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Abstract 10 

The application of dielectric barrier discharge (DBD) plasma reactors is promising in various 11 

environmental and energy processes, but is limited by their low energy yield. In this study, we put 12 

a number of stainless steel rings over the inner electrode rod of the DBD reactor to change the local 13 

discharge gap and electric field, and we studied the dry reforming performance. At 50 W supplied 14 

power, the metal rings mostly have a negative impact on the performance, which we attribute to 15 

the non-uniform spatial distribution of the discharges caused by the rings. However, at 30 W 16 

supplied power, the energy yield is higher than at 50 W and the placement of the rings improves 17 

the performance of the reactor. More rings and with a larger cross-sectional diameter can further 18 

improve the performance. The reactor with 20 rings with a 3.2 mm cross-sectional diameter exhibits 19 

the best performance in this study. Compared to the reactor without rings, it increases the CO2 20 

conversion from 7% to 16 %, the CH4 conversion from 12% to 23%, and the energy yield from 21 

0.05 mmol/kJ supplied power to 0.1 mmol/kJ (0.19 mmol/kJ if calculated from the plasma power), 22 

respectively. The presence of the rings increases the local electric field, the displaced charge and 23 

the discharge fraction, and also makes the discharge more stable and with more uniform intensity. 24 

It also slightly improves the selectivity to syngas. The performance improvement observed by 25 

placing stainless steel rings in this study may also be applicable to other plasma-based processes. 26 

Keywords: Dry reforming; Plasma-based process; Dielectric barrier discharge reactor; Non-27 

uniform discharge gap; Energy yield improvement 28 

1. Introduction 29 

The application of plasma technology in chemical reactions is attractive and has been widely 30 

studied in a variety of processes, such as the decomposition of pollutants and synthesis of chemical 31 

products [1-3]. CO2 reforming of CH4 (dry reforming) is one of them. It can produce CO and H2 32 

(which could be used to produce clean fuels and chemicals) from renewable sources while reducing 33 

emissions of two greenhouse gases [4-7]. In the traditional thermal dry reforming, CH4 and CO2 34 

need to be activated at a high temperature (at least 800 °C), resulting in problems of coking and 35 

energy losses [8]. Performing dry reforming in a plasma reactor can overcome these problems, 36 

because the high-energy electrons in non-equilibrium plasma are able to activate the molecules at 37 

relatively lower gas temperatures (lower than 250 ℃) [9-14].  38 

A common non-equilibrium plasma reactor is the dielectric barrier discharge (DBD) reactor, 39 

which is simple in design and can be operated at ambient temperature and pressure [5,15-17]. 40 

However, one of the main drawbacks of DBD reactors is their relatively low energy yield [8,18,19]. 41 



Khoja et al. studied the dry reforming of methane in DBD reactors with different dielectric materials 42 

and configurations, and a better energy yield of 0.085 mmol CO2 and CH4 converted per kJ plasma 43 

power was obtained for an alumina dielectric barrier [4]. Tu et al. [8] obtained an energy yield of 44 

0.1 mmol/kJ in a DBD reactor combined with a catalyst, and this could be further improved to a 45 

maximum of 0.19 mmol/kJ by increasing the gas flow rate and reducing the specific energy input. 46 

Important to note that the energy yield in the above literature was calculated from the plasma power, 47 

and it could be about half to two-thirds of the value if it was calculated from the supplied power. 48 

The plasma discharge mode in a DBD reactor is mainly filamentary, and thus the plasma is not 49 

uniform in the whole space [20,21]. High-energy electrons exist almost exclusively in the discharge 50 

filaments [22,23]. The CH4 and CO2 molecules hit by the discharge filaments are dissociated upon 51 

electron collisions into various radicals, which can recombine into the products within the filaments 52 

or afterglow [23-25]. In addition to the dry reforming products, CO and H2, some higher 53 

hydrocarbons can also be formed by radical recombination reactions [24,25]. The strength of the 54 

discharge filaments varies, which may result in poor product selectivity [26], and a too weak or too 55 

strong discharge causes energy waste, which may be one of the reasons for the lower energy yield 56 

of the DBD reactor [18,27]. 57 

Changing the design of the reactor is one method to improve the performance. DBD reactors 58 

with small discharge gaps (i.e., micro DBD reactors) may be able to increase the performance of 59 

dry reforming, due to the enhancement of the electric field [28,29]. Previous studies found that a 60 

reduced discharge gap did improve the conversion in DBD reactors at the same space time [30,31]. 61 

However, the same space time was maintained by reducing the gas flow rate, as the smaller gap 62 

reduced the discharge volume, and thus the energy yield of the conversion process is actually 63 

decreased. 64 

In this study, we put a number of stainless steel rings with circular cross-sections over the 65 

stainless steel inner electrode rod of the reactor (see Fig. 1). These rings reduce the local discharge 66 

gap and change the electric field, which may promote the discharge with less effect on the discharge 67 

volume. This may induce the discharge to take place on the rings, which might change the discharge 68 

distribution and make the plasma more uniform, thereby changing the performance of the plasma-69 

based dry reforming. Since the material of the rings is similar to that of the stainless steel inner 70 

electrode, and the rings cause a quite limited increase in the surface area of the inner electrode, the 71 

possible catalytic effect of the stainless steel rings is not considered in this study. In addition, in a 72 

plasma-based process with a catalyst, the metal active components on the catalyst surface will also 73 

be in contact with the electrodes and might have a similar effect, but the performance caused by 74 

the physical and chemical (surface) effects cannot be distinguished in a catalyst. Therefore, the role 75 

of the metal rings in this study can also provide a reference for the study of catalysts with metal 76 

components. 77 

2. Experimental 78 

2.1. Set-up for plasma-based dry reforming 79 

A coaxial cylindrical DBD reactor was applied for plasma-based dry reforming. The original 80 

inner electrode was a smooth stainless steel rod with a diameter of 8 mm. A number of stainless 81 

steel rings with an inner diameter of 8 mm were put over the inner electrode at even intervals, as 82 

illustrated in Fig. 1. The cross-section of the rings is circular, and rings with two cross-sectional 83 

diameters, i.e., 1.6 mm and 3.2 mm, were used in this study. 84 



 85 

Fig. 1. Photographs of the stainless steel rod inner electrode, with stainless steel rings with cross-sectional diameters of 86 
(a) 1.6 mm and (b) 3.2 mm. (c) Schematic diagram of stainless steel rod, stainless steel rings and their dimensions.  87 

Fig. 2 shows the whole set-up for the dry reforming experiments. The inner electrode was 88 

grounded. An alumina tube with an inner diameter of 17.4 mm and an outer diameter of 21.8 mm 89 

was coaxially placed over the inner electrode as a dielectric barrier, so the discharge gap of the 90 

ring-free reactor, which is the spacing between the 8 mm inner electrode and dielectric barrier, was 91 

about 4.7 mm. A stainless steel mesh tightly wound around the dielectric barrier tube was used as 92 

the external electrode. It was connected to high voltage supplied by a function generator (Tektronix, 93 

AFG 2021) and a high voltage amplifier (TREK, model 20/20C-HS). The length of the outer 94 

electrode was 100 mm, which defined the discharge length. According to the parameters of the 95 

reactor, the volume of the discharge zone was calculated to be 18.8 mL. A sinusoidal alternating 96 

input signal with a frequency of 3 kHz was provided by the function generator, and was then 97 

amplified by the amplifier. The voltage was measured by a high-voltage probe (Tektronix, 98 

