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Abstract

The conversion of methane (CHy) to value-added fuels (e.g., alcohol) is a promising technol-
ogy for clean energy. However, conventional thermal methods of converting CHy to fuels
require high temperatures (700-1100 °C) and have low conversion efficiency and selectivity.
Therefore, it is highly desirable to develop novel cost-effective technologies that can convert
CHy to fuels and chemicals at low temperature and atmospheric pressure with improved
conversion efficiency, selectivity, and durability of products. The low-temperature or
non-thermal plasma-assisted catalytic conversion of CHy is gaining increasing interest
because the plasma species (e.g., electrons) have sufficient energies for producing higher
hydrocarbons, alcohols, and oxygenates with higher yields and selectivity while reducing
coke formation under mild conditions. The key challenges of this green technology are
as follows: increasing conversion efficiency of CHy, design of hybrid plasma reactors
with proper catalysts and optimized conditions, addition of efficient oxidants (e.g., Oy
or COy) and diluents, etc., at low temperature and atmospheric pressure. In this regard,
the present review aims to provide a comprehensive account of the current development
of plasma-assisted catalytic conversion of methane, with focus on conversion efficiency
of CHy, selectivity and stability of products, and catalyst durability with the variation in
plasmas, electrode design, and reactor configurations. Further, the review presents the
current and future challenges.
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1. Introduction

The conventional fossil fuels, e.g., oil, natural gas, and coal, currently supply the ma-
jority of our global energy demands [1] despite the fact that the renewable energy sources,
including photovoltaic cells, hydroelectric power, wind mills, etc., have been extensively
employed as cost-effective and clean energy sources. Among the fossil fuels, natural gas,
comprising methane (CHy) as the main ingredient, has gained significant attention owing
to its high energy density, high hydrogen-to-carbon ratio, low carbon emissions, and recent
discovery of huge coalbed CHy reserves, shale gas, and methane hydrate [2]. It is consid-
ered a promising alternative to crude oil and coal for the production of value-added fuels
and chemicals, allowing lower carbon emissions and reduced environmental pollution.
However, the transportation of CHy4 from remote to market or application sites faces several
difficulties owing to its high flammability, volatility, and low boiling point (—161.6 °C at
atmospheric pressure) [3,4]. The compression of CHj, into liquid is one way to transport
it easily; however, it requires high energy input and is not economically compatible [5].
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In addition, CHy is a potent greenhouse gas with a high greenhouse effect [6]. There-
fore, its conversion to convenient value-added fuels or chemicals, e.g., alcohols, higher
hydrocarbons (HCs), and solid carbons, is an essential strategy for clean energy and a
safer atmosphere.

However, the conversion technologies of CHy into valuable chemicals are still facing
major challenges of high energy consumption and low conversion efficiency, which can be
attributed to the structure and thermodynamic features of CHy. CHy is highly symmetrical
with zero dipole moment and low polarizability (2.8 x 1074 C2 m? J~1); its electron
affinity (—1.2 eV) is low while the ionization energy (12.6 eV) is high. [7-9] Both the lowest
unoccupied and highest occupied molecular orbitals have high energy barriers to accept
electrons for reduction or donate electrons for oxidation. The dissociation of the first
C-H bond requires ~439 kJ mol 1, [10] higher than that for breaking subsequent C-H
bonds, which contributes to the low product selectivity in CH4 conversions. Despite these
challenges, various methods for converting CH, to value-added fuels or chemicals have
been developed, which can be classified into two main categories (Figure 1) [11]. The
indirect method involves the conversion of CH; and H,O/CO,/O;, first to syngas (H; and
CO), followed by reactions to produce liquid fuels, e.g., methanol via the Fischer-Tropsch
(FT) process [12-16]. This method has been commercialized for the synthesis of several
useful materials; however, it requires multiple processes operated at high temperature
(700-1100 °C) and high pressure [17-20]. Further, most of the oxygenated products can be
easily over-oxidized into undesired CO; or degraded at high temperature [21-23], resulting
in low yield and poor selectivity. Therefore, an effective and advanced technique is desired
that could provide a milder reaction path with improved conversion and selectivity.

Methane
conversion
v
¥ v
Indirect method Direct method
Y worwlo
CH, + H,0/C0,/0, — CO+ H, (Syngas) l oxidizing agent
1700-1100 C Hydrocarbonor
Oxygenates (e.g., CH;OH) Oxygenates (e.g., CH;OH)
v v v v v
Thermo- Plasmz}- Electr(.)- Photoelec.tro- Bicnial
catalysis catalysis catalysis catalysis

Figure 1. Schematic diagram describing different methods for conversions of methane to value-added
fuels and chemicals.

