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Abstract 30 

In this study, plasma-catalytic reforming of simulated biogas for the production of value-31 

added fuels and chemicals (e.g. H2) has been carried out in a coaxial dielectric barrier 32 

discharge (DBD) plasma reactor. The influence of four Ni catalysts (Ni/γ-Al2O3, Ni/MgO, 33 

Ni/SiO2 and Ni/TiO2) on the plasma-catalytic biogas reforming has been investigated in terms 34 

of the conversion of reactants, the yield and selectivity of target products, the carbon 35 

deposition on the catalysts and the energy efficiency of the plasma-catalytic process. The use 36 

of plasma combined with these Ni catalysts enhanced the performance of the biogas 37 

reforming. A maximum CO2 conversion of 26.2% and CH4 conversion of 44.1% were 38 

achieved when using the Ni/γ-Al2O3 catalyst at a specific energy density (SED) of 72 kJ l
-1

. 39 

Compared to other Ni catalysts, placing the Ni/γ-Al2O3 catalyst in the DBD produced more 40 

syngas and C3-C4 hydrocarbons, but less C2H6. The lowest energy cost (EC) for biogas 41 

conversion and syngas production, as well as the highest energy efficiency and fuel 42 

production efficiency (FPE), were achieved when using the Ni/γ-Al2O3 catalyst in the plasma 43 

process. The Ni/γ-Al2O3 catalyst also showed the lowest surface carbon deposition of 3.8%, 44 

after catalysing the plasma biogas reforming process for 150 min at a SED of 60 kJ l
-1

. 45 

Compared to other Ni catalysts, the enhanced performance of the Ni/γ-Al2O3 catalyst can be 46 

attributed to its higher specific surface area, higher reducibility and more, stronger basic sites 47 

on the catalyst surface.  48 

 49 
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1. Introduction 52 

Biogas is considered a promising renewable energy source that could respond to the vital 53 

societal need for an increase in the sustainability of energy production which is required to 54 

combat climate change. Biogas mainly consists of methane (50-75%) and carbon dioxide (25-55 

50%), and can be produced from the anaerobic digestion of biomass, landfill and wastewater 56 

treatment. The United Kingdom is currently the second largest biogas producer in Europe.
[1]

 57 

Biogas can be used for the generation of electricity and heating but suffers from high 58 

emissions and a low heating value due to its high CO2 content. Biogas upgrading is a process 59 

which removes CO2, generating a CH4-rich biogas that can be used as a substitute for natural 60 

gas in a wide range of applications. However, separating CO2 from biogas is an energy 61 

intensive and costly process. Catalytic reforming of biogas without prior CO2 separation (also 62 

called dry reforming of methane) represents an effective and sustainable route to produce 63 

syngas (a mixture of CO and H2), which is an important chemical feedstock for the production 64 

of liquid fuels and can also be used in fuel cells.  65 

1

4 2 2CH CO 2H 2CO 247kJ molH      (1) 66 

However, one of the major challenges in the conventional catalytic biogas reforming 67 

process is the high energy cost as elevated process temperatures (>700 
o
C) are required to 68 

obtain reasonable conversions of biogas and yields of syngas in this highly endothermic 69 

reaction. In addition, rapid deactivation of reforming catalysts due to carbon deposition on the 70 

catalyst surface limits the use of this process on a commercial scale.  71 

The non-thermal plasma process offers an attractive alternative to the conventional catalytic 72 

route for biogas reforming at low temperatures. In non-thermal plasmas, there is a significant 73 

difference in the temperature between the electrons and heavy particles. The overall gas 74 

kinetic temperature of a plasma can be as low as room temperature, while the produced 75 

electrons are highly energetic (e.g., 1-10 eV) and can break most chemical bonds within 76 

molecules (e.g. CH4) as well as producing a variety of chemically reactive species: free 77 



radicals, excited atoms, ions and molecules for the initiation and propagation of chemical 78 

reactions.
[2, 3]

 The non-equilibrium character of such plasmas could overcome thermodynamic 79 

barriers in chemical reactions and enable thermodynamically unfavourable reactions (e.g. 80 

biogas reforming) to occur under ambient conditions. High reaction rate and fast attainment of 81 

steady state in plasma processes allows rapid start-up and shutdown of the process compared 82 

to other thermal processes, which significantly reduces the energy cost and offers a promising 83 

route for industrial applications.  84 

The combination of non-thermal plasma and catalyst, known as plasma-catalysis, has great 85 

potential to generate a low temperature synergistic effect as a result of the interactions 86 

between the plasma and catalyst. It can also lower the activation energy of the catalyst, as 87 

well as improve its activity and stability.  This can result in the enhancement of reactant 88 

conversion, selectivity and yield of end-products and the energy efficiency of the process.
[4, 5]

 89 

Previous works have shown that catalysts can be easily integrated with a dielectric barrier 90 

discharge (DBD) system for gas conversion and fuel production.
[6-8]

 Moreover, DBD has been 91 

proven to be a successful technology for ozone generation and gas clean-up on an industrial 92 

scale.
[9, 10]

  93 

Zeolites and metal catalysts have been used before in plasma-catalytic dry reforming of CH4, 94 

such as Zeolite 3A,
[11]

 NaX and NaY,
[12, 13]

 Ni/γ-Al2O3,
[8, 14-17]

 Ag/Al2O3,
[18]

 Pd/Al2O3,
[18, 19]

 95 

Cu-Ni/Al2O3,
[20]

 Cu/Al2O3,
[17, 19]

 Co/γ-Al2O3,
[17]

 Mn/γ-Al2O3,
[17]

 Fe/Al2O3,
[21]

 La2O3/γ-96 

Al2O3,
[22]

 LaNiO3,
[23]

 and LaNiO3@SiO2.
[24, 25]