P6015A), and the current was monitored by a Rogowski coil (Pearson 4100). A capacitor (10 nF) 99 

and a low-voltage probe (Picotech, TA150) connected in parallel with it were connected in series 100 

with the reactor to monitor the charge. The oscilloscope and connected PC collected and displayed 101 

all the electrical signals to calculate the power in real time. The power of the power supply was 102 

kept constant by adjusting the amplitude of the input signal from the amplifier according to the 103 

calculated power on the PC.  104 



 105 

Fig. 2. DBD plasma set-up and analytical system for the dry reforming experiments. 106 

2.2. Performance of plasma-based dry reforming 107 

The feed gas into the reactor was composed of 10 mL/min of CH4 and 10 mL/min of CO2 108 

controlled by mass flow controllers (Bronkhorst EL-FLOW Select). Since the produced CO, H2 109 

and unknown amounts of various (oxygenated) hydrocarbons by the dry reforming reaction causes 110 

an unknown expansion coefficient and thus a possible pressure increase, while the GC always 111 

samples at a constant ambient pressure, the outlet gas composition analyzed by the GC would have 112 

systematic errors. Therefore, an internal standard gas, 10 mL/min of N2, was added into the outlet 113 

gas to exclude these errors [32]. An online gas chromatograph (Trace GC 1310, Interscience) with 114 

a thermal conductivity detector (TCD) and a flame ionization detector (FID) was applied to analyze 115 

the composition and concentration of the outlet gas. The composition of the gas after the gas circuit 116 

was flushed for 30 minutes and before turning on the plasma, was denoted as CO2,in and CH4,in,. 117 

The power was then turned on to generate plasma and maintained at a constant supplied power for 118 

30 min. The outlet gases were analyzed and denoted with “out”, i.e., CO2,out, CH4,out, COout, H2,out 119 

and CxHyOz,out. The conversion of CO2 and CH4 were calculated by Eq. (1) and Eq. (2): 120 XCO2(%) =  CO2,in − CO2,outCO2,in  × 100%       (1) 121 

XCH4(%) =  CH4,in − CH4,outCH4,in  × 100%       (2) 122 

The (H-based) selectivity of H2, and the C-based selectivity of CO and of the other chemicals 123 

were defined by Eq. (3) to Eq. (5): 124 SH2(%) =  H2,out2 × (CH4,in − CH4,out)  × 100%      (3) 125 

SCO(%) =  COout(CH4,in − CH4,out) + (CO2,in − CO2,out)  × 100%    (4) 126 

SCxHyOz(%) =  x × CxHyOz,out(CH4,in − CH4,out) + (CO2,in − CO2,out)  × 100%    (5) 127 



In this study, the energy yield (EY) of dry reforming was defined as the mmol of CO2 and CH4 128 

that can be converted per kJ of supplied energy, as shown in Eq. (6): 129 EY (mmolkJ ) =  VCO2XCO2+VCH4XCO4PsplyVm × 100060  (WminkJ )    (6) 130 

Where VCO2 and VCH4 were the volumetric flow rate of CO2 and CH4 in the feed gas, respectively 131 

(in mL/min), and XCO2 and XCH4 are the conversion of CO2 and CH4, respectively. Vm is the molar 132 

gas volume (24.4 mL/mmol). It should be noted that Psply in Eq. 6 is the supplied power (in W), and 133 

not the discharge power as used in most literature [8,33]. Indeed, we also want to include the effect 134 

of the reactor on the discharge power in the calculation of the energy yield. If the discharge power 135 

is used to calculate the EY, we will get a larger value, about 1.5–2 times larger, than the EY 136 

presented in this paper.  137 

2.3. Electrical characterization 138 

To better understand the effect of adding the stainless steel rings on the reaction performance, 139 

we performed an electrical characterization of the plasma. The above-mentioned high voltage probe, 140 

low voltage probe, Rogowski coil and capacitor in the plasma set-up can collect the data of the 141 

voltage, current and charge during the discharge. Errors were obtained from three repeat 142 

experiments. The discharge power was calculated by voltage U and current I, via Eq. (7): 143 Psply(W) =  ∫ UI dtT0         (7) 144 

A Q-U graph, known as a Lissajous figure, was plotted using the voltage and charge data. Fig. 145 

3 shows a typical Lissajous figure of the plasma in a DBD reactor. The slopes of the sides of the 146 

Lissajous figure represent the equivalent capacitance of the DBD reactor at different phases, since 147 

dQ/dU = C. The slopes of the Lissajous figures (dQ/dU) in this work were calculated by a Matlab 148 

script [30]. In the AB and CD phases when the reactor is not discharged, the entire DBD reactor, 149 

including the dielectric barrier and discharge gap, behaves as a capacitor. Therefore, the slope of 150 

the AB and CD phases in the Lissajous figure is the capacitance of the capacitor formed by the 151 

dielectric barrier and the discharge gap in series, denoted by Ccell. Plasma occurs in the BC and DA 152 

phases. During the discharge, a part of the discharge gap behaves like a resistor due to the 153 

breakdown of the reactive gas, while the dielectric barrier and another part of the discharge gap 154 

(because the entire gap is not fully discharged in a DBD reactor) still behave as a capacitor. 155 

Therefore, the slope of the BC and DA phases, denoted by ζ, represents the capacitance including 156 

the dielectric barrier and the undischarged gap.  157 



 158 

Fig. 3. Typical Lissajous figure of a discharge in a DBD reactor. 159 

The capacitance Cdiel of the dielectric barrier alumina tube, used in this work, is 0.266 nF, which 160 

was measured in a previous study [30]. Using Ccell, ζ and Cdiel, the discharging areal fraction, 161 

denoted as f, of the DBD reactor was calculated by Eq. 8 [34]. 162 f = ζ−CcellCdiel−Ccell          (8) 163 

The burning voltage (Ubur) of the plasma in the reactor was calculated from Ccell, ζ, Cdiel and the 164 

voltage at Q = 0 C in the Lissajous figures, i.e., ΔU, by Eq. 9 [34]. 165 Ubur = 1−Ccell Cdiel⁄1−Ccell ζ⁄ ΔU         (9) 166 

The mean electric field (E) in the reactors was calculated by the following equation [35]: 167 E = Uburdgap          (10) 168 

Where dgap is the discharge gap, which is 4.7 mm in the reactor without rings. The electric field 169 

for the reactor with rings, as calculated in this study, was the mean electric field between the rings 170 

and the dielectric barrier, as we believe the discharge mainly takes place on the rings. The value of 171 

dgap in the reactor with rings is 3.1 mm and 1.5 mm, respectively, for the rings with thickness of 1.6 172 



mm and 3.2 mm. It should be noted that this mean electric field is only an approximation, because 173 

in reality the potential will not drop linearly between the inner electrode (or the rings) and the outer 174 

dielectric barrier, so the electric field will also not be constant, but it will be larger in the sheath 175 

near the inner electrode (or rings). However, as we cannot measure the exact electric field 176 

distribution inside the reactor, the above equation (10) is only an averaged estimate. Subsequently, 177 

the mean electron energy and electron energy distribution function (EEDF) were calculated from 178 

the mean electric field, by the Boltzmann equation using BOLSIG+ [36]. 179 

The charge difference between the points A and D in the Lissajous figure was the displaced 180 

charge in the DA discharge phase. It was divided by the number of micro-discharges counted in 181 

the current profile to get the average intensity of discharge filaments [30]. 182 

3. Results and discussion 183 

The plasma-based dry reforming performance in a DBD reactor, with stainless steel rings over 184 

the inner electrode, was tested at 50 W and 30 W supplied power.  185 

3.1. Plasma-based dry reforming at 50 W supplied power 186 

3.1.1. Conversion and energy yield 187 

Fig. 4 illustrates the influence of placing stainless steel rings over the inner electrode rod on the 188 

CH4 and CO2 conversions and on the energy yield of plasma-based dry reforming at 50 W supplied 189 

power, for the rings with a cross-sectional diameter of 1.6 mm and 3.2 mm. A difference in 190 

performance for the reactors with and without rings was observed, and also the number of rings 191 

had an effect. Since the supplied power could not be controlled precisely at 50 W all the time (see 192 

