
 

 

 

 

PLASMA -ASSISTED CONVERSION OF CO2 

 

 

A thesis submitted to The University of Manchester for the degree of  

Doctor of Philosophy  

in the Faculty of Science and Engineering. 

 

2017 

 

Shaojun XU 

School of Chemical Engineering and Analytical Sciences 



 

2 

 

Contents  

Abstract 15 

Declaration 17 

Copyright  18 

Acknowledgements 19 

Chapter 1  

General introduction 21 

1.1. Overview 22 

1.2. Research contents and objectives 23 

1.3. Thesis outline 25 

Chapter 2  

A review of plasma-assisted conversion for CO2 27 

2.1. Introduction 28 

2.2. Plasma technology 31 

2.2.1 Plasma type 31 

2.2.2 Atmospheric pressure non-thermal plasma system 32 

2.2.3 Synergistic effects in plasma-catalysis 37 

2.3. Plasma-assisted conversion for CO2 41 

2.3.1 CO2 direct dissociation to CO and O2 41 

2.3.2 CO2 reforming to syngas 49 

2.3.3 CO2 hydrogenation to fuels and chemicals 56 

2.4. Conclusion and implications for future development 58 

References 60 

Chapter 3  

CO2 conversion in a non-thermal, barium titanate packed-bed plasma reactor: the 

effect of dilution by Ar and N2 71 

Abstract 72 

3.1. Introduction 72 

3.2. Materials and Methods 74 



 

3 

 

3.2.1 Experimental Set-up 74 

3.2.2 Data Analysis 77 

3.3. Results 78 

3.3.1 Product Analysis 78 

3.3.2 Optical emission spectroscopy 81 

3.3.3 Electrical Characterisation of the Plasma 83 

3.4. Discussion 84 

3.4.1 Chemical Effects 84 

3.4.2 Energy efficiency of CO2 conversion in dilute mixtures and implications for 

future development 89 

3.5. Conclusions 92 

Acknowledgement 93 

References 93 

Chapter 4  

CO2 conversion in a non-thermal, barium titanate packed-bed plasma reactor: the 

effect of discharge power, flow rate and CO2 fraction 100 

Abstract 101 

4.1. Introduction 101 

4.2. Materials and methods 103 

4.2.1 Experimental set-up 103 

4.2.2 Reaction data analysis 104 

4.2.3 Determination of the electrical characteristics of the discharge 106 

4.3. Results 107 

4.3.1 CO2 conversion and energy efficiency 107 

4.3.2. Electrical characteristics of the discharge 109 

4.3.3. Electric field properties 112 

4.3.4 Electric field distribution 120 

4.4. Discussion 124 

4.4.1 The relationship between the operating parameters, plasma electrical 

properties and CO2 dissociation 124 



 

4 

 

4.4.2 Energy efficiency of CO2 conversion in different plasma discharge system

 127 

4.5. Conclusion 129 

Acknowledgments 130 

References 131 

Chapter 5  

Catalysis in a non-thermal, atmospheric pressure, plasma-catalytic processes: The role 

of catalytic active sites 136 

Abstract 137 

5.1. Introduction 137 

5.2. Experimental section 139 

5.2.1 Model catalyst preparation 139 

5.2.2 Characterisation of catalyst 140 

5.2.3 In situ diagnostics in planar DBD plasma-catalytic reactor 141 

5.2.4 DFT Calculations 146 

5.3. Results and discussion 147 

5.3.1 Decoupling multi-variables in plasma-catalytic process 147 

5.3.2 Surface morphology and physical stability of the model catalysts 148 

5.3.3 Chemical and thermal stability of the model catalysts 152 

5.3.4 Catalytic activities of the model catalysts 154 

5.4. Conclusion 162 

Acknowledgement 163 

References 163 

Chapter 6  

Enhanced water gas shift reaction with metal-organic frameworks in a non-thermal, 

atmospheric pressure plasma 169 

Abstract 170 

6.1. Introduction 170 

6.2. Experiment 173 

6.2.1 Packed-bed plasma reactor 173 



 

5 

 

6.2.1 Catalyst characterisation 175 

6.3. Results and discussion 177 

6.3.1 CO conversion in water gas shift reaction (WGS) 177 

6.3.2 Surface morphology and physical stability of CuBTC MOF 181 

6.3.3 Chemical stability of CuBTC MOF 182 

6.3.4 The active species in CuBTC MOF for plasma-assisted WGS reaction 185 

6.4. Conclusion 189 

Acknowledgement 191 

References 191 

Chapter 7  

Summary, conclusions and future work 195 

7.1. Summary and Conclusions 196 

7.2. Further work for the research scopes in this thesis 201 

7.3. Extended future work for plasma-catalysis 204 

Appendix 208 

S1. Fourier-Transform Infrared (FTIR) Analysis 209 

Pathlength calibration 209 

Gas concentration calibration 212 

S2. Tuneable lead salt diode laser (TDL) Absorption Spectroscopy 213 

References 214 

S3. Training and network 215 

Awards 215 

Publication list 216 

Conference presentations 216 

Teaching experience 217 

Secondment & internship experience 217 

 

 



 

6 

 

 

List of Figure s 

Figure 2.1. Scheme of the fixation of carbon dioxide to added value chemicals [5]. ............. 29 

Figure 2.2. The typical electric breakdown for atmospheric pressure, non-thermal plasma [4].

 .............................................................................................................................. 33 

Figure 2.3. The general configurations of the original packed-bed reactor (left) and a packed 

double DBD reactor (right) [16]. .......................................................................... 34 

Figure 2.4. Typical electrode arrangements of dielectric barrier discharge configurations [22].

 .............................................................................................................................. 36 

Figure 2.5. The amount of publication on the study of plasma-assisted catalysis based on the 

source of ISI Web of Science (up to December 2016). ........................................ 38 

Figure 2.6. Comparison of the reaction performances using thermal, catalysis and plasma 

methods for the destruction of toluene [41, 42]. .................................................. 39 

Figure 2.7. Reaction configurations to study the plasma-catalysis process. ........................... 39 

Figure 2.8. The fraction of the non-thermal discharge energy transferred from plasma 

electrons to different channels of excitation, ionisation and dissociation of CO2 as 

a function of the reduced electric field, calculated by Bogaerts et al. [27] using the 

cross section of the corresponding electron impact reactions. ............................. 45 

Figure 2.9. A schematic illustration of CO2 electronic and vibrational levels [80]. ............... 46 

Figure 2.10. Electron energy distribution function and mean electron energy in CO2 plasma 

as the function of electron energy at a reduced electric field of 200 Td simulated 

using BOLSIG+ [82]. ........................................................................................... 47 

Figure 3.1. Schematic view of the experimental setup used for CO2 dissociation in the 

packed-bed reactor (top) and the general configuration of the present packed-bed 

reactor compared to a packed DBD reactor (bottom). ......................................... 76 

Figure 3.2. Conversion of CO2 as a function of carrier gas fraction for different specific input 

energies in mixtures of CO2/Ar (solid curves) and CO2/N2 (dashed curves), at a 

constant AC frequency of 40 kHz and a gas flow rate of 32 mL min
-1

. .............. 79 

Figure 3.3. O3 concentration as a function of specific input energy in the pure CO2 and for a 

range of CO2/Ar gas mixtures, at the same conditions as in Figure 3.2. .............. 80 

Figure 3.4. Formation of nitrogen oxides, NO (a), NO2 (b) and N2O (c), individually and in 

total (d) as a function of nitrogen fraction in the CO2/N2 gas mixtures, at the same 

conditions as in Figure 3.2. .................................................................................. 81 

Figure 3.5. Emission spectra of pure CO2, CO2/Ar and CO2/N2 plasma at a discharge power 

of 20 W and total flow rate of 32 mL min
-1

 (36 kJ L
-1

). ...................................... 82 



 

7 

 

Figure 3.6. The plasma breakdown voltage, UB, as a function of specific input energy in the 

pure CO2 plasma, and in CO2/Ar and CO2/N2 mixtures with 20 % CO2, at a 

constant AC frequency 40 kHz and total flow rate of 32 mL min
-1

. .................... 84 

Figure 3.7. Electron energy distribution function and mean electron energy in the pure CO2 

plasma, and in the 20/80 CO2/Ar and 20/80 CO2/N2 plasmas as the function of 

electron energy, at a reduced electric field of 200 Td simulated using BOLSIG+ 

[57] ....................................................................................................................... 86 

Figure 3.8. Energy efficiency of CO2 dissociation at different specific input energies as a 

function of carrier gas fraction in mixtures of CO2/Ar (solid lines) and CO2/N2 

(dashed lines), at the same conditions as in Figure 3.2. ....................................... 90 

Figure 3.9. Comparison of energy efficiency for CO2 conversion in present of carrier gases 

with and without packing materials in a non-thermal atmospheric DBD pressure 

plasma processes. (Symbol description, e.g. 3 ï CBS ï 90N2 [25] means DBD 

discharge gap of 3 mm with packing material of CaO-B2O3-SiO2 in a CO2/N2 gas 

mixture with 90% N2 from reference [25]; the square symbols represent 

experiments with Ar as a carrier gas, the circular symbols are for N2 mixtures). 91 

Figure 4.1. Schematic diagram of the experimental setup used for CO2 dissociation in the 

packed-bed plasma reactor. ................................................................................ 104 

Figure 4.2. Schematic diagram for the derivation of electrical parameters from a Lissajous 

figure of charge Q against voltage U. Qpk-pk is the peak-to-peak charge; Qd, the 

discharged charge; Qtrans, the charge transferred per half-cycle; Ccell, the total 

capacitance; Ceff, the effective capacitance; Umin, the minimum voltage. .......... 106 

Figure 4.3. Conversion of CO2 (a) and the corresponding energy efficiency (b) as a function 

of specific input energy in the pure CO2 plasma (solid symbols and solid line) and 

in a 20/80 CO2/Ar plasma (open symbols and dashed line) at different flow rates 

(indicated by the symbols) and effective CO2 conversion, Xeff, for the 20/80 

CO2/Ar plasma (dash-dot line). .......................................................................... 108 

Figure 4.4. O3 concentration as a function of specific input energy in the pure CO2 plasma 

(solid symbols) and in a 20/80 CO2/Ar plasma (open symbols) at 32 mL min
-1

 

(solid line) and 190 mL min
-1

 (dashed line). ...................................................... 109 

Figure 4.5. Electrical signals of a pure CO2 and 20/80 CO2/Ar plasma at the discharge power 

of 15 and 80 W in the BaTiO3 packed-bed reactor at 190 mL min
-1

. ................ 110 

Figure 4.6. Lissajous plots in pure CO2 plasma (a) and in a 20/80 CO2/Ar plasma (b) with 32 

mL min
-1

 (solid line) and 190 mL min
-1

 (dashed line) at a discharge power of 15 

W. ....................................................................................................................... 111 

Figure 4.7. The charge transferred per half-cycle, Qtrans, in the discharge as a function of SIE 

in pure CO2 and CO2/Ar gas mixtures at 32 mL min
-1

 (solid line) and 190 mL 

min
-1

 (dashed line) at a discharge power of 3 ï 15 W; the four data points along 

with the increasing of SIE in each fitted line are corresponding to the results at 

discharge powers of 3, 5, 10, 15W. This applies to all the following graphs unless 

otherwise stated. ................................................................................................. 112 



 

8 

 

Figure 4.8. HCP lattice schematic diagram and 2D represented equivalent model of the 

discharge region used for the packed-bed reactor .............................................. 114 

Figure 4.9. The electric field (E) calculated as a function of specific input energy in pure CO2 

and 20/80 CO2/Ar plasmas at 32 mL min
-1

 (solid line) and 190 mL min
-1

 (dashed 

line) with a discharge power of 3 ï 15 W 3 ï 15 W where the power values are 

indicated for different SIE values in Figure 4.7. ................................................ 116 

Figure 4.10. Breakdown voltage as a function of the discharge power in pure CO2 and the 

20/80 CO2/Ar plasma at 32 mL min
-1

 (solid line) and 190 mL min
-1

 (dashed line).

