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Abstract 

 

This thesis presents the experimental study of nonthermal plasma-enabled methane dry 

reforming (CH4 + CO2 → 2H2 + 2CO), aiming for providing deep insight into plasma-catalyst 

interfacial physicochemical phenomena. The DBD (dielectric barrier discharge) provides 

vibrationally excited species by low-energy electron impact. Firstly, oxidation behavior of 

Ni/Al2O3 catalyst was clarified that DBD-activated CO2 enables a surface NiO layer formation 

which further drives oxidation-reduction cycle for coke suppress. Then a comprehensive 

surface chemistry study on lanthanum-modified Ni/Al2O3 catalyst reveals DBD-activated CO2 

enhances surface carbonate species formation, which provides abundant adsorbed oxygen-

contained species to chemisorbed CH4 in surface reaction. The study of electrical properties 

and electron collision kinetics demonstrates that increase of the mean discharge current is 

critical to strengthen plasma-induced synergism via vibrationally excited CH4. Finally, kinetic 

analysis reveals that the activation energy decreases from 91 to 44.7 kJ/mol, which is correlated 

with the state-specific gas-surface reactivity of CH4 on Ni surfaces.  
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Nomenclature 

 

DBD Dielectric barrier discharge 

DRIFTS Diffuse reflectance infrared Fourier transform spectroscopy 

GHSV Gaseous hourly space velocity (h-1) 

MDR Methane dry reforming 

QMS Quadruple mass spectrometer 

SEI Special energy input (eV/molecule) 

TPD Temperature programmed desorption 

TPR Temperature programmed reduction 

  

 

 

  



v 
 

Table of content 

Chapter 1: Introduction .............................................................................................................. 1 

1.1 Overview .......................................................................................................................... 3 

1.2 Methane dry reforming .................................................................................................... 3 

1.2.1 Opportunities ............................................................................................................. 3 

1.2.2 Challenges ................................................................................................................. 4 

1.3 Nonthermal plasma .......................................................................................................... 5 

1.3.1 Classification of plasma ............................................................................................ 7 

1.3.2 Dielectric barrier discharge (DBD) ........................................................................... 9 

1.3.3 Other nonthermal plasma ........................................................................................ 11 

1.4 Thermodynamics ............................................................................................................ 14 

1.4.1 Thermodynamic analysis for low-temperature operation ........................................ 14 

1.4.2 Thermodynamic equilibrium ................................................................................... 17 

1.5 Kinetic research .............................................................................................................. 18 

1.5.1 Power-law kinetics and activation energy ............................................................... 18 

1.5.2 Kinetics-related surface reactions ............................................................................ 20 

1.6 Scope of this thesis ......................................................................................................... 23 

1.7 References ...................................................................................................................... 26 

Chapter 2: Oxidation behavior of Ni/Al2O3 catalyst ............................................................... 40 

2.1 Abstract .......................................................................................................................... 40 

2.2 Introduction .................................................................................................................... 40 

2.3 Experiment methods ...................................................................................................... 43 

2.4 Mixed oxidation route .................................................................................................... 46 

2.5 Plasma-enhanced direct oxidation route ........................................................................ 50 

2.5.1 Raman spectroscopy ................................................................................................ 50 



vi 
 

2.5.2 Plasma species generation and penetration ............................................................. 51 

2.5.3 H2-TPR .................................................................................................................... 53 

2.6 Plasma-enabled new reaction pathway .......................................................................... 55 

2.7 Conclusions .................................................................................................................... 57 

2.8 References ...................................................................................................................... 58 

Chapter 3: CO2 activation behavior over La-Ni/Al2O3 catalyst .............................................. 64 

3.2 Introduction .................................................................................................................... 65 

3.3 Experimental section ...................................................................................................... 67 

3.3.1 In situ DRIFTS ........................................................................................................ 67 

3.3.2 Ex situ CO2-TPD ..................................................................................................... 68 

3.4 Catalyst characterization ................................................................................................ 69 

3.5 Enhanced carbonate formation by nonthermal plasma .................................................. 71 

3.5.1 In situ plasma-DFIFTS study .................................................................................. 71 

3.5.2 Ex situ CO2-TPD study ........................................................................................... 75 

3.6 Carbonate-induced reaction pathway ............................................................................. 77 

3.6.1 In situ high-temperature DRIFTS study .................................................................. 77 

3.6.2 Relationship between carbonate formation and CH4 conversion ............................ 80 

3.6.3 Reaction mechanism of plasm-enhanced MDR ...................................................... 81 

3.7 Oxidation-reduction behavior of La-Ni/Al2O3 ............................................................... 83 

3.8 Conclusion ..................................................................................................................... 86 

3.9 Reference ....................................................................................................................... 86 

Chapter 4: Electrical properties of dielectric barrier discharge ............................................... 92 

4.1 Abstract .......................................................................................................................... 92 

4.2 Introduction .................................................................................................................... 93 

4.3 Experimental section ...................................................................................................... 94 



vii 
 

4.3.1 Experimental system ............................................................................................... 94 

4.3.2 Parameter definition ................................................................................................ 96 

4.3.3 Experimental condition ........................................................................................... 97 

4.4 General reforming behavior ........................................................................................... 98 

4.4.1 Pulsed reforming spectrometry ................................................................................ 98 

4.4.2 Conversion and selectivity ...................................................................................... 99 

4.5 Discharge characteristics .............................................................................................. 101 

4.5.1 Discharge power and controlling parameters ........................................................ 101 

4.5.2 Voltage-Current characteristics .............................................................................. 104 

4.5.3 Other properties ..................................................................................................... 105 

4.6 Electron collision kinetics ............................................................................................ 108 

4.7 Conclusion ................................................................................................................... 112 

4.8 Reference ..................................................................................................................... 114 

Chapter 5: Kinetic study on methane dry reforming ............................................................. 119 

5.1 Abstract ........................................................................................................................ 119 

5.2 Introduction .................................................................................................................. 119 

5.3 Experimental section .................................................................................................... 122 

5.3.1 Experimental system ............................................................................................. 122 

5.3.2 Temperature measurement ..................................................................................... 122 

5.4 Kinetic analysis ............................................................................................................ 123 

5.4.1 Reaction order for thermal reaction ....................................................................... 123 

5.4.2 Surface coverage ................................................................................................... 126 

5.4.3 Reaction order for plasma hybrid reaction ............................................................ 127 

5.4.4 Arrhenius curve ..................................................................................................... 130 

5.5 State-specific CH4 activation ....................................................................................... 135 



viii 
 

5.6 Correlation between kinetic and plasma parameters .................................................... 138 

5.7 Conclusion ................................................................................................................... 143 

5.8 References .................................................................................................................... 144 

Chapter 6: Conclusion and future work ................................................................................. 149 

6.1 Conslusion .................................................................................................................... 149 

6.2 Future work .................................................................................................................. 152 

6.3 References .................................................................................................................... 154 

 

 

 

 

  



ix 
 

Table of figures 

Figure 1.1 Coke formation in Ni catalyst: (a) Ni-C-H-O phase diagram (900 K and 1 atm) [57]. 

(b) the NiC formation mechanism [58], (c) carbon distribution in Ni/Al2O3 pellet after 

reforming [59]. .......................................................................................................................... 5 

Figure 1.2 The time-scales of plasma and catalytic reaction [63]. ............................................ 6 

Figure 1.3 Classification of atmospheric pressure plasma sources [72]. (Color region is 

modified by Ref.[76]. APPJ: atmospheric pressure plasma jet; DBD: dielectric barrier 

discharge; MPJ: microwave plasma jet; MPT: microwave plasma torch; MTD: microwave 

torch discharge; TIA: plasma torch with axial plasma injection. .............................................. 8 

Figure 1.4 Schematic diagram of catalyst-packed DBD reactor. .............................................. 9 

Figure 1.5 Surface streamers propagating over the surface of Al2O3 by ICCD camera [90]. ... 9 

Figure 1.6 Equivalent electrical circuit of DBD reactor: (a) empty-DBD and (b) packed-bed 

DBD. The subscript d, g, and c is abbreviation for dielectric material, gas, and catalyst 

respectively. ............................................................................................................................. 11 

Figure 1.7 Schematic structure of high frequency plasma: (a) RF plasma and (b) MW plasma.

 ................................................................................................................................................. 13 

Figure 1.8 Energy diagram of methane dry reforming [135]. ................................................. 15 

Figure 1.9 Conversion of CH4 (red symbol) and CO2 (green symbol) as a function of SEI at 

room temperature with different catalysts [136-145]. 1 eV/molecule ≈ 4 kJ/L. ..................... 16 

Figure 1.10 Thermodynamic equilibrium composite of MDR: initial input of CH4 and CO2 are 

1 mol respectively; pressure = 5 kPa; Coke formation is omitted. .......................................... 17 

Figure 1.11 Activation energy (Ea) in of methane dry reforming according to (a-i) thermal 



x 
 

catalysis and (j-k) plasma catalysis over different catalyst: (a) Ni/SiO2 [157]; (b) Ni/SiO2 [158]; 

(c) Ni/MgO [158]; (d) Ni/TiO2 [158]; (e) Ni/La/Al2O3 [159]; (f) Ni/CaO-Al2O3 [160]; (g) Ni-

K/CeO2-Al2O3 [161]; (h) LaNiO3 [162]; (i) LaSrNiO4 [163]; (j) Ni/La2O3@SiO2 [164]; (k) 

Ni/La2O3-MgAl2O3 [153]. ....................................................................................................... 19 

Figure 1.12 Reaction coordinate diagram for working principle of (a) catalyst [69] and (b) 

nonthermal plasma with vibrational excitation [169]. ............................................................. 21 

Figure 1.13 CO2-derived oxygen fixation: (a) lattice oxygen formation mechanism over 

photocatalytic material [176]; (b) adsorbed oxygen formation mechanism over basic material.

 ................................................................................................................................................. 22 

Figure 2.1 Experimental system: (a) overview; (b) cross-sectional view. ............................... 44 

Figure 2.2 Temperature programmed plasma oxidation of Ni catalyst (Run a): CO signal is 

multiplied by 10. ...................................................................................................................... 46 

Figure 2.3 CO2 conversion as a function of SEI in DBD without catalys. Cited literatures from 

□Aerts [41]; ○Butterworth [42]; △Brehmer [43]. ................................................................... 47 

Figure 2.4 Temperature programmed thermal oxidation of Ni catalysts by CO2 (Run b). ...... 48 

Figure 2.5 Ni oxidation pathways: (a) Thermal oxidation with direct oxidation route including 

CO2 adsorption near the perimeter of Ni catalysts. (b) DBD-enhanced mixed oxidation route. 

Inset pictures show hemispherical catalyst pellets after plasma and thermal oxidation. ........ 49 

Figure 2.6 NiO distribution over the cross-section of catalyst pellets: (a) Plasma oxidation (Run 

c); and (b) Thermal oxidation (Run d) with optical microscope images. ................................ 51 

Figure 2.7 The morphology of Ni/Al2O3 catalyst by SEM. ..................................................... 52 

Figure 2.8 The TPR profiles after (a) thermal oxidation and (b) DBD oxidation; (c) and (d) 



xi 
 

schematic diagrams of oxidation behavior of Ni catalyst. ....................................................... 54 

Figure 2.9 (a) NiO formation by DBD-excited CO2, (b) Nonthermal plasma heating mechanism, 

(c) CH4 conversion within NiO shell having no coke in the internal pores, (d) Thermal catalysis 

with significant coke formation in the internal pores. Carbon mapping is cited from ref. [25].

 ................................................................................................................................................. 57 

Figure 3.1 In situ plasma-DRIFTS cell: (a) schematic diagram; (b) overall view; (c) top-view; 

and (d) and (e) emissions from plasma. ................................................................................... 68 

Figure 3.2 XRD patterns of (a) Ni/Al2O3, (b) La-Ni/Al2O3, and (c) LaNiAl11O19, where ○ Ni; | 

LaNiAl11O19; ♢ Al2O3; and * MgAl2O4. .................................................................................. 70 

Figure 3.3 HAADF images and elemental maps: (a & b) Ni/Al2O3; (c-f) La-Ni/Al2O3……....71 

Figure 3.4 In situ plasma-DRIFTS spectra of CO2 activation at 200 °C. (a) Ni/Al2O3: (a1) 30 

min treatment with CO2/He (9 vol%, 110 mL/min), (a2) 30 min plasma treatment with CO2/He, 

and (a3) plasma halt under He flow. (b) La- Ni/Al2O3: (b1) 40 min treatment with CO2/He, (b2) 

30 min plasma treatment with CO2/He, and (b3) plasma halt under CO2/He flow. (c) shows the 

vibrationally excited CO2-enhanced mechanism of carbonate formation accompanied by 

magnified spectra (c1 and c2). ................................................................................................. 72 

Figure 3.5 CO2-TPD patterns of (A) La-Ni/Al2O3 and (B) Ni/Al2O3 after 500 °C treatment: (a) 

thermally activated CO2 and (b) plasma-activated CO2. The CO2 flow rate was 500 mL/min at 

10 kPa. The heating rate was 10 °C/min. ................................................................................ 77 

Figure 3.6 DRIFTS spectra for CO2/CH4/He (8.3 vol%, 120 mL/min) activation over La-

Ni/Al2O3 at 200 °C in plasma-DRIFTS cell: (a) plasma-off; (b) plasma-on. .......................... 78 

Figure 3.7 In situ DRIFTS spectra of CH4 flows to carbonate-containing La-Ni/Al2O3 at 600 °C 



xii 
 

in high-temperature cell (plasma-off). 1 min: CO2/He=14 vol %, 70 mL/min; 2-7 min: 

CH4/He=14 vol %, 70 mL/min; 8 min: He=60 mL/min. ......................................................... 79 

Figure 3.8 Plasma enhanced mechanism over La-Ni/Al2O3. Plasma induced reaction pathways 

(R3.1) is defined in section 3.5.1. ............................................................................................ 82 

Figure 3.9 Transmittance (I) and absorbance (II) spectrum of (a) La-Ni/Al2O3 and (b) La-

NiO/Al2O3 under He flow (100 mL/min) at 600 °C in high-temperature cell. ....................... 84 

Figure 3.10 DRIFT spectra of oxidation-reduction behavior on La-Ni/Al2O3 at 600 °C in high-

temperature cell: 1 min: oxidized catalyst with CO2/He (9 vol.%, 110 mL/min) treatment; 5-15 

min: reduced catalyst with H2/He (9 vol.%, 110 mL/min) treatment; 30 min: re-oxidized 

catalyst with CO2/He (9 vol.%, 110 mL/min) treatment. ........................................................ 85 

Figure 4.1 Schematic diagram of PB-DBD reactor. Inset pictures show DBD generated by 12 

kHz high-voltage power source (Logy Electric) and a thermo-image of the packed-bed. ...... 95 

Figure 4.2 Voltage and current waveforms of packed-bed DBD: (a) 12 kHz and (b) 100 kHz. 

CH4 fraction was 0.5, and power was 85 W. ........................................................................... 96 

Figure 4.3 Time dependent change in gas composition and catalyst temperature. Φ= CH4/CO2 

ratio (= 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.5). f = 12 kHz. Other conditions: see Table 

4.1 (a). ...................................................................................................................................... 99 

Figure 4.4 Conversion and selectivity at fixed catalyst temperature (600°C). Input power was 

also kept unchanged: see Table 4.1 (a) for experimental conditions. (a) CH4 conversion; (b) 

CO2 conversion; (c) H2 selectivity; (d) CO and coke selectivity. ● Thermal catalysis; ■ Plasma 

catalysis (12 kHz); ▲ Plasma catalysis (100 kHz). .............................................................. 100 

Figure 4.5 Lissajous plot (CH4 fraction = 0.44, PL = 90 W, catalyst temperature = 600 °C). 

Green curve: 12 kHz DBD; Red curve: 100 kHz DBD. ........................................................ 103 



xiii 
 

Figure 4.6 The relationship between PM and PL. □ 100 kHz Empty-DBD; ■ 100 kHz PB-DBD; 

○ 12 kHz Empty-DBD; ● 12 kHz PB-DBD. Conditions: Table 4.1 (b). ............................... 103 

Figure 4.7 Power-determingin parameters (Eq 4.13) v.s. Initial CH4 fraction. ● 12 kHz PB-

DBD; ■ 100 kHz PB-DB. Conditions: Table 4.1 (a). ............................................................ 104 

Figure 4.8 Power-determining parameters (Eq 4.13) v.s. Applied voltage at fixed CH4/CO2 ratio. 

○ 12 kHz Empty-DBD; ● 12 kHz PB-DBD; □ 100 kHz Empty-DBD; ■ 100 kHz PB-DBD. 

Conditions: Table 4.1 (b). ...................................................................................................... 107 

Figure 4.9 Electron collision rate coefficients estimated by BOLSIG+ (version 03/2016) at 

CH4/CO2 = 1 and 873 K. Momentum transfer and electron attachment are not shown. See Table 

4.3 for elementary reactions. ................................................................................................. 110 

Figure 5.1 Thermal images of catalyst bed in thermal reforming, 12 kHz and 100 kHz DBD 

hybrid reforming. Average catalyst temperature = 600 °C; Input power in 12 kHz and 100 kHz 

DBD is 90 W. ......................................................................................................................... 123 

Figure 5.2 Reaction order in thermal reaction for CH4 (a) and CO2 (b), respectively. A hollow 

symbol represents stoichiometric condition (CH4/CO2 = 1). ................................................ 125 

Figure 5.3 Modified reaction orders: (a) a' for CH4 and (b) b ' for CO2. Catalyst temperature 

was fixed at 600 °C for all cases. SEI = 1.37 eV/molecules for 12 kHz and 100 kHz DBD hybrid 

reaction. Total flow rate = 1,000 cm3/min (STP); GHSV = 5144 h-1 (STP); Pressure = 5 kPa. △ 

represents CH4 rich condition. ............................................................................................... 128 

Figure 5.4 Arrhenius plot for thermal (●), mixed (■), and plasma catalysis (▲). The deviation 

due to the reverse reaction is highlighted by the shaded area. .............................................. 132 

Figure 5.5 Reaction coordinate for dissociative CH4 chemisorption on metal surface. Solid 

curve; ground state CH4, Dotted curves; vibrationally excited CH4 with different efficacy. 136 



xiv 
 

Figure 5.6 Activation energy of vibrationally excited CH4 reacting over Ni [45], Pt [34, 49], 

and Ir [50] surfaces. A-B; this work, C-E; n1 and n3 on Ni, F-I; overtone on Ni, J-L; other 

metal surface (Pt, Ir). ............................................................................................................. 138 

Figure 5.7 Arrhenius plot: (a) SEI = 2.0, Run D (Red circle), (b) SEI = 2.0, Run E (Red circle). 

Run A: Blue square (12 kHz, SEI = 1.37 eV/molecule), Run B: Green triangle (100 kHz, SEI = 

1.37 eV/molecule) in all Figures. The number in parenthesis indicates CH4 conversion (%) for 

Red circle. The deviation due to reverse reaction is highlighted by the shades. ................... 139 

Figure 5.8 Streamer discharges on Ag/Al2O3 catalyst pellets in air generated by nanosecond 

high-voltage to the needle electrode [52] (room temperature and atmospheric pressure). The 

image shows 50 times accumulation of 10 ns exposure imaging, showing multiple streamers 

(n1-n5). ................................................................................................................................... 141 

 

 

  



xv 
 

The list of achievement  

 

Peer-reviewed journal articles 

1. Zunrong Sheng, Hyun-Ha Kim, Shuiliang Yao, Tomohiro Nozaki, Plasma-chemical 

promotion of catalysis for CH4 dry reforming: unveiling plasma-enabled reaction 

mechanisms. Physical Chemistry Chemical Physics, in press, DOI: 10.1039/d0cp03127e. 

2. Zunrong Sheng, Yoshiki Watanabe, Hyun-Ha Kim, Shuiliang Yao, Tomohiro Nozaki, 

Plasma-enabled mode-selective activation of CH4 for dry reforming: First touch on the 

kinetic analysis. Chemical Engineering Journal, 2020, 399: 125751, DOI: 10.1016/ 

j.cej.2020.125751. 

3. Adrianto Dimas, Zunrong Sheng, Tomohiro Nozaki, Mechanistic study on nonthermal 

plasma conversion of CO2. International Journal of Plasma Environmental Science and 

Technology, 2020, 14: e01003 (9pp), DOI: 10.34343/ijpest.2020.14.e01003. 

4. Zunrong Sheng, Kenta Sakata, Yoshiki Watanabe, Tomohiro Nozaki, Factors determining 

synergism in plasma catalysis of biogas at reduced pressure. Journal of Physics D: Applied 

Physics, 2019, 52(41): 414002, DOI: 10.1088/1361-6463/ab2d36. 

5. Kenta Sakata, Seigo Kamashima, Zunrong Sheng, Yoshiki Watanabe, Tomohiro Nozaki, 

Journal the Institute of Electrostatics Japan, 2019, 43 (1): 2-7. 

6. Zunrong Sheng, Seigo Kamashima, Shuiliang Yao, Tomohiro Nozaki, Oxidation behavior 

of Ni/Al2O3 catalyst in nonthermal plasma-enabled catalysis. Journal of Physics D: 

Applied Physics, 2018, 51(44): 445205, DOI: 10.1088/1361-6463/aae17d. 

 

Book chapter 

1. Tomohiro Nozaki, Seigo Kamashima, Zunrong Sheng, Keishiro Tamura, Takumi 

Yamazaki, Plasma-catalytic conversion of methane in Plasma Catalysis: Fundamentals and 



xvi 
 

Applications, Tu X, Whitehead J C, Nozaki T, Eds., Springer International Publishing, 

Cham, 2019, pp 231-269, DOI: 10.1007/978-3-030-05189-1. 

2. Zunrong Sheng, Seigo Kamashima, Kenta Sakata, Tomohiro Nozaki, Plasma-enabled dry 

methane reforming in Plasma Chemistry and Gas Conversion; Britum N, Silva T, Eds., 

IntechOpen, London, 2018, pp 37-57, DOI: 10.5772/intechopen.80523. 

 

Award 

1. Best Student Presentation Award, The 7th East Asia Joint Symposium on Plasma and 

Electrostatics technologies for Environmental Applications (EAPETEA-7) (2019.11) 

2. Best Presentation Award, 13th Japan-Korea-China Student Symposium (2019.5) 

3. The Institute of Electrostatics Japan: HRSB Award (2018.11) 

4. Best Student Presentation Award, The 6th East Asia Joint Symposium on Plasma and 

Electrostatics technologies for Environmental Applications (EAPETEA-6) (2018.11) 

5. The Best Presentation Award, 12th Japan-Korea-China Student Symposium (2018.3)   

6. China Scholarship Council (CSC) scholarship (2017.9~2020.9) 

 



1 
 

Chapter 1: Introduction 

 

This chapter is partly adapted from the following publications in section 1.4.1 and 1.5.1: 

 

(1) Zunrong Sheng, Seigo Kameshima, Kenta Sakata and Tomohiro Nozaki, Plasma-enabled 

dry methane reforming in Plasma Chemistry and Gas Conversion, IntechOpen, 2018, DOI: 

10.5772/intechopen.80523.  

(2) Zunrong Sheng, Yoshiki Watanabe, Hyun-Ha Kim, Shuiliang Yao, Tomohiro Nozaki, 

Chemical Engineering Journal 399 (2020) 125751, DOI: 10.1016/j.cej.2020.125751. 

 

1.1 Overview  

The catalysis dominates about 80% of industrial processes nowadays [1], and the research 

of catalysis has become a hot issue. The investigation of new catalyst and new catalytic reaction 

/technology are two technical routes to achieve large-scale industrial upgrading and low-carbon 

scenario. Since Devins et al firstly reported that the plasma-catalysis with DC discharge and 

platinum catalyst for hydrazine synthesis by ammonia in 1954 [2], the emerging “plasma 

catalysis” technology opens perspectives to meet the requirements of environmental cleanup, 

hydrocarbon reforming, and fuel synthesis [3]. The research articles about “plasma catalysis” 

has a rapidly increased rate within nearly three decades, and related research is still active 

nowadays [4]. The plasma catalysis combinates heterogeneous catalysis and nonthermal 

plasma, where the plasma-induced reactive species and catalyst create unique synergism for 

catalytic process, showing thermodynamic and kinetic advantages over the conventional 

thermal catalysis. 

The productivity of chemical products is always limited by the slowest reaction step in 

chemical industry. For example, the catalyst deactivation is the main barrier for many chemical 
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processes [5]. Plasma could achieve reaction enhancement and create alternative reaction 

pathways by electric energy input, which is favorable for slowest reaction pathway to improve 

productivity [6]. Major greenhouse gases, or renewable biogas, to the hydrogen-rich chemical 

building block is possible via plasma-enhanced catalytic reaction. Moreover, chemical industry 

accompanied by plasma is an emerging “power-to-chemical” technology, which provides 

unique electro-chemical conversion pathways. The electric energy is widely available from 

fluctuating power from photovoltaics, wind power, as well as hydro energy to reduce the 

overall energy cost [7]. The switch of chemical reaction becomes more flexible since the 

plasma features rapid start-up and shut-down compared with conventional thermal process (e.g. 

heating by feedstocks). From this macroscopic perspective, the plasma catalysis seems to be a 

new catalytic technology in the chemical industry. Nonthermal plasma-assisted C1 chemistry 

enables renewable-to-chemical energy conversion, which provides an alternative and viable 

solution for the efficient renewable energy strange and transportation pathways. 

From a microscopic perspective, a heterogeneous reaction always includes several 

reaction pathways, where the slowest reaction pathway controls the overall reaction rate, which 

is called rate determining step (RDS), e.g. the CH4 dissociative chemisorption on Ni catalyst 

in methane dry reforming [8, 9]. The electron energy transfer by plasma could induce the 

ionization, dissociation, and excitation by the collision between electron and neutral gas 

molecule. Contributed by the synergistic effect, plasma is expected to accelerate the RDS to 

improve the overall reaction rate by energetic electron and reactive species, e.g., radicals, 

excited species, and ions etc. The generated species characterizes high reactive chemical 

property to enhance surface reaction with catalyst in the heterogeneous catalysis [10, 11]. The 

surface of metallic nanocrystal of catalyst plays a critical role for incident gas molecule 

adsorption and activation in heterogeneous catalysis, e.g. CH4 adsorption at Ni (111) [12]. For 

plasma involved catalysis, the molecule in the gas phase is impacted by electron in advance, 
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and activation barrier for chemisorption is further decreased [11]. In this case, the plasma 

contributes to breaking chemical bonds for accelerating the reaction. Based on well-established 

heterogeneous catalysis, plasma catalysis could be investigated based on the Langmuir-

Hinshelwood [13] or Eley-Rideal [14] mechanism. 

