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Abstract 
CO2 conversion into CO and O2 using dielectric barrier discharge (DBD) reactors suffers from a low conversion and 
energy efficiency. Therefore, proper tuning of plasma processing parameters and modification of DBD reactor design is 
needed to enhance the CO2 conversion performance. This study investigated the combined effect of micro-gap discharge 
and pulsed power on the CO2 conversion performance of the pure CO2 splitting process. The CO2 conversion, energy 
efficiency and CO selectivity were evaluated at various discharge power and gas flow rate. Moreover, the electrical 
characterization was performed to evaluate the effect of these processing parameters on the plasma regime of the pulsed 
micro-gap DBD reactor. The findings indicate that the CO2 conversion and streamer intensity were significantly 
influenced by gas flow rate, while the energy efficiency and discharge regime were greatly affected by discharge power. 
All the decomposed CO2 was also decomposed into CO and O2. The maximum CO2 conversion of 51.42% was obtained 
at an SEI of 154.74 kJ L−1 with a corresponding energy efficiency of 4.15%. On the other hand, the highest energy 
efficiency of 9.43% was achieved at an SEI of 25.26 kJ L−1 with a corresponding CO2 conversion of 4.15%. Most of the 
decomposed CO2 was converted to CO and O2, but small amounts of carbon precipitation were also observed under low 
flow conditions. These results suggest that the pulsed micro-gap DBD might be more favorable than the DBD reactor 
with expensive packing material for industrial application. 
 
Keywords: Non-thermal plasma, CO2 conversion, dielectric barrier discharge, micro-gap reactor. 
 

 
1. Introduction 
 
Carbon dioxide (CO2), the most abundant greenhouse gas emitted by human activity, is a major contributor to 
climate change in modern society [1]. This increase in global temperature poses a serious threat to the natural 
environment and humanity. Therefore, it is necessary to try to use the emitted CO2 as a natural carbon source 
capable of producing synthesis gases and value-added chemicals [2]. Using CO2 as a carbon source is an 
attractive alternative for the traditional fossil industry [3]. Several methods of CO2 utilization have been 
proposed using renewable energy source in practice [4]. 

One of the promising approaches to sustainably reduce CO2 emission is Carbon capture and utilization 
(CCU). CCU involves capturing the CO2 from an emission source like industrial processes and power plants 
and using the captured CO2 as a feedstock to produce syngas [5]. The CO2 splitting into CO is an interesting 
CCU route as CO is an essential chemical feedstock for the Fischer-Tropsch process, producing liquid 
hydrocarbons, synthetic petroleum, and oxygenates [6]. This route, thus, provides an effective solution for the 
greenhouse gas problem by transforming CO2 into a valuable energy resource.   

However, CO2 splitting in traditional thermal processes (Eq. (1)) requires a large amount of energy since 
CO2 is a highly stable molecule [7]. The previous thermodynamic analysis demonstrates that CO2 splitting 
requires a temperature around 3600 K [8]. Moreover, the thermal decomposition of CO2 also suffers from high 
energy costs since a considerable amount of energy is lost in heating the entire gas. Therefore, a more efficient 
CO2 splitting method is required for a viable CCU process. 
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CO2→ CO + ଵଶ Oଶ Δ𝐻 = 128𝑘𝐽/𝑚𝑜𝑙 (2.93 𝑒𝑉)        (1) 
 
Non-thermal plasma (NTP) technology provides an alternative way to decompose CO2, which 

accommodates CO2 activation at a lower temperature [9]. The gas temperature in non-thermal plasmas can be 
as low as room temperature. At the same time, the electrons are accelerated by the applied electric field with 
an average energy of 1–10 eV, which can activate the gas by electron impact excitation, ionization, and 
dissociation [10]. In addition, due to its instant start-up and switch-off, NTP CO2 decomposition can serve as 
a potential chemical energy storage for the surplus electricity from renewable energy during the peak periods, 
leading to a significant decrease in the overall energy cost for the CO2 decomposition process [11, 12]. Various 
NTP systems have been proposed for the direct conversion of CO2, including dielectric barrier discharge (DBD) 
[13–19], gliding arc discharge [20, 21], corona discharge [22], microwave discharge [23, 24], and glow 
discharge [25]. 

