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Abstract
In recent years, enormous efforts have been devoted to alleviating global energy demand 
and the climate crisis. This has instigated the search for alternative energy sources with a 
reduced carbon footprint. Catalytic hydrogenation of  CO2 to  CH4, known as the methana-
tion reaction, is a pathway to utilise  CO2 and renewable hydrogen simultaneously. How-
ever, owing to the high stability of  CO2 and thermodynamic limitations at higher tem-
peratures, the methanation process is energy intensive. Non-thermal plasma technology 
has recently emerged as a promising approach to lowering the activation temperature of 
 CO2. The application of a plasma coupled with catalytic materials allows the methanation 
reaction to occur at or near ambient conditions, with dielectric barrier discharges provid-
ing superior performance. The review considers the various catalytic materials applied for 
plasma-assisted catalytic  CO2 methanation and assesses  CO2 conversion,  CH4 yield and 
fuel production efficiency obtained. The importance of reactor designs and process param-
eters are discussed in detail. The possible reaction pathways are considered based on in-
situ and other diagnostics and modelling studies. Finally, a perspective on current barriers 
and opportunities for advances in non-thermal plasma technology for  CO2 methanation is 
presented.
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MW  Microwave
MOF  Metal organic framework
RWGS  Reverse water gas shift
L-H  Langmuir-Hinshelwood
DRIFTS  Diffuse reflectance infrared Fourier transform spectroscopy
SEI  Specific energy input
OES  Optical emission spectroscopy
LHV  Lower heating value
RF  Radio frequency
E-R  Eley-Rideal
EC  Energy cost
FPE  Fuel production efficiency
LDH  Layered double hydroxide
FTIR  Fourier transform infrared

Introduction

Catalytic  CO2 hydrogenation to methane, known as the Sabatier or methanation reac-
tion (Eq.  1), is an important industrial process that is thermodynamically favourable 
(∆H298 K = − 164 kJ/mol) at low temperatures [1]. However, the reduction of the fully oxi-
dised carbon to methane is an eight-electron process with significant kinetic limitations. 
It normally requires a catalyst to achieve acceptable rates and selectivity in the thermal 
process [2]. In addition, as the reverse water–gas shift (RWGS) reaction (Eq. 2) proceeds at 
high temperatures (above 450 °C), the production of CO increases with temperature while 
 CH4 selectivity is reduced.

According to Gao et  al. [3],  CO2 methanation is the only  CO2 hydrogenation reac-
tion that can theoretically achieve 100%  CO2 conversion and  CH4 selectivity at tempera-
tures < 200 °C, as shown in Fig. 1. However, converting  CO2 into methane with an accept-
able reaction rate and selectivity at low temperatures is inherently difficult due to kinetic 
limitations. Many researchers have endeavoured to find highly active catalysts to overcome 
the kinetic energy barrier at low temperatures [3–8]. The improvement so far is limited. 
Temperatures of at least 200 °C, and typically much higher, are required, necessitating ele-
vated pressures to maintain acceptable  CO2 conversion.

Plasmas are ionized gases that contain various activated species, i.e., ions, electrons, 
atoms, radicals and excited molecules. Both high-energy electrons and reactive species 
contribute to the initiation and propagation of a variety of physical and chemical reac-
tions [9, 10]. They are known to invoke the vibrational excitation of  CO2, which facilitates 
its easier dissociation at a lower temperature on the catalyst surface and can activate  CO2 
beyond the thermodynamic limitations [11]. Plasmas of industrial interest include ther-
mal plasmas, in which the electrons and heavy species are in thermal equilibrium, and a 
wide range of non-thermal plasmas (NTPs), in which the heavy species are at lower tem-
peratures than that of the electrons. NTPs, which are also referred to as non-equilibrium 

(1)CO2 + 4H2 → CH4 + 2H2O
(
ΔH298 K = −165 kJ∕mol

)

(2)CO2 + H2 → CO + H2O
(
ΔH298 K = 41 kJ∕mol

)
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plasmas, can be further divided into low-temperature or cold plasmas, in which the heavy 
species are close to room temperature, and warm plasmas, where the heavy species may be 
at 1000 K or higher [12]. NTPs may be formed at atmospheric or low pressures [13], offer-
ing an attractive alternative to the thermal catalytic route for  CO2 conversion [14].

When an applied electric field is high enough to cause the electrical breakdown of a gas, 
the produced electrons rapidly accelerate in the electric field, typically reaching energies of 
1 to 10 eV. Collisions of electrons with heavy species may result in ionization, excitation or 
dissociation [15]. The transfer of kinetic energy from electrons to heavy species is limited 
by the large mass difference. Nevertheless, at atmospheric pressure, the collision frequency 
is high enough to lead to thermal equilibrium within 1 μs. By interrupting the discharge 
[16], for example, by using a dielectric barrier interposed between electrodes, the heavy 
species temperature can be kept low while maintaining significant densities of excited mol-
ecules, radicals and ions [17, 18]. The excitation may help overcome the energy barriers of 
chemical reactions, allowing highly endothermic reactions to occur at a relatively low tem-
perature [19, 20]. The high reaction rate and rapid attainment of steady state in a plasma 
system allow rapid start-up and shutdown of plasma processes compared to thermal pro-
cesses. This significantly reduces the overall energy cost [14] and suits plasma devices to 
be coupled with intermittent energy sources such as wind or solar power.

There are many ways to produce NTPs, including DC and AC glow discharges (GDs), 
radio frequency (RF) discharges, microwave (MW) discharges, dielectric barrier dis-
charges (DBDs), gliding arcs (GAs), nanosecond-pulsed discharges, and corona and spark 
discharges, [21, 22]. Their particular characteristics suit them for different applications 
[23–28].

For conversion of  CO2 to other gases, the most commonly used plasmas are DBD [29], 
MW and GA [22], which are illustrated in Fig. 2, and their representative properties are 
given in Table 1.

A DBD (Fig. 2a) is created by applying an electric field between two electrodes, of 
which at least one is covered by a dielectric barrier, while gas is flowing through the 
middle. A DBD usually operates at atmospheric pressure and (near) room tempera-
ture. DBDs are used commercially for ozone production, demonstrating that scale-up is 
feasible. The low gas temperature and the reactor geometry allow coupling of catalyst 

Fig. 1  Effect of temperature and pressure on  CO2 methanation based on thermodynamics: a  CO2 conver-
sion b  CH4 selectivity. Reprinted from [3], Copyright (2021), with permission from Elsevier
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materials in the reactor, which can be leveraged to better control conversion and the 
selective production of value-added compounds [32, 33].

A MW plasma is produced by applying MW power to a quartz or ceramic tube filled 
with gas (Fig. 2b). MW plasmas have been operated at pressures from a few mbar up to 
1 bar, with better  CO2 conversion and corresponding energy efficiency at reduced pres-
sure (ca. 100–200 mbar) for  CO2 splitting than at atmospheric pressure. The gas tem-
perature can rise to above 3000 K at (sub)atmospheric pressure, which makes coupling 
with catalyst materials difficult. If catalyst materials are used, they are placed down-
stream of the plasma reactor (so called “post-plasma catalysis”).

In a GA plasma, an electric potential difference is applied between two flat diverging 
electrodes (see Fig. 2c); the arc propagates upward. A GA plasma typically operates at 
atmospheric pressure and exhibits quite good energy efficiency (Table 1). However, the 
conversion is limited (typically about 10%) because of the limited residence time of the 
gas inside the arc plasma. Similarly, the gas temperature in microwave plasmas is typi-
cally too high for catalyst materials to be placed in the plasma. To improve the interac-
tion of the plasma and gas, three-dimensional configurations of gliding arcs, called glid-
ing arc plasmatrons, in which the arc rotates as well as propagating upward, have been 
developed.

DBD plasmas have several attractive features for  CO2 methanation. The suitability for 
scale-up has already been noted. The low gas temperature characteristic of the process 
offers two benefits. First, the low gas temperature thermodynamically favours a high level 
of  CO2 conversion and  CH4 selectivity (see Fig. 1). Second, the low temperature allows 
catalyst materials to be coupled within the plasma, facilitating synergetic interactions 
between the species produced by the plasma and the catalyst. Interactions of excited spe-
cies with the catalyst are of critical importance for reactions with a range of potential prod-
ucts, including  CO2 methanation, since selectivity is poor without the use of a catalyst. The 
short lifetimes of the relevant excited species mean that post-plasma catalysis is of limited 
value. Accordingly, our focus will be on DBD plasmas.

Fig. 2  Schematic illustration 
of the three different plasma 
reactors most often used for gas 
conversion applications: a DBD, 
b MW plasma, c GA discharge 
in classical configuration, and d 
gliding arc plasmatron. Reprinted 
with permission from [25]. 
Copyright (2018) American 
Chemical Society



1339Plasma Chemistry and Plasma Processing (2023) 43:1335–1383 

1 3

Ta
bl

e 
1 

 C
ha

ra
ct

er
ist

ic
s o

f D
B

D
, M

W
 a

nd
 G

A
 p

la
sm

as
 [1

1,
 2

2,
 2

7]
 (S

om
e 

pa
ra

m
et

er
s a

re
 o

m
itt

ed
 d

ue
 to

 th
e 

un
av

ai
la

bi
lit

y 
of

 re
pr

od
uc

ib
le

 d
at

a)

Pl
as

m
a

D
B

D
M

ic
ro

w
av

e
G

A

Ty
pe

 o
f p

la
sm

a
(n

on
-th

er
m

al
) c

ol
d 

pl
as

m
a

(n
on

-th
er

m
al

) w
ar

m
 p

la
sm

a
(n

on
-th

er
m

al
) w

ar
m

 p
la

sm
a

G
as

 te
m

pe
ra

tu
re

, K
30

0 ~
 40

0
10

00
 ~

 30
00

 [2
2]

10
00

 ~
 15

00
 [2

8]
El

ec
tro

n 
te

m
pe

ra
tu

re
H

ig
h

H
ig

h
H

ig
h

El
ec

tro
n 

en
er

gy
, e

V
2–

3
1

1–
2

Pr
es

su
re

1 
ba

r
Va

cu
um

 to
 1

 b
ar

, t
yp

ic
al

ly
 0

.1
–0

.2
 b

ar
1 

ba
r

Re
du

ce
d 

el
ec

tri
c 

fie
ld

 (E
/N

)
 >

 20
0 

Td
50

–1
00

 T
d

50
–1

00
 T

d
D

eg
re

e 
of

 io
ni

sa
tio

n
10

–4
≈

 1
D

om
in

an
t m

ol
ec

ul
ar

 e
xc

ita
tio

n 
m

ec
ha

ni
sm

El
ec

tro
ni

c 
ex

ci
ta

tio
n,

 d
is

so
ci

at
io

n
V

ib
ra

tio
na

l e
xc

ita
tio

n
V

ib
ra

tio
na

l e
xc

ita
tio

n

C
at

al
ys

t c
ou

pl
in

g 
ab

ili
ty

W
ith

in
 o

r p
os

t p
la

sm
a

Po
st 

pl
as

m
a

Po
st 

pl
as

m
a

In
du

str
ia

l s
ca

la
bi

lit
y

G
oo

d
G

oo
d

Lo
w

CO
2 c

on
ve

rs
io

n,
 %

<
 40

%
 (n

o 
ca

ta
ly

st)
; 2

0–
80

%
 (w

ith
 c

at
al

ys
t)

10
 ~

 50
%

 (1
 b

ar
), 

~ 
90

%
 (0

.1
3 ~

 0.
25

 b
ar

) [
30

]
20

%
C

H
4 s

el
ec

tiv
ity

 %
3–

4%
 (n

o 
ca

ta
ly

st)
 9

5–
10

0%
 (w

ith
 c

at
al

ys
t)

 ~
 0%

~ 
0%

Fu
el

 p
ro

du
ct

io
n 

effi
ci

en
cy

 ~
 70

%
~ 

6%
 [3

1]
n.

d
En

er
gy

 e
ffi

ci
en

cy
 <

 10
%

, l
ow

H
ig

h 
(4

0 ~
 50

%
) [

22
, 2

7]
20

 ~
 40

%



1340 Plasma Chemistry and Plasma Processing (2023) 43:1335–1383

1 3

Plasma catalysis is a topical field of research that is being explored for a wide range of 
reactions, including ammonia production [34, 35], dry reforming of methane [36] and  CO2 
hydrogenation [37]. There are complex two-way interactions between the plasma and the 
catalyst. The presence of the catalyst in the plasma enhances the electric field intensity and 
affects the discharge properties. Conversely, the plasma can modify the catalyst surface. 
The short-lived excited species produced in the plasma, including vibrationally and elec-
tronically excited molecules, radicals and ions, allow catalyst activation at lower tempera-
tures than ground-state molecules, making  CO2 methanation possible at low temperatures, 
for example. The co-interactions of the plasma and catalyst create new reaction pathways. 
However, understanding the reaction mechanisms and their dependence on both the plasma 
and the catalyst is difficult. The long-term goal of developing an energy-efficient reactor 
system that can provide, in the case of  CO2 methanation, high  CO2 conversion and  CH4 
selectivity requires detailed planning, study and research.