 

1.2 Methane dry reforming 

1.2.1 Opportunities 

To mitigate the emerging global warming issue, the Paris Agreement and Kyoto Protocol 

set the target to limit the greenhouse gases emission to participant countries [15]. The emission 

of CO2, primarily form thermal power plants and industrial activities, contributes the main 

source for greenhouse emission [16]. The CO2 atmospheric concertation has increased to 409 

ppm [17] in 2017 with approximately 2 ppm increase rate [18], primarily from emissions of 

the combustion of fossil fuels (90%) and cement production (10%) [19]. As for another main 

greenhouse gas, the concertation of CH4 has increase to 1800 ppb nowadays [20, 21], with a 

23 times global warming potential than that of CO2 [22]. Methane dry reforming (MDR, R1.1) 

was firstly invented by Fisher and Tropsch in 1928 for CO2 and CH4 conversion simultaneously 

[23], and becomes an important technology for carbon source capture and utilization. MDR 

has received much attention nowadays, showing significant benefits to reduce greenhouse 

gases emission and produce value-added fuels and chemicals. 

𝐶𝐻! + 𝐶𝑂" = 2𝐶𝑂 + 2𝐻" R1.1 

Biogas from waste and residues plays a critical role in the energy future [24], which 

mainly consists 55-70 vol% CH4 and 30-45 vol% CO2 [25]. Aiming to energy grade update, 

MDR is a promising method for biogas upgrade to syngas, attributing to accessible and 

abundant feedstocks [26]. China is the world largest biogas producer, where the production of 
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biogas was above 8 Mega-Toe in 2013 [13], with a continued growth trend in following year 

as expecting [27]. Biogas could be effectively utilized by MDR process without CO2 separation 

processed, considering the practical reaction stoichiometry (CH4/CO2 = 1) [28]. Moreover, the 

product syngas is a key chemical feedstock for Fischer-Tropsch synthesis towards high-value 

products [29], including lower olefins and aromatics (C2-C4), gasoline (C5-C11), diesel fuel 

(C10-C20) and jet fuel (C8-C16) [30, 31]. The H2/CO ratio from MDR is more suitable for a 

Fischer-Tropsch synthesis than other methane reforming reactions [32-34]. 

 

1.2.2 Challenges  

The application of MDR is limited by economic benefit since it is an endothermic reaction 

that high thermal energy is necessary required to drive this reaction (cf. section 1.4.1). In 

conventional MDR, the catalyst is crucial to reduce the operating temperature and accelerate 

reaction, which has been investigated widely based on two categories: noble metal and 

transition metal. The noble metals, including Pd [35], Pt [35, 36], Ru [37-39], Rh [35, 40-43] 

and Ir [44], show good activities in MDR. Ref. [45] reported that noble metals show good 

reforming efficiency per loading weight. However, the high-cost limits the development of 

noble metal in the industry. Alternatively, some transition metal catalyst also shows good 

performance in MDR, including Ni [46-50], Co [51-53], and Zr [54]. References [55, 56] 

reported that Ni-based catalyst leaded to a high CH4 conversion (80~90 %). The trade-off 

should be pointed out that due to high activity of CH4 activation, Ni-based catalyst is inevitably 

prone to carbon formation, while noble metal catalysts may feature less carbon formation but 

less activity. Figure 1.1 (a) represents a typical phase diagram for Ni catalyst for equilibrium 

of the catalyst phase (Ni and NiO), coke phase (NiC and C) and gas phase (CH4, CO2, CO, H2 

and H2O) at 900 K and 1 atm [57]. Three boundary lines separate the plot as three parts, where 

upper two boundaries are almost overlapped. For the MDR at normal condition of CH4/CO2=1, 
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it locates in the NixC+C region (red point in Figure 1.1 (a)), which means the coke formation 

is inevitable. Figure 1.1 (b) schematically presents the carbon deposition mechanism [58], 

where the CH4 dehydrogenation leads to carbon precipitation, then nickel carbide (NiC) is 

generated. Figure 1.1 (c) shows carbon distribution over Ni/Al2O3 pellet cross-section after 

reforming where internal micropores shows the highest carbon level (as red color) [59]. Indeed, 

the deactivation of Ni catalyst limits its application and becomes one challenge for cyclic 

durability in industry. The researchers endeavor to suppress the coke by modification of catalyst. 

The most common modified methods are adding bimetallic catalyst [60, 61] and improvement 

of dispersion of active sites [60].  

 

Figure 1.1 Coke formation in Ni catalyst: (a) Ni-C-H-O phase diagram (900 K and 1 atm) 

[57]. (b) the NiC formation mechanism [58], (c) carbon distribution in Ni/Al2O3 pellet after 

reforming [59]. 

 

1.3 Nonthermal plasma  

Plasma, referred as “fourth state of matter”, which is first introduced by Irving Langmuir 

at 1927 [62]. The electron is accelerated by electrical field since it has much lighter mass than 

neutral gas molecule. Then the electron with high kinetic energy could induce the ionization, 
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dissociation and excitation. Expect for the charged particles (e.g. electron, and positive and 

negative ions), neutral species (e.g. molecules, atoms, radicals and excited species etc.) also 

play important roles in plasma application. Kim et al have summarized the time scales of 

plasma species compared with that of chemical reaction, which is schematically depicted in 

Figure 1.2 [63]. In the plasma, the reactive species induced by electron is in nanosecond scale, 

while the chemical reactions over catalyst surface is in a longer time scale (microsecond to 

millisecond and longer), suggesting that the rate determining step is the surface reaction rather 

than plasma involved reaction. For example, the OH radical only has a 20-100 μs life time [64, 

65]. Moreover, only the plasma species in the thin layer (~ 50 μm [66]) above catalyst surface 

could contribute to the plasma-catalyst interaction. Generally, the mean free path of plasma 

species is typically less than 100 nm, and the collision time is shorter than 1 ns [67]. The 

synergism between plasma and catalyst becomes a hot topic to understand plasma catalysis, 

which has been introduced in some review articles [68-71] based on the effect of plasma on 

catalyst, and the effect of catalyst on plasma. 

 

Figure 1.2 The time-scales of plasma and catalytic reaction [63]. 
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1.3.1 Classification of plasma 

According to the temperature of heavy particle, the plasma could be generally classified 

as thermal plasma and nonthermal plasma. In thermal plasma, electron density is very high 

(1021-1026 m-3 [72]) that the joule heating plays the key role in the equilibrium between electron 

and heavy particles. The temperature of electron and heavy particles are 104~105 and 

103~104 °C respectively [45, 69]. Thermal plasma is favor for thermal treatment application, 

e.g. coating, welding, cutting [73] etc. Thermal arc plasma have been industrially applied in 

Hüls process for CH4 coupling [74]. Obviously, it is impractical for heterogeneous catalysis 

since that the plasma will melt the packed catalyst so that some works reported non-packed 

thermal plasma could assist MDR [75]. 

In Figure 1.3, Tendero et al classified various discharge types based on temperature and 

density of electron [72], where the atmospheric pressure plasma is distinguished as low-

pressure nonthermal plasma and high-temperature thermal plasma. Generally, glow discharge, 

microwave torch and dielectric barrier discharge are applied in low temperature process, while 

arc plasma is more suitable for high temperature process. Interestingly, few plasma sources are 

plotted in low electron temperature region (lower than 1 eV, red region in Figure 1.3), indicating 

that this unexplored regimes has a potential development for plasma catalysis, biomaterials 

treatment and atomic layer process [76].  
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Figure 1.3 Classification of atmospheric pressure plasma sources [72]. (Color region is 

modified by Ref.[76]). APPJ: atmospheric pressure plasma jet; DBD: dielectric barrier 

discharge; MPJ: microwave plasma jet; MPT: microwave plasma torch; MTD: microwave 

torch discharge; TIA: plasma torch with axial plasma injection. 

 

In nonthermal plasma, electron density is low ( <1019 m3 [72]). The heavy particles have 

much lower temperature (102 ~103 °C) than that of electron (104~105 °C) due to the few kinetic 

energy transfer. The thermalized electron follows the Maxwell-Boltzmann velocity distribution, 

whereas the velocity of gas molecule does not follow it [77]. Such inadequate transfer of 

momentum between electron and gas molecule [78] leads a fact that the inert gas molecule 

could be converted into “excited” or “reactive” state in nonthermal plasma even at room 

temperature. The same excitation state usually exists in arc discharge or flame at very high 

temperature [67]. Therefore, the nonthermal plasma also called non-equilibrium plasma. This 

section specially summarizes several nonthermal plasma discharge which are usually employed 

in gas treatment process, including dielectric barrier discharge, gliding arc, corona discharge, 

microwave discharge and radio frequency discharge.  
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1.3.2 Dielectric barrier discharge (DBD) 

Dielectric barrier discharge (DBD) is the most successful atmospheric pressure 

nonthermal plasma sources in industry applications [79], e.g., ozone synthesis [80, 81], CO2 

conversion [82-84], methane reforming [8, 58, 85], and N2 fixation [86, 87]. As Figure 1.4 

depicts, DBD reactor normally consists of a high voltage electrode and a ground electrode, and 

dialectic barrier between two electrodes. The reactor plays the role of dialectic barrier, e.g., 

coaxial quartz reactor [88, 89]. When the catalyst is packed in DBD reactor (Figure 1.4), the 

charge is transferred though catalyst and quartz tube. DBD is characterized as a swarm of 

filamentary micro-discharges (known as streamers) with nanosecond duration (1−10 ns) [79]. 

Because the streamer has a nature of propagation along the interface between two adjacent 

dielectric materials, namely the catalyst pellet and the gas interface, excited species produced 

by DBD is transferred to the catalyst surface efficiently. The Figure 1.5 shows the surface 

streamers propagating over the surface of Al2O3 by ICCD (Intensified charge-coupled device) 

camera [90]. Table 1.1 summarizes the characteristics of DBD filament with air at atmospheric 

pressure [91]. 

  

Figure 1.4 Schematic diagram of catalyst-packed 

DBD reactor. 

Figure 1.5 Surface streamers propa- 

gating over the surface of Al2O3 by 

ICCD camera [90]. 
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Table 1.1 Characteristics of DBD filament with air at atmospheric pressure [91]. 

Duration 

(s) 

Filament 

radius 

(m) 

Peak 

current 

(A) 

Current 

density 

(A m-2) 

Total 

charge 

(C) 

Electron 

density 

(m-3) 

Mean 

electron 

energy 

(eV) 

Filament 

temperature 

10-9-10-8  ~10-4  0.1  106-107  10-10-10-9  1020-1021  1-10  
≈ gas 

temperature 

 

The heat generated by DBD is transferred directly to the catalysts, overall energy transfer 

from nonthermal plasma to the catalyst bed is efficient. Different from corona discharge 

(section 1.3.3), the DBD could produce more homogenous discharge with low energy 

consumption [92]. The electrical equivalent circuits of DBD reactor is summarized by Kim et 

al [66], which are shown in Figure 1.6. As for empty-DBD (non-catalyst packed) in Figure 1.6 

(a), when the voltage of the gap (gas) reaches the gas breakdown voltage (closed to the 

discharge sustain voltage), the gas turns to work as a bipolar Zener diode or a time-based 

resistance instead of a capacitor [79, 93]. As for the packed-bed DBD with catalyst (Figure 1.6 

(b)), the unit circuit of gap is equivalent to connection between capacitance of gas and catalyst, 

and resistances of them in series. The Lissajous plot is normally employed to investigate the 

discharge behavior, i.e. time- and space-averaged properties of streamer swarm, providing 

plasma sustain voltage (Usus) and mean discharge current (Ip-p) [79, 94], which will be discussed 

in Chapter 4. Generally, DBD has some advantages: the arc discharge could be avoided; the 

collision probability between heavy molecule and electron may be enhanced [81]; the scale-up 

is easily to be achieved by the simple structure and low-operational cost. 
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(a) Empty-DBD (b) Packed-bed DBD 

Figure 1.6 Equivalent electrical circuit of DBD reactor: (a) empty-DBD and (b) packed-bed 

DBD. The subscript d, g, and c is abbreviation for dielectric material (quartz tube), gas, and 

catalyst respectively. 

 

1.3.3 Other nonthermal plasma 

The gliding arc is normally equipped with two blade-shape electrodes with diverging 

discharge gap [95]. The schematic structure and the characteristics are summarized in Table 

1.2. The arc is ignited at the shortest gap (several mm) and glides with widening gap until 

sustaining stops, then the new arc is formed within 10 millisecond [95]. Interesting, the arc 

plasma could be classified as an intermediate plasma that the bottom part works as thermal 

plasma, and gradually evolves into nonthermal plasma with power decrease. There are some 

upgraded gliding arc structures with 3D configuration, e.g., reverse vortex flow "tornado" type 

(3D) [96, 97], and rotating arc type [98, 99]. However, the filling catalyst is challenging in this 

configuration [67]. The gliding arc plasma is widely applied in gas treatment process, e.g., 

cracking of n-dodecane [100], reforming of mixed naphthalene [101] and toluene [101, 102], 

CH4 reforming [103-105]. Besides, it is also reported in applications of decomposition of water 

pollutants [106], and materials synthesis fields e.g. carbon nanotubes [107], boron nitride 

nanotubes [108], etc. 
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Table 1.2 Schematic structure and characteristics of gliding arc and corona discharge [109]. 

 Schematic 

structure 

Electron 

energy 

(eV) 

Electron 

density 

(cm-3) 

Current 

(A) 

Gas 

temperature 

(K) 

Breakdown 

voltage 

(kV) 

Gliding 

arc 

discharge  

1.4-2.1 
1014-

1015 
0.1-50 1000-3000 0.5-4 

Corona 

discharge 
  

ca. 5 109-1013 ca. 10-5 ca. 400 10-50 

 

The corona discharge works in needle-to-plate mode (as the structure in Table 1.2) at 

atmospheric or high pressure, creating a crown streamer micro discharge [72]. The streamer 

produced in narrow channels contributes to gas dissociation or ionization by energetic electron 

[95] in non-uniform electric field [92]. The high electric field is usually located around one of 

electrode and electron moves by drift of charge particles in low electric field [110]. It could be 

classified as positive corona, negative corona and pulsed streamer corona [95]. The need-to-

plate discharge is flexible in discharge gap change (10 cm and more [92]), which is favorable 

for material treatment and gas processing in laboratory studies [95, 111]. For the large scale 

application, the popular upgraded structure is the wire-cylinder and saw-blade [112, 113]. In 

addition, the pulsed corona discharge could work with large flowrate [114, 115], which was 

employed in NOx removal [114, 116]. Recently, Gao et al reported a similar non-packed needle-

to-plate discharge for CH4 pyrolysis where the highest conversion of CH4 and H2 yield were 

91.2% and 38.4% respectively with an energy conversion efficiency of 44.3% [117].  

Radio-frequency (RF) plasma is driven by high-frequency electromagnetic fields within 

0.1-100 MHz [95]. The typical frequency in Ref. [118] is reported as 14 MHz. The capacitive 
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coupling (CCPs) FR plasma is driven by oscillating magnetic field to generate non-thermal 

plasma. The inductive coupling (ICPs) RF plasma is driven by oscillating electric field. The 

simplified structure of RF plasma reactor for surface treatment is depicted in Figure 1.7 (a). 

The plasma chamber is manufactured by stainless steel or quartz, which is surrounded by RF 

coils or electrodes [70, 119]. The CCPs is normally work in low-pressure (1-103 Pa) to sustain 

the discharge otherwise the arc discharge will generate at higher pressure. The electrode-less 

configuration of RF supplies operational feasibility for the combination plasma with catalyst 

for gas treatment e.g., NOx removal [120], ammonia synthesis [121], CH4 reforming [122, 123], 

etc. The ICPs is usually employed to generate ions and excited species for material analysis, 

e.g., ICPs coupled mass spectrometry (ICP-MS) and ICPs coupled atomic emission 

spectroscopy (ICP-AES). These setups often require complex power supplies to deliver optimal 

power to the working gas [70].  

 

 
 

(a) RF plasma (b) MW plasma 

Figure 1.7 Schematic structure of high frequency plasma: (a) RF plasma and (b) MW 

plasma. 

 

Microwave (MW) plasma is well-known experimental technique to generate nonthermal 

plasma discharge, which directs microwaves to discharge zone from plasma source with an 

applicator (Figure 1.7 (b)). The operational frequency of MW is in the range of 300 MHz-10 

GHz [95], which is much higher than that of RF plasma. The MW plasma also has the 
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characteristics of electrode-less configuration, which is feasible to pack catalyst in the 

discharge area for gas treatment. The MW plasma usually provides a higher energy efficiency 

(~40%) in CO2 conversion than DBD (<15%) [124], which is contributed by the ladder-

climbing CO2 dissociation mechanism [125-127]. The thermal dissociation mechanism could 

be predominant in MW plasma [128]. However, the gas temperature in MW plasma is difficult 

to be controlled, which detriments energy efficiency by vibrational-to-translation (V-T) 

relaxation [124]. Expect CO2 dissociation, the MW reactors are also employed in the fields of 

waste decomposition [129, 130], CH4 pyrolysis [131], and CH4 reforming [132-134]. 

 

1.4 Thermodynamics 

1.4.1 Thermodynamic analysis for low-temperature operation 

MDR is categorized as uphill (endothermic) reaction where energy input (ΔH) is 

indispensable in order to satisfy the conservation of energy. Figure 1.8 shows the reaction 

enthalpy and Gibbs free energy of MDR with respect to temperature. According to the Eq 1.1, 

reaction enthalpy consists of two terms: 

ΔH = ΔG + TΔS Eq 1.1 

The reaction does not occur spontaneously by the low-temperature thermal energy due to the 

large positive value of ΔG at low temperature. Figure 1.8 shows that at least 900 K is required 

to have a negative value of ΔG and all energy is supplied via high-temperature thermal energy. 

Such high-temperature heat is supplied by the combustion of initial feed that produces CO2 as 

well as NOx. Net CO2 utilization is partly canceled unless combustion-generated CO2 is utilized 

which is economically quite difficult. Moreover, heat transfer from the combustion gas flowing 

outside of the reactor to the catalyst bed governs the overall material throughput which is 

known as a heat-transfer-limiting regime. Because the heat transport property of a fixed bed 

reactor is poor, excessively high-temperature operation beyond thermodynamic limitation (i.e. 
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900 K) is necessary. 

 

Figure 1.8 Energy diagram of methane dry reforming [135]. 

 

To overcome the aforementioned problem, low-temperature MDR is demanded, which is 

pursuing a new technology and potential use of nonthermal plasma is highlighted. Assume 

MDR is operated at a lower temperature than the thermodynamic limitation as schematically 

depicted in Figure 1.8. A part of the energy is supplied by a low-temperature thermal energy 

(TΔS), while the rest of energy is supplied by the electricity (ΔG) under the nonthermal plasma 

environment so that TΔS + ΔG satisfies reaction enthalpy (ΔH). Electrical energy is used to 

accelerate electrons; subsequently, the electron energy is transferred to the molecules to initiate 

MDR at much lower temperature than thermal catalysis. Electronic collision process is 

independent of reaction temperature if gas density does not change significantly. Meanwhile, 

a part of the electrical energy is converted to heat: electrical energy consumed by nonthermal 

plasma (E) is depicted in the dashed line in Figure 1.8: inevitably, E is greater than ΔG at a 

fixed temperature. Although heat generated by nonthermal plasma is considered as energy loss 
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(i.e. E- ΔG), both excited species, as well as heat, are utilized via endothermic MDR, which 

enables efficient use of electrical energy without heat-transfer-limitation: electrification of 

reforming reaction, or chemical processes in general, has the greatest advantage that the energy 

transfer and the control is independent of temperature gradient. 

Thermodynamic analysis implies that the temperature-benign and low-emission chemical 

processes are possible with the appropriate combination of nonthermal plasma and the 

heterogeneous catalysts. Figure 1.9 shows the conversion of CH4 and CO2 in MDR as a 

function of special energy input (SEI) operated at room temperature with different catalysts 

[136-145]. One common characteristic of these studies is the high SEI at a large input power 

or low gaseous hourly space velocity (GHSV).  

  

Figure 1.9 Conversion of CH4 (red symbol) and CO2 (green symbol) as a function of SEI at 

room temperature with different catalysts [136-145]. 1 eV/molecule ≈ 4 kJ/L. 

 

1.4.2 Thermodynamic equilibrium  

Figure 1.10 represents the equilibrium conversion equilibrium composite of MDR as a 

○ NiO-MnO2/Al2O3 [136] 
× ZnO+C3N4 [137] 
■ Ni/Al2O3 [138] 
– Cu/Al2O3 [139] 

▲ Non-catalyst [140] 
◇	NiCexC [141] 
+ 10%Ni/-Al2O3 [142] 

□ Non-catalyst [143] 
● TiO2/g-C3N4 [144] 
△	Ni/Al2O3-MgO [145] 
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function of system temperature at 5 kPa by Gibbs free energy minimization. It should be 

pointed out that the depicted theoretical equilibrium is difficult to achieve in the industrial or 

laboratory application because the residence time is always short that the overall reaction rate 

is kinetically-controlled. The highlight of nonthermal plasma is to exceed this theoretical 

equilibrium by the electron energy input. Some studies have reported that the CH4 and CO2 

conversion exceeded the equilibrium by large electron energy input with catalyst temperature 

of 150 ~ 400 ºC [146-151]. 

 

 

Figure 1.10 Thermodynamic equilibrium composite of MDR: initial input of CH4 and CO2 

are 1 mol respectively; pressure = 5 kPa; coke formation is omitted. 

 

On the other hand, the additional separation process is necessary since that the raw 

feedstocks (CH4 and CO2) are co-existed with syngas (CO and H2) in the outlet when the 

temperature is lower than 800 °C as Figure 1.10 shown. Such separation of feedstocks from 

products may be driven by additional technologies of absorption, adsorption, and membrane 

separation [152], which decreases economic benefit inevitably. Then rest CH4 and CO2 

backflows to the reactor with extra energy input, which decreases the energy efficiency of 
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overall system. Once the temperature exceeds 800 °C, above separation process is exempt. 

Therefore, plasma-assisted MDR operated at high-temperature is a potential way to enhance 

the CH4 and CO2 conversion as much as possible to avoid the unnecessary separation. In other 

word, although such plasma assisted MDR is still operated at high temperature rather than room 

temperature operation, the high CH4 and CO2 conversion towards complete conversion to the 

target product also shows a significant economic benefit.  

 

1.5 Kinetic research  

1.5.1 Power-law kinetics and activation energy 

The interaction of multiple potential reactions involving energetic species, as well as the 

nonthermal behavior leads the kinetic study become difficult to be elucidated comprehensively 

in plasma catalysis [153]. As a simple and basic method, the power-law model is widely 

employed in heterogeneous catalysis to understand the underlying physicochemical 

mechanism by reaction order and activation energy. Figure 1.11 (a-i) shows the activation 

energy of methane dry reforming according to some Ni- and La-based catalysts. Except of 

some modified catalysts and reaction system with outstanding behavior, activation energy of 

CH4 in thermal catalysis with the common metal-support catalyst is around 90 kJ/mol. Very 

few studies have been investigated about the power-law kinetics for plasma catalysis. 

Compared with thermal catalysts, plasma catalysis shows a much lower activation energy in 

Figure 1.11 (j) and (k). Molecular beam study revealed the vibrationally excited CH4 enhances 

dissociative chemisorption over Ni clean surface [154, 155]. The investigation of mode 

selective reactivity shows a drastic decrease of the C-H activation energy barrier is possible via 

stretching vibration mode where the vibrational efficacy exceeds 100 % [11]. Similarly, 

vibrationally excited CO2 is reported to enhance the surface reaction between adsorbed 

hydrogen in the Eley-Rideal mechanism [14, 156]. 
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Figure 1.11 Activation energy (Ea) of methane dry reforming according to (a-i) thermal 

catalysis and (j-k) plasma catalysis over different catalyst: (a) Ni/SiO2 [157]; (b) Ni/SiO2 [158]; 

(c) Ni/MgO [158]; (d) Ni/TiO2 [158]; (e) Ni/La/Al2O3 [159]; (f) Ni/CaO-Al2O3 [160]; (g) Ni-

K/CeO2-Al2O3 [161]; (h) LaNiO3 [162]; (i) LaSrNiO4 [163]; (j) Ni/La2O3@SiO2 [164]; (k) 

Ni/La2O3-MgAl2O3 [153]. 

 

Kinetic model of plasma-assisted gas conversion chemistry have been studied in NOx and 

VOC abatement [165, 166]. The power-law kinetic equation is modified by using specific 

energy input (SEI), assuming the reaction rate is proportional to the nth power of SEI. Because 

plasma catalysis is operated at sufficiently low temperature where thermal reaction is not 

initiated. On the other hand, they observed temperature-dependent change of gas conversion 

behavior. Although the seeding radical species by DBD is proportional to the energy density 

(i.e. µ SEIn) and independent of temperature; subsequent reactions depend on the ambient 

temperature to some extent. Yan et al proposed the detailed model using both SEI and the 

temperature dependent rate equation for gas phase plasma conversion of VOC [113]. 

Similar approach has been reported in plasma catalysis of CH4 and CO2 reforming. Similar 

to previous work, the SEI was used as a key parameter. However, unlike VOC and NOx 

treatment, catalyst temperature is higher than the light-off temperature (the lowest temperature 

limit where the catalytic reaction is onset), thereby a relationship between SEI and catalyst 
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temperature need to be clarified in a consistent manner. Zhu et al studied SEI in the range of 

200 and 800 kJ/mol [167]. Comparing to the specific energy requirement (SER) of CH4 and 

CO2 reforming, there is a concern of significant plasma heating due to excessive energy input 

(SEI > SER). Moreover, temperature-dependent term is not included in the equation. Kim et al 

have studied both catalyst temperature and SEI [168]. Plasma heating seems to be avoided 

because SEI < SER was fulfilled. Meanwhile, gas conversion by plasma catalysis does not show 

temperature dependence, although thermal catalysis (plasma-off) exhibited clear dependence 

of catalyst temperature. They replaced the "RT" term by SEI and proposed non-Arrhenius 

model, showing the reaction rate is proportional to 𝑒#	
#$%%
&#' . The apparent activation energy 

(Eapp) derived as small as < 20 kJ/mol. Direct comparison between these literatures is difficult 

due to a different formulation and assumption of the model. One common conclusion is the 

kinetic parameters of plasma catalysis can be evaluated by catalyst temperature and SEI basis. 

