

Fig. 3(a) shows the CO2 conversion and energy efficiency as a 
function of gap distance, in which the gas flow rate is 250 mL/min. 
Fig. S1 shows the discharge voltage and current waveforms of APGD at 
different gap distances when the discharge power is kept to approxi
mately 24 W. Since the discharge power and gas flow rate nearly remain 
unchanged, the SEI value would be a constant, the trends of CO2 con
version and energy efficiency are similar. The conversion and energy 
efficiency rise first and then fall with the increase of gap distance. It can 
be seen that the conversion and energy efficiency curves demonstrate a 
peak value of 11.80% and 26.54%, respectively, when the gap distance 
is 6 mm. The conversion is determined by the proportion of CO2 mole
cules passing through the plasma region which is related to plasma re
gion volume in this reactor [16]. Fig. 3(b) shows the images of CO2 glow 
discharge plasma morphology across different gap distances. The 
exposure time of these photographs is set to 1/1600 s. The dash red line 
represents the contour of pin and plate electrodes. In addition to the gap 
distance, the morphology of the discharge plasma is also related to the 
discharge current [15]. The mean discharge voltage and current at 
different gap distances are shown in Fig. 3(c). Since the gap distance 
increases, the discharge voltage would increase accordingly [24], so the 
discharge current would decrease in order to keep the same discharge 
power. The amplitude of discharge current is in a good agreement with 
luminescent intensity of the plasma channels, as shown in Fig. 3(b). 
Moreover, it can be also observed that as the gap distance is enlarged, 
the discharge plasma morphology would vary from a narrow straight 
channel into a broader obconic shape, and that looks more obvious when 
the gap distance is larger than 3 mm. The increase in the overall volume 
of discharge plasma can be explained that, due to the presence of the 
radial electrical field component inside the gap, lots of charged particles 
would drift in the radial direction and bring out collision ionization 
around the main channel, which turn into an obconic shape and 
equivalently enlarge the plasma volume. As the gap distance increases, 
the extensions in the radial direction as well as the discharge plasma 
volume become larger [25], which benefits the CO2 splitting. However, 
the discharge current decreases along with the increase of gap distance, 
which plays a negative role on the CO2 splitting. Consequently, the 
conflicting effect between the plasma volume and discharge current 
reaches an optimum value of CO2 conversion and energy efficiency 
while the gap distance is 6 mm, as shown in Fig. 3(a). In summary, with 
a given discharge power, we could optimize the reactor to achieve 
co-improved conversion and energy efficiency by setting appropriate 
gap distance for APGD. 

Furthermore, we simulated and plotted the distribution of electron 
density along the discharge channel as shown in Fig. 4. Fig. 4(a) and (b) 
show the electron density distribution in positive half circle and nega
tive half circle. CO2 splitting under APGD conditions is dominated by 

Table 1 
All species considered in the model.  

Specie types Species 

Atom O 
Molecule CO2, CO, O2 

Charged specie CO2
+, e, O-, O+, O2

+, O2
- 

Vibrational excited specie CO2v1, CO2va, CO2vb, CO2vc, CO2vd 
Electronic excited specie CO2s  
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Fig. 2. Voltage and current waveforms of APGD at different discharge powers: (a) 7.46 W, (b) 15.24 W, (c) 20.94 W and (d) 23.13 W.  

Fig. 3. (a) CO2 conversion and energy efficiency as a function of gap distance, (b) images of CO2 glow discharge plasma and (c) mean voltage and current at different 
gap distances. 
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Fig. 4. Simulation results of electron density distribution along discharge channel: (a) positive half circle, (b) negative half circle and (c) the total electron number in 
a complete discharge circle. 