The extensive studies of plasma-based  CO2-conversion technologies, especially  CO2 
splitting and dry reforming of methane, including the influence of various parameters 
(plasma sources, packing materials, etc.), have been considered in reviews by Snoeckx [38] 
and Bogaerts et al. [22, 25, 30, 38, 39].  CO2 hydrogenation using plasma, including  CO2 
methanation, forms a relatively small subset of these technologies [14, 40]. With the sup-
ply of hydrogen via water electrolysis and other carbon–neutral technologies becoming a 
more economically viable option, plasma-catalytic  CO2 methanation is attracting increas-
ing attention because of its suitability for renewable energy storage. While an excellent 
review of the topic by Dębek et  al. was published in 2019 [11], their focus was on the 
choice of catalyst. Our review updates this work and provides, in addition, detailed con-
siderations of the diagnostic, mechanistic and modelling studies and an assessment of the 
importance of DBD parameters, including voltage, packing material and electrode design.

The review is divided into several sections. In the next section, we consider the charac-
teristics of DBD reactors. The following two sections consider plasma-assisted  CO2 metha-
nation studies performed without and with catalysts, respectively; in the latter case, the 
individual roles of the catalytic metal, supports and promoters are reported. We devote the 
following section to an analysis of the performance reported in previous studies, particu-
larly the fuel production efficiency, which we argue is the most suitable measure of energy 
efficiency. The subsequent section considers the role of operational parameters (voltage, 
frequency, packing materials, electrode material and geometry and diluent gas). We then 
assess the reaction mechanisms underlying plasma-assisted  CO2 methanation, devoting 
sections to the results of experimental investigations, particularly those using in-situ diag-
nostics and modelling studies. Finally, the prospects for further improvements are consid-
ered in the concluding section.

Plasma DBD  CO2 Methanation and Reactor Configurations

The DBD is one of the most common types of NTP for  CO2 conversion. It has been known 
for more than a century; the first experimental investigations were reported by Siemens in 
1857 for ozone generation [41].

A DBD consists of two plane-parallel or concentric metal electrodes, with at least 
one dielectric barrier in between the electrodes [41, 42]. The purpose of the dielectric 
barrier is to restrict the electric current to prevent the formation of sparks and/or arcs. 
The typical dielectric materials include quartz, glass, ceramics and PTFE. A gas flow is 
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applied in the discharge gap, which has a typical width ranging from less than 0.1 mm 
to several centimetres, depending on the application [41]. An alternating voltage with an 
amplitude of 1–100 kV and a frequency of a few Hz to MHz is applied across the elec-
trodes [13]. At atmospheric pressure, a large number of short-lived micro-discharges 
are usually formed as the voltage approaches its positive or negative peak values and 
exceeds the breakdown voltage. The micro-discharges are interrupted when the charge 
transferred to the dielectric reduces the electric field to below the level required to sus-
tain the plasma.

Some typical DBD plasma configurations used for  CO2 hydrogenation reactions 
based on planar and cylindrical geometry are shown in Fig. 3 [41, 43]. For the discharge 
operation, one or more dielectric layers are needed between the metal electrodes. The 
dielectric layer can cover one or both electrodes or lie between them without contact. 
When both electrodes are covered with dielectric material, as shown in Fig. 3a, the dis-
charge is called full dielectric barrier discharge. If only one electrode is covered by a 
dielectric layer, the discharge is called a half dielectric barrier discharge, as in Fig. 3b. 
The interaction of the plasma with an electrode may cause sputtering, and corrosive 
gases may also react with the electrode, potentially producing impurities in the plasma. 
Therefore, a full dielectric barrier discharge may be required for the formation of a high-
purity plasma. The cylindrical DBD plasma consists of a central electrode coaxially sur-
rounded by another electrode with at least one dielectric tube between them; Fig.  3d. 
This setup allows the discharge space to be coupled with catalytic materials for gaseous 
conversion reactions [44]. In general, DBDs operate at approximately atmospheric pres-
sure (0.1–10  atm, but usually 1  atm), enabling gas-phase reactions at ambient condi-
tions. We will focus on the cylindrical DBD reactor as this is the most widely studied 
system for  CO2 methanation. A typical experimental set up for plasma  CO2 methanation 
is shown in Fig. 4.

Fig. 3  Some typical DBD reactor configurations: a planar double DBD, b planar mid-barrier DBD, c planar 
half DBD, d cylindrical DBD [41, 43]
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DBD  CO2 Methanation Without a Catalyst

As mentioned previously, the non-equilibrium characteristics of a DBD plasma can over-
come the kinetic barriers of chemical reactions, producing an abundance of highly active 
species through primary and secondary collisions, which help to create new compounds 
and enable highly endothermic reactions to occur at a relatively low temperature.

Research on DBDs has focused on tailoring micro-discharge characteristics by mak-
ing use of special gas properties, adjusting pressure and temperature, and optimising 
the electrode geometry as well as the properties of the dielectric(s) [41]. The reduced 
electric field (the electric field normalised to the total number density) in a DBD reac-
tor is typically above 100–200 Td, where 1 Td is  10−21 V  m2, creating electrons with 
higher energy which mainly give rise to electronic excitation, ionization, and disso-
ciation with electronic excitation being the dominant process (see Fig. 5). Electronic 

Fig. 4  A typical cylindrical DBD reactor experimental set up for plasma catalysis

Fig. 5  The fraction of electron 
energy transferred to different 
modes of excitation of  CO2 as a 
function of the reduced electric 
field in a  CO2 plasma. Typical 
E/N ranges for MW, GA and 
DBD reactors are also shown. 
Reproduced from [38]. CC BY 
3.0
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excitation to a dissociation level requires 7–10 eV, which is much more than the C=O 
bond dissociation energy of 5.5  eV [25].  CO2 dissociation to CO in a DBD is not 
regarded as energy efficient because the energy is consumed to split  CO2 but not to 
produce  CH4. The dissipated energy results in an increase in gas temperature (tempera-
tures between 100 and 200 °C are usually reported). Bogaerts et al. [38] note that step-
wise vibrational excitation, which is achievable using MW or GA discharges because 
of their lower reduced electric field (see Fig. 5), can be used to dissociate  CO2 without 
expending more than 5.5 eV. Accordingly, such reactors are often used for  CO2 disso-
ciation, which does not require a catalyst. As discussed in the introduction, their appli-
cation to  CO2 methanation is limited.

The reported  CO2 conversion to methane obtained in DBD systems without cata-
lysts is usually below 20%, with CO being the main product (with selectivity at the 
level of ca. 90%) [14, 45–50]. The addition of an inert gas to make use of the Penning 
effect [51], increasing the  CO2/H2 ratio and gas retention time, adding dielectric mate-
rials [52] and increasing input plasma power may improve the conversion and selectiv-
ity to some degree. However, CO is still the dominant product because of the electron-
impact  CO2 dissociation [40]. Therefore, plasma-alone processes without a catalyst 
show poor conversion, selectivity and low yield for  CH4 production.

DBD Reactors with Catalyst Materials

Appropriate catalysts can be highly selective to  CH4 in thermal reactions, but show a 
very low activity at low reaction temperatures (< 200 °C, or higher, depending on the 
catalyst). As mentioned earlier, plasmas can provide energetic species that allow reac-
tions, such as  CO2 dissociation, to proceed at low temperatures. However, selectivity 
to particular products, such as  CH4, is usually low due to the non-selective interactions 
between reactive species [53]. Coupling a plasma with the catalyst can significantly 
enhance  CO2 methanation at low temperatures while retaining high selectivity for 
methane because of the strong synergetic effect between plasma and catalyst [14, 54]. 
Many researchers have observed that materials active in thermal methanation also per-
form well in plasma catalysis. Among different metals, Ni, Ru and Co-based catalysts 
loaded on various supports showed high  CO2 conversion (70–80%) and  CH4 selectivity 
(90–100%) in DBD reactors [53, 55].

Traditional catalysis research has been dominated by structure–activity rela-
tions, implying that catalyst optimization and engineering are paramount. In contrast, 
plasma  catalysis allows tuning of the surface chemistry beyond structure–property 
relations because of the complex synergetic interactions at the interface. On the one 
hand, all the factors that contribute to thermal catalysis are also important in plasma 
catalysis. These factors are the size distribution of the catalyst particles, the physical 
structure and chemical properties of the catalyst and the support material. These prop-
erties will affect the thermodynamic properties, such as the adsorption energy of the 
reactants and kinetic properties, such as the reaction barriers and rate coefficients [54]. 
On the other hand, the synergistic interactions between the plasma and the catalyst 
surface offer potential pathways to overcome the kinetic and thermodynamic barriers 
at low temperatures (ambient conditions), which results in enhanced conversion, selec-
tivity, and fuel efficiency.
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Plasma Pre‑treatment of Catalyst Materials

The pre-treatment of catalyst materials with a plasma is an active area of research. The 
highly energetic species produced in a plasma may interact with catalyst materials and 
result in the formation of oxygen vacancies, modification of functional groups, defects, 
and changes on the surface of the catalyst [21, 56]. These changes can lead to different 
adsorption properties, improved metal dispersion, and different acidity and basicity, 
which affect the kinetics of the reaction.

Plasma pre-treatment has been applied to a wide range of catalysts, including those 
used for thermal catalysis, photocatalysis [57–59] and electrocatalysis [60]. Here we 
focus on pre-treatments of catalysts for  CO2 methanation reactions.

Jantrang et al. [61] pre-treated a Ni/TiO2 catalyst for the photothermal  CO2 metha-
nation reaction in a helium plasma. They found the surface oxygen defects were sta-
bilised on the catalyst surface if plasma treatment was employed before reduction and 
passivation. Otherwise, defects couldn’t be produced. The authors believed these sur-
face oxygen defects led to enhanced  CO2 adsorption and basicity, which consequently 
resulted in higher  CO2 methanation activity.

Pastor Pérez et al. [62] treated a Pt/CeO2 catalyst with an RF Ar plasma and com-
pared the performance for the water gas shift reaction (CO +  H2O →  CO2 +  H2), 
which may occur in the  CO2 methanation process. It was found plasma pre-treatment 
increased the electronic density of Pt, which improved the metal support interaction, 
resulting in an improved reaction.

Basicity improves the adsorption and activation of  CO2. The presence of medium-
strength basic sites exhibited a vital role in the catalytic performance of the  CO2 meth-
anation reaction [63]. Ge et  al. [64] investigated the influence of  H2-plasma reduc-
tion of a Ni-Ce nanoporous catalyst. They found the catalyst reduced under plasma 
had almost 1.5 times more medium-strength basic sites than the catalyst reduced by 
the thermal method. Similar observations and conclusions about the importance of 
medium-strength basic sites were also reported by Pan et al. [65]

Recently, Benrabbah et  al. [66] compared the effect of thermal and plasma  H2 
reduction of a Ni/CeZrO2 catalyst on its performance in the plasma catalytic methana-
tion reaction. Their results demonstrated catalyst reduced under plasma under ambi-
ent conditions at an input power of 4 W gave higher  CO2 conversion (73%) than the 
catalyst reduced under thermal (470 °C) conditions (63%); the conversion was similar 
for both catalysts at higher powers. Characterisation revealed that plasma treatment 
reduced crystallite size and enhanced the basicity of the surface. Perhaps the most 
striking result presented by Benrabbah et  al. is shown in Fig.  6. A calcined catalyst 
that was not pre-treated thermally or in a plasma was found to become highly active for 
methanation performed at plasma powers of 12 W or more, indicating that in-situ acti-
vation occurs in plasma catalytic  CO2 methanation when the power is sufficiently high. 
Thus, hydrogen plasma, either as a pre-treatment or applied in in-situ, can replace ther-
mal pre-treatment.

In summary, the studies so far indicate that plasma pre-treatment of catalyst mate-
rial before  CO2 methanation and other reactions can significantly alter the surface 
properties of the catalyst, such as metal support interaction, particle size, surface 
basicity, etc. These improved surface properties enhanced the catalytic activities of the 
materials.
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Catalyst Materials for Plasma  CO2 Methanation

As discussed previously, the plasma process is active towards  CO2 hydrogenation but 
shows poor selectivity for  CH4 when no catalyst is used. Thermal catalysis employs cata-
lysts that are highly selective for  CH4 but show very low activity at low reaction temper-
atures (e.g., < 150  °C). Researchers have been attempting to combine the two processes 
since 2011 [67]. However, the complexity of plasmas and their interactions with catalysts 
means that significant effort is still required to understand the fundamental chemistry at 
the interface and to tailor the catalyst and process conditions to optimize process efficiency 
[68, 69].