 

1.5.2 Kinetics-related surface reactions 

Working principle of catalyst is shown in Figure 1.12 (a), where blue curve presents that 

the energy barrier from reactant to product is high to overcome that reaction is impossible when 

catalyst is absent. Red curve in Figure 1.12 (a) schematically depicts the principle of 

heterogeneous reaction. The catalyst separates one reaction into several reaction elementary 

pathways (steps) towards energy barrier decrease [69]. The heterogeneous catalysis is normally 

explained by Langmuir-Hinshelwood (L-H) mechanism, mainly including adsorption, surface 

reaction, and desorption. The catalyst plays a role to “catch” the gas molecule from gas phase 

into the catalyst surface through the boundary layer. Different with gas phase collision between 

reagents directly to product (gas-phase reaction), catalyst supplies a platform for the trapped 

molecules to react with other trapped molecule towards products generation. The adsorption 

seems to be an essential prerequisite in conventional thermal catalysis [67], and the activity of 
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absorption is kinetically controlled by surface temperature of catalyst.  

 

  

(a) Working priciple of catalyst (b) Working priciple of plasma 

Figure 1.12 Reaction coordinate diagram for working principle of (a) catalyst [69] and (b) 

nonthermal plasma with vibrational excitation [169]. 

 

Some studies pointed out that nonthermal plasma could play an important role to reduce 

the activation barrier to enhance the surface adsorption/activation [13, 67, 68, 169-171]. The 

CH4 dissociative chemisorption on nickel is considered to be the rate-determining step which 

controls the overall reaction rate. The CH4 dissociative chemisorption on nickel which is 

schematically depicted in Figure 1.12 (b). In the thermal reaction, the ground state CH4 

molecule meets a high energy barrier (EA,therm) to arrive the transition state for dissociative 

chemisorption on Ni, i.e., 0.52 eV on Ni (100) [172], 0.74 eV on Ni (111) [173]. In plasma-

assisted reaction, a part of reaction barrier is impacted by vibrationally excited CH4 (EVIB) 

under the electron impact, contributing to a lower reaction barrier (EBARRIER) than that for 

ground state CH4. The related research about kinetic study of vibrationally excited CH4 on Ni 

surfaces will be discussed in Chapter 5.  

As for CO2 uptake, two kinds of CO2-drived oxygen are expected to supply oxygen 

species for surface reaction: lattice oxygen and adsorbed oxygen. As for the former, some 
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works reported that the electron-attached CO2 molecule could be trapped into the oxygen 

vacancy on photocatalytic materials, e.g. BaTiO3, TiO2 under plasma influence [174, 175], and 

dissociates to CO with a O2- anion filling in the oxygen vacancy (Figure 1.13 (a)). The oxygen 

vacancy is regenerated by the impaction of electron colliding. However, surface reaction 

between derived adsorbed species from CH4 (e.g. CH3*, CH2*, etc.) and lattice oxygen is still 

unclear. Based on the coke formation behavior (cf. Figure 1.1), we propose that lattice oxygen 

may contribute to coke suppression in Ni-based catalyst, which will be discussed in Chapter 2. 

 

       

 

        
Figure 1.13 CO2-derived oxygen fixation: (a) lattice oxygen formation mechanism over 

photocatalytic material [176]; (b) adsorbed oxygen formation mechanism over basic material.   

 

As for the CO2-derived adsorbed oxygen, basic site (e.g. lanthanum oxide) contributes an 
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anionic oxygen (O2-) to adsorbed CO2 for surface covalent carbonate species (CO32-) formation 

(Figure 1.13 (b)). This adsorbed oxygen-obtained species may be more reactive than lattice 

oxygen in surface reaction with other adsorbed species. Some basic metallic oxides are reported 

as activate sites for carbonate formation, e.g., CaO [177], TiO2 [178, 179], La2O3 [178, 180-

184], ZrO2 [185], CeO2 [186], MgO [187]. However, the interaction between plasma-excited 

CO2 and basic materials is still unclear (as Figure 1.13 (b) depicted), which becomes the main 

target for Chapter 3.  

 

1.6 Scope of this thesis 

This thesis presents the experimental study of nonthermal plasma-enabled methane dry 

reforming, aiming for providing deep insight into plasma-catalyst interfacial physicochemical 

phenomena. The DBD provides vibrationally excited species by low-energy electron impact. 

Two kinds of nickel-based catalysts were employed: non-lanthanum modified Ni/Al2O3 in 

Chapter 2 and 3, and lanthanum modified Ni/Al2O3 in Chapter 3, 4 and 5. The reason for 

employing two kinds of catalyst is to distinguish the contribution of lattice oxygen-contained 

species and adsorbed oxygen-contained species to reforming behaviors. The surface lattice 

oxygen-contained NiO formation behavior under DBD CO2 treatment is related to coke 

formation behavior. Adsorbed oxygen-contained species (carbonate species) formation 

behavior is related with surface reaction with CH4. To understand the overall influence of DBD 

enhanced CH4 and CO2 activation on MDR, the electrical properties was analyzed by Lissajous 

analysis and electron-molecule collisions theory. Finally, kinetic analysis was carried out to 

reveal the contribution of vibrational excited CH4 on DBD-enhanced reforming.  

Chapter 1 provides an introduction to methane dry reforming and nonthermal plasma. The 

research motivation of this study is proposed based on the thermodynamics and kinetic aspects 

Chapter 2 investigates the oxidation behavior of Ni/Al2O3 catalyst by DBD-activated CO2 
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compared with CO2 thermal oxidation, aiming for providing new insight into oxidation-

reduction cycle of nonthermal plasma-enable MDR. Temperature Programmed Reaction 

Spectrometry was applied to enable a quantitative analysis of gas consumption which is related 

to the oxidation of Ni/Al2O3 catalysts. The nonthermal plasma oxidation mechanism was 

further analyzed by Raman spectroscopy, showing the cross-sectional distribution of NiO over 

the 3 mm spherical catalyst pellets. Nonthermal plasma-excited CO2 oxidizes Ni only near the 

external surface of spherical pellets with 20 μm depth: both DBD-excited species generation 

and penetration into the internal pores are inhibited. The partially oxidized Ni catalyst in the 

external surface promotes DBD-enabled oxidation-reduction cycle, which was further 

correlated with coke formation behavior. 

Chapter 3 elucidates the nonthermal plasma-enabled reaction enhancement mechanisms 

by in situ plasma-DRIFTS (Diffuse reflectance Infrared Fourier Transform Spectroscopy). 

Two catalysts were employed to investigate the role of lanthanum in reforming. Compared 

with thermal catalysis, DBD-activated CO2 shows an enhancement for the bidentate and 

monodentate carbonates formation on La. Moreover, new peaks of bicarbonate and bridge 

carbonate were formed contributed by nonthermal plasma interaction. The ex situ CO2-TPD 

study after DBD- and thermal-activated CO2 treatment further confirmed that DBD-activated 

CO2 enhances bidentate and monodentate carbonates generation at high temperature. XRD 

and EDS analysis suggest that the atomic-scale interaction between CO2-La and CHx-Ni is 

possible over the complex La-Ni-Al oxide. 

The chapter 4 presents the clear evidence of nonthermal plasma-induced synergism of 

methane dry reforming. Reactant conversion and product yield were increased by superposing 

DBD to the La-modified Ni/Al2O3 catalyst at fixed temperature: reforming performance was 

further promoted by increasing the operating frequency from 12 kHz to 100 kHz, while 

maintaining the catalyst temperature as well as specific energy input. Reforming characteristics 
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were correlated with the electrical properties of packed-bed DBD, showing the increase in 

discharge current is critically important to strength plasma-induced synergism, while an 

increase in mean electron energy seems to be a minor effect. Moreover, discharge properties 

were correlated with electron collision kinetics: the vibrationally excited CH4 and CO2 play a 

key role in plasma catalysis of biogas reforming. 

Chapter 5 provides a determination of kinetic parameters of methane dry reforming to 

elucidate the drastic reaction promotion mechanism enabled by plasma-catalyst interaction. 

Lanthanum-modified Ni/Al2O3 catalyst was combined with DBD at 5 kPa and 400-700 °C 

without dilution gas. Reaction order for CH4 and CO2 were determined respectively as 0.68 

and -0.17, which were kept unchanged by DBD, indicating the surface coverage of CH4 and 

CO2 was not influenced by nonthermal plasma. The Arrhenius plot for forward CH4 rate 

constant revealed that 12 kHz DBD hybrid reaction is characterized as mixed catalysis where 

plasma and thermal catalysis are not decoupled. The apparent activation energy was influenced 

only slightly by the specific energy input, because the electrical properties of streamer swarm 

are not influenced to a large extent by SEI at fixed frequency. In contrast, 100 kHz DBD yielded 

significant improvement of CH4 and CO2 conversion via vibrational excitation. Activation 

energy decreased from 91 kJ/mol to 44.7 kJ/mol which was well correlated with the state-

specific gas-surface reactivity of vibrationally excited CH4 on Ni surfaces. 

Chapter 6 provides conclusion and outlook for future work. 
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Chapter 2: Oxidation behavior of Ni/Al2O3 catalyst 

 

This chapter is adapted from the publication work: 

Zunrong Sheng, Seigo Kameshima, Shuiliang Yao, Tomohiro Nozaki, Journal of Physics D: 

Applied Physics 51 (2018) 445205 (8pp), DOI: 10.1088/1361-6463/aae17d. 

 

2.1 Abstract 

The oxidation behavior of Ni/Al2O3 catalyst in CO2 plasma was investigated compared 

with CO2 thermal oxidation, aiming for providing new insight into oxidation-reduction cycle 

of plasma catalysis of methane dry reforming (MDR). Temperature Programmed Reaction 

Spectrometry was applied to enable a quantitative analysis of gas consumption which is related 

to the oxidation and reduction of Ni/Al2O3 catalysts. The nonthermal plasma oxidation 

mechanism was further analyzed by Raman spectroscopy, showing the cross-sectional 

distribution of NiO over the 3 mm spherical catalyst pellets. Nonthermal plasma-excited CO2 

oxidizes Ni only near the external surface of spherical pellets with 20 μm depth: both Dielectric 

Barrier Discharge (DBD) generation and plasma-excited species diffusion into the internal 

pores are inhibited. The lattice oxygen in partially oxidized Ni catalyst over the external surface 

promotes plasma-enabled oxidation-reduction cycle, which was further correlated with coke 

formation behavior in plasma catalysis of MDR. 

 

2.2 Introduction 

Methane dry reforming (R2.1) is one of the promising reactions which utilizes low-valued 

biogas to be upgraded, presenting important economic and environmental advantages. 

However, the demand for high-temperature thermal energy (> 800 °C) of this endothermic 

reaction is the main limitation of application in industrial installation. Moreover, carbon 
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deposition by CH4 dehydrogenation over the metallic catalysts will cause serious catalyst 

deactivation [1, 2]. Reaction R2.2 represents the coke formation on Ni-based catalyst. 

CH4 + CO2 → 2H2 + 2CO  R2.1 

CH4 + Ni → NiC + 2H2 R2.2 

The heterogeneous combination of nonthermal plasma and catalysts receives special 

attention to solve above problems. Nonthermal plasma contains various radicals, excited 

species, ions, and electrons etc., which might interact with catalyst surface [3]. The reaction 

temperature could be decreased by the plasma-generated reactive species because those species 

initiate chemical reaction at lower temperature than thermal catalysis [4-6]. In plasma-catalytic 

reaction, the plasma could make changes or create new reaction pathway in the surface process 

over the catalyst. For example, the deposited carbon from Ni catalysts can be removed 

effectivity by reverse-Boudouard reaction (R2.3) via plasma-excited CO2 [1, 7], regenerating 

active sites for subsequent CH4 adsorption [8]. Besides, plasma-assisted preparation of catalyst 

is a promising approach to modify the physicochemical properties of the catalyst [9-13], e.g., 

with plasma preparation, the catalyst obtains a higher adsorption capacity [14], higher surface 

area [10], and higher dispersion of the catalyst material [11, 15-17], contributing to a better 

performance of catalyst for subsequent catalytic reaction. 

C + CO2 → CO + CO R2.3 

The catalyst most extensively used in the MDR reaction is Ni-based catalyst, due to their 

high activity [18, 19], high availability and low-cost (compared with noble metals) [20]. The 

activation energy of CH4 activation on Ni is reported in some experimental and theoretical 

studies: 0.52 eV on Ni (100) [21], 0.74 eV on Ni (111) [22]. However, nickel catalysts are prone 

to carbon formation which results in fast deactivation (R2.2) [23]. A study reports that although 

the sticking probability of CH4 on nickel is very low (10−9 at R.T.), while the rest of carbon 
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from CH4 dissociative chemisorption converts into carbon filament over the catalyst, leading 

to deactivation by coke [24]. Kameshima et al [25] revealed that in plasma catalysis of MDR, 

carbon deposition in the internal pores of spherical catalyst pellets was remarkably decreased 

by dielectric barrier discharge (DBD), although the interaction between DBD and catalyst is 

confirmed only in the external surface of the pellets. Ref. [25] confirmed that DBD, or 

nonthermal plasma, creates a new reaction pathway on the surface of catalyst, which decreases 

carbon concentration from CH4 dehydrogenation (R2.2) in the internal pores. 

Different with the activation of CH4 on nickel, CO2 is demonstrated to be activated on 

basic support, such as CaO [26], TiO2 [27], La2O3 [28-32], ZrO2 [33], CeO2 [34], MgO [35] to 

form adsorbed oxygen (e.g. carbonate species). But very few works report the interaction 

between Ni and CO2 plasma in MDR. Interesting, this study found the significant oxidation of 

Ni catalyst (R2.4) was possible only when catalyst pellets were exposed to nonthermal plasma 

under CO2 flow. Meanwhile, Ni catalyst is only slightly oxidized by CO2 in the thermal 

catalysis regime [36, 37]. We hypothesize that Ni oxidation uptakes surface lattice oxygen 

beyond adsorption/desorption equilibrium, known as Langmuir isotherm, in plasma catalysis 

which promotes CH4 dehydrogenation without solid carbon formation (R2.5): 

Ni + CO2→ NiO + CO R2.4 

NiO + CH4 → Ni + OH + CH3 R2.5 

This chapter describes oxidation behavior of Ni catalysts by CO2 in plasma catalysis: DBD 

was employed as plasma oxidation compared with thermal oxidation. For the plasma oxidation 

process, it is necessary to be divided different oxidation conditions based on the Specific Energy 

Input (SEI in eV/molecule). Because the dominative reaction should be distinguished from 

oxidation by O2 or CO2. Moreover, the oxidation mechanism was analyzed by Raman 

spectroscopy which identifies NiO distribution over cross-section of 3 mm spherical catalyst 

pellets. The oxidation behavior was further correlated with carbon deposition behavior over the 
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pellets, which provides a deeper insight into nonthermal plasma-enabled reaction enhancement 

mechanism in MDR. 

 

2.3 Experiment methods 

Figure 2.1 shows the catalyst packed-bed DBD reactor in this study. Briefly, this reactor 

includes quartz tube (inner diameter; 20 mm), 3 mm diameter high voltage electrode at the 

center, and the ground electrode outside of quartz tube. Commercially available catalyst pellets 

(12wt%-Ni/Al2O3, spherical 3 mm mean diameter, Süd-Chemie) was packed for 40 mm length 

(mass of catalyst was ca. 14 g). A high voltage power source (12 kHz, 16 kVp-p) was applied to 

generate DBD among the pellet spaces. Discharge power was measured by voltage-charge 

Lissajous analysis. Real-time gaseous components were analyzed by a quadruple mass 

spectrometer (QMS, Prisma-100; Pfeiffer Vacuum GmbH). Catalyst temperature was 

controlled by a furnace at constant heating rate of 10 °C/min during Temperature Programmed 

Reaction Spectrometry and the final temperature of catalyst was fixed at 600 °C. Meanwhile, 

the temperature distribution of the catalyst bed was measured by thermography (TH5104; NEC 

San-ei Instrument Ltd.) through the observation window. The emissivity of catalyst pellets was 

estimated to be 0.82 both in oxidation and reduction processes. The temperature measured by 

thermography and from optical emission spectroscopy [38] were matched within reasonable 

error range. 
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Figure 2.1 Experimental system: (a) overview; (b) cross-sectional view. 

 

The Specific Energy Input (SEI) is a critical operational parameter in the CO2 DBD 

treatment because the dominant reaction pathway changes dramatically with SEI, which is 

formulated in Eq 2.1. 

𝑆𝐸𝐼	 ,
eV

molecule4 =
Power	(W)

𝑒𝑁% ×
𝑄&'&()*+

60 × 10, ×
𝑃
𝑅𝑇

			

= 𝐶 ×
Power	(W)

𝑄&'&()*+ (cm-/min)
 

Eq 2.1 

SEI expresses discharge energy consumption per unit volume of feed gas, which is also 

interpreted as mean electrical energy put into a single molecule. The 𝑄&'&()*+  represents total 

volumetric gas flow rate at the reactor inlet (cm3/min); e = 1.602´10-19 (C); NA = 6.02´1023; R 

= 8.314 J/K/mol; C represents a conversion factor of the unit which is 15.26 

( ./
0').12).

× 3
10(/0*+

) [7]. Plasma oxidation of Ni catalysts was carried out in two contrasting 

conditions: One is small SEI where CO2 dissociation to CO and 0.5 O2 (R2.7) is minimized so 

that the effect of DBD-excited CO2 is purely extracted: this process is designated as direct 
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oxidation route (R2.6). The other is large SEI where CO2 and O2 provide the key oxidation 

pathways: Ni oxidation by O2 (R2.8), which is designated as indirect oxidation route, occurs 

in parallel: therefore, plasma oxidation with large SEI is expressed as mixed oxidation route as 

summarized in Table 2.1. The thermal oxidation of Ni catalysts was also investigated, providing 

the clear difference between plasma and thermal oxidation processes. The detailed operational 

parameters are presented in Table 2.1. 

 

Direct oxidation route: Ni + CO2 → NiO + CO R2.6 

Indirect oxidation route: 
CO2 + e → 1/2 O2 + CO + e R2.7 

Ni + 1/2 O2 → NiO R2.8 

 

Table 2.1. The operational parameters 

Run Oxidation route CO2 flow rate 

(cm3/min) 

Power 

(W) 

SEI 

(eV/molecule) 

Pressure 

(kPa) 

Time 

(min) 

a. 
Plasma 

oxidation 

Mixed 

(Direct and 

Indirect) 10 

34 47.4 

5 70 
b. 

Thermal 

oxidation 
Direct - - 

c. 
Plasma 

oxidation 
Direct 

1000 

33 0.46 

d. 
Thermal 

oxidation 
Direct - - 
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2.4 Mixed oxidation route 

Figure 2.2 shows the result of plasma oxidation of Ni catalyst with sufficiently large SEI 

(Run a). The furnace temperature was increased at a constant heating rate of 10 °C/min; 

correspondingly, catalyst temperature was recorded by the thermo-camera. DBD was turned 

on from 20 min to 90 min. 

 

 

Figure 2.2 Temperature programmed plasma oxidation of Ni catalyst (Run a): CO signal is 

multiplied by 10. 

 

 CO2 is dissociated into CO and O2 without heterogeneous catalysts by electron impact 

[39, 40]. Relationship between SEI and CO2 conversion was reproduced from the cited 

literatures [41-43] as shown in Figure 2.3. CO2 conversion would reach on the order of 20% 

when SEI increases to ca. 50 eV/molecule, implying that gas composition during CO2 DBD 

treatment is approximately CO2: 73%, CO: 18% and O2: 9%. The oxidation behavior 

considering both CO2 (R2.6) and O2 (R2.8) must be taken into account. 

The consumption of CO2 and the generation of CO profile was measured by mass 

spectrometer, which are shown in Figure 2.2. The CO profile is magnified 10 times to 
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distinguish different reaction routes. Inset picture in Figure 2.2 shows a catalyst pellet after 

DBD treatment, showing the external surface was selectively oxidized to whitish color change. 

Interestingly, the cross-section of the hemispherical pellet has been kept in black; the Ni in the 

internal pores was not oxidized. The integration of CO2 and CO profile over the time of DBD 

treatment (20-90 min) deduces the net amount of CO2 consumption (60.0 cm3) and the 

corresponding CO generation (49.9 cm3). Difference between CO2 consumption and CO 

generation is due to measurement error because concentration change is too small to be 

measured accurately. We have confirmed that coke was not produced by CO2 treatment in our 

previous study [25]. 

 

Figure 2.3 CO2 conversion as a function of SEI in DBD without catalys. Cited literatures 

from □Aerts [41]; ○Butterworth [42]; △Brehmer [43]. 

 

Figure 2.4 shows the result of thermal oxidation. Unlike plasma oxidation, the 

homogeneous CO2 dissociation did not occur; it was purely direct oxidation route in thermal 

catalysis regime. CO2 consumption was too small to be detected with the given system; it was 

estimated from the integration of CO profile, leading to the net CO generation (proximity of 

net CO2 conversion) of 4.1 cm3, which is close to the CO generation in thermal route in Figure 
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2.2. It is further validated that the external surface of catalyst pellets remained black at the end 

of oxidation from the inset picture; catalyst pellets were unoxidized stage. Moreover, DBD 

oxidation occurs selectively over the external surface of pellets, indicating both DBD 

generation and plasma-excited species diffusion into the internal pores are inhibited. 

 

 

Figure 2.4 Temperature programmed thermal oxidation of Ni catalysts by CO2 (Run b). 

 

In the thermal oxidation, CO increased with catalyst temperature up to 506°C, and turned 

to decrease with further increase in the temperature. CO2 is most likely adsorbed at the 

boundary between Ni nanocrystals and Al2O3 interfaces [44-46] (Figure 2.5 (a)). Subsequently, 

adsorbed CO2 react with Ni to form NiO near the perimeter of Ni nanoparticles. Reaction sites 

for thermal oxidation would be quite limited which is proven by a small amount of CO 

production. When reaction sites are fully oxidized by adsorbed CO2, Ni oxidation no longer 

takes place and CO signal decreases even at elevated temperature. 

In the mixed oxidation route, CO profile also shows similar peak at 460°C with 

presumably the same oxidation mechanism by the thermal catalysis. Moreover, DBD-enhanced 

Ni oxidation occurs in parallel, which increases the net CO production. Unlike thermal 
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oxidation, CO2 is primarily excited by electron impact [47, 48], such as vibrational states, 

which would enhance CO2 adsorption followed by oxidation of Ni catalyst. Because Ni catalyst 

is oxidized extensively in DBD, we speculate that Ni nanoparticle oxidation occurs not only 

perimeter but also terrace, step, and kink as schematically illustrated in Figure 2.5 (b). Assume 

gas phase CO2 dissociation by DBD is independent of catalyst temperature, while temperature-

dependent thermal oxidation takes place in parallel; CO profile in the plasma oxidation would 

be divided into two parts as depicted in Figure 2.2; however, the individual contribution of O2 

and CO2 on the Ni oxidation is not separated clearly. In the next section, additional temperature 

programmed reaction spectrometry was studied, focusing on DBD-enhanced CO2 oxidation of 

Ni catalysts.  

 

 

Figure 2.5 Ni oxidation pathways: (a) Thermal oxidation with direct oxidation route including 

CO2 adsorption near the perimeter of Ni catalysts. (b) DBD-enhanced mixed oxidation route. 

Inset pictures show hemispherical catalyst pellets after plasma and thermal oxidation. 
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2.5 Plasma-enhanced direct oxidation route 

In the previous section, it is confirmed that oxidation capability of mix plasma oxidation 

is stronger than that of thermal oxidation. Meanwhile, the individual contribution of O2 and 

CO2 on Ni oxidation was not separated clearly. In this section, DBD-enhanced direct oxidation 

route will be investigated, because plasma-induced synergistic effect was observed clearly 

without O2 [1, 7, 25]. As shown in Figure 2.3, CO2 conversion is far below 1 % when the SEI 

was smaller than 0.5 eV/molecule; therefore, Ni oxidation behavior without O2 can be studied 

with small SEI. 

 

2.5.1 Raman spectroscopy 

Because the experiment was carried out at large CO2 flow (Run c and d), the conversion 

of CO2, as well as the generation of CO, were too small to detect. Instead of gas analysis, the 

formation of NiO and its distribution over the cross-section of 3 mm spherical pellets were 

investigated by Raman spectroscopy (NRS-4100, JASCO, 532 nm excitation). Figure 2.6 

shows the Raman spectra from surface to center of pellets together with optical microscope 

images.  

In Figure 2.6 (a), spectrum features NiO with one-phonon (560 cm-1 modes), two-phonon 

(2TO at 740 cm-1, TO + LO at 925 cm-1 and 2LO at 1100 cm-1modes) excitations as well as 

two-magnon excitations (at~1500 cm-1) [49]. Two sharp peaks appearing at 375 cm-1 and 412 

cm-1 are Al2O3 crystal [50]. NiO peaks were recognized clearly between the external surface 

and 20 μm depth. Although a weak signal of NiO was detected at 30 μm and 40 μm depth, the 

optical microscope image shows the thickness of NiO layer is ca. 20 μm. The formation of NiO 

layer is similar to mixed oxidation where Ni oxidation by O2 occurs in parallel. In contrast, NiO 

spectrum was not appeared in any depth in Figure 2.6 (b) after thermal oxidation. It is further 

proved by microscope image that NiO layer was not identified. It is important to emphasize 
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that DBD-excited CO2 has a strong oxidation capability of Ni catalysts.  

 

 

    

Figure 2.6 NiO distribution over the cross-section of catalyst pellets: (a) Plasma oxidation 

(Run c); and (b) Thermal oxidation (Run d) with optical microscope images. 

 

2.5.2 Plasma species generation and penetration  

The Figure 2.7 (a-c) shows the morphology of Ni/Al2O3 catalyst by scanning electron 

microscope (SEM). The pore size of catalyst is roughly estimated to be smaller than 1 µm since 

that the size of Al2O3 particles is about 200~600 nm, resulting in the pore size of this catalyst 

is near to this range. Paschen’s law is formulated in Eq 2.2, where A and B represent empirical 

constants, and γ is Townsend’s secondary ionization coefficient. Plasma onset voltage Vb is a 

function of the gap distance (d) and pressure (p), i.e. Vb = f (pd), leading to a minimum value, 

called Paschen minimum [51]. Plasma cannot be generated in the internal pores which is 
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smaller than Paschen minimum. Based on reference [52], the Paschen minimum is estimated 

around 200 μm in this study. Moreover, it is necessary to consider the penetration of plasma-

generated species based on the Debye length (λde) (Eq 2.3) [53, 54], where the ε0 is the 

permittivity of free space, and the Te, ne, and e is electron temperature, plasma density in stream, 

and electronic charge respectively. The Debye length of DBD is estimated as 1~100 μm [55]. 