Fig. 5. (a) CO2 conversion and energy efficiency as a function of discharge power, (b) the images of CO2 glow discharge at different discharge powers, (c) simulation 
results of electron density distribution along discharge channel in the negative half cycle, and (b) simulation results of electron temperature distribution along 
discharge channel in the negative half cycle. 
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electron-impact dissociation, the ionization process and electron disso
ciative attachment [26]. And the form and rate of CO2 molecular exci
tation depend on the electron temperature. Therefore, CO2 conversion is 
closely related to electron density and electron temperature in plasma 
domain. It can be seen that the electron density reaches the maximum in 
the negative glow region, due to the most intense electron collision re
actions in the cathode region. Then massive electrons could be gener
ated and continue to collide with the gas molecules in the axial channel 
as well as the radial direction, therefore, a main plasma channel and a 
surrounding diffuse plasma region could be both observed in the posi
tive column, which is in good agreement with the results in Fig. 3(b). 
The splitting of CO2 is mainly caused by electron collision reaction [14], 
illustrating that the electron number between electrodes is positively 
correlated with CO2 conversion. Fig. 4(c) shows the total electron 
number by integrating the electron density in the positive half circle (in 
Fig. 4(a)) and negative half circle (in Fig. 4(b)). It can be noted that the 
total electron number in the 6 mm gap demonstrates a maximum 
because of the sufficient distance for collision reaction and current 
value, indicating that the total amount of CO2 splitting is the largest, 
which provides quantitative evidences for the maximum conversion and 
energy efficiency. Therefore, the cooperative effect of gap distance and 
discharge current maximizes electron number which determines CO2 
splitting. 

3.3. The influence of discharge power 

Fig. 5(a) shows CO2 conversion and energy efficiency as a function of 
discharge power, in which the gap distance is 6 mm and the gas flow rate 
is 250 mL/min. It can be seen that the conversion rises with increasing 
discharge power, while the energy efficiency exhibits the opposite trend. 
The increase of discharge power means more active species in the 
reactor leading to higher conversion. On the other hand, larger 
discharge power causes more Joule heat generating and transferring to 
gas molecules, but higher gas temperature would accelerate the 
recombination of CO and O2 and vibration translation relaxation [9], 
which leads to lower energy efficiency. Because of the obvious change of 
slope, the curve of conversion and energy efficiency with discharge 
power is divided into two stages. It can be found that the way to optimize 
the current experimental results is to continue to increase the discharge 
power because the conversion can be greatly improved while sacrificing 
a little energy efficiency in stage 2. The variation in the slope of con
version and energy efficiency may be attributed to the transition of 
discharge mode. Fig. 5(b) shows the images of CO2 glow discharge 
morphology at different discharge powers. The exposure time of these 
photographs is 1/1600 s. The dash red line represents the contour of pin 
and plate electrodes. Through the images of CO2 glow discharge 
morphology, it is obvious that there is a transition of discharge mode 
occurring at the discharge power of 18.35 W. When the discharge power 
is 7.46, 9.67 and 15.24 W, the diameters of the main discharge channel 
are measured to be about 0.2, 0.3 and 0.5 mm, respectively. When the 
power increases to 18.35 W, the diameter of the main discharge channel 
is 0.5 mm and remains the same even if the discharge power continues 
to increase, but the diffuse plasma surrounding the main channel starts 
to appear and grows larger along with the discharge power. Since the 
slope of conversion increase is larger and the slope of energy efficiency 
decrease is smaller in stage 2, it can be inferred that the diffuse plasma 
region plays a more important role in CO2 splitting than the main 
discharge channel. Because the diffuse plasma region could improve the 
probability of CO2 molecules passing through plasma region greatly, 
rapid enhancement of conversion occurs in stage 2. 

Fig. 5(c) shows the simulation results of electron density distribution 
along discharge channel in the negative half cycle. It is found that the 
amplitude of electron number density rises by the increase of discharge 
power, indicating that higher discharge power contributes to more en
ergetic electrons to improve the volume of plasma region. In addition, it 
is worthy to note that there are more electrons gathering near the anode 