In recent years, DBD reactors have become available with mild operating conditions (near atmospheric 
pressure and room temperature), simple design, and easy upscaling to industrial applications, with potential 
applications in CO2 to CO and O2 conversion devices [26]. In addition, DBD plasma systems can be easily 
filled with packing materials (simple dielectric beads or catalysts), providing additional improvements in CO2 
dissociation reactions [27]. In terms of CO2 conversion performance, the process parameters of the DBD reactor 
play an important role. Plasma process parameters strongly influence CO2 conversion and energy efficiency 
[13–16, 28, 29]. These plasma process parameters include discharge power, discharge gap, dielectric material 
properties, and gas flow rate. 

The ratio of the discharge power to the gas flow rate (i.e., Specific Energy Input (SEI)) is the most dominant 
factor determining the conversion and energy efficiency of CO2 splitting using DBD plasma reactors. Aerts et 
al. [14] demonstrate that proper tuning of discharge power versus gas flow rate can increase the conversion 
and energy efficiency at certain SEI. However, the main downside of CO2 conversion using DBD plasma is its 
low energy efficiency and the trade-off between CO2 conversion and energy efficiency [9,30]. This is because 
DBD generally operate under high reduced electric field conditions. Under high reduced electric field 
conditions, most of the energy is spent on electron impact excitation of CO2, but CO2 decomposition by 
electron impact excitation is not energy efficient. Therefore, there is a trade-off between CO2 decomposition 
rate and energy efficiency. For example, Alliati et al. [30] reported a maximum CO2 conversion rate is up to 
22.4 % with only 2.1 % energy efficiency, but when the CO2 conversion rate decreased to 17.4 %, the energy 
efficiency was up to 8.3 %. Therefore, a practical industrial application of DBD plasma CO2 conversion 
requires further modification to enhance the CO2 conversion and energy efficiency. 

The modification of the DBD reactor design could increase CO2 conversion and energy efficiency. Mei et 
al. [31] proposed a DBD reactor with an aluminum foil outer electrode and stainless-steel screw-type inner 
electrode. Their experimental results demonstrated the enhanced local electric field near the sharp edges of the 
inner electrode and the enlarged effective area of the outer electrode that gives rise to CO2 conversion and 
energy efficiency. Another practical way to enhance the electric field in the DBD reactor is by reducing the 
discharge gap up to the micrometer range. This method provides a more uniform discharge, thus significantly 
increasing the CO2 conversion [32]. In fact, micro-gap plasma reactors are highly effective in gas processing. 
For example, Younas et al. have succeeded in significantly reducing the energy efficiency of hydrogen 
production from water vapor by using micro plasma reactors [33]. Wang et al. also reported that the conversion 
rate of methane reforming can be improved by converting a conventional plasma reactor to a micro-gap plasma 
reactor [34]. However, this higher CO2 conversion comes at high SEI, consequently low energy efficiency. The 
energy efficiency can be further improved by utilizing pulsed power instead of alternating current (AC) power 
commonly used in conventional DBD reactors. Pulsed power inhibits overheating of the gas while enhancing 
the stability of discharge and altering the plasma regime, thus providing a more efficient CO2 conversion 
process [35, 36]. Dimas et al. have already investigated the behavior of CO2 decomposition using a high 
frequency AC power source and a micro-gap plasma reactor [37]. In this paper, it is reported that the energy 
efficiency of CO2 decomposition improves with shorter gap lengths under pressure conditions below 
atmospheric pressure, with a maximum energy efficiency obtained at a 0.5 mm gap in the 0.5-3.0 mm range. 
In addition, a high-frequency AC power supply was used, with a maximum energy efficiency of about 5%. 
Therefore, we focused on the possibility of combining micro-gap structure and pulsed power to simultaneously 
improve CO2 conversion efficiency and energy efficiency. 
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In this study, we investigate the combined effect of micro-gap discharge and pulsed power on the CO2 
conversion performance of pure CO2 splitting. The CO2 conversion, energy efficiency, CO selectivity, and CO 
yield were examined at a variety of discharge power and gas flow rate. In addition, the electrical 
characterization was performed to evaluate the effect of discharge power and gas flow rate on the plasma 
regime of the pulsed micro-gap DBD reactor. At last, the CO2 conversion and energy efficiency were compared 
with other literature studies on DBD CO2 decomposition. 
 
