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ABSTRACT: Production of CH4 from CO2 has been established by a pulsed H2 plasma in sub-atmospheric 

pressure range with a use of pair electrodes made of Ni that acts as catalyst for generation of methane in 

carbon dioxide hydrogen gas system. The results are compared with those with pair electrodes made of stainless 

steel. Both of the CH4 production yield and the energy efficiency for CH4 production in the case of Ni electrodes 

are increased roughly by one order of magnitude higher than those with stainless steel electrodes, without a use 

of additional heating system for the electrodes. Synergy effect of plasma and catalyst was observed. 
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I. INTRODUCTION 
Carbon dioxide CO2 has been considered as one of the causes of global warming by absorbing radiation 

within the infrared range. Therefore, the suppression of CO2 emission into the environment is crucial subject that 

must be settled urgently. In order to suppress CO2 emission into the environment from electrical power plants, 

for example, it might be desirable that CO2 is collected and converted to methane before exhausting, if any 

surplus renewable electric power exists. This means that the surplus renewable energy can be stored as methane 

[1-2]. This method is superior to batteries, because the energy stored in methane will be conserved to energy 

without any loss for many years.  

Production of CH4 from CO2 is rather easily established by hydrogen discharge plasmas [3-10]. 

However, a little work has been reported. In most cases, CO2 was reduced by CH4 to produce syngas of CO and 

H2, because methane is also one of the greenhouse gases [11-17]. Eliasson et al. investigated the production of 

CH4 by a dielectric barrier discharge with H2 in detail. Mixed gas of CO2 and H2 was employed for CH4 

production [3]. However, for an efficient formation of methane a new innovative method has been expected.  

The generation of CH4 from CO2 and H2 is known as Sabatier reaction in the chemical engineering 

[18]. By employing catalysis such as Ni, CH4 was generated under high pressure (several atom) and high 

temperature (200- 400 K) condition, where decomposition of CO2 was carried out on the catalysis surface [19-

21]. On the other hand, in a combined system of plasma and catalysis, CO2 can be easily decomposed by plasma 

electrons, together with decomposition of H2. The produced reactive species such as CO
*
 and H2

*
 in the 

discharge might be available for relaxing the severer reaction condition on the catalysis surface in the plasma 

and catalysis reaction system.    

The purpose of this study is to investigate fundamental process of the reduction of CO2 by hydrogen 

radicals that were produced in CO2/H2 discharge [22-25]. Here, a use of Ni catalysis is examined for efficient 

methane production. Our method proposed here is quite unique for a production of reusable organic materials, 

CH4, by using a simple sub-atmospheric pressure CO2/H2 discharges with Ni catalysis. 

 

II. EXPERIMENTAL APPARATUS 
Figure 1 shows a CO2 decomposition device for a sub-atmospheric pressure discharge, consisting of a 

glass tube with a pair of Ni rod electrodes covered by a scrolled Ni mesh. Mixed gas of CO2 and H2 was 

supplied to the glass tube by changing flow rate ratio H2/CO2. The plasma discharge was generated by applying 

square pulse voltage to the electrodes under sub-atmospheric pressure condition. The pulse width is 5 μs. The 

experiment was carried out by changing the discharge parameters such as gas mixture ratio and electric input 

power for the discharge. The gas components before and after the discharge were analyzed by FTIR (Fourier 

transform infrared spectroscopy). The results were evaluated by the following quantities. 

(1) CO2 decomposition ratio α (%) = 1 - [CO2] OUT/[CO2]IN. 

(2) CH4 selectivity β (%) = [CH4]/[all carbon species except CH4].  

(3) CH4 production energy efficiency γ (L/kWh) = [CH4](in litter)/ electric input power for the discharge (kWh). 
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Electric input power was calculated from a time averaged V(t)×I(t) measured directly in the discharge circuit. 

Here, V(t) and I(t) are voltage and current for the discharge at time t, respectively.   

 

 
Fig. 1 Experimental apparatus 

 

III. EXPERIMENTAL RESULTS 
3.1 Gas mixture ratio and total gas pressure dependencies 

Dependences of CO2 decomposition ratio α, methane selectivity β, methane yield α×β, and energy 

efficiency γ on gas mixture ratio H2/CO2 are shown in Fig. 2 with total gas pressure as a parameter. Here, CO2 

flow rate is fixed at 2sccm (standard cubic centimeter per minute). Discharge current and pulse repetition 

frequency are fixed at 50 mA and 7.8 kHz, respectively.  