Catalysts usually employ a catalytic metal finally dispersed on a metal oxide support 
material, often with an alkali or rare-earth metal promoter incorporated in the support. 
While the effectiveness of the catalyst and its interactions with the plasma depend on all 
three components, studies usually focus on one component. Detailed insight is required 
into each component to understand the complex plasma chemistry; therefore, we consider 
the metal, support and promoter separately in the next three sub-sections.

Metals

Many researchers have observed materials active in thermal methanation also performed 
well in the plasma catalytic process. Ni-based catalysts are the most widely used materials 
for thermal  CO2 methanation because of their low cost and high activity and selectivity 
towards  CH4. However, they often experience sintering and coking at higher temperatures. 
The plasma process typically uses mild or even ambient temperatures. Therefore, Ni-based 
catalysts have been widely studied for the plasma  CO2 methanation process.

Jwa et al. [70] explored the role of Ni-zeolite in plasma  CO2 methanation. They con-
firmed that Ni dispersion was improved, and no sintering was observed during the plasma 
reaction. Nizio et  al. explored  CO2 methanation in a DBD reactor over Ni-containing 
hydrotalcite-derived catalysts with Ce and Zr promoters. Around 80%  CO2 conversion and 
9%  CH4 selectivity were obtained at 90 °C. The same conversion and selectivity obtained 
under plasma conditions were achieved at 300 °C in the thermal-only reaction. For com-
parison, the plasma-only test was performed without a catalyst at 90 °C;  CO2 conversion 
was reduced to around 5%, with  CH4 and CO yields of 0% and 5%, respectively [49]. No 

Fig. 6  CO2 conversion and 
 CH4 yield against input power 
for plasma  CO2 methanation 
over calcined Ni/CrZrO2 not 
exposed to any pre-treatment. 
Reprinted from [66], Copyright 
(2017), with permission from 
Elsevier
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evidence was found of any morphological modification of the catalysts or their basicity 
after 100 h exposure to the plasma.

The selective role of Ni, Mn, Fe and Co over a ZSM-5 support was investigated by Lan 
et al. [69] in  CO2 hydrogenation in a DBD plasma reactor. The findings revealed that prod-
uct selectivity was highly reliant on the active metal involved. Ni, Mn and Fe on ZSM pro-
duced methane. The maximum  CO2 conversion of 46.3% was obtained for the Ni/ZSM-5 
catalyst, while Co/ZSM-5 produced the most C2-C4 hydrocarbons.

Zeng et al. [14] compared Cu/Al2O3, Mn/Al2O3 and Cu-Mn/Al2O3 for  CO2 hydrogena-
tion and found  CO2 conversion was enhanced by 6.7–36% when plasma was coupled with 
these materials compared to the plasma-only process. Mn was found to be the most active 
metal for the  CO2 hydrogenation process, and Cu was the least active metal. Cu-based 
materials are active for the water–gas shift (WGS) reaction that converts CO and  H2O to 
CO and  H2, so the presence of Cu might promote this back reaction, leading to reduced 
 CO2 conversion. The  CH4 selectivity was less than 10% for all the catalysts, indicating that 
the metals are not selective for methanation.

In a detailed study of Co, Wang et  al. [71] examined the synergistic effects between 
the DBD plasma and a Co/Al2O3 catalyst. Their experimental results revealed the plasma 
lowered the activation energy for  CO2 hydrogenation by 50% compared to the thermal cat-
alytic reaction. A strong synergistic effect of the plasma and catalyst was demonstrated 
when comparing  CH4 production with and without the Co catalyst and the plasma. Kinetic 
studies combined with DRIFTS (diffuse reflectance infrared Fourier-transform spectros-
copy) measurements confirmed the plasma promoted  CO2 activation and reduced hydrogen 
adsorption on the catalyst surface. Moreover, the surface-adsorbed hydrogen species were 
much more reactive. The CO produced in the plasma phase reacted with surface-adsorbed 
H, forming methane. Without the Co catalyst, the support material was not able to facilitate 
 CH4 formation from gas-phase CO and H species. It was also found that pre-adsorbing  CO2 
on the catalyst surface deactivated the catalyst, with no methane being produced by reac-
tions between gas-phase H and surface-adsorbed carbon-containing species.

Evidence of a synergistic effect between plasma and Ru/Zr-MOF (metal–organic frame-
work) was found by Xu et  al. [68]. The catalyst displayed enhanced  CO2 conversion of 
41.3% under plasma, almost 1.9 times greater than that found with Zr-MOF. The  CH4 
selectivity and yield were 94.5% and 39.1%, respectively. The improved methanation per-
formance was ascribed to the increased reducibility of  Ru3+ ions to  Ru0 in the Zr-MOF 
pores and the stable structure of the catalyst. Xu et al. demonstrated in a recent study that 
the plasma could alleviate the CO poisoning effect by removing the strongly adsorbed car-
bon species from the catalyst surface [72].

Of the different metal catalysts explored so far for plasma-catalytic  CO2 hydrogenation, 
it is clear the metals active for thermal methanation, such as Ni, Co and Ru, have also 
shown high performance for plasma methanation. On the other hand, metals that are not 
typical active methanation catalysts, such as Cu and Mn, also showed limited performance 
for plasma catalytic  CO2 hydrogenation.

Support Materials

The properties of catalyst supports, such as the dielectric properties, morphology and pore 
structure, play a decisive role in NTP catalytic reactions. The properties can affect the 
interactions with the active metal, the stability of the catalyst, the dispersion of the active 
metal, the adsorption of reactants and the plasma discharge characteristics.
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Chen et  al. [73] investigated hierarchical meso-micro-porous structures with different 
accessibility and dispersion of active Ni sites. Their findings demonstrated the location of 
active sites in the porous support structure affects the catalytic activity. Specifically, at low 
input energy, the availability of active plasma species is limited, and they interact only with 
exposed Ni active sites with less diffusion resistance. At high energy input, in contrast, the 
abundance of reactive plasma species overcomes the diffusion resistance and enables inter-
action with highly dispersed active metallic sites. The increased interaction between short-
lived plasma species and highly dispersed Ni sites results in an increased  CO2 conversion 
rate of 75% with high  CH4 selectivity of 95%.

The nature of the support also plays a vital role in plasma-assisted catalysis. Dębek et al. 
[74] explored the performance of Ni-based catalysts for  CO2 methanation reaction in glow 
discharge plasma using  Al2O3,  SiO2 and  CeO2-ZrO2 supports. The results showed the phys-
icochemical properties of the support have a strong influence on the plasma properties. Ni/
Al2O3 catalyst exhibited the best performance towards  CH4 formation, which was ascribed 
to increased Ni dispersion and enhanced adsorption for  CO2 under plasma. In contrast, Ni/
SiO2 was found to be inactive under a glow discharge plasma, with no  CH4 produced. An 
analysis of the mechanism revealed that CO adsorption was the vital step for  CH4 forma-
tion, and since no sites were available for CO adsorption,  CH4 was not produced. In the 
case of the Ni/Ce-Zr catalyst, CO adsorption capacity was increased, but the Ni sites were 
oxidised, reducing the performance.

MOFs as support materials have exceptionally high surface areas and abundant surface 
hydroxyl groups, which help the dispersion of active metals. Additionally, MOFs have 
stronger  CO2 adsorption capability than zeolite materials, which can be useful for  CO2 
hydrogenation reactions. To test the stability of MOFs, Chen et  al. [75] investigated the 
Ni/UiO-66 catalytic material under NTP. They found after 20 h testing, the turnover fre-
quency (TOF) of the plasma-assisted system was three times that of the thermal system 
(1.8  s−1 vs. 0.06  s−1). The structure of the catalyst material was also found to be stable in 
the NTP. Chen et al. also found that the performance of the Ni/UiO-66 catalyst exceeded 
that of other supported catalysts (Ni/ZrO2 and Ni/α-Al2O3). The superior performance of 
the MOF-based catalyst was attributed to the formation of new species under the influence 
of the NTP that were absent for the  ZrO2 and  Al2O3 supports.

Bacariza et al. [45] investigated the effect of the Si/Al ratio and Ce addition in Ni/USY 
zeolite catalysts. They found the performance of the catalyst was linked to the dielectric 
properties of the support and its affinity to water. A lower Si/Al ratio increased the dielec-
tric constant of the support material. While this was expected to enhance the electric field 
and charge accumulation on the catalyst surface, affecting the plasma composition, it was 
concluded that this was not the most important factor in determining catalytic performance. 
A more significant effect was the reduction in the catalyst’s affinity to the water produced 
by the methanation reaction with increasing Si/Al ratio, providing more active sites for the 
methanation reaction. Further, the addition of  CeO2 enhanced the catalytic performance 
towards methanation reaction under plasma conditions, which was attributed to increased 
dielectric constant of  CeO2 (24) compared to zeolite materials (1.5–5). The influence of 
the Cs promoter was also found to be significant; this is considered in the next sub-section.

Promoters

The addition of promoters such as alkali and rare-earth metal oxides could improve 
the reducibility and dispersion of the active metal and its interactions with the support 
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material in various catalytic systems. In their study discussed in the previous section, 
Bacariza et  al. [45] investigated the influence of Ce as a promoter in Ni/USY zeolite 
catalysts. They found that Ce, on the one hand, improved the active Ni metal disper-
sion on the support, providing additional sites for  CO2 activation. On the other hand, 
it increased the dielectric constant of the catalyst, which was hypothesised to promote 
 CO2 activation. An overall best result of 66%  CO2 conversion and 97%  CH4 selectivity 
was achieved at 20 W. Similar results and conclusions were obtained by Amouroux and 
Cavadias [76] using an Ni/SBA-15/CeZrO2 catalyst, achieving up to 80%  CO2 conver-
sion and 100%  CH4 selectivity.

The effect of  CeO2 content in the range of 0–50% on a Ni/Al2O3 catalyst was explored 
by Andreu et  al. [77]. They found  CeO2 addition was beneficial for both thermal and 
plasma catalytic processes. However, lower  CeO2 content (10  wt%) was preferred for 
plasma conditions, while higher  CeO2 content (40 wt%) was found to be optimal for the 
thermal reaction. The improved performance under plasma with lower  CeO2 content was 
thought to originate from CO formation in the gas phase, but details of the underlying 
mechanism were not explored.

The use of promoters such as Co, Cu, Mn, La, Y, Gd and Sr was also explored for Ni 
catalysts [63, 78]. These promoters encompass alkaline earth metals, transition metals, lan-
thanide metals and rare-earth metals, spanning a wide range of dielectric constants and 
bandgaps. The presence of these elements was found to considerably alter the physical, 
chemical and electrical features of the catalysts, including the distribution of the basic 
sites, the dispersion of the active metal and the support crystallite sizes. The best catalysts 
often had a high percentage of medium-strength basic sites and high catalyst dispersion, 
which is in accordance with thermal methanation results.

The individual effects of Ce and Zr as promoters were explored by Nizio et al. [50] for 
Ni-containing hydrotalcite-derived catalysts. They found the addition of Ce or Zr to the 
support produced Lewis metal oxygen pairs and strong Lewis-base oxygen anions, which 
increased the total basicity of the catalyst. 80%  CO2 conversion and 100%  CH4 selectivity 
were observed when the catalyst was coupled with a plasma. The authors hypothesised that 
low or medium-strength basic sites helped to boost the methanation process while strong 
sites were not beneficial, in agreement with the understanding of the thermal  CO2 metha-
nation process.

Hasrack et al. [78] examined the promotional role of 1% and 5% Co on Ni/CeO2 cata-
lysts. They found Co addition increased the number of basic sites, especially the medium-
strength basic sites. The catalyst with 1% Co displayed the highest number of medium-
strength basic sites and exhibited the best performance under plasma and thermal 
conditions. Similar observations were presented by Ge et al. [64] and Wierzbicki et al. [79]. 
Pan et  al. [65] provided further evidence for the promotional effect of medium-strength 
basic sites. They found that monodentate formate derived from monodentate carbonate on 
medium-strength basic sites was hydrogenated quickly to methane. In contrast, the strong 
basic sites didn’t participate in the methanation reaction.

The research conducted so far on different catalytic materials has shown the catalysts 
active for thermal methanation also showed enhanced performance under NTP. The physi-
cal interactions between plasma and catalysts vary for different metals. Among the active 
metals, Ni-based catalytic materials displayed enhanced  CO2 conversion and  CH4 selectiv-
ity for plasma-assisted  CO2 methanation. The plasma properties are strongly dependent on 
the nature of the support, and, as discussed in the “Dielectric Packing Materials” sub-sec-
tion, the dielectric constant of the support affects the discharge characteristics. The addition 
of promoters also plays a key role in controlling the properties of catalytic materials under 
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plasma conditions. For instance, promoters can enhance the percentage of medium basic 
sites on the catalyst surface, which is one of the determining factors in  CO2 methanation.