 Ni/γ-Al2O3 has been the most commonly used 97 

catalyst in the plasma-catalytic reforming process, while γ-Al2O3 has been the most frequently 98 

used support for the preparation of these metal catalysts. Clearly, compared to thermal 99 

catalytic dry reforming of methane, a very limited number of catalysts have been evaluated 100 

for use in the plasma-catalytic methane reforming reaction. Furthermore, the synergistic effect 101 

from the combination of plasma and these catalysts has not been fully investigated and 102 

understood. Moreover, very few works have been devoted to the modification of Ni catalysts 103 



(e.g. using different supports or promoters) to further enhance their catalytic activity in the 104 

plasma-catalytic dry reforming process. For instance, the catalyst support has been reported to 105 

play a key role in determining the surface area, acid-base properties, pore properties and metal 106 

dispersion of a catalyst. These catalyst properties consequently affect the activity and stability 107 

of the catalyst in methane reforming reactions.
[26]

 Different supports (e.g. γ-Al2O3, MgO, SiO2, 108 

TiO2, etc.) have been widely used in thermal-catalytic dry reforming of CH4,
[26, 27]

  however 109 

to the best of our knowledge, far less research has been conducted to understand the effect of 110 

different supported Ni catalysts on the plasma reforming of biogas. The fundamental 111 

understanding of the catalyst properties in the plasma-catalytic reforming process is still very 112 

limited. Therefore, it is important to get new insights into the roles of different catalyst 113 

supports in the plasma biogas reforming and to establish a relationship between the plasma 114 

reforming performance and catalyst properties.  115 

In this work, plasma-catalytic reforming of biogas over four Ni catalysts supported on 116 

different compounds (γ-Al2O3, MgO, SiO2 and TiO2) has been investigated in a coaxial DBD 117 

reactor. The effect of these catalysts on the plasma biogas reforming as a function of specific 118 

energy density (SED) is evaluated in terms of the conversion of reactant gases, the yield and 119 

selectivity of gas products, the carbon deposition on the spent catalysts and the energy 120 

efficiency of the plasma-catalytic reforming process. Different catalyst characterization 121 

including N2 adsorption-desorption, X-ray diffraction (XRD), temperature-programmed 122 

desorption of CO2 (CO2-TPD), temperature-programmed reduction by H2 (H2-TPR) and 123 

thermo-gravimetric analysis (TGA), has been used to understand the effect of catalyst 124 

properties on the plasma reforming of biogas.  125 

 126 



2. Experimental  127 

2.1 Catalyst preparation and characterisation 128 

The Ni catalysts on different supports (γ-Al2O3, MgO, SiO2 and TiO2, Aladdin®  China) 129 

with a Ni loading of 10 wt.% were prepared by incipient wetness impregnation using 130 

Ni(NO3)2
.
6H2O as the metal precursor. The appropriate weight of support (1 mm diameter 131 

beads) was added to the metal precursor solution and impregnated for 12 hours. After that the 132 

solution was evaporated at 80 
o
C for 4 h and dried at 110 

o
C overnight, followed by 133 

calcination in air at 400 
o
C for 4 h.  134 

To understand the surface properties of the catalysts, N2 adsorption-desorption isotherms 135 

were carried out at 77 K to measure the pore size and specific surface area of the catalysts 136 

using a surface area analyzer (Quantachrome NOVA 4200e). Before each measurement, the 137 

samples were outgassed at 300 
o
C for 2 h under vacuum to remove moisture and other 138 

adsorbed gases. XRD patterns of the catalyst samples were recorded by an X-ray 139 

diffractometer (Rigaku, SmartLab) equipped with Cu-Kα radiation (40 kV tube voltage and 140 

40 mA tube current) in the scanning range 2θ between 10
o
 and 80

o
. The amount of basic sites 141 

on the catalysts was determined by temperature-programmed desorption of CO2 using a fully 142 

automated chemisorption analyzer (AutoChem II 2920). The CO2 adsorption was carried out 143 

at room temperature for 30 min using a CO2/He gas mixture (V/V, 10/90) with a flow rate of 144 

50 ml min
-1

. Afterwards, the TPD-CO2 signal was recorded with the temperature increasing 145 

from 40 
o
C to 700 

o
C at a heating rate of 10 

o
C min

-1
. The reducibility of the catalysts was 146 

evaluated by H2-TPR using the same automated chemisorption analyzer. Prior to each run, the 147 

90 mg catalyst sample was pre-treated at 200 
o
C for 40 min under Ar flow to remove 148 

physically adsorbed and/or weakly bound species. After cooling to room temperature, the 149 

sample was heated from 20 
o
C to 800 

o
C with a heating rate of 10 

o
C min

-1
 using a CO2/Ar 150 

gas mixture (V/V, 10/90) with a flow rate of 30 ml min
-1

. The coke deposition on the spent 151 

catalysts was analysed by the thermo-gravimetric analysis in air atmosphere using a TA 152 



Instruments SDT-Q600. Each spent catalyst (20 mg) was heated from 30 °C to 800 
o
C at a 153 

heating rate of 10 
o
C min

-1
 with an air flow of 30 ml min

-1
.  154 

 155 

2.2 Experimental setup 156 

The experiments were carried out in a coaxial DBD reactor, as shown in Figure 1. A 10 cm 157 

long stainless steel mesh was wrapped around a quartz tube with an external diameter of 25 158 

mm and an inner diameter of 22 mm. A stainless steel rod with an outer diameter of 17 mm 159 

was placed in the centre of the quartz tube and acted as an inner electrode. As a result, the 160 

discharge gap was 2.5 mm with a discharge volume of 15.3 ml. The inner electrode was 161 

connected to a high voltage output and the outer electrode was grounded via an external 162 

capacitor Cext (0.47 μF). CO2 and CH4 gas mixture with a molar ratio of 1:1 was used as the 163 

simulated biogas. The feed flow rate of the simulated biogas was fixed at 50 ml min
-1