 ............................................................................................................................ 117 

Figure 4.11. Mean electron energy as a function of specific input energy in pure CO2 and in 

20/80 CO2/Ar plasmas at 32 mL min
-1

 (solid line) and 190 mL min
-1

 (dashed line) 

with a discharge power of 3 ï 15 W where the power values are indicated for 

different SIE values in Figure 4.7; calculated under the electric field E at the same 

SIE and gas composition in Figure 4.9 using BOLSIG+ [43]. ........................... 119 

Figure 4.12. 2D axisymmetric geometry and the corresponding 3D unit cell of the BaTiO3 

packed-bed DBD reactor. Adapted from [36] with permission. Copyright 2016 

Wiley. ................................................................................................................. 122 

Figure 4.13. The effect of relative dielectric constant (Ů = 1000 and 25) and applied voltage 

(5000 and 3750 kV) on the electric field strength E and mean electron energy in a 

packed-bed reactor as a function of time in a one DC helium discharge cycle of 

30 ns duration. .................................................................................................... 123 

Figure 5.1. Optical alignment for in situ measurements in the planar dielectric barrier 

discharge plasma reactor using the tunable diode laser absorption spectroscopy 

system. A: Mid-IR tuneable lead salt diode laser; B: offaxis parabolic mirror; C: 

flat mirror; D: InSb photovoltaic detector. ......................................................... 143 

Figure 5.S1. The CO absorbance measured by in situ TDLAS for CO2 dissociation as a 

function of the surface area ratio of the 3 mm discharge gap to the 4 mm 

discharge gap in the adsorption path, with 20 % CO2/Ar at SIE of 0.79 kJ L
-1

. 145 

Figure 5.2. SEM images of the Ŭ-Al 2O3 substrate before (a) and after (b) Ni deposition. ... 149 

Figure 5.S2. Bending of TEM grid allowed imaging of 10 nm coated thickness of Ni NP from 

side. .................................................................................................................... 149 

Figure 5.S3. The element amount over the Al2O3 substrate and synthesised Ni/Al2O3 catalysts

 ............................................................................................................................ 150 

Figure 5.3. Ni NP size distribution (a) calculated based on SEM images (b), and AFM 

analysis results of the Ni nanoparticles over Ŭ-Al 2O3 before and after Ar plasma 

treatment at 10 W, 32 mL min
-1

 of Ar flow rate. ............................................... 151 

Figure 5.S4. (supplementary material). SEM images of 10 nm (A), 50 nm (B), 100 nm (C) Ni 

coating thickness of Ni/Ŭ-Al 2O3 catalysts before (1) and after Ar plasma treated at 

10 W, 32 mL min-1 of Ar flow rate. .................................................................. 152 



 

9 

 

Figure 5.S5. (supplementary material). X-ray diffraction (XRD) patterns of Ŭ-Al 2O3 substrate 

and 10, 50, 100 nm Ni coating thickness of Ni/Ŭ-Al 2O3 catalysts before (B) and 

after Ar plasma treated (A) at 10 W, 32 mL min-1 of Ar flow rate. (Ƹ) for Ni and 

(Ƿ) for NiO or NiAl2O3 ..................................................................................... 153 

Figure 5.4. Raman spectra of the synthesised 10, 50 and 100 nm Ni coating thickness of 

Ni/Al 2O3 sample after different treatments; due to the surface morphologies of 50 

nm and 100 nm coated catalysts were partially changed, B and W were used to 

identify the different tested positions of the sample........................................... 154 

Figure 5.5. The CO2 conversion of 20% CO2/Ar gas mixtures under the 10 nm Ni coated 

catalyst in a parallel DBD reaction with 3 mm discharge gap at discharge power 

of 2.5 W; SIE of 0.79 kJ L
-1

 and 190 mL min
-1

 total flow rate .......................... 155 

Figure 5.6. The Ni 2p and C 1s compound composition over the Ni/Al2O3 catalyst surface of 

fresh (F), Ar plasma treated (Ar) and CO2 plasma treated (C) samples from XPS 

measurement. ...................................................................................................... 157 

Figure 5.S6. (supplementary material). Survey-scan XPS spectra of fresh (F), Ar plasma 

treated (Ar) and CO2 plasma treated (C) Ni/Al2O3 catalysts.............................. 157 

Figure 5.S7. (supplementary material). Ni 2p spectra over the surface of Ni/Al2O3 fresh (F), 

thermal treated (T), Ar plasma treated (Ar) and CO2 plasma treated (C) samples 

from XPS. ........................................................................................................... 158 

Figure 5.S8. (supplementary material). C1s spectra over the surface of Ni/Al2O3 fresh (F), 

thermal treated (T), Ar plasma treated (Ar) and CO2 plasma treated (C) samples 

from XPS. ........................................................................................................... 158 

Figure 5.S8. Geometries of (a) top view and (d) side view of NiO(100), (b) top view and (e) 

side view of the transition state of CO2 dissociation on NiO(100), and (c) top 

view and (f) side view of CO adsorbed on NiO(100). Nickel atoms are shown in 

blue, while red and grey balls stand for oxygen and carbon, respectively. ........ 160 

Figure 5.7. The CO2 conversion of 20% CO2/Ar gas mixtures over 10 nm Ni-coated catalysts 

before and after Ar or H2S treatment in a planar DBD reaction at a discharge 

power of 2.5 W; SIE of 0.79 kJ L
-1

 and 190 mL min
-1

 total flow rate. .............. 161 

Figure 6.S. CuBTC (HKUST-1) Metal Organic Framework and pore structures ................ 172 

Figure 6.1. The BaTiO3 packed-bed plasma reactor with different packing materials ......... 175 

Figure 6.2. CO conversion under 100 °C thermal reaction and plasma-assisted reaction in 

different packing configurations at a specific input energy of ca. 3.4 kJ L
ī1

 (gas 

feed: 0.7% CO and 2.8% H2O in Ar). ................................................................ 177 

Figure 6.3. Simulated mean electron energy in different CO/H2O/Ar gas mixture as the 

function of the reduced electric field, calculated with Bolsig+[33]. .................. 178 

Figure 6.4. The water gas shift reaction performance as a function of time in different in 

different packing configurations at a specific input energy of ca. 3.4 kJ L
ī1

 .... 179 



 

10 

 

Figure 6.5. Emission spectra of plasma in 0.7% CO, 2.8% H2O/Ar gas mixture at a discharge 

power of 8.6 W and total flow rate of 150 mL min
ī1

 (3.4 kJ L
-ī1

). ................... 180 

Figure 6.6. SEM images of raw CuBTC MOF (A), raw/dry CuBTC MOF after WGS reaction 

(B) and water saturated CuBTC MOF after WGS reaction (C). ........................ 181 

Figure 6.7. XRD patterns (left) and the peak height and FWHM (right) of (222) face of 

CuBTC MOF after different treatments under WGS at 3.4 kJ L
 ī1

. ................... 182 

Figure 6.7S. PXRD patterns of dry CuBTC MOF before and after exposure to the air for 3h.

 ............................................................................................................................ 183 

Figure 6.8. FT-IR spectra of raw CuBTC MOF (Raw), raw/dry CuBTC MOF after WGS 

reaction (Dry) and water saturated CuBTC MOF after WGS reaction (Wet).... 183 

Figure 6.8S. FT-IR spectra of 120 ºC activated raw CuBTC MOF after exposure to air for 

different time durations. ..................................................................................... 184 

Figure 6.9. (a) Temporal water vapour adsorption and desorption at different vapour partial 

pressures for CuBTC MOF framework at 25 °C and 90% relative humidity. (b) 

Water adsorption and desorption isotherms on CuBTC MOF at 25 °C up to 90% 

RH ...................................................................................................................... 185 

Figure 6.10. TEM images of (top) raw CuBTC MOF (Raw), (middle) raw/dry CuBTC MOF 

after WGS reaction (Dry) and (bottom) water saturated CuBTC MOF after WGS 

reaction (Wet). .................................................................................................... 186 

Figure 6.11. Cu LMM curves of raw CuBTC MOF (Raw), raw/dry CuBTC MOF after WGS 

reaction (Dry) and water saturated CuBTC MOF after WGS reaction (Wet).... 187 

Figure 6.11S. Survey-scan XPS spectra (left) and Cu 2p curve fitting (right) of raw CuBTC 

MOF (Raw), raw/dry CuBTC MOF after WGS reaction (Dry) and water saturated 

CuBTC MOF after WGS reaction (Wet). .......................................................... 188 

Figure 6.12. The Cu 2p compound composition over the raw CuBTC MOF (Raw), raw/dry 

CuBTC MOF after WGS reaction (Dry) and water saturated CuBTC MOF after 

WGS reaction (Wet). .......................................................................................... 188 

Figure 6.13. The C compound composition on the raw CuBTC MOF (Raw), raw/dry CuBTC 

MOF after WGS reaction (Dry) and water saturated CuBTC MOF after WGS 

reaction (Wet) based on C 1s curve fitting of XPS spectra. ............................... 189 

Figure 7.1. Scheme of the homemade micro-plasma reactor used for infrared transmission in 

situ spectroscopy diagnostics ............................................................................. 204 

Figure 7.2. The reaction configurations for in situ study of the synergistic effect of plasma-

catalysis process ................................................................................................. 205 

Figure 7.3. The catalysts synthesis strategy with (a) different Ni nanoparticle size and (b) 

different Ni coating thickness ............................................................................ 206 

Figure S.1. Typical White cell optics showing a typical arrangement for (a) one row [1], (b)a 

two-row [2]; (c) multiple-reflection system set for 8 passes [1]. ....................... 209 



 

11 

 

Figure S.2. Pattern of IR beam spots on the field mirror of SPECAC Long Pathlength Gas 

Cell (5-pass configuration) with the 2 k amplitude of the FTIR interferogram and 

cell is perpendicular to the instrument. .............................................................. 210 