 
2. Experimental 
 
2.1 Experimental setup for CO2 decomposition 
 
Fig. 1 illustrates the schematic diagram of the experimental setup for CO2 decomposition by impulse DBD 
plasma. The apparatus included a tubular DBD plasma reactor, an impulse high voltage power supply, an 
electrical measurement system, a gas supply system, and a gas analysis section. The plasma reactor consists of 
a dielectric tube and two concentric cylindrical electrodes. A quartz tube with an outer diameter of 45.3 mm 
and a wall thickness of 2 mm was used as a dielectric barrier. The inner electrode was a stainless-steel rod with 
an outer diameter of 40.8 mm placed in the center of the quartz tube and fixed by two o-rings. The stainless-
steel rod was equipped with holes at both ends that serve as gas inlet and outlet. A 100 mm long stainless-steel 
foil was wrapped around the quartz tube (ɛ = 3.5~3.8) as an outer electrode. The reactor configuration provided 
a fixed discharge gap of 250 µm that is considered a micro-gap DBD reactor and a discharge volume of 3.22 
mL. In a previous study [37], it was reported that the energy efficiency of CO2 decomposition decreases 
inversely proportional to the gap length. Therefore, the gap length was set at 250 µm with reference to the limit 
of machining accuracy of quartz tube and electrode rod. The outer electrode was then connected to the impulse 
high voltage source, and the inner electrode was grounded. Therefore, the reactor was defined as a pulsed 
micro-gap DBD reactor. 
 

 
Fig. 1. Schematic diagram of the CO2 decomposition experimental setup. 

 
The gas circuit consisted of CO2 supply, mass flow controller, and gas analysis device. On the other hand, 

the electrical system consisted of a power supply and electrical signal measuring devices. First, pure CO2 
(99.999%) gas was sent through the DBD reactor as the feed gas. The feed gas flow rate was controlled by 
mass flow controllers (Allicat) and was varied at 10, 20, 50 100 mL min−1. After the gas passed through the 
DBD reactor, the gas composition was analyzed using a two-channel micro-gas chromatograph (Agilent 
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3000A Micro-GC). The micro-GC was equipped with two columns (molecular Sieve 5 A and Poraplot Q 
column) and a thermal conductivity detector (TCD) on each channel. The molecular Sieve 5 A column allowed 
the identification of CO and O2 gas concentrations, which were product gas, whereas the Poraplot Q column 
allowed the concentration of CO2 to be determined. 

After the sample gas flow rate into the reactor was maintained, a plasma discharge was then ignited by an 
impulse high voltage power supply (PHF-2KL, Haiden). The supply voltage was varied at 12, 14, 16 to 18 
kVp-p at a constant frequency of 10 kHz. Then, the applied voltage (V(t)) and the total current (I(t)) were 
measured by a high voltage probe (Tektronix, P6015A) and a current probe (Pearson, 2887), respectively.  
The pulsed power waveforms obtained from the measured voltage and current were shown in Fig. 2. Besides, 
the charge (Q) generated by plasma discharge was determined using a measuring capacitor (26.4 nF) placed 
between the inner electrode and ground and was measured by a voltage probe (Tektronix, P2220). Finally, all 
the electrical signals were recorded using a four-channel digital oscilloscope (Tektronix, DPO3034). 

Note that each discharge electric signal and associated gas products measurement was carried out after the 
reactor wall temperature became stable to ensure that plasma discharge had reached a steady-state condition. 
The reactor wall temperature was monitored by a thermal infrared camera (FLIR). Furthermore, each 
experimental condition was performed with a clean inner electrode and reactor wall to ensure experimental 
consistency. Finally, all measurements were repeated at least three times, and an average result and standard 
error were used. 
 

 
Fig. 2. Voltage-current waveform of the pulsed micro-gap DBD reactor. Applied voltage: 14 kVp-p. 