Energy Efficiency of DBD Plasma  CO2 Methanation for Different 
Catalyst Systems

As discussed previously, the energy efficiency of the plasma  CO2 methanation process is a 
critical parameter in determining its industrial applicability. While features of the plasma 
process, such as the ability to operate at lower temperatures, provide advantages over ther-
mal  CO2 methanation, the energy efficiency has to be competitive. In this section, we use 
literature data obtained on different catalyst systems to examine the energy efficiency of the 
plasma catalytic process.

We first present a summary of the main performance indicators used for plasma  CO2 
methanation is presented.

Specific Energy Input and Energy Cost

Specific energy input, abbreviated as SEI, is defined as the ratio of power supplied to the 
gas for plasma generation and the input flow rate of the gas. This factor is critical in deter-
mining the energy efficiency of the plasma system. Typical units are kJ/L or eV/molecule.

where Pd is the discharge power and rin is the input gas flow rate.
The conversion to eV/molecule is given by

where the far-right-hand equality is calculated using the molar volume Vmol = 24.5 L/mol 
that applies at normal temperature and pressure.

The energy cost (EC) is the amount of power consumed per mole of  CH4 formed:

where rCH4,out
 is the molar of production of  CH4. The  CO2 conversion in the gas mixture is 

defined as

where nCO2,in
 and nCO2,out

 are the number of moles of  CO2 in the inlet and outlet of the 
plasma reactor, respectively.

The selectivity for  CH4 is given by:

(3)SEI
(
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L

)
=

P
d
(kW)

rin(L∕min)
× 60s∕min

(4)
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)
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(
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)
×
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)
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(6)XCO2
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where nCH4,out
 is the number of moles of  CH4 in the outlet of the plasma reactor.

The yield of  CH4 is obtained by multiplying its selectivity by the conversion of the  CO2

The conversion, selectivity and yield can also be calculated from of flow rates, since, for 
example, rCH4,out

= nCH4,out
∕Δt , where Δt is the time over which the process is run.

Energy Efficiency Calculation

The energy efficiency of plasma process is an important parameter. Various methods have 
been used by different researchers to calculate the energy efficiency for  CO2 hydrogenation 
processes.

(1) Equation adopted from  CO2 splitting process

The energy efficiency for  CO2 splitting is calculated as

where rCO2,in
 is the molar flow rate of  CO2 at the inlet of reactor and ΔHR is the reac-

tion enthalpy, 279.8 kJ/mol for the  CO2 splitting process at 298 K. Some researchers (e.g., 
Dębek et al. [11]) adopted an analogous formula for  CO2 hydrogenation

where Xtotal is the total conversion, obtained by summing the products of the conversion of 
reactant gases with their inlet mole fraction:

Equation (9) is an appropriate expression for energy efficiency since the plasma is the 
only energy source.  CO2 splitting is an endothermic process, so the reaction enthalpy 
reflects the difference between energy output and input into the process. However,  CO2 
hydrogenation is very different from  CO2 splitting, and Eq. (10) is not a suitable measure 
of energy efficiency. For example,  CO2 methanation is exothermic, so the reaction enthalpy 
is negative (–165 kJ/mol), which indicates that process heat is generated during the reac-
tion and may be wasted if not recycled. Hence, the reaction enthalpy does not represent 
the effective output energy of the process. Inserting this value in Eq.  (10) gives a neg-
ative energy efficiency that represents lost energy (if there is no recycling) and not the 
output energy of the process. Furthermore, for  CO2 hydrogenation, there is another feed 
gas,  H2, that has heating value and provides energy to the process that is not reflected in 
Eq. (10). Products such as  CH4 and  CH3OH also have heating value, but the correspond-
ing output energy is again not considered in Eq. (10). Moreover, there is no reason that |η| 

(7)SCH4 =
nCH4,out
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− nCO2,out
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= XCO2

× SCH4
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in Eq. (10) is restricted to values below 100%. For these reasons, we recommend against 
using Eq. (10) to report the energy efficiency for  CO2 hydrogenation.

(2) Equation based on fuel production efficiency (FPE)

Mikhail et al. [63] and Biset-Peiró et al. [80] reported the energy efficiency of hydro-
genation processes based on the overall energy input and output, considering not only the 
power input but also the net energy flows associated with the reactants and products. For 
example, the fuel production efficiency (FPE) of the plasma  CO2 methanation reaction was 
defined as the ratio between output energy in the form of  CH4 (without considering unre-
acted  H2 in the product) and the overall energy input, as shown in Eq.  (12). The outlet 
energy was calculated based on the lower heating value (LHV) of the  CH4 product, which 
is 801 kJ/mol. The total input energy was the power input from the plasma and the LHV 
of converted  H2, which is 242 kJ/mol. The FPE of the plasma  CO2 methanation reaction is 
therefore defined as

where rH2,in
− rH2,out

 = 
(
nH2,in

− nH2,out

)
∕Δt is the rate of consumption of  H2.

The  CO2 conversion, SEI and FPE for literature studies of plasma  CO2 methanation 
using different catalysts, calculated by the above methods, are presented in Table  2 and 
plotted in Fig. 7. We have also included the energy efficiency calculated using Eq. (9) for 
completeness, even though we deprecate its use.

Figure  7a shows the relation between  CO2 conversion and SEI. The collected results 
show the Ni-based catalyst materials outperformed the catalyst materials containing other 
active metals such as Co, Fe, Pd and Pt; the two exceptions are Ru/MgAl and Co/Zr-MOF. 
The Ni catalyst that achieved the highest  CO2 conversion (86%) was 15%Ni on  CeO2. Fig-
ure 7b shows the dependence on SEI of the FPE calculated based on methane production. 
Again, the Ni-based catalysts showed better FPE than the catalysts containing other met-
als in almost all cases. The Ni catalyst with the highest FPE (74.1%) consisted of 15%Ni 
and 30%  CeO2 loaded on  Al2O3. It is also worth mentioning that most of the highly effi-
cient Ni catalysts contained  CeO2 in the catalyst structure to some degree. Wang et al. [95] 
hypothesised that the effectiveness of  CeO2 is associated with its high dielectric constant 
and unique oxygen storage capacity. Figure 7a and b also indicate that increasing the SEI 
tends to decrease the  CO2 conversion and methane production process efficiency. The best 
FPEs were all achieved at SEIs less than 5 kJ/L; Ni catalysts were used in all these cases 
except for one study that used Ru supported on MgAl layered double hydroxide.

Figure 7c shows the relationship between FPE and  CO2 conversion. It is clear that 
processes that achieved high  CO2 conversions also showed high process energy effi-
ciencies. To help understand the difference between plasma and thermal  CO2 methana-
tion in terms of fuel production efficiency, we show data for a representative thermal 
process [80] in Fig. 7c. The thermal process was chosen because it represents standard 
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thermal  CO2 methanation performance with a commercially available catalyst and the 
reference provided sufficient data for comparison purposes; it is not necessary the best 
published performance. Nonetheless, Fig. 7c shows that plasma  CO2 methanation can 
provide comparable energy efficiencies to the thermal process when an appropriate 
catalyst is selected, and (as shown in Fig. 7b) providing the SEI is relatively low. The 
energy efficiency was also calculated based on Eq.  (9) with ||ΔHR

|| =–165 kJ/mol; the 
results are summarized in Fig. 7d. It is noted that some energy efficiencies values are 
higher than 100%. As discussed above, the fuel production efficiency (FPE) based on 
Eq. (12) is recommended as an appropriate measure of energy efficiency.

Plasma Process Operational Parameters

The catalytic performance in the plasma-assisted  CO2 methanation strongly depends 
on the choice of operational parameters. Parameters such as voltage, frequency, diluent 
gas and reactor packing material affect the properties of plasma discharge and, so, the 
performance of the reactor. In this section, we will briefly explain the potential impact 
of these operational parameters on performance.

Fig. 7  Performance measures calculated for plasma  CO2 methanation processes using different catalysts 
(squares with different colours), a representative thermal  CO2 methanation process (red square with dashed 
circle) and the plasma process without catalyst (empty squares): a  CO2 conversion as a function of SEI; b 
fuel production efficiency as a function of SEI; c fuel production efficiency as a function of  CO2 conver-
sion; d energy efficiency based on  CO2 conversion using a reaction enthalpy of 165 kJ/mol. The data and 
references are given in Table 2 (Color figure online)
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Voltage

The applied voltage determines the power supplied to the plasma reactor for a given 
arrangement and is a critical operational parameter. Increasing the voltage increases the 
E/N and, therefore, electron energy, promoting dissociation and ionization, as shown in 
Fig. 5. The discharge current also increases, with more microdischarges of higher current 
density formed. Hence, the discharge power increases more rapidly than the voltage.

Mikhail et  al. [81] applied a range of voltages in their study of plasma-assisted  CO2 
methanation using Ni/CeZrO2 catalysts. The observed optimum voltage for their process 
was 15 to 16 kV, with 71%  CO2 conversion and 95%  CH4 selectivity achieved at 16 kV. In 
this condition, the temperature and power were found to be in the range of 230 to 270 °C 
and 8 to 12 W, respectively. A small decrease in voltage from 15 to 14.5 kV reduced the 
conversion and selectivity significantly, with  CH4 selectivity dropping to 20%. The authors 
suggested that the lower voltage promoted the direct splitting of  CO2 to CO, which became 
adsorbed on the catalyst surface at temperatures inadequate for its desorption and subse-
quent conversion to  CH4. This explanation seems unlikely since the dissociation of  CO2 
is promoted by higher E/N. For voltages above 16 kV, the reactor temperature increased 
to 337  °C, indicating more energy was lost as heat, and while the conversion remained 
approximately constant, the product selectivity shifted towards CO via the RWGS reaction 
[96].

The same researchers [83] studied plasma  CO2 methanation reaction as a function of 
applied voltage in the range of 13 to 14.5 kV over three Ni/Zr catalysts with three different 
promoters (lanthanum, yttrium and tungsten). Their results demonstrated that increasing 
the voltage increased  CO2 conversion but with decreased  CH4 selectivity because CO was 
produced at higher voltages. The best  CO2 conversion was achieved at 14.5 kV and  CH4 
selectivity at 13 kV.

Xu et al. [90] studied the effect of applied voltage in the range of 5.5 to 7.5 kV using an 
Ru/MgAl LDH catalyst. The  CO2 conversion and  CH4 selectivity initially increased with 
an increase of voltage from 5.5 to 6.5 kV, reaching a maximum conversion of 85% and  CH4 
selectivity of 98.4% at 6.5 kV, as shown in Fig. 8. With a further increase of voltage from 
6.5 kV, both  CO2 conversion and selectivity started deteriorating. This slight decrease in 

Fig. 8  Effect of input voltage/power on a  CO2 conversion b  CH4 selectivity for Ru/Mg–Al catalysts reduced 
at different temperatures; for example, R160 denotes 160 °C. Reproduced from [90]. CC BY 4.0
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 CO2 conversion and  CH4 selectivity at higher input powers could be a consequence of the 
occurrence of various side reactions, including direct  CO2 splitting, the RWGS reaction, 
and reverse  CO2 dissociation, i.e., recombination of CO and O in a strong ionized gas [97, 
98].

Bacariza et  al. [45] obtained somewhat different results using zeolite-based catalysts, 
with  CO2 conversion and  CH4 selectivity found to increase with input voltage from 6 to 
9 kV. They hypothesised that the lower selectivities at low input voltage occurred because 
there was insufficient energy to drive the hydrogenation reactions required to transform the 
CO formed by  CO2 dissociation to  CH4. This explanation doesn’t consider the role of reac-
tions on the catalyst surface. It should also be noted that the  CO2 conversion is low (< 20%) 
for selectivities below 90%.

Mok et al. [99] studied the conversion of CO to  CH4 and investigated the effect of differ-
ent applied voltages (7.7, 9.0, 10.1 kV), keeping all other parameters constant. They found 
the voltage of 7.7 kV promoted the CO conversion and  CH4 selectivity. However, when the 
voltage was increased to 9 kV, the conversion and selectivity did not increase proportion-
ally as expected but only slightly, which was ascribed to the side reactions discussed above.

The results indicate that the optimum voltage depends on the reactor configuration, 
including the catalyst materials. In all cases, there is a threshold voltage required to obtain 
high conversion and selectivity, as per the example shown in Fig.  8. In some cases, the 
conversion and selectivity begin to decrease as the voltage is increased further, while in 
others, they continue to increase. It is important to note that the discharge power increases 
more rapidly than the  CH4 production rate above the threshold voltage, so the energy cost 
increases with voltage. The choice of voltage for a particular system will be based on a bal-
ance between conversion, selectivity, and energy cost considerations.