𝑉5 =
𝐵𝑝𝑑

(𝐴𝑝𝑑) − ln	 Nln O1 + 1𝛾QR
 Eq 2.2 

λ67 ≡ ,
𝜀8𝑇7
𝑛7𝑒

4
9
"
= 7430,

𝑇7
𝑛7
4
9
"
 Eq 2.3 

 

 

Figure 2.7 The morphology of Ni/Al2O3 catalyst by SEM. 

 

It is clear that the pore size is much smaller than both Paschen minimum and Debye length 

at given condition, concluding that the effect of DBD is limited near the external surface of the 

pellets, which is also proved by the model prediction [53, 56] and literature reviews [6, 51]. 

For the deeper NiO layer with thickness of 20 μm after CO2 plasma oxidation, we hypothesize 

that surface diffusion of electrons may play the key role to Ni oxidation by CO2: because 
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activation energy of electrically charge catalyst may decrease [57]. The role of charged catalyst 

should not be discarded at this point, but a detailed discussion is beyond the scope of the present 

study. 

 

2.5.3 H2-TPR 

The DBD-enhanced direct oxidation route was further investigated indirectly by 

temperature program reduction (TPR) to understand the oxidation behaviors. After the run (c) 

and (d), the TPR was carried out with 10 cm3/min H2 at a heating rate of 10 °C /min. The 

consumption rate of H2 and catalyst temperature were recorded as a function of time by QMS 

and thermography respectively. Figure 2.8 (a) shows the TPR profile after thermal oxidation, 

where the peak (I) and (II) between 200 and 350 °C are assigned to reduction of bulk NiO [58, 

59], and the oxidation of the terrace, step and kink could not be separated clearly. The peak 

(III) at much higher temperature is assigned to the reaction of the NiO in the perimeter 

cooperated with Al2O3 [58, 59]. Figure 2.8 (b) shows the TPR profile after DBD oxidation 

where the peak (I) and (II) are much stronger than that in thermal oxidation, illustrating that 

the plasma CO2 induces a much stronger bulk NiO oxidation than thermal CO2. The oxidation 

amount (corresponds to H2 consumption in unit of cm3) was integrated indirectly by H2-TPR 

profile (flowrate vs. time), and the results are presented in the insert sheet in Figure 2.8. The 

oxidation capability of DBD CO2 is approximately 3.7-fold stronger than that of thermal 

oxidation. Moreover, the most obvious enhancement is presented for peak (II) related with bulk 

NiO, revealing the DBD CO2 could enhance the bulk Ni nanocrystal oxidation.  

 



54 
 

  

  

Figure 2.8 The TPR profiles after (a) thermal oxidation and (b) DBD oxidation; (c) and (d) 

schematic diagrams of oxidation behavior of Ni catalyst.  

 

Above phenomena derived from H2-TPR is schematically depicted in Figure 2.8 (c) and 

(d) that overall bulk Ni crystal is oxidized by DBD CO2 (shown in red color of terrace), while 

thermal CO2 only leads to the partial oxidation (shown in red color of perimeter). Due to the 

limited area of the perimeter between Ni nanocrystal and Al2O3, the DBD CO2 could not further 

enhance Ni oxidation in the perimeter, which is confirmed by the fact that peak (III) in the 

Figure 2.8 (a) and (b) are almost same (3.0 vs. 4.4 cm3). Interestingly, the overall oxidation of 

Ni nanocrystal contributes a new reaction pathway for inhibition of coke formation from CH4 

dehydrogenation, which will be discussed in the next section. 
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2.6 Plasma-enabled new reaction pathway 

Previously, DBD-mediated reaction enhancement mechanism over porous Ni/Al2O3 

catalysts in MDR was investigated. The total flow rate of CH4 and CO2 was 2000 cm3/min with 

the ratio of 0.5< (CH4/CO2) < 2; the temperature of catalyst and the discharge power were 

controlled as 600 °C and 85 W respectively [1]. For plasma catalysis, carbon deposition was 

detected only on the external surface of pellets, where DBD interacts with catalyst rather than 

internal pores. Such phenomenon proves that both DBD generation and plasma-excited species 

penetration into the internal pores are inhibited; moreover, carbon deposition in the internal 

pores could be remarkably prevented by DBD [25]. Similar trend was observed in this work 

that NiO was formed in the limited region over the external surface (20 μm depth) only when 

DBD was superimposed: NiO was not detected in the internal pores due to negligible 

interaction with DBD. 

Molecular beam study revealed dissociative chemisorption of CH4 on metal surface was 

enhanced by vibrational excitation [60]. The numerical simulation of 1-dimensional streamer 

propagation demonstrated that the vibrationally excited CH4 is the most abundant and long-

lived species generated by low energy electron impact [61]. Similarly, excited CO2 and H2O to 

the vibrational states are expected to promote heterogeneous catalytic reactions [1]. However, 

there is an insufficient understanding of the role of vibrationally excited species in plasma 

catalysis. For DBD, electron density in a narrow filamentary channel is of the order of 1014 cm-

3 [62-64]; in contrast, molecule density at standard condition is approximately 1019 cm-3, 

indicating that a majority part of gas stream is neither ionized nor excited. Consequently, 

extremely low proportion of ionized and excited species is inadequate to explain the net 

increase of CH4 and CO2 conversion and selectivity change by DBD. In this regard, nonthermal 

plasma oxidation of Ni to NiO creates critically important step for plasma-enabled synergistic 

effect. 
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As schematically shown in Figure 2.9 (a), DBD-excited CO2, most likely vibrational 

excitation, would induce Ni oxidation rather than simple adsorption; DBD-excited CO2 would 

increase oxygen-containing surface species (i.e. NiO), leading to oxygen-rich surface beyond 

Langmuir isotherm. Incoming excited CO2 would carry a few eV internal energy due to the gas 

phase vibration-to-vibration energy transfer [65, 66], which is the important source of energy 

for NiO formation. Excited CO2 may increase adsorption flux; however, ad-CO2 is eventually 

desorbed by the equilibrium limitation unless it forms NiO. Moreover, we hypothesize that the 

DBD-induced nonthermal heating mechanism would play another key role for the promotion 

of Ni oxidation (Figure 2.9 (b)). Charge recombination and association of radicals on catalyst 

surface can release energy corresponding to 1-10 eV/molecule. If this excess energy is 

transferred directly to the adsorbed CO2, Ni oxidation may be promoted without increasing 

macroscopic catalyst temperature. This reaction scheme would be explained by nonthermal 

plasma-mediated Eley-Rideal mechanism, rather than precursor type adsorption enhancement. 

It is interesting to mention that Raman peaks of Al2O3 in Figure 2.6 (a) increased clearly near 

the surface, implying Al2O3 crystallization is promoted by DBD-induced molecular scale 

heating mechanism. Although nonthermal plasma-induced heating mechanism is commonly 

accepted in particle growth [67, 68], it has yet to be investigated within the scope of plasma 

catalysis. In addition, it is critically important issue because effect of DBD is not limited to 

"excited molecules": penetration of electric field and surface charges into the internal pores is 

also the important factor to enhance heterogeneous catalyst reactions. 

As for MDR, NiO provides the lattice oxygen-rich surface beyond Langmuir isotherm, 

which has a capability of oxidizing a large flux of ground state CH4 efficiently (Figure 2.9 (c)); 

in other words, CH4 is not necessarily pre-excited. CH4 is almost fully reacted in the NiO shell 

(20 μm thickness) and coke formation in the internal pores is prohibited [25]. In the thermal 

catalysis, however, formation of NiO is negligibly small; the ground state CH4 can diffuse into 
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internal pores and deposit coke as previously confirmed [25] (Figure 2.9 (d)). In this reaction 

regime, primarily role of NiO is a surface lattice oxygen reservoir: meanwhile the catalyst 

activity of partially oxidized Ni-based catalyst, as well as nonthermal plasma heating 

mechanism, have not confirmed experimentally yet; these new research subjects are being 

organized towards the deeper insight into the plasma-mediated catalysis, particularly in MDR, 

including the identification of intermediate surface species and their reaction dynamics.  

 

 

 

Figure 2.9 (a) NiO formation by DBD-excited CO2, (b) Nonthermal plasma heating mechanism, 

(c) CH4 conversion within NiO shell having no coke in the internal pores, (d) Thermal catalysis 

with significant coke formation in the internal pores. Carbon mapping is cited from ref. [25].  

 

2.7 Conclusions 

The oxidation behavior of Ni/Al2O3 catalyst in CO2 plasma was investigated compared 

with CO2 thermal oxidation, aiming for providing new insight into oxidation-reduction cycle 

of plasma catalysis of methane dry reforming. In addition to temperature programmed reaction 

spectrometry, the distribution of NiO over the cross-section of catalyst pellets was analyzed by 
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Raman spectroscopy. Major conclusions were derived as follows: 

(1) In the mixed plasma oxidation with large SEI, there are two Ni oxidation pathways: One 

is the direct oxidation route induced by DBD-excited CO2. The other is the indirect route 

due to O2 which is produced by homogeneous CO2 dissociation by electron impact. When 

SEI is sufficiently small (< 1 eV/molecule), DBD-enhanced direct oxidation becomes the 

main oxidation route which significantly oxidizes Ni to NiO. 

(2) Oxidation amount of Ni in the plasma oxidation was much higher than corresponding 

thermal oxidation within the same temperature range (up to 600°C).  

(3) NiO thin layer was formed in the external surface during plasma oxidation with the 

thickness of ca. 20 micrometers: both DBD generation and plasma-excited species 

penetration into the internal pores are inhibited. 

(4) Due to the formation of NiO, catalyst uptakes lattice oxygen beyond thermal equilibrium 

known as Langmuir isotherm, creating a new reaction pathway via NiO. 

(5) The NiO thin layer drives the oxidation-reduction cycle in the plasma catalysis of MDR, 

which is effective to CH4 dehydrogenation, while coke formation is suppressed. 

(6) Formation of NiO in the external surface of spherical pellets was correlated with carbon 

deposition behavior [25]. Although the reactivity of partially oxidized Ni catalyst is not 

well understood at the moment, we hypothesize that ground state CH4 is dehydrogenated 

almost fully within the 20 μm NiO shell before further diffusion into internal pores. 
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Chapter 3: CO2 activation behavior over La-Ni/Al2O3 catalyst 

 

This chapter is adapted from an unpublished work: 

Zunrong Sheng, Hyun-Ha Kim, Shuiliang Yao, Tomohiro Nozaki, Physical Chemistry 

Chemical Physics,in press, DOI: 10.1039/d0cp03127e. 

 

3.1 Abstract  

For a better fundamental understanding of the plasma and catalyst interfacial phenomena, 

we employed in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

under plasma-on conditions to elucidate the nonthermal plasma-enabled reaction enhancement 

mechanisms. Compared with thermal catalysis, plasma-activated CO2 shows a 1.7-fold 

enhancement for bidentate (1560 and 1290 cm-1) and monodentate carbonate (1425 and 1345 

cm-1) formation on La. Moreover, new peaks of bicarbonate (1655 cm-1) and bridge carbonate 

(1720 cm-1) were formed due to nonthermal plasma interactions. Ex situ CO2-TPD study after 

plasma- and thermal-activated CO2 treatment further confirmed that plasma-activated CO2 

enhances bidentate and monodentate carbonate generation with a 1.5-fold promotion at high 

temperature (500 °C). XRD and EDS analyses suggest that atomic-scale interaction between 

CO2-La and CHx-Ni is possible over the complex La-Ni-Al oxide; vibrationally excited CO2 

(CO2vib.)-induced carbonates provide the key to enhancing the overall performance of CH4 dry 

reforming at low temperature. 
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3.2 Introduction 

Methane dry reforming (MDR) shows significant benefits regarding biogas upgrading to 

syngas and reducing greenhouse gas emissions because of accessible and abundant feedstocks 

[1]. The product syngas is a key chemical feedstock for Fischer-Tropsch upgrading towards 

high-value products [2, 3]. However, MDR is an intensive endothermic reaction that requires 

high-temperature thermal energy [4]. From the perspective of thermodynamics study, 

spontaneous reaction could not occur at low temperature because a negative Gibbs free energy 

is required to meet the reaction entropy [5]. To reduce the light-off temperature, nonthermal 

plasma-assisted reforming is practical with additional electron energy input, which has been 

demonstrated in some studies [6-8]. 

From the perspective of kinetic studies, nonthermal plasma-assisted catalysis could reduce 

the energy barrier by plasma-derived excited species [9-15]. The CH4 dissociative 

chemisorption on nickel is considered to be the rate-determining step that controls the overall 

reaction rate. Our previous study demonstrated that dissociative CH4 activation on La-modified 

Ni/Al2O3 catalyst was clearly promoted under the influence of nonthermal plasma [16], which 

is explained by a decrease in the apparent activation energy via vibrationally excited CH4 [17]. 

However, very few works on plasma-assisted in situ surface reactions have been reported. 

Regarding the metal-support catalyst (e.g., Ni/Al2O3) for MDR, metal nanocrystals are the 

active sites for CH4 activation. The interface between the metal and metal oxide is commonly 

considered the active site for CO2 activation [18, 19], which inevitably leads to limited active 

sites for CO2 activation. Due to the lack of efficient activation sites for plasma-activated CO2 

uptake, a synergistic effect with plasma was not observed clearly in the Ni/Al2O3 system [20]. 

To solve this problem, a promoter and high basic support are expected to improve the 

performance of CO2 uptake on the catalyst. The principle is that the basic metal oxide 

contributes an oxygen anion (O2-) to CO2 to form a surface carbonate species (CO32-), which 
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has been investigated by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

on various promoters or supports in thermal catalytic reactions, e.g., CaO [21], TiO2 [22], 

La2O3 [23-27], ZrO2 [28], CeO2 [29], and MgO [30]. Regarding the plasma-assisted reaction, 

Ref. [31] demonstrates that the Ni-La2O3/MgAl2O4 catalyst increases the basicity of the catalyst 

to enhance the chemisorption of CO2 and further enhance CH4 activation. However, evidence 

for an in situ plasma-assisted reaction was not provided. Recently, Xu et al reported nonthermal 

plasma-induced promotion of carbonate, bicarbonate and formate species over a Ru-Mg-Al 

catalyst surface by in situ DRIFTS-MS study of CO2 hydrogenation [32]. Other analogical 

works also presented clear surface activation by plasmas of carbonate and formate species over 

metal–organic frameworks [33, 34]. A different principle for CO2 uptake on a catalyst is that 

surface oxygen vacancies enhance dissociative electron attachment, where CO2 adsorption 

becomes easier than that at defect-free sites [35, 36]. In this case, plasma enhances the splitting 

of CO2 into CO and O anions, and then oxygen is fixed in vacancies as “lattice oxygen” [37]. 

However, regarding CH4 and CO2 involved in plasma-catalyst studies, such a surface 

mechanism has only been found in CO2 splitting [35, 38] and CH4 dissociative chemisorption 

[39] until now. In this case, the plasma-enhanced interaction mechanism between multiple 

adsorbed species is still unclear. 

To understand the surface intermediates induced by plasma-activated CO2 on La-modified 

Ni/Al2O3 catalyst, in situ DRIFTS study, under the presence of nonthermal plasma (hereafter 

in situ plasma-DRIFTS), was employed to reveal CO2 activation at 200 °C. The ex situ CO2-

TPD study was carried out after plasma-activated CO2 treatment at 500 °C to investigate the 

amount of adsorbed species compared with that of thermal-activated CO2 treatment. XRD and 

EDS were employed to analyze the detailed structure of the catalyst. To reveal the surface 

reaction between CO2- and CH4-derived species, high-temperature in situ DRIFTS without 

plasma was carried out for a more in-depth mechanistic study. 
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3.3 Experimental section  

3.3.1 In situ DRIFTS 

 In situ DRIFTS (PerkinElmer Frontier) was employed with a liquid nitrogen-cooled 

mercury cadmium telluride (MCT) detector. Helium was introduced into the cell as a balance 

gas with a flow rate of 60 or 100 mL/min. CH4/CO2 was introduced into the cell at 10 mL/min. 

Two DRIFTS cells were employed: (I) a custom-built plasma-DRIFTS cell (Figure 3) and (II) 

a high-temperature regular cell without plasma. Figure 3.1 (a) schematically depicts (I) where 

a high-voltage needle electrode was located above the catalyst powder (ca. 1 mm gap) to 

generate a DBD (dielectric barrier discharge)-type nonthermal plasma between the needle and 

catalyst powder. A ground electrode was located at the periphery of the ceramic catalyst holder, 

which worked as a dielectric barrier. The plasma was generated at a 50 Hz sinusoidal high 

voltage of 5.5 kV. Figure 3.1 (b) shows the overall view of the plasma-DRIFTS cell without a 

catalyst. The top view in Figure 3.1 (c) shows details of the cell with a 0.1 gram mashed catalyst 

pellet with a mean diameter of ca. 1 mm. Figure 3.1 (d) and (e) shows the emission from the 

plasma in the visible spectrum. The temperature of the catalyst was maintained at 200 °C during 

the experiment. The temperature cannot be further increased due to the limitation of heat 

tolerance: the sealing materials around electrodes could not work more than 200 °C. At high 

temperatures, the gas leakage will occur due to the disorder of sealing materials. 

The high-temperature cell (II) has a structure similar to that of the plasma-DRIFTS cell 

without electrodes, and the temperature of the catalyst can be increased up to 600 °C. Ca. 0.03 

g of the powder catalyst filled the holder. Before the experiment, all the catalysts were 

pretreated by H2/Ar (100/1000 mL/min) for 60 min at 600 °C in the experimental setup shown 

in Chapter 2, the same conditions used in our previous works [16, 20]. All the measurements 

were taken at atmospheric pressure. The 26-scan accumulation was carried out with a resolution 

of 4 cm−1 for all the spectral recordings. 
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Figure 3.1 In situ plasma-DRIFTS cell: (a) schematic diagram; (b) overall view; (c) top-

view; and (d) and (e) emissions from plasma. 

 

3.3.2 Ex situ CO2-TPD 

CO2-TPD (temperature programmed desorption) was performed in a quartz tube reactor, 

a temperature controllable furnace and a quadruple mass spectrometer (QMS, Prisma-100; 

Pfeiffer Vacuum GmbH), which are depicted in Chapter 2 [16, 40]. The catalyst pellet of 

Ni/Al2O3 or La-Ni/Al2O3 (ca. 11 g) was pretreated by H2/Ar flow (100/1000 mL/min) at 600 °C 

for 60 min. CO2-TPD was carried out based on two control groups at 500 °C with 500 cm3/min 

CO2 flow: plasma CO2 treatment (SEI = 2.7 eV/molecule) and thermal CO2 treatment. After 60 

min of thermal/plasma CO2 treatment, a rapid cooling program was carried out with a rate of 

ca. 50 ℃/min in an argon atmosphere to avoid surface species desorption during rapid cooling. 

After the catalyst temperature reached 25 °C, the CO2-TPD started with 1000 cm3/min Ar at a 

heating rate of 10 °C/min. 
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3.4 Catalyst characterization 

La-modified Ni/Al2O3 catalyst was employed in this study, with the main components of 

Ni (11 wt%), La (3 wt%) and an Al2O3 support, referred to herein as “La-Ni/Al2O3”. Another 

catalyst of 12 wt% Ni/Al2O3 was employed in this study as a control group without La 

modification, referred to herein as “Ni/Al2O3". A schematic model of Ni/Al2O3 is given in 

another reference [5]. The X-Ray Diffraction (XRD, Mini Flex 600) was employed with Cu-

Kα X-ray source (40 kV and 15 mA) at a step width of 0.02° (2θ) and scan speed of 5° min−1. 

The XRD analysis of the Ni/Al2O3 and La-Ni/Al2O3 after thermal H2 reduction is presented in 

Figure 3.2 (a) and (b). The peaks of 44.6 and 51.9 corresponded to Ni(111) and Ni(200), 

respectively. The mean size (L) of the Ni nanocrystals in Ni/Al2O3 was estimated to be 29.0 nm 

by Scherrer's equation (Eq 3.1) based on the average of 8 measurements, where K=0.94, λ=1.54 

Å, and the FWHM is the full width at half maximum. Other peaks were assigned to Al2O3. In 

the XRD pattern of La-Ni/Al2O3, La2O3 was not identified, which has been reported for some 

La-added catalysts [24, 41-43]. In Figure 3.2 (b), LaNiAl11O19 was identified based on 2θ of 

32.1, 34.0, 36.1, 39.3, 42.7, 44.9, 58.5, 60.0 and 67.2° (cf. Figure 3.2 (c)), illustrating that Ni 

and La were located on the atomic scale as a complex La-Ni-Al oxide. The structure of 

LaNiAl11O19 is presented in ref [44, 45]. Similarly, the mean size of the Ni crystal of La-

Ni/Al2O3 was estimated to be 10.8 nm by Scherrer's equation. In this case, Ni nanocrystals and 

Ni in the La-Ni-al oxide complex coexisted. Moreover, Figure 3.2 (b) shows peaks of MgAl2O4 

with negligible intensity (0.7 wt% Mg) because Mg-containing dispersing agent was used 

during the catalyst preparation. 

𝐿 =
𝐾𝜆

𝐹𝑊𝐻𝑀 cos 𝜃	 
Eq 3.1 
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Figure 3.2 XRD patterns of (a) Ni/Al2O3, (b) La-Ni/Al2O3, and (c) LaNiAl11O19, 

where ○ Ni; | LaNiAl11O19; ♢ Al2O3; and * MgAl2O4. 

 

High-angle annular dark-field STEM (HAADF-STEM) and energy-dispersive X-ray 

spectroscopy (EDS) (Bruker Nano GmbH) were employed to obtain the nanoparticle images 

and element distributions. Catalyst pellets were crushed by mechanical milling. Figure 3.3 (a) 

and (b) shows HAADF images and Ni mapping of Ni/Al2O3, where Ni is identified as 

distributed nanocrystals in the observation field. The results for La-Ni/Al2O3 are shown in 

Figure 3.3 (c-f), which presents a different distribution behavior than Ni/Al2O3. First, both Ni 

nanocrystals and fine Ni (in LaNiAl11O19) are detectable in Figure 3.3 (e), showing a higher 

and more uniform Ni dispersion than Figure 3.3 (b). Second and more importantly, Ni and La 

overlap in Figure 3.3 (f) due to the combination of (d) and (e). For bimetallic or polymetallic 

catalysts, the proximity of components is critical for determining the cooperative effect [46]. 

Synergistic interaction between the active species on Ni and La is highly likely over the La-

Ni-Al oxide complex. 
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Figure 3.3 HAADF images and elemental maps: (a & b) Ni/Al2O3; (c-f) La-Ni/Al2O3.  

 

3.5 Enhanced carbonate formation by nonthermal plasma 

3.5.1 In situ plasma-DFIFTS study 

Figure 3.4 (a) and (b) shows the spectra from the in situ plasma-DRIFTS cell operated at 

200 °C with Ni/Al2O3 and La-Ni/Al2O3, respectively. Spectrum (a1) in Figure 3.4 (a) shows 

the CO2 activation on Ni/Al2O3. The peak in the range of 2260 to 2400 cm-1 is assigned to gas 

phase CO2. The broad peaks centered at 1340 and 1600 cm-1 are assigned to the generated 

carbonate species [47, 48], which is presumably on the interface between the Ni nanocrystals 

and Al2O3 [40, 41, 49, 50], where adsorption sites are limited due to the small area of the 

interface. As a result, the absorbance intensity of the peaks of carbonate species is not too strong 

in the spectrum (a1), showing clear evidence that the interface between Ni and Al2O3 supplies 

weak active sites for CO2 activation. Spectrum (a2) is obtained after 30 min of treatment with 

plasma-activated CO2. Except for the plasma-induced electromagnetic noise, the intensity of 

the carbonate peaks is not enhanced. Spectrum (a3) is taken when the CO2 flow and plasma are 

(a) (b) (c) 

(d) (e) (f) 
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turned off simultaneously, showing that plasma does not enhance the surface species on 

Ni/Al2O3. 

 

Figure 3.4 In situ plasma-DRIFTS spectra of CO2 activation at 200 °C. (a) Ni/Al2O3: (a1) 30 

min treatment with CO2/He (9 vol%, 110 mL/min), (a2) 30 min plasma treatment with 

CO2/He, and (a3) plasma halt under He flow. (b) La- Ni/Al2O3: (b1) 40 min treatment with 

CO2/He, (b2) 30 min plasma treatment with CO2/He, and (b3) plasma halt under CO2/He 

flow. (c) shows the vibrationally excited CO2-enhanced mechanism of carbonate formation 

accompanied by magnified spectra (c1 and c2). 
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The spectra in Figure 3.4 (b) represent La-Ni/Al2O3. The overlapping peaks between 1200 

and 1800 cm-1 are assigned to several carbonate species [50, 51]. The details of all the carbonate 

species coordinated with La are summarized in Table 3.1. Spectrum (b1) is obtained when the 

CO2 activation reaches steady state with 40 min of treatment. Figure 4 (c1) shows magnified 

carbonate peaks, which are deconvoluted to several peaks as the red dashed curves. The peaks 

centered at 1560 cm-1 and 1290 cm-1 are assigned to bidentate carbonate [41]. The peaks at 

1425 and 1345 cm-1 are assigned to monodentate carbonate [41, 52, 53]. A broad peak at 1720 

cm-1 is assigned to bridged carbonate [21] at a negligible intensity. The intensity of the 

carbonate peaks is much stronger than that of Ni/Al2O3 in spectrum (a1), illustrating that 

complex La-Ni-Al oxide works as the active site for CO2 activation. 

Table 3.1 Carbonate structure over the La-Ni/Al2O3 catalyst and vibration assignments of the 

DRIFTS peaks (*M represents the coordination metal, lanthanum in this study). 

Species 
Monodentate 

carbonate 

Bidentate 

carbonate 

Polydentate 

carbonate 

Bridged 

carbonate 
Bicarbonate 

Schematic 

structure* 

     

Vibration 

mode and 

wavenumber 

(cm-1) 

vas OCO  

at 1425 cm-1 

vas OCO  

at 1560 cm-1 
vas CO3  

at 1500 cm-1 

v C=O  

at 1720 cm-1 

vas OCO  

at 1655 cm-1 

vs OCO,  

at 1345 cm-1 

vs OCO,  

at 1290 cm-1 

v OH  

at 3600-3800 

cm-1 

Reference [41, 52, 53] [41] [23, 25] [21, 25] 
[23, 26, 30, 

53-55] 
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The spectrum (b2) in Figure 3.4 (b) is obtained under plasma treatment. The intensity of 

carbonate peaks increases significantly in the presence of nonthermal plasma. Spectrum (b3) 

is obtained after plasma treatment and is magnified in Figure (c2). The bidentate and 

monodentate carbonate contents are clearly increased by plasma: the total areas of peaks of 

bidentate carbonate (1560 and 1290 cm-1) and monodentate carbonate (1425 and 1345 cm-1) in 

plasma-activated CO2 activation (Figure (c2)) show an approximately 1.7-fold enhancement 

compared to those of thermal-activated CO2 (Figure (c1)). In addition, bridged carbonate (1720 

cm-1) [21] and bicarbonate (also called hydrogen carbonate) (1655 cm-1) [23, 53, 54] are 

generated. The broad peak centered at 3800 cm-1 may be attributed to the OH band of 

bicarbonate [26, 30, 55]. The surface hydrogen species from catalyst pretreatment (thermal H2 

reduction) may contribute the hydrogen species for generating bicarbonate with plasma. 