Figure S.3. Pattern of IR beam spots on the field mirror and top mirror of SPECAC Long 

Pathlength Gas Cell (5 m ïpathlength configuration) with the 27 k amplitude of 

the FTIR interferogram and the alignment of the cell is adapted to maximise the 

amplitude of the FTIR interferogram. ................................................................ 211 

Figure S.4. The CO concentration in the 530 cm path length multi-gas cell with 5000 ppm 

CO/Ar of around 80 mL min
-1
 ............................................................................ 212 

Figure S.5. The pure CO2 concentration in the 530 cm path length multi-gas cell with 99.5 % 

pure CO2 of around 100 mL min
-1

 ..................................................................... 212 

Figure S.6. A typical recorded single scan absorbance waveform profile from unprocessed 

real-time monitoring data [3]. ............................................................................ 214 

Figure S.7. A typical processed absorbance waveform fit with Lorentzian profiles. Integration 

absorbance of this waveform represents each data points for the real-time 

monitoring data measurements [3]. .................................................................... 214 

Figure S.8. The timeline for the training and network in PhD program. .............................. 215 

 

 

 

 

 

 

 

 

 



 

12 

 

List of Tables 

Table 2.1. Classification of plasma [22]. ................................................................................ 31 

Table 2.2. Comparison of different plasma reactors for CO2 conversion a t atmospheric 

pressure. ................................................................................................................ 43 

Table 2.3. The catalysts used for CO2 reforming of CH4 from Ref. [8]. ................................ 54 

Table 4.1. Comparison of energy efficiency for CO2 conversion without packing materials or 

catalysts in different non-thermal atmospheric pressure plasma processes.  ..... 128 

Table 5.1. Surface energies, activation energies and enthalpy changes in CO2 dissociation 

steps and adsorption energies of CO on the different faces. The surface energies 

are in eV A
-2

, while all the other energies are in eV. ......................................... 159 

Table 6.1. Textural properties of fresh and Ar treated industrial MOF samples .................. 181 

 

 

 

 

 

 

 

 

 

 

 



 

13 

 

List of Abbreviations  

AC Activated carbon 

AFM Atomic force microscopy 

ALD Atomic layer deposition 

APGD Atmospheric pressure glow discharge  

APPJ Atmospheric pressure plasma jet  

ATR Attenuated total reflectance 

CVD Chemical vapour deposition 

DBD  Dielectric barrier discharge 

DFT Density functional theory 

DME Dimethyl ether 

DRIFTS Diffuse reflectance infrared Fourier transform spectroscopy 

DVS Dynamic vapour adsorption 

EDS Energy dispersive X-ray spectroscopy 

EE Pressure-swing adsorption 

EEDF Electron energy distribution function 

EïR EleyïRideal 

FCC Face-centred cubic 

fs PLD Femtosecond Pulsed Laser Deposition 

FTIR Fourier-Transform Infrared 

FWHM Full width at half maximum 

GA  Gliding arc 

GC Gas chromatography  

GGA Generalised gradient approximation 

HCP Hexagonal close-packed 

MCT  Mercury cadmium telluride 

MHCD Microhollow cathode discharge 

MOF Metal-organic framework 

MW Microwave 

NAP-XPS Near-ambient-pressure x-ray photoelectron spectroscopy  

NP Nanoparticle 

NTP Non-thermal plasma 

OES Optical emission spectroscopy 

OMSs Open metal sites 

PAW Projector-augmented wave 

PBE Perdew-Burke-Ernzerhof 

PCPs Porous coordination polymers 

PSA Energy efficiency 

PZT Lead zirconate titanate 

QCL Quantum cascade laser 

RF Radio frequency 

RH Relative humidity 



 

14 

 

SIE Specific input energy  

SOEC Solid oxide electrolyser cell 

STEM Scanning transmission electron microscope 

TCD Thermal conductivity detector 

TDLAS Tunable diode laser absorption spectroscopy 

TDLAS Tunable diode laser absorption spectroscopy 

TSA Temperature-swing adsorption  

TSs Transition states 

UHF Ultra-high frequency 

VASP Vienna ab initio simulation program 

VOCs Volatile organic compounds 

VV Vibrational-vibrational 

WGS Water gas shift 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

 

 

 



 

 

15 

 

Abstract 

Abstract  

The transformation of carbon dioxide into added value chemicals by a plasma-activated 

catalytic process was studied. First of all, the current status of CO2 reutilisation by plasma-

assisted technologies was reviewed. Followed by an in-depth study on the process of plasma-

catalysis, the effects of dilution gas (i.e. argon and nitrogen) addition and operating 

parameters in CO2 dissociation were systematically investigated in non-thermal atmospheric 

pressure plasma barium titanate (BaTiO3) packed-bed reactor from both an engineering and 

scientific point of view. The extensive experimental and modelling study provided an insight 

into the relationship between the operating parameters, plasma electrical properties and 

electron-induced reaction processes in the discharge and the effect of the dilution gases on the 

product formation and reaction mechanism. The results showed that there was a higher CO2 

conversion and energy efficiency in the studied packed-bed reactor than the dielectric barrier 

discharge (DBD) reactor with and without packed materials using electrodes covered by 

dielectric layers. Based on the above research work, an in-depth study of the complex 

mechanism of plasma-catalysis interface reaction was carried out. A new model catalyst 

(Ni/Ŭ-Al 2O3 nanocatalyst) with a minimum of physical and chemical variables was 

specifically designed and synthesised for plasma-assisted reactions to help directly 

understand the intrinsic role of catalytic active sites during the plasma-catalytic process. In 

situ time-resolved tuneable lead salt diode laser (TDL) diagnostics of carbon dioxide 

decomposition over the model catalysts in a planar dielectric barrier discharge (DBD), non-

thermal atmospheric pressure plasma reactor demonstrated that the active Ni metal sites do 

enhance the plasma-catalytic reaction in a similar way as that in conventional catalytic 

processes. Finally, demonstration of a novel catalysis concept of in situ capture-catalytic 

system was made for the plasma-assisted catalytic water gas shift reaction. This was 

investigated in a barium titanate (BaTiO3) packed-bed, non-thermal atmospheric pressure 

plasma reactor operating at 298 K. The results showed that the packed-bed reactor with 

CuBTC metal-organic framework (MOF) addition enhanced the CO conversion up to 43%. 

The comprehensive characterisation of the CuBTC MOF shows that CuBTC MOF exhibited 

sustainably good physical and chemical stabilities during 4 h long term continuous plasma 

reaction.  
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Abstract 

The research work in this thesis showed that the BaTiO3 ferroelectric, packed-bed, non-

thermal plasma reactor is a potential and powerful environmental solution for CO2 

dissociation and other similar pollution treatments with a much higher conversion and energy 

efficiency at a high specific input energy, more mature and cheaper reactor configuration to 

scale-up without the need for dielectric barriers. As catalyst introduced into the plasma-

assisted process, the demonstrated similar catalytic role of catalytic active sites in plasma-

catalytic processes as in conventional thermal catalytic processes opened the gate to apply the 

catalysts and basic catalytic theories in conventional thermal catalysis field into the non-

thermal and atmospheric plasma processes. The boundary of catalysis has been further 

extended, especially for the non-thermal atmospheric catalytic processes. The catalysis 

concept for the combination of plasma-catalytic process and conventional thermal catalytic 

process to enhance the adsorption process of the reactant and then catalyse it simultaneously 

over the active sites at room temperature and atmospheric pressure could be realised, as 

demonstrated by using the MOFs with a large gas capture capacity to catalyse water gas shift 

reaction in non-thermal atmospheric plasma.  
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1.1. Overview 

Nowadays, under the increasing pressure of global warming and diminishing fossil fuel 

reserves, carbon dioxide (CO2) reutilisation as a renewable and sustainable process is highly 

attractive. A few studies have been conducted on reactions using CO2 as a raw material. For 

example, CO2 direct dissociation or reforming with CH4 for the synthesis of oxygenated 

chemicals and hydrocarbons, and also the more recent CO2 hydrogenation with hydrogen for 

value-added fuels and chemicals at room temperature and atmospheric pressure. Compared 

with CO2 reductions under thermal, photoirradiation or electrolytic conditions, the non-

thermal plasma-assisted conversion of CO2 operating at room temperature and atmospheric 

pressure is a promising energy-efficient technique for production of H2, CO, MeOH and other 

added value chemicals.  

The hybrid technique of plasma-catalysis combining a plasma discharge with a catalyst is a 

new method for further improving the efficiency and selectivity for the reactions of CO2 

reutilisation. In this thesis, by using non-thermal plasma technology, the transformation of 

CO2 into higher value chemicals will  be studied from both engineering and scientific points 

of view. 

However, due to limited systematic research work on the plasma-assisted CO2 reutilisation, 

the relationship between plasma physical, electrical characterisation and chemical reaction 

mechanisms is not fully understood. When catalysts are introduced into the plasma discharge, 

the non-thermal plasma-assisted catalytic processes become more complicated, involving 

physical, chemical, dielectric and electrical phenomena as well as mutual interactions or 

synergistic effects between plasma and catalyst. Currently, plasma-catalysis mainly adopts 

the catalysis theory and catalysts proven in conventional thermal catalysis. Thus, amongst the 

unknown mechanisms involved in plasma-catalysis, the first question is what the working 

function of the catalyst is and what catalysis means in the context of plasma-catalysis. Apart 

from the lack of the systematic interpretation of the theoretical framework in this field, there 

are also some unknown questions in the mainly experimental but also simulation work. For 

example, 1) Does a metal catalyst behave the same in the plasma condition as in the 

conventional thermal catalytic process? 2) Can the plasma-catalytic process and conventional 
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thermal catalytic process be combined to capture the reactant and then catalyse it 

simultaneously over the active sites at room temperature and atmospheric pressure? Could a 

material with a large gas capture capacity, such as MOFs, perform that role? Further 

investigations on both the plasma-assisted and plasma-catalytic processes are urgently 

required. Therefore, the following work will attempt to fill some knowledge gaps in this 

research area.  

First, the plasma-assisted CO2 direct dissociation will be systematically studied from multiple 

points of view: plasma physics, electrical engineering and chemical reaction engineering. 

This study will benefit the determination of the optimum operating conditions and the 

mechanism of product formation. After the above study on the physical and chemical 

properties in plasma-assisted processes, the reaction mechanism upon catalyst introduction 

into the plasma region, i.e. plasma-catalysis, will also be investigated, focusing on the role of 

catalytic active sites in the plasma discharge by decoupling the various variables in plasma- 

catalytic process. After that, a novel catalysis concept: in situ plasma-assisted capture-

catalytic system will be investigated, i.e. to understand whether the plasma-catalytic process 

and conventional thermal catalytic process can be combined to capture the reactant and then 

catalyse it simultaneously over the active sites at room temperature and atmospheric pressure.  

