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Abstract: 6 

In this work, a novel magnetically enhanced gliding arc discharge (MEGAD) reactor was 7 

developed and investigated for the activation of carbon dioxide to produce value-added carbon 8 

monoxide. The effect of the external magnetic field on the gliding arc motion behavior, electrical 9 

characteristics and CO2 decomposition has been systematically investigated under different flow rates. 10 

Results indicate that the presence of the external magnetic field can remarkably enlarge the plasma 11 

region, due to the facilitating effect of Lorentz force, especially at a low flow rate. The gliding arc 12 

motions with and without a magnetic field at low flow rates show different patterns: a short-circuiting 13 

pattern of a “motionless” gliding arc without a magnetic field and a regular ‘ignition – elongation – 14 

extinguishment’ pattern of a motional gliding arc with a magnetic field. Interestingly, the MEGAD 15 

exhibits higher CO2 conversion in comparison to traditional gliding arc systems (up to 40.6% higher 16 

at flow rate = 1 L/min), especially at relatively low flow rates. The optimal CO2 dissociation 17 

performance achieved is: 12.2% CO2 conversion and 24.3% energy efficiency at 3000 mL/min or 11.2% 18 

CO2 conversion and 27.9% energy efficiency at 4000 mL/min, with the presence of magnetic field. 19 
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 21 

1 Introduction 22 

With the rapid development of industry and increasing depletion of fossil fuels, the emission of 23 

anthropogenic carbon dioxide, which is the major greenhouse gas, has reached the highest level on 24 

record (up to 37.1±1.8 Gt CO2 in 2018) [1]. It is evidenced that increasing atmospheric CO2 25 

concentration leads to climate change [2]. Undoubtedly, the development of effective strategies for 26 

CO2 emission control has been of urgent importance.  27 

Currently, increasing studies on CO2 treatment are involved to carbon capture, utilization and 28 
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storage (CCUS) [3][4]. Direct decomposition of CO2 has attracted particular interest as one of the 1 

CCUS routes, because it can recycle CO2 into value-added CO, which can serve not only as a kind of 2 

fuel but also a widely used chemical feedstock [5]. However, the CO2 molecule is too stable to be 3 

activated and it needs up to 523 kJ/mol energy to destroy the C=O chemical bonds [6]. In traditional 4 

thermal splitting route, a high temperature of up to 1954 K can provide a CO2 conversion of only 1.2% 5 

CO2 [7], which is obviously energy consuming and industrially unfavorable. In this regard, 6 

atmospheric non-thermal plasma technology is emerging as a promising alternative [8]. Plasma is a 7 

highly active system full of reactive species like energetic electrons, radicals, excited species, ions and 8 

atoms etc. Typically, plasma can be classified into thermal and non-thermal plasmas. Thermal plasma 9 

is more powerful but the gas temperature is as high as that of electrons (e.g., > 104 K) and normally 10 

leads to high energy consumption. In non-thermal plasmas, the average electron temperature can be as 11 

high as 1–10 eV [9], while the heavy particle temperature (gas temperature) can remain fairly low (e.g., 12 

< 800℃ or even room temperature), ensuring a lower heat loss [10][11][12]. The energetic electrons 13 

are considered as the initiators of the plasma chemical reactions and it can allow the “activation” of 14 

the stable CO2 molecules even at atmospheric pressure [13]. Therefore, non-thermal plasma is 15 

attracting increasing attention for CO2 activation in recent years [14]. Among different kinds of non-16 

thermal plasma sources, gliding arc discharge (GAD) is being spotlighted because it shows the merits 17 

of both non-thermal and thermal plasmas [12][15]. The electron temperature of GAD is typically 1-2 18 

eV, which is most suitable for the efficient vibrational excitation of CO2 [13][16][17]. It has been 19 

evidenced that the vibrational excitation dissociation is the most effective CO2 dissociation route [18]. 20 