Electron collision kinetic analysis reveals that the production of vibrationally excited 

species in nonthermal plasma is the dominant reaction pathway rather than dissociation and 

ionization when the reduced electric field (E/N) is lower than 700 Td [16]. R3.1 shows that 

vibrationally excited molecules are produced due to low energy electron impact with a rate 

constant kv. Here, A represents a neutral molecule such as CO2 or CH4. The rate expression for 

the production of vibrationally excited species is formulated in Eq 3.2, where NA and Ne 

represent the number densities of neutral molecules and electrons, respectively. Our previous 

study demonstrated that the production of vibrationally excited CO2 and CH4 is 40-150 times 

greater than the electron number density, as shown in Eq 3.3 [16, 56]. In other words, a single 

electron produces 40 to 150 times more vibrationally excited molecules. Therefore, the 

vibrationally excited species is the most abundant species in the nonthermal plasma 

environment. A molecular beam study revealed that vibrational excitation is effective at 

promoting the reaction between the incident molecule and catalyst surface [57], contributing 

to the enhanced surface coverage of adsorbed species by vibrational energy redistribution [58, 
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59]. The vital role of vibrational excitation is also indicated in homogeneous plasma-induced 

CO2 splitting studies [38, 60]. Based on the above experimental and theoretical works, we 

highlight that plasma-induced vibrationally excited CO2 plays a key role in enhanced carbonate 

formation over La-Ni/Al2O3, which is schematically depicted in Figure 3.4 (c): (c1) shows that 

active sites in complex La-Ni-Al oxide are occupied by carbonates in thermal-activated CO2 

activation. When plasma-activated CO2 treatment starts, electron-induced vibrationally excited 

CO2 has a stronger interaction with unoccupied active sites. Consequently, bridged carbonate 

and bicarbonate are generated, and the formation of monodentate and bidentate carbonate is 

enhanced, as shown in Figure (c2). 

𝐴 + 𝑒
:)→𝐴; + 𝑒 R3.1 

𝑟; =
d𝑁<;

d𝑡 = 𝑘;𝑁<𝑁7 Eq 3.2 

𝑁<; 	= (40 − 150)𝑁7 Eq 3.3 

 

3.5.2 Ex situ CO2-TPD study 

The above DRIFTS experiments present carbonate generation behavior at 200 °C due to 

the limitation of the heat tolerance of the plasma-DRIFTS chamber. To investigate carbonate 

generation at high temperatures, CO2-TPD (temperature programmed desorption) was carried 

out after CO2 treatment with and without plasma. The results for La-Ni/Al2O3 are shown in 

Figure 3.5 (A). All the curves between 300 and 600 °C are deconvoluted into several peaks, 

and the fitting curve (an orange dotted line) overlaps with the original spectrum. The curve (a) 

in Figure 3.5 is the CO2-TPD pattern after thermal CO2 treatment. The assignment of peaks I-

IV are summarized in Table 3.2. Peaks I and II are attributed to the desorption of the bidentate 
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carbonate adsorbed on the interface between Ni and Al2O3 (hereafter Al2O3) and the La in the 

La-Ni-Al oxide complex (hereafter La) [41], respectively. The desorption temperature of 

carbonate at different sites can be distinguished based on the premise that La oxide is more 

basic than Al2O3 [61-63], which leads to a higher desorption temperature. Peaks III and IV at 

higher temperatures correspond to the desorption of monodentate carbonate adsorbed on Al2O3 

and La, respectively [41].  

The TPD patterns of Ni/Al2O3 are shown in Figure 3.5 (B), where the CO2 desorption 

(signal of m/e=44) is very weak in patterns (a) and (b), illustrating that the carbonate generation 

over Ni/Al2O3 is intrinsically weak. Plasma-enhanced synergism is not observed clearly for 

Ni/Al2O3 catalysts, which correlates well with the DRIFTS experiments shown in Figure 3.4 

(a). A comparison between the TPD peaks of La-Ni/Al2O3 and Ni/Al2O3 shows that peaks I (I’) 

and III (III’) are common features of these two catalysts, which are related to Al2O3. However, 

peaks II and IV are unique features of La-Ni/Al2O3.  

Compared with thermal CO2 treatment, peaks II, III and IV of La-Ni/Al2O3 are enhanced 

after plasma CO2 treatment in Figure 3.5 (A), which corresponds well with the DRIFTS results 

at low temperature. Here, we conclude that plasma CO2 at high and low temperatures can 

enhance carbonate generation over La-Ni/Al2O3. 

 

Table 3.2. The assignment of peaks I-IV for La-Ni/Al2O3. 

Peak I II III IV 

Temperature (°C) 375 400 460 500 

Carbonate type Bidentate Bidentate Monodentate Monodentate 

Active site Al2O3 La Al2O3 La 

Remarks: Al2O3 represents the interface between Ni and Al2O3, and La represents complex La-

Ni-Al oxide. 
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(A) La-Ni/Al2O3 

 
(B) Ni/Al2O3 

Figure 3.5 CO2-TPD patterns of (A) La-Ni/Al2O3 and (B) Ni/Al2O3 after 500 °C treatment: 

(a) thermally activated CO2 and (b) plasma-activated CO2. The CO2 flow rate was 500 

mL/min at 10 kPa. The heating rate was 10 °C/min. 

 

3.6 Carbonate-induced reaction pathway  

3.6.1 In situ DRIFTS study 

The carbonate generation over La-Ni/Al2O3 is clearly enhanced by CO2 plasma. Moreover, 

Ni/Al2O3 without La is inert for carbonate generation. In this section, only La-Ni/Al2O3 is 

studied to reveal the reaction enhancement mechanism via carbonates for methane dry 

reforming.  

First, low-temperature DRIFTS cell was employed where the CH4 was introduced with 

CO2 over the carbonate containing La-Ni/Al2O3. In spectrum (a) in Figure 3.6, the gas phase 

CH4 was detected as the peaks at 1304 cm-1 and 3015 cm-1. The product CO (g), the 

intermediate species CHx* (in the range of 2800 to 3000 cm-1 [64, 65]) and CHxO* (1750 cm-1 

[66-68]) were not detected, illustrating that CH4 dehydrogenation did not occur at 200 °C. In 

spectrum (b), plasma was employed. The peak at 1560 cm-1 (bidentate carbonate) was enhanced 

(a)  

(b) 
(b) 

(a) 
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slightly by plasma. However, the missing CHx* (x=1-3), CHxO* and CO (g) imply that plasma 

at 200 °C could not induce CH4 chemisorption and dehydrogenation. Besides, the intensity of 

bidentate carbonate peak at 1560 cm-1 was enhanced with plasma-on (spectrum (b)) refers to 

the scale bar (red color), which corresponds with the results in section 3.5.1. 

 

Figure 3.6 DRIFTS spectra for CO2/CH4/He (8.3 vol%, 120 mL/min) activation over La-

Ni/Al2O3 at 200 °C in plasma-DRIFTS cell: (a) plasma-off; (b) plasma-on. 

 

Because CH4 activation is impractical in low-temperature DRIFTS cells even with plasma, 

the plasma-enhanced surface reaction mechanism is further supported by the high-temperature 

DRIFTS study at 600 °C. The spectrum at 1 min in Figure 3.7 (a) for CO2 treatment shows two 

broad peaks centered at 1560 and 1354 cm-1, which are assigned to bidentate and monodentate 

carbonates, respectively. Then, the CO2 flow is switched to CH4 at 2 min. Gas phase CH4 is 

detected as peaks at 1304, 1354 and 3015 cm-1 (not shown). With continuous CH4 flow, the 

peak at 1560 cm-1 shifts gradually to 1500 cm-1 between 2 and 4 min because the bidentate 

carbonate (1560 cm-1) is gradually consumed, while polydentate carbonate (1500 cm-1) [23, 69] 

becomes dominant, indicating that bidentate carbonate reacts primarily with CH4-derived 

species. Additionally, a weak broad band centered at 1750 cm-1 appears when CH4 is introduced, 
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which is assigned to the C=O stretching vibration in surface CHxO* (x=1-3) species [66-68], 

and it is expected as the intermediate species for generating CO and H2 [70, 71]. Here, the 

adsorbed species are denoted by “*”. In this case, the CHx* from CH4 dehydrogenation is 

continuously oxidized by CO32- (bidentate carbonate) to generate CHxO* before complete 

dehydrogenation of carbon occurs. The peaks of gas phase CO (2113 and 2176 cm-1 [72]) are 

detectable at 4.5 min accompanied by an enhanced CHxO* band (1750 cm-1), indicating that 

the successful production of CHxO* leads to syngas (CO and H2) generation. 

 

  

Figure 3.7 In situ DRIFTS spectra of CH4 flows to carbonate-containing La-Ni/Al2O3 at 

600 °C in high-temperature cell (plasma-off). 1 min: CO2/He=14 vol %, 70 mL/min; 2-7 

min: CH4/He=14 vol %, 70 mL/min; 8 min: He=60 mL/min.  

 

In Figure 3.7 (b), the bands of product CO (g) became weak at 5 min due to the carbonate 

species being consumed, which is confirmed by the fact that all the carbonate peaks (between 

1200 and 1800 cm-1) disappear. The lack of carbonates leads to the oxidation-reduction 

behavior of Ni [22], which is attributed to the baseline shift from 5 to 7 min. The transparency 

difference between the reduced and oxidized samples, as well as the oxidation-reduction 

(a)  (b)  
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behavior will be discussed in section 3.7. CH4 is dehydrogenated continuously to coke [50] 

after the carbonates are fully consumed. The CH4 flow is turned off at 8 min, and all the 

carbonate bands disappear. 

 

3.6.2 Relationship between carbonate formation and CH4 conversion 

Table 3.3 summarizes the CH4 conversion from our previous works, as well as the amounts 

of carbonates obtained from the DRIFTS and CO2-TPD results in this work. For Ni/Al2O3, CH4 

conversion is not increased under plasma reforming compared with that of thermal reforming, 

indicating that the plasma-induced synergism for CH4 conversion is negligible. For La-

Ni/Al2O3, plasma reforming shows a 1.5-fold enhancement in CH4 conversion compared with 

thermal reforming. Such plasma-induced synergism can be explained by the enhancement in 

carbonate generation, showing a 1.5-1.8 times enhancement compared with that of thermal 

treatment according to DRIFTS and CO2-TPD experiments. 

Ni nanoparticles work as the active sites for CH4 dissociative chemisorption, and the 

complex La-Ni-Al oxide supplies peculiar active sites for CO2 activation. The Ni weight 

percent of Ni/Al2O3 (12% wt.) is higher than that of La-Ni/Al2O3 (11% wt.). Moreover, 

approximately 2% wt. Ni contributes to LaNiAl11O19, while only 9% wt. Ni nanoparticles are 

estimated in La-Ni/Al2O3. Therefore, the CH4 conversion with La-Ni/Al2O3 is lower than that 

with Ni/Al2O3. Additionally, significant coking is observed in Ni/Al2O3 [20] because Ni/Al2O3 

is more reactive for CH4, leading to much smaller CO selectivity than that of the La-Ni/Al2O3 

catalyst [16, 20]. 
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Table 3.3 Comparison of the CH4 conversion and amount of carbonate generated 

 CH4 conversion in MDR Amount of carbonate generated 

Reference 
Kameshima et al 

[20] (*a) 

Sheng et al 

[16] (*b) 

DRIFTS results in 

Figure 3.4 (c) (*c) 

CO2-TPD 

results in 

Figure 3.5 (I) 

(*d) 

Catalyst Ni/Al2O3 La-Ni/Al2O3 

Unit mL/min mL/min 
Areal intensity of 

absorbance (-) 

Areal intensity 

of desorbed-

CO2 (-) 

Thermal 450 141 8.3 5.6 

Plasma 450 204 14.9 8.3 

Gain 1 1.5 1.8 1.5 

(*a) Catalyst temperature = 600 °C; flow rate of CH4/CO2 = 1000 mL/min; catalyst weight =14 g. 

(*b) Catalyst temperature = 600 °C; flow rate of CH4/CO2 = 500 mL/min; catalyst weight =11 g. 

(*c) Areal intensity of absorbance from DRIFTS was calculated by integration of absorbance 

intensity (a.u.) with wavenumber (cm-1). 

(*d) Areal intensity of desorbed-CO2 from CO2-TPD was calculated by integration of current 

intensity of m/z=44 (a.u.) with time (min). 

 

3.6.3 Reaction mechanism of plasma-enhanced MDR  

The plasma-enhanced reaction pathways over La-Ni/Al2O3 are explained based on the 

Langmuir-Hinshelwood mechanism, which are schematically illustrated in Figure 3.8. First, 

CH4 is dissociatively chemisorbed on Ni as CH3* and H* (R3.2), followed by consecutive 

dehydrogenation of adsorbed CH3* to fragments (CHx*) (R3.3). Additionally, as an acidic 
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species, CO2 is adsorbed and activated on La because the La in the La-Ni-Al oxide complex 

supports a basic site contributing anionic oxygen (O2-) to adsorbed CO2 for surface covalent 

carbonate species (CO32-) formation (R3.4). At the initial stage of reforming, vibrationally 

excited CH4 and CO2 enhance the interaction with catalysts, contributing to the increased 

amount of surface species. 

CH4 + * → CH3* + H* R3.2 

CH3* → CHx* + (3-x) H* (x=1, 2) R3.3 

CO2 + O2- → CO32- R3.4 

 

 
Figure 3.8 Plasma enhanced mechanism over La-Ni/Al2O3. Plasma induced reaction 

pathways (R3.1) is defined in section 3.5.1. 

 

In the second stage of reforming, carbonate species (CO32-) oxidize CHx* (x=1-3) quickly 

on adjacent Ni to form CHxO* (R3.5), and successful production of CHxO* leads to syngas (CO 

and H2) production (R3.6 and R3.7): as a result, active sites of Ni for CH4 adsorption are 
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regenerated. In this case, complete dehydrogenation of CH3* to carbon, i.e., coking, is inhibited. 

More carbonate generation by plasma-activated CO2 is expected to accelerate the surface 

reaction (R3.5) by increasing the surface coverage of carbonate. As a result, a promoted CH4 

conversion in plasma-assisted reforming is observed, as summarized in Table 3.3. 

CO32- + CHx* → CHxO* + CO+ O2- (x=1-3) R3.5 

CHxO*→ CO+ x/2 H2 + * R3.6 

H*+ H* → H2 + * R3.7 

Likewise, plasma-activated CH4 is anticipated to promote dissociative chemisorption over 

Ni sites. However, CHx* fragments need to react with carbonate species, and the active sites 

must be regenerated for the successive CH4 conversion to syngas. This is presumably the reason 

that the interaction between plasma and Ni/Al2O3 is weak without La. 

 

3.7 Oxidation-reduction behavior of La-Ni/Al2O3 

Chapter 2 has confirmed the oxidation-reduction behavior of Ni catalysts by Raman 

spectroscopy and optical microscopy [13]. In this chapter, it was found that the oxidation-

reduction behavior enables a change in the transparency of La-Ni/Al2O3 catalyst. The 

transmittance spectra (Figure 3.9 (I)) were directly obtained from background measurement in 

DRIFTS experiment, showing that oxidized and reduced La-Ni/Al2O3 samples have different 

transmittance spectrum due to the different transparency of Ni (a) and NiO (b). The absorbance 

spectra could be obtained by Eq 3.4 (Beer’s law) based on the transmittance spectra in the 

background measurement. 

𝐴	(𝑣) = 2 − log(%𝑇(𝑣)) Eq 3.4 

Here, A and %T represent the absorbance and percent transmittance, respectively. v represents 
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the wavenumber (cm-1). The absorbance spectra of La-Ni/Al2O3 (thermal H2 reduced sample) 

and La-NiO/Al2O3 (thermal CO2 oxidized sample) are shown in Figure 3.9 (II) (a) and (b), 

respectively. The spectrum (a) of the reduced sample shows an increase in the profile compared 

with that of the oxidized sample in the range of 1500~4000 cm-1, as well as 600~800 cm-1, 

indicating that the absorbance of the infrared signal increases in the case of the H2-reduced 

sample (i.e., La-Ni/Al2O3). It should be noted that a strong absorbance band is observed in the 

range of 800~1500 cm-1, which is subtracted as background. 

 

 

(I) Transmittance spectrum 

 

(II) Absorbance spectrum 

Figure 3.9 Transmittance (I) and absorbance (II) spectrum of (a) La-Ni/Al2O3 and (b) La-

NiO/Al2O3 under He flow (100 mL/min) at 600 °C in high-temperature cell. 

 

In Figure 3.10, the spectrum recorded at 1 min shows carbonate species (1200-1600 cm-

1). Ni nanocrystals were simultaneously oxidized by thermal CO2 to NiO. When the H2 flowed 

to the DRIFTS cell from 5 min to 15 min instead of CO2, the baseline lifted upwards, which 

was attributed to NiO reduction by H2. Carbonates (between 1200 and 1600 cm-1) were 

consumed at 5 min and gradually disappeared after 10 min. A weak OH* band (3700 cm-1) was 
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detected at 5 min in the inset figure. This indicates that OH* species are the intermediate 

product when surface hydrogen reacts with carbonates [31] because the decomposition of H2 

easily forms adsorbed H species on Ni [50, 73, 74]. The bands of gas phase H2O (1250 to 2000 

cm-1 and 3500 to 4000 cm-1) were not clearly detectable, suggesting that H2O may not be 

produced via the reduction of NiO or carbonates. After 15 min, CO2 was introduced instead of 

H2, and then the baseline “turned back" to oxidized conditions at 30 min with carbonate peaks, 

which was similar to the spectrum at 1 min. 

 

 
Figure 3.10 DRIFT spectra of oxidation-reduction behavior on La-Ni/Al2O3 at 600 °C in high-

temperature cell: 1 min: oxidized catalyst with CO2/He (9 vol.%, 110 mL/min) treatment; 5-15 

min: reduced catalyst with H2/He (9 vol.%, 110 mL/min) treatment; 30 min: re-oxidized 

catalyst with CO2/He (9 vol.%, 110 mL/min) treatment. 
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3.8 Conclusion 

Nonthermal plasma can enhance CO2 activation on La, leading to more surface carbonate 

species formation than with thermal catalysis. Moreover, bicarbonate and bridge carbonate can 

be generated by plasma treatment. Due to the characteristics of the neighboring distribution on 

the atomic scale between Ni and La in the La-Ni-Al oxide complex, the CO2-La-derived 

carbonate species can oxidize CHx* on Ni to generate syngas. The synergism of plasma-assisted 

reforming is explained by the plasma-enhanced surface carbonate generation: more surface 

carbonates contribute to a higher surface coverage of CO2. The faster surface reaction between 

CHx* species and carbonates leads to higher CH4 conversion in plasma-assisted methane dry 

reforming. We would like to point out that activation of CH4 into vibrational states should also 

play a vital role; however, co-reactants, i.e., plasma-activated CO2, that form surface carbonates 

are necessary to maximize plasma catalysis. 
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Chapter 4: Electrical properties of dielectric barrier discharge 

 

This chapter is adapted from the publication work:  

Zunrong Sheng, Kenta Sakata, Yoshiki Watanabe, Seigo Kameshima, Hyun-Ha Kim, Shuiliang 

Yao, Tomohiro Nozaki, Journal of Physics D: Applied Physics 52 (2019) 414002 (13pp),  

DOI: 10.1088/1361-6463/ab2d36. 

 

4.1 Abstract 

This chapter presents the clear evidence of nonthermal plasma-induced synergism of 

biogas reforming studied at 5 kPa. Reactant conversion and product yield were increased by 

superposing dielectric barrier discharge (DBD) to the Ni-based supported catalyst at fixed 

temperature: reforming performance was further promoted by increasing the operating 

frequency from 12 kHz to 100 kHz, while maintaining the catalyst temperature (600 °C) as 

well as specific energy input (SEI = 1.37 eV/molecule). Reforming characteristics were 

correlated with the electrical properties of packed-bed DBD, showing the increase in discharge 

current is critically important to strength plasma-induced synergism, while an increase in mean 

electron energy seems to be a minor effect. Moreover, discharge properties were correlated 

with electron collision kinetics: the vibrationally excited CH4 and CO2 play a key role in plasma 

catalysis of biogas reforming. 
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4.2 Introduction 

The methane dry reforming (MDR) is an endothermic reaction. To satisfy the reaction 

enthalpy, high-temperature thermal energy is required to meet the large positive value of Gibbs 

free energy in thermal reforming for spontaneous reaction [1]. Significantly, the plasma-

assisted MDR could be initiated at much lower temperature than thermal catalysis due to the 

reactive species produced by electron impact reaction. Because electron-driven reaction is 

almost independent of ambient temperature, nonthermal plasma catalysis enables low-

temperature MDR without any assist with combustion, bringing the tremendous benefits 

towards sustainable material and energy conversion processes. 

The catalyst packed-bed dielectric barrier discharge (PB-DBD) reactor is most frequently 

employed plasma-assisted MDR [2-9], which features merits of low-cost, compact structure 

and flexible operation. It is also widely employed in other gas treatment fields, e.g. CH4 stream 

reforming [10], VOCs abatement [11, 12], CO2 decomposition [13], NOx and ozone synthesis  

[14, 15], and formaldehyde removal [16]. The interaction of nonthermal plasma and 

heterogeneous catalyst is discussed in review literatures [17-20]; however, the effect of catalyst 

on plasma is complicated.   

In a non-packed DBD reactor, discharge mode is the filamentary discharge propagating 

across the gas gap as the “free-standing” filamentary [1]. In a PB-DBD reactor, the surface 

streamer is propagated along catalyst surface [21-27], which is reported to be a key role to 

enhance the catalytic performance of catalyst [22]. Moreover, the electric field concentrates at 

several pellet contacts, instead of the uniform electric field, leading to intensive partial 

discharges between the contact area of catalysts [28-30]. Some works also reported that the 

porosity of catalyst enhanced the local electric field [31-34], contributing to a high energy tail 

of electron energy distribution [35-37]. According to the widely-used porous catalyst, the 

plasma generation, plasma penetration and electric field change have been discussed based on 
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different pore size both by simulation and experimental study [38, 39]. For example, Zhang et 

al reported that plasma species is generation is the pores of catalyst, which is in micrometer 

range [38]. 

This chapter presents the clear evidence of nonthermal plasma-induced synergism in 

relation to the discharge characteristics of PB-DBD operated at 5 kPa. Reactant conversion and 

product yield were increased by superposing the dielectric barrier discharge to the 

heterogeneous catalysts at fixed catalyst temperature: conversion and yield were further 

increased by increasing the operation frequency from 12 kHz to 100 kHz. The electrical 

properties of PB-DBD were studied comprehensively by the Lissajous plot analysis, showing 

the increase in discharge current is critically important to strengthen nonthermal plasma-

induced synergism, while increase in mean electron energy seems to be a minor effect. 

Moreover, discharge properties were correlated with electron collision kinetics: the 

vibrationally excited CH4 and CO2 play a key role in plasma catalysis of MDR. 

 

4.3 Experimental section 

4.3.1 Experimental system 

Figure 4.1 shows the reactor system. The reactor consists of a quartz tube (i.d. = 20 mm), 

the high voltage electrode (3 mm diameter) at the center and the ground electrode outside of 

the quartz tube. The high voltage was applied between these electrodes to generate PB-DBD. 

An external capacitor (33 nF) is connected to the ground electrode in series for charge 

measurement. The voltage and current waveforms were recorded by oscilloscope (Agilent 

Technologies; DSO-X 3014A) via the high voltage probe (Tektronix; P6015A) and the current 

prove (Tektronix; TCP201), respectively. The voltage and current waveforms are displayed in 

Figure 4.2. 100 kHz power source (ASTECH; LG-10S RF Generator) generates sinusoidal high 

voltage; 12 kHz power source (Logy Electric; LHV-13AC) generates deformed-sinusoidal 
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signal.  

The commercially available catalyst pellets (ca. 11 g) were packed for 40 mm length as 

Figure 4.1 shown. The catalyst pellet is Rasching ring type with the dimension of 3´3 mm 

(diameter´height) having 1 mm hole. The components of catalyst are nickel (11% wt.) and 

lanthanum (3% wt.) with porous Al2O3 as support. Total pore volume of Ni was measured by 

H2 adsorption, showing 0.65 cm3/g. The operational temperature is controlled by an electrical 

furnace. The temperature distribution of packed-bed is detected by a thermography through the 

observation window (Figure 4.1). Because catalyst bed temperature increased slightly due to 

the heat generated by DBD, the furnace temperature was adjusted so that the catalyst bed 

temperature was maintained at 600 °C. Plasma gas temperature was estimated by optical 

emission spectroscopy of rotational band of CO (B-A) transition [40], showing the gas 

temperature of streamers equilibrated with catalyst pellet temperature. The CH4/CO2 ratio was 

automatically incremented by the programed mass flow controller, while total flow rate was 

kept constant at 1000 cm3/min.  

 

 

Figure 4.1 Schematic diagram of PB-DBD reactor. Inset pictures show DBD generated by 12 

kHz high-voltage power source (Logy Electric) and a thermo-image of the packed-bed. 



96 
 

     

Figure 4.2 Voltage and current waveforms of packed-bed DBD: (a) 12 kHz and (b) 100 kHz. 

CH4 fraction was 0.5, and power was 85 W. 

 

4.3.2 Parameter definition 

Specific energy input (SEI) has been defined in Chapter 2. The Gaseous hourly space 

velocity (GHSV) was calculated by the Eq 4.1: 

𝐺𝐻𝑆𝑉	(h#9) =
60 × 𝑄&'&()*+

𝑉8
 Eq 4.1 

The 𝑄&'&()*+  represents total volumetric gas flow rate at the reactor inlet (cm3/min); V0 expresses 

the volume of empty DBD reactor (cm3); Based on the mole balance on the packed-bed DBD 

reactor, conversion and selectivity of each species were calculated by the Eq 4.2-4.6. 