Discharge Frequency

The discharge frequency is another important parameter that affects ionisation, radical for-
mation and excitation of molecules in plasma  CO2 hydrogenation reactions [46, 100]. With 
increasing frequency, the density of electrons and ions in the plasma increases; this is a 
consequence of a decreasing breakdown voltage associated with charging of the dielectric 
during the previous half-cycle. [101]. In addition to affecting the plasma composition, the 
plasma species interact with molecules on the catalyst surface.

Some studies were performed in DBDs without catalysts. Kano et al. [102] investigated 
the influence of a radiofrequency (RF) impulse discharge on the  CO2 hydrogenation reac-
tion in the range of 10–60 kHz in a low-pressure (1–10  torr) DBD, detecting CO,  H2O, 
 CH4 and  CH3OH as reaction products. They found  CH4 production increased with increas-
ing frequency from close to zero at 10 kHz, while CO production decreased with increas-
ing frequency. The authors explained the trend based on the hypothesis that the electron 
density ne increased proportionally with frequency. As  CO2 dissociation to CO proceeds 
through electron impact, CO production will increase with ne. On the other hand,  CH4 pro-
duction proceeds via multiple collisions between the CO and H reactions, so its concen-
tration will depend on nCH4 ∝  ne

N where N ≥ 2 , so the  CH4 will replace CO as frequency 
increases. A similar effect of pulsed frequency was observed by Song et al. [103, 104] for 
 CO2 reforming of methane and Jahanmiri et al. [103, 104] for naphtha cracking in atmos-
pheric-pressure DBDs without catalysts, where the increase in frequency led to a propor-
tional increase in discharge power the overall conversion of the process.
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When a catalyst is used, the effect of frequency becomes more complicated. Men 
et al. [105] investigated  CO2 hydrogenation to produce methanol in a DBD with Pt cata-
lysts for frequencies from 10 to 30 kHz. Conversion and selectivity reached a maximum 
at 20 kHz, as shown in Fig. 9a. The discharge power increased with frequency, promoting 
the  CO2 hydrogenation reactions. The authors attributed this to increased electron energy, 
but increased electron density is a more reasonable explanation. The decreased conversion 
and selectivity at high frequencies are likely due to the dissociation of the product species 
through reactions with electrons. This is consistent with the modelling results of van‘t Veer 
et  al., who showed that ammonia was produced by surface reactions between microdis-
charges, and dissociated by electron-impact reactions during microdischarges, in plasma 
catalytic ammonia production [106].

Lee et al. [46] investigated the effect of frequency on  CO2 methanation over Ru/γ-Al2O3 
in the DBD reactor in the lower frequency range of 1–3  kHz at a fixed applied voltage 
of 9  kV. Their work demonstrated the conversion of  CO2 and  CH4 selectivity gradually 
increased to 10% and 85%, respectively, as the frequency increased from 1 to 3 kHz, as 
shown in Fig. 9b, with a sharp increase in the  CH4 selectivity when the frequency increased 
from 2.5 to 3 kHz, which was suggested to be associated with the interactions of plasma 
species with the of the catalyst.

While results indicated the influence of frequency in DBDs without catalysts is domi-
nated by the role of the increase in electron density with frequency, the presence of a cata-
lyst complicates the interactions since surface reactions are not directly dependent on the 
electron density. This leads to a less direct dependence of the product concentrations on 
frequency.

Dielectric Packing Materials

We have already highlighted that plasma-assisted  CO2 methanation has very low energy 
efficiency,  CO2 conversion and  CH4 selectivity when a catalyst is not used; see, for exam-
ple, Fig. 7. Including a catalyst necessitates the use of dielectric packing materials in the 
reactor as catalyst supports. Dielectric materials such as quartz, glass beads,  BaTiO3,  TiO2, 
 Al2O3 and  ZrO2 are also often packed together with the catalysts in the discharge zone of 
the DBD plasma reactors [107, 108]. The presence of these packing materials enhances 
the electric field in the gaps between the packing material since polarisation reduces the 

Fig. 9  a Effect of discharge frequency on a  CO2 conversion  XCO2, methanol selectivity S
CH

3
OH

 and meth-
anol yield STY

CH
3
OH

 for a DBD with a Pt/film/In2O3 catalyst. Reprinted from [105], Copyright (2019), 
with permission from Elsevier. b  CO2 conversion and  CH4 selectivity for a DBD with a Ru/Al2O3 catalyst. 
Reprinted from [46], Copyright (2017), with permission from Elsevier
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electric field in the packing material, requiring an increased field in the gaps to maintain 
the applied voltage. The increased electric field results in higher mean electron energies. 
The packing materials also affect the physical characteristics of the discharges, for exam-
ple, promoting the formation of surface discharges in addition to the filamentary discharges 
present in empty DBDs [109]. For example, Mei et al. [110] showed that packing glass and 
 BaTiO3 beads (with respective dielectric constants of 3.9 and 10,000) in a cylindrical DBD 
enhanced the electric field by factors of 1.5 and 2, respectively, as shown in Fig. 10a, and 
the mean electron energy by similar factors for the same applied power.

Mikhail et  al. [63] investigated a DBD packed with NiCZ-M (nickel-ceria-zirconia-
metal) catalysts for  CO2 methanation. The catalyst particles were spherical with 30  μm 
grain size; the metal M acts as a promoter. Table  3 shows that the breakdown voltage 
decreases with increasing dielectric constant of the catalyst; this is a consequence of the 
increased electric field in the gas region between grains, as is the increase in the total 
charge. Further, the magnitude of microdischarges increased, resulting in an increased 
leakage current density and power consumption. There is no clear trend in  CO2 conversion 
or  CH4 selectivity; this is more strongly affected by other properties of the catalyst. As a 

Fig. 10  a Effect of packing materials on electric field strength as a function of different discharge powers. 
Reproduced from [110], © IOP Publishing Ltd. All rights reserved. b Energy efficiency for  CO2 conversion 
of 63% for the catalysts listed in Table 3. Reprinted from  [63], Copyright (2021), with permission from 
Elsevier

Table 3  Electrical properties and performance of various catalysts used for plasma  CO2 methanation [63]

Catalyst Dielectric 
constant

Charge trans-
ferred [µC]

Breakdown 
voltage [kV]

CO2 conver-
sion (%)

CH4 selec-
tivity (%)

Power [W]

Non-packed 1.03 0.015 10.2
NiCZ-Sr 11.46 0.024 8.8 69.6 93.3 8.7
NiCZ-Gd 12.57 0.026 8.4 84.9 99.8 7.5
NiCZ-Co 16.52 0.033 8.0 78.1 95.9 11.9
NiCZ-Mn 20.99 0.037 7.8 70.2 97.0 12.9
NiCZ-La 26.59 0.046 7.2 66.3 95.4 13.5
NiCZ 35.51 0.048 7.3 73.5 99.4 14.4
NiCZ-Cu 38.43 0.054 6.5 62.4 96.1 14.9
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consequence, the energy cost of  CH4 production tends to increase with the dielectric con-
stant, as shown in Fig. 10b.

The size of the dielectric packing materials in a DBD reactor can also influence the 
plasma properties. Michielsen et al. [108] compared the effect of glass wool and spherical 
beads of  SiO2,  ZrO2,  Al2O3 and  BaTiO3 with diameters ranging from 1.25 to 2.24 mm for 
 CO2 splitting to form CO and  O2. Of the different packing materials,  BaTiO3 beads had the 
highest dielectric constant and showed the highest conversion (25%) and energy efficiency 
(4.5%). The larger  BaTiO3 beads, of size 2.0–2.4  nm, produced higher  CO2 conversion 
and energy efficiency because they generated a stronger electric field and higher electron 
density. Zhang et al. [111] obtained similar results. It is important to note that the factors 
determining energy efficiency for  CO2 splitting differ from those for  CO2 methanation. For 
 CO2 methanation, the increased electron energies associated with higher dielectric constant 
packing materials lead to increased energy cost since energy is coupled to dissociation and 
ionization rather than excitation of molecules.

Electrode Material and Geometry

The materials used for DBD electrodes can affect the discharge through their electrical and 
thermal properties and surface morphology; if the electrode contacts the plasma, it can also 
affect the discharge chemistry.

For example, Scapinello et al. [112] investigated the catalytic effect of different metallic 
electrodes, including copper, nickel and stainless steel, in a DBD reactor for  CO2 hydro-
genation. The authors reported the selectivity towards end products was affected when the 
electrode material was changed to Cu or Ni from stainless steel, indicating the importance 
of the electrode material.

The electrode configuration can also improve the selectivity of a targeted product. Wang 
et al. [113] explored three plasma reactors with different ground electrodes for  CO2 hydro-
genation to methanol: a cylindrical reactor (Al foil as a ground electrode, reactor 1), dou-
ble DBD reactor (water as a ground electrode, high-voltage electrode covered with quartz, 
reactor 2) and single DBD reactor (water as a ground electrode, reactor 3). When oper-
ated without a catalyst, the three reactors gave similar  CO2 conversion, but reactor 1 pro-
duced mainly CO and almost no methanol, while reactors 2 and 3 had approximately 30% 
and 54% selectivity for methanol, respectively. The temperature in reactor 1 increased to 
350 °C because of the exothermic nature of the reaction, while the use of water as a ground 
electrode allowed the temperature to be maintained at 30  °C, which favoured methanol 
production. The quartz dielectric surrounding the high-voltage electrode in reactor 2 gave 
a more uniform discharge; the more filamentary discharge in reactor 3 also appeared to 
favour methanol production.

Studies of  CO2 splitting have also demonstrated the influence of electrode properties. 
While the requirements for  CO2 splitting are different from those for  CO2 methanation, 
the results illustrate further ways in which electrode properties can affect DBDs. Mei et al. 
[114] compared  CO2 conversion and energy efficiency for stainless-steel rod and screw-
type high-voltage electrodes, and aluminium foil and stainless steel mesh ground elec-
trodes. The best results were obtained for the screw-type stainless steel and aluminium foil 
electrodes. The superior performance was attributed to the increased electric fields near the 
sharp edges, the screw-type electrode and the improved effective discharge area produced 
by a foil compared to a mesh electrode. Both these enhancements increased the electric 
charge amplitude.
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Lu et al. [115] investigated the impact of the shape of the inner high-voltage electrode 
in  CO2 splitting. They compared three different configurations: a stainless steel rod, stain-
less steel coil and three different conductive powders, iron, copper and carbon. The cop-
per powder electrode gave the highest  CO2 conversion and energy efficiency value, which 
was attributed to its high electrical conductivity, resulting in a stronger electrical field in 
the discharge zone. Wu et al. [116] compared copper, aluminium, and stainless steel high-
voltage electrodes. For the endothermic  CO2 splitting reaction, high temperatures are ben-
eficial, so low thermal conductivity is favoured. It was found that the aluminium electrode 
performed best because it provided the best balance between low thermal conductivity and 
high electrical conductivity. It should be noted that high thermal conductivity is expected 
to be beneficial for  CO2 hydrogenation since the reactions are exothermic.

Diluent Gas

Diluent gases are often added to DBDs to alter the reaction kinetics and the discharge char-
acteristics. Argon, which has been used in  CO2 methanation, has a lower breakdown volt-
age than  CO2 due to its higher Townsend ionisation coefficient. Therefore, Ar ionises ear-
lier and provides more electrons to dissociate  CO2, improving the conversion of the plasma 
processes [51, 117].

Zeng et  al. [51] investigated the effect of argon as a diluent in the  CO2/H2 feed gas 
for  CO2 methanation with an Ni/Al2O3 catalyst. The  CO2 conversion and  CH4 selectivity 
increased as the Ar concentration increased from 0 to 60%. The presence of Ar decreased 
the breakdown voltage of feed gas and improved the charge transfer from the dielectric 
layer. Interestingly, the  CH4 selectivity increased with Ar concentration, while the CO 
selectivity remained approximately constant. It was postulated that the presence of meta-
stable excited Ar atoms, which provide new reaction pathways for the dissociation of  CO2 
and  H2, promoted  CH4 formation.

Lee et al. [46] compared the effects of the addition of  N2 and equal quantities of  N2 and 
Ar to the  CO2/H2 feed gas in a DBD with a Ru/γ-Al2O3 catalyst. The presence of Ar in the 
diluent gas increased  CO2 conversion despite the 60% higher total flow rate. The selec-
tivity for both  CH4 and CO was increased, indicating simultaneous enhancement of both 
methanation and deoxygenation processes. This was postulated to be a result of increased 
concentrations of active species.