. 0.5 g of 164 

Ni catalyst pellets (1 mm in diameter) were placed along the bottom of the DBD reactor in the 165 

discharge region, partially filling the discharge gap. This partial packing method has been 166 

shown to enhance plasma-catalyst interactions and plasma chemical reactions in previous 167 

studies.[6, 8] Prior to the plasma-catalytic biogas reforming reaction, the supported Ni catalyst 168 

pellets were in-situ reduced in an Ar-H2 discharge for 30 min in the same DBD reactor. The 169 

discharge power was 50 W, with a total flow rate of 50 ml min
-1

 (20 vol.% H2). The plasma 170 

reforming reaction was carried out after the reduced catalyst had cooled down to room 171 

temperature in the Ar atmosphere.  172 

 173 



 174 

Figure 1. Schematic of the experimental setup. 175 

 176 

The DBD reactor was connected to an AC high voltage power supply with a maximum 177 

peak voltage of 30 kV and a frequency range of 5-20 kHz. The applied voltage (Ua) was 178 

measured by a high voltage probe (Testec, HVP-15HF), whilst the current (It) was recorded 179 

by a current monitor (Bergoz CT-E0.5). The voltage (Uc) on the external capacitor was 180 

measured to obtain the charge generated in the discharge. All the electrical signals were 181 

sampled by a four-channel digital oscilloscope (TDS2014). The discharge power was 182 

obtained by the area calculation of the Q-U Lissajous figure. A homemade online power 183 

measurement system was used to monitor and control the discharge power in real time. 184 

The specific energy density of the plasma reactor can be determined by  185 

 
 

 
-1

1

60 W
SED kJ L

mlmin

P

q 


  (2) 186 

where P and q are the discharge power and total feed flow rate, respectively. 187 

The gas temperature in the DBD reactor was measured by a fiber optical temperature probe 188 

(Omega, FOB102) inserted into the discharge area through a hole in the quartz tube. The feed 189 



and product gases were analyzed by a two-channel gas chromatograph (Shimadzu GC-2014) 190 

equipped with a flame ionization detector (FID) and a thermal conductivity detector (TCD). 191 

The GC was calibrated for a wide range of concentrations for each gaseous component using 192 

standard gas mixtures (Air Liquid) and other calibrated gas mixtures. An hour after the 193 

system had reached a steady state, gas products were sampled and measured three times. CO2 194 

conversion, CH4 conversion and total carbon conversion are defined as  195 

 
 

 2

-1

2

CO -1

2

CO converted mol s
% 100

CO input mol s
C    (3)

 

196 

 
 

 4

-1

4

CH -1

4

CH converted mol s
% 100

CH input mol s
C    (4) 197 

 
2 2 4 4TC CO CO CH CH%C x C x C      (5) 198 

where 
2COx and 

4CHx are the percentage concentration of CO2 and CH4 in the gas mixture, 199 

respectively. 200 

The selectivities (S) and yields (Y) of the main reforming products are calculated by 201 

 
 

 2

-1

2

H -1

4

H produced mol s
% 100

2 CH converted mol s
S  


 (6) 202 

 
 

   

-1

CO -1 -1

4 2

CO produced mol s
% 100

CH converted mol s CO converted mol s
S  


 (7) 203 

 
 

   

-1

C H -1 -1

4 2

C H  produced mol s
% 100

CH converted mol s CO converted mol sx y

x yx
S


 


  (8) 204 

 
 
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-1

2

H -1

4

H produced mol s
% 100

2 CH input mol s
Y  


 (9) 205 

 
 

   

-1

CO -1 -1

4 2

CO produced mol s
% 100

CH input mol s CO input mol s
Y  


 (10) 206 

The carbon balance (B) of the plasma biogas reforming process is determined as follows: 207 



 
       

   

-1 -1

4 2 2 3 4

Carbon -1

4 2

CH CO unconverted mol s CO 2 C 3 C 4 C produced mol s
% 100

CH CO input mol s
B

       
 


208 

  (11) 209 

To evaluate the energy efficiency of the plasma biogas reforming process, the energy cost 210 

(EC) for CO2 conversion (
2COEC ), CH4 conversion (

4CHEC ) and total carbon conversion 211 

( TCEC ) are defined as follows:  212 

 
 

   2

2

-1

CO -1

2 CO

Discharge power kW
EC MJ mol

1000 CO input mol s %C


 
 (12) 213 

 
 

   4

4

-1

CH -1

4 CH

Discharge power kW
EC MJ mol

1000 CH input mol s %C


 
 (13) 214 

 
 

      
-1

TC -1 -1

4 2 TC

Discharge power kW
EC MJ mol

1000 CH input mol s CO input mol s %C


  
 (14) 215 

The energy cost for the production of H2 (
2HEC ) and syngas (

SyngasEC ), the energy 216 

efficiency (EE) and the fuel production efficiency (FPE) are determined by:   217 

 
 

 2

-1

H -1

2

Discharge power kW
EC MJ mol

1000 H produced mol s



 (15) 218 

 
 

    
-1

Syngas -1 -1

2

Discharge power kW
EC MJ mol

1000 H produced mol s CO produced mol s


 
  (16) 219 

 
   

 

-1 -1

4 2-1
CH converted mol s CO converted mol s

EE mmol kJ
Power W


  (17) 220 

 
   

     

-1 -1

-1 -1

4 4

fuelproduced mol s LHV kJ mol
FPE % 100

CH converted mol s LHVof CH kJ mol Dischargepower kW


 

 


 (18) 221 

where LHV is the low heating value of the fuel, as shown in Table 1. 222 

 223 

Table 1. LHV of different fuels (kJ mol
-1

, 25 
o
C). 