Traditionally, an atmospheric-pressure GAD contains two semi-ellipsoidal steel electrodes, and the 21 

high-voltage power supply initiates electrical breakdown at the shortest gap between the two electrodes, 22 

then the gas flow in between the electrodes push the gliding arc moving along the electrodes. The 23 

gliding arc is elongated during this process and requires more power from power supply to sustain 24 

itself [19][20]. When the length of the gliding arc reaches a critical value lcrit, the power supply is 25 

unable to provide sufficient energy to balance the heat losses from the plasma column. The gliding arc 26 

then cools down rapidly in this stage, which is called non-equilibrium stage [15]. The critical length 27 

lcrit of gliding arc plays an important role in reaction, as a longer critical length lcrit indicates a larger 28 

plasma region, which leads to a longer retention time of the reactant gas in the plasma area.  29 
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Normally, a high flow rates of 10-20 L/min is indispensable to enable the gliding arc moving 1 

along the electrodes and sustaining an effective plasma area. Whereas, this results in a low lcrit due to 2 

the significant heat loss, leading to a limited plasma area for chemical reaction, which is undoubtedly 3 

detrimental to the treatment of gas and the conversion efficiency [10][21]. To solve this problem, 4 

several efforts have been devoted to improve the reactors, such as the developed rotating gliding arc 5 

(RGA) [19][20][22][23], in which ring magnets were used to stabilize the gliding arc. A relatively long 6 

and stable rotating arc can be formed in the RGA with the help of a magnetic field (or co-driven by 7 

magnetic field and tangential gas flow), generating a nearly 3D large plasma region. However, the 8 

gliding arc of RGA typically sustains in the near-equilibrium stage and exhibits a high gas temperature 9 

(e.g., 800℃), while such a high gas temperature is proved to be unfavorable for CO2 decomposition 10 

[8][24].  11 

In this work, a novel magnetically enhanced gliding arc discharge (MEGAD) reactor is developed 12 

for CO2 activation. Compared with traditional GAD that driven by gas flow, the magnetic field in the 13 

MEGAD can provide an extra Lorentz force for the moving gliding arc. A synergistic effect of gas 14 

flow and Lorentz force can powerfully push the gliding arc motion along the electrodes and increase 15 

the critical length lcrit. In this way, a larger plasma area can be formed for chemical reaction. Although 16 

similar idea of integrating a magnetic field into a traditional gliding arc has been reported [25][26], no 17 

detailed investigation was performed. In addition, unlike the commonly used cylindrical covers in 18 

almost all of the reported works [27][28][29], a cuboid quartz cover is innovatively designed in this 19 

work to increase the fraction of CO2 treated. In this study, the physical characteristics of this novel 20 

MEGAD reactor are systematically investigated including the gliding arc motion behavior and 21 

electrical characteristics. It is then investigated for CO2 decomposition with specific focus on the effect 22 

of the addition of magnetic field on the reaction performance under varying flow rates. 23 

 24 

 25 

2 Experimental  26 

2.1 Experimental setup 27 

 28 

Fig. 1. Schematic diagram of the experimental setup. 29 

 30 
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Figure 1 shows the schematic diagram of the experimental setup. The MEGAD reactor consists 1 

of two knife-shaped electrodes (with a length of 17 mm and base width of 2 mm), a gas nozzle with 2 

inner diameter of 1.0 mm, a quadrangular quartz cover with dimension of 45×11×120 mm. Two flat 3 

magnets were placed on both sides of the quartz cover, producing a uniform magnetic field in the 4 

direction of perpendicular to the quartz cover. A thermocouple thermometer (TM-902C+ WRNK-5 

81530) is placed 80 mm downstream end of the electrode assembly to measure the temperature of the 6 

outlet gas. A DC power supply (Teslaman TLP2040, 10 kV) is connected to one of the electrodes while 7 

the other is grounded. A 40-kΩ resistance is connected in a series circuit to limit and stabilize the 8 

discharge current. The voltage and the current of discharge are measured by an oscilloscope (Tektronix 9 