Experimental Investigations of Reaction Mechanisms

In thermal catalytic  CO2 methanation, the reactant adsorption and reaction processes fol-
low the typical L–H (Langmuir–Hinshelwood) mechanism. The reactions are usually clas-
sified into three routes [118]: (1) conversion of  CO2 to carbonates prior to methanation, 
 CO2 → CO →  OCH2 →  OCH3 →  CH4 (mechanism with CO as intermediate); (2) conversion 
of  CO2 to adsorbed  CO2

* to formate prior to methanation,  CO2
* →  HCOO* →  CHx

* →  CH4 
(mechanism with  CO2

* as intermediate); (3) direct hydrogenation of  CO2 to  CH4, 
 CO2 → C + 2O + 4H →  CH2 + 2H →  CH4; see Fig. 11a. Thermal catalytic  CO2 methanation 
is constrained by thermodynamic and kinetic limitations.

The interactions between plasma and catalysts in a DBD reactor are very complex, as 
illustrated by the proposed mechanisms shown in Fig.  11b. Detailed information about 
reaction intermediates is required to understand the reaction pathways fully. In turn, this 
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understanding can help design active catalysts for the process. Researchers have been 
endeavouring to unravel the reaction mechanisms of plasma-assisted methanation using 
advanced in-situ characterisation tools, including optical emission spectroscopy (OES), 
X-ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS) and diffuse 
reflectance infrared Fourier transform spectroscopy (DRIFTS). These methods comple-
ment each other and help to determine the intermediate species [120, 121]. Computational 
modelling can assist with determining and validating the reaction pathways. However, 
because plasma  CO2 methanation is an emerging and complex process, limited research 
has been performed on its mechanisms. In this section, we consider in-situ measurements 
of surface-adsorbed species (mainly DRIFTS) and gas-phase species (OES), followed by 
an overview of the reaction kinetic studies that allow the apparent activation energy of the 
overall reaction to be determined. Computational modelling and simulation are discussed 
in the following section.

In‑situ Measurements of Surface‑Adsorbed Species

Plasma-coupled DRIFTS allows in-situ probing of the evolution of absorbed species 
and intermediates on the catalyst surface. Vibrational frequencies of chemical bonds and 

Fig. 11  a Proposed mechanisms for thermal-catalytic  CO2 methanation reaction. Reprinted from [118], 
Copyright (2018), with permission from Elsevier. b Schematic showing the plasma-induced catalyst and 
catalyst-induced plasma synergy. Reprinted with permission from [119]. Copyright (2023) American 
Chemical Society
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functional groups on the catalyst surface can be identified, helping to determine reaction 
pathways.

Xu et al. [90] used the self-designed plasma DRIFTS–mass-spectroscopy setup shown 
in Fig.  12a to compare thermal and plasma-assisted  CO2 methanation over Ru/MgAl-
R300 catalysts. The presence of a plasma changed the observed surface intermediates 
from CO only to include formyl  (HCOad at 1756 and 1132  cm−1), carbonyl  (COad at 2023 
and 1950   cm−1) and carbon-hydroxyl  (COHad at 1300   cm−1) species, where subscript 
‘ad’ denotes surface-adsorbed; the spectrum is shown in Fig.  12b. The formyl and car-
bon hydroxyl species signals increased at a rate consistent with  CH4 production, suggesting 
they were hydrogenated on the Ru surface to produce  CH4, as per the mechanism illus-
trated in Fig. 12c. The mechanism proposed by Xu et al. included both dissociative adsorp-
tion of  CO2 to form  COad and  Oad and adsorption of plasma-produced to form  COad, before 
hydrogenation of  COad to form  HCOad and  CHOad.

Parastaev et al. [123] used a temperature-programmed plasma surface reaction (TPPR) 
method, combined with isotopically labelled  CO2, to decouple the contributions of gas-
phase reactions from the plasma-induced surface reactions. The activation temperature 
for flowing 12CO2 was found to be 50 ℃ lower than for pre-absorbed 13CO2, indicating 
the contribution of the gas discharge to the low-temperature activation—see Fig. 12d. The 
authors proposed that CO formed by gas-phase dissociation of  CO2 was an important inter-
mediate species and confirmed this using TPPR with pre-adsorbed CO.

Fig. 12  a Schematic view of in-situ DRIFTS cell designed for plasma-assisted gas phase catalysed species 
[122]. Reproduced with permission from Springer Nature. b In-situ DRIFTS spectra of surface species on 
2.5%Ru/MgAl catalyst under plasma-on condition (5.0 kV, 23.5 kHz; the labelled peaks are identified in 
the text and the large peaks at 2361 and 2343  cm−1 correspond to gas-phase  CO2. Reproduced from [90]. 
CC BY 4.0. c Mechanism of NTP activated  CO2 hydrogenation over 2.5%Ru/MgAl catalysts. Reproduced 
from [90]. CC BY 4.0. d Temperature-programmed methanation of a feed of 12CO2/H2/Ar on Co/CeZrO4 
on which 13CO2 was pre-adsorbed. Reproduced from [123]. CC BY-NC-ND 4.0
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Chen et al. [84] compared the methanation reaction mechanisms for plasma-assisted and 
thermal catalysis over 15Ni-20La/Na-Beta using in-situ DRIFTS. Their findings demon-
strated that a temperature higher than 350 °C was required to overcome the reaction energy 
barrier for thermal methanation, while under plasma conditions, the catalyst was activated 
at a lower temperature (< 150 °C). Without plasma, the IR bands due to OH vibrational 
stretching were located at 3500–3800  cm−1 and 1500–1800  cm−1. These OH groups facili-
tated  CO2 adsorption on the catalyst surface. When the plasma was turned on, IR bands 
of carbonate (at 1653, 1433, 1292   cm−1) and monodentate formate (at 1561   cm−1) were 
detected, suggesting the formation of formates on the catalyst surface, as shown in Fig. 13a. 
These surface species were further hydrogenated to  CHx species and subsequently formed 
 CH4. In contrast, for thermal reactions, the bands of carbonate and monodentate formate 
species gradually started appearing only above 150 °C, and their magnitude increased with 
temperature up to 400 °C, demonstrating a higher temperature was required to overcome 
the reaction barrier (Fig. 13b). Chen et al. also found the H radicals in the gas phase may 
react with surface-adsorbed species. Therefore, the plasma-assisted reactions proceeded 
via both L–H and Eley–Rideal (E-R) mechanisms, while the thermal reactions only pro-
ceeded via the L–H mechanism.

Chen et al. [75] examined plasma-assisted  CO2 methanation over the MOF-based cata-
lyst 15Ni/UiO-66 using in-situ DRIFTS coupled with mass spectrometry. After the plasma 
was turned on, the band intensities of the gas-phase  CO2 (at 2340  cm−1) and the OH bands 
(at 1500–1800  cm−1) started disappearing while those of surface-adsorbed carbonate and 
formate species (at 1561, 1433, and 1292  cm−1) progressively increased. These trends are 
consistent with the results of Chen et al. [84] discussed above. Chen et al. [75] proposed 
that, under plasma conditions, excited  CO2 species were adsorbed on Ni sites and then 
formed carbonate species after reacting with hydroxyl groups on the catalyst surface. These 
carbonate species then reacted with either surface-adsorbed or gas-phase H to form for-
mate, which was subsequently hydrogenated to  CH4. The authors also compared the NTP 
catalytic activity of 15Ni/UiO-66 with two reference catalysts 15Ni/α-Al2O3 and 15Ni/
ZrO2, finding the MOF-based catalyst showed greatly enhanced  CO2 conversion. In-situ 

Fig. 13  In-situ DRIFTS spectra of species generated on 15Ni-20La/Na-Beta during a plasma-assisted and b 
thermal  CO2 methanation. Reproduced from [84]. CC BY 3.0
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DRIFTS spectra of the two reference materials suggested that the plasma had little effect 
on the gas-phase  CO2 or surface species bands, in accordance with the  CO2 conversion 
results. The results suggest the carbonate and formate species formed on the catalyst sur-
face under plasma conditions are the key steps for  CH4 formation.

Wang et al. [71] studied the methanation reaction pathways for a Co/Al2O3 catalyst in a 
DBD reactor. An analysis of reaction kinetics and in-situ DRIFTS, including experiments 
using pre-adsorbed  H2 or  CO2, demonstrated that H radicals were formed via collisions 
with highly energetic electrons in the plasma, that their adsorption on the catalyst surface 
was vital for the methanation reaction and that methane was not generated by E-R reactions 
of gas-phase H with surface-adsorbed carbon species. However, fewer surface-adsorbed 
hydrogen species were observed for plasma-assisted than thermal methanation. The authors 
proposed that while the L–H pathway is likely to be important, different reaction pathways 
also existed. In particular, plasma-activated  CO2 and/or CO formed in the plasma reacted 
with surface-adsorbed H on the metallic Co surface through the E-R mechanism and sub-
sequently hydrogenated to  CH4.

Azzolina-Jury et  al. [124] investigated the mechanisms of the low-pressure plasma-
assisted methanation reaction using operando time-resolved FTIR spectroscopy over an Ni/
USY catalyst. They observed that gas-phase excited  CO2 and CO were adsorbed on Ni 
sites as monodentate formates and carbonyls, respectively. The formates were subsequently 
hydrogenated to linear carbonyls. The carbonyls were then hydrogenated to CH,  CH2,  CH3 
and  CH4 molecules. The low  CH4 selectivity observed was believed to be due to the low 
adsorption of  CO2 on the zeolite support.

In summary, in-situ plasma DRIFTS analysis has proven very useful for reaction path-
way investigation. According to the research outcomes reported in the literature, there are 
two major roles that plasma plays in the process: (a) facilitate the excitation and disso-
ciation of  CO2 by electron impact reactions; (b) modulate the surface reaction pathway 
by producing relevant intermediates at the interface. Production of H radicals may also be 
important. The relative importance of gas-phase  CO2 and CO is strongly debated.

It is worth mentioning this method is still in an early stage of development. It is chal-
lenging to differentiate the IR bands and other signals originating from structural bands 
and photons and correlate them with structural changes and intermediate components. The 
proposed mechanisms for different catalyst systems vary with the active metal and support 
materials used. Questions about the role of the active metal and its interaction with the 
plasma and active species remain largely unanswered.

In‑situ Measurements of Gas‑Phase Species: Optical Emission Spectroscopy

OES is an important plasma diagnostic technique that enables the measurement of in-situ 
plasma reactive species (excited atoms, ions and molecules) in the gas phase and in some 
cases, rotational and vibrational temperatures of molecules. The measurements can pro-
vide detailed information about reaction intermediates, helping to understand the reaction 
mechanisms. Considering the importance of ladder-climbing effects and the Eley–Rideal 
mechanism in plasma-assisted  CO2 activation, information about the vibrational excitation 
distribution is of particular interest. As shown in Fig. 14a and b, the specific spectra lines 
of excited CO, CH,  H2 and H originating from the  H2/CO2 activation and relevant radi-
cal recombination reactions have been measured [113]. The vibrational–rotational bands 
of CO  (b3Σ →  a3Π) and CO  (B1Σ →  A1Π) showed that  CO2 molecules were activated into 
vibrationally excited CO species. The bands of CH  (A2△ →  X2Π, 0–0), CH  (B2Σ →  X2Π, 
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0–0) and  H2 Fulcher and the  Hα line indicated the production of vibrationally excited  H2 
species, H atoms and  CH4 fragments (CH). Similar observations were obtained by Mikhail 
and Guo et  al. [81, 85]. Gao et  al. [82] found that the electron-induced reactions were 
highly dependent on the operating parameters (e.g., applied voltage, repetition frequency, 
discharge gap length) by using a highly adjustable nanosecond pulse power. The Boltz-
mann equation solver BOLSIG + [125] and cross-section data from the LXCAT database 
were applied to determine the relationship between the reduced electric field and the elec-
tron energy loss fractions for electron-induced excitation reactions. Additionally, owing to 
the important role of the  COx vibrational excitation states, high-resolution OES and the 
Treanor equation [126] were used to examine the vibrational distribution functions of CO 
for specific vibrational temperatures, as shown in Fig.  14c. About 60% of the CO mol-
ecules were in the ground state, and 98% were at or below the fourth vibrationally excited 
state.

Though OES can be a very reliable diagnostic technique to detect gas-phase species, it 
uses an optical fibre to collect emitted light. Anything that interferes with the light path, 
such as dielectric materials, electrodes and other species coming from the discharge, can 
affect the results. Therefore, caution is required when interpreting the OES spectral data.