[28]
 224 

Fuel CH4 C2H6 C2H4 C2H2 C3H8 C4H10 CO H2 



LHV 802.3 1437.2 1323.8 1256.2 2044.2 2659.3 283.2 241.8 

 225 

 226 

3. Results and discussion 227 

3.1 Catalyst characterization 228 

3.1.1 Surface structure of the catalysts 229 

Table 2 lists the physicochemical properties of the fresh Ni catalysts. Clearly, the Ni/γ-230 

Al2O3 catalyst shows the highest specific surface area at 268.0 m
2
 g

-1
 and largest pore volume 231 

at 0.39 cm
3
 g

-1
, followed by the Ni/MgO, Ni/SiO2 and Ni/TiO2 catalysts. The specific surface 232 

area of the Ni/γ-Al2O3 catalyst is more than twice that of the Ni/TiO2 catalyst, whilst the 233 

Ni/TiO2 catalyst has the largest pore diameter at more than double the value of the Ni/γ-Al2O3 234 

catalyst.  235 

 236 

Table 2. Physicochemical properties of the Ni catalysts  237 

Sample SBET (m
2
 g

-1
) Pore volume (cm

3
 g

-1
) 

Average pore 

diameter (nm) 

Ni/γ-Al2O3 268.0 0.39 3.80 

Ni/MgO 193.8 0.36 4.25 

Ni/SiO2 166.4 0.33 6.73 

Ni/TiO2 103.6 0.26 7.84 

  238 

Figure 2 shows the XRD patterns of the fresh Ni catalysts. The NiO peaks are clearly 239 

shown in the XRD spectra of the Ni/γ-Al2O3, Ni/SiO2 and Ni/TiO2 catalysts. For the Ni/MgO 240 

catalyst, it is well known that both NiO and MgO have a NaCl-lattice structure. It is difficult 241 

to distinguish NiO peaks from MgO peaks due to similar dimensions of their respective unit 242 

cells.
[29]

 However, for the Ni catalysts calcined at 400 
o
C, the NiO species could only partially 243 



be incorporated into the lattice of the MgO support, whilst the remaining NiO exists in the 244 

form of free NiO on the catalyst surface due to weak interactions between MgO and the Ni 245 

precursor.
[30]

 Previous works showed that NiO on the catalyst surface can be reduced to Ni by 246 

low temperature Ar-H2 plasmas.
[17, 31]

 Compared to the Ni/MgO, Ni/SiO2 and Ni/TiO2 247 

catalysts, the NiO peaks in the XRD pattern of the Ni/γ-Al2O3 catalyst are weaker and broader, 248 

indicating that NiO might be dispersed to a greater extent on the surface of the Ni/γ-Al2O3 249 

catalyst.  250 

 251 

 252 

Figure 2. XRD patterns of supports and fresh catalysts. 253 

 254 

3.1.2 CO2-TPD 255 

It has been reported that CO2 adsorbed on weak basic sites of a catalyst is desorbed at low 256 

temperatures, while CO2 adsorbed on strong basic sites is desorbed at high temperatures.
[32]

 257 

Generally, the weak, intermediate, strong and very strong basic sites on the catalyst surface 258 

correspond to the peaks within the temperature ranges of 20-150 
o
C, 150-300 

o
C, 300-450

 o
C 259 

and > 450 
o
C in a CO2-TPD profile, respectively.

[32]
 The number of basic sites on the catalyst 260 

surface can be estimated from the area under their CO2-TPD curves.
[32]

 Figure 3 shows the 261 



CO2-TPD patterns of the fresh Ni catalysts. Clearly, the Ni/γ-Al2O3, Ni/MgO and Ni/SiO2 262 

catalysts show three CO2 desorption peaks: the first two peaks are centred at 50-100 
o
C and 263 

120-200 
o
C, indicating the formation of weak basic sites on the catalyst surface, whilst the 264 

third one at 300 - 500 
o
C can be attributed to the generation of strong basic sites. The peak 265 

area associated to the strong basic sites on the Ni/γ-Al2O3 catalyst is much larger than that of 266 

the Ni/MgO and Ni/SiO2 catalysts, which suggests that more strong basic sites are formed on 267 

the surface of the Ni/γ-Al2O3 catalyst. In contrast, the Ni/TiO2 catalyst only shows a weak 268 

CO2 desorption peak at 50-100 
o
C. These results indicate that the Ni/γ-Al2O3 catalyst has the 269 

highest number of strong basic sites, followed by the Ni/MgO, Ni/SiO2 and Ni/TiO2 catalysts. 270 

CO2 chemisorption and activation, which are beneficial for improving the conversions of CO2 271 

and CH4, occur to a greater extent when the catalyst contains strong basic sites. In addition, 272 

adsorbed CO2 on the catalyst surface may eliminate carbon deposition as the presence of 273 

surface oxygen from acidic CO2 can result in carbon gasification;
[33, 34]

 thus, the Ni/γ-Al2O3 274 

catalyst is expected to have a higher catalytic performance and coke resistance in comparison 275 

to the other catalysts. 276 

 277 

 278 

Figure 3. CO2-TPD patterns of the Ni catalysts. 279 



 280 

 281 

3.1.3 H2-TPR 282 

Figure 4 shows the H2-TPR profiles of the Ni catalysts. The Ni/γ-Al2O3 catalyst exhibits 283 

two major peaks: the first peak at 380 
o
C is related to the reduction of bulk NiO, while the 284 

second peak at 570 
o
C can be ascribed to the reduction of NiO due to the medium-strength 285 

interaction with the γ-Al2O3 support. NiAl2O4 is generally formed in high temperature (> 700 286 

o
C) calcination due to strong interactions between Al2O3 support and Ni precursor. In Figure 4, 287 

no peak is associated with the high temperature reduction (> 700 
o
C) of NiAl2O4 due to the 288 

low temperature calcination of these catalysts at 400 
o
C. These findings suggest that NiO 289 

could be dominant on the γ-Al2O3 support. Similarly, two distinct peaks (440 
o
C and 680 

o
C) 290 

in the H2-TPR profile of the Ni/MgO catalyst can also be associated to the reduction of NiO. 291 

The Ni/SiO2 catalyst shows only one low temperature reduction peak at around 375 
o
C, while 292 

the TPR profile of the Ni/TiO2 catalyst exhibits a broad peak between 265-600 
o
C. Cleary, the 293 

H2-TPR profiles of all the catalysts show low temperature peaks related to the reduction of 294 