Overall, the research work in this thesis aims to provide a detailed understanding of the 

plasma-assisted and plasma-catalytic reactions, which can lead towards the future design of 

specific catalysts used in plasma for production of added-value chemicals, and significantly 

improve the development of plasma-catalysis for CO2 conversion. More importantly, based 

on the understanding of plasma processes, the relationship between the plasma-catalytic 

process and the conventional thermal catalytic process will be understood, especially in the 

role of the active sites and catalytic mechanism. 

1.2. Research contents and objectives 

The research in this thesis contains three main sections of work. It starts from the 

comparatively simple research system of plasma-assisted process without catalysts to plasma-

catalytic process, and then comes to the combination of the plasma-catalytic process and the 
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conventional thermal catalytic process. The detailed research contents and objectives are 

listed as below: 

1) Plasma-assisted process 

CO2 direct dissociation will be investigated in a non-thermal, atmospheric pressure, barium 

titanate packed-bed reactor from multiple points of view: plasma physics, electrical 

engineering and chemical reaction engineering. The objectives are: 

ü To determine the influence of dilution gases (Ar and N2) on the CO2 dissociation, in 

order to obtain the first insight of chemical mechanism of product formation upon 

dilution gas addition; 

ü To optimise the process by varying operating parameters, i.e. discharge power, gas 

flow rate and CO2 fraction in an extensive experimental and modelling study, which is 

to understand the relationship between the operating parameters, plasma electrical 

properties and electron-induced processes in the discharge for optimising the 

operating conditions. 

2) Plasma-catalytic process 

Based on the detailed understanding of above plasma-assisted reaction process, the plasma-

catalysis process (i.e. plasma-catalytic reaction upon catalyst addition) will be investigated, 

specifically the synergistic effect between the plasma and the catalysts. To facilitate the study 

on plasma-catalytic interaction, the detailed objectives are: 

ü To design a plasma-catalyst interface dielectric barrier discharge (DBD) reactor for 

the diagnostics using in situ and in line Fourier-Transform Infrared (FTIR), mid-IR 

tunable lead salt diode laser and optical emission spectroscopy; 

ü To design and synthesise a new model catalyst with a minimum of physicochemical 

variables and stable physicochemical properties for decoupling the various variables 

in a plasma-catalysis process; 
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ü To investigate the surface reaction species in plasma-catalysis by in situ diagnostics; 

ü To identify the role of catalyst active sites under plasma operation; 

ü To determine the active species in the synthesised model catalysts in plasma. 

3) Plasma-assisted capture-catalysis process 

The above study investigated the relationship between plasma-catalytic process and 

conventional thermal catalytic process. Thus in the last part of this thesis, a new plasma-

catalysis concept of in situ plasma-assisted capture-catalysis system was studied to 

investigate the feasibility and effectiveness of the combination of plasma-catalytic process 

and conventional thermal catalytic process for the catalytic reaction at room temperature and 

atmospheric pressure. This in situ plasma-assisted capture-catalysis system was studied as a 

proof of concept experiment using a metal-organic framework (MOF) enhanced water gas 

shift reaction, i.e. the mass transfer and adsorption process is expected to be enhanced by the 

strong water affinity of the open metal sites (OMSs) in CuBTC MOF (i.e. in situ capture), 

following the in situ plasma-assisted surface reaction over the active sites of the unsaturated 

copper centres (i.e. catalysis). Therefore, this in situ plasma-assisted capture-catalytic system 

here requires a specific catalyst with active sites that can not only enhance the surface 

adsorption of the reactant, but be capable of catalysing the reactants in plasma.  

1.3. Thesis outline 

Chapter 2 reviews plasma technologies for non-thermal plasma-assisted conversion of CO2. 

This chapter first gives a brief general background of plasma technology and associated 

plasma-catalysis. An intensive discussion is focused on the state-of-the-art of technologies for 

CO2 reutilisation. 

Chapter 3 describes the effect of dilution by argon and nitrogen upon CO2 dissociation in a 

non-thermal, atmospheric pressure, barium titanate packed-bed reactor, where there have 

been comparatively few experimental studies. The quantified product distributions, electrical 



 

 

26 

 

Chapter 1 General introduction 

characterisation of the plasma, optical emission spectroscopy, and energy efficiency were 

measured. Possible mechanisms are presented for the effect of Ar and N2 on the dissociation 

of CO2 and for the formation of by-products based on discharge processes in the plasma and 

the subsequent chemistry. 

Chapter 4 is a further study on CO2 dissociation in a non-thermal, atmospheric pressure, 

barium titanate packed-bed reactor. The effects of discharge power, gas flow rate and CO2 

fraction on the electrical characteristics of the discharge, CO2 conversion, energy efficiency 

and composition of products were studied.  

Chapter 5 reports a new well-defined Ni nanoparticle (NP) model catalyst prepared by 

Femtosecond Pulsed Laser Deposition (fs PLD). The catalyst will be comprehensively 

characterised using atomic force microscopy (AFM), scanning transmission electron 

microscope (STEM), energy dispersive X-ray spectroscopy (EDS), Raman scattering and X-

ray photoelectron spectroscopy (XPS). The characterisation results will show whether the 

catalytic active sites related properties can be considered as a whole as the single variable to 

fully decouple the plasma-catalytic process of CO2 dissociation. The intrinsic role of Ni 

species under non-thermal plasma condition will be specifically investigated. 

Chapter 6 is a proof of concept study to demonstrate a novel catalysis concept of in situ 

plasma-assisted capture-catalytic system using metal organic frameworks (MOFs) enhanced 

water gas shift reaction. 

Chapter 7 is a summary of all experimental results and conclusions, following with suggested 

future work needed for continuing this research. 
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2.1. Introduction  

Since the first Industrial Revolution starting from around 1760 in Manchester, Great Britain, 

conventional thermal catalysis plays one of the most important roles for industrialisation. 

Now the conventional thermal techniques using fossil fuels can basically meet the need of 

industrial and agricultural production. However, the high energy consumption, high-pollution, 

and high emissions industries based on fossil fuels directly caused or exacerbated climate 

change and deterioration of the ecological environment. Thus the increasing pressure of 

global warming and diminishing fossil fuel reserves are driving the development of novel 

energy-efficient, cost-effective technologies and reaction routes using sustainable resources.  

The amount of carbon dioxide in the atmosphere has increased by more than 30% since the 

industrial revolution, and around 90% of human-caused carbon dioxide (CO2) emissions 

come from fossil fuels and industry [1]. The prodigious solutions for abating carbon dioxide, 

including CO2 emission reduction, capture and utilisation, are required to inhibit global 

warming [2]. Among them, CO2 reutilisation is one of the topical research areas in the 

industrial field, due to carbon dioxide as one of the main greenhouse gases is considered as 

one inexpensive, non-toxic, non-flammable and naturally abundant C1 feedstock [3]. Hence, 

any successes in research and application for CO2 reutilisation will have positive effects 

towards carbon management and environmental improvement.  

One of the main challenges for CO2 reutilisation is due to the high stability of the CO2 

molecule, where a high energy input of 5.5 eV/molecule is required to break the chemical 

bond of C=O [4]. The potential CO2 fixation reaction has been discussed in recent reviews [2, 

3, 5, 6]. Based on current techniques, CO2 can be converted into fuels, like methanol, formic 

acid, dimethyl carbonate, methyl formate, hydrocarbons and other added value chemicals, as 

shown in Figure 2.1 [5].  

Among the reactions in Figure 2.1, CO2 direct dissociation (R1), is the most direct way for 

CO2 reutilisation, which can provide high CO concentration for the synthesis of oxygenated 

chemicals and hydrocarbons [7]. CO2 reforming of CH4 (R2) is also one of the most 

extensively studied reactions. The basic reaction of these two molecules is to produce syngas 



 

 

29 

 

Chapter 2 A review of plasma-assisted conversion for CO2 

(CO and H2), which is the basic material of chemical industry [8]. On the other hand, CO2 

reforming of CH4 is also called dry reforming of methane because it can be employed in 

water shortage areas. The environmental benefits of dry reforming of methane are significant: 

removal of greenhouse gas, providing clean energy with biogas and natural gas utilisation. 

Recently, the CO2 hydrogenation with hydrogen (R3 ï R6) for value-added fuels and 

chemicals has attracted significant interest, due to the high energy efficiency and mild 

operating conditions (i.e. as low as room temperature and atmospheric pressure) [9].  

 

Figure 2.1. Scheme of the fixation of carbon dioxide to added value chemicals [5]. 

CO2 Ÿ CO +  O2                                      Ў(  
Ј  283.3 kJ mol

-1
   (R1) 

CO2 + CH4 Ÿ 2 CO + 2 H2                        Ў(  
Ј  247 kJ mol

-1
              (R2) 

CO2 + H2 Ÿ CO + H2O                              Ў(  
Ј  41.2 kJ mol

-1
              (R3) 
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CO2 + H2 Ÿ HCO2H                                  Ў(  
Ј  ï 31.5 kJ mol

-1
             (R4) 

CO2 + 3 H2 Ÿ CH3OH + H2O                    Ў(  
Ј  ï 49.5 kJ mol

-1
             (R5) 

CO2 + 4 H2 Ÿ CH4 + 2 H2O                      Ў(  
Ј  ï 164.8 kJ mol

-1
             (R6) 

Numerous methods have been developed to realise the above reactions, including 

thermochemical, electrochemical, photochemical, biochemical and plasma-assisted processes, 

providing slight variations in the product created. For instance, the conventional catalytic 

processes typically produce various hydrocarbons, H2 and oxygenates, whilst plasma-assisted 

processes have the main products of syngas and low-carbon hydrocarbons, such as CH4 [10]. 

Different methods are also reported to realise with a variation in the energy efficiencies. For 

instance, CO2 direct dissociation (R1) with thermal methods such as direct heating at 

temperatures in excess of 2000 K and thermal plasma has a theoretical energy efficiency as 

high as 1.88 mmol kJ
-1
 [4]. However, the highest energy efficiency reported is in a non-

thermal microwave plasma [11] under conditions of low pressure (6.7 ï 26.7 kPa) and with 

supersonic gas flow achieved 2.57 mmol kJ
-1
. Recently, the solar energy driven 

thermochemical [12], electrochemical [13] and photochemical processes [14, 15] were 

developed, and the highest energy efficiency amongst the solarïdriven techniques reported 

was only 0.23 mmol kJ
-1
 using a photovoltaic (PV)-electrolyser [13]. The energy efficiencies 

achieved in experiments of non-thermal plasma dissociation of CO2 are generally an order of 

magnitude less efficient than the best thermal and low pressure plasma systems [16]. 