 
 
2.2 CO2 conversion performance characterization 
 
The CO2 conversion performance parameters, including CO2 conversion rate, specific energy input, energy 
efficiency was calculated based on the assumption that CO2 decomposition occurred through an electron impact 
dissociation reaction. This reaction produces only CO and O2 (Eq. 1). In this regard, the CO2 conversion was 
calculated from micro-GC measurement data as follows: 
 𝑋ீ஼ሾ%ሿ = ൬஼ைమ,೔೙ି஼ைమ,೚ೠ೟஼ைమ,೚ೠ೟ ൰ ൈ 100%           (2)  

 
where CO2,in and CO2,out represent the concentration of CO2 at the inlet and outlet of the reactor, respectively. 
However, this conversion value is incorrect because the expansion effect caused by splitting one mole of CO2 
into one mole of CO and 0.5 mole of O2 gives rise to a gas expansion, thus overestimating the conversion value. 
Consequently, the overestimated value was corrected to get the actual CO2 conversion (XCO2) by the following 
equation [38]: 
 𝑋஼ைଶሾ%ሿ = ቀ ଶ௑ಸ಴ଷି௑ಸ಴ቁ ൈ 100%            (3) 
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The ratio of the plasma discharge power to the gas feed flow rate, also known as specific energy input (SEI), 
was calculated as: 
 

   SEI ൣkJ L-1൧ = ௉௢௪௘௥ሾௐሿி௟௢௪ ௥௔௧௘ሾ௠௅ ௠௜௡షభሿ × 60 ሾ𝑠 𝑚𝑖𝑛⁄ ሿ        (4) 

 
The energy efficiency (η) was then determined by:  
 

   𝜂ሾ%ሿ = ୼ுೃൣ௞௃ ௠௢௟షభ൧ ௑಴ೀమሾ%ሿௌாூሾ௞௃ ௅షభሿ ௏೘ ሾ௅ ௠௢௟షభሿ              (5) 

 
where ΔHR is the reaction enthalpy of pure CO2 splitting at the temperature of 298°K (283.3 kJ mol−1), and Vm 
is the molar gas volume (22.4 L mol−1). Note that the enthalpy value of the CO2 splitting reaction is stable in 
the range of temperature from 298 to 473 K (i.e., the typical gas temperature of the DBD plasma) [39]. Finally, 
the CO selectivity (SCO) was defined as follow: 
 𝑆஼ைሾ%ሿ = ஼ை೚ೠ೟஼ைమ,೔೙ି஼ைమ,೚ೠ೟ × 100          (6) 
 
 
2.3 Electrical characterization 
 
The signals recorded by oscilloscope were analyzed to determine the electrical characteristics of the discharge, 
such as discharge power, gap voltage (Ug), and discharge current (Ig). The discharge power was calculated 
from the area of the Q-V plot multiplied by the frequency (1/T), known as the Lissajous figure method [40], 
expressed by Eq. (7). 
 
   𝑃 = ଵ்  ∮ 𝑄(𝑉)𝑑𝑉଴்                 (7) 
 
Based on its electrical characteristic, the DBD reactor behaves as a capacitor (Ccell) that can be represented as 
a serial connection of the dielectric barrier capacitance (Cd) and gas gap capacitance (Cg) and can be expressed 
as in Eq. (8). The values of Ccell and Cd were determined using the method proposed by Pipa et al. [41], which 
gives an accurate value of the effective capacitances for pulsed driven DBD. For the micro-gap plasma reactors 
in this study, Cd = 296.7 pF, Cg=259.4 pF, and Ccell = 138.4 pF. 
 

   𝐶௖௘௟௟  =   ஼೏஼೒஼೏ା஼೒                 (8) 

 
These capacitances values, along with the measured applied voltage (V(t)) and the total current (I(t)), were 

then applied to calculate the gas gap voltage (Ug(t)) and discharge current (Ig(t)) based on the equivalent circuit 
of the coaxial DBD reactor according to Eq. (9) and Eq. (10), respectively [42]. The calculated voltage gap 
and discharge current waveform were used to evaluate the plasma regime inside the reactor during the variation 
of discharge power and gas flow rate. 
 

   𝑈𝑔(𝑡) = 𝑉(𝑡) − 𝑄(𝑡)𝐶𝑑                (9) 

 

   𝐼𝑔(𝑡) = 11−𝐶𝑐𝑒𝑙𝑙𝐶𝑑 ቂ𝐼(𝑡) − 𝐶𝑐𝑒𝑙𝑙 𝑑𝑉(𝑡)𝑑𝑡 ቃ            (10) 

 
 



Int. J. Plasma Environ. Sci. Technol. 17 (2023) e01007                                                                                                Y. Hayakawa et al.  