when the discharge power is 15.70 W. This occurs because there is a 
streamer discharge before the glow discharge and the head of the elec
tron avalanche reaches the anode after streamer forming. The transition 
of discharge form affects not only the density distribution but also the 
energy of active species, which could also influence splitting of CO2. The 
simulation results of electron temperature distribution along the main 
discharge channel in the negative half circle is shown in Fig. 5(d). It 
should be noted that when the discharge power is 15.70 W, the electron 
temperature in the positive column region is lower (<2 eV). Therefore, it 
is difficult for electrons to participate in collision ionization along the 
radial electric field direction due to the low temperature of electrons, 
which explain that there is no diffuse plasma region around the main 
discharge channel when the discharge power is lower than 18 W. The 
reason for the drop in electron temperature could be attributed to that 
streamer discharge changes the distribution of space charge and causes 
lower reduction electric field [27]. The influence of streamer discharge 
divides the change curve of CO2 conversion and energy efficiency in 
Fig. 5(a) into two stages. Furthermore, the electron temperature 
amplitude in the cathode region where electron collision reaction is 
most intense rises with the increase of discharge power, indicating that 
higher discharge power can effectively improve the probability of CO2 
collision dissociation and obtain more active particles. Hence, discharge 
power could modulate plasma density and electron temperature to 
change the active plasma volume which determines the splitting of CO2, 
and the existence of streamer discharge have a significant influence on 
CO2 splitting in the above process. 

3.4. The influence of gas flow rate 

Fig. 6(a) shows CO2 conversion and energy efficiency as a function of 
gas flow rate, in which the distance between the pin-ring electrodes is set 
to 6 mm and the discharge power is maintained as 23 W. Generally, the 
conversion increases as the gas flow rate decreases from 500 mL/min to 
350 mL/min, but becomes independent of the gas flow rate while the gas 
flow rate is below 350 mL/min. It is generally believed that the gas flow 
rate affects CO2 splitting by changing the residence time [10,19]. Fig. 6 
(b) shows the two-dimensional simulation results of the gas velocity 
distribution in the reactor. The simulation model adopts the physical 
field of laminar, where the gas flow rate mainly affects the flow velocity. 
In order to more quantitatively reflect the change of gas velocity dis
tribution under different gas flow rates, the gas velocity at the distance 
of 6 mm from the ring electrode to the pin tip (brown dotted line in  
Fig. 7(b)) is extracted to calculate mean gas velocity, which is shown in 
Fig. S3. According to the distribution of gas velocity, simulation results 
of residence time are obtained as shown in Fig. 6(c). It can be seen that 
the CO2 residence time inside the plasma region decreases from 0.0167 s 
to 0.0091 s when the gas flow rate becomes twice as the original value, 
accordingly, the conversion has dropped by approximately 30%. When 
the residence time is less than 0.0125 s, CO2 conversion decreases 
rapidly, indicating residence time has a significant influence on the 
splitting of CO2. However, when the gas flow rate is below 350 mL/min, 
the conversion does not continue to increase, but tends to be constant. 
The phenomenon arises because a portion of CO2 is unable to participate 
in sufficient collision-splitting reaction in the reactor due to the 
non-diffusivity of APGD plasma. On the other hand, the energy effi
ciency exhibits an opposite tend and the maximal energy efficiency of 
41.51% is achieved at 500 mL/min, because the absolute amount of CO2 
transformed is larger. 

In addition, the gas velocity is higher with the larger gas flow rate, 
leading to the lower gas temperature which could contribute to higher 
energy efficiency. Fig. S4 shows the distribution of mean gas tempera
ture at different gas flow rates. And the average gas temperatures at 
different gas flow rates are calculated as shown in Fig. 6(c). When the 
gas flow rate is 250, 300, 350, 400, 450 and 500 mL/min, the average 
gas temperature is 830.38, 814.50, 795.72, 777.39, 762.60 and 
740.88 K respectively, indicating that gas flow could effectively reduce 
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the gas temperature in the APGD reactor. The recombination reaction of 
CO and O2 is affected by gas temperature, and its reaction rate is posi
tively correlated with gas temperature [28]. However, the reaction rate 
of CO2 pyrolysis at high temperature is also positively correlated with 
temperature [13]. Table 2 shows the recombination reaction and the 

pyrolysis reaction. 
In this range of gas temperature, the reaction rate of the recombi

nation reaction is much larger than that of the CO2 pyrolysis reaction, 
indicating that the CO2 molecules produced by the recombination re
action are far more than those transformed by pyrolysis reaction when 
the temperature rises. In summary, high temperature is unfavorable to 
CO2 splitting by NTP, and high gas flow velocity can effectively reduce 
the gas temperature in the reactor. 