Amongst these methods, the non-thermal plasma (NTP) assisted catalytic processes are 

gradually recognised as one of the promising tools to tackle the challenges of environmental 

pollutant abatement and energy-efficient chemical processes, because of the mild operating 

conditions and low energy consumption compared to conventional thermal catalysis. [10, 17-

21] Therefore, in the following two sections, a brief general background of plasma 

technology and associated plasma-catalysis will be first discussed in Section 2.2, followed by 

a discussion on the state-of-the-art technologies for CO2 reutilisation in Section 2.3. 
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2.2. Plasma technology 

2.2.1 Plasma type 

Plasma is considered as the fourth state of matter, which is higher energy state compared to 

gas. In this state, the atoms and molecules are partially ionised by the higher exciting energy 

i.e. electrons are able to leave the atom/molecule creating charged species. Hence, plasma is 

also considered as an energy source for various applications. 

Plasma can be classified into two categories: equilibrium and non-equilibrium plasmas also 

known as thermal and non-thermal plasmas. The common plasma types [22] are listed in 

Table 2.1.  

Table 2.1. Classification of plasma [22].

 

In thermal plasma, sufficient energy and time are applied to generate thermodynamic 

equilibrium in the discharge region, which leads to the uniform temperature in the discharge, 

i.e. the electron temperature, Te, is the same as the heavy particle temperature, Tg. The 

thermal plasma can also be classified to two categories: high temperature and low 

temperature thermal plasma, depending on the equilibrium temperature. The high temperature 

thermal plasma is typical in thermal equilibrium at a temperature > 10
6
 ï 10

8
 K, whilst low 

 

Plasma State Examples 

Thermal Plasma    

High Temperature Plasma  

(Thermal equilibrium) 

Te  Ti  Tg  Tr  Tv = 

10
6
 ï 10

8
 K 

ne  10
20

 m
-3
 

Thermonuclear Fusion,      

Solar Core 

Low Temperature Plasma 

(Quasi-equilibrium) 

Te  Ti  Tg  Tr  Tv  

2 ×  10
4
 K 

ne  10
20

 m
-3
 

Arc plasma, RF inductively 

coupled discharge, Lightning 

Non-thermal Plasma 

(Non-equilibrium) 

Te  Tv >  Ti  Tg  Tr  = 

300 ï 10
3
 K 

ne  10
10

 m
-3
 

Plasma needle, Micro hollow 

cathode discharge (MHCD), 

Dielectric barrier discharge 

(DBD), Glow discharge,  

Corona discharge 

Te = electron temperature, Ti = ion temperature, Tg gas temperature, Tr = rotational 

temperature, Tv = vibrational, and ne = number density 
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temperature one is under quasi-equilibrium at a temperature  2  10
4
 K. In contrast, non-

thermal plasma is a non-equilibrium system characterised with different temperatures relating 

to the plasma species. Because of the difference in mass, the plasma generated electrons are 

much easier and faster to come into thermodynamic equilibrium amongst themselves than 

they achieve equilibrium with the ions or neutral atoms. Thus, heavy particles (ions and 

neutrals) usually exhibit a much lower temperature (Tg = 300 ï 10
3
 K) than the electrons in a 

non-thermal plasma, especially in many weakly ionised plasma discharges where the bulk gas 

temperature is near to ambient temperature [4].  

2.2.2 Atmospheric pressure non-thermal plasma system  

Applications of atmospheric pressure, non-thermal plasma were widely studied because of 

their mild operating conditions and higher energy efficiency. Amongst them, the 

surface/packed-bed discharge, dielectric barrier discharge (DBD), the atmospheric pressure 

glow discharge (APGD), the atmospheric pressure plasma jet (APPJ), the corona discharge, 

and the non-thermal radio frequency (RF) discharge are well studied. Figure 2.2 shows the 

typical electric breakdown for atmospheric pressure, non-thermal plasma with a discharge 

gap < 5 cm. For a discharge gas breakdown in a discharge gap, d, by voltage, V, (i.e. electric 

field E= V/d, or reduced electric field E/N, N is the concentration of heavy particles), the 

electrons drift to the anode, ionise the neutral gas molecules and then further generate 

avalanches to ignite plasma. The drifted electrons can also generate the spark, also called 

streamer at high pressure and bigger discharge gap > 5 cm, which prevents the sustainability 

of a stable plasma discharge. When one or two electrodes are covered by an insulating 

material, the dielectric barrier discharge can be generated, where the electrons will be 

collected over the surface of the dielectric barrier, thus preventing sparks [4].  
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Figure 2.2. The typical electric breakdown for atmospheric pressure, non-thermal plasma [4]. 

Here in our study, we will focus on 1) the surface/packed-bed discharge in a packed-bed 

reactor and 2) the dielectric barrier discharge (DBD) in a planar reactor because it is easier to 

operate at ambient temperature and atmospheric pressure. The characterisations of discharges 

in the packed-bed reactor and DBD reactor system are discussed as follows. 

The surface/packed-bed discharge in the packed dielectric and ferroelectric bed reactors have 

been widely studied and shown to be more effective than other atmospheric pressure, non-

thermal plasma sources for a range of environmental applications, such as the abatement of 

volatile organic compounds (VOCs) [23, 24] and NOx removal [25]. In a packed-bed plasma 

reactor, a dielectric material usually in the form of spherical pellets is packed between two 

electrodes to which is supplied an AC or pulsed high voltage. The dielectric materials used 

include glass, quartz, alumina, titania, ceramics and ferroelectrics. [26] The materials can also 

be catalytic. A common material is barium titanate, BaTiO3, which has a very high dielectric 

constant (Ů = 1000 ï 10000) and is ferroelectric. The higher dielectric constant of barium 

titanate material leads to an enhanced electric field due to the polarisation of the dielectric 

material as a result of the applied potential [27], so that the electrons with higher energies can 

be produced at a particular plasma power. In addition, the higher dielectric constant of 

BaTiO3 also will increase the reactor temperature more readily through the Joule heating [28]. 
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Figure 2.3. The general configurations of the original packed-bed reactor (left) and a packed 

double DBD reactor (right) [16]. 

In the original form of a packed-bed reactor, as shown in Figure 2.3 (left), the packing was 

directly in contact with the electrode material and the discharge starts one of the electrodes, 

travels to the other and increasingly becomes concentrated at the points of contact between 

the beads. This packed-bed arrangement gives an additional advantage over a packed DBD 

by creating an extended discharge region between the electrodes because there is no 

restriction on the inter-electrode spacing as there is in sustaining a discharge a packed DBD. 

In addition, observational and simulated results [25, 28, 29] show that the discharge does not 

contact the electrodes in this configuration and is found only between adjacent beads, and 

thus the possibility of any catalytic conversion of the reactant by the metal electrode during 

the plasma process as is observed in single DBD reactor with an uncovered electrode [30, 31] 

is very unlikely. 

Dielectric barrier discharge (DBD) is another popular reactor configuration with a typical AC 

discharge. It provides either a thermodynamic or non-equilibrium plasma at atmospheric 

pressure at moderate gas temperature [22]. The discharge is ignited between two electrodes 

with at least one of the electrode insulated by a dielectric barrier in the discharge gas. The 

typical electrode arrangements of DBD configurations are shown in Figure 2.4. 

Volume discharge can be arranged either planar or coaxial configuration. With the planar 

electrode arrangement (top three configurations in Figure 2.4), one or two dielectric barriers 
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are arranged in the gas of two parallel electrodes. With the coaxial arrangement (middle three 

configurations in Figure 2.4), one electrode is inside the other, and also one or two dielectric 

barriers are installed in the gap. The surface discharge is also as shown in the bottom two 

configurations of Figure 2.4. In these configurations, the filamentary microdischarges are 

randomly distributed over the surface of the electrode. The first two (planar and coaxial) 

configurations are widely used for lab study because the generated discharge is with a similar 

physical property which benefits reducing the system variables during the plasma-assisted 

reaction. 

More recently the dielectric barrier discharge (DBD) reactors have been formed by simply 

placing packing into the discharge region where it is in contact with the dielectric material 

that covers the electrode rather than with the electrode itself in a packed-bed reactor. The 

differences of the general configurations of the original packed-bed reactor and that of a 

packed double DBD reactor can be seen in Figure 2.3 [16]. The dielectric material in a 

packed DBD can be applied to both or just one electrode, as can be seen in Figure 2.4. 

Packing changes the characteristics of the discharge by altering the overall capacitance, 

which allows operation of the DBD at lower voltages for a particular plasma power. [17, 32]  
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Figure 2.4. Typical electrode arrangements of dielectric barrier discharge configurations [22]. 

The different configurations of packed-bed reactor and DBD reactor can not only influence 

the reaction processes, but also lead to the different diagnostic methods that could be applied 

to the reactor systems. For example, the setup using packed-bed reactor is more difficult to 

apply in situ diagnostic techniques, such as temperature measurement probe, infrared beam, 

into the discharge region, i.e. the small gap between the packing beads. Optical emission 

spectroscopy (OES) is the most convenient in situ diagnostic method for the reaction in a 

packed-bed reactor. Compare to that, the setup using DBD reactor, especially with planar 

DBD configurations, is much easier due to the discharge gap in DBD being much bigger. 



 

 

37 

 

Chapter 2 A review of plasma-assisted conversion for CO2 

Therefore, the in-depth analysis of the reaction processes in a packed-bed reactor is much 

more difficult than that in a DBD reactor. 

2.2.3 Synergistic effects in plasma-catalysis   

With low temperature plasma technology becoming mature, plasma technology is applied to 

diverse and interdisciplinary fields. The review article ñthe 2012 plasma roadmapò [21] had 

reported 16 formalised topics of plasma application on the status, current and future 

challenges, and also addressed the required science and engineering advances to meet these 

challenges.  

In order to better understand the mechanism of the plasma discharge and chemical reactions 

during the plasma-assisted reaction processes, the following section will focus on the plasma 

application for the plasma-catalysis from the view of chemical engineering. The report on the 

catalytic effect of the plasma process dated back to 1921 by Ray and Anderegg [33, 34]. One 

of the earliest papers about the incorporation of catalysts and plasma was reported by Gicquel 

and Cavadias in 1968 [35]. They investigated the decomposition of ammonia for hydrogen 

over the plasma-assisted tungsten oxide (WO3) catalysts surface. The solid surface of the 

catalysts had a positive impact on the perturbation of the steady state of the plasma, leading 

to a higher conversion of the reaction. The catalysts were proposed to be able to enhance the 

reaction activity for environmental clean-up by removing common pollutants [36] and 

enabling hydrocarbon reforming (also like CH4 and CO2) for added value chemicals [21, 37, 

38].  

Figure 2.5 shows the amount of publications on the study of on plasma-assisted catalysis 

based on the source of ISI Web of Science (up to December 2016). It is clear that the research 

interest in plasma-assisted processes has experienced explosive growth in the last decade. 

Now it is the time to take stock of the study field on plasma-catalysis.  
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Figure 2.5. The amount of publication on the study of plasma-assisted catalysis based on the 

source of ISI Web of Science (up to December 2016). 