6 

3. Results and discussion 
 
3.1 CO2 conversion characteristics of micro-gap DBD reactor 
 
Fig. 3 shows the influence of discharge power on the CO2 conversion and energy efficiency for a gas flow rate 
of 100 mL min−1. The discharge power was calculated from the measured values of the applied voltage and 
discharge current and the pulse frequency. It is apparent from this figure that there was a trade-off between 
CO2 conversion and energy efficiency. For example, as the discharge power changed from 34.48 to 101.13 W, 
CO2 conversion increased from 10.17 to 20.25%. On the other hand, energy efficiency decreased from 6.47 to 
4.17%. It has been observed that almost all the decomposed CO2 is broken down into CO and O2 by GC 
analysis. 

 

 
Fig. 3. Conversion and energy efficiency for different discharge power at a gas flow rate of 100 mL min−1. 

 

 
Fig. 4. Gap voltage and discharge current waveform of a) 34.48 W, b) 55.73 W, c) 78.91 W,  

and d) 101.13 W at gas flow rate of 100 mL min−1. 
 
In addition, the level of discharge power (i.e., the applied voltage) strongly affected the electrical 

characteristic of the reactor. As shown in Fig. 4, increasing the applied voltage from 12 kVp-p to 18 kVp-p 
increased both the peak-to-peak value of the gap voltage and discharge current, which may contribute to the 
enhanced CO2 conversion. Interestingly, variation of discharge power produced different plasma behavior. In 
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the case of discharge power of 34.48 W, no streamer formation was observed from the discharge current 
waveform (Fig. 4 (a)), indicating the discharge is in uniform mode. This discharge behavior differs from CO2 
plasma using a conventional millimeter-gap DBD reactor supplied with AC voltage [13, 16, 43] and a micro-
gap DBD supplied with AC voltage [32], which is developed a filamentary behavior. Moreover, the discharge 
current peak was significantly higher than the current peak on filamentary discharge. 

Interestingly, increasing the discharge power to 55.73 W produced a streamer with a higher peak value. 
Although only a single streamer formation was generated during a total period of pulse voltage (Fig. 4 (b)), 
this streamer demonstrates a change in the discharge regime from a uniform mode to a combination of uniform 
mode and filamentary mode. Moreover, discharge current with a higher peak indicates a higher electrons and 
ions density, resulting in more reactive plasma [15,30]. However, the further increase in the discharge power 
did not expand the streamer formation. This finding contrasts with previous studies on CO2 decomposition 
using a millimeter-gap DBD reactor supplied with AC voltage [31], which demonstrated the increasing 
streamer intensity with increased discharge power. 

Moreover, the peak value of discharge current at discharge power of 78.91 and 101.13 W was lower than 
in the case of 55.73 W. The different behavior of the streamer might be due to significant differences in 
discharge gap length and voltage supply waveform used in this present study, resulting in a completely 
different electric field configuration and discharge mode. Nevertheless, it is interesting to note that the 
discharge power strongly affects the plasma regime of the pulsed micro-gap DBD reactor. 

Fig. 5 shows the influence of the gas flow rate on the CO2 conversion and energy efficiency at constant 
discharge power of 55 W. The decrease in gas flow rate extends the residence time of CO2 gases in the plasma, 
which increases the probability of CO2 dissociation through the electron impact reaction and collisions with 
active species, consequently enhancing the CO2 conversion [14, 30, 31]. For example, reducing the flow rate 
from 100 to 20 mL min−1 lengthens the residence time from 1.93 to 9.67 s, which increases the CO2 conversion 
from 15.19 to 51.42%. However, the residence time becomes too long at a flow rate of 10 mL min−1 (i.e., 19.33 
s), leading to a high rate of backward reaction [14], thus decreasing the CO2 conversion. On the other hand, the 
energy efficiency was increased from 1.79 to 7.25% by increasing the feed flow rate from 10 to 50 mL min−1. 
However, increasing the gas flow rate to 100 mL min−1 reduces the energy efficiency due to a considerably 
low CO2 conversion value. 