Table 1), sometimes changes in CH4 and CO2 conversions could not correctly reflect changes in 193 

reactor performance. The energy yield can reflect a more accurate trend of the performance. Since 194 

all experiments were performed at the same gas flow rate, and not the same space time, the specific 195 

input energy (SEI) was only related to the power, and the energy yield follows a similar trend as 196 

the conversion. As shown in Fig. 4a, for 1.6 mm rings, the energy yield and the reactant conversions 197 

increase with the number of rings. However, they were always lower than in the reactor without 198 

rings. The rings with a cross-sectional diameter of 3.2 mm (Fig. 4b) showed better performance 199 

and a similar but more pronounced increasing trend upon placing more rings. The reactors with 200 

only a few rings also had lower performance than the reactor without rings. However, the CO2 201 

conversion of the reactors with more than 10 rings exceeded that of the reactor with no rings, and 202 

the reactor with more than 15 rings also showed a higher energy yield. The DBD reactor with 20 203 

rings with 3.2 mm cross-sectional diameter exhibited the best performance, although the 204 

improvement compared with the reactor without rings was limited. 205 



 206 

Fig. 4. CH4 and CO2 conversion and energy yield of plasma-based dry reforming at 50 W supplied power, in a DBD 207 
reactor without rings, and with a varying number of stainless steel rings placed over the inner electrode, with cross-208 
sectional diameters of (a) 1.6 mm and (b) 3.2 mm. The error bars were obtained from standard errors based on three 209 
repeat experiments with the rings kept in place. 210 

Placing stainless steel rings over the inner electrode mainly has the following effects on the 211 

discharge in the DBD reactor. First of all, as introduced in the experimental section, the discharge 212 

gap between the inner electrode and the dielectric barrier was 4.7 mm (i.e., 17.4 mm − 8 mm, 213 

divided by 2). The metal rings reduced the discharge gaps at this location, to values of 3.1 mm and 214 

1.5 mm, for the 1.6 mm and 3.2 mm rings, respectively (i.e., 17.4 mm – 11.2 mm, divided by 2; 215 

and 17.4 mm – 14.4 mm, divided by 2). The reduction in discharge gap causes a higher reduced 216 

electric field strength and power density at the metal rings, leading to more displaced charge per 217 

period (see section 3.1.2 below) and a higher electron energy. Therefore, more gas molecules can 218 

be hit by the discharge filaments [37], and more successful electron impact excitation can occur in 219 

the plasma [38]. These are the positive effects of the metal rings on the plasma behavior, which 220 

should increase the performance of the reactor [39]. The 3.2 mm rings exhibit better performance 221 

than the 1.6 mm rings due to the smaller discharge gap. However, these positive effects are not well 222 

reflected between reactors with and without rings in Fig. 4, indicating the presence of negative 223 

effects, resulting in the majority of the ring-based configurations at 50 W supplied power being 224 

lower in performance than for the reactor without rings.  225 

Second, the presence of rings in the discharge space of the DBD reactor occupies the available 226 

discharge volume. Since the same gas flow rate was applied in the experiments in Fig. 4, the 227 

discharge volume reduction reduced the space time of plasma-based dry reforming. This is 228 

unfavorable to the conversion of CH4 and CO2. In previous studies on a micro-gap DBD reactor 229 

[30], the reduction in discharge volume resulted in a lower energy yield than reactors with larger 230 

discharge gaps, despite the stronger electric field in the micro-gap reactor. However, the metal rings 231 

in this study only occupy part of the discharge volume at the location where the rings were placed, 232 

which is much smaller than the drop in volume brought by reducing the entire discharge gap in the 233 

micro-gap reactors. Moreover, as observed in Fig. 4, increasing the number or the cross-sectional 234 

diameter of the rings causes some improvement in conversion and energy yield (even when 235 

compared to the reactor without rings in some cases), although more rings means a larger discharge 236 

volume reduction. This suggests that although metal rings do reduce the discharge volume to some 237 

extent (~0.05 mL for each 1.6 mm ring and ~0.2 mL for each 3.2 mm ring), this is not the main 238 

negative factor that leads to the lower performance of the reactor with rings than the reactor without 239 

rings. 240 



Finally, compared with the smooth and uniform surface of the inner electrode rod, discharges 241 

are more likely to take place on the metal rings with stronger reduced electric fields. This makes 242 

the discharge more stable and more uniform in intensity (see section 3.1.2 below), which may be 243 

beneficial to reduce the formation of by-products and improve the selectivity of the desired 244 

products [26]. However, the spatial distribution of the discharges becomes relatively non-uniform, 245 

as it is more difficult for the discharge to take place where no metal rings are present. The place 246 

where the discharge can take place on the inner electrode has changed from the 10 cm long 247 

electrode rod to probably only the top of a few rings, so the volume of the discharge space is 248 

expected to be greatly reduced. This reduces the chance of gas molecules being hit by the discharges, 249 

resulting in an expected reduced conversion and energy yield [37]. Increasing the number of rings 250 

will reduce the distance between the rings, and is thus expected to improve the spatial uniformity 251 

of the plasma, in line with the trend in Fig. 4 that the performance increases with the number of 252 

rings. This indicates that the non-uniform spatial distribution of the discharge is a more dominant 253 

negative effect of the stainless steel rings on the reactor performance compared to the volume 254 

occupied by the metal rings. The negative effects play a more dominant role at 50 W, making the 255 

reactor with rings to perform worse in most cases than the original reactor without rings. 256 

3.1.2. Electrical characterization 257 

Electrical characterization data of the above experiments were collected and calculated to better 258 

understand the effect of the stainless steel rings. The data that can be obtained directly from the raw 259 

measurement data or through simple calculations like averaging, are listed in Table 1. In most cases, 260 

the required applied voltage (presented in Table 1 as the root mean square voltage VRMS) to achieve 261 

a 50 W supplied power in the reactors with rings was smaller than in the reactor without rings. 262 

Moreover, the required VRMS decreased with the number of rings, while the root mean square 263 

current (IRMS) of the generated plasma increased. Stronger plasma currents (higher IRMS values) 264 

indicate stronger or more discharges induced by the rings in the reactor, possibly promoting the 265 

production of active species, i.e., electrons, ions and radicals. In addition, the presence of the rings 266 

enhanced the local electric field, making the discharge easier to take place in the reactor, so that a 267 

certain power could be achieved at a lower applied voltage. Reactors with fewer than 15 rings with 268 

1.6 mm diameter had a lower IRMS than the ring-free reactor, due to the limited promotion induced 269 

by the thinner rings on the discharge and because the discharge can only occur on fewer rings, 270 

while reactors with more than 15 rings with 1.6 mm diameter and all reactors with 3.2 mm rings 271 

had a higher IRMS than the ring-free reactor, thus indicating stronger and more discharges, that can 272 

promote the formation of active species, as mentioned above. The VRMS trend of the reactors with 273 

1.6 mm rings was not obvious when the number of rings was above 10. For the 3.2 mm rings, the 274 

VRMS was lower and the IRMS was higher than for the same number of 1.6 mm rings, and the decrease 275 

in VRMS with the number of rings was more pronounced. The plasma power of the 1.6 mm rings 276 

did not show a clear trend, while the 3.2 mm rings showed a trend of decreasing plasma power with 277 

increasing number of rings, which is, in principle, negative to the performance of the reactor. 278 



Table 1. Measured data from the input signals of the oscilloscope, including voltage, current, charge and power, for the 279 
DBD reactors without rings, and with stainless steel rings of varying number and two different cross-sectional diameters, 280 
at an almost constant supplied power of 50 W. 281 