3.5. Performance evaluation and comparison 

Fig. 7 shows CO2 conversion and energy efficiency as a function of 
SEI. SEI is determined by the gas flow rate and the discharge power 
together as shown in Eq. (3), which is considered as one of the crucial 
factors factor in the CO2 conversion process [16]. The black line rep
resents CO2 conversion and energy efficiency as a function of discharge 
power when the gas flow rate was kept to 250 mL/min, the red line 
represents CO2 conversion and energy efficiency as a function of gas 
flow rate when the discharge power was kept to 23 W. Obviously, the 
increased SEI is beneficial for the larger CO2 splitting while disadvan
tageous for improved energy efficiency. Although the values of SEI are 
the same, the conversion and energy efficiency are higher when the 
discharge power and gas flow rate are greater, indicating that a certain 
SEI value obtained by the different combinations of gas flow rate and 
discharge power may result in different conversion performances. 
Remarkably, this result is absolutely different from that in DBD system 

Fig. 6. (a) CO2 conversion and energy efficiency as a function of gas flow rate, (b) the two-dimensional simulation results of the gas velocity distribution in the 
reactor, (c) simulation results of residence time and average gas temperature at different gas flow rates. 

Fig. 7. CO2 conversion and energy efficiency as a function of SEI.  

Table 2 
The recombination reaction and the pyrolysis reaction.  

Reaction Rate coefficient 

O2 + CO =>CO2 + O 1.28 × 10− 18exp(− 12,800/Tg) 
CO2 + M =>CO + O + M 4.39 × 10− 13exp(− 65,000/Tg) 

Note: M represents any neutral species taken into account in the model. 
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where CO2 conversion and energy efficiency are higher when the 
discharge power and gas flow rate are lower [21]. This may occur due to 
that greater discharge power improve the volume of plasma region, 
leading to higher probability of collision ionization of CO2 molecules. 
Besides, the high-speed flow would take away the heat from APGD 
reactor to prevent excessive temperature which is not beneficial for CO2 
conversion. If only either discharge power or gas flow rate is increased 
solely, the high conversion and energy efficiency are often incompatible. 
Hence, CO2 splitting could be carried out at higher power and gas flow 
rate, in order to obtain the co-improved conversion and energy 
efficiency. 

Fig. 8(a) shows the change trends of the densities of vibrational and 
excited states. In APGD, the vibrational and excited state with the 
maximum density is CO2va, the following are CO2vb, CO2vc, CO2vd and 
CO2s, because the vibration and excited states at higher energy level 
have smaller density. It could be considered that vibrational excitation 
plays a vital role in the process of CO2 molecular excitation for APGD 
leading to considerable energy efficiency. Besides, the number density of 
vibrational and excited states rises faster at the beginning of reaction, 
which may be attributed to the higher density of ground state CO2. Fig. 8 
(b) shows the change trends of the densities of CO, O, O2 and CO2. The 
density of CO2 decreases rapidly at the beginning of reaction due to the 
fast vibrational excitation of CO2 molecule, which is consistent with 
Fig. 8(a). It could be found that the density of CO, O and O2 increases in a 
stepwise trend over time. This may occur due to that the recombination 
rate between products is greater than or equal to the CO2 dissociation 
rate when discharge current is lower. The number density of three 
neutral particles presents this law: n(CO)>n(O)>n(O2), which is 
consistent with the phenomenon described in Ref. [29,30]. According to 
Fig. 8(a) and (b), it is concluded that the energy of electrons is first 
transferred to the vibrational state, and the ground state CO2 is disso
ciated by step-by-step vibration excitation by electron impact. Although 
the recombination rate is higher than or equal to the dissociation rate at 
certain moments, the particle density of the product shows an overall 
upward trend. 