In the second category, direct conversion of CHy into liquid oxygenates or higher
HCs [24-29] has been developed using a variety of methods, including thermocatalysis [30],
electrochemical catalysis [31], photoelectrocatalysis [10,32], biocatalysis [33], and plasma
catalysis [34] (Figure 1). As one of the emerging technologies, the plasma-assisted CHy
conversion has been used for selective production of value-added fuels and chemicals,
including Hp, CH30H, higher HCs, carboxylic acids, and aromatics [14,35-38]. Importantly,
such processes can be carried out at relatively low bulk temperature (150-450 °C) and
ambient pressure, while the energy required for the activation and conversion of CHy
is provided by the high temperature electrons (10* to 10° K) in the plasma [39,40]. The
Maxwell-Boltzmann velocity distribution of thermalized electrons can be very dissimilar to
the velocity distribution of heavy species [41]. The low-temperature plasma techniques are

https:/ /doi.org/10.3390/catal16020165


https://doi.org/10.3390/catal16020165

Catalysts 2026, 16, 165

30f33

considered efficient, green, environmentally friendly, and more economical than thermal
processes that occur at significantly higher temperatures (>500 °C) [42,43].

The efficacy of plasma-assisted methods can be further improved by incorporating
proper catalysts in the presence of plasma [44]. There have been many studies on the
development of low-temperature plasma techniques for CHy conversions [45-47]. The
partial oxidation of CHy4 to CH30OH is one common and promising direct conversion method
using plasma catalysis at low temperature [48,49]. There have been a few reviews on the
assessment of the plasma-assisted catalytic CH, conversions [50-53] with a recent focus on
dry reforming of methane [54-57]. In this regard, the present review intends to provide a
comprehensive account of the current advancements of the low-temperature or non-thermal
plasma-assisted catalytic conversions of CHy, and critically discuss the development of
conversion efficiency, selectivity of products, and catalyst durability through optimizing
the reactor configuration, electrode design, chemical feed and its flow rate, applied voltage,
etc. Furthermore, the review presents the current and future challenges.

2. Thermodynamics of Methane Conversions

It is difficult to convert methane to convenient value-added fuels as CHy is a very
stable molecule (Figure 2a). Several reactions have been used to convert CHy, which can be
classified into several types of routes (Table 1, Equations (1)—-(14) with free energy changes).
These include pyrolysis (Equation (1)), non-oxidative coupling (Equations (2) and (3)),
partial oxidative coupling (Equations (4) and (5)), steam reforming of methane (SRM)
(Equation (6)) followed by FT reaction for the conversion of syngas to higher HC (Equation
(7)) or methanol (Equation (8)), dry reforming of methane (DRM) to syngas (Equation
(9)) and acetic acid (Equation (10)), as well as conversion to oxygenates such as methanol
(Equations (11)—(13)) and CH4 to amino acids (Equation (14)) [58,59].
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Figure 2. (a) Molecular structure of methane; (b) the standard Gibbs free energy change (AGY) and
energy of activation (E;) involved in the CHy conversions with or without catalysts.

Table 1. Methane conversions to different products.

AGY at 298 K

Methane Conversions (kJ mol 1) Equation #
CHy — C+2H, 50.7 (1)
2CHy — CyHg + Hy 68.6 (2)
6CHy — C¢Hg +9H; 434.0 (3)
2CHy + 30, — CoHg + H,O —320.0 (4)
2CHy + Oy — CyHy + HyO —288.0 (5)
CHy + H,O — CO + 3H, 142.0 (6)
nCO + 2nHy — (—CHa), + nHO —165.0 (7)
CO+2H, - CH;0H -92.0 (8)
CHy + COy; — 2CO +2H, 171.0 9)
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Table 1. Cont.

. AGO at 298 K .

Methane Conversions (k] mol-1) Equation #
CH, + CO, — CH3COOH 71.1 (10)
CHy+ 30, — CO +2H, —36.0 (11)
CHy + 30, — CH;0H —126.4 (12)
CHy + 30, - HCHO + H, —104.0 (13)
CH, + HNO3 + 2H,0 — H,NCH,COOH +5H,  204.0 (14)

The standard Gibbs free energy changes (AG) involved in the CHy4 conversions can
be numerically positive or negative, indicating non-spontaneous or spontaneous reactions,
respectively (Figure 2b) [59]. Most of the non-oxidative reactions, including SRM and DRM
conversions and amino acid formations, have positive AG? values and are thermodynami-
cally unfavourable at standard conditions, which require energy input to drive the reaction.
On the other hand, most of the methane conversions involving O, are thermodynamically
spontaneous; however, energy is still required to overcome the kinetic barrier. In most
cases, suitable catalysts can be used to reduce the activation energy (Figure 2b). The lifetime
of reactive species and collision probability are greatly affected by the properties of the
catalyst employed.