DPO4030B) equipped with a high-voltage probe (Tektronix P6015A) and discharge current probe 10 

(Tektronix TCP303). The motion behavior of discharge gliding arc is recorded by a high-performance 11 

high-speed camera (Phantom V2512). The flow rate of CO2 (purity, 99.99%) is controlled by a mass 12 

flow controller (MFC, YJ-700C). The CO2 concentration of effluent gas is detected by a portable CO2 13 

analyzer (GXH-3010E1, Huayun Instrument), using Non-Dispersive Infrared (NDIR) to quantify 14 

gases. Meanwhile, samples are collected to analyze the production by using a gas chromatograph (GC, 15 

GC9790A, Fuli Analytical Instrument Co.) which is equipped with a flame ionization detector (FID) 16 

with a catalytic methanation unit for detecting CO and a thermal conductivity detector (TCD) for the 17 

measurement of O2. The surfaces of electrodes are analyzed by a metalloscope (Axio Scope A1). 18 

 19 

2.2 Reaction performance parameters 20 

The parameters to evaluate the performance of the system are defined as follow: 21 

 22 

XCO2 % 	=	
QCO2 

(mol/s)  - Q"(mol/s) × CCO2(%) 
QCO2 

(mol/s)
×100% (1) 23 

 24 

BCarbon % 	=	
Q"(mol/s) × CCO(%) + Q"(mol/s) × CCO2(%)

QCO2 
(mol/s)

×100% (2) 25 

 26 

η (%)	=	
XCO2 % 	× QCO2 

(mol/s)  ×  ∆H (J/mol)
Discharge	power (W)

×100% (3) 27 
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 1 

 SEI (kJ/L)	=	
Discharge power (W)
CO2 flow rate (mL/s)

(4) 2 

 3 

Where, XCO2 is CO2 conversion; QCO2 
 and Q" are the inlet CO2 flow rate and outlet total flow 4 

rate, respectively; CCO2 is the CO2 concentration in the outlet effluent gas; BCarbon is carbon balance; 5 

η is energy efficiency; ∆H is the standard reaction enthalpy of eq. (5); SEI is specific energy input, 6 

which is used to evaluate the energy density.  7 

 8 

CO2 → CO +
1
2

O2       ∆H = 280 kJ/mol (5) 9 

 10 

The carbon balance under the studied conditions is ranging between 95.0 % to 99.6 %, and no 11 

observable carbon deposition formed in the reactor. Considering the systematical errors and random 12 

errors, the major reaction can be assumed as the decomposition of CO2 into CO and O2. Therefore, the 13 

CO2 conversion and energy efficiency can be considered as the main indicators of the reaction 14 

performance. 15 

 16 

3 Results and discussion  17 

3.1 Gliding arc motion and electrical characteristics 18 

To record the gliding arc motion in magnetic field using a high-speed camera, only one flat magnet 19 

is used in this section to enable the gliding arc to be visible from one side. Three typical conditions are 20 

investigated to evaluate the effect of the magnetic field: (1) without flow (0 L/min, pre-filled with CO2); 21 

(2) low flow rate (2 L/min); (3) high flow rate (8 L/min). The high-speed camera was operated at 22 

39,000 frames per second and equipped with a Nikon lens (f = 50 mm, aperture = f/5.6). In addition, 23 

the cathode connected to the ground is situated at the right side of all pictures. 24 