Cross-sectional 

diameter of rings 

Number 

of rings 
VRMS (kV) 

IRMS plasma 

(mA) 

Plasma 

power (W) 

Supplied 

power (W) 

Displaced charge 

(nC/period) 

Without rings 0 7.03 ± 0.04  19.5 ± 0.7 31.3 ± 0.8 51 ± 1 980 ± 35 

1.6 mm 

5 6.86 ± 0.04  16.8 ± 0.4 32 ± 1 50.4 ± 0.8 1150 ± 29 

7 6.54 ± 0.04  18.3 ± 0.5 32.2 ± 0.5 50.2 ± 0.5 1210 ± 15 

10 6.26 ± 0.02  18.8 ± 0.2 32.7 ± 0.1 50.2 ± 0.1 1260 ± 19 

15 6.04 ± 0.04  19.7 ± 0.4 32.7 ± 0.6 50.3 ± 0.5 1320 ± 24 

20 6.09 ± 0.02  21.8 ± 0.9 33 ± 1 50.6 ± 0.4 1314 ± 8 

25 6.08 ± 0.04  22.1 ± 0.2 32.3 ± 0.6 50.7 ± 0.5 1320 ± 12 

30 6.15 ± 0.07  22.4 ± 0.2 31.9 ± 0.3 50.3 ± 0.6 1290 ± 13 

3.2 mm 

2 7.14 ± 0.04  20.0 ± 0.3 30.8 ± 0.9 51.6 ± 0.9 1070 ± 16 

5 6.79 ± 0.04  21.4 ± 0.3 29.0 ± 0.2 51.1 ± 0.3 1320 ± 15 

7 6.44 ± 0.03  22.6 ± 0.3 28.5 ± 0.7 50.3 ± 0.7 1420 ± 6 

10 6.15 ± 0.04  24.5 ± 0.9 28.1 ± 0.5 50.5 ± 0.5 1498 ± 6 

15 5.90 ± 0.04  25.1 ± 0.4 27.9 ± 0.2 50.5 ± 0.6 1600 ± 11 

20 5.89 ± 0.01  24.9 ± 0.9 26.7 ± 0.6 50.6 ± 0.2 1652 ± 7 

Fig. 5 shows the fitted Lissajous figures (consisting of the calculated slopes) of the plasma at 50 282 

W supplied power, in reactors with varying number and two different cross-sectional diameter of 283 

the stainless steel rings. The raw data of the Lissajous figures are shown in Fig. S1, in the supporting 284 

information. Obvious differences can be observed from the Lissajous figures. First of all, the height 285 

of the Lissajous figure of the reactors with rings is higher than that of the reactor without rings, and 286 

it continues to increase as the number of rings increases. This indicates that the metal rings lead to 287 

more charge displacement within the plasma, which supports the aforementioned discharge 288 

promotion by the enhanced reduced electric field. The specific values of the displaced charges were 289 

calculated by taking the charge difference between points A and D of the Lissajous figures, and are 290 

listed in Table 1. For the 1.6 mm rings, only the reactors with less than 15 rings showed an obvious 291 

trend of increasing the displaced charge with increasing number of metal rings, while the trend for 292 

the 3.2 mm rings is still relatively obvious until the maximum of 20 rings. Furthermore, the 293 

displaced charge in case of the 3.2 mm rings was always more than that of the 1.6 mm rings with 294 

the same number of rings, which should be one of the reasons why the reactors with 3.2 mm rings 295 

showed higher performance. 296 

 297 

Fig. 5. The fitted Lissajous figures (calculated by the MATLAB script) of plasma-based dry reforming at 50 W supplied 298 
power, in a DBD reactor without rings, and with varying number of stainless steel rings with cross-sectional diameters 299 
of (a) 1.6 mm and (b) 3.2 mm. 300 



Second, the voltage at Q = 0 C in the Lissajous figures, which is related to the burning voltage 301 

(Ubur) of the plasma in the reactor, was changed by the rings. As shown in Table 2, after placing the 302 

stainless steel rings on the inner electrode, Ubur was significantly reduced. Furthermore, as the 303 

number of rings increases, Ubur shows a roughly decreasing trend. This suggests that the metal rings 304 

made it easier to ignite and sustain the plasma at relatively lower voltages. Moreover, the 3.2 mm 305 

rings lower the Ubur more than the 1.6 mm rings. The mean electric field can be calculated from 306 

Ubur and the discharge gaps, and it is increased by the presence of the rings, due to the reduced 307 

discharge gap. It should be noted that the electric field shown in Table 2 is the mean electric field 308 

at the position of the rings (calculated from the gap between the rings and the dielectric barrier) in 309 

the reactor with rings, as we believe that the discharge mainly take place on the rings. The electric 310 

field decreases as the number of rings increases, due to the lower burning voltage of the plasma in 311 

the reactor with more rings. The mean electron energy and electron energy distribution function 312 

(EEDF) are also shown in Table 2 and Fig. S2, respectively. The metal rings enhance the mean 313 

electron energy in the reactor, however, this electron energy is too high for efficient vibrational 314 

excitation of CO2 in plasma-based dry reforming [18,27]. As vibrational excitation is the most 315 

energy-efficient pathway for dissociation, this might be one of the reasons why the performance of 316 

the reactor with rings at 50 W is lower than the original reactor without rings. Similar with the trend 317 

of the electric field, the mean electron energy also decreases with increasing number of rings, which 318 

may be one of the reasons for the enhancement in reactor performance with increasing number of 319 

rings. However, due to other physical changes that cause positive effects of the rings on the 320 

discharge (as described above and below), the reactor with 3.2 mm rings performed better than the 321 

reactor with 1.6 mm rings despite the higher mean electron energy. Even, some reactors (with more 322 

than 15 rings) performed better than the reactor without rings at 50 W. 323 

Finally, the slope of each side of the Lissajous figures also changes, indicating that the metal 324 

rings change the capacitance of the DBD reactor. The slope (capacitance of the entire reactor) Ccell 325 

of the undischarged phases and the slope ζ representative for the capacitance of the discharged 326 

phases are listed in Table 2. The capacitance Ccell of all the reactors with rings is always higher than 327 

that of the reactor without rings, because the discharge gaps are reduced by placing the metal rings. 328 

There seems to be a slightly rising trend of Ccell with the number of rings, but some cases do not 329 

follow it. On the other hand, ζ, has a clearly increasing trend with the number of rings. Since the 330 

DBD reactor was not fully discharged, the capacitance represented by ζ includes the capacitance of 331 

the undischarged gap and the dielectric barrier. The capacitance of the dielectric barrier is constant 332 

because the same barrier was used in all experiments. Therefore, the rise of ζ indicates that the 333 

undischarged fraction decreases upon increasing number of rings. The fractions of discharges 334 

(denoted by f) in the reactors, calculated from Ccell and ζ, are also listed in Table 2. For the 1.6 mm 335 

rings, the discharge fraction increases from 40.0% for 5 rings to 60.1% for 30 rings, while for the 336 

3.2 mm rings, it increases from 38.7% for 2 rings to 62.9% for 20 rings, hence showing a larger 337 

increase rate. Since the gas flow rate was approximately constant and the plasma power was even 338 

reduced (at a constant supplied power) with the number of rings, the larger discharge fraction by 339 

the stainless steel rings was achieved without increasing the specific energy input. It needs to be 340 

noted that the plasma discharge fraction of the reactors with 5 rings or less, both for the 1.6 mm 341 

and 3.2 mm rings, was smaller than that of the reactor without rings, but as the number of rings 342 

increases, the discharge fraction becomes larger than in the reactor without rings. This is in line 343 

with the effect mentioned above: the metal rings can promote the discharge but will induce the 344 

discharge mainly taking place on the rings, resulting in a non-uniform spatial distribution of the 345 

discharge. The spacing between the rings, where it is more difficult for the discharge to take place, 346 

is large in reactors with fewer than five rings, and hence in this case the discharge fraction is even 347 

smaller than that of a reactor without rings. As the number of rings increases, the negative effect 348 

on the discharge fraction decreases and the positive effect increases, so the discharge fraction 349 

increases substantially. 350 



Table 2. Calculated data derived from the raw data of electrical characterization, obtained by a MATLAB script and 351 
BOLSIG+, for the DBD reactors without rings and with stainless steel rings of varying number and two different cross-352 
sectional diameters, at an almost constant supplied power of 50 W.  353 

Cross-

sectional 

diameter 

of rings 

Number 

of rings 
Ubur (kV) 

Electric field 

(kV/cm) 

Mean 

electron 

energy (eV) 

Ccell (pF) ζ (pF) f (%) 

Number of 

micro- 

discharges 

(a.u./T) 

Average 

filament 

charge 

(nC/disch.) 