3. Plasma Generation and Properties

Plasma consists of electrons, highly excited atoms, ions, radicals, photons, and neutral
particles, and is electrically conductive [60]. The gas molecules are thermodynamically
favoured for dissociation, excitation, and ionization at high temperatures. Accordingly, the
plasma can be classified into a high-temperature or thermal or equilibrium plasma and a
low-temperature or non-thermal or non-equilibrium plasma in terms of their temperature
and electron density (Table 2). In the thermal plasma, the electrons are at the same high
temperature as the heavy species; they are thermally at equilibrium with them. There
are a number of high-temperature plasma processes, such as electric arc (Huels process)
and Monolith’s methane pyrolysis, which provide large-scale production of H, gas with
a massive co-production of carbon black and represent the state of the art for different
plasma technologies [61]. Due to the increased number of elastic collisions, thermal plasma
has a high temperature (typically > 10* K) with higher electron density. On the other hand,
in the non-thermal plasma generated at low temperature (150-450 °C) at atmospheric or
low pressure, the electrons and some small ions quickly accelerate to higher velocities
and energies than the heavier neutral molecules in the bulk, producing non-equilibrium
plasma [50]. The high-energy electrons can collide with reactants in various ways of excita-
tion, ionization, and fragmentation into atoms and metastable compounds [62]. Plasma
technology has been widely used in multidisciplinary fields such as plasma physics and
chemistry, physical chemistry, catalysis, biomedical science, nanoscience, and materials
science. Applications include catalyst preparation, modification of catalyst surface, catalyst
doping with foreign species, removal of volatile organic compounds or pollutants, elec-
trochemical reactions, food engineering, polymerization, and water purification [63-65].
Low-temperature plasma is of particular interest because it is easier to generate in the
laboratory and on industrial scales under low-pressure or atmospheric pressure [50].

Plasma has been generated by a number of methods, such as conventional thermal
excitation, flames, electrically heated furnaces, and electric discharges and shocks [66]. The
generation of plasma via electric discharges can be performed by applying a high potential
difference between two electrodes, which can be either narrow or wide in shape. Generally,
the narrow electrodes produce a linear, spark-like plasma, while the wider ones form
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plasma in a conical shape [67]. Typical configurations are shown in Figure 3, including
dielectric barrier discharge (DBD), corona discharge (CD), glow discharge (GD), spark
discharge (SD), gliding arc discharge (GAD), and arc discharge (AD). DBD plasma reactors
consist of two parallel electrodes, and at least one electrode is covered by a dielectric
material, such as quartz, alumina, silica glass, ceramics, or polymer layers. The dielectric
materials limit the transport of charges and distribute them uniformly in the discharge
zone, avoiding spark formation. When the electricity is applied, the charge accumulation
on the dielectric material can generate plasma as short-lived streamers [50]. The voltage in
the range of 5 to 25 kV with a frequency of about 500 kHz is typically applied to create the
DBD plasma, in which the plasma (e.g., electrons or ions) temperature rises above 10* °C,
while the electron density is low and its bulk is relatively cold [50]. CD occurs when the
conductor has a tip with a small radius of curvature [68]. GD refers to a self-sustained
discharge created between two electrodes in low vacuum (0.1-10 torr). The other types
of plasma, such as microwave (MW) and radio frequency (RF), require high-frequency
inputs. MW plasma operates at very high frequencies in the microwave range (typically
2.45 GHz), and is far from local thermodynamic equilibrium [69]. It can be implemented
at atmospheric pressure [70]. RF plasma can be operated at a low pressure but at high
frequencies (several megahertz) to achieve non-equilibrium conditions [71,72]. DBD, CD,
GD, MW, and RF are common examples of non-thermal plasmas.

Table 2. Different parameters of different plasmas.

2 Reactor DBD CD GD MW RF GAD SD AD
Thermo-Type Non-Equilibrium (T, 7# Tgas) Equilibrium (Te = Tgas)
Ele“(rcor?lie)“s“y 10210105  10°t0103 108 to 101 ~1016 ~1010 101 to 1015 10" to 1015 1015 to 101
Ele“igs)temp 1t030 1~5 05t02 0.9 225 14t021 - 1t010
Current (A) 1to 50 10-5 - - - 0.1to 50 20 to 30 30 to 300,000
Voltage (kV)/freq. 5to 25 10 to 50 10V/cm 245GHz  13.56 MHz 05to4 5to 15 10 to 100
Gas temp (K) 300 to 500 ~400 RT RT RT >1000 400 to 1000 5103 to 10*
Low . . .
Pressure (bar) 1 1 <10 mbar 1 pressure High pressure ~ High pressure  High pressure

2 DBD = dielectric barrier discharge, CD = corona discharge, GD = glow discharge, MW = microwave, RF = radio
frequency, GAD = gliding arc discharge, SD = spark discharge, AD = arc discharge. Te: electron temperature,
Tgas: gas temperature.
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Figure 3. Schematic diagrams for generating different plasmas depending on configurations of
plasma reactors and power sources.
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For thermal plasma, the electrons, ions, and neutral molecules are highly agitated
under increased pressure conditions, causing an increase in gas temperature. Thermal-arc,
torch plasma, SD, GAD, and AD plasma are usual examples of thermal plasma, which can
be used with high input flow rates in short reaction times. In an AD plasma, the arc is
ignited at the shortest distance between electrodes. In a GAD plasma reactor, the electrodes
are placed at an angle, in which the electrode distance can be varied in the flow direction of
the gas. The rotating arc or vortex flow gliding arc is another type of similar arc plasma.