Figure 2 represents the photographs of the GAD plasma without/with magnetic field under 25 

condition of (1) without flow (0 L/min). Obviously, the addition of magnetic field significantly 26 

influenced the discharge. In the GAD without magnetic field, a highly bright and stable short arc is 27 

maintained at the narrowest gap between the electrodes without moving downwards (see Fig. 2a). 28 
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While in the MEGAD with a magnetic field, the gliding arc can generate a huge visible blurred glowing 1 

region (see Fig. 2b), and the plasma region stretches across the cross-section of the cover with a length 2 

of up to 70 mm. With the existence of the external magnetic field, a force perpendicular to the direction 3 

of the arc can be formed on the gliding arc, as schematically shown in Fig. 3, pushing the arc moving 4 

along the electrodes even without gas flow. Traditionally, a gliding arc discharge needs a relatively 5 

high gas flow rate (e.g., 10-20 L/min) to enable the gliding arc moving along the electrodes, forming 6 

an effective plasma region. However, the MEGAD can form a significant plasma area for reaction even 7 

without gas injected. The unique property of the MEGAD could be of significant benefit not only for 8 

the improvement of reaction performance but also for practical applications of GAD. 9 

Figure 4a depicts the electrical characteristics of both with/without magnetic field under condition 10 

of (1) without flow (0 L/min). The high-speed frames of the gliding arc motion behavior without and 11 

with magnetic field are illustrated in Fig. 4b and Fig. 4c respectively. The time interval between each 12 

gliding arc is 3 ms (exposure time = 25.2 µs). Under conditions of both without and with magnetic 13 

field in Fig. 4b and Fig. 4c, a new ignition is generated at the narrowest gap between two electrodes at 14 

t1, and the gliding arc connects the anchor points on the electrodes and the discharge current passes 15 

through the gliding arc. Obviously, no further movement of the gliding arc (from t1 to t3) in the GAD 16 

without magnetic field can be observed in Fig. 4b and the discharge voltage and current both remain 17 

nearly constant. However, for the MEGAD with magnetic field, a tremendous drop takes place in both 18 

the voltage (from 2,460 to 340 V) and the current (from 209.2 to 236.4 mA) at t1. Afterwards, the 19 

gliding arc motion is accelerated by the Lorentz force along the electrodes and gradually elongated 20 

(from t1 to t3), which leads to an increase of its resistance (from approximately 1,500 to 12,000 Ω). 21 

Hence, the voltage increases and the current decreases continuously. At t3, the length of gliding arc 22 

reaches the critical value lcrit, which is usually determined by the power supply limits [15][30]. 23 

Therefore, the gliding arc extinguishes when the heat losses exceed the energy supplied by the source. 24 

A new ignition generates at the same time at the narrowest gap and the next cycle starts while the 25 

emission of last plasma column is still visible. The visible emissions decay with a short time of 26 

approximately 1 ms (see Fig. 5). The phenomenon of visible emissions of former plasma column is 27 

also reported in a study by Sun et al. [31]. The gliding arc motion with magnetic field shows a stable 28 

period of about 22 ms. 29 
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 1 

 2 

Fig. 2. Digital photographs of the discharge (a) without and (b) with magnetic field (without flow, 3 

Cannon 600D, exposure time of 1/25 s). 4 

 5 

Fig. 3. Schematic diagram of gliding arc with magnetic field 6 

 7 

Fig. 4. (a) electrical characteristics of the gliding arc discharge with/without magnetic field; high-8 

speed frames of the gliding arc motion (b) without and (c) with magnetic field (flow rate = 0 L/min; 9 

time interval between each gliding arc = 3 ms; exposure time of the camera = 25.2 µs) 10 

 11 

 12 

Fig. 5. The visible emission of a former plasma column in MEGAD (flow rate = 0 L/min). 13 

 14 

  15 

Fig. 6. (a) electrical characteristics of the gliding arc discharge with/without magnetic field; high-16 

speed frames of the gliding arc motion (b) without and (c) with magnetic field (flow rate = 2 L/min; 17 

time interval between each gliding arc = 0.5 ms in (b) and 1.6 ms in (c); exposure time of the camera 18 

= 25.2 µs) 19 

 20 

The gliding arc motions with/without magnetic field show totally different patterns under 21 

condition of (2) low flow rate (2 L/min) as well, as seen from Fig. 6. For the MEGAD with magnetic 22 

field, a regular cycle of “ignition, elongation and extinguishment” can be clearly observed, indicated 23 

from both the electrical characteristics in Fig. 6a and the gliding arc motion behavior in Fig. 6c. The 24 

anchor points of plasma column glide down along the electrodes. The averaged cycle period is around 25 