𝐶𝐻!	conversion	% = 	
𝐹=>*
?@ − 𝐹=>*

ABC

𝐹=>*
?@ × 100 Eq 4.2 

𝐶𝑂"	conversion	% = 	
𝐹=D+
?@ − 𝐹=D+

ABC

𝐹=D+
?@ × 100 Eq 4.3 

𝐻"	selectivity	% = 	
𝐹>+
ABC

2(𝐹=>*
?@ − 𝐹=>*

ABC)
× 100 Eq 4.4 

𝐶𝑂	selectivity	% = 	
𝐹=DABC

(𝐹=D+
?@ − 𝐹=D+

ABC) + (𝐹=>*
?@ − 𝐹=>*

ABC)
× 100 Eq 4.5 
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𝐶𝑜𝑘𝑒	selectivity	% = 	
𝐹EA:7

(𝐹=D+
?@ − 𝐹=D+

ABC) + (𝐹=>*
?@ − 𝐹=>*

ABC)
× 100 Eq 4.6 

Average coking rate was calculated by the Eq 4.7 and Eq 4.8: 

𝐹EA:7 =
1
𝑇F
×
𝑃
𝑅𝑇 × 𝐴 Eq 4.7 

𝐴 = q ∆𝑄=D
G,

8
dt Eq 4.8 

F (mol/s) expresses mole flow rate; 𝜟QCO (m3/s) represents volumetric flow rate of CO; TD (s) 

and TR (s) expresses the duration of decoking and reforming period, respectively. Refer to 

Figure 4.3 for the notation.  

 

4.3.3 Experimental condition 

The experimental conditions for reforming and Lissajous plot analysis are shown 

respectively in Table 4.1 (a) and (b). 

 

Table 4.1 Conditions for experiments. (a) Reforming analysis at fixed power and temperature; 

(b) Lissajous plot analysis at fixed CH4 fraction: Total flow rate = 1000 cm3/min (at STP); 

GHSV = 5144 h-1; Pressure = 5 kPa. 

(a) 
Frequency 

(kHz) 

Power 

(W) 

SEI 

(eV/molecule) 

CH4 fraction 

(-) 

Catalyst Temp. 

(°C) 

Plasma catalysis 
12 

90 1.37 

0.33-0.60 600 
100 

Thermal catalysis - - - 

 100   
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(b) 
Frequency 

(kHz) 

Power 

(W) 

SEI 

(eV/molecule) 

CH4 fraction 

(-) 

Catalyst Temp. 

(°C) 

PB-DBD 
12 

6-90 0.09-1.37 0.44 

600 
100 

Empty-DBD 

12 Furnace temp. 

was set to 

600 °C 
100 

 

4.4 General reforming behavior 

4.4.1 Pulsed reforming spectrometry 

 The representative result of pulsed reforming spectrometry is displayed in Figure 4.3: 

(a) and (b) show the gas composition and the corresponding catalyst temperature for the first 3 

cycles, while (c) and (d) show the last 3 cycles. The real-time gases shown in Figure 4.3 were 

analyzed by the quadruple mass spectrometer (QMS, Prisma-100; Pfeiffer Vacuum GmbH). TD 

(s) and TR (s) in Figure 4.3 (c) expresses the duration of decoking and reforming period, 

respectively. Due to coke formation during the last 3 cycle, de-coking period was extended 

from 10 to 20 min. The conversion, selectivity, and average reaction rate were calculated when 

the gas composition and catalyst temperature reached the steady state at the end of each cycle. 
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Figure 4.3 Time dependent change in gas composition and catalyst temperature. Φ= CH4/CO2 

ratio (= 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.5). f = 12 kHz. Other conditions: see Table 

4.1 (a). 

 

4.4.2 Conversion and selectivity 

 Figure 4.4 (a)-(d) show basic reforming behavior: conversion and selectivity are 

plotted with respect to the initial CH4 fraction. In overall, CH4 and CO2 conversion were 

enhanced clearly by DBD; reforming performance was further enhanced by increasing 

frequency from 12 kHz to 100 kHz at fixed catalyst temperature of 600 °C. CH4 conversion is 

initiated by dissociative chemisorption (R4.1), followed by consecutive dehydrogenation of 

adsorbed CH4 fragments (R4.2): 

𝐶𝐻!∗ → 𝐶𝐻-∗ + 𝐻∗ R4.1 

𝐶𝐻-∗ → 𝐶𝐻I∗ + (3 − 𝑥)𝐻∗ 𝑥 = 0, 1, 2 R4.2 
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Reaction R4.1 is known to be the key rate-determining step for CH4 reforming reaction, 

indicating DBD has an ability to promote the CH4 dissociation reaction. Adsorbed CH4 

fragments (CHx*) must be oxidized to CHxO* by the adsorbed CO2* to yield syngas, while 

dehydrogenation of CHx* would occur spontaneously: full dehydrogenation of CHx* leads to 

the formation of undesired solid carbon. Although CO2 conversion is enhanced by DBD (Figure 

4.4 (b)), dehydrogenation of CHx to coke is unavoidable when CH4 fraction exceeds 

stoichiometry (CH4/CO2 > 1). At 100 kHz, coke formation is accelerated dramatically under 

CH4 rich condition: correspondingly, CO selectivity decreased (Figure 4.4 (d)). Except for 

coking behavior, overall conversion and selectivity express a rather trivial trend: conversion 

increases by DBD at a fixed temperature and input power, while selectivity is incremented 

slightly. In the next section, detailed reforming behavior is discussed by the kinetic analysis. 
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Figure 4.4 Conversion and selectivity at fixed catalyst temperature (600°C). Input power was 

also kept unchanged: see Table 4.1 (a) for experimental conditions. (a) CH4 conversion; (b) 

CO2 conversion; (c) H2 selectivity; (d) CO and coke selectivity. ● Thermal catalysis; ■ Plasma 

catalysis (12 kHz); ▲ Plasma catalysis (100 kHz). 

 

4.5 Discharge characteristics 

Discharge properties of PB-DBD is further studied towards the deep insight into the 

reaction enhancement mechanism. The supplementary experiments in section 4.5.3 were 

carried out at fixed CH4/CO2 ratio and the catalyst temperature. Empty-DBD reactor (w/o 

catalyst pellets) was also employed, enabling comprehensive understanding of discharge 

behavior of PB-DBD. 

 

4.5.1 Discharge power and controlling parameters 

The discharge power was obtained by two methods: (a) Eq 4.9 by the integration of 

Lissajous plot (Figure 4.5) multiplies frequency to get PL; (b) Eq 4.10 by Manley’s equation 

[41] to get PM: 

𝑃J = 𝑓w𝑄𝑑𝑈 Eq 4.9 

𝑃K = 4𝑓𝑈yLBL𝐶M*.(
𝑈N#N
2 − ,1 +

𝐶O(P
𝐶M*.

4𝑈yLBL) Eq 4.10 

f, Q and U are frequency, charge, and applied voltage respectively; 𝑈yLBL  and Up-p are the 

discharge sustain voltage and peak-to-peak applied voltage. The Lissajous plots of 12 kHz and 

100 kHz DBD are shown in Figure 4.5. Because the Lissajous plot is slightly asymmetric, the 

𝑈yLBL was measured by the mean absolute value of negative Usus- and positive Usus+; refer to 

Figure 4.5 for the notation of symbols. The Cdie and Cgas are the capacitance of overall dielectric 

materials and gas gap, respectively. Assume Cdie is much larger than Cgas together with Eq 4.11 
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and 4.12 [42], Eq 4.10 simplifies to Eq 4.13. 

𝑄Q#Q
2 = 𝐶6?7 ,

𝑈Q#Q
2 − 𝑈yLBL4 Eq 4.11 

𝐼Q#Q
2 = 𝑓

𝑄Q#Q
2  Eq 4.12 

𝑃R = 4𝑓𝑈yLBL
𝑄Q#Q
2 = 4𝑈yLBL

𝐼Q#Q
2  Eq 4.13 

Qp-p represents the peak-to-peak value of charges accumulated over dielectric materials; Ip-p is 

equivalent to the macroscopic mean discharge current, which is not related directly to the 

nanosecond current pulses due to the streamer formation. Figure 4.6 shows there is a linear 

relationship between PM and PL. Catalyst temperature was adjusted at 600 °C in terms of input 

power variation. For the Empty-DBD, the temperature of the furnace was fixed at 600 °C. PM 

overestimates PL at 20 % maximum error probably because Eq. 5 does not take into account 

the stray capacity in the system. Nevertheless, Figure 4.6 draws an important conclusion that 

the Manley’s equation is applicable to express the input power characteristics in packed-bed 

DBD in which the power-determining parameters are decoupled into 𝑈yLBL  and Ip-p. 

Interestingly, all data points are plotted on a single line: there is no specific dependence on 

either packed materials or frequency. More interestingly, discharge properties are independent 

of gas composition where CH4 and CO2 conversion and product yield changed to a large extent 

by the presence of a catalyst as well as input power. This phenomenon is discussed in section 

4.5.2 and 4.5.3. 
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Figure 4.5 Lissajous plot (CH4 fraction = 0.44, PL = 90 W, catalyst temperature = 600 °C). 

Green curve: 12 kHz DBD; Red curve: 100 kHz DBD. 

 

 

Figure 4.6 The relationship between PM and PL. □ 100 kHz Empty-DBD; ■ 100 kHz PB-

DBD; ○ 12 kHz Empty-DBD; ● 12 kHz PB-DBD. Conditions: Table 4.1 (b). 
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4.5.2 Voltage-Current characteristics 

The power-determining parameters are analyzed at fixed discharge power of 90 W. Three 

parameters shown in Figure 4.7 are almost independent of initial CH4 fraction, implying the 

discharge properties is essentially unaffected by CH4 as well as CO2 fraction. It is quite 

interesting but somewhat inconsistent with the common knowledge of discharge physics. 

Generally, discharge property depends greatly on gas composition; the composition changes 

from CH4/CO2 mixture at the reactor inlet to a mixture of CH4/CO2/CO/H2/H2O at the outlet. 

Moreover, as clearly seen in Figure 4.4, reforming behavior is quite different by CH4 fraction, 

yielding wide variety of gas composition. Nevertheless, discharge properties, or power-

determining parameters, are kept unchanged with respect to CH4 fraction: microscopic insight 

into discharge behavior is probably not accessible by macroscopic approach such as Lissajous 

plot. There is inevitably a limitation for the interpretation of data. Keep this fact in mind, let us 

further analyze discharge behavior from macroscopic point of view. 

 

     

Figure 4.7 Power-determingin parameters (Eq 4.13) v.s. Initial CH4 fraction. ● 12 kHz PB-

DBD; ■ 100 kHz PB-DB. Conditions: Table 4.1 (a). 
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In contrast, there is a unique dependence of the frequency on discharge current. The half 

value of peak-to-peak charge (Qp-p/2) for 100 kHz-DBD is smaller than that of 12 kHz-DBD. 

At 100 kHz, charge accumulation period (B-C and D-A in Figure 4.5) is inevitably shorter than 

that of 12 kHz. Accordingly, total charges accumulated in the one-cycle basis at 100 kHz is 

smaller than that of 12 kHz. However, multiplying frequency to the total charge per cycle, 

discharge current for 100 kHz becomes larger. Ideally, all charges created by streamers are 

supposed to recombine and extinguish during the non-discharge period (A-B and C-D in Figure 

4.5). However, the duration of non-discharge period at 100 kHz is shorter than that of 12 kHz, 

which may lead to residual charges over the packed materials. As a result, the discharge gap 

has a more electrically conductive nature at 100 kHz than 12 kHz, leading to lower sustain 

voltage (𝑈yP2P) at fixed input power (cf. Eq. (4.19)). Such frequency-dependent voltage-current 

characteristics are quite well-known for DBD type discharge [43-45]: 12 kHz-DBD is 

characterized as high-voltage and low-current discharge, while 100 kHz-DBD is low-voltage 

and high-current discharge. The higher 𝑈yP2P  would lead to a higher reduced electric field 

(E/N) that the electron would gain higher energy. It might imply that 12 kHz-DBD is more 

beneficial than 100 kH-DBD in terms of excited species generation. However, conversion of 

CH4 and CO2 in 100 kHz-DBD is larger than that of 12 kHz-DBD (cf. Figure 4.4): increasing 

the discharge current is critically important than increasing the sustain voltage. Detailed 

discussion is presented in the section 4.6 in relation to the electron collision kinetics yielding 

vibrationally excited species. 

 

4.5.3 Other properties 

 Figure 4.8 show (a) Cdie, (b) 𝑈yLBL, (c) Qp-p/2, and (c) Ip-p/2 with respect to the applied 

voltage. The Cdie is measured by the slope of discharge phase (B→C and D→A) in Lissajous 

plot (Figure 4.5). The Cdie increases linearly with increasing Up-p/2 in all cases. The same trend 
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has been reported in Ref [46, 47]. Mei et al [48] simplified the overall capacitance of PB-DBD 

as two capacitances in series (Eq 4.14): 

1
𝐶M*.

=
1

𝐶S2(T&U
+

1
𝐶N.)).&

 Eq 4.14 

Cdie is the overall capacitance for PB-DBD reactor; Cquartz and Cpellet respectively represents 

capacitance for quartz tube and packed materials. Interestingly, there is no significant 

difference in Cdie between PB- and Empty-DBD reactors. Because Cpellet is much larger than 

Cquartz [48] and Cdie is approximated by Cquartz. It is inevitable that Cdie is independent of 

frequency within the range tested in this study. 

The 𝑈yP2P  and Qp-p/2 increase linearly with applied voltage. The Empty-DBD reactor 

yields the similar trend with the corresponding PB-DBD reactor, illustrating that the packed 

materials play a minor role for changing discharge characteristics. This trend is different with 

some other studies [21, 49], where there is a change of Lissajous plot between PB- and Empty-

DBD reactors in atmospheric pressure. This phenomenon could attribute to the reduced 

pressure operation in our study (5 kPa). Streamers are diffused and separated from pellet 

surface: properties of streamer are somewhat decoupled from dielectric properties of catalyst 

pellets. In fact, DBD is generated stably at 5 kPa under the coking condition where electrically 

conductive carbon film prohibits DBD formation at atmospheric pressure. In contrast, 

discharge current shows distinctive dependence on the frequency. At a fixed voltage, 100 kHz-

DBD generates much larger discharge current than 12 kHz-DBD. Meantime, there is no 

noticeable difference between PB- and Empty-DBD reactors because of the same reason that 

Qp-p is not influenced by packed materials. 
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Figure 4.8 Power-determining parameters (Eq 4.13) v.s. Applied voltage at fixed CH4/CO2 

ratio. ○ 12 kHz Empty-DBD; ● 12 kHz PB-DBD; □ 100 kHz Empty-DBD; ■ 100 kHz PB-

DBD. Conditions: Table 4.1 (b).  

 

As shown in Figure 4.8 (a)-(c), discharge properties of 12 kHz and 100 kHz-DBD are 

plotted on the single curve. In this sense, we hypothesize that discharge properties and the 

related chemistry between 12 kHz and 100 kHz are essentially the same. Different discharge 

properties may arise that 100 kHz-DBD is operated at low 𝑈yLBL regime, while 12 kHz-DBD 

is operated at higher 𝑈yLBL  regime within a single-curved characteristic. However, such 

difference was not identified by the macroscopic analysis of Lissajous plot. By contrast, effect 

of frequency is clearly distinguished. High-frequency operation induces increased number of 

streamers per unit time, leading to a remarkable increase in the overall discharge current. 

Inevitably, the total amount of excited species increases as discharge current increases that is 

the important source of plasma-induced synergism. 
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4.6 Electron collision kinetics 

 The net increase in CH4 conversion by DBD is measured by the difference between 

plasma and thermal catalysis which were estimated from Figure 4.4 (a): the average value are 

shown in Table 4.2 (see ∆CH4 column). The discharge current is also provided in Table 4.2, 

showing that Ip-p/2 is increased by 2.5 times by the frequency: correspondingly, the net increase 

in CH4 conversion gained 2.0-fold (cf. gain row in Table 4.2). These numbers are further 

correlated with production rate of vibrationally excited species. 

 

Table 4.2 Comparison of net increase in CH4 conversion and production rate of vibrationally 

excited CH4 in terms of mean discharge current. 

 

𝐼N#N
2  

(mA) 

2∆𝑄
2𝑒 𝑓 

(electron/s) 

𝐹=>*	) 

(molecule/s) 

∆CH4 

(molecule/s) 

Reference Figure 4.7 Figure 4.5 Eq. 4.17 Figure 4.4 

12 kHz 8.95 9.9×1016 4.0×1018 2.6×1019 

100 kHz 22.6 2.5×1017 1.0×1019 5.3×1019 

gain 2.5 2.5 2.5 2.0 

  

 First, rate coefficients were estimated by solving Boltzmann equation using BOLSIG+ 

with an appropriate cross-section set of CH4 [50, 51] and CO2 [51]. Table 4.3 presents a list of 

elementary reaction for elementally electron-molecule collisions considered in BOLSIG+. 

Knowing the rate coefficient, or inelastic collision frequency, is more important than energy 

loss fraction because we need to know how many active species are produced per unit time, 

and to validate such number is sufficient or not to explain plasma-induced synergism. Figure 

4.9 shows the rate coefficients v.s. the reduced electric field (E/N). The result clearly shows the 
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production of vibrationally excited CH4 and CO2 is the dominant reaction pathways than 

dissociation and ionization when E/N is well below 700 Td. The rate expression for the 

production of vibrationally excited CH4 is formulated as R4.3 and Eq 4.15. 

𝐶𝐻! + 𝑒
:)→= 𝐶𝐻!	; + 𝑒 R4.3 

𝑟; =
d𝐶𝐻!	;

d𝑡 = 𝑘;𝑁=>*𝑁7 Eq 4.15 

Assume the rate constant is of the order of kv = 2´10-14 m3/molecules/s; number density of CH4 

is NCH4 = 2´1023 molecules/m3 (5 kPa, 873 K, CH4/CO2 = 1), electron density of streamer is Ne 

=1018 electrons/m3; streamer propagation time is ∆t = 10´10-9 s. Put all these numbers into Eq 

4.16, yielding the number density of vibrationally excited CH4 produced in a single streamer: 

∆𝐶𝐻!	; = 2 × 10#9! × 2 × 10"- × 109V × 10 × 10#W = 4 × 109W						(molecules/𝑚-) 

∆𝐶𝐻!	;/𝑁7 = 40 Eq 4.16 

Eq 4.16 implicates a single electron can produce 40 times more vibrationally excited CH4 

during streamer propagation. Although the model is oversimplified, numerical modeling of 

one-dimensional streamer propagation in CH4 predicted a similar behavior [45]. Likewise, 

production of vibrationally excited CO2 would contribute to the net increase in material 

conversion efficiency. Coupling Eq 4.16 and the charge transferred per half cycle (∆Q; see 

Figure 4.5), the production rate of vibrationally excited CH4 per unit time is estimated as Eq 

4.17. 

𝐹=>*	) = ,2 ×
∆𝑄
2𝑒 𝑓4 × {

∆𝐶𝐻!	;

𝑁7
| molecules/s Eq 4.17 

Elementary charge is expressed as e = 1.602´10-19 (C). Assume electrons and ions are equally 

accumulated over the dielectric materials, ∆Q must be divided by 2; while discharge event 
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occurs every half cycle, 2 was multiplied. 

 

 

Figure 4.9 Electron collision rate coefficients estimated by BOLSIG+ (version 03/2016) at 

CH4/CO2 = 1 and 873 K. Momentum transfer and electron attachment are not shown. See Table 

4.3 for elementary reactions. 
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Table 4.3 Elementary collision processes for CH4 [50, 51] and CO2 [51]. 

Description Collision type Reaction Threshold (eV) 

Not shown in Fig. 

4.9 

Attachment 
CH4 ® CH3 + H- 7.7 

CH4 ® H2 + CH2- 9.0 

Elastic - - 

CH4 Σ vib. Vibration 
CH4 ® CH4 (V24) 0.16 

CH4 ® CH4 (V13) 0.36 

CH4 Σ diss. Dissociation 

CH4 ® CH4* ® CH3 + H 9.0 

CH4 ® CH4* ® CH2 + H2 10.0 

CH4 ® CH4* ® CH + H2 + H 11.0 

CH4 ® CH4* ® C + 2H2 12.0 

CH4 Σ ion. Ionization 
CH4 ® CH4+ 12.6 

CH4 ® H + CH3+ 14.3 

Not shown in Fig. 

4.9 

Attachment CO2 ® CO + O- 3.85 

Elastic - - 

CO2 Σ vib. Vibration 

000 ® 010 0.083 

000 ® 020 + 100 0.167 

000 ® 0n0 + n00 0.252 

000 ® 001 0.291 

000 ® 0n0 + n00 0.339 

000 ® 0n0 + n00 0.422 

000 ® 0n0 + n00 0.505 

CO2 Σ exc. 

Vib. excitation 000 ® 0n0 + n00 2.5 

Elect. excitation CO2 ® CO2* 
7.0 

10.5 

CO2 ion. Ionization CO2 ® CO2+ 13.3 
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 Results are summarized in Table 4.2 for 12 kHz and 100 kHz cases. Production rate 

of 𝐶𝐻!	; is 5-6 times smaller than the net increase in CH4 conversion. However, this number 

is surprisingly correlated well with the experimental observation. DBD is characterized as a 

number of weakly ionized streamers where ionization is limited in a sparsely distributed narrow 

filamentary region with nanosecond duration. However, due to a large inelastic collision 

frequency for vibrational excitation, as well as a large number of streamers generated per unit 

time, DBD has a capability of supplying a sufficient amount of vibrationally excited species: it 

is the key determining factor of DBD-induced synergism. For more accurate estimation, 

individual contribution of all vibrational species must be analyzed together with V-T relaxation. 

Another possibility is the free radicals such as CHi (i = 0-3); however, the production rate of 

radicals is 10 times smaller than that of vibrational species. Moreover, lifetime is much shorter 

than vibrational species: radical flux to the catalyst surface may be too small to convince the 

synergism. Meantime, production of radical consumes a large part of electrical energy due to a 

large excitation threshold, leading to a significant energy penalty. Increasing the discharge 

current at low 𝑈yLBL  regime is critically important to produce vibrationally excited species 

selectively, and thus for the efficient CH4 and CO2 conversion. 

 

4.7 Conclusion 

 The basic property of dry methane reforming (biogas reforming) was investigated 

based on high- and low-frequency PB-DBD reactor. Aiming for providing deep insight into 

plasma-assisted catalytic performance, the discharge characteristics were investigated 

comprehensively, and correlated with reforming characteristics as well as electron collision 

kinetics. Major conclusions are summarized as follows: 

(1) As for overall reforming performance, 100 kHz-DBD leads the highest reactant conversion 

and product yield, followed by 12 kHz-DBD, and both of hybrid reforming show a 



113 
 

significant enhancement than thermal reforming under the fixed catalyst temperature (600 

°C). 

(2) Excessive CH4 activation accelerates coke formation: coking reaction is onset by DBD at 

smaller CH4/CO2 ratio, followed by faster growth of coke in the CH4 rich condition. 

(3) Discharge power in PB-DBD is characterized by Manley's equation. The power-

determining parameters are decoupled into 𝑈yLBL and Ip-p, while Ip-p is tuned by Up-p and f: 

the effect of frequency on Ip-p is tremendous. On the other hand, 𝑈yLBL  is not actively 

tailored by the operating condition: 𝑈yLBL  is determined as a consequence of complex 

discharge events. 

(4) There is no clear difference between Empty- and PB-DBD reactors in discharge 

characteristics: overall capacitance, discharge sustain voltage, and electric charges are 

plotted on the single curve with respect to applied voltage regardless of packing materials 

as well as gas composition. DBD is operated at 5 kPa in this study: characteristics of 

streamer would be somewhat decoupled with dielectric properties of packing materials, 

leading to a negligible effect on discharge properties. 

(5) Discharge properties of 12 kHz and 100 kHz-DBD are essentially unchanged: 100 kHz is 

operated in the smaller 𝑈yLBL regime, while 12 kHz is operated in the higher 𝑈yLBL regime 

within the single-curved discharge characteristic. Some difference may arise due to 

different 𝑈yLBL; however, the effect of 𝑈yLBL on discharge properties was not distinguished 

clearly by macroscopic analysis of Lissajous plot: the role of 𝑈yLBL  on CH4 and CO2 

activation process has yet to be elucidated in this study. 

(6) Large increase in discharge current at 100 kHz-DBD is due to the increased number of 

streamers per unit time, while discharge properties of "streamer swarm" would be kept 

unchanged. In other words, electron density and electron energy in a single streamer are 

most unlikely tailored by the frequency. The increase in discharge current is critically 
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important to emerge plasma-induced synergism, while an increase in mean electron energy 

seems to be a minor effect. 

(7) Further increase in frequency enables to strengthen the synergism due to the increased 

discharge current. It is presumably true only when the excess heat generation by DBD at 

high frequency is avoided. Increase in charge accumulation over the packed material at a 

higher frequency may lead to a transition of discharge behavior, which may be 

characterized by the deformation of Lissajous plot from standard parallelogram. 

(8) Generation of vibrationally excited species are the dominant electron-molecule collision 

pathways. Production rate of vibrationally excited species are correlated well with the net 

increase in CH4 conversion, electric charges, and discharge current. 

(9) Due to the catalyst pellets, gas composition between Empty- and PB-DBD is completely 

different. Nevertheless, power-determining parameters were not distinguished clearly in 

terms of gas composition. An advanced diagnostic technique enabling microscopic insight 

is necessary. One possibility is an actinometrical emission spectroscopy based on a 

consistent collision-radiative model. Probe accessing and laser-induced absorption 

spectrometry are hard to apply to the packed-bed configuration. 
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Chapter 5: Kinetic study on methane dry reforming 

 

This chapter is adapted from the publication work:  

Zunrong Sheng, Yoshiki Watanabe, Hyun-Ha Kim, Shuiliang Yao and Tomohiro Nozaki, 

Chemical Engineering Journal 399 (2020) 125751, DOI: 10.1016/j.cej.2020.125751. 

 

5.1 Abstract 

A rigorous determination of kinetic parameters of CH4 dry reforming is provided to 

elucidate the drastic reaction promotion mechanism enabled by plasma-catalyst interaction. 