Without 

rings 
0 6.3 ± 0.1 12.8 ± 0.2 3.31 ± 0.06 14.3 ± 0.5 133.1 ± 0.3 47.2 ± 0.2 90 ± 22 11 ± 3 

1.6 mm 

5 5.2 ± 0.1 15.7 ± 0.3 3.75 ± 0.06 16.9 ± 0.4 116.5 ± 0.5 40.0 ± 0.3 75 ± 2 15 ± 1 

7 5.0 ± 0.1 15.1 ± 0.3 3.67 ± 0.06 16.6 ± 0.3 134.3 ± 0.7 47.2 ± 0.3 80 ± 5 15 ± 2 

10 4.7 ± 0.2 14.2 ± 0.6 3.53 ± 0.07 18.2 ± 0.3 149.7 ± 0.3 53.1 ± 0.1 81 ± 3 16 ± 1 

15 4.5 ± 0.2 13.6 ± 0.6 3.44 ± 0.07 19.5 ± 0.6 162.9 ± 0.2 58.2 ± 0.3 81 ± 7 16 ± 1 

20 4.5 ± 0.1 13.6 ± 0.3 3.44 ± 0.06 18.8 ± 0.3 165.7 ± 0.4 59.4 ± 0.2 96 ± 9 14 ± 1 

25 4.48 ± 0.03 13.5 ± 0.1 3.43 ± 0.06 19.7 ± 0.8 168.0 ± 0.7 60.2 ± 0.1 83 ± 7 16 ± 2 

30 4.6 ± 0.1 13.9 ± 0.3 3.48 ± 0.06 20.1 ± 0.5 167.8 ± 0.6 60.1 ± 0.2 93 ± 9 14 ± 1 

3.2 mm 

2 5.7 ± 0.3 33.3 ± 1.8 5.4 ± 0.2 21.4 ± 0.7 116.0 ± 0.5 38.7 ± 0.2 140 ± 11 8 ± 2 

5 4.1 ± 0.1 23.9 ± 0.6 4.65 ± 0.07 17.3 ± 0.5 116.2 ± 0.9 39.8 ± 0.2 126 ± 5 10 ± 1 

7 4.2 ± 0.2 24.5 ± 1.2 4.7 ± 0.1 18.9 ± 0.4 141.6 ± 0.4 49.7 ± 0.3 163 ± 4 9 ± 2 

10 3.9 ± 0.1 22.8 ± 0.6 4.54 ± 0.07 22.2 ± 0.9 155.9 ± 0.7 54.8 ± 0.4 150 ± 6 10 ± 3 

15 3.7 ± 0.2 21.6 ± 1.2 4.4 ± 0.1 24 ± 1 175.2 ± 0.5 62.5 ± 0.4 165 ± 4 10 ± 1 

20 3.5 ± 0.1 20.4 ± 0.6 4.31 ± 0.07 27.0 ± 0.3 177.4 ± 0.7 62.9 ± 0.3 135 ± 4 12± 1 

Fig. 6 shows the current profiles in the DBD reactors with varying number and two different 354 

cross-sectional diameters of the stainless steel rings. Comparing the reactors without and with fewer 355 

rings (≤ 5), the current intensity is more uniform in the reactor with rings, and the uniformity 356 

increases with the number of rings. The difference in current profiles between the reactors with 357 

relatively more rings is not significant, but it seems that the uniformity of current intensity slightly 358 

decreases with increasing number of rings, see for example the reactors with 5 and 20 rings with a 359 

diameter of 3.2 mm. This confirms that the rings can make the discharge more uniform in intensity, 360 

which may change the selectivity of some products. The discharge onset in the reactors with rings 361 

is earlier, which is consistent with one of the conclusions of Fig. 5 that the rings reduce the burning 362 

voltage of the plasma. The number of peaks in the current profiles is a measure for the number of 363 

micro-discharges in the plasma, this number is also listed in Table 2. The number of micro-364 

discharges in the reactors with 1.6 mm rings is similar to that in the reactor without rings, while the 365 

number of micro-discharges in the reactor with the 3.2 mm rings is clearly higher (cf. Table 2).  366 

Finally, the average filament charge of the micro-discharges can be obtained by dividing the 367 

displaced charge by the number of micro-discharges, and is a measure of the average discharge 368 

intensity. The average filament charge in case of the 1.6 mm rings is higher than that of the reactor 369 

without rings, while that of the 3.2 mm rings is similar to or even lower. Metal rings with both 370 

cross-sectional diameters improve the displaced charge within the plasma, as mentioned above, but 371 

the improvement for the 1.6 mm rings is on the average filament charge, or average discharge 372 

intensity, while the improvement for the 3.2 mm rings is on the number of micro-discharges. Hence, 373 

the change in discharge behavior caused by the stainless steel rings is different, possibly depending 374 

on the size of the remaining discharge gap between the metal and the dielectric barrier. Although 375 

the above electrical characterizations show a lot of positive effects of the rings, they are not 376 

sufficient to compensate for the negative effects of the non-uniform spatial distribution of the 377 

discharge and the high electron energy. The reactors with rings showed in most cases a worse 378 

performance than the reactor without rings. Only when having more rings (≥ 15) with a diameter 379 

of 3.2 mm, the reactor with rings performed better than the reactor without rings, due to its greater 380 

improvement on the discharge and less negative impact of the non-uniform discharge spatial 381 

distribution and the high electron energy. 382 



 383 

Fig. 6. Current profiles of a discharge phase in DBD reactors at 50 W supplied power, without rings, and with a varying 384 
number of stainless steel rings with cross-sectional diameters of (a) 1.6 mm and (b) 3.2 mm. 385 

3.1.3. Selectivity 386 

Due to the limited surface area of the rings and the fact that a similar material was used as for 387 

the stainless steel inner electrode, we believe that the conversion and selectivity changes are mainly 388 

caused by the physical effect of the rings on the discharge. Fig. 7 shows the selectivity of various 389 

products in the DBD reactor without rings and with varying numbers of stainless steel rings at 50 390 

W supplied power, for both 1.6 mm and 3.2 mm rings. Not only syngas is formed, but also other 391 

products, such as various hydrocarbons and oxygenations are formed in the DBD reactor, among 392 

others by radical recombination [24,25]. It needs to be noted that some possible liquid products 393 