8 ms. In contrast, under conditions without magnetic field, short-circuiting of the plasma column, as 26 

further shown in Fig. 7, instead of a complete cycle period happens. Before the real current path is 27 

formed, several electron avalanches of Townsend breakdown generate. An example to describe the 28 

Townsend breakdown is available in a study by Fridman et al. [32]. Comparing the gliding arc motions 29 
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in Fig. 6b and 6c, it is obvious that the shape of gliding arc without magnetic field is sharper, which 1 

should be related to the non-uniform distribution of the gas flow field. The sharper shape is apt to cause 2 

a short-circuiting. Around the plasma column, there is a blurred emission signal which can help to 3 

form a new current path as well as the emissions from former plasma gliding arc. Another worth 4 

mentioning phenomenon is that the anchor point of plasma column at the cathode generates a bright 5 

and hot spot, which can be called “cathode spot”, as reported in previous studies [22][33][34]. It has 6 

been proved in a study by Korolev et al [34], that the regime of current sustainment in the near-cathode 7 

regions was corresponded to a normal glow discharge rather than a gliding arc with the discharge 8 

current at a level of 0.2 A. While in the glow regime, the discharge is accompanied by occasional 9 

transitions to a spark. The instability contributes to a micro-explosion of the cathode surface and the 10 

formation of a spark cathode spot. In the GAD without magnetic field, the gas flow is not powerful to 11 

drive the gliding arc so that the cathode spot maintains at a fixed position. This phenomenon will 12 

undoubtedly lead to an accumulation of heat and energy, causing erosion of the electrodes. However, 13 

in the MEGAD with a magnetic field, Lorentz force can produce a synergistic force with the gas flow, 14 

pushing the gliding arc motion along the electrodes without forming a fixed cathode spot. This 15 

characteristic is of great benefit to prolong the use life of the reactor. In order to confirm the electrode 16 

erosion caused by the cathode spot activity, a metalloscope (Axio Scope A1) was used to detect a 17 

section of the cathode surface. As shown in Fig. 8a and 8b, after 30 mins’ discharge, the regular 18 

structure on the anode surface does not change significantly. By contrast, the surface structure of the 19 

cathode has been reshaped and many small craters with diameters of about 50 µm can be observed (see 20 

Fig. 8c), which were caused by the cathode spot. 21 

 22 

 23 

Fig. 7. A short-circuiting phenomenon in GAD without magnetic field (flow rate = 2 L/min, 39000 24 

frames per second with an exposure time of 25.2 µs). 25 

 26 

 27 

Fig. 8. Microscopic photographs of electrode surface before and after 30 mins’ operation (Magnify 28 

200 times) 29 
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 1 

 2 

Fig. 9. (a) Electrical characteristics of the gliding arc discharge with/without magnetic field; high-3 

speed frames of the gliding arc motion (b) without and (c) with magnetic field (flow rate = 8 L/min; 4 

time interval between each gliding arc = 410 µs; exposure time of the camera = 25.2 µs) 5 

 6 

The physical characteristics of the GAD and MEGAD under the condition of (3) high flow rate 7 

(8 L/min) are exhibited in Fig. 9. In this case, for the discharge both with and without magnetic field, 8 

the gliding arc ignites, elongates and extinguishes with a regular cycle period of around 0.8 ms. During 9 

a cycle, several short-circuitings happen. It can be proposed that, in this case, the drag force from the 10 

flow rate, but not the Lorentz force, becomes dominant in propelling the gliding arc moving along the 11 

electrodes. Therefore, the gliding arc motion, electrical characteristics and plasma area are almost the 12 

same. 13 

 14 

 15 

Fig. 10. Statistical graph of the cycle periods of the electrical signals under different conditions 16 