NiO due to weak and/or intermediate interactions between support and Ni precursor. The 295 

reducibility of the supported Ni catalysts follows the order of Ni/γ-Al2O3, Ni/MgO, Ni/SiO2 296 

and Ni/TiO2. It was reported that the peak area in the H2-TPR profiles is proportional to the 297 

reduced amount of Ni species.
[35]

 Therefore, the Ni/γ-Al2O3 catalyst has the highest amount of 298 

reduced Ni, followed by the Ni/MgO, Ni/SiO2 and Ni/TiO2 catalysts.  299 

 300 



 301 

Figure 4. H2-TPR patterns of the Ni catalysts 302 

 303 

3.2 Plasma-catalytic reforming of biogas 304 

3.2.1 Biogas conversion  305 

The effect of Ni catalysts with different supports on the conversions of CO2 and CH4 as a 306 

function of SED is shown in Figure 5. Both CO2 and CH4 conversions are increased by 307 

increasing the SED, regardless of the catalyst used. In this study, the SED can be controlled 308 

by changing the applied voltage at a fixed frequency and feed flow rate. Increasing the SED 309 

by only raising the applied voltage increases the number of microdischarges and current 310 

intensity in the DBD reactor,
[36]

 which indicates that more reaction channels and electrons 311 

could be formed to activate reactants in the plasma reaction;
[37]

 both of these factors 312 

contribute to the enhancement of the conversion of CO2 and CH4.  313 

 314 



 315 

(a) 316 

 317 

(b) 318 

Figure 5. Effect of different Ni catalysts on (a) CO2 conversion and (b) CH4 conversion as a 319 

function of SED (total feed flow rate: 50 ml min
-1

; CO2/CH4 molar ratio: 1:1). 320 

 321 

In the plasma dry reforming of undiluted CH4 and CO2 in a DBD, the initial reactions for 322 

the conversion of CO2 and CH4 are mainly driven by electron-impact dissociation of CO2 and 323 



CH4 (Equation 19 to 22). More reaction pathways exist for CH4 conversion to generate CH3, 324 

CH2 and CH (Equation 20 to 22), followed by radical recombination reactions to form higher 325 

hydrocarbons or further electron-impact dissociation of radicals.  326 

2CO e CO O e     (19) 327 

4 3CH e CH H e     (20) 328 

4 2 2CH e CH H e     (21) 329 

4 2CH e CH H H e      (22) 330 

CO2 and CH4 can promote the conversion of each other when they are co-fed to a plasma 331 

reactor, compared to the conversion of pure CO2 or CH4.
[38]

 Atomic oxygen species from the 332 

dissociation of CO2 can also break the C-H bond in CH4, as shown in Equation 23, while 333 

hydrogen atoms from CH4 dissociation can facilitate the conversion of CO2 (Equation 24). 334 

However, the rate coefficient of the reaction (Equation 23) is several orders of magnitude 335 

higher than that of the reaction (Equation 24) in the temperature range of 300-2500 K.
[38]

 This 336 

may be one of the reasons for the less pronounced CO2 conversion compared to that of CH4 in 337 

the plasma reforming of biogas. 338 

4 3CH O CH OH   ,    
1.5128.75 10 298 exp 4330k T T      (23) 339 

2CO H OH CO   ,  102.5 10 exp 13300k T     (24) 340 

In addition, recent simulation showed that the following reaction plays a dominant role in 341 

producing CO2 in the plasma dry reforming reaction in a DBD reactor, leading to a lower CO2 342 

conversion compared to the conversion of CH4.
[39]

  343 

2 4 4 2CO CH CH CO     (25) 344 

In comparison to the discharge without a catalyst, the presence of the Ni catalysts in the 345 

DBD increases the amplitude and number of current pulses in the current signals (Figure 6). A 346 

similar phenomenon has also been reported in the previous study.
[8]

 The combination of 347 



plasma and the Ni/γ-Al2O3 catalyst gave the highest CO2 conversion of 26.2% and CH4 348 

conversion of 44.1% at a SED of 72 kJ l
-1

. The catalyst activity for biogas conversion follows 349 

the order: Ni/γ-Al2O3 > Ni/MgO > Ni/SiO2 > Ni/TiO2. Compared to the plasma reforming 350 

without a catalyst, the integration of plasma with the Ni/γ-Al2O3 catalyst enhances the 351 

conversion of CO2 and CH4 by 10.1% and 5.7 %, respectively.  352 

 353 

 354 

Figure 6. Current signals of CO2/CH4 DBD, with and without a catalyst (SED = 60 kJ l
-1

; 355 

total feed flow rate: 50 ml min
-1

; CO2/CH4 molar ratio: 1:1). 356 

 357 

Generally, catalysts with higher specific surface area could provide larger contact area and 358 

more active sites for surface reactions to occur, resulting in higher reaction activity.
[40, 41]

 The 359 

smaller metal particle size on the catalyst surface also plays an important role in reducing 360 

coke deposition on the catalysts and enhancing the reaction performance.
[41, 42]

 Compared 361 

with other Ni catalysts in this work, larger specific surface area and smaller NiO crystalline 362 

size of the Ni/γ-Al2O3 catalyst contribute to higher catalytic performance in the plasma 363 



reforming process. In this process, CO2 reactant molecules can be dissociated to CO while 364 

releasing O atoms, which can enhance the dissociation of CH4 and reduce carbon formation 365 

on the catalyst.
[43]

 The catalysts with a greater number of strong basic sites can enhance the 366 

adsorption of CO2 onto the catalyst surface and hence supply more oxygen species for the 367 

gasification of intermediate carbonaceous species from CH4 decomposition, which 368 

consequently leads to a reduction in carbon deposition on the catalyst surface.
[40]

 Therefore, 369 

the increased presence of strong basic sites on the Ni/γ-Al2O3 catalyst might be another reason 370 

for the higher conversion of CO2 and CH4, compared with the conversions obtained when 371 

using other catalysts.  372 

In thermal catalytic dry reforming of CH4, high temperatures (> 700 
o
C) are required to 373 

activate Ni-based catalysts.
[30]