Fig. 9 shows the energy efficiency and conversion for pure CO2 
dissociation using different reactor configurations reported in previous 
literatures. Although larger CO2 conversion and energy efficiency could 
be achieved using MW and RF plasma for CO2 splitting [11,12,31,32], 
these only could be obtained at low pressure environment. Besides, the 
plasma systems of MW and RF are complex and expensive which are 
unfavorable for industrial application. DBD [7,21,33–36] have good 
performance in terms of CO2 conversion (15–30%) due to excellent 
diffusivity of plasma. However, with higher reduction electric field 
(>100 Td), the form of CO2 excitation is mainly direct excitation rather 
than vibration excitation in DBD leading to that their energy efficiency 
has been limited to less than 10%. With lower reduction electric field, 
GA provides high energy efficiency, but has poor performance in 

conversion due to the non-diffuse plasma area [27,37]. CO2 splitting by 
glow discharge (GD) has two different characteristics. The conversion is 
higher since the large plasma volume at low pressure, but the amount of 
CO2 processed per unit time is limited, resulting in absolutely low en
ergy efficiency [38,39]. The realization of APGD makes GD have more 
applications in CO2 splitting, which is manifested in considerable energy 
efficiency but lower conversion [16,19]. In our work, we proposed the 
AC-driven APGD reactor for CO2 splitting, and conducted a compre
hensive study on the influence mechanism of CO2 splitting. The influ
ence of gap distance in APGD on CO2 splitting is discovered for the first 
time, selecting an appropriate gap distance could optimize the plasma 
reactor to co-improve the conversion and energy efficiency synergisti
cally. By comparing the influences of different factors systematically, we 
further uncovered that the conversion and energy efficiency could be 
co-improved by synchronously increasing the discharge power and gas 
flow rate at a given SEI value, which exhibits an opposite feature of DBD 
plasma. Finally, the best performance with CO2 conversion of 9.08% and 
energy efficiency of 41.51% is obtained due to the above synergistic 
effects, performing better than those of most DBD, GA and GD. 

4. Conclusion 

In this work, we have realized stable APGD driven by AC using pin- 
plate electrodes and investigated the influences of gap distance, 
discharge power, gas flow rate on CO2 splitting by experiments and 

Fig. 8. The change trends of neutral particles density with time: (a) density variation of vibrational and excited states, (b) density variation of CO, O, O2 and CO2.  

Fig. 9. Energy efficiency versus conversion for pure CO2 splitting using various 
reactor configurations. (DBD: dielectric barrier discharge, MW: microwave, RF: 
radio frequency, GD: glow discharge, GA: gliding arc). 
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simulations. The results show that adjusting gap distance for APGD 
reactor could achieve co-improved conversion and energy efficiency, 
because sufficient electron collisions along the main channel result in 
the largest active plasma volume at an appropriate gap distance. The 
results of FEM simulation reveal that the distributions of electron den
sity and temperature determine the active plasma volume which is a 
crucial factor for CO2 splitting. The emergence of streamer discharge at 
lower discharge power decreases the electron temperature and dissipate 
the diffuse plasma region, which eventually reduces the overall active 
plasma volume for CO2 splitting. CO2 conversion remains nearly con
stant when gas flow rate is below 350 mL/min due to the non-diffusivity, 
and declines rapidly when gas flow rate is above 350 mL/min on ac
count of the residence time reduction. Energy efficiency is positively 
correlated with gas flow rate, due to the increase of the absolute CO2 
transformed amount and the decrease of gas temperature at higher gas 
flow rate. At a certain SEI value, the conversion and energy efficiency 
can be co-improved when the discharge power and gas flow rate are 
greater due to the larger active plasma volume and lower gas temper
ature. We have achieved a maximum conversion of 11.96% and 
maximum energy efficiency of 41.51% which are better than the results 
of most DBD and GA. 

This work is a preliminary study for the further combination with 
catalysts. Based on the interesting results and the regulation of the APGD 
plasma, future work will focus on the realization of synergy between 
catalyst and APGD. The optimization of reactor and catalyst will also be 
investigated to obtain better synergistic effect on CO2 conversion, which 
will pave the way to possible industrial application. 
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