In the field of catalysis, the most widely used one is conventional thermal catalysis, which is 

usually operated under high temperature and pressure in order to achieve high thermal 

conversion [39]. These reaction conditions will result in high energy consumption and metal 

sintering of the active metal sites over the surface of the metal catalysts. Thus the careful 

design and fabrication of the catalysts are required to enhance the catalytic performance, as 

discussed in detail in the recent review paper from the group of Somorjai [40]. However, the 

plasma-assisted catalysis can often give significantly reduced operating temperature at as low 

as room temperature and atmospheric pressure, which will be more energy-efficient and cost-

effective [17].  

A synergistic effect is often reported where the plasma process was improved in the presence 

of catalysis more than the separate effects of plasma processing and catalysis combined. For 

instance, as shown in Figure 2.6 for the toluene destruction in air, using either only plasma 

process or only thermal catalytic process can only achieve about 10 % of toluene destruction. 

However, the plasma-assisted catalytic process significantly increased the conversion of 

toluene to around 65 %, which is more than a factor of three than the mere addition of plasma 

and catalysts alone [41, 42].  
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Figure 2.6. Comparison of the reaction performances using thermal, catalysis and plasma 

methods for the destruction of toluene [41, 42].  

However, the mechanisms of both plasma-assisted process and plasma-catalytic process are 

far from understood. To study the synergistic effect of plasma-catalysis, two reaction 

configurations can be employed as shown in Figure 2.7: (1) two stage configuration with the 

catalysts downstream of the discharge, which shows the effect of plasma and catalysts 

separately; (2) one stage configuration with the catalysts in the discharge gap, which shows 

the synergistic effect of combinations of plasma and catalysts in the same temporal and 

spatial reaction scales.  

 

Figure 2.7. Reaction configurations to study the plasma-catalysis process. 

Recently, the various effects of the plasma on the catalyst and of the catalyst on the plasma 

that have been described in the literature are reviewed by Whitehead [17], Kim et al. [19] 
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Chen [36], Neyts et al. [18] and Neyts and Bogaerts [20]. Referring to these reviews, the 

synergistic effect in plasma-catalysis can be summarised as below. 

(1) Effects of catalysts on plasma: 

1) Electric field enhancement due to the surface roughness and conductivity of the 

catalyst, especially at the points of contact between the catalyst particles; 

2) Plasma region extension, formation of microdischarges inside catalyst pores; 

3) Change in discharge types, such as surface discharge or filamentary microdischarge; 

4) Increase of the residence time due to the packing effect and also enhance the 

adsorption of reactant or pollutants over the active sites of the catalyst. 

(2) Effects of plasma on catalysts: 

1) Enhancement in the physicochemical properties of the catalyst, i.e. adsorption 

probability, surface area, metal dispersion and oxidation state; photon irradiation 

and excited states (UV radiation by the photocatalytic catalysts); reduction of metal 

oxide catalysts to their metallic form, Reduced coke formation and also probably 

work function of the catalyst; 

2) Formation of hot spots, enhance the reaction and/or deactivate the catalyst; 

3) Lowering the activation barriers and changing the reaction pathways. 

It is noteworthy that the catalysts used for plasma-catalytic process are still restricted to the 

catalysts used in thermocatalytic process. The intrinsic role of the catalysts is not clear 

because the multiple variables such as plasma types, reactor/support configurations, catalyst 

properties and operating parameters are not decoupled due to the complexity of a plasma-

catalytic process. To the best of our knowledge, there are no specific catalysts designed for 

plasma-catalytic process so far [17].  

Furthermore, most reaction mechanisms used in plasma are based on the proposed sequence 

of reaction in thermocatalytic reaction, but the two are not identical. The chemistry in 

conventional catalytic processes is known to differ when plasma is introduced [17]. For 
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instance, Au is known as an active site in the catalytic ozonation of CO in thermocatalytic 

processes [34]. Therefore, a fully deactivated Au/TiO2 catalyst cannot oxidise CO via the 

conventional EleyïRideal (EïR) mechanism [43]. However, CO was found to be oxidised 

over that deactivated catalyst in the presence of plasma [44]. This can be explained by the 

reverse E-R reaction mechanism occurring in the plasma, where the gas-phase plasma-

induced radicals could attack the adsorbed molecules directly [39].  

For the future investigation, in situ characterisation is one of the key technologies to diagnose 

the reaction sequence and to understand plasmaïmaterial coupling. In particular, in situ 

monitoring of the surface can release the real-time adsorption and desorption of the 

production of intermediates. Experimental developments are in progress to realise the in situ 

characterisation in the plasma / plasma-catalytic process [45] using a wide range of surface 

analytical techniques, such as diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) [46-48], FTIR [49], attenuated total reflectance (ATR)-FTIR [50], etc. However, it 

is also noticed that some techniques used in conventional thermal catalysis are not yet applied 

to plasma-catalytic studies, such as non-linear optical techniques of Second Harmonic 

Generation [51] and near-ambient-pressure x-ray photoelectron spectroscopy (NAP-XPS) 

using synchrotron radiation [52].  

2.3. Plasma-assisted conversion for CO2 

Different methods (as discussed in Section 2.1) were developed to determine the different 

reaction routes (Figure 2.1). The discussions in this section will specifically focus on the 

recent advances in the different routes for CO2 reduction using non-thermal plasma. 

2.3.1 CO2 direct dissociation to CO and O2 

CO2 Ÿ CO +  O2                                     Ў(  
Ј  283.3 kJ mol

-1
              (R1) 

There has been interest in dissociation of CO2 into CO and O2 (R1) using various non-

thermal plasma sources [21, 27, 53, 54], such as low pressure microwave [11], radio-

frequency [55], corona discharge [56], gliding arc [57, 58], atmospheric pressure microwave 

[59], microhollow cathode discharge (MHCD) [60, 61], AC glow discharge [62, 63], and 
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dielectric barrier discharges with and without packing materials [28, 64-75]. Thus, in this 

section, the improvements in the techniques of plasma-assisted CO2 dissociation has been 

discussed in detail, whilst the detailed reaction mechanism in plasma-assisted CO2 will be 

interpreted in Chapter 4. 

The initial aim of this study is to compare the performance (i.e. CO2 conversion and energy 

efficiency) of the different techniques, under typical operating conditions and reactor types. 

The results of CO2 dissociation using different plasma sources were summarised in Table 2.2. 

The following Eq. 1 ï 5 were used for the recalculation of the conversion and the energy 

efficiency. 
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(MHCD), AC DBD, AC glow discharge. The first three plasma types have much higher 

energy efficiency (> 1.5 mmol kJ
-1
) compared to the others (< 1 mmol kJ

-1
). Amongst the 

surveyed literature, AC glow discharge had the lowest energy efficiency partially due to the 

high concentration of carrier gas (96 ɀ 97.5 % He) which consumed significant amount of 

energy [62, 63, 76]. The maximum EE achieved up to now was 2.23 ï 2.57 mmol kJ
-1
 by 

UHF microwave plasma [11] with 15 ï 30 % conversion at 2.4 GHz frequency, 800 K gas  

Table 2.2. Comparison of different plasma reactors for CO2 conversion at atmospheric 

pressure. 

Plasma type 
Specific operation 

condition 

Frequency SIE Conversion EE ɖ 

Ref. 
/ Hz / kJ L-1 X / % / mmol kJ-1 / % 

Thermal plasma jet 

Gas tunnel-type; 5 

kPa; 90 % Ar 
ɂ 4.8 30 0.279 7.88 [77] 

Fan-type reactors, 

84.4-60.7%Ar, 

Temperat

ure 5.1 

MK 

9.19-6.61 26-14 0.20-0.37 5.57-10.50 [78] 

UHF microwave 

plasma 

GT-800 K; 

working pressure- 

6.7 ɀ 26.7 kPa 

2.4 G 
3.00-3.47-

6.00 
15-20-30 

2.23-2.57-

2.23 

63.0-72.5-

63.0 
[11] 

DC Corona 

discharge 
ɂ 

Applied 

voltage of 

-7.5 kV 

1.77 8 2.01 56 [56] 

DC non-equilibrium 

Gliding Arc 
ɂ ɂ 1.33 4.5 1.51 43 [57] 

Low pressure 

Radio-frequency 

(RF) 

100- 200 Pa 13.56 M 150-4000 40-90 0.12-0.01 3-0.2 [55] 

Non-self-sustained 

discharge 

High voltage 

pulses (10 kV), 

duration Ű = 0.5s. 

20 k 
516.22-

43.02 
1-50 0.001-0.52 0.02-14.65 [79] 

Atmospheric 

pressure Microwave 
101 kPa 2.45 G 5.6-105 9-48 0.80-0.25 20-5.4 [59] 

DC MHCD 

Grooved cathode ɂ 12.5 5.2 0.19 5.3 [60] 

Applied voltage 

of 4.5 kV 
ɂ 0.18-0.04 0.19-0.12 0.18-1.53 4.99-43.3 66] 

10.4 % Ar, 

Applied voltage 

of 4.5 kV 
ɂ 1.59 1.84 0.46 13.7 [61] 

AC DBD-0.6 mm 

gap 

ɂ 18 k 30-75 9.3-14.5 0.14-0.09 3.9-2.4 
[69] 

Packed with CaO 18 k 45-75 32.5-41.9 0.32-0.25 9.1-7.0 

AC DBD-1 mm gap 90 % Ar 1 k 0.6-10.0 0.5-9.0 0.04-0.04 1.05-1.14 [64] 

AC DBD-1.83 mm 
Pure 23.5 k 7.6 5.00 0.29 8.29 

[70] 
95 % Ar 23.5 k 8 41 0.11 2.99 

AC DBD-2mm ɂ 60 k 120-240 21.1-30 0.08-0.06 2.22-1.58 [66] 



 

 

44 

 

Chapter 2 A review of plasma-assisted conversion for CO2 

AC DBD-3 mm 

 

ɂ 9 k 24-60 7.4-16.5 0.14-0.12 3.89-3.47 

[71] Packed with 

BaTiO3 
9 k 24-60 13.8-23.2 0.26-0.21 7.25-5.92 

AC DBD-4 mm 

ɂ 
12.5-13.5 

k 

32.4-

52.95 
6.8-12.6 0.10-0.11 2.64-3.00 

[67] 
Packed with 

CaTiO3 

12.5-13.5 

k 

32.4-

52.95 
15.8-20.5 0.22-0.17 6.14-4.88 

AC Glow Discharge 
96 % He Au 8.1 k 0.33-5.04 7.3-19.2 0.40-0.07 11.1-1.92 

[63] 
96 % He Cu 8.1 k 0.36-5.19 7.28-19.4 0.36-0.07 10.19-1.88 

AC glow discharge 

97.5 % He; GT 50 

ᴈ; Au 
8.1 k 5.14-0.46 15.2-2.8 0.03-0.07 0.93-1.92 [62] 

97.5 % He; GT 50 

ᴈ; Rh 
8.1 k 1.71-0.43 12.4-5.8 0.08-0.15 2.28-4.27 [76] 

Note: The data of discharge power, gas flow rate and CO2 conversion were collected from the 

literature and then were used for the recalculation of the energy efficiency based on the 

formula 1 ï 5, as below;  Ў(Ј  used here is 283.3 kJ mol
-1
. (Symbol description, e.g. AC 

DBD ï 4 mm means DBD discharge gap of 4 mm) 

temperature and 6.7 ï 26.7 kPa. Meanwhile, the highest CO2 conversion achieved is 90 % by 

low pressure Radio-frequency (RF) with EE 0.01 mmol kJ
-1

 at 13.56 MHz frequency and 100 

ï 200 Pa. 