Finally, the parameters such as the applied voltage, current density, discharge fre-
quency, discharge gap, chemical input or working gas, gas flow rate, reactor configuration,
orientation of electrode, and addition of catalyst could affect the properties of plasma and
its performance for CHy conversion and selectivity (Figure 4) [50,63,73]. It is noted that the
high energy input increases the number of electrons available in the reactor, the discharge
of plasma, and the gas temperature. It can degrade the products and has a negative effect
on the selectivity.

. Reactor
Electrode «“ - Noble
configuration \ gas
-~ e — — - - \
\ e \ Gas flow
Current
\. Catalyst
\"

\ Frequency

\ Pressure

Discharge @Eas
\ gap

.
- < temperature

Figure 4. Schematic diagram of the parameters that control the properties of plasma.

4. Plasma-Assisted Methane Conversions

A number of plasmas, including arc plasma [74], DBD [50], GD [75], CD [76], SD [77],
RF [71], and MW plasmas [69] have been investigated for the conversion of CH to value-
added chemicals or fuels. As shown in Figure 5, the high-energy free electrons in the
plasma collide with gaseous CHy molecules, breaking strong covalent bonds to form
intermediates, even at mild conditions [63]. Ionization collisions also generate new electrons
from the bombardment on the surface, from which electrons become accelerated towards
the opposite electrode, known as secondary electron emission. The conversion processes
of CHy4 alone or with an oxidant like Oy, HyO, or CO; can be explained through different
electron collision reactions as follows [50,63,78].

e +CHy — CH} + H* +e (15)
e” +CHy — CHj +Hy+e” (16)
e +CHy - CH"+Hy,+H"+e” (17)
e +CHy — C*+2Hy + e~ (18)

e~ +CHy — CH +2¢~ (19)
CH* +CHy — CoHy + H* (20)

https://doi.org/10.3390/catal16020165
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CHj + CH} — CyHg 1)
CH4+ CH; — CyHg (22)

H* + CyHg — CoHZ + Hp (23)
CyH: + CH; — C3Hg (24)
CsHg + CH; — C4Hyg (25)

H*+H* — H, (26)
H)O+e¢ — OH+O+e™ (27)
Hy+e — H+H+e™ (28)
Oy4+e - 0+4+0+¢e" (29)
Oy +e —OF +2e (30)

Plasma eneration rma
rat Fo tion of intermediates
g mati

+q O™

inlet —-q
°*'é~.,
O\ *,
I 9O Se @
+q CH, CH; CH, CH, C o
. e ® @@ ~ ol “
Q &"Q‘ % ‘ ) Plasma b Okn
¢ ® 5 H,0 0, €O particle (¥ o “
O @@« ¢ =
Electron molecule collision CHOH HCHO cO H -

Figure 5. Schematic diagrams for plasma-assisted methane excitations and product formations.

It is observed that the species mostly dissociate via the removal of one or more
hydrogen atoms [63,78-80]. The electron energies of about 1 to 10 eV are sufficient to induce
most of the dissociation reactions of CHy [50]. The formation of coke carbon (Equation (18)),
CHy,4 ionization (Equation (19)), and oxygen ionization (Equation (30)) require energies
higher than 10 eV, which might not happen in non-thermal plasma [63,66,81]. It is also
observed that CHy4 mostly dissociates through the formation of the CHj radical rather than
CH; or CH. However, CHj, which can also be easily formed by electron impact, is much
more reactive than CHj3 and thus more difficult to detect in the gas phase [82]. It is also
observed that CHy4 mostly dissociates through the formation of the CHj radical rather than
CH, or CH. Some oxidants like CO, and O, dissociate at lower energy (5.5 eV for CO, and
5.1 eV for O,) [81] than CHy, indicating oxidants can facilitate CH4 conversion. The kinetic
study reveals that the plasma-assisted formation of CHs and H from CH4 dominates at
low temperature, which favors the formation of stable HCs via recombination processes
(Equations (20)—(25)) (Figure 5) [83]. The content of hydrogen is lower than the content of
CH3, as H atoms have a high probability to react with each other to form H, [84].