(e.g., oily hydrocarbons, alcohols) and carbon deposits attached to the reactor, as well as other 394 

gaseous products not calibrated in the gas chromatograph, cannot be counted, and therefore, the 395 

carbon and hydrogen mass balance calculated from the product selectivity does not reach 100% (as 396 



shown in Fig. S3 of the Supporting Information). As is clear from Fig. 7, at 50 W supplied power, 397 

the placement of the metal rings and the number of rings only had a small effect on the selectivity 398 

of most products. The exception is that there is a slightly increasing trend for the selectivity of 399 

methanol with the number of rings, and the selectivity of ethane is more affected, although without 400 

a clear trend. 401 

 402 

Fig. 7. Selectivity of various products of plasma-based dry reforming at 50 W supplied power, in a DBD reactor without 403 
rings, and with varying number of stainless steel rings. (a) Syngas and (b) ethane, propane, ethylene, acetylene, methanol, 404 
ethanol (EtOH) and dimethyl ether (DME) selectivity in reactors with rings with a diameter of 1.6 mm. (c) Syngas and 405 
(d) ethane, propane, ethylene, acetylene, methanol, ethanol and dimethyl ether selectivity in reactors with rings with a 406 
diameter of 3.2 mm. The error bars were obtained from standard errors based on three repeat experiments with the rings 407 
kept in place. 408 

3.2. Plasma-based dry reforming at 30 W supplied power 409 

3.2.1. Conversion and energy yield 410 

Fig. 8 shows the influence of the same 1.6 mm and 3.2 mm rings on the CH4 and CO2 411 

conversions and the energy yield of plasma-based dry reforming, but at 30 W supplied power. The 412 

effect of the rings is clearly different from the case at 50 W. At 30 W, the energy yields and reactant 413 

conversions in all reactors with the rings are higher than in the reactor without rings. There is also 414 

a clear effect of the number of rings to the conversion and energy yield, and the performance of the 415 

reactor with 3.2 mm rings has a tendency to increase with the number of rings. Compared with the 416 

reactor without rings, the increase of reactor performance resulting from the rings at 30 W supplied 417 



power is much greater than at 50 W. The DBD reactor with 20 rings with a 3.2 mm cross-sectional 418 

diameter has the best performance, with an energy yield double the value of the reactor without 419 

rings. It enhances the CO2 conversion from 7.1% to 16.3 %, the CH4 conversion from 11.9% to 420 

22.5%, and the energy yield from 0.05 mmol/kJ to 0.1 mmol/kJ. As already mentioned above, the 421 

energy yield in this work was calculated from the supplied power, and the energy yield of the 422 

reactor with the best performance is 0.19 mmol/kJ if calculated from the plasma power as in most 423 

of the literature. Furthermore, compared to the reactors with the same number and diameter of rings 424 

at a supplied power of 50 W, although the CO2 and CH4 conversions are reduced due to the lower 425 

power, the energy yield is actually improved by 17% on average at 30 W, except for the reactor 426 

without rings. The best performing reactor in this study, i.e., the one with 20 rings of 3.2 mm 427 

diameter, was investigated for its performance stability. As shown in Fig. S4, the conversion of 428 

CO2 and CH4 in this reactor did not change significantly during the 12-hour test. 429 

 430 

Fig. 8. CH4 and CO2 conversion and energy yield of plasma-based dry reforming at 30 W supplied power, in a DBD 431 
reactor without rings, and with varying number of stainless steel rings with cross-sectional diameters of (a) 1.6 mm and 432 
(b) 3.2 mm. The error bars were obtained from standard errors based on three repeat experiments with the rings kept in 433 
place. 434 

The effects of adding the stainless steel rings on the discharge has been described in section 3.1 435 

above, and also apply here, i.e., a higher displaced charge, a larger discharge fraction, a higher 436 

discharge intensity, etc. In addition, the discharge in the reactor without rings is unstable at 30 W 437 

supplied power (see section 3.2.2 below), which is one of the reasons that the improvement of the 438 

reactor performance by the metal rings is so large at 30 W. On the other hand, the positive effects 439 

of the metal rings on the discharge is indeed greater at 30 W supplied power, as can be deduced 440 

below from the larger changes in parameters such as the discharge fraction and burning voltage.  441 

3.2.2. Electrical characterization 442 

Table 3 shows the collected and calculated electrical characterization data of the experiments in 443 

Fig. 8, to better understand the effect of the stainless steel rings at 30 W supplied power. Similar to 444 

the case of 50 W, in most cases, the required applied VRMS to achieve a 30 W supplied power in the 445 

reactors with rings is smaller than in the reactor without rings. The required VRMS decreases with 446 

the number of rings, while the IRMS of the generated plasma increase. The rings in the reactor 447 

promoted the generation of discharges and led to more or stronger discharges. The trend of VRMS 448 

and IRMS of the reactors with 1.6 mm rings is not obvious when the number of rings is more than 449 

10. For the 3.2 mm rings, the VRMS is lower and the IRMS was higher than for the same number of 450 

1.6 mm rings, and the trend of VRMS with the number of rings was again more pronounced. Thicker 451 

rings also have a more pronounced improvement on the discharge. However, different from the 452 



experiments at 50 W supplied power, the generated plasma power in all the reactors with rings is 453 

higher than in the reactor without rings. This is because the plasma in the reactor without rings is 454 

unstable, extinguishing or not discharging for some periods. As shown in Fig. S5 in the SI, in 6 455 

periods of 2 ms, there was no discharge in 4 half periods. This is also one of the reasons for the 456 

poor performance of the reactor without rings at 30 W supplied power. Since the plasma power is 457 

calculated as the average power over all periods, including the phases without discharge, the plasma 458 

power in the reactor without rings is lower than in the other reactors. 459 

Table 3. Measured data from the input signals of the oscilloscope, including voltage, current, charge and power, for the 460 
DBD reactors without rings and with stainless steel rings of varying number and two different cross-sectional diameters, 461 
at an almost constant supplied power of 30 W. 462 

Cross-sectional 

diameter of rings 

Number of 

rings 
VRMS (kV) 

IRMS plasma 

(mA) 

Plasma 

power (W) 

Supplied 

power (W) 

Displaced charge 

(nC/period) 

Without rings 0 7.42 ± 0.07  14.4 ± 0.6 10.2 ± 0.6 30.4 ± 0.9 360 ± 21 

1.6 mm 

5 6.33 ± 0.04  13.9 ± 0.4 16.4 ± 0.6 30.6 ± 0.5 700 ± 7 

7 5.99 ± 0.04  14.6 ± 0.3 16.0 ± 0.4 30.5 ± 0.5 718 ± 6 

10 5.69 ± 0.04  17.2 ± 0.7 18.0 ± 0.3 30.8 ± 0.6 780 ± 13 

15 5.51 ± 0.07  16.6 ± 0.5 17.3 ± 0.6 30.2 ± 0.3 770 ± 11 

20 5.63 ± 0.04  17.7 ± 0.3 17.4 ± 0.7 30.8 ± 0.8 790 ± 11 

25 5.66 ± 0.02  17.5 ± 0.3 16.6 ± 0.5 30.4 ± 0.4 766 ± 5 

30 5.62 ± 0.04  17.8 ± 0.2 16.1 ± 0.4 29.9 ± 0.5 734 ± 7 

3.2 mm 

2 6.89 ± 0.11  15.6 ± 0.3 14.2 ± 0.9 31.6 ± 0.7 700 ± 16 

5 5.87 ± 0.01  16.4 ± 0.7 15.4 ± 0.3 30.7 ± 0.8 850 ± 13 

7 5.55 ± 0.04  17.2 ± 0.5 15.4 ± 0.7 30.8 ± 0.5 884 ± 9 

10 5.30 ± 0.02  18.2 ± 0.8 15.7 ± 0.3 30.5 ± 0.4 930 ± 4 

15 5.06 ± 0.04  19.1 ± 0.4 15.9 ± 0.3 30.6 ± 0.4 1000 ± 12 

20 5.04 ± 0.02  19.4 ± 0.3 15.3 ± 0.5 30.2 ± 0.5 990 ± 11 

Fig. 9 shows the fitted Lissajous figures of the plasma at 30 W supplied power, in the reactors 463 

without rings and with varying number and two different cross-sectional diameter of the stainless 464 

steel rings. The raw data of the Lissajous figures are shown in Fig. S6. It should be noted that the 465 