 17 

Moreover, because only one flat magnet is used in this section for the visibility purpose, it is 18 

important to understand how the discharge property is dependent on the magnets or the number of 19 

magnets. In this regard, electrical signals of the discharge with no magnet, one magnet, two magnets, 20 

at flow rates of 2 and 8 L/min were collected and illustrated in Fig. 10. Each cycle period was recorded 21 

100 times to avoid the errors. As we can see, the addition of magnets significantly increased the cycle 22 

period of the electrical signals from around 1 ms to around 7 – 10 ms. The averaged cycle period with 23 

two magnets is slightly higher than that with one magnet (9.15 ms and 8.20 ms respectively), indirectly 24 

proving that a stronger magnetic field can stretch the gliding arc even more at low flow rates. However, 25 

when the flow rate is 8 L/min (see Fig. 10b), the difference between no magnet, one magnet and two 26 

magnets become obscure. The average cycle periods are 0.78 ms, 0.79 ms and 0.79 ms respectively, 27 

indicating that the magnetic field does not play an observable role in the gliding arc with a higher flow 28 

rate (e.g., 8L/min). 29 



10 
 

Obviously, the above results prove that the addition of magnetic field can noticeably optimize the 1 

property of the GAD reactor especially at low gas flow rates, without extra power input. The plasma 2 

reaction volume can be significantly enlarged for chemical reactions. In addition, the “cathode spot” 3 

can move along the electrodes rather than maintaining at a fixed position, which can remarkably 4 

prolong the lifetime of the electrodes. In the GAD without a magnetic field, the pattern of gliding arc 5 

motion is continuous short-circuiting at low flow rate (2 L/min), while the pattern with magnetic field 6 

shows a regular cycle of “ignition, elongation and extinguishment”. It can generate not only a larger 7 

plasma region but also a greater proportion of non-equilibrium stage, which is beneficial for a higher 8 

energy efficiency. However, at high flow rate (8 L/min), the addition of magnetic field does not show 9 

remarkable influence on the gliding arc motion and electrical characteristics. 10 

 11 

3.2 CO2 activation in the MEGAD 12 

In this part, the developed MEGAD is applied to CO2 dissociation and the effect of the addition 13 

of the magnetic field on the reaction performance is specifically investigated. The feed CO2 flow rate 14 

is studied as the variable parameter as it can influence significantly both the characteristics of the 15 

discharge and the retention time of the reactant in the plasma area. The effect of flow rate on CO2 16 

conversion upon rising flow rate from 1 to 8 L/min is shown in Fig. 10, in reactors with and without 17 

magnetic field. Note that in this section a pair of flat magnets (not a single magnet that used in Section 18 

3.1) were placed both sides of the quartz cover. As can be seen, the addition of magnetic field can 19 

significantly enhance the CO2 conversion, especially at relatively low flow rates. For example, the CO2 20 

conversion is increased by 40.6% from 8.2% to 11.5% when the magnetic field is added. Similar with 21 

our previous study [24][35], in both reactors the CO2 conversion firstly increases to a maximum value, 22 

from 8.2 % to 11.1 % without magnetic field and from 11.5 % to 12.2 % with the magnetic field, but 23 

then decreases with rising flow rate. The CO2 conversions at varied flow rates should be directly related 24 

to the gas temperature, retention time and SEI. Detailed explanation of this phenomena is available in 25 

our previous works [24][35]. The addition of a magnetic field can enhance the CO2 conversion, 26 

especially at low flow rates, but the gap of conversions between the GAD and MEGAD become smaller 27 

at high flow rates. For instance, at flow rate of 8 L/min, the CO2 conversion with/without magnetic 28 

field are almost the same. The variation of CO2 conversion is consistent with the gliding arc motion 29 
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and electrical characteristics as above discussed. At a relatively low flow rate, the plasma region in the 1 