The formation of carbon particles is taking place at high-energy plasma due to the high
degree of fragmentation of activated CHy. The rate of carbon deposition can be suppressed
with the increase in the discharge gap [85]. It is reported that C,H4 was the major product
when the voltage was below 12 kV [86]. The voltage shortages might be overcome by
reducing the discharge gap. An optimal discharge gap of 0.4 mm with the discharge power
of 25 W showed about 25% efficiency of CHy conversion with the combined selectivity
of 80% for C2 and C3. The gap up to 5 mm prolonged the discharge zone effectively and
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decreased the plasma density as well [87]. The higher discharge power can increase the
yield of higher HCs, while the content of liquid products like CH30OH or lower HCs tends
to decrease with an increase in discharge power [63]. It is expected that lower HCs become
activated and are converted into dehydrogenated ones at elevated discharge powers. The
degree of dehydrogenation increases with the supply of energy as follows:

2CHy — CyHg + Hp, AH%gx = 65.1 kJ/mol (31)
2CHy — CoHy + 2Hy, AH%g = 202.3 kJ /mol (32)
2CH, — CyHy + 3Hp, AH3ggx = 376.5 k] /mol (33)

In addition to the activation mechanisms above, there are other excitations, such as
vibrational excitation, that can cause chemical reactions in other non-thermal MW and
RF plasmas [69]. The neutral molecules can be thermally activated, where CHy4 can lose
hydrogen atoms gradually. This requires relatively high temperatures, about >600 °C, for
the reaction, [88] which can be reduced to >300 °C through the use of a catalyst [89]. In
these high-temperature mechanisms, the transfer of charge/energy and the excitation by
another molecule/species can play a crucial role in reaction pathways, rather than the
electron collision process [75].

The use of inert gases like N, He, Ne, Ar, etc., can affect the CHy conversion efficiency
and selectivity [50,78,84] by influencing the discharge power, electron temperature, electron
density, and the overall electron energy distribution through the plasma media. It is
noted that Ar and He are a better choice for higher plasma discharge and lower breakdown
voltages, leading to enhanced ionization and dissociation process of CH4 and CO, [66,90,91].
The excitation energy of the metastable noble gas (e.g., Ar) can be transferred to the collision
partners of CHy conversions through the following excitation and ionization pathways:

e+ Ar — Arf e~ (34)

CHy+ Ar* — CHy; + Ar - CH3 + H+ Ar (35)
CHs + Ar* — CH} + Ar — CHo + H + Ar (36)
CH, + Ar* — CHj + Ar — CH + H + Ar (37)
CH+ Ar* — CH* + Ar — C+ H + Ar (38)
e+ Ar - Art e 4o (39)

CHy + Art — CHJf + Ar — CHz + H + Ar (40)

where the symbols (*) and (+) denote the excited and ionic states, respectively. The ionic
transfer reactions have less chance to occur in low-temperature plasma due to the large
ionization energy of Ar; however, He, with a lower ionization potential, may follow this
reaction mechanism. It is also reported that the smaller noble gas, He, contributes to higher
selectivity for the formation of alkane, alkene, and alkyne because of its lower ionization
potential compared with Kr or Xe [78,84]. Similarly, the addition of 20% N, with CH, led
to a maximum of 65% conversion efficiency because the vibrational excitation of N to its
metastable states facilitated the activation of CHy [63].

The energy efficiency (EE) is used to evaluate the plasma reactor performance in the
CHy4 conversion process. The following equations (Equations (41) and (42)) are related to
the amount of CH, converted and total input power to the system [50].

(nCH4)canverted (eV/mol)

EE(%) = SIE(eV/mol)

(41)
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nCHy ) converted (mmol/min)

_
EE(mmol/k]) = Power(input) (k] /min)

(42)

wherein the specific input energy (SIE) is related to the total discharge power (P) and total
gas flow rate (GFR) of CHy gas as SIE(k]/L) = Zx80.
Then, the selectivity of any product can be deduced with the following equation [78].

mole(product)formed (mmol/min)

Selectivity(%) = 7101e(CHy) o (mmol/min) x 100

5. Plasma-Induced Surface Engineering Strategies

Surface engineering strategies are essential to improve CHy conversion, product
selectivity, and catalyst stability under plasma conditions. In plasma-assisted metal and
metal oxides, the plasma-triggered restructuring of the metal oxide and metal-support
interface (e.g., MO => M?, M*X* => M®~1*) induces oxygen vacancies and highly active
sites that promote CHy4 adsorption, CHy stabilization, C-H dissociation, and C-C bond
formation [92]. In plasma-induced catalysts, coordinatively unsaturated metal centres, edge
sites, and oxygen vacancies enhance CHy dissociation and intermediate coupling pathways,
shifting the selectivity of products. Additionally, heteroatom doping (e.g., Na, K, La, N)
modulates the electronic environment at active sites, aiding in intermediate stabilization,
suppressing coke formation, and tuning reaction pathways.