 The combination of non-thermal plasma and catalyst can lower 374 

the activation barrier of Ni catalysts. In this study, the maximum temperature inside the 375 

plasma-catalytic reactor is lower than 230 
o
C under our experimental conditions. Our previous 376 

thermodynamic equilibrium calculation of dry reforming of CH4 confirmed that the 377 

conversion of CO2 and CH4 was very low (<1%) at low temperatures (e.g. 300 
o
C),

[8]
 which 378 

suggests that extremely low CO2 and CH4 conversions can be obtained in the thermal catalytic 379 

dry reforming reaction below 300 
o
C. These results show a synergistic effect when combining 380 

plasma and different Ni catalysts at low temperatures.  381 

 382 

3.2.2 Production of syngas and C2-C4 hydrocarbons  383 

Figure 7 shows the effect that different Ni catalysts have on the production of syngas. 384 

Clearly, under all the experimental conditions, the yield of CO and H2 is increased by 385 

increasing the SED. At a specified SED, packing the Ni catalysts into the DBD reactor 386 

enhances the yield of CO and H2. The highest yield of CO (16.8%) and H2 (15%) is achieved 387 

at a SED of 72 kJ l
-1

 when the Ni/γ-Al2O3 catalyst is combined with the plasma, followed by 388 

the Ni/MgO, Ni/SiO2 and Ni/TiO2 catalysts, which is in accordance with their activity for the 389 



conversions of CO2 and CH4. Compared with the plasma reforming of biogas without a 390 

catalyst, placing the Ni/γ-Al2O3 catalyst in the DBD enhances the yield of CO and H2 by 9.9% 391 

and 15.9%, respectively.  392 

The combination of plasma and Ni catalysts also increases the selectivity to CO and H2. 393 

This effect differs from previous results reported by Song et al.
[44]

 They found that the 394 

presence of a Ni/Al2O3 catalyst in a DBD reactor slightly decreased the selectivity of H2 but 395 

increased the selectivity of CO in the plasma-catalytic dry reforming of methane, compared to 396 

plasma reforming with no catalyst. In this study, the effect of the catalysts on the selectivity to 397 

CO and H2, from low to high, follows the order of Ni/TiO2 < Ni/SiO2 < Ni/MgO < Ni/γ-Al2O3, 398 

which is in accordance with their effect on the yield of CO and H2 at a specified SED. The 399 

highest selectivity to CO and H2 is 48.8 % and 34.6%, respectively, when the Ni/γ-Al2O3 400 

catalyst is used at a SED of 36 kJ l
-1

. Increasing the SED decreases the selectivity of CO and 401 

H2, regardless of the catalysts used. This phenomenon might be ascribed to the formation of 402 

carbon deposition or of higher hydrocarbons by increasing the SED. Jiang et al also reported 403 

similar evolution in the selectivity to CO and H2 as a function of SED.
[45]

 They found that the 404 

selectivity to CO and H2 decreased from 50.8% and 52.2% to 42.8% and 23.2%, respectively, 405 

when increasing the input power from 100 to 500 W in a plasma-catalytic dry reforming 406 

reaction over a zeolite A catalyst at a total feed flow rate of 200 ml min
-1

 with a CO2/CH4 407 

molar ratio of 1:1.
[45]

 408 

 409 



 410 

(a) 411 

.  412 

(b) 413 



 414 

(c) 415 

 416 

(d) 417 

Figure 7. Effect of different Ni catalysts on the syngas production as a function of SED: (a) 418 

CO yield; (b) CO selectivity; (c) H2 yield; (d) H2 selectivity (total feed flow rate: 50 ml min
-1

; 419 

CO2/CH4 molar ratio: 1:1). 420 

 421 

Figure 8 shows the influence of Ni catalysts with different supports on the selectivity of C2-422 

C4 hydrocarbons. In our experiments, the main C2-C4 hydrocarbons were C2H6, C3H8 and 423 



C4H10, while only a trace amount of C2H2 and C2H4 were formed. The selectivity towards 424 

C3H8 and C4H10 shows an increase when increasing the SED. In contrast, increasing the SED 425 

decreases the selectivity to C2H6. Previous simulation has shown that the reaction (Equation 426 

20) is responsible for 79% of the total electron impact dissociation of CH4,
[46, 47]

 which 427 

generates CH3 as the main radical. C2H6 is mainly formed from the recombination of CH3 428 

radicals through the neutral-neutral reaction (Equation 26). Meanwhile, C2H6 can be 429 

consumed by the reaction with CH3 radicals (Equation 27) or by electron impact dissociation 430 

to form C2H4 or C2H5 (Equation 28 and 29).
[39, 48, 49]

 The produced radicals favour the 431 

formation of other hydrocarbons, such as C3H8 and C4H10, from the neutral-neutral reactions 432 

(Equation 30 and 31). This suggests that increasing the SED results in the decomposition of 433 

C2H6 to form other hydrocarbons, confirmed by the slight increase in the selectivity to C3H8 434 

and C4H10. 435 

3 3 2 6CH CH C H   (26) 436 

3 2 6 2 5 4CH C H C H + CH   (27) 437 

2 6 2 5e + C H e + C H + H  (28) 438 

2 6 2 4 2e + C H e + C H + H  (29) 439 

2 5 3 3 8C H CH C H   (30) 440 

2 5 2 5 4 10C H C H C H   (31) 441 

The highest selectivity towards C3H8 (5.6 %) and C4H10 (4.4 %) is achieved when the Ni/γ-442 

Al2O3 catalyst is placed in the DBD at a SED of 72 kJ l
-1

. In contrast, the presence of the Ni 443 

catalysts in the plasma biogas reforming decreases the selectivity to C2H6. The maximum 444 

C2H6 selectivity of 22.2% is obtained in the plasma reforming without a catalyst at a SED of 445 

36 kJ l
-1

.  446 



 447 

(a) 448 

 449 

(b) 450 



 451 

(c) 452 

Figure 8. Effect of different catalysts on the selectivity to C2-C4 hydrocarbons (a) C2H6; (b) 453 