Lanthanum-modified Ni/Al2O3 catalyst was combined with dielectric barrier discharge (DBD) 

at 5 kPa and 400-700 °C without dilution gas. Reaction order for CH4 and CO2 were 

determined respectively as 0.68 and -0.17, which were kept unchanged by DBD, indicating 

the surface coverage of CH4 and CO2 was not influenced by nonthermal plasma. The Arrhenius 

plot for forward CH4 rate constant revealed that 12 kHz DBD hybrid reaction is characterized 

as mixed catalysis where plasma and thermal catalysis are not decoupled. In contrast, 100 kHz 

DBD is regarded as pure plasma catalysis, which yielded significant improvement of CH4 and 

CO2 conversion via vibrational excitation. Activation energy decreased from 91 kJ/mol to 44.7 

kJ/mol which was well correlated with the state-specific gas-surface reactivity of vibrationally 

excited CH4 on Ni surfaces. 

 

5.2 Introduction 

Nonthermal plasma-assisted catalytic conversion of CH4 shows a multiple-functional 

benefit which enables fluctuating renewable power utilization and CH4 upgrade to various 

chemical commodities [1-3]. Moreover, nonthermal plasma provides a promising reaction 

pathway to reduce the reaction temperature while promoting reforming performance with the 



120 
 

appropriate catalysts and reaction system are combined [4-7]. CH4 is the most stable 

hydrocarbon molecules due to highly symmetric C-H geometry. High temperature thermal 

energy is required to activate the strong C-H bond which inevitably uses combustion of 

feedstock [7-9]. Advantage of nonthermal plasma is the use of electron impact reaction 

occurring independently of reaction temperature [10-12]. Particularly, activation into 

vibrationally excited states is known to be an effective approach when combining 

heterogeneous catalysts [13-15]. Such unique reactivity is not limited to CH4, but similar 

reaction enhancement mechanism is possible with CO2 [15-17], H2O [18, 19], and N2 [20, 21]. 

State-resolved molecular beam study revealed the vibrationally excited CH4 enhances 

dissociative chemisorption over Ni clean surface [22, 23]. There is a mode selective reactivity, 

showing a drastic decrease of the C-H activation energy barrier is possible via stretching 

vibration mode where the vibrational efficacy exceeds 100 % [24]. Similarly, vibrationally 

excited CO2 enhances the surface reaction between adsorbed hydrogen in the Eley-Rideal 

mechanism [16, 25]. Meanwhile, the molecular beam study does not mention a particular 

reaction system which enables supplying vibrationally excited molecules without increasing 

the temperature of the system. Vibrationally excited CH4 and CO2 are generated abundantly by 

the low-energy electron collision in nonthermal plasma. References [13, 26] confirmed that a 

single electron produces 40-150 times more vibrationally excited CH4 and CO2 in dielectric 

barrier discharge (DBD) type nonthermal plasma. The vibrationally excited molecules would 

most likely contribute to the net increase of CH4 and CO2 conversion in the DBD-catalyst 

hybrid reaction. However, unlike the molecular beam study, there are several difficulties to 

make deeper insight into mode-selective promotion of catalytic reaction. First, quantitative 

measurement of vibrationally excited molecules and their transport property, or flux to the 

catalyst surface, is hard to attain. Because nonthermal plasma is generated in a packed-bed 

reactor which hinders the optical probing for the in situ optical diagnostics of target molecules. 
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Second, catalyst surface is not clean and contaminated by various adsorbed molecules. 

Moreover, nanocrystal catalyst consists of different facets on their surface: not only catalyst 

metals, but also the support materials and catalyst-support-interface play a significant role. 

Third, not all molecules are excited into vibrational states because nonthermal plasma is 

characterized as weakly ionized plasma; therefore, plasma catalysis is considered as mixed 

catalysis where both thermal and plasma-induced catalysis are coupled. 

Considering these facts, rigorous determination of intrinsic kinetic parameters of plasma-

enabled promotion of CH4 dry reforming was performed using lanthanum-modified Ni/Al2O3 

catalyst. First, reaction order was determined in a consistent manner with and without DBD. 

Data was analyzed based on Langmuir-Hinshelwood surface reaction model for bimolecular 

system (CH4 and CO2). The reaction order, or the surface coverage of adsorbed species, was 

essentially unchanged by DBD: a = 0.68 for CH4 and b = -0.17 for CO2. By knowing reaction 

orders and feed gas conversion, the reaction rate constant was decoupled from the overall 

forward reaction rate, providing the activation energy of the intrinsic plasma-surface reaction. 

Activation energy of the forward CH4 reaction rate was analyzed as a functions of catalyst 

temperature, specific energy input (SEI, eV/molecule), and the frequency of power source. 

Activation energy decreases from 91 kJ/mol for the thermal catalysis to 44.7 kJ/mol for 100 

kHz DBD hybrid reaction. These estimation was well correlated with the state-specific 

molecular beam study which yielded the activation energy of 42-69 kJ/mol via vibrationally 

excited CH4 on Ni surface. In the case of 12 kHz DBD, plasma-catalyst hybrid reaction is 

characterized as mixed catalysis: plasma and thermal catalysis behavior were observed 

simultaneously. The apparent activation energy is essentially unchanged by SEI unless the 

electrical properties of DBD is kept unchanged. The intrinsic kinetic parameters of plasma-

enabled promotion of CH4 dry reforming are discussed comprehensively. 
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5.3 Experimental section 

5.3.1 Experimental system 

The detailed experimental system was presented in chapter 4 [26]. Briefly, packed-bed 

dielectric barrier discharge (PB-DBD) reactor was employed in this study. Quartz tube (i.d. 20 

mm, o.d. 23 mm) was packed with Lanthanum-modified Ni/Al2O3 catalyst pellets over 40 mm 

length (Raschig ring; La-3wt%; Ni-11wt%). High-voltage (stainless steel) electrode is located 

in the center of the reactor (3 mm diameter). Two power sources were used for this experiment: 

(i) 12 kHz-100 W (Logy Electric; LHV-13AC), (ii) 15 kHz-200 W (Tamaoki Electronics; TE-

HFV1520K-0400), and (iii) 100 kHz-100 W (ASTECH; LG-10S RF Generator). All power 

sources generate sinusoidal high-voltage output. Online gas analysis was performed by a 

quadrupole mass spectrometer (QMS, PrismaPlus; Pfeiffer Vacuum GmbH). Temperature of 

the catalyst bed was measured by the infrared camera (TH5104; NEC Sanei Instrument Ltd.). 

The measured data was calibrated by the thermocouples in advance, and further correlated with 

the rotational temperature of CO Angstrom system [27], showing the gas (rotational) 

temperature of corresponding emission region and the catalyst temperature are equilibrated. 

 

5.3.2 Temperature measurement 

Temperature distribution of catalyst bed is provided in Figure 5.1 based on thermal 

reforming, 12 kHz and 100 kHz DBD hybrid reforming, respectively. Catalyst temperature is 

determined by the energy balance: 1. Heating by the external electric heater, 2. Heat generated 

by DBD (if any), 3. Heat absorption by dry reforming, and 4. Heat removed by gas flow. It 

should be pointed out that the average catalyst temperature is in the same level for thermal and 

12/100 kHz DBD hybrid reforming, while endothermic energy is different (cf. the CH4/CO2 

conversion in Chapter 4): the endothermic enthalpy for 100 kHz DBD is greater than 12 kHz 

DBD because of larger CH4 conversion. Meanwhile, input power was kept unchanged. One 
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might expect the catalyst bed temperature in 100 kHz DBD would be lower than that of 12 kHz 

DBD. However, such situation increases the temperature difference between catalyst bed and 

the furnace, increasing the heat flux from the furnace to the catalyst bed. As a result, catalyst 

temperature is in the same level even though the endothermic energy is different. 

 

 

Figure 5.1 Thermal images of catalyst bed in thermal reforming, 12 kHz and 100 kHz DBD 

hybrid reforming. Average catalyst temperature = 600 °C; Input power in 12 kHz and 100 

kHz DBD is 90 W. 

 

5.4 Kinetic analysis 

5.4.1 Reaction order for thermal reaction 

The forward CH4 reaction rate is expressed by the power-law kinetics (Eq 5.1-5.3). By 

taking the natural logarithm of Eq 5.1 and rewrite it into Eq 5.2. The kf and P expresses the 

forward reaction rate constant and the average concentration of feed gas (mol/m3). In order to 

avoid excessive coke accumulation in CH4 rich condition, the pulsed reforming technique was 

applied [5]. Catalyst temperature was set to ca. 480 °C so that the reaction order is evaluated 

in the reaction-limited regime (480 °C < TB = 510 °C; cf. Figure 5.3 and Table 5.4). Conversion 
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of CH4 and CO2 were below 20% which is sufficiently below the thermal equilibrium and the 

effect of reverse reaction was ignored. 

−
d𝑃=>*
dt = 𝑟=>* = 𝑘X𝑃=>*

Y𝑃=D+
Z Eq 5.1 

ln	(𝑟=>*) = ln}𝑘X~ + 𝛼 ln}𝑃=>*~ + 𝛽ln	(𝑃=D+) Eq 5.2 

𝑃? =
𝑃??@ + 𝑃?ABC

2  Eq 5.3 

The average reaction rate (ri; mol/m3/s) was calculated using mole concentration of each 

species (Pi; mol/m3) in Eq 5.4-5.6. 

𝑟? = 𝜈?𝑟 =
∆𝐶?
∆𝑡 =

𝐶??@ − 𝐶?ABC

∆𝑡  Eq 5.4 

∆𝑡 =
2𝑉

𝑄&'&()*+ + 𝑄&'&()'2&  Eq 5.5 

𝑉 = 𝑉8 −�𝑣N.)).& Eq 5.6 

𝑣Q7[[7C expresses the volume of a single catalyst pellet (𝑣Q7[[7C = 18.8 mm3; j3´j1´3: mm). 

By measuring the total weight of all packed pellets multiple times, the average number of 

pellets is 302 pieces, yielding V = 5965 mm3 (V0 = 11663 mm3).  

Figure 5.2 shows ln(kf) v.s. ln(𝑃=>*) and ln(𝑃=D+) respectively. Experimental conditions 

are presented in Table 5.1. The forward reaction rate increases monotonically with the average 

CH4 concertation and the reaction order was obtained from the slope as a = 0.68. In contrast, 

forward reaction rate decreases slightly with average CO2 concentration, resulting in b = -0.17. 

As a result, the power-law rate equation is determined as Eq 5.7. For Ni-based catalysts, 

reaction orders for CH4 dry reforming are in the range of a = 0.55-1.1 and b = 0-0.55 [28]. 

When a catalyst promoter (such as rare earth, alkali, or alkaline-earth metal oxides) is added, 

reaction order for CO2 changes from positive to negative value [29] because the formation of 

carbonate species with a promoter element modifies the adsorption behavior of CO2. 
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𝑟=>* = 𝑘X𝑃=>*
8.,V𝑃=D+

#8.9] Eq 5.7 

 

    

Figure 5.2 Reaction order in thermal reaction for CH4 (a) and CO2 (b), respectively. A hollow 

symbol represents stoichiometric condition (CH4/CO2 = 1). 

 

Table 5.1 Experimental conditions for the reaction order a and b without DBD. Total flow rate 

= 2,000 cm3/min (STP); GHSV = 10,290 h-1 (STP); Catalyst temperature = 480 °C; Pressure = 

5 kPa. Argon was used as a balance. 

a CH4 100 120 140 160 180 200 220 240 260 300 

Flow rate 

(cm3/min) 

CO2 200 

Ar 1700 1680 1660 1640 1620 1600 1580 1560 1540 1500 

CH4/CO2 ratio 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.5 

 

b CH4 200 

Flow rate 

(cm3/min) 

CO2 400 333 286 250 222 200 182 167 154 133 

Ar 1400 1467 1514 1550 1578 1600 1618 1633 1646 1667 

CH4/CO2 ratio 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.5 

 

 



126 
 

5.4.2 Surface coverage 

In the case of Ni/Al2O3 catalyst, CH4 weakly chemisorbed on Ni surface and CO2 strongly 

bounded near the metal-support interface [30, 31]. Based on the Langmuir-Hinshelwood 

reaction model with bimolecular reaction system (CH4 and CO2) where adsorption of the 

respective molecule occurs independent sites, the overall reaction rate is expressed by the Eq 

5.8 [31-33]. ks expresses the surface reaction rate constant; P is concentration of reactant; q is 

a surface coverage (0 <q < 1); K is an equilibrium constant for adsorption/desorption; n is a 

number of active sites per unit area. Subscript A and B respectively denotes CH4 and CO2. K 

and q are correlated with Langmuir isotherm where adsorption and desorption are equilibrated. 

Assume CH4 is weakly bound by metallic sites and CO2 adsorption is strong and equilibrated 

[3] that KAPA << 1 and KBPB >>1 [31, 32], the above equation is approximated as Eq 5.9 and 

Eq 5.10. Because ks and KA are temperature dependent, kf is expressed by Arrhenius form as a 

temperature dependent term. For the simple formulation with the ideal assumption where no 

side reaction occurs, reaction order is deduced as a = 1 and b = 0, respectively. Such 

relationship is well reproduced in Figure 5.1, showing the forward reaction rate increases 

linearly with CH4 partial pressure: it is almost independent with respect to CO2 concentration, 

meaning the zeroth-order dependence. 

𝑟=>* = 𝑘L𝑛<𝑛^𝜃<𝜃^ = 𝑘L𝑛<𝑛^
𝐾<𝐾^𝑃<𝑃

(1 + 𝐾<𝑃<)(1 + 𝐾^𝑃 ) Eq 5.8 

𝑟=>* = 𝑘L𝑛<𝑛^𝐾<𝑃< = 𝑘X𝑃<Y_9𝑃 Z_8 Eq 5.9 

𝑘X = 𝑘L𝑛<𝑛^𝐾< = 𝐴𝑒#	
`-
FG Eq 5.10 

In chapter 3, when Ni-based catalyst is modified by Lanthanum, due to strong interaction 

between CO2 and La-Ni-Al oxide, CO2 forms Lanthanum carbonates which increase oxygen-

containing adsorbates. In this sense, CH4 and CO2 adsorption sites are fairly separated which 

supports zeroth-order dependence of CO2 partial pressure. Meanwhile, complexity arises from 
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the fact that the interface between Ni and La-oxide also provides adsorption sites for both CH4 

and CO2 [28]: strong interaction between CO2 and La-oxide hinders CH4 adsorption. Assume 

CH4 and CO2 share the same adsorption site, L-H formulation yields the negative reaction order 

for CO2 (Eq 5.11). Applying the same approximation as KAPA << 1 and KBPB >> 1; the reaction 

order for CO2 takes the negative value when CH4 and CO2 share the same adsorption sites (Eq 

5.12). The reaction order is correlated with the surface coverage of individual molecules. 

Results shown in Figure 5.2 explain general reforming behavior of CH4/CO2 bimolecular 

system on La-modified Ni/Al2O3 catalysts quite well. 

𝑟=>*
a = 𝑘L𝑛

𝐾<𝐾^𝑃<𝑃
(1 + 𝐾<𝑃< + 𝐾^𝑃 )" Eq 5.11 

𝑟=>*
a = 𝑘L𝑛

𝐾<𝑃<
𝐾^𝑃

∝ 𝑃<𝑃#9 Eq 5.12 

 

5.4.3 Reaction order for plasma hybrid reaction 

The reaction orders for CH4 (a) and CO2 (b) in the thermal catalysis have been obtained 

in last section. In the case of plasma catalysis, gas dilution must be avoided strictly because 

plasma-excited inert gas (such as N2 and Ar) would induce unpredictable gas phase and surface 

reactions which lead to an inappropriate interpretation of kinetic data. Therefore, the reaction 

orders in plasma catalysis were measured under the condition that both CH4 and CO2 partial 

pressure were varied simultaneously. 

Assume the power-law kinetics for the forward CH4 reaction rate equation (Eq 5.13). By 

taking the natural logarithm of Eq 5.13 and rewrite it into Eq 5.14-5.16: 

−
d𝑃=>*
dt = 𝑟=>* = 𝑘X𝑃=>*

Y.𝑃=D+
Z. Eq 5.13 

ln 𝑟=>* = ln 𝑘X + 𝛼′ ln 𝑃=>* + 𝛽′ ln 𝑃=D+ Eq 5.14 



128 
 

ln
𝑟=>*
𝑃=D+

Za ∝ 𝛼′ ln 𝑃=>* Eq 5.15 

ln
𝑟=>*
𝑃=>*

Ya ∝ 𝛽′ ln 𝑃=D+ Eq 1.16 

Here, kf and P respectively express the forward reaction rate constant and the average 

concentration of CH4 and CO2; a ' and b ' represent the modified reaction orders in plasma 

catalysis. The a ' and b ' are not known at this point. Assume a ' = a and b ' = b as tentative 

values and performed iterative calculation until the deviation of a ' and b ' becomes smaller 

than 1% error. 

Figure 5.3(a) expresses	ln b/0*
c/1+

2. v.s. ln	𝑃=>* showing the linear relationship with and 

without DBD. Modified reaction order for CH4 (a ') is obtained from the slope of each line. 

Similarly, modified reaction order for CO2 (b ') is obtained from Figure 5.2(b) as summarized 

in Table 5.2 for all cases. In the case of 100 kHz DBD, data obtained in CH4 rich condition 

(CH4/CO2 > 1) was excluded due to an unfavored side reaction, i.e. coke formation. 

 

   
Figure 5.3 Modified reaction orders: (a) a ' or CH4 and (b) b ' for CO2. Catalyst temperature 

was fixed at 600 °C for all cases. SEI = 1.37 eV/molecules for 12 kHz and 100 kHz DBD hybrid 

reaction. Total flow rate = 1,000 cm3/min (STP); GHSV = 5144 h-1 (STP); Pressure = 5 kPa. △ 

represents CH4 rich condition. 
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Table 5.2 Reaction orders obtained from Figure 5.3. 

 a ' a b ' b 

Thermal 0.66 

0.68* 

-0.003 

-0.17* 12 kHz DBD 0.66 -0.003 

100 kHz DBD 0.68 -0.071 

* data from section 5.4.1 

 

Comparing thermal and plasma catalysis, the reaction rate increases from thermal 

catalysis to 12 kHz DBD, and further promoted by 100 kHz DBD [26]. However, the modified 

reaction order for CH4 is essentially unchanged by DBD. CH4 chemisorption is promoted via 

vibrational excitation of CH4: enhanced surface interaction might be measured as a smaller 

reaction order for CH4 than that of thermal catalysis. However, as summarized in Table 5.2, 

modified reaction orders match quite well with that of thermal catalysis (a » a ' ). Although a 

remarkable contribution of vibrationally excited CH4 increases the forward CH4 reaction rate, 

the surface coverage by CH4 is presumably low which satisfies KAPA << 1 (cf. section 5.4.2). 

State-resolved molecular beam study revealed that the initial sticking probability (S0) 

increases an order of magnitude when CH4 is excited to the C-H stretching vibration mode [22]. 

However, the saturated surface coverage is determined as a function of S0, and not influenced 

by the vibrational excitation. CH4 chemisorption via stretching vibrational excitation is fast and 

effective when the Ni surface is clean or fully vacant, and the adsorbed CH4 fragments build 

up quickly up to the saturation state which hinders further CH4 chemisorption. For example, 

saturated coverage by CH3* over Pt(111) surface increases up to ca. 30%: another 30% is 

occupied by atomic hydrogen (H*), and the rest of 40% are kept vacant due to the lateral 

interference of surface CH3* and H* [34]. Moreover, the surface coverage of dissociative 

products increases the energy barrier for successive chemisorption of incident CH4 [34]. It 
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seems to be contradicted to the experimental observation where CH4 conversion increased 

clearly by DBD at fixed catalyst temperature. Oxidation of 𝐶𝐻I∗ is promoted by CO2-derived 

adsorbed oxygen which regenerate active sites for successive CH4 chemisorption as chapter 4 

depicted: it is no doubt that the simultaneous excitation of both CH4 and CO2 is the key to 

promoting overall reforming performance. 

Modified reaction order for CO2 at 12 kHz and thermal catalysis are close to zero because 

CO2 adsorption is intrinsically strong without DBD [28, 31]. The reaction order changes from 

near zero to the negative in 100 kHz DBD case: the negative reaction order implies that CO2 

adsorption is strengthened by 100 kHz DBD and interferes CH4 chemisorption [28, 29]. The 

important conclusion in Chapter 4 is confirmed here: not only CO2 adsorption but also the 

formation of carbonate species are promoted by DBD [35] which is the important source of 

synergism enabled by nonthermal plasma. Although plasma-activated CO2 hiders CH4 

conversion slightly, it is the important source of synergism enabled by nonthermal plasma 

because of two reasons: regeneration of active site for successive CH4 chemisorption and the 

suppression of coking.  

 

5.4.4 Arrhenius curve 

The forward rate equation of CH4 dry reforming is confirmed as Eq 5.17 - Eq 5.19. The 

A and Et represent pre-exponential factor and the activation energy for thermal catalysis, 

respectively. Reaction order was essentially unchanged by DBD; therefore, a = 0.68 and b = 

-0.17 were adopted for Arrhenius plot analysis. Table 5.3 shows the experimental conditions. 

Two frequencies were applied at constant input power and the flow rate, yielding the specific 

energy input of SEI =1.37 eV/molecule. Furnace temperature was increased at a constant 

heating rate of 2 °C/min, while the catalyst temperature was measured by thermography at 

constant interval. Plasma sustain voltage (Usus) and mean discharge current (Ip-p) were 
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measured by Lissajous diagram which are also provided in Table 5.3; discharge power is 

proportional to Usus×Ip-p [26]. 

𝑟=>* = 𝑘X𝑃=>*
8.,V𝑃=D+

#8.9] Eq 5.17 

𝑘X = 𝐴𝑒#	
`-
FG Eq 5.18 

ln}𝑘X~ = 	−
𝐸C
𝑅𝑇 + ln

(𝐴) Eq 5.19 

 

Table 5.3 Experimental conditions for Arrhenius plot analysis: 450 °C < Catalyst temperature 

< 670 °C. CH4/CO2 = 0.8, total pressure = 5 kPa. A small deviation of Usus and Ip-p was 

caused by different catalyst temperatures. 

 Run 
Frequency 

(kHz) 

𝑈LBL 

(kV) 

Ip-p/2 

(mA) 

Power 

(W) 

Total 

flow*3 

(cm3/min) 

SEI*3 

(eV/molecule) 

GHSV*3 

(h-1) 

Plasma 

catalysis 

A 12*1 3.03#8."9d8.9, 9.18#8.!]d8.,9 
90 1,000 1.37 

5,144 
B 100*2 1.28#8.9-d8.8] 21.5#8.V9d8.V! 

Thermal 

catalysis 
C Not apply 

*1 Logy Electric; LHV-13AC, *2 ASTECH; LG-10S RF Generator, *3 STP (25 °C and 101 kPa) 

 

Figure 5.4 shows the Arrhenius curve for three conditions (Run A-C). In the case of 

thermal catalysis, in the low-temperature regime, the reaction is characterized by a reaction-

limited regime where the slop of the line expresses the activation energy of the forward CH4 
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reaction rate. Activation energy for thermal catalysis yielded Et = 91 kJ/mol which agrees well 

with reported value for CH4 dry reforming [33]. In high-temperature, the activation energy is 

almost halved as summarized in Table 5.4. In the high-temperature regime, the apparent 

activation energy is determined by the combined effect of the surface reaction and the diffusion 

of molecules through porous pellets which is formulated by the effectiveness factor of the 

catalyst [36, 37]. The apparent reaction rate is decreased due to the mass transfer resistance in 

micropores. The diffusion-impacted apparent reaction rate is proportional to the square root of 

apparent reaction rate constant, yielding Eapp = Et /2 as formulated in Eq 5.20 which agrees well 

with the experimental observation. Here, D denotes the diffusion coefficient in the porous 

medium. 

𝑟eQQ ∝ �𝑘X
𝐷 ∝ 𝑒#	

`-/"
FG  Eq 5.20 

 
Figure 5.4 Arrhenius plot for thermal (●), mixed (■), and plasma catalysis (▲). The deviation 

due to the reverse reaction is highlighted by the shaded area. 
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Table 5.4 Activation energy and break temperature (TB) 

 TB (°C) 
Activation energy (kJ/mol) 

T < TB T > TB 

Plasma catalysis 

(100 kHz DBD) 
(580) 44.7 29.4 

Mixed catalysis 

(12 kHz DBD) 
510 83.2 47.6 

Thermal catalysis 510 91.2 53.4 

 

Similar to thermal catalysis, 12 kHz DBD hybrid reaction also exhibits a convex Arrhenius 

behavior where the reaction regime is separated at break temperature of TB = 510 °C. Because 

DBD is a weakly ionized plasma, catalytic reaction due to ground state molecule occurs 

dominantly and the contribution of vibrationally excited species is relatively weak. In other 

words, 12 kHz DBD hybrid reaction is characterized as mixed catalysis. Convex behavior is 

explained by the mass transfer resistance in the micropores due to ground state CH4. The 

additional CH4 conversion via vibrationally excited CH4 occurs in parallel, yielding a larger 

rate constant compared to the thermal catalysis. Correspondingly, apparent activation energy is 

measured as slightly smaller value than thermal catalysis.  

Almost identical Arrhenius behavior was observed in DBD-assisted CH4 steam reforming 

[38]. Spherical 12wt%-Ni/Al2O3 catalyst pellets were used and DBD was generated using 1-5 

kHz bipolar pulsed high voltage. SEI was set to a small value (0.22-0.36 eV/molecule) to avoid 

excessive plasma heating. First, the activation energy for the thermal catalysis was Et = 102 

kJ/mol; activation of CH4 is the rate-determining step and this value agrees well with the 

literature [39]. The activation energy was halved from 102 to 50 kJ/mol in the high-temperature 

regime (cf. Eq 5.20) at the break temperature of TB = 420 °C. The Arrhenius curve for DBD 
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hybrid reaction shifts upward having slightly smaller activation energy than thermal reaction, 

indicating the DBD hybrid reaction is mixed catalysis. 

Arrhenius behavior in 100 kHz DBD is unique. The reaction rate constant in the low-

temperature regime is even greater than that of thermal catalysis in the high-temperature regime. 

Moreover, the break temperature at TB = 510 °C is no longer observed. The observation implies 

that the overall reaction is dominated by the vibrationally excited molecules which increases 

reaction rate dramatically compared to thermal reaction. Such reaction occurs most likely in 

the 20 micrometers thin layer of the outer surface of pellets [40]: neither generation of DBD 

nor the diffusion of plasma-generated reactive species in the internal micropores is possible. 

Therefore, the effect of internal diffusion of the ground-state molecule, or the effectiveness 

factor, is intrinsically not applicable in 100 kHz DBD case.  

Meanwhile, Arrhenius curve shows convexity at 580 °C. This is not related to the internal 

mass transfer resistance because DBD-induced reaction do not occur in the internal micropores. 