The plasma-induced Ni/y-Al,O; catalysts with noble gases improve energy efficiency
and reduce coke formation, which can be attributed to plasma-catalyst synergistic interface
engineering [92]. One recent plasma-responsive catalyst architecture using shielded bifunc-
tional nanoreactors with Na, WO4-Mn30,/5i0; displays up to 42% selectivity toward Cp
hydrocarbons by preventing deep dehydrogenation [93]. In addition to the catalytic activity,
the plasma-assisted catalyst helps to rebuild active sites, while the strong metal-support
interactions (e.g., Ni-CeO,, Fe-ZrO;) and confined metal clusters within porous matrices
suppress sintering and maintain long-term stability [55].

6. Catalytic Methane Conversion Assisted by Low-Temperature Plasma

In the present section, we focus on low-temperature plasma-assisted catalytic conver-
sion of methane. The plasma-initiated chemical reactions may be continued effectively at
the catalyst surface with higher conversion and selectivity [42,44,94]. The catalysts exert
their effect by increasing the adsorption rate of the reactants and contact time, prolonging
the lifetime of reactive species, and reducing activation barriers [43,95,96]. The catalyst can
also change the discharge behaviour of the plasma and the reactor temperature [97]. For
example, micro-discharges may form in the catalyst pores [50,97]. On the other hand, the
reactive ions, electrons, and photons in the plasma can modify the catalyst properties such
as morphology, surface area, active sites, and defects. The metal catalyst may be activated
at low or near-room temperature using DBD plasma [98,99]. Here, we focus on the catalytic
methane conversion assisted by DBD plasma since it has been extensively used at low
temperatures [50,100,101] in combination with metal and metal oxide catalysts. In addition,
the MW plasma technology is considered another promising and effective technique in
catalytic reactions [82].

6.1. DBD Plasma-Assisted Conversions
6.1.1. Catalysts Composition

As in heterogeneous catalysis in general, the catalysts in plasma-assisted methane
conversion are mostly metals and metal oxides supported on a solid support, typically a
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metal oxide or a composite of metal oxides. A second metal or metal oxide may be added
to further promote the conversion and selectivity.

Ni is perhaps the most widely studied metal in this context. Ni, supported
on SiO, [102,103], Al,O3 [104,105], LayO3 [106], CeO, [107], ZrO, [108], MgO [109],
ZSM-5 [110], and zeolites, are extensively studied in non-thermal DBD plasma for the
conversion of methane, as described in Table 3. The Ni supported on y-Al,O; catalyst in-
creased the selectivity of C;Hg by about two times compared to the plasma process without
a catalyst [111]. Nagaraja et al. showed high conversion of CH4 of 80% for MgO-promoted
Ni/ZrO, compared to the single supports of Ni/MgO and Ni/ZrO; catalysts [112]. Here,
the addition of dual catalysts increases the basic nature in the reactor, promoting the
chemisorption of CHy for activation while inhibiting bulk coke formation [50]. Further-
more, alkaline earth metal oxides such as CaO and MgO show a better performance in
DBD plasma for methane reforming reactions [113]. Alkaline earth metal oxides help to
disperse metals and enhance metal-support interaction. Plasma-assisted dry reforming of
methane (DRM) was studied using Ti-Ni composite oxide catalysts prepared by various
methods [114]. Hydrothermally synthesized catalyst with Ti/Ni = 1 achieved high CHy
and CO, conversions and a high H, and CO selectivity with a H,/CO ratio of 1.05 at
room temperature. Catalyst structure and plasma discharge analyses suggest that Ti-Ni
composites enhance plasma performance by increasing equivalent capacitance, lowering
electron energy, and protecting H; from dissociation, enabling balanced syngas production.

In a series of metal oxides-based hybrid DBD plasma reactors, the oxidative coupling
of CHy with CO; significantly enhanced the conversion, along with the inhibition of coke
formation and catalyst deactivation [115]. In addition to syngas, a large number of higher
HCs (CyHg, CoHy, CsHyy, etc.) and organic oxygenates are also produced. It is assumed
that dissociation of CO, produces reactive oxygen species that accelerate the extraction
of hydrogen from CHy and generate CHj3 radicals. The reduced CHy4 conversion was
recovered by optimizing the DBD plasma reactor by M. Shareei et al., using a catalyst of
NiO-CaO/ Al,O5 for the conversion of CHy with an oxidant (Figure 6) [45]. They found
CHy conversion of 99.9% and energy efficiency of 3.2% when the Ar flow rate (50 mL/min)
and the applied voltage (up to 10 kV) were optimized. A series of NiO/vy-Al,O3 catalysts
synthesized by the solution combustion method was evaluated for DRM in a DBD plasma
reactor [116]. Among them, manganese-promoted catalysts showed the best performance,
achieving CH, and CO, conversions of 13.2% and 13.5%, respectively, along with superior
energy efficiency (3.3 mmol k] !). Promotion by manganese significantly enhanced catalytic
activity and carbon resistance compared to other promoters.