Reaction Kinetics Studies

Kinetic studies are important to determine the kinetic parameters such as rate constant, 
activation energy and reaction order. Kinetic studies of plasma catalysis also allow us to 

Fig. 14  a Emission spectra of  H2/CO2 DBD for different reactors. Reprinted with permission from [113]. 
Copyright (2018) American Chemical Society. b Comparison of typical optical emission spectra for 
plasma-only and plasma-catalytic methanation [82]. c Plasma-induced vibrational excitations of CO 
for Boltzmann and Treanor vibrational distribution functions of CO at  Tvib = 3500  K and  Tgas = 510  K. 
Reprinted with permission from [82], Copyright (2021), with permission from Elsevier



1366 Plasma Chemistry and Plasma Processing (2023) 43:1335–1383

1 3

determine the effect of various input variables, such as discharge power, concentration of 
reactants, and feed ratio, on the performance and efficiency of the process.

Mu et  al. [127] calculated the activation energy for thermal and plasma-assisted  CO2 
methanation using Ni/SiO2 catalysts using Eqs. (13) and (14), respectively.

where TOF is the turnover frequency, Ethermal and Eplasma are the thermal and plasma-
assisted activation energies, respectively, PDBD is the DPD plasma power, and Ftotal is the 
total flow rate of the feed gas mixture.  CO2 conversion in thermal catalysis displayed Arrhe-
nius behaviour, as demonstrated by the Arrhenius plot shown in Fig. 15a, with Ethermal = 80 
± 3 kJ/mol. In contrast, for plasma-assisted catalysis, the temperature dependence of the 
turnover frequency was found to be non-exponential, thus exhibiting non-Arrhenius behav-
iour. Kim et al. [128] obtained a linear correlation between ln(TOF) and the reciprocal of 
the DBD plasma power (1/PDBD) instead of 1/T, as demonstrated in Fig. 15b. The DBD 
plasma power controlled the density of electrons in the gas phase, which directly affected 
the rate of excited species  (CO2* and H*). Meanwhile, they also suggested that plasma-
induced vibrational excitation of species, such as  CO2*, which reacted with dissociated 
H* species in the presence of the Ni catalyst, lowered the activation barrier to 29 kJ/mol, 
almost 63% lower than that of thermal  CO2 hydrogenation.

The activation energy barrier for plasma-assisted  CO2 methanation reaction over Ru 
catalyst loaded on  SiO2 and  Al2O3 supports was investigated by Xu et  al. [72]. They 
showed the activation energy for thermal  CO2 methanation on Ru/SiO2 was 66.2 kJ/mol, 

(13)TOF = A exp(−Ethermal∕RT)

(14)TOF = A exp
[
−Eplasma(PDBD∕Ftotal)

−1
]

Fig. 15  a Arrhenius plot of thermal-catalytic  CO2 hydrogenation over Ni/SiO2 catalyst; b plot of ln (TOF) 
as a function of the reciprocal of the DBD power and linear fits for plasma-assisted catalytic  CO2 hydro-
genation over Ni/SiO2 catalyst. Reprinted with permission from [127]. Copyright (2020) American Chemi-
cal Society
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but was reduced to 20 kJ/mol for the plasma-assisted process, explaining why the ther-
mal process required high temperatures, 260–320  °C, but the plasma-assisted process 
proceeded at lower temperatures (< 129  °C). The kinetic studies, coupled with in-situ 
DRIFTS, further indicated that plasma-assisted catalysis involved both L–H and E-R 
mechanisms.

Xu et al. also investigated the effect of CO poisoning on the surface of catalyst for 
thermal and plasma conditions. Their findings revealed that in thermal catalysis, CO 
poisoning can deactivate the catalyst as CO is preferentially adsorbed on the Ru sur-
face, inhibiting the adsorption of  CO2 and  H2. For plasma-assisted  CO2 methanation, 
the plasma excited  CO2 molecules, facilitating the adsorption of  CO2. In addition, more 
active sites for  CO2 adsorption were available as collisions with plasma species removed 
the strongly adsorbed CO, leaving the sites available for other reactive species. As a 
consequence, CO poisoning was reduced to a benign level under plasma conditions; the 
plasma could both mitigate the occurrence of CO poisoning and regenerate previously 
poisoned catalysts.

Wang et al. [71] performed a comparative study of  CO2 hydrogenation under thermal 
and plasma-assisted catalytic conditions using an alumina-supported cobalt catalyst. 
Significant plasma-catalyst synergy was revealed in the low-temperature range between 
423 and 498 K, where the  CO2 conversion was 44%, which was 3.6 times the sum of 
conversion achieved by thermal catalysis and the plasma-alone process. The plasma-
catalytic reaction was found to have an apparent activation energy (∼40  kJ/mol) less 
than half of that in the thermal catalytic reaction (∼87 kJ/mol). The authors proposed 
that the promotion effect was likely due to a new RWGS reaction pathway introduced 
by plasma, with the CO formed in the plasma reaction with plasma-induced H species 
adsorbed on the cobalt surface, as explained above in the “In-situ Measurements of Sur-
face-Adsorbed Species” sub-section.

Chen et al. [75] also studied the kinetics of the  CO2 methanation reaction under ther-
mal and plasma-assisted catalytic conditions. They reported that the presence of the 
plasma reduced the activation energy by 55% (from 70 to 32  kJ/mol). Under thermal 
conditions, the reactants  (CO2 and  H2) were first adsorbed on the catalyst surface. Sub-
sequently, the surface-dissociated H species reacted with surface-adsorbed  CO2 species 
via the L–H mechanism. Mu et al. [127] reported similar surface adsorption reactions 
for thermal catalysis. The input heat energy (temperature) was the main factor control-
ling the dissociation of molecules on the surface to promote surface reactions. In con-
trast, the plasma promoted the vibrational and electronic excitation of  CO2 and dissocia-
tion of  H2, which allowed them to interact with catalyst surface and resulted in lower 
activation energy barrier, which was confirmed by in-situ analysis.

Gao et al. [82] analysed the kinetics of plasma-assisted and thermal catalytic meth-
anation reactions using bimetallic Ni–Fe catalysts. The dissociative adsorption of CO 
on the catalyst surface was considered to be the rate-determining step in the thermal 
process, with the highest energy barrier of 237.4 kJ/mol. The activation barrier can be 
lowered with the presence of vibrationally excited species near interfacial active sites. 
Vibrationally excited CO molecules were observed in the plasma-assisted case, low-
ering the apparent activation barrier to 36  kJ/mol compared to 82  kJ/mol for thermal 
catalysis.

The studies all demonstrated that coupling plasma with catalytic materials generated 
vibrationally excited species in the gas phase, providing alternative pathways that lowered 
the activation barrier compared to their counterpart thermal reactions and promoted metha-
nation at much milder temperatures.
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Modelling and Simulation

Experimental investigations are very unlikely to provide a full understanding of the reac-
tion mechanisms in a complex process such as plasma catalysis. As a consequence, com-
putational modelling and simulation have assumed an important complementary role. They 
can provide fundamental information about reaction mechanisms, determine the relative 
importance of different reaction paths, and provide insights into physical processes, includ-
ing heat transfer, flow and plasma–surface interactions.

Extensive modelling studies have been performed to gain a fundamental understand-
ing of the plasma and surface chemistry in plasma catalysis [129], particularly in fields of 
 CO2 hydrogenation and  N2 reduction. The results have demonstrated that many underlying 
mechanisms of plasma catalytic reactions can be explained by different modelling tech-
niques [130, 131]. In this section, we review the modelling and simulation of  CO2 hydro-
genation under non-thermal plasma conditions, focusing on the  CO2 methanation process.

Density Functional Theory (DFT) Calculations

DFT calculations can be used to describe semi-quantitatively the kinetics of  CO2 activation 
on the basis of thermochemistry and activation energies [132–134]. Three different mecha-
nisms of thermal catalytic  CO2 methanation at a molecular level have been proposed. Ren 
et al. [135] calculated the relative energy changes of the three reaction pathways over an 
Ni(111) surface. The first pathway (path 1) involves the reaction between  CO2 and H to 
produce HCOO species, which then dissociate into CO and OH, followed by the hydrogen-
ation of CO to  CH4. The rate-determining step in this pathway is the conversion of HCOO 
to CO + OH, with an energy barrier of 306.8 kJ/mol. The second pathway (path 2) involves 
the decomposition of  CO2 into CO and O on Ni(111), followed by the dissociation of CO 
into C and O, and then the stepwise hydrogenation of C to  CH4. The rate-determining step 
is the elementary reaction CO → C + O, with an energy barrier of 237.4 kJ/mol. In the third 
pathway (path 3),  CO2 reacts with H to produce C(OH)2 species, which then dissociate into 
 CH2O and OH species, and  CH2O further dissociates into  CH2 species. The rate-determin-
ing step in this pathway is the formation of C(OH)2 on the Ni(111) surface, with an energy 
barrier of 292.3 kJ/mol. The potential energy diagram of the three processes is shown in 
Fig. 16. According to the calculated energy barrier of each reaction step, path 2 is the opti-
mal mechanism.

The above DFT calculations provide a basic understanding of the  CO2 methanation 
process, assuming direct  CO2 activation occurs only over the catalyst surface. However, 
plasma catalysis involves excited species and radicals.

Only a few studies have employed DFT simulations to investigate plasma-enabled  CO2 
methanation. Experimental studies have found that HCOO is an important intermediate 
species [73, 75, 136]. Kim et al. [136] focused on the HCOO formation as the most favour-
able pathway during  CO2 hydrogenation, using DFT simulations of the thermal catalytic 
system combined with measurements of surface-adsorbed species (discussed in the “In-situ 
Measurements of Surface-Adsorbed Species” sub-section) to draw conclusions about the 
mechanisms in the presence of a plasma. Their calculated energy diagram and the cor-
responding structures are shown in Fig. 17a and b. E-R and L–H pathways were consid-
ered for the initial activation of  CO2(g) to monodentate HCOO formation on the  Pd2Ga 
(020) surface, with the E-R pathway (reaction of  CO2(g) with surface-adsorbed H) found 
to be favoured even under thermal conditions. The apparent activation energy of the DBD 
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reactions is estimated to be ca. 43 kJ/mol, which is smaller than the activation barrier for 
monodentate HCOO formation (67.7 kJ/mol) and decomposition (74.1 kJ/mol); not only 
HCOO formation via the E-R pathway but also the undesirable decomposition of HCOO to 
CO is promoted by DBD. In accordance with the measurements of surface-adsorbed spe-
cies, the DFT calculations showed the decomposition of HCOO to yield CO occurred via 
the spillover of H atoms adsorbed on metallic particles. The role of DBD is, therefore, not 
limited to the vibrational excitation of  CO2, but the activation of  H2, leading to enhanced 
hydrogen spillover.

Recent studies have shown that the type of heterogeneous catalyst used is crucial in 
influencing the product distribution, particularly with regards to C1 selectivity (CO,  CH4, 
 CH3OH). Yi et al. [137] demonstrated a synergistic effect between a Cu/γ-Al2O3 catalyst 
and the  CO2/H2 plasma, achieving a  CO2 conversion of 10% at 4 wt% Cu loading and a 
 CH3OH selectivity near 50%. DFT calculations showed that the path to  CH4 formation 
begins with the decomposition of  H3CO*, as shown in Fig. 17c. The cleavage of the C-O 
bond for  H3CO* species needed to overcome a high barrier (2.03 eV), much higher than 
in  H3CO* hydrogenation. Although the hydrogenation of  CH3* to  CH4 (g) displayed a 
low barrier of 0.66 eV, the following hydrogenation steps for the decomposition of O* to 
OH* and further to  H2O* also showed high barriers (1.87 and 1.64  eV). Therefore, the 
DFT results indicated that  CH4 formation via the above path has much higher barriers than 
 CH3OH production, which can explain the much lower yield of  CH4 in the experiment.

DFT simulation is of particular relevance to examining the importance of possible inter-
mediate species. Combining DFT with DRIFTS measurements provides a valuable tool 
for studying and validating reaction pathways. The approach is particularly appealing for 
plasma catalysis because of its complexity, and such studies are starting to become more 
common. Nevertheless, very few DFT simulations related to plasma  CO2 methanation have 
been performed, and further work will be of great value.

Chemical Kinetic and Fluid Modelling

Zero-dimensional chemical kinetic modelling is widely applied to plasma processes, 
including those that incorporate catalysts. They are based on solving continuity equa-
tions for species in the plasma or on surfaces. A Boltzmann equation solver is usually 
incorporated to calculate the electron energy distribution function, on which the rate 

Fig. 16  Potential energy diagram of three mechanisms of the thermal  CO2 methanation process on an 
Ni(111) surface. Reprinted from [135], Copyright (2015), with permission from Elsevier
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Fig. 17  DFT calculations of the  CO2 hydrogenation reactions on  Pd2Ga (020): a energy diagram (m-HCOO 
and b-HCOO denote monodentate and bidentate formate, respectively); b corresponding DFT optimised 
geometries, showing the energy barrier (colour scheme: black: Pa, green: Ga, grey: C, red: O, white: H). 
Reprinted with permission from [136]. Copyright (2022) American Chemical Society. c Reaction pathways 
of  CO2 hydrogenation to  CH3OH and  CH4; species adsorbed at the active sites are labelled as “*”; to make 
the figure more readable,  H2 decomposition and  H2O desorption are omitted from the pathways. Reprinted 
with permission from [137]. Copyright (2022) American Chemical Society (Color figure online)
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coefficients for electron impact reactions depend. Bogaerts et al. [54] provided a good 
summary of this and other modelling approaches.