MEGAD is much larger than that in GAD, which means a better gas treatment and a longer retention 2 

time. However, at high flow rate, the similar gliding arc motion and electrical characteristics in the two 3 

reactors lead to similar CO2 conversions. It is interesting to note that the enhancement of the CO2 4 

conversion with the addition of magnetic field is realized without the increase of discharge power (or 5 

SEI), as indicated in Fig. 11. The above results allow us to make a conclusion that the role of magnetic 6 

field in improving the CO2 conversion performance is more physically, i.e., enlarging the plasma area, 7 

rather than chemically. 8 

The energy efficiencies in both reactors are shown in Fig. 12. Obviously, the energy efficiency is 9 

also enhanced with the addition of magnetic field, especially at flow rates of 4 - 6 L/min. The energy 10 

efficiencies in both reactors both increase quickly before 4 L/min due to not only a higher CO2 11 

conversion but also an increasing flow rate. Afterwards, the energy efficiency profile without magnetic 12 

field tend to be saturated, while that with magnetic field has a plateau stage (from 4 to 6 L/min) that 13 

followed by a remarkable drop (from 6 to 8 L/min). A maximum energy efficiency of 28.0 % can be 14 

observed at a flow rate of 5 L/min. As mentioned above, the gliding arc motion, electrical 15 

characteristics and CO2 conversion become more similar between with/without magnetic field at 16 

higher flow rate, which leads to a similar profile of the energy efficiency from 6 to 8 L/min. At last, 17 

the energy efficiency for difference reactors become almost the same at 8 L/min.  18 

The above results show that the magnetic field can significantly improve the performance of CO2 19 

conversion especially at low flow rates. At an optimal flow rate of 3 L/min, the CO2 conversion 20 

increases from 11.1 to 12.2 % and energy efficiency increases from 21.7 to 24.3 %, with the addition 21 

of magnetic field. In addition, considering the balance between CO2 conversion and energy efficiency, 22 

the best results with magnetic field are achieved at a flow rate of 4 L/min, yielding a CO2 conversion 23 

of 11.2 % and an energy efficiency of 27.9 %. 24 

 25 

 26 

Fig. 10. Variation of CO2 conversion with increasing flow rate  27 

 28 

 29 
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Fig. 11. Variation of SEI with increasing flow rate 1 

 2 

Fig. 12 Variation of energy efficiency with increasing flow rate. 3 

 4 

3.4 Discussion 5 

In Fig. 13, the optimum results of this work are compared with that of other non-thermal plasmas 6 

for CO2 dissociation in literatures, such as traditional GAD, microwave (MW) plasma, nanosecond-7 

pulsed (ns-pulse) discharge, corona discharge and dielectric barrier discharge (DBD). In order to fairly 8 

evaluate the industrial applicability, processing capacity is also compared together with the CO2 9 

conversion and energy efficiency. 10 

 11 

 12 

Fig. 13 Comparison of the performance of different non-thermal plasmas for CO2 decomposition:  13 

(a) CO2 conversion; (b) energy efficiency 14 

 15 

Obviously, microwave plasma presents remarkable results, e.g., 30 % CO2 conversion and 40 % 16 

energy efficiency at a flow rate of 5000 mL/min as reported by Van Rooij et al. [36] and 42 % CO2 17 

conversion and 17.5 % energy efficiency at a flow rate of 2000 mL/min as reported by Chen et al. [37]. 18 

But it should be mentioned that the high conversion and efficiency of MW plasma were obtained only 19 

in low pressure systems (e.g., 150 mbar [36] and 10 Torr [37]) and the energy consumed in the vacuum 20 

system was not taken into account. Obviously, it is costly to maintain a negative pressure and thus 21 

undesirable for industrial applicability. As clearly shown, DBD [38][39][40][41][42][43] can exhibit 22 

an impressive CO2 conversion, but the energy efficiency (2.0 ~ 16.8 %) is unattractive. Meanwhile, 23 

most of the reported works in DBD were performed with the presence of catalysts, such as CaTiO3 24 