Chawdhury et al. compared three catalysts, Ni/ y-Al,O3, Cu/ y-Al,O3, and Fe/ vy-
AlyO3, for partial oxidation of methane (POM) in a DBD reactor at room temperature [117].
While plasma alone achieved 58.3% oxygenate selectivity, combining plasma with catalysts
increased selectivity to up to 71.5%. Among the catalysts, Fe/ y-Al,O3 delivered the highest
methanol selectivity (36%) and yield (4.7%), whereas Cu/ y-Al,O3 favoured C, oxygenates
(9.4%) due to its higher surface acidity. These results underline distinct roles of catalyst
composition in steering product distribution under plasma conditions.

Precious metals such as Pt, Pd, Rh, and Ru exhibit high efficiency for methane conver-
sion, high selectivity of HC, and strong resistance towards coke formation. The composite
catalyst of Pt/TiO; was found to be stable for more than 50 h for DRM [118]. X. Zhang in-
troduced Pd-immobilized ionic liquid (IL) (I-hexyl-3-methylimidazolium tetrafluoroborate)
iny-Al,Os as a catalyst and studied the effect of IL on CHy4 conversion and selectivity using
DBD plasma at low temperature [47]. They showed that the introduction of IL increased
the CHy conversion because the hydrogenation of the excited CHj radical was reduced due
to Pd, and the selectivity of C; HCs was 94.6% with 64% for C,Hy using Pd-IL/vy-Al,O3
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as a catalyst (Figure 7). Furthermore, Rh-promoted Ni/«-Al,O3 catalysts showed higher
activity than pure Ni/ a-AlyO3 or Rh-x-Al,O; catalysts, showing excellent ability of coke
resistance in DRM [119]. A range of transition and precious metals (Ni, Fe, Rh, Pt, Pd) sup-
ported on y-Al,O3 were studied for non-oxidative coupling of methane with DBD plasma
at atmospheric pressure and with no external heating [92]. The optimal combination of Pd
catalyst and argon co-feeding gas afforded a substantially improved C,, HCs yield of up to
45%, with high selectivity (79-86%), and low energy cost of 1.7 MJ/mol CHy4 consumed.
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Figure 6. Effect of applied voltage on (a) DBD plasma-assisted catalytic methane conversion, (b) DBD
power and energy efficiency, and (c,d) selectivities of different products using DBD plasma in the
presence of a catalyst; adapted from ref. [45].
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Figure 7. Conversion efficiency of methane and selectivity of C2 HCs over y-Al,O3, IL/y-Al,O3, and
Pd-IL/y-Al,O3 in a direct current discharge cold plasma at atmospheric pressure and 20.4 W power
input; adapted from ref. [47].

Binary oxides such as NiAl,O4 and MgAl, Oy of the spinel structures have been studied
for CHy conversions owing to having variation in nanostructured morphologies, oxidation
states of metals, high electroactive sites, high thermal and chemical stability [120-122]. The
combination of noble or non-noble metals in thermally stable spinel oxides was found to
reduce coke formation and increase product selectivity [123,124]. H. Khoja et al. studied
DRM kinetically using the La;O3 co-supported Ni/MgAl,O4 hybrid catalyst in a low-
temperature DBD plasma reactor and showed that specific input energy, feed flow rate,
and discharge volume are factors that control conversion and selectivity of products [125].
The first two factors have a linear relationship with both conversion and selectivity, while
a non-linear relation is observed for the latter parameters. Their model was useful to
understand the mechanism of complex systems.

Co and Fe catalysts loaded on a SiO, aerogel support, prepared via incipient wetness
impregnation and ambient drying method after surface modification, have been tested
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in a vertical coaxial DBD reactor for methane conversion with CO, at atmospheric condi-
tions [34]. The total liquid (methanol and acetic acid) selectivity was approx. 40% after
introducing the catalysts. By varying the CH4/CO, ratio, a small number of long-chain
hydrocarbons and alcohols were also detected with the catalysts. The synergy of plasma
catalysis in this process demonstrates great potential for the direct synthesis of value-added
liquid chemicals and fuels from CO, and CHs.

The triple metal oxides of Fe,O3—CuO/y-Al,O3 exhibited a partial oxidation of CHy to
CH3OH in a single-stage DBD plasma reactor under air, showing a yield of 68%, higher than
that of pure Al,O3 at 200 °C [126]. However, the maximum CH3;OH yield achieved with
the mixed catalyst was only 21% higher at 150 © in the case of a two-stage plasma reactor.
H. Lee et al. reported DBD plasma-assisted Mn;O3-catalytic conversion of CH, to CH3OH
with the conversion of 12.3% at a lower temperature (<100 °C) and the stability up to 10 h
without changing the selectivity [48]. Their study indicates that the plasma-induced OH
radical, produced on the catalyst surface, extracted hydrogen from CHy at lower energy and
enhanced the CH3;OH synthesis. The selectivity towards higher HCs or alcohols decreased
at higher concentrations of CO,, while the selectivity was increased for CO. The doping
of trace amounts of Pd on the LayO3/v-Al,O3 increased the selectivity for C;Hy up to
65% in the plasma catalytic conversion of CHy over CO; [127]. The use of a catalyst in
the low-temperature plasma showed the decreased selectivity of CH3OH in the following
order: Fe,O3/CP (ceramic pellets) > Pt/CP > CeO,/CP > CP > plasma only [50]. Fe;O3
increased CH3OH selectivity by up to 50% compared to that of the plasma-only process.