A zero-dimensional plasma kinetics model was developed by Du et al. [37] to inves-
tigate the reaction pathways of plasma-assisted catalytic  CO2 hydrogenation. The con-
tinuity equations were solved assuming spatially homogenous discharge conditions. 
Results were obtained for the production of  CH4 on Ni(111) and  CH3OH on Cu(111). 
For Ni(111),  CH4 formation mainly occurs by successive E-R reactions of C(s) with 
gas-phase H to form CH(s),  CH2(s),  CH3(s) and then eventually  CH4, as shown in 
Fig. 18a. Although H(s) is the dominant surface-adsorbed species, E-R and L–H reac-
tions involving H(s) were less important. The mechanism by which C(s) is produced 
was not discussed, although the density of C(s) was 100 times higher than that of CO(s). 
L–H reactions promoted the formation of the intermediate species  CHx(s), which indi-
rectly promoted the  CH4 formation. The rates of the reactions to generate  CHx(s) and 
 CH4 are in the range of  1010–1018  cm−3s−1, as shown in Fig. 18b, with the correspond-
ing reactions listed in Table 4.

Gao et al. [82] and Chen et al. [138] also developed a zero-dimensional kinetic model 
to study plasma-assisted  CO2 hydrogenation, but only gas-phase reactions were consid-
ered. Gao et al. predicted the production of high densities of vibrationally excited CO, 
which they proposed to be an important precursor in the catalytic production of  CH4. 
Electron impact dissociation of  CO2 was the main mechanism for CO formation. Chen 

Fig. 18  a Mechanism of  CO2 hydrogenation using Ni (111) catalyst; b reaction rates related to  CHx(s) spe-
cies and  CH4 [37]. © 2022 Wiley-VCH GmbH

Table 4  Reactions shown in 
Fig. 18b [37]

Reaction Number Reaction equation

R1 CH3(s) + H →  CH4

R2 CH2(s) + H →  CH3(s)
R3 CH(s) + H →  CH2(s)
R4 C(s) + H → CH(s)
R5 CH3 + H(s) →  CH4 + S
R6 CH2 + H(s) →  CH3(s)
R7 C + H(s) → CH(s)
R8 CH + H(s) →  CH2(s)
R9 CH3(s) + H(s) →  CH4 + 2S
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et al. [138] examined the influence of the  CO2/H2 ratio in the feed gas on the production 
of CO,  CH4 and  CH3OH.

Microkinetic models, which consider only reactions involving at least one surface-
adsorbed species, are widely used in thermal catalysis studies. Plasma effects can be 
included by considering atoms, radical and excited molecules. Michiels et al. [139] devel-
oped a mean-field microkinetic model for  CO2 hydrogenation to  CH3OH on a Cu(1,1,1) 
surface, using the fluid model of De Bie et al. [40] to provide the plasma composition. An 
interesting finding, possibly relevant to  CO2 methanation, was that vibrational excitation of 
 CO2 increases the  CH3OH production rate.

Surface reactions on suitable catalysts are critical in the production of  CH4, so studies 
that do not consider such reactions are of limited value in understanding the mechanisms of 
 CO2 methanation. While Du et al. [37] did consider reactions on an Ni(111) surface, they 
did not include any involving  CHxOy species (although such species were considered for 
 CH3OH production on the Cu(111) surface). As discussed in  the “In-situ Measurements 
of Surface-Adsorbed Species” and “Density Functional Theory (DFT) Calculations” sub-
sections, measurements of surface-adsorbed intermediate species and DFT calculations 
point to the importance of  CHxOy species. There is clear scope for additional chemical 
kinetic modelling, including microkinetic modelling, to assist in understanding the reaction 
mechanism.

1D and 2D models allow the transport of species to be considered in addition to their 
chemical reactions. The application of such models in plasma catalysis has been limited to 
studies of gas-phase reactions and investigations of the interactions of plasma with pores 
[54]. Here we briefly mention relevant gas-phase models. De Bie et al. [40] investigated the 
formation of different hydrocarbons by  CO2 hydrogenation using a one-dimensional fluid 
model MD2D, part of the Plasimo package. The model was applied to a cylindrical plasma 
reactor, assuming a homogenous plasma. The species included in the model were taken 
from previous calculations for similar systems, including  CH4/O2 and  CH4/CO2 gas mix-
tures [140]. The species continuity, drift–diffusion and electron energy balance equations 
were coupled to the Poisson equation for electric field calculation. The predicted reaction 
products were mainly CO,  CH4 and  H2O, with some  CH2O,  C2H6 and  CH3OH also present.

Liao et  al. [141] developed a two-dimensional fluid model to investigate  CO2 hydro-
genation in a DBD reactor, including the spatial density distribution of ions, radicals, and 
streamer propagation distribution and their influence.

Fluid models can be a valuable source of provide species concentration data for use in 
microkinetic models; as noted above, the 1D results of De Bie et al. [40] were used in a 
microkinetic model of  CO2 hydrogenation to form  CH3OH and could equally be applied to 
modelling  CH4 production.

Conclusions and Future Research Needs

We have reviewed the current status of plasma-assisted  CO2 methanation, including cata-
lysts, reaction mechanisms, diagnostics and modelling, and the influence of process param-
eters control and reactor settings. Plasma-assisted  CO2 methanation is an emerging area 
with immense promise. High  CO2 conversion and  CH4 selectivity have already been dem-
onstrated at low temperatures. The best fuel production efficiencies obtained are competi-
tive with the thermal process that is currently used for industrial  CO2 methanation. Moreo-
ver, DBD reactors are suited to the intermittent nature of renewable energy, can run at 
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ambient conditions and are easily scalable for industrial applications. Nevertheless, it is 
important to underline that plasma catalytic  CO2 methanation is still at an early stage of 
development. The process needs to be investigated in greater detail to understand the com-
plex physics and chemistry involved. The following directions are of particular relevance.

Catalyst Materials Development

Of the limited range of catalysts explored for plasma-assisted  CO2 methanation, most are 
Ni-based. However, stability and catalyst lifetime haven’t been examined thoroughly in 
plasma conditions. Other metals such as Co, Rh, Ru and Pd were also used, some of which 
demonstrated good performance, but none outperformed Ni. Bimetallic catalysts have not 
been assessed in any depth. A range of support materials, including metal oxides, MOFs 
and zeolites, has been tested. The choice of support affects catalyst performance by altering 
properties such as the dielectric constant, porosity and affinity for the water product, the 
influence of all of which requires further investigation. The use of  CeO2 as a promoter in 
support materials has been shown to enhance  CO2 conversion and  CH4 selectivity, possibly 
because it improved the Ni dispersion and the distribution of basic sites or increased the 
dielectric constant. Many materials that could be used as support materials to facilitate the 
active metal’s function remained unexamined.

Surface Basicity

Surface basicity is an important factor in  CO2 methanation. In particular, the medium-
strength basic sites are considered responsible for the formation of monodentate formate 
species, which are seen as important intermediates for methane formation. Different active 
metals and supports offer different strengths of basic sites for  CO2 adsorption. The role of 
the basicity of the support under plasma conditions and means for manipulating the basic-
ity remain largely unexplored.

Catalyst Bed Temperature

The real-time measurement of the temperature of the catalyst bed in a DBD plasma is 
very challenging due to electromagnetic interference and plasma luminescence [142, 143]. 
Therefore, most of the reported temperatures for plasma catalytic reactions are based on 
outer wall temperatures of the reactor [80] or temperatures measured by thermocouples 
after the plasma is turned off or located at the exit of the gas outlet [80, 120, 142]. Heat 
transfer modelling [144] and measurements using a shielded probe inserted in the high-
voltage electrode [145] indicate that the wall temperature is significantly lower than the 
catalyst bed temperature, although by significantly different amounts. Even if the tempera-
ture is known, its influence on the plasma methanation process is difficult to determine 
since the temperature is a function of the applied voltage and gas flow rate, which also 
influence the process [144, 145]. While it has been demonstrated that plasma-assisted  CO2 
methanation occurs at catalyst bed temperatures as low as 116 °C [144], the influence of 
temperature on the discharge behaviour of the DBD reactor and its synergistic impact on 
the  CO2 methanation remain poorly understood and constitute an important area for further 
investigation.
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Physical Properties of the Catalysts

Plasma-assisted  CO2 methanation is mostly in packed-bed DBD plasma reactors. Model-
ling has revealed that the electric field is typically enhanced at the contact points between 
the beads, increasing electron impact excitation, ionization, and dissociation. Some early 
modelling research suggested that the electron impact reactions are closely related to the 
materials’ dielectric constant and porosity. Smaller pore sizes only led to enhanced ioni-
sation for lower dielectric constants, i.e., up to εr = 200, 150, and 50 for pore sizes of 50, 
30, and 10  μm, respectively. Ferroelectric materials with dielectric constants above 300 
were not associated with increased ionisation, even for 100 μm pore sizes [146]. In recent 
years, many novel synthesis methodologies have been developed to tailor the structure and 
porosity of the materials. However, experimental studies of the influence of pore sizes and 
dielectric constants for plasma  CO2 methanation are very limited. It is valuable to conduct 
more research in this area to generate an understanding of how these physical properties 
affect the plasma process and how to tailor the materials for plasma catalysis.

Catalyst Pre‑treatment

Catalyst pre-treatment has gained significant attention because plasma consists of highly 
excited species that can change the catalyst’s chemical and physical properties. Through 
etching, doping, sputtering, and heating, plasma creates new surface properties, such as 
oxygen vacancies, surface functional groups and surface defects. However, the optimum 
frequency and duration of pre-treatment and the dependence of these parameters on the 
type of catalyst have not been thoroughly studied.

Reaction Mechanisms

A detailed understanding of plasma catalysis is instrumental in improving the process, 
developing better catalysts and increasing fuel production efficiency. Unlike thermal catal-
ysis, which proceeds mainly via L–H interactions on the catalyst surface, NTP produces 
gas-phase excited species, which can react with surface-adsorbed species on the catalysts 
via E-R as well as L–H mechanisms, thus reducing the activation barrier. These hybrid 
plasma catalytic systems are complex and require advanced characterisation to fully under-
stand the phenomena occurring in the gas phase and on the surface. Various advanced in-
situ characterisation tools such as DRIFTS, XAS, XPS and OES are available to detect the 
intermediate species and catalyst surface chemical states to help understand the active spe-
cies and their interaction with the catalyst surface. By doing so, reaction pathways involved 
in the plasma methanation reaction can be revealed. The parallel application of modelling 
methods such as DFT, kinetic modelling and fluid modelling can be powerful in validating 
hypotheses by providing insights into surface and gas-phase reactions, and the densities of 
excited species, radicals, and surface-adsorbed species.

Process Optimisation

The performance in plasma-assisted  CO2 methanation is strongly dependent on the range 
of operational parameters. Parameters such as excitation voltage and frequency, diluent 
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gas, and reactor packing material are found to affect the properties of the discharge and, so, 
the performance of the reactor. However, assessing the importance of each of the parame-
ters is difficult since they are not independent; for example, the packing material affects the 
reaction kinetics by altering electric field distribution and surface reactions. The choice of 
optimum process parameters remains a significant challenge and requires systematic stud-
ies, ideally including in-situ diagnostics and modelling.

Reactor Design

A few different types of DBD reactors have been studied for  CO2 methanation. The reac-
tors are all based on simple designs with a high-voltage electrode on the axis and a mesh, 
foil or water jacket as the ground electrode on the outside. The reduced electric field in a 
DBD is typically over 100 Td, which favours dissociation over vibrational excitation of 
molecules, reducing the energy efficiency of the process. Studies on optimising the reactor 
design to promote the desired gas-phase reactions and recycling the waste heat from the 
process to increase energy efficiency are limited. Even though plasma processes are well 
suited for the scale and intermittent nature of renewable energy sources, improved reactor 
design to improve efficiency is critical for their large-scale commercialisation.

Plasma-assisted  CO2 methanation has the potential to be an important industrial tech-
nology. There are no obvious fundamental barriers to the further development and ultimate 
implementation of the technology. Research addressing the points itemised above will lead 
to the optimised catalysts, process parameters and reactor design necessary to improve the 
conversion, selectivity and fuel production efficiency further, pointing the way to industrial 
implementation.
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