When total pressure is 1 kPa, CO2 decomposition ratio α becomes about 12 % in the range H2/CO2 = 2 

- 4, then α decreases monotonically with an increase of H2/CO2, as shown in Fig. 2(a). On the other hand, as 

shown in Fig. 2(b), methane selectivity β increases first with an increase of H2/CO2, and finally saturated to be 

about 22 % in the range H2/CO2 > 5. As a result, CH4 yield α×β has a maximum of 2.1 % at H2/CO2 = 4 as 

shown in Fig. 2(c). In this case, the methane production energy efficiency γ attains to about 0.3 L/kWh at 

H2/CO2 = 4 as shown in Fig. 2(d). Basically, similar dependencies of α and β were also obtained in the case of 

total pressure of 10 kPa, as shown in Figs. 2(a) and 2(b), respectively. However, as shown in Fig. 2(c), the 

maximum CH4 yield is much increased to 12.2 % at H2/CO2 = 4, where α and β become 27.2 % and 44.9 %, 

respectively. In this case, the energy efficiency γ attains to the maximum of 1.62 L/kWh at H2/CO2 = 4. 

Therefore, γ at 10 kPa is increased by 5.4 times, compared to that at 1 kPa. Therefore, sub-atmospheric pressure 

(10 kPa) discharge is preferable for an efficient CH4 production.  

 

 
Fig. 2 Dependences of (a) CO2 decomposition ratio α, (b) CH4 selectivity β, (c) CH4 yield α×β, and (d) energy 

efficiency γ on gas mixture ratio H2/CO2 with total gas pressure as a parameter. 



American Journal of Engineering Research (AJER) 2016 
 

 
w w w . a j e r . o r g  
 

Page 121 

 
Fig.3 Dependences of CO2 decomposition ratio α, CH4 selectivity β, CH4 yield α×β, and energy efficiency γ on 

discharge input power at total pressure 10 kPa with gas mixture ratio H2/CO2 = 4. 

 

3.2  Discharge power dependency 

Fig. 3 shows dependences of CO2 decomposition ratio α, methane selectivity β, methane yield α×β, and 

energy efficiency γ on discharge input power at total pressure 10 kPa with gas mixture ratio H2/CO2 = 4. The 

CO2 decomposition ratio α increases with input power, as shown in Fig. 3(a), where, on the contrary, methane 

selectivity β monotonically decreases with input power. Therefore, CH4 yield α×β has a maximum of 16.5 % at 

input power of 10W, as shown in Fig. 3(b), where α and β become 50.2 % and 32.8 %, respectively. As a result, 

the energy efficiency becomes the maximum of 1.8 L/kWh at input power of 10 W, as shown in Fig. 3(b). 

 

3.3  Effect of Ni catalyst 

The results shown in Figs.2-3 were obtained with a use of a Ni electrode covered with a scrolled Ni 

mesh. In order to verify the catalysis effect of Ni, similar experiments are performed by using a stainless steel 

(SUS) electrode covered with a scrolled stainless steel (SUS) mesh. Both results are compared in Fig. 4 with 

metal species as a parameter. In the case of SUS, CO2 decomposition ratio α gradually increases with input 

power as shown in Fig. 4(a), and α becomes 29.2 % at input power 20 W. On the other hand, methane selectivity 

β was not much decreased with input power as shown in Fig. 4(b), and β becomes 14.1 % at input power 20W. 

As a result, methane yield α×β and energy efficiency γ became maxima 4.1 % and 0.25 L/kWh at input power 

20 W, as shown in Figs. 4(c) and 4(d), respectively. However, in the case of Ni, CO2 decomposition ratio α 

increases largely with an increase of input power up to10 W, then gradually increases in the power range larger 

than 10 W, as shown in Fig. 4(a). On the other hand, methane selectivity β was much increased first to 43.2 % at 

7 W. However, β was fairly decreased with input power, as shown in Fig. 4(b). As a result, methane yield α×β 

and energy efficiency γ became maxima 16.2 % and 1.8 L/kWh at input power 10 W, as shown in Figs. 4(c) and 

4(d), respectively. From these results, it is shown that methane production yield and energy efficiency were 

much increased by using the Ni electrode covered with a scrolled Ni mesh, compared to those of the SUS 

electrode covered with a scrolled SUS mesh. In the next section, the catalysis effect of Ni is discussed.  