The intrinsic reason for the different energy efficiencies of various non-thermal plasma 

sources can be ascribed to the different efficiencies of the energy transfer from plasma 

electrons to different channels of excitation, ionisation and dissociation of the molecule, 

depending on the reduced electric field strength of the discharge. Figure 2.8 shows the 

fraction of the non-thermal discharge energy transferred from plasma electrons to different 

channels of excitation, ionisation and dissociation of CO2 as a function of the reduced electric 

field, which is calculated by Bogaerts et al. [27] using the cross section of the corresponding 

electron impact reactions. Each plasma source has a typical range of generated reduced 

electric field strength. For instance, the reduced electric field of microwave (MW) plasma 

and gliding arc (GA) is on the order of 50 ï 100 Td, whilst the reduced electric field of DBD 

packed-bed reactor is typical over 200 Td. [74] 
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Figure 2.8. The fraction of the non-thermal discharge energy transferred from plasma 

electrons to different channels of excitation, ionisation and dissociation of CO2 as a function 

of the reduced electric field, calculated by Bogaerts et al. [27] using the cross section of the 

corresponding electron impact reactions. 

As seen in Figure 2.8, in a high value of reduced electric field, such as the DBD and packed-

bed conditions, CO2 dissociation is mainly by means of electronic excitation of CO2, where 

the electron energy needs to exceed 7 eV for the straightforward adiabatic dissociation to 

form CO(
1
Ɇ

+
) and O(

1
D) [4]. However, the vibrational excitation of CO2 molecules is 

relatively suppressed in this region [80]. The typical reduced electric field for MW and GA 

plasma is much lower than that in DBD and packed-bed conditions, yielding low electron 

energies, which induce CO2 dissociation mainly by electron impact vibrational excitation of 

the first vibrational level of the asymmetric stretching mode (green line), CO2(001) [27]. This 

vibrational excitation is followed by vibrational-vibrational (VV) collisions, which will lead 

to a gradual population of the higher excited vibrational levels. When the energy of the 

highest vibrational level exceeds the exact dissociation threshold of 5.5 eV, the OC=O bond 

of CO2 is dissociated via the non-adiabatic elementary dissociation to produce CO(
1
Ɇ

+
) and 

O(
3
P). This step-by-step vibrational excitation as a result of VV quantum exchange is also 

called ñladder-climbingò process, as shown in Figure 2.9. Compared to the high activation 

energy required for the electron impact dissociation (7 ï 10 eV) at high reduced electric field, 

the lower energy required in vibrational excitation induced dissociation (5.5 eV) leads to 

exponentially faster reaction rate and more energy-efficient dissociation [81]. In addition, the 



 

 

46 

 

Chapter 2 A review of plasma-assisted conversion for CO2 

energy investment in ionization for plasma ignition is more efficient in microwave discharge, 

because the electrons generated in microwave plasma can be sustainably used, but that in 

DBD need to be regenerated in each discharge cycle. This explains why the energy efficiency 

in microwave discharge is typically higher than that in DBD in Table 2.2.  

 

Figure 2.9. A schematic illustration of CO2 electronic and vibrational levels [80]. 

It is also worth to mention that at a given reduced electric field, the electron energy in the 

discharge follows the electron energy distribution function (EEDF) with a high energy tail, as 

shown in Figure 2.10. Therefore, when discussing the electric field properties, both the mean 

electron energy and the high energy tail in EEDF need to be taken into consideration. 
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Figure 2.10. Electron energy distribution function and mean electron energy in CO2 plasma 

as the function of electron energy at a reduced electric field of 200 Td simulated using 

BOLSIG+ [82]. 

The comparisons of energy efficiency in different plasma type in Table 2.2 also show that the 

energy efficiency obtained may be depending on not only the reaction routes induced by 

plasma sources as discussed above, but also many other variables, such as the experimental 

set-up and discharge conditions, like discharge configuration, gas temperature and pressure, 

frequency and packing materials. The effect of different variables could lead to very 

confusing results for comparison. Several examples are illustrated as follows: 

1) The different plasma resources showed different effects on the same dilution gas. 

Snoeckx et al. [74] experimentally and computationally studied the conversion of a 

CO2/N2 gas mixture in an unpacked DBD reactor. Their results showed that the 

dilution by N2 increased the CO2 conversion, but reduced the energy efficiency. 

However, Indarto et al. [58] found an opposite trend in a gliding arc plasma reactor, 

where the CO2 conversion and the energy efficiency increased with increasing N2 

fraction. 

2) The reactor configuration showed different effects on the reactive activity and energy 

efficiency for CO2 dissociation for the AC glow discharge with the presence of metal 

catalysts coated over the inner electrode. Wang et al. [63] used a tubular type reactor 

and obtained the relative order of Cu > Au > Rh > Fe  Pd  Pt for reactivity toward 

CO2 decomposition. While, as reported by Brock [62] and Suib, S. L [76], a relative 

order of Rh > Pt  Cu > Pd > Au/Rh  Rh/Au  Au was obtained by using fan-type 

reactors. Although the CO2 conversions obtained by the former literature were 

relatively lower than the results reported by later two reports, the former one had 

achieved a much higher energy efficiency.  

3)  Packing materials addition and shorter discharge gap (from 0.6 ï 4 mm [64, 66, 67, 

69-71] ) for DBD reactor significantly enhanced the energy efficiency. The packing 

materials of CaO [69], BaTiO3 [71] and CaTiO3 [67] were reported to give higher 

CO2 conversion compared to other studied materials, such as silica gel, quartz, ‎-

Al 2O3, ‌-Al 2O3 and glass beads. 
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It is clear that due to limited systematic research comparing the effect of different variables in 

plasma processes, the correlation of different results from literature performed in different 

conditions is not straightforward and a careful examination is required. Therefore, research 

interests in the last 3 years are intended to carry out more systematic study and present more 

comprehensive results combining regression models [73, 83] and reaction kinetics models 

[84-86], in order to obtain a better understanding of the above discussed variables, i.e. plasma 

types, experimental set-up and discharge conditions that influence the reaction conversion 

and energy efficiency.  

The various plasma processing parameters, such as gas flow rate, discharge frequency / 

power / length / gap, and dielectric materialôs thickness, showed different effects on the CO2 

dissociation in a cylindrical dielectric barrier discharge (DBD) reactor. Mei and Xin [83] 

proposed a regression model to elucidate the relative significance of these parameters. Their 

results showed that the CO2 conversion was mainly influenced by the gas flow rate of CO2 

and the discharge power, whilst the energy efficiency was more significantly affected by the 

discharge power. Thus, it implies that for a typical comparison of the CO2 conversion in a 

DBD reactor, only two parameters, i.e. gas flow rate and discharge power, need to be 

considered.  

More recently Michielsen et al. [87] reported the influence of the packing materials without 

any significant catalytic activation were studied in a packed DBD reactor to distinguish the 

interaction between the physicochemical packing properties (i.e. different controlled sizes 

and chemical compositions of spherical beads of SiO2, ZrO2, Al2O3 and BaTiO3) and the 

conversion and energy efficiency of CO2 dissociation. Their results indicated that the 

physical property (i.e. bead size) of the packing materials mainly influenced the residence 

time, which had a negative correlation with CO2 conversion. Apart from the catalytic 

activation, the intrinsic chemical properties of the material can significantly improve the 

conversion and energy efficiency. For instance, the higher dielectric constant had a positive 

contribution to the CO2 dissociation due to an enhanced electric field at the presence of 

packing material with higher dielectric constant [27]. More importantly, Michielsen et al. [87] 

found that the reactor setups showed a vast impact on the influence of the materials.  
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The above-reported researches show that the optimisation of the reaction performance (i.e. 

CO2 conversion and energy efficiency) should focus on not only tuning the operating 

parameters, but also adapting the chemistry and physical properties of the packing material in 

the most optimal reactor configurations and setups. Therefore it is expected that a large area 

of further improvement in the reaction conversion and energy efficiency would be achieved 

for the non-thermal plasma-assisted CO2 dissociation.  

2.3.2 CO2 reforming to syngas 

CO2 + CH4 Ÿ 2 CO + 2 H2                       Ў(  
Ј  247 kJ mol

-1
              (R2) 

The understanding of the above discussed CO2 direct dissociation (the simplest CO2 involved 

reaction) would significantly benefit the design of other potential routes for the CO2 

reutilisation (Figure 2.1 in Section 2.1). CO2 reforming with CH4 (R2), also called dry 

reforming of methane, facilitating the conversion of two greenhouse gases in a one-step 

process, has been extensively investigated in the past few decades. More recently CO2 

reforming of methanol for high purity syngas production was also reported using a rotating 

gliding arc plasma [88]. Although plasma-assisted catalyst synthesis can also promote the 

catalytic activities of the catalysts for conventional thermal catalytic reforming of CO2 and 

CH4 [89], this topic is not included here. The following discussion will mainly focus on the 

plasma-assisted CO2 reforming techniques for syngas production. The plasma-assisted CO2 

reforming with CH4 experienced typical three stages of development:  

1) The initial study was conducted using several different types of plasma sources alone 

to activate the reaction, such as dielectric barrier discharges [90-94], microwave [95], 

gliding arcs [96] and corona discharges [97]. Their results show that syngas can be 

generated using these plasma sources at non-thermal, atmospheric conditions, but the 

conversion and product selectivities are typically low. 

2) After the investigation using non-thermal plasma alone, the combination of the 

catalysts and plasma for syngas generation showed much higher reaction conversion 

and selectivities towards the targeted products [38, 98-101]. 
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Until the above two stages of development, the research interests were typically focused on 

the optimisation of the performance of the plasma-catalytic chemical reaction. However, 

there have been comparatively few studies that reveal the synergistic interaction mechanisms 

between plasma- and catalyst-induced higher process performance from the perspective of 

both the physical and chemical properties of the plasma and catalyst.  

3) In the last decade, an improved understanding of the plasma-catalytic interaction has 

been achieved from the perspective of both engineering and scientific points during 

the plasma-assisted reforming of CO2 with CH4 [37, 99, 102]. The more detailed 

recent advances in the understanding of synergistic effects in plasma-catalytic 

processes can be seen as above in Section 2.2.3. The comparative review of CO2 

dissociation technology for syngas production reported by Lebouvier et al. [53] 

addressed that compared to the conventional thermal gasification and reforming 

technologies, the plasma-based technologies are more compact, cheaper and have 

lower carbon emitting (assuming the plasma system is powered by renewable energy), 

but the reaction conversion and energy efficiency would have to be further increased. 