Lissajous figure of the reactor without rings is only in the discharge phases, because the Lissajous 466 

figure could not be formed in the undischarged period. The Lissajous figures at 30 W exhibit more 467 

obvious differences between the reactors with and without rings than at 50 W supplied power. First 468 

of all, the height of the Lissajous figures, reflecting the displaced charge (see Table 3), follows the 469 

same trend, which is higher for the reactors with rings than for the reactor without rings, and 470 

increases with the number of rings. After placing a certain number of rings (e.g. 15 of 1.6 mm 471 

rings), a larger number of rings does not enhance the displaced charge anymore. The enhancement 472 

of displaced charge by the rings is more than double or even nearly triple that of the reactor without 473 

rings, indicating that the promotion of stainless steel rings on the plasma is greater at 30 W. 474 

Furthermore, the displaced charge of the 3.2 mm rings was also more than that of the 1.6 mm rings 475 

with the same number of rings at 30 W, so the reactors with 3.2 mm rings also yield a higher 476 

performance. Second, the Ubur reflecting the voltage for igniting and sustaining the plasma, 477 

calculated from the Lissajous figures, was reduced by the metal rings, in a similar trend as at 50 W. 478 

At 30 W supplied power, the mean electric field and the mean electron energy also follow similar 479 

trends to those at 50 W, and even have similar values. They increase with the increase of the cross-480 

sectional diameter of the rings, and decrease upon larger number of rings. The electron energy 481 

distribution function is shown in Fig. S7. Despite the similar values for electric field and mean 482 

electron energy for the reactor configurations with rings at 50 W and 30 W, the reactor without 483 

rings has higher values for the burning voltage, average electric field, and electron energy at 30 W 484 

than 50 W, probably due to the unstable discharge at low power, which could be one of the reasons 485 

for its poor performance at 30 W. At 30 W, the burning voltage in the reactors with rings is smaller 486 

than in the reactor without rings, and the mean electric field and mean electron energy as well, for 487 

the 1.6 mm rings, while it is higher for the 3.2 mm rings. In spite of this, the performance of the 488 



reactors with rings is always better at 30 W than for the reactor without rings. Finally, the 489 

capacitance of different phases of the DBD reactor, Ccell and ζ, calculated from the slope of the 490 

Lissajous figures, are listed in Table 4, as well as the discharge fractions, which are also calculated 491 

from them. The tendency of capacitance and discharge fraction due to the presence of the rings is 492 

the same as at 50 W. Thicker and more rings increase the capacitance and the discharge fraction. 493 

The 1.6 mm rings increase the discharge fraction from 30.0% for 5 rings to 44.7% for 30 rings, 494 

while the 3.2 mm rings increase the discharge fraction from 20.1% for 2 rings to 51.4% for 20 rings, 495 

with a larger increase rate. The discharge fraction of the reactors with relatively few ( ≤ 5) rings 496 

were smaller than that of the reactor without rings, probably because the rings induce the discharge 497 

to mainly take place on them, as mentioned above in section 3.1.2. The discharge fraction of the 498 

same reactor at 30 W was less than at 50 W. However, compared with the ring-free reactor, some 499 

plasma parameters, including the discharge fraction, burning voltage and displaced charge, were 500 

improved more by the presence of rings at 30W than at 50W, which is another reason why the 501 

reactor with stainless steel rings showed better performance at 30W. 502 

 503 

Fig. 9. The fitted Lissajous figures (calculated by the MATLAB script) of plasma-based dry reforming at 30 W supplied 504 
power, in a DBD reactor without rings and with varying number of stainless steel rings with cross-sectional diameters of 505 
(a) 1.6 mm and (b) 3.2 mm. 506 

Table 4. Calculated data derived from the raw data of electrical characterization, obtained by a MATLAB script and 507 
BOLSIG+, for the DBD reactors without rings and with stainless steel rings of varying number and two different cross-508 
sectional diameters, at an almost constant supplied power of 30 W.  509 

Cross-

sectional 

diameter 

of rings 

Number 

of rings 
Ubur (kV) 

Electric field 

(kV/cm) 

Mean 

electron 

energy 

(eV) 

Ccell (pF) ζ (pF) f (%) 

Number of 

micro- 

discharges 

(a.u./T) 

Average 

filament 

charge 

(nC/disch.) 

Without 

rings 
0 8.9 ± 0.3 18.1 ± 0.6 4.05 ± 0.07 8.8 ± 0.7 98.0 ± 0.5 34.7 ± 0.3 68 ± 9 5 ± 2 

1.6 mm 

5 5.1 ± 0.2 15.4 ± 0.6 3.71 ± 0.07 14.0 ± 0.5 89.7 ± 0.7 30.0 ± 0.3 97 ± 2 7 ± 1 

7 5.08 ± 0.07 15.3 ± 0.2 3.70 ± 0.06 14.2 ± 0.8 103.5 ± 0.4 35.5 ± 0.4 139 ± 4 5 ± 1 

10 4.8 ± 0.1 14.5 ± 0.3 3.58 ± 0.06 15.0 ± 0.8 122.6 ± 0.7 42.8 ± 0.2 110 ± 12 7 ± 3 

15 4.7 ± 0.1 14.2 ± 0.3 3.53 ± 0.06 16 ± 0.1 133.4 ± 0.9 47.0 ± 0.1 92 ± 6 8 ± 2 

20 4.6 ± 0.2 13.9 ± 0.6 3.48 ± 0.07 16.3 ± 0.4 129 ± 1 45.2 ± 0.4 99 ± 3 8 ± 2 

25 4.67 ± 0.05 14.1 ± 0.2 3.52 ± 0.06 16.4 ± 0.9 121.5 ± 0.3 42.1 ± 0.4 101 ± 7 8 ± 3 

30 4.7 ± 0.2 14.2 ± 0.6 3.53 ± 0.07 17.2 ± 0.4 128.5 ± 0.9 44.7 ± 0.4 117 ± 2 6 ± 2 

3.2 mm 

2 5.0 ± 0.2 29.2 ± 1.2 5.09 ± 0.12 14.4 ± 0.8 65.0 ± 0.4 20.1 ± 0.3 71 ± 3 10 ± 2 

5 4.2 ± 0.1 24.5 ± 0.6 4.70 ± 0.07 18.3 ± 0.6 95.9 ± 0.2 31.3 ± 0.3 107 ± 6 8 ± 3 

7 4.08 ± 0.04 23.8 ± 0.2 4.64 ± 0.06 18.8 ± 0.5 127.8 ± 0.7 44.1 ± 0.2 161 ± 4 6 ± 2 

10 3.9 ± 0.1 22.8 ± 0.6 4.54 ± 0.07 21.5 ± 0.7 131.2 ± 0.6 44.9 ± 0.1 135 ± 5 7 ± 1 

15 3.6 ± 0.1 21.0 ± 0.6 4.37 ± 0.07 23.3 ± 0.4 147.1 ± 0.4 51.0 ± 0.1 101 ± 5 10 ± 1 

20 3.6 ± 0.1 21.0 ± 0.6 4.37 ± 0.07 27.2 ± 0.4 149.9 ± 0.8 51.4 ± 0.3 124 ± 3 8 ± 2 

Fig. 10 shows the current profiles in the DBD reactors at 30 W supplied power. It should be 510 

noted that the current profile of the reactor without rings is selected from the stable discharge phases, 511 



and actually it is not discharged in some phases, as shown in Fig. S5. At 30 W supplied power, the 512 

stainless steel rings are again able to make the discharge more uniform in intensity, even with only 513 