 

 
Fig. 4 Comparison of (a) CO2 decomposition ratio α, (b) CH4 selectivity β, (c) CH4 yield α×β, and (d) energy 

efficiency γ on discharge input power between Ni and SUS electrodes covered with mesh. Total pressure is 10 

kPa and gas mixture ratio is H2/CO2 = 4. 

 

IV. DISCUSSION 
First, we will discuss about optimum gas mixture ratio H2/CO2 for methane production shown in Fig. 2. 

When gas mixture ratio is H2/CO2 < 4, the amount of H2 radical for CH4 production is insufficient. So, β 

increases with H2/CO2, while α remains almost constant. However, when H2/CO2 > 4, relative energy for CO2 

decomposition decreases by an increase of amount of H2, together with a decrease of residence time due to an 
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increase of total flow rate.  So, α decreases with H2/CO2, while β remains almost constant. As a result, optimum 

condition was obtained at H2/CO2 = 4. This ratio is consistent with a stoichiometry gas mixture ratio H2/CO2 = 4 

in the reaction CO2 + 4H2 → CH4 + 2H2O. This property was not changed by the change of total pressure. 

However, methane yield α×β and energy efficiency γ became large at higher sub-atmospheric pressure because 

of increases of reactive radical density and their collision frequency among the radicals. So, chemical reactions 

for CH4 production are promoted in the higher sub-atmospheric pressure. 

Energy that CO2 receives from plasma increases with electric input power. Therefore, CO2 

decomposition ratio α increases with input power. However, when input power further increases, CH4 generated 

in plasmas is re-decomposed because of excessive energy. Therefore, CH4 selectivity β decreases. Further, a 

reversal reaction described below will be important when the electrode temperature is increased in higher input 

power regime. 

Methane production takes place basically in the space of discharge, where CO2 is decomposed to CO + 

O by plasma electrons. Then, CO is reduced by H* and H2* radicals for the generation of CH4 and 2H2O in the 

plasma space. On the other hand, when a catalysis is introduced in the discharge, some amount of CO2 and CO, 

arriving at catalysis surface, can be decomposed to CO + O and C + O on the surface, respectively, then finally 

both of them are reduced by H2 and desorbed through the reactions C + 2H2 → CH4 and O + H2 → H2O, 

respectively. Therefore, components of CO2 and CO in the space of discharge are decreased. Conversely, CH4 

yield is increased. As a result, both of CO2 decomposition ratio α and methane selectivity β are increased. For 

such a catalysis, Ni is considered, rather than Fe, because oxidization potential of Ni is lower than that of Fe. 

Therefore, desorption of decomposed C and O from Ni surface by hydrogen reduction would be easier than 

those from SUS surface. Note that stainless steel (SUS) is an alloy steel which contains Fe (iron) as a main 

component (50% or more) and contains Cr (chromium not less than 10.5%) that has also large oxidization 

potential. As a reason of such abrupt decrease of β accompanied by an increase of α, it is considered that a 

reversal reaction, C + CO2 → 2CO, has proceeded on Ni surface in the higher input power range with higher 

electrode temperature. The differences of α and β between Ni and SUS in Figs. 4(a) and 4(b), respectively, were 

considered as a difference of catalysis effect of Ni and SUS. Both of CH4 production yield and energy efficiency 

for CH4 production in the case of Ni electrodes are increased, being roughly by one order of magnitude higher 

than those with stainless steel electrodes, without a use of additional heating system for the Ni electrodes. 

Synergy effect of plasma and catalyst was observed. 
 

V. CONCLUSION 
In this study, CH4 generation from CO2 using sub-atmospheric pressure H2 plasmas was investigated 

under several discharge conditions. CO2 decomposition ratio α and CH4 yield α×β reached the maxima at 

H2/CO2 ≈ 4, then decreased with an increase of H2/CO2. Favorable results were obtained in a range of sub-

atmospheric pressure. CO2 decomposition ratio α raised monotonically with an increase of input power. On the 

other hand, CH4 selectivity β simply diminished with power. CH4 yield α×β and energy efficiency γ reached 

peak values at input power 10 W and gas mixture ratio H2/CO2 = 4 in the case of Ni electrode. Under optimum 

conditions, maxima of CH4 yield α×β and energy efficiency γ became 16.0 % and 1.80 L/kWh, respectively, 

where CO2 decomposition ratio α and CH4 selectivity β  become 41.9 % and 38.2 %, respectively, by using the 

Ni electrode. Catalysis effect of Ni is found to be effective for an increase of CO2 decomposition ratio α, 

methane selectivity β, and energy efficiency γ for methane production.  
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