C3H8; (c) C4H10 (total feed flow rate: 50 ml min
-1

; CO2/CH4 molar ratio: 1:1). 454 

 455 

3.2.3 Carbon balance  456 

Figure 9 shows the carbon balance of the plasma-catalytic biogas reforming using different 457 

Ni catalysts as a function of SED. At a SED of 36 kJ l
-1

, the carbon balance is over 95% 458 

regardless of the catalyst used. Note that increasing the SED decreases the carbon balance in 459 

the plasma reforming of biogas. This might be due to an increase in carbon deposition or to 460 

the formation of higher hydrocarbons (e.g. C5+) and liquid oxygenates.
[50]

 Compared to the 461 

plasma reforming reaction without a catalyst, the combination of plasma and these Ni 462 

catalysts slightly increases the carbon balance, with the exception of the Ni/TiO2 catalyst. The 463 

plasma-catalytic reforming process that uses the Ni/γ-Al2O3 catalyst shows the highest carbon 464 

balance (96.4%) at a SED of 36 kJ l
-1

. This is followed, in decreasing order, by that obtained 465 

when using the Ni/MgO, Ni/SiO2 and Ni/TiO2 catalysts.  466 

 467 



 468 

Figure 9. Effect of different Ni catalysts on the carbon balance of the plasma-catalytic dry 469 

reforming process as a function of SED (total feed flow rate: 50 ml min
-1

; CO2/CH4 molar 470 

ratio: 1:1). 471 

 472 

Figure 10 shows the TG results of the spent Ni catalysts after the plasma-catalytic reaction 473 

had been running for 150 min. The spent Ni/γ-Al2O3 catalyst shows the lowest carbon 474 

deposition of 3.8%, followed by the spent Ni/MgO (4.2%), Ni/SiO2 (4.9%) and Ni/TiO2 475 

(5.3%) catalysts. This might be ascribed to the increased formation of strong basic sites on the 476 

Ni/γ-Al2O3 catalyst (Figure 3). The carbon deposition on these Ni catalysts is not only lower 477 

than that used in thermal catalytic biogas reforming,
[51-53]

 but also lower than the carbon 478 

deposition reported in previous plasma-catalytic dry reforming processes.
[16, 54]

 For instance, 479 

Wang et al reported that the carbon deposition was 5.4% and 11.5% when using reduced and 480 

unreduced Ni/γ-Al2O3 catalysts in the plasma-catalytic dry reforming of CH4 in a DBD 481 

reactor.
[54]

 482 

 483 



 484 

Figure 10. TG results of different Ni catalysts after reaction at a SED of 60 kJ l
-1

 for 150 min. 485 

 486 

3.2.4 Energy performance of the plasma-catalytic process 487 

Figure 11 shows the effect that different supported Ni catalysts have on the energy cost, 488 

energy efficiency and fuel production efficiency of the plasma biogas reforming process at a 489 

SED of 36 kJ l
-1

. The energy cost for CO2 conversion is higher than that for CH4 conversion 490 

in the plasma reforming process both with and without a catalyst. The presence of the Ni 491 

catalysts in the plasma reduces the energy cost for biogas conversion. When the Ni/γ-Al2O3 492 

catalyst is used, the lowest energy cost for CO2 conversion, CH4 conversion and total carbon 493 

conversion is 9.9 MJ mol
-1

, 6.2 MJ mol
-1

 and 3.8 MJ mol
-1

, respectively, 5-7.5% lower in 494 

comparison to the plasma biogas reforming without a catalyst. Similarly, the Ni/γ-Al2O3 495 

catalyst also shows the lowest energy cost for syngas production. The combination of plasma 496 

with the Ni catalysts also enhances the energy efficiency and fuel production efficiency of the 497 

plasma reforming of biogas. The highest energy efficiency (0.263 mmol kJ
-1

) and fuel 498 

production efficiency (10.4%) are achieved when the Ni/γ-Al2O3 catalyst is partially packed 499 

into the DBD reactor.  Both values are higher than those obtained for the plasma biogas 500 

reforming without a catalyst. 501 



 502 

 503 

(a) 504 

 505 

(b) 506 



 507 

(c) 508 

Figure 11. Effect of different catalysts on (a) the energy cost for CH4 conversion, CO2 509 

conversion and total carbon conversion; (b) the energy cost H2 and syngas production; (c) the 510 

energy efficiency and fuel production efficiency (SED: 36 kJ l
-1

; total feed flow rate: 50 ml 511 

min
-1

; CO2/CH4 molar ratio: 1:1). 512 

 513 

Table 3 shows a comparison of the fuel production efficiency of plasma dry reforming of 514 

CH4 using different catalysts. DBD reactors have been the most commonly used in the 515 

plasma-catalytic reforming of methane as catalysts can be easily integrated with a DBD 516 

reactor, either using a single-stage or a two-stage configuration. DBD systems can be scaled 517 

up by integrating a number of coaxial tubular reactors to increase treatment capacity of the 518 

system for industrial scale applications. This has been successfully demonstrated in large 519 

scale water treatment, gas cleaning and ozone generation.
[10, 55, 56]

 Therefore, only plasma-520 

catalytic dry reforming reactions using DBD plasmas have been included in Table 2. Clearly, 521 

higher discharge power results in higher conversions of CO2 and CH4, but lowers the fuel 522 

production efficiency of the plasma-catalytic process. Higher feed flow rate leads to higher 523 

fuel production efficiency but significantly decreases the conversion of reactants. This trade-524 



off between the discharge power and feed flow rate has also been reported in previous 525 

studies,
[35, 57]

 which suggests that further optimization of the plasma-catalytic system 526 

(including reactor geometry, power supply, operating parameters and catalysts) is required to 527 

overcome this issue. For example, using pulsed power might provide a promising way to 528 

enhance the energy efficiency of the plasma process at a relatively low power and high flow 529 

rate. The combination of the plasma process with a gas separation process might also provide 530 

a solution by recycling unreacted input gases, which could enhance the overall energy 531 

efficiency of the plasma process through a chemical looping process.  532 

In this study, the maximum fuel production efficiency of 10.4% is achieved when the Ni/γ-533 