Furthermore, the gas flow rate significantly affected the discharge current, as shown in Fig. 6. On the other 
hand, the gas flow rate showed a negligible effect of gap voltage. At a constant discharge power, a lower gas 
flow rate seems to increase the streamer intensity of the plasma discharge. The highest streamer intensity was 
found at the 20 mL min−1 gas flow rate, which corresponds to the maximum CO2 conversion of 51.42%. 
Although the overall plasma regime exhibits a combination of the uniform mode and filamentary mode, this 
result indicates that streamer formation played a significant role in the CO2 dissociation process on pulsed 
micro-gap DBD. Previous research reports indicate that most of the CO2 decomposition by plasma is due to 
electron impact reactions, and it is thought that the electron impact reactions are further promoted by the 
generation of streamers [14, 30]. 
 
 

 
Fig. 5. Conversion and energy efficiency for different gas flow rates at discharge power of ≈ 50 W. 
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Fig. 6. Gap voltage and discharge current waveform for a gas flow rate of a) 100 mL min−1, b) 50 mL min−1,  

c) 20 mL min−1, and d) 10 mL min−1 at discharge power of ≈ 55 W. 
 
 

3.2 CO selectivity of micro-gap plasma reactor 
 
The CO2 decomposition process in DBD plasma is mainly conducted through electron impact dissociation, 
electron impact ionization, and electron dissociative attachment reaction, where CO and O2 are the main 
product [9]. CO can be further dissociated into carbon and oxygen atom through CO dissociation by electron 
impact reaction during the CO2 conversion process [43]. Therefore, the influence of discharge power and gas 
flow rate on CO selectivity was evaluated to determine the carbon balance from the CO2 splitting process. Fig. 
7 shows the influence of the applied voltage (i.e., discharge power) on CO selectivity at a different gas flow 
rate. CO selectivity was almost independent of discharge power. In the case of a 100 mL min−1 gas flow rate, 
the CO selectivity is close to 100%. This result suggests that stoichiometric conversion of CO2 into CO was 
achieved at the gas flow rate of 100 mL min−1. However, decreasing the gas flow rate to 20 mL min−1 reduced 
the CO selectivity to 79.98 %. Indeed, some carbon deposits were observed at the inner electrode and dielectric 
surface. Carbon deposition during the CO2 splitting process was also found in previous studies, which is 
associated with a high discharge current peak resulting in high CO2 conversion [44, 45]. Fig. 6 shows that the 
discharge current in the 20 mL min−1 flow rate condition is higher than in the other conditions. Therefore, the 
carbon formation reaction from CO is considered to have occurred, resulting in a decrease in CO selectivity. 
 
3.3 Evaluation of SEI 
 
The CO2 conversion and energy efficiency are often presented as a function of SEI, which has been considered 
a major variable that determines the CO2 conversion performance [9, 14]. Fig. 8 illustrates the effect of SEI for 
different values of discharge power and gas flow rate (i.e., residence time) on CO2 conversion and energy 
efficiency. Note that the result for the gas flow rate of 10 mL min−1 was not included in Fig. 8 because it gave 
rise to a significantly high SEI without improvement in CO2 conversion and energy efficiency.  

The gas flow rate (i.e., residence time) seems to have a more pronounced effect on the conversion than the 
plasma power. For example, increasing SEI from 20.69 to 81.75 kJ L−1 by tuning the gas flow rate increases 
the CO2 conversion from 10.71 to 43.31%. On the other hand, a relatively similar increase in SEI from 25.26 
to 88.67 kJ L−1 by changing the discharge power results in a lower increase in CO2 conversion from 19.08 to 
37.52%. However, the plasma power appears to play a more critical role in determining the efficiency of the 
plasma 
CO2 conversion, as shown in Fig. 8. This behavior of SEI was also found in previous studies on CO2 splitting 
using conventional cylindrical DBD reactor [14, 30] and modified cylindrical DBD reactor [31]. 
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In addition, similar SEI values could produce different CO2 conversion and energy efficiency. For example, 
an SEI value of 56.29 kJ L−1 from a combination of discharge power of 46.91 W and gas flow rate of 50 mL 
min−1 produced a higher CO2 conversion and energy efficiency than an SEI value of 60.68 kJ L−1 from a 
combination of discharge power of 101.13 W and gas flow rate of 100 mL min−1. This result corroborates a 
previous study that the conversion and energy efficiency at a certain SEI can be increased by tuning the plasma 
power and the gas flow rate [14]. The discharge current waveforms of these relatively similar SEI values are 
shown in Fig. 4 (b) and Fig. 6 (d), respectively. The combination of low discharge power and gas flow rate 
generated a higher streamer intensity (Fig. 4 (b)) than the combination of high discharge power and gas flow 
rate (Fig. 6 (d)). This result confirms the significant influence of streamer intensity on CO2 conversion and 
energy efficiency of the pulsed micro-gap DBD reactor. 