It is due to the excessive CH4 and CO2 conversion which approaches the thermal equilibrium. 

In that case, the rate equation must take into account reverse reaction (Eq 5.21) [33, 39]. Ke 

represents equilibrium constant for CH4 dry reforming at given catalyst temperature. Obviously, 

the experimental measurement (𝑟=>*�@7C) underestimates the forward reaction rate near the 

thermal equilibrium: the rate constant is measured as smaller value when T > 580 °C. We 

hypothesize that the Arrhenius curve in 100 kHz DBD is expressed as a dotted straight line 

without convex behavior, indicating that vibrationally excited CH4 dominates dry reforming 

near the external surface of pellets over the entire temperature examined. Therefore, the 

Arrhenius curve expresses the plasma catalysis in the case of 100 kHz DBD. The activation 

energy (Ep = 44.7 kJ/mol) expresses the pure plasma catalysis. 

𝑟=>*�@7C = 𝑟=>*(1 −
1
𝐾7

𝑃=D"𝑃>+
"

𝑃=>*𝑃=D+
) Eq 5.21 
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5.5 State-specific CH4 activation 

According to the analysis of reaction orders and the activation energy, rate-determining 

step is the chemisorption of CH4 which yielded the activation energy of Et = 91 kJ/mol in 

thermal catalysis. The decrease in the activation energy by DBD is explained by the vibrational 

excitation of CH4. Detailed kinetic study for state-specific vibrational excitation of CH4 in 

terms of well-defined Ni surface has been performed by the molecular beam study. The 

vibrational efficacy (h) is defined by the Eq 5.22 [24]. The 𝐸C (= 91 kJ/mol) represents the 

activation energy for thermal catalysis (plasma-off). The 𝐸e; is the apparent activation energy 

when the reaction of vibrationally excited CH4 is superposed. The 𝐸; expresses the vibrational 

activation threshold. The forward reaction rate constant for vibrationally excited species is 

modified by the temperature-dependent Arrhenius expression (Eq 5.23). 

𝜂 =
𝐸C − 𝐸e;

𝐸;
 Eq 5.22 

𝑘X = A𝑒#	
`$)
FG = A𝑒#	

`-#f`)
FG  Eq 5.23 

Figure 5.5 schematically expresses the reaction coordinate with different activation energy 

barrier and the corresponding vibrational efficacy. The activation energy and the reaction 

enthalpy for CH4 chemisorption over Ni (111) surface, as a model case, was obtained by density 

functional theory (DFT) analysis (R5.1) [41, 42]: 

𝐶𝐻! → 𝐶𝐻-∗ + 𝐻∗ 𝐸C = 113	kJ/mol, ∆𝐻 = 14 − 35	𝑘𝐽/𝑚𝑜𝑙 R5.1 

The C-H bond breaking requires a large activation energy barrier; however, the endothermic 

reaction enthalpy is relatively small. When CH3* and H* adsorb separately without lateral 

interaction, assuming very low surface coverage, the reaction enthalpy takes the small value of 

14 kJ/mol. In the case of co-adsorption of CH3* and H* where the lateral interaction is not 
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negligible, the endothermic reaction enthalpy increases to 35 kJ/mol. Interestingly, the 

vibrational activation energy and the reaction enthalpy is of the same order; the internal 

vibrational energy would be utilized for overcoming energy barrier at low surface temperature. 

Moreover, possessing sufficient internal energy for supplying major part of endothermic energy 

if the vibrational energy dissipation is negligible during the course of the chemisorption 

dynamics [15, 43]. 

 

 

Figure 5.5 Reaction coordinate for dissociative CH4 chemisorption on metal surface. Solid 

curve; ground state CH4, Dotted curves; vibrationally excited CH4 with different efficacy. 

 

Similar equation with Eq 5.23 was studied for homogeneous 2-body reactions involving 

various vibrationally excited species [44]. In the case of homogeneous reaction, the efficacy 

takes the values between 0 and 1, yielding the lowest apparent activation energy of Et-Ev (h = 

1) is possible. In contrast, the vibrational efficacy for the heterogeneous reaction would take 

the value greater than 1 (h > 1) [45], indicating the drastic decrease of the activation energy 

barrier is possible. Such unique reactivity is the source of synergism when nonthermal plasma 

is combined with heterogeneous catalysts. 

CH4 is excited vibrationally into four fundamental modes by the low-energy electron 

impact: n1 (361.7 meV) Symmetric stretch, n2 (190.2 meV) Twisting, n3 (374.3 meV) 
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Asymmetric stretch, n4 (161.9 meV) Scissoring. Electron energy-loss spectrum shows that 

excitation by electron impact into n4 and n1 modes is strong when the incident electron energy 

is as small as 0.1-1.5 eV, while weak excitation into n2 and n3 appears as shoulder peak of n4 

and n1 [46]. Several overtones and combined vibrations such as 2n4, n1+n4, and 2n1 are 

possible; however, these excitation levels are ruled out as effective vibration mode due to a low 

excitation probability. For the analysis of electron impact reaction kinetics, collision cross 

section data set was obtained from ref [47, 48]. 

The apparent activation energy (𝐸e;) for vibrationally excited CH4 over various Ni surfaces 

was estimated using Eq 5.23 with the mode-specific vibrational efficacy provided in ref. [45]. 

Vibrational efficacy on Pt [34, 49] and Ir [50] surfaces is also provided in Figure 5.6 for 

comparison. The CH4(n1) mode has the second largest excitation probability in nonthermal 

plasma which leads to 𝐸e; = 42 kJ/mol on the Ni(100) surface. Contribution of CH4(n3) is also 

significant due to a large vibrational efficacy which leads the activation energy of 57 kJ/mol 

and 46 kJ/mol respectively on Ni(100) and Ni(111) surfaces. The apparent activation energy 

would decrease from 91 to 42-57 kJ/mol as a result of multiple stretching vibrational 

excitations reacting over multiple Ni facets. Indeed, CH4(n1) and CH4(n3) are the major 

vibrationally excited mode by low-energy electron impact. The activation energy of 44.7 

kJ/mol obtained in 100 kHz DBD case is quite reasonable. Note, in the case of 12 kHz DBD, 

direct comparison of activation energy is not feasible because the results represent mixed 

catalysis.  

Overtone stretching vibration mode such as CH4(2n3) also exhibits large vibrational 

efficacy, leading to the activation energy of as small as 23-27 kJ/mol; however, direct 

excitation of ground state CH4 to 2n3 mode is hardly observed by the low energy electron 

impact. Therefore, such small activation energy is ruled out as an effective reaction 

enhancement pathway. The vibrational efficacy of bending vibration mode is smaller than that 
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of stretching mode, yielding activation energy of 59-69 kJ/mol via overtone vibration CH4(3n4). 

In overall, activation energy via vibrationally excited CH4 ranges from 42-69 kJ/mol, which 

is relatively well correlated with experimental measurement of 44.7 kJ/mol. 

 

 

Figure 5.6 Activation energy of vibrationally excited CH4 reacting over Ni [45], Pt [34, 49], 

and Ir [50] surfaces. A-B; this work, C-E; n1 and n3 on Ni, F-I; overtone on Ni, J-L; other 

metal surface (Pt, Ir). 

 

5.6 Correlation between kinetic and plasma parameters 

In order to investigate SEI dependence, plasma catalysis at higher energy density (SEI = 

2.0 eV/molecule) was performed by increasing the input power (Run D in Table 5.5) or 

decreasing the total flow rate (Run E). All experiments were carried out at CH4/CO2 = 0.8 

without dilution gas. In order to avoid plasma heating due to excess energy input, SEI was set 

to smaller than specific energy requirement (SER) of CH4 dry reforming (CH4 + CO2 = 2H2 + 

2CO; SER = DH = 247 kJ/mol = 2.56 eV/molecule). Reaction conditions and the Arrhenius 

plots are presented respectively in Table 5.5 and Figure 5.7.  
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Table 5.5 Experimental conditions for Arrhenius plot analysis: 440°C < catalyst temperature 

<735°C; CH4/CO2 ratio = 0.8; total pressure = 5 kPa; GHSV = 5,144 h-1. 

Run 
Frequency 

(kHz) 

𝑈yLBL 

(kV) 

Ip-p/2 

(mA) 

Power 

(W) 

Total 

flow*3 

(cm3/min) 

SEI*4 

(eV/molecule) 

A 

(Control) 
12*1 3.03#8."9d8.9, 9.18#8.!]d8.,9 90 1,000 1.37 

B 

(Control) 
100*2 1.28#8.9-d8.8] 21.5#8.V9d8.V! 90 1,000 1.37 

D 15*3 3.15#8.9gd8."g 12.5#9.9]d9."] 130 1,000 2.0 

E 12*1 3.05#8.-gd8."- 9.19#8.W!d8.,] 90 700 2.0 

*1 Logy Electric; LHV-13AC, *2 ASTECH; LG-10S RF Generator, *3 Tamaoki Electronics; TE-

HFV1520K-0400, *4 STP (25 °C and 101 kPa) 

 

   

(a) SEI = 2.0, Run D (Red circle)       (b) SEI = 2.0, Run E (Red circle) 

Figure 5.7 Arrhenius plot: (a) SEI = 2.0, Run D (Red circle), (b) SEI = 2.0, Run E (Red circle). 

Run A: Blue square (12 kHz, SEI = 1.37 eV/molecule), Run B: Green triangle (100 kHz, SEI = 



140 
 

1.37 eV/molecule) in all Figures. The number in parenthesis indicates CH4 conversion (%) for 

Red circle. The deviation due to reverse reaction is highlighted by the shades. 

 

In the case of Run D (Figure 5.7 (a), SEI = 2.0 eV/molecule), Arrhenius curve also 

overlaps with that of Run A (SEI = 1.37 eV/molecule). However, an exact value of apparent 

activation energy decreases slightly because the contribution of vibrationally excited CH4 

would be enhanced to some extent by increasing SEI. Similarly, Figure 5.7 (b) represents 

almost identical results between Run A and Run E in the low-temperature regime. However, 

there is a clear deviation in high temperature. CH4 conversion at Run E (SEI = 2.0 eV/molecule) 

approaches to the thermal equilibrium when T > TB. In that case, measured reaction rate 

underestimates forward CH4 reaction rate because the reverse reaction was not taken into 

account. This phenomenon is similar to 100 kHz DBD case (Figure 5.4) where the reaction rate 

constant is measured as smaller value when T > 580 °C due to the limitation of equilibrium. 

DBD is characterized as a swarm of filamentary microdischarges (known as streamers) 

with nanosecond duration (1-10 ns) [51]. Dynamics behavior of streamer propagation in a 

packed-bed DBD reactor has been studied extensively by Kim et al [52]. Figure 5.8 shows the 

streamers generated by the nanosecond high-voltage pulses on Ag/Al2O3 catalyst pellets in air. 

Streamers are known to propagate in close contact with catalyst pellet, enabling better 

interaction between plasma-generated reactive species and catalyst materials. Electron number 

density and electron energy in each streamer is the key determining factors for the ionization, 

dissociation, and excitation of molecules. Particularly in CH4 reforming, the generation of 

vibrationally excited CH4 in streamers is the key to enhancing the rate-determining step as 

schematically depicted in Figure 5.8. The kf represents the forward rate constant for the rate-

determining step (CH4 chemisorption).  

However, it is hardly probing to an individual streamer by the measurement due to a highly 
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localized and transient nature of streamers: time- and space-averaged properties of streamer 

swarm are characterized by plasma sustain voltage (Usus) and mean discharge current (Ip-p) via 

the Lissajous diagram analysis [3, 51]. The electron collision rate coefficient (ke) for ionization, 

dissociation, and excitation of molecules is determined as a function of the reduced electric 

field (E/Ng) (Eq 5.24) [53]. The E expresses the electric field acting over the gas gap. The d 

(m) represents the characteristic length which is determined generally by the gas gap between 

electrodes. Ng is number density of molecules at given temperature and pressure, which could 

be calculated by Eq 5.25 [54], where P, NA, R and T represent gas pressure, Avogadro constant, 

gas constant and gas temperature, respectively. 

𝑘7 = 𝑓 {
𝐸
𝑁h
| = 𝑓(

𝑈LBL/𝑑
𝑁h

) Eq 5.24 

𝑁h =
𝑃 × 𝑁<
𝑅 × 𝑇  Eq 5.25 

 

 
Figure 5.8 Streamer discharges on Ag/Al2O3 catalyst pellets in air generated by nanosecond 

high-voltage to the needle electrode [52] (room temperature and atmospheric pressure). The 

image shows 50 times accumulation of 10 ns exposure imaging, showing multiple streamers 

(n1-n5). 
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As shown in Table 5.5, Usus is almost unchanged by either increasing input power or 

decreasing gas flow rate when the operating frequency was 12-15 kHz. Electrical properties 

of DBD is almost unchanged by SEI because electron collision rate coefficients would not 

change to a large extent under the same Usus. Therefore, the effect of SEI on Arrhenius curve is 

undistinguishable when the frequency was 12-15 kHz. In contrast, electrical properties of DBD 

at 100 kHz is quite different: Usus decreases by half and Ip-p is doubled (Run B in Table 5.3 and 

5.5; see also Chapter 4 [26]). Low-energy electrons are preferred to generate vibrationally 

excited CH4 [26]. Obviously, the contribution of vibrationally excited CH4 in 100 kHz DBD is 

greater than that of 12 kHz DBD. The overall reaction is considered to be plasma catalysis (not 

mixed catalysis) as discussed in section 5.4.4. Arrhenius plot for 100 kHz DBD is categorized 

as a different curve even if SEI takes the same value such as SEI = 1.37 eV/molecule. 

CH4 chemisorption is known to be the rate-determining step which is characterized by the 

activation energy (Et, kJ/mol). When vibrationally excited CH4 is generated in streamers and 

interacts with the catalyst surface (cf. Figure 5.8), apparent activation energy decreases from 

Et to 𝐸e; (cf. Figure 5.5) depending on the vibrational excitation mode, Ni crystal orientation, 

and the vibrational efficacy (section 5.5). Because streamer formation is spatially discrete, 

reaction enhancement by DBD is localized where the streamer attaches the catalyst surface. In 

contrast, thermal reaction occurs in parallel where no streamer is generated. In other words, 

apparent activation energy reflects a combined effect of thermal and plasma catalysis which is 

defined as mixed catalysis. As input power increases, contribution of vibrationally excited CH4 

increases which is measured as a smaller activation energy 
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5.7 Conclusion 

Electron impact excitation of feed gas molecules occurring in a single streamer is the key 

determining factors of kinetic parameters such as reaction rate constant, the activation energy, 

and the reaction orders. Meanwhile, a number of streamers generated per unit time determine 

the net flux of reactive species to the catalyst surface, which in turn influences the apparent 

activation energy measured by the Arrhenius plot. The 12 kHz DBD is characterized as mixed 

catalysis where thermal catalysis occurs dominantly and a weak interaction of plasma-induced 

reaction is possible. In contrast, 100 kHz DBD is regarded as pure plasma catalysis due to the 

significant contribution of vibrationally excited CH4 to the surface reaction. A drastic 

modification of Usus and Ip-p is possible by 100 kHz DBD (Table 5.3), yielding nearly two-time 

more vibrationally excited species than 12 kHz DBD [26]. In that case, Arrhenius behavior is 

clearly distinguished from 12 kHz DBD case even if SEI was maintained at the same value as 

SEI = 1.37 eV/molecule. Considering vibrational efficacy provided by the state-specific gas-

surface reactivity of vibrationally excited CH4, the activation energy is estimated to be 42-69 

kJ/mol which agrees well with this experimental measurement in 100 kHz DBD case (44.7 

kJ/mol). If the activation energy is measured as smaller than this value, either the mass transfer 

resistance or the reverse reaction (limitation of thermodynamic equilibrium) must be taken into 

account in the model.  

In the case of mixed catalysis (12 kHz DBD case), apparent activation energy cannot be 

compared directly with state-resolved molecular beam study; because contribution of thermal 

and plasma catalysis is not decoupled. Activation energy slightly decreases by increasing SEI; 

however, effect of SEI is negligibly small under the fixed frequency of 12-15 kHz simply 

because the electrical properties of DBD is almost unchanged. 

Although vibrationally excited CH4 is the preliminary important step for enhanced 

performance of CH4 dry reforming, co-activation of CO2 is also the key factor because the 
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adsorbed CH4 fragment must be oxidized and removed by CO2-derived oxygen-containing 

surface species; active sites are regenerated for the successive CH4 chemisorption which is the 

key to enhancing overall reforming performance. Moreover, Chapter 3 has confirmed that 

lanthanum-modification of Ni/Al2O3 catalysts plays the key role to enhance the surface 

interaction with plasma-activated CO2. Plasma-catalyst synergy was not as strong when 

Ni/Al2O3 catalyst (without Lanthanum promoter) was applied to DBD hybrid reaction [55]. 

The combination of appropriate catalyst materials, together with plasma activation of co-

reactant, must be optimized for further improvement of plasma catalysis of CH4 dry reforming. 
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Chapter 6: Conclusion and future work 

 

6.1 Conclusions 

This thesis concentrates on the CO2 and CH4 activation behavior in nonthermal plasma-

catalyst interface, aiming for an interpretation of enhancement mechanism in nonthermal 

plasma-enabled methane dry reforming (MDR). The DBD (dielectric barrier discharge) 

provides vibrationally excited species (e.g. CO2v and CH4v) by low-energy electron impact in 

nonthermal plasma-enabled MDR. Two kinds of nickel-based catalysts were employed to 

investigate the CO2-Ni and CO2-La interaction, respectively. DBD-activated CO2 shows 

enhancement for oxygen-contained species uptake over Ni and La respectively, which further 

influence the coke formation behavior and the oxidation of adsorbed CH4 fragments (CHx*), 

respectively. The low and high frequency DBD were employed to reveal the influence of the 

electrical properties on overall reforming behaviors by Lissajous plot analysis and electron-

molecule collisions theory. The kinetic analysis was carried out to reveal a plasma-enabled 

mode-selective CH4 activation over the Ni catalyst. This current work provides a fundamental 

discussion towards nonthermal plasma-enhanced methane dry reforming based on microscopic 

surface chemistry, and macroscopic kinetic analysis and electron collision kinetics. 

In chapter 2, the oxidation behavior of Ni/Al2O3 catalyst by DBD-activated CO2 was 

investigated compared with CO2 thermal oxidation. Quantitative analysis of Temperature 

programmed reaction spectrometry reveals plasma oxidation is much stronger than thermal 

oxidation. The distribution of NiO over the cross-section of catalyst pellets (spherical 3 mm 

mean diameter) was analyzed by Raman spectroscopy. Two Ni oxidation pathways were 

distinguished based on the SEI. When SEI is sufficiently small (< 1 eV/molecule), direct 

oxidation by DBD-activated CO2 becomes the main oxidation route which significantly 

oxidizes Ni to NiO, where oxidation amount was much higher than corresponding thermal 
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oxidation. Since NiO thin layer was formed in the external surface during plasma oxidation 

with the thickness of ca. 20 micrometers, both DBD generation and DBD-activated species 

penetration into the internal pores are inhibited. Due to the formation of NiO, catalyst uptakes 

oxygen beyond thermal equilibrium known as Langmuir isotherm. The NiO thin layer drives 

the oxidation-reduction cycle in the plasma catalysis of MDR, where ground state CH4 is 

dehydrogenated almost fully within the 20 μm NiO shell before further diffusion into internal 

pores. 

In chapter 3, La-modified Ni/Al2O3 was employed to investigate surface adsorbed 

oxygen-contained species formation behaviors over La compared with non-La-adding 

Ni/Al2O3. In-situ plasma-DRIFTS and ex-situ CO2-TPD study were carried out to understand 

the plasma and catalyst interfacial phenomena. Nonthermal plasma can enhance CO2 activation 

on La, leading to more surface carbonate species formation than that in thermal catalysis. 

Moreover, bicarbonate and bridge carbonate can be generated by DBD-activated CO2 treatment. 

Due to the characteristics of the neighboring distribution on the atomic scale between Ni and 

La in the La-Ni/Al2O3, the CO2-La-derived carbonate species oxidize CHx* on Ni to generate 

syngas. The synergism of nonthermal plasma-enabled reforming is explained by the DBD-

enhanced surface carbonate generation: enhanced surface carbonates accelerate surface 

reaction between CHx* species. Regeneration of active sites for following CH4 chemisorption 

is promoted towards a higher CH4 conversion.  

In chapter 4, the basic property of methane dry reforming was presented based on low and 

high frequency packed bed DBD reactor. The discharge behaviors by Lissajous plot and 

electron collision kinetics were investigated comprehensively. The 100 kHz-DBD leads the 

highest reactant conversion and product yield, followed by 12 kHz-DBD, and both of DBD 

hybrid reforming show a significant enhancement than thermal reforming. The power-

determining parameters are decoupled into plasma sustain voltage (𝑈yLBL) and mean discharge 
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current (Ip-p). The effect of frequency on Ip-p is tremendous. Besides, 100 kHz DBD is operated 

in the low 𝑈yLBL and high Ip-p regime, while 12 kHz DBD is operated high 𝑈yLBL and low Ip-p 

regime. The increase in discharge current is critically important to emerge nonthermal plasma-

induced synergism, while an increase in mean electron energy seems to be a minor effect. 

Generation of vibrationally excited species are the dominant electron-molecule collision 

pathways. Production rate of vibrationally excited species are correlated well with the net 

increase in CH4 conversion. 

In chapter 5, a kinetic analysis of methane dry reforming was investigated to elucidate the 

drastic reaction promotion mechanism enabled by plasma-catalyst interaction. Reaction order 

for CH4 and CO2 were determined respectively as 0.68 and -0.17, which were kept unchanged 

by DBD, indicating the surface coverage of CH4 and CO2 was not influenced by nonthermal 

plasma. The Arrhenius plot for forward CH4 rate constant revealed that 12 kHz DBD hybrid 

reaction is characterized as mixed catalysis where plasma and thermal catalysis are not 

decoupled. In contrast, 100 kHz DBD is regarded as pure plasma catalysis where DBD-

activated species dominates surface reaction, contributing to a decrease of activation energy 

from 91 to 45 kJ/mol. Such result is well correlated with molecule beam study where activation 

energy via vibrationally excited CH4 ranges 42–69 kJ/mol on various Ni surfaces, illustrating 

vibrationally excited CH4 plays the key role in pure plasma catalysis towards activation energy 

decrease. 
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6.2 Future work 

First, exploring new types of catalysts is an important future work. Based on the results in 

Chapter 2 and Chapter 3, modification of catalyst is a promising approach to improve of CH4 

or CO2 activation under nonthermal plasma. For a bimolecular-attended heterogeneous system, 

a good-performance catalyst should supply the active sites both for CH4 and CO2 activation 

simultaneously. Moreover, these two kinds of active site should be avoided for “long-distance” 

distribution. Otherwise, the surface reaction is difficult. The bimetallic or alloyed catalyst are 

promising to lead future works, which may convert “nano-scale” study of metallic crystal into 

“Ångstrom-scale” or even “atomic-scale” study. In this case, unambiguous mechanism is 

expected to be built based on experimental and simulation study (e.g. Density functional theory 

[1]).  

The research of oxygen species fixation in catalyst may be an interesting topic in plasma 

catalysis. The carbon form CH4 dehydrogenation is readily dissolved into Ni catalyst particles, 

and forms a core–shell like carbon–rich solid solute (e.g. NiC) [2]. It should be noted that the 

lattice oxygen (i.e. NiO) could contribute to the coke suppress (Chapter 2). The nickel-based 

oxidation–reduction have been demonstrated by Ref.[3] that a certain level of surface oxygen 

can optimize the utilization of CH4 and improve the coking resistance. In our study, the lattice 

oxygen (NiO) enhanced by plasma seems active to suppress NiC, while it is inert for CH4 

derived adsorbed species: CH4 conversion was not affected by plasma although NiO layer in 

Ni/Al2O3 catalyst was generated under plasma-activated CO2. Besides, the reactivity of NiO in 

methane dry reforming has not been evaluated, although the relationship between oxidation 

behavior and coke formation behavior have been demonstrated unambiguously. Different with 

Ni/Al2O3, the La-modified Ni/Al2O3 shows a clear CH4 conversion enhancement by 

nonthermal plasma which is contributed by enhanced adsorbed carbonates formation over the 

lanthanum. However, the influence of carbonates species on coke formation behavior is 
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expected to be investigated [4]. More importantly, X-ray photoelectron spectroscopy (XPS) 

should be carried out before and after experiment to understand behavior of lanthanum. 

Chemical shift of La3d binding energy may be observed if the carbonate species are adsorbed 

on the La sites rather than other basic site, i.e. dispersing agent magnesium oxide. In this case, 

the oxidation state of La in complex La-Ni-Al oxide could be confirmed. 

Optimization of interaction between DBD and catalyst is still an important work, and there 

is a long way to go. Interaction of DBD and catalyst pellet occurs only at the external surface 

of the pellets, and the effected thickness is ca. 20 µm [5], which means a majority of the active 

sites in micropores of catalyst do not interact with any excited species. As Chapter 1 mentioned, 

the scale of plasma species is too short compared with that of chemical reaction so that the 

morphology of pore and catalyst dramatically impact the flux of plasma species on the active 

site. Moreover, the mass transfer resistance [2] maybe excluded with a modified catalyst 

microstructure where pure plasma catalysis (Chapter 5) is expected. The powder of catalyst is 

widely employed in thermal catalysis, however, only surface contact with plasma in plasma-

enabled catalysis based on the Chapter 2 analysis. For an uniform heterogeneous catalysis, the 

fluidized bed reactor could provide a potential approach to enhance the interaction between 

plasma species and catalyst powder [6]. In this case, diffusion-controlled regime could be 

ignored even at high temperature.  

Finally, the in situ plasma-DRIFTS experiment was carried out at 200 °C limited by heat 

tolerance of the plasma-DRIFTS chamber. However, the plasma enabled reforming is 

commonly operated at 500~600°C [7]. In this case, CO2 activation with plasma at high 

temperature is still unclear. Indeed, the desorption rate may be accelerated at high temperature 

that it is difficult to detect the surface species. The gas-phase change could be detected by the 

QMS. In the DRIFTS experiment, the interval time for recoding is 30s (26-scan accumulation), 

while the time scale for absorption, surface reaction, and desorption is much shorter. Therefore, 
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a rapid scanning of IR measurement is necessary. The QMS is sensitive to respond to the change 

of gas species (scanning scale is in ns~s). In overall, for a better understand of plasma-enable 

Langmuir-Hinshelwood mechanism, it is necessary to combine the IR setup and QMS together 

for an overall pathway reaction exploration.  
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