Al2O3 catalyst is combined with the plasma (without extra heating) at a discharge power of 30 534 

W and a total feed flow rate of 50 ml min
-1

. This value is comparable to the results obtained in 535 

previous works using similar DBDs (Table 3). Zhang et al reported that using a Ni-Cu 536 

bimetallic catalyst (12 wt.%Ni-12 wt.% Cu/γ-Al2O3) in the plasma-catalytic dry reforming of 537 

CH4 showed higher conversions of the reactants (CO2: 75.3%; CH4: 69.8%), and greater 538 

product selectivity (H2: 56.6%; CO: 76.0%) compared with 12 wt.% Ni/γ-Al2O3 and 12 wt.% 539 

Cu/γ-Al2O3 catalysts.
[20]

 However, this experiment was carried out using Ar as the carrier gas 540 

with an extra thermal heating of 450 
o
C. If the energy for heating is considered, the FPE of 541 

this process will be much lower than the value presented in Table 2. In addition, the synergy 542 

between the Ni and Cu species in the Ni-Cu bimetallic catalyst has not been satisfactorily 543 

explained.
[20]

 Zheng et al prepared a core-shell structured LaNiO3@SiO2 nano-particle 544 

catalyst for plasma dry reforming of methane and obtained a high total carbon conversion of 545 

83.0% with a H2 selectivity of 83.7% and a CO selectivity of 92.4%.
[24]

 This reaction was 546 

performed at a high discharge power of 150 W, which lowered the fuel production efficiency 547 

to 7.3%.
[24]

 Goujard et al used a mono-polar pulsed DBD reactor for biogas reforming over a 548 

perovskite LaNiO3 catalyst at a low discharge power (25 W) but with external heating to 600 549 

o
C.

[23]
 The estimated FPE of this process was 8.5 % which could be much lower if we 550 



consider the energy from thermal heating. It was difficult to understand whether the catalyst 551 

was activated by the plasma and/or high temperature heating. Therefore, further optimization 552 

of the plasma-catalytic process for biogas reforming should focus on the development of new 553 

catalysts which are highly active, even at low energy inputs and temperatures, and have high 554 

stability in order to maximize the performance of the plasma-catalytic reforming process and 555 

make it economically feasible.  556 

 557 

Table 3. Comparison of the FPE in different plasma-catalytic reforming processes 558 

Plasma 

reactor  

Discharge 

power 

(W) 

Total feed 

flow rate 

(ml min-1) 

CO2/CH4 

molar 

ratio 

Catalyst  

Conversion (%) 
Selectivity 

(%) ECH2 

(MJ 

mol-1) 

FPE 

(%) 
Ref 

CH4 CO2 Total H2 CO 

DBD 30 50 1:1 
10 wt.% Ni/ 

γ-Al2O3 
26.1 16.3 21.2 34.6 48.8 8.9 10.4 

This 

study 

DBD 500 800 1:1 Zeolite NaX 20.1 15.3 17.7 - 40.1 - 6.4 [12] 

DBD 500 600 1:1 Zeolite NaY 34.7 15.2 25.0 23.2 45.0 13.9 9.3 [13] 

DBD 500 200 1:3 Zeolite A 54.8 25.3 47.4 48.1 26.8 8.5 8.6 [45] 

DBD 130 30 1:1 
7 wt.% Ni/ 

γ-Al2O3 
55.5 32.6 44.0 53.5 63.9 19.6 3.2 [44] 

DBD 50 50 1:1 
10 wt.%Ni/ 

γ-Al2O3  
56.4 30.2 43.3 31.0 52.4 7.7 16.4 [8] 

DBD 60 30 1:1 
12 wt.%Ni-12 wt.% 

Cu/γ-Al2O3 
69.8 75.3 72.6 56.6 76.0 6.8 8.5 [20] 

DBD 150 40 1:1 LaNiO3@SiO2  88.3 77.8 83.0 83.7 92.4 6.8 7.3 [24] 

Pulsed 

DBD 
25 22.5 3:2 Perovskite LaNiO3 54.5 73.0 61.9 38.2 50.4 6.0 8.5 [23] 

 559 

4. Conclusions 560 

In this study, the plasma-catalytic dry reforming of simulated biogas over different 561 

supported Ni catalysts (Ni/γ-Al2O3, Ni/MgO, Ni/SiO2 and Ni/TiO2) has been performed in a 562 

coaxial DBD reactor. The performance of the plasma-catalytic dry reforming process is 563 

enhanced by combining the supported Ni catalysts with DBD plasma. The maximum CO2 564 

mailto:LaNiO3@SiO2


conversion of 26.2% and CH4 conversion of 44.1% are achieved when the Ni/γ-Al2O3 catalyst 565 

is introduced into the DBD reactor at a SED of 72 kJ l
-1

. The highest production of syngas and 566 

C3-C4 hydrocarbons, but the lowest production of C2 hydrocarbon, is observed when the Ni/γ-567 

Al2O3 catalyst is used at a specified specific energy density. Combining the Ni/γ-Al2O3 568 

catalyst with plasma also leads to the lowest energy cost for reactant conversions and syngas 569 

production, as well as the maximum energy efficiency and fuel production efficiency. After 570 

the plasma-catalytic reaction has been running for 150 min at a SED of 60 kJ l
-1

, the carbon 571 

deposition on the spent Ni/γ-Al2O3 catalyst is only 3.8%, which is lower than the conventional 572 

thermal catalytic and previous plasma-catalytic dry reforming processes using similar Ni-573 

based catalysts. Compared to other catalysts, the enhanced plasma catalytic activity of the 574 

Ni/γ-Al2O3 catalyst can be ascribed to its higher specific surface area, higher dispersion and 575 

smaller particle size of NiO, greater number of strong basic sites and its high reducibility.  576 
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