The results of this study indicate that the combined effect of micro-gap discharge and pulsed power appears 
to enhance the CO2 conversion of the DBD reactor considerably. The maximum CO2 conversion of 51.42% 
achieved in this study was significantly higher than in previous studies using conventional DBD reactor. 
Besides, the maximum energy efficiency of 9.43% was in the same order as the typical result for a DBD reactor. 
Table 1 compares the CO2 conversion and energy efficiency of pure CO2 decomposition using different DBD 
reactors. It should be noted that the CO2 conversion of 53.7% from [32] was achieved at significantly high SEI, 
and the CO2 conversion of 64.8% from [47] was produced on a DBD reactor with mixed packing material and 
equipped with a water-cooling system. 
 

 
Fig. 7. CO selectivity at various applied voltage for gas flow rate of 20, 50, and 100 mL min−1. 

 

 
Fig. 8. CO2 conversion and energy efficiency at different SEI values.  



Int. J. Plasma Environ. Sci. Technol. 17 (2023) e01007                                                                                                Y. Hayakawa et al.  

10 

Table 1. Comparison of the CO2 conversion and energy efficiency of pure CO2 decomposition 
using different DBD reactors. 

Reactor 
type 

Discharge 
gap 

Maximum CO2 conversion Maximum energy efficiency 

Ref. SEI CO2 
conversion 

Energy 
efficiency SEI CO2 

conversion 
Energy 

efficiency 
(mm) (kJ L−1) (%) (%) (kJ L−1) (%) (%) 

DBD 0.25 154.7 51.4 4.2 25.3 19.1 9.4 This 
study 

DBD 2.50 120.0 27.0 2.8 24.0 20.0 10.4 [31] 
DBD 1.80 229.0 35.0 2.0 25.0 3.1 8.0 [14] 
DBD 0.70 60.0 18.0 1.7 20.6 9.6 3.8 [28] 
DBD 0.30 602.0 53.7 1.1 156.3 33.3 2.7 [32] 

PBDBD No data 60.0 27.4 4.6 10.0 8.0 9.2 [48] 
PBDBD 4.50 240.0 42.0 4.7 36.0 10.0 9.6 [19] 
PBDBD 5.00 330.0 64.4 2.4 18.0 12.6 8.8 [47] 

 PBDBD: packed bed DBD 
 
 

4. Conclusion 
 
In this study, pure CO2 splitting into CO and O2 has been performed in a micro-gap DBD plasma reactor 
supplied by an impulse high voltage. Plasma operating conditions (i.e., discharge power and gas flow rate) 
controlled the plasma regime and residence time that determine the CO2 decomposition performance (CO2 
conversion, energy efficiency). The findings of this study suggest that the CO2 conversion and streamer 
intensity were significantly influenced by the gas flow rate. On the other hand, the energy efficiency and 
discharge regime seem to be strongly affected by the discharge power. The maximum CO2 conversion of 
51.42% was obtained at an SEI of 154.74 kJ L−1 with a corresponding energy efficiency of 4.15%. On the other 
hand, the highest energy efficiency of 9.43 was achieved at an SEI of 25.26 kJ L−1 with a corresponding CO2 
conversion of 19.08%. Most of the decomposed CO2 was converted to CO and O2. A small amount of carbon 
precipitation was also observed under low flow conditions due to enhanced streamer formation. These results 
seem to be comparable to the typical results from a packed-bed DBD reactor. Therefore, the pulsed micro-gap 
DBD might be more favorable than the DBD reactor with expensive packing material for industrial application. 
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