2 or 5 rings. As the number of rings increases, the uniformity of the current intensity of the plasma 514 

decreases slightly, see for example the reactors with 5 and 20 rings with a diameter of 3.2 mm. The 515 

onset of the discharge was earlier in the reactors with rings due to the reduction in Ubur. The number 516 

of micro-discharges and average filament charge were calculated and listed in Table 4. Different 517 

from the experiments at 50 W, where the 1.6 mm rings or 3.2 mm rings can only increase either the 518 

average filament charge or the number of micro-discharges, at 30 W supplied power, both these 519 

parameters are higher in the reactors with rings than in the reactor without rings. The reason for the 520 

larger number of micro-discharges by the rings with both diameters is that the discharge in the 521 

reactor without rings at 30 W is unstable and extinguishes in some periods. Moreover, with a larger 522 

number of micro-discharges, the average displaced charge per discharge of the reactor with rings 523 

is still higher than that of the reactor without rings. This indicates again that at 30 W supplied power, 524 

the improvement of the discharge by the metal rings is greater than that at 50 W. 525 

 526 



 527 

Fig. 10. Current profiles of a discharge phase in DBD reactors at 30 W supplied power, for the reactor without rings and 528 
with varying number of stainless steel rings with cross-sectional diameters of (a) 1.6 mm and (b) 3.2 mm. 529 

3.2.3. Selectivity 530 

Fig. 11 shows the selectivity of syngas and various by-products of the plasma-based dry 531 

reforming in the DBD reactors with stainless steel rings at 30 W supplied power. In most cases, the 532 

syngas selectivity in the reactors with rings is slightly higher than in the reactor without rings. In 533 

fact, the higher selectivity resulting from the rings seems to be present at 50 W as well, but is less 534 

obvious. Fig. S8 shows the carbon and hydrogen atomic balance, plotted from Fig. 11, and the 535 

atomic balance of the reactor with rings is higher than for the reactor without rings. This may be 536 

due to the fact that the products of plasma-based dry reforming were formed by the reaction of 537 

various radicals generated by the discharge, and the more uniform intensity of the discharge could 538 

reduce the types of formed by-products [26].  539 



In addition, lower power seems to be favorable for improving the selectivity of some products. 540 

The selectivity of CO, H2, ethylene, acetylene, methanol, and ethanol at 30 W was higher than at 541 

50 W, while the selectivity of other products was not much different. Close observation and 542 

comparison of the selectivity at 30 W and 50 W shows similarities in the trend of selectivity of 543 

some products at different powers. This also proves that although there are mainly physical effects, 544 

the stainless steel rings can have a certain effect on the product selectivity as well.  545 

 546 

Fig. 11. Selectivity of various products of plasma-based dry reforming at 30 W supplied power, in a DBD reactor without 547 
rings and with varying number of stainless steel rings. (a) Syngas and (b) ethane, propane, ethylene, acetylene, methanol, 548 
ethanol (EtOH) and dimethyl ether (DME) selectivity in reactors with rings with a diameter of 1.6 mm. (c) Syngas and 549 
(d) ethane, propane, ethylene, acetylene, methanol, ethanol and dimethyl ether selectivity in reactors with rings with a 550 
diameter of 3.2 mm. The error bars were obtained from standard errors based on three repeat experiments with the rings 551 
kept in place. 552 

3.3. Advantages of the reactor with rings 553 

Due to different operating conditions (i.e., various gas composition and discharge parameters), 554 

it is difficult to accurately compare the reactor performance with literature. However, when we 555 

roughly compare the energy yields in literature (~0.1 mmol/kJ in empty reactors and ~0.2 mmol/kJ 556 

in reactors with catalyst) [4,7,23], the energy yield of 0.19 mmol/kJ achieved in our reactor 557 

configuration with rings but in absence of packing materials or catalyst, as obtained in this work, 558 

can be considered to be competitive. In addition, a lower power is generally favorable for higher 559 



energy yield and higher liquefiable products selectivity, as demonstrated in this work and in the 560 

literature [7,36]. However, it is difficult to stabilize the discharge at lower power in the original 561 

reactor without rings. Therefore, another advantage of a reactor configuration with rings is to help 562 

stabilize the discharge at lower power. 563 

In addition to the above dry reforming processes, and in order to verify whether the DBD reactor 564 

with rings can also be applied to other plasma-based reactions, we performed experiments for CO2 565 

decomposition at 30 W in the reactor with and without 3.2 mm rings. As shown in Fig. S9, the 566 

conversion of CO2 in the reactor with rings is again higher than in the reactor without rings, 567 

indicating that this DBD reactor design has the potential to be extended to other plasma-based 568 

processes. More in-depth research and analysis on CO2 decomposition and other processes could 569 

be the subject of future work, to get more insights in the underlying mechanisms. 570 

4 Conclusion 571 

In this study, we put stainless steel rings over the inner electrode rod of a cylindrical DBD 572 

reactor, to change the local discharge gap and the electric field, and to study the dry reforming 573 

performance. A varying number of rings with cross-sectional diameters of 1.6 mm and 3.2 mm 574 

(leading to 3.1 mm and 1.5 mm discharge gaps) were used, and experiments were carried out at 50 575 

W and 30 W supplied power. We found that at 50 W, the stainless steel rings mainly have negative 576 

effects on the performance, while at 30 W, the rings greatly improve the performance, both in terms 577 

of reactant conversion and energy yield. The reactor with 20 rings with 3.2 mm diameter showed 578 

the best performance. Compared to the reactor without rings, it increases the CO2 conversion from 579 

7.1% to 16.3 %, the CH4 conversion from 11.9% to 22.5%, and the energy yield from 0.05 mmol/kJ 580 

to 0.10 mmol/kJ (0.19 mmol/kJ if it was calculated from the plasma power). All reactors with rings 581 

have higher energy yield at 30 W than at 50 W.  582 

Since the rings are made of similar material as the inner electrode and with small surface area, 583 

we believe that the rings mainly cause physical effects on the discharge, and catalytic effects are 584 

not considered. The difference in performance caused by the rings can be understood from studying 585 

the electrical characteristics. The presence of the stainless steel rings changes the electric field 586 

distribution in the reactor. The discharge gap is smaller where the rings are placed, increasing the 587 

local electric field. Through electrical characterization, it was found that the displaced charge and 588 

the discharge fraction, which can improve the conversion and energy yield of plasma-based dry 589 

reforming, increase with the number and the cross-sectional diameter of rings at the same energy 590 

input. This is the reason that the 3.2 mm rings always exhibit higher performance than the 1.6 mm 591 

rings. The non-uniform discharge gap caused by the rings makes the discharge more stable and 592 

more uniform in intensity, although its spatial distribution may be non-uniform. This spatial non-593 

uniformity was reduced by placing more rings, while the positive effects such as displaced charge 594 

were enhanced, leading to better performance in reactors with more rings. At 30 W supplied power, 595 

the metal rings can stabilize the discharge and have a greater improvement in the discharge than at 596 

50 W, and thus yield better performance. Moreover, the effect of the stainless steel rings on the 597 

discharge can also alter the selectivity of some products. The largest impact on selectivity is 598 

however caused by lowering the supplied plasma power to 30W, increasing the selectivity of e.g. 599 

methanol and ethane. 600 

Besides dry reforming, the performance differences by placing metal rings in the DBD reactor 601 

to alter the discharge gap distribution may be applicable to other plasma-based processes as well. 602 

In addition, in plasma catalysis, the metal active components on the catalyst surface can also change 603 

the discharge gap and electric field distribution in the reactor, and the effects mentioned above 604 

might also play some role there. Catalyst studies to improve the conversion and selectivity of 605 



plasma reactions need to consider not only its catalytic activity, but also these effects on the 606 

discharge behavior. 607 
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