Therefore, more efforts are required in this field, especially to supply direct evidence 

for the influence of catalysts or plasma during the synergistic interactions by 

decoupling the variables.  

Until now, there are still two important gaps in knowledge for the plasma-assisted CO2 

reforming with methane for syngas production: 1) reaction mechanism and 2) specific 

catalyst design for the plasma-assisted CO2 reforming with CH4 or CH3OH, and both are 

discussed in detail in the following sections. 

1) Reaction mechanism 

Limited by the complexity of the reaction process, the current research work mainly quoted 

from the well-established reaction mechanism in the thermal catalytic process [103]. The first 

proposed thermal catalytic reaction mechanism for CO2 reforming with CH4 was reported by 

Bodrov and Apelôbaum in 1967 [104]. They proposed the following model (R2-1 to R2-5) to 

describe the reaction process.  
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CH4 + M  z  M zCH2 + H2       (R2-1) 

CO2 + M  z  CO + M Oz       (R2-2) 

H2 + M Oz  H2O+ M  z       (R2-3) 

M CzH2 + H2O  M CzO + 2H2      (R2-4) 

M CzO  CO + M  z       (R2-5) 

Note: M  zdenotes the active sites over the surface of catalysts;  denotes the quasi-

equilibrated reaction.  

This proposed sequence of reactions contains some non-elementary reactions. The reaction 

rate was limited by R2-4, because the required H2O is indirectly produced from reaction R2-2 

and R2-3.  

Insight into the reaction mechanism has been developed mostly since the 1990s. Some 

modifications were suggested by Solymosi [105] and Erdöhelyi [106]. Different CHx species 

on the active site of the catalyst surface during the first step of CH4 and CO2 dissociation R2-

1 were proposed, as shown in R2-6 and R2-7. 

CH4 + 2 M  zŸ M CzH3 + M Hz    (R2-6) 

M CzH3+ (3-x) M  z  M CzHx + (3-x) M Hz   (R2-7) 

For reaction R2-2, they supposed the absorbed H atoms enhanced CO2 dissociation, as shown 

in Equation R2-8 and R2-9.  

CO2 + M Hz  CO + M HzO     (R2-8) 

2 M HzO  H2O+ M Oz + M  z    (R2-9) 
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Their suggestion about the reaction (R2-4) is that adsorbed O atom rather than gas-phase H2O 

reacts with the CHx species over the surface of catalysts (M )z, as shown in Equation R2-10 

and R2-11. 

CHx + M Oz + (x-2) M  z  CO + x M Hz   (R2-10) 

2 M Hz  H2+ 2 M  z      (R2-11) 

In addition to the above mechanism, there was also one simplistic mechanism for CO2 

reforming of methane [107, 108] as shown in Equation R2-12 ï R2-15. 

CH4 + M  zŸ M Cz + 2 H2       (R2-12) 

CO2 + 2 M  z  M CzO + M Oz      (R2-13) 

M Cz + M Oz  M CzO+ M  z      (R2-14) 

2 M CzO  2 CO + 2 M  z       (R2-15) 

On the other side, another reaction sequence was reported for CO2 reforming of methane over 

the active sites of Ni and Pt catalysts surface [109, 110]. The overall reaction stoichiometry 

was shown as following Equation R2-16. 

CH4 + 2 CO2 Ÿ H2+ H2O + 3CO    (R2-16) 

The following reaction sequence in detail was shown as Equation R2-17 ï R2-18. 

CO4 + M  z  M CzHx + ( ) H2      (R2-17) 

2[CH2 + M  z  M CzH2]       (R2-18) 

H2 + 2 M  z  2 M Hz        (R2-19) 
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2 [M CzO2 + M Hz  M CzO + M OzH]     (R2-20) 

M OzH + M Hz  M Hz2O + 2 M  z      (R2-21) 

M CzHx+ M OzH  M CzHxO + M Hz     (R2-22) 

M CzHxO  M CzO + ( ) H2      (R2-23) 

3 [M CzO  M CzO + M ]z       (R2-24) 

Plasma chemical kinetic modelling suggested that manipulation of the residence time would 

help to improve the selectivity to syngas or alter the H2/CO ratio due to the residence time 

showing different effects on the above different reaction steps [111]. However, it is still not 

clear whether the reaction mechanism in plasma follows one of the above proposed 

mechanisms. One task of the following research is to identify the specific reaction sequences 

and steps that dominate plasma-assisted CO2 reforming, amongst above proposed processes. 

Both experimental and simulation researches need to be carried out in this field. 

2)  Catalysts for CO2 reforming with CH 4 in plasma 

The study of the catalyst for CO2 reforming with CH4 in plasma is at an initial stage. 

Different materials have been studied for the plasma-catalytic CO2 reforming, including 

traditional catalysts (Ni, Cu, Pt, Ag, and La2O3 over ɔ-Al 2O3) [37, 101, 102, 112-114], and 

some packing materials without remarkable catalytic activity (zeolites, Al2O3 and ceramic 

foams) [38, 115]. However, it is noticed that most traditional catalysts studied in plasma 

reactions are adopted from the conventional thermal catalytic study. Due to limited 

systematic material research, it is difficult to evaluate the relative catalytic activities of these 

catalysts, especially whilst the introduction of traditional non-catalytic materials into plasma 

also induced an enhanced reaction conversion. Therefore, in order to select the most optimal 

catalyst, two research routes would be expected: 1) systematic investigation of the potential 

catalyst candidates that are already studied in conventional thermal catalytic method for CO2 
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reforming; 2) specific design of the catalyst for plasma reaction, based on the understanding 

of the enhanced effect between plasma and catalyst.  

First of all, a brief view of the potential catalyst candidate is highly desirable, so here the 

different catalyst types used in thermal catalytic processes are summarised. Based on that, 

some specific catalyst systems would be selected to fit the characteristic in plasma-assisted 

CO2 reforming reaction. 

The catalysts employed in the thermal catalytic CO2 reforming of methane have been mostly 

non-noble (i.e. Fe, CO and Ni) and noble (i.e. Pt, Pd, Rh, Ru) based catalysts [116]. The 

advantage for noble metals is the resistance to carbon formation and high activity, but they 

are expensive. Ru and Rh were reported to have higher activities for CO2 reforming of CH4 

compared to Ni, Pd and Pt at the same particle size and dispersion [117, 118]. Ni is proposed 

as the most active non-noble catalyst because of its excellent dehydrogenation performance. 

However, this also leads to the severe carbon deposition. Thus noble metals were introduced 

to Ni based catalysts to promote the reaction activity of the catalyst and the performance of 

anti-carbon formation. Recently, some carbon catalysts, i.e. activated carbon (AC) were also 

reported [119]. It is reported [119] that AC, AC treated with HNO3 (AC-HNO3), and AC 

impregnated with NaNO3 (AC-NaNO3) can active CO2 reforming of CH4 at 700 ï 1000 °C 

with about 17.7 % CH4 conversion and 29.7% CO2 conversion. But the conversions of CH4 

and CO2 using AC based catalysts are still not comparable to that achieved using Ni catalysts 

(over 90 %). 

We listed the catalysts reviewed by Uman et al. [8] in Table 2.3. As seen in Table 2.3, the 

chemical compositions (i.e. active metal, support and promoter), synthesis methods and the  

Table 2.3. The catalysts used for CO2 reforming of CH4 from Ref. [8]. 
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T / ºC t / h CH4 CO2

Ni Al2O3 10 IMP 800 30 FBR 63 69

Ni Al2O3 11 SG 800 48 FIBR 94 93

Ni CeO2 10 IWIMP 550 7 FBR 11.7 29.7

Ni ZrO2 5 IWIMP 750 10 FBR 65 -

Ni SiO2 5 IWIMP 750 10 FBR 55 -

NiO MgO 13.1 IMP 800 5 FBR 93 95

Ni MgOīSiO2 5 IMP 700 - FBR 58.3 -

Ni CeZr 5 IMP 750 70 FBR 41 -

Ni Ce0.75 Zr0.25O2 14 IMP 750 17 FBR 5.8 8.3

Ni Ce0.75 Zr0.25O2 2.1 CP 850 9 FBR 92 95

Ni Ce0.8Zr0.2O2 15 CP 800 42 FBR 78 77

Ni MCM-41 0.22 DHT 600 4 FBR 28 39

Rh@Ni MCM-41 1 600 1 FBR 31 41

Mg@Rh@Ni MCM-41 1.0ī1.0 600 1 FBR 38 40

Ni MCM-41 0.19
a DHT 600 4 FBR 20 38

NiīRh MCM-41 0.19
a DHT 600 14 FBR 29 39

Ni MCM-41 1.2 DHT 750 30 FBR 70 -

Ni SBA-15 12.5 IMP 800 720 FBR 43 70

NiīMo SBA-15 5ï25 IWIMP 800 120 FBMR 84 96

NiīRh Ce0.75 Zr0.25O2 14ī0.7 IMP 750 17 FBR 6.9 11.8

PtīNi 0.01ï5 IMP 700 - FBR 80.7 -

NiīCeO2 ZrO2 5 IWIMP 700 50 FBR 59 -

Ni-Ce SiO2 10ī5 IWIMP 800 30 FBR 81.4 87.5

NiīMgO 15ī10 CP 200 42 FBR 95 96

Ni SiO2 4.5 IWIMP 750 11 FBMR 47 60

Pt ZrO2 1 IMP 700 4 FBR 79 86

Pt Al2O3 1 IMP 800 97 FBR 46 62

Pt ZrO2 2 IMP 800 97 FBR 83 94

PtīCeO2īZrO2 MgO 0.8ī3.0ī3.0IMP 800 24 FBR 69 80

Rh CeO2 0.5 IMP 800 50 FBR 50.7 63.2

Rh ZrO2 1.5 IMP 800 50 FBR 65.9 74.2

Ru Al2O3 3 IMP 750 20 FBR 46 48

Ru CeO2 2 IMP 750 20 FBR 52 60

Ru Al2O3 5 IMP 750 - FBR 91 90

Ru CeO2 5 IMP 751 - FBR 90 96

RuīCe Al2O3 5 and 3 IMP 752 - FBR 97 97

Rh SiO2 0.5 IMP 800 50 FBR 71.9 77.2

Co MgO 12 IMP 900 0.5 FBR 91.9 93.9

Co ɔ-Al2O3 20 SG 700 20 FBR 32 39

Co ɔ-Al2O3 21 SG 701 20 FIBR 66 71

LaSrNiCuO - 4.9 SG 800 24 MR 75 60

LaSrNiCuO - 4.1 SG 800 24 MR 80 81

AC - - CM 700 - FBR 4 8.3

AC-HNO3 - - CM 701 - FBR 4 8.3

AC-NaNO3 - - IMP 702 - FBR 17.7 29.7

Conversion /%
Metal Support W P

RC
Reactor






































































































































































































































































































