[39], ZrO2 [42], BaTiO3 and TiO2 [43]. However, the preparation of catalyst is time-consuming and 25 

costly. Furthermore, the catalyst deactivation is still a severe problem to be solved. GAD exhibits a 26 

similar CO2 conversion with that of ns-pulse discharge [44], corona discharge [45] and some of DBDs, 27 

but have a notable performance in energy efficiency. In addition, the significantly higher processing 28 

capacity is promising for the industrial applicability.  29 
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In this work, a magnetic field was used to enlarge the plasma area, and (1) a 12.2% CO2 1 

conversion and 24.3% energy efficiency can be reached at a flow rate of 3000 mL/min; (2) a 11.2% 2 

CO2 conversion and 27.9% energy efficiency can be reached in 4000 mL/min. The energy efficiency 3 

and processing capacity of the MEGAD are indeed promising and better than other that of other plasma 4 

types at atmospheric pressure. There is still room for GAD to improve. The limited fraction of gas 5 

treated and the relatively high gas temperature are still the major limiting factors [8][46]. Therefore, 6 

cooling the plasma reaction area and further increasing the plasma area by optimizing the reactor 7 

configuration are expected to further enhance the CO2 dissociation performance. 8 

 9 

4. Conclusion  10 

In this work, a novel magnetically enhanced gliding arc discharge (MEGAD) reactor was 11 

developed and investigated for CO2 decomposition. The gliding arc motion behavior, electrical 12 

characteristics and CO2 decomposition performance of the MEGAD reactor are investigated with 13 

specific attention on the role of magnetic field.  14 

Interestingly, a large 70 mm length plasma area can be formed in the MEGAD even without gas 15 

injected, while in a GAD without magnetic field, a highly bright and stable gliding arc is maintained 16 

in the narrowest gap between two electrodes and no 3D plasma area is formed for chemical reaction. 17 

At a moderate flow rate of 2 L/min, a short-circuiting pattern is formed in the GAD without magnetic 18 

field. Several electron avalanches of Townsend breakdown were observed during a new short-19 

circuiting. On the contrary, the MEGAD shows a regular motion cycle of “ignition – elongation – 20 

extinguishment”, forming a significant larger plasma area for chemical reaction. However, when 21 

further increasing the flow rate to 8 L/min, the motion behavior and the electrical characteristics of the 22 

GAD and MEGAD show no significant difference. 23 

The magnetic field can noticeably enhance the performance of a GAD reactor by producing a 24 

significantly larger plasma region for chemical reactions especially at low gas flow rates, due to the 25 

synergistic effect of Lorentz force and gas flow. In addition, the “cathode spot” in the MEGAD is not 26 

anchored at a fixed position, alleviating the erosion problem of electrodes at high temperatures and 27 

remarkably prolonging the use life of the reactor. 28 

The addition of magnetic field can significantly improve the performance of CO2 conversion 29 
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especially at low flow rates. At a flow rate of 1 L/min, the CO2 conversion is increased by 40.6 % 1 

(from 8.2 to 11.5 %) and the energy efficiency is increased 35.6 % (from 5.8 to 8.0 %). However, the 2 

CO2 conversion gap and energy efficiency gap between the GAD and MEGAD become smaller at 3 

higher flow rates, which corresponds to the gliding arc motion and electrical characteristics. The results 4 

indicate that the role of magnetic field in improving the CO2 conversion performance is more physical, 5 

i.e., enlarging the plasma area, rather than chemical conversion. 6 

The optimal CO2 dissociation performance is achieved with the presence of a magnetic field, i.e., 7 

12.2% CO2 conversion and 24.3% energy efficiency at 3000 mL/min; 11.2% CO2 conversion and 27.9% 8 

energy efficiency at 4000 mL/min. Compared to other commonly used non-thermal atmosphere 9 

pressure plasma reactors, the MEGAD shows a better energy efficiency and remarkably higher 10 

processing capacity. 11 
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