6.1.2. Catalyst Structure and Morphology

The morphology and structure of a heterogeneous catalyst play an important role
in the methane conversion [122]. Various synthetic techniques have been developed to
achieve nanostructured catalysts with variations in morphology and surface-to-volume
ratios. A range of nanostructures, e.g., nanoparticles, nanotubes, nanowires, nanopedals,
etc., have been employed for enhanced catalytic conversions of CHs and other energy-
related applications [120-122,128-132]. The ordered mesoporous Al,Os is preferred as a
catalyst support for methane conversions because of its high surface area, large pore size,
and high grafting or embedding space for incorporating different active nanostructured
catalysts [122]. Different nanostructures of nanowires/nanorods, Al,O3-WO3 nano-lamella,
CeO,, TiO,, and WO3 nanowires as catalysts, were studied for CH, conversion [50].

Au-nanoparticle modified, highly ordered TiO, nanotube arrays on a Ti mesh were em-
ployed as the DBD electrode and catalyst for the non-oxidative coupling of methane [133].
The introduction of gold significantly boosted plasma-assisted methane conversion by
64% compared to the bare support, while shifting selectivity toward alkanes and Cs, hy-
drocarbons. Importantly, light irradiation was shown for the first time to synergize with
plasma, increasing the intrinsic rate of the surface process by 21.5%. This improvement was
attributed to changes in plasma micro-discharges and the creation of specific vibrational
states on the catalyst surface, highlighting a strong three-way synergy between plasma,
catalyst, and light.

NiAlO; and LaNiOj are frequently used in the thermocatalytic DRM, which could
be effective in catalytic DBD plasma for CHy conversions. Zheng et al. studied DRM
using silica-coated LaNiOj3 as a catalyst in non-thermal DBD plasma at ambient condi-
tions [134]. It was observed that the conversion of CHy is better in the core—shell structure
(LaNiO3@Si0O,), and better product distribution is obtained when compared to individual
components. The well dispersion of Ni metallic nanoparticles in the core-shell structures
and lower activation energy (E,) were responsible for higher conversion of CHy. The
crystalline nanostructures helped to stabilize itself during DRM. Therefore, the perovskites
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may be an alternative for single-stage catalytic methane conversion. Another La- and
Ni-based oxide, LayNiOy4, composited with Al,O3; modifiers on SiC, helped to enhance
DRM activity and suppress the aggregation of active metal crystals [122].

Khani et al. showed that the use of ZnLaAlO4-supported Ni, Pt, and Ru nanocatalysts
could lead to high methane conversion (~78%) in a DBD plasma, which was attributed to
the high surface area of the catalyst and better metal dispersion [135]. On the other hand,
DBD plasma could modify the morphology, specific surface area, and number of active
sites (defects) of the catalyst [120,121], which eventually improved the conversion [136].
Kameshima et al. performed DRM with DBD plasma in a Ni/Al,O3 catalyst hybrid reactor
(Figure 8) and showed that the surface reactions, e.g., carbon deposition or oxidation cycle,
initiated by the highly reactive plasma particles, occurred at the external surface of the
catalyst only, not in the internal micropores, because of very limited diffusion towards the
region [137]. They also indicated that vibrationally excited CHs and CO; at the catalyst
surface contributed to CHy conversion, as the low-temperature DBD plasma-assisted
excited states are more stable, abundant, and long-lived than those in the high-temperature
plasmas, where such states are unstable.

Cu was added to Fe,O3 as a promoter to improve the conversion and selectivity
towards alcohols from CHjy [138]. The addition of CuO in Fe,O3/CP further increased
the CH,4 conversion and the selectivity for CH3OH, which can be ascribed to an enhanced
electron density around Fe3* as well as an increase in the content of oxygen vacancy
(Table 3) [94] The similar effects were also reported for the Mo doping of a CuO/Al,O3
catalyst on the selectivity towards CH30H formation owing to the higher content of the
oxygen vacancies in the metal oxides (Table 3) [139]. The presence of oxygen vacancies
enhanced the number of active sites that play an important role in activating syngas for the
conversion of methane to oxygenase with high selectivity (Equations (43) and (44)) [120,121].
The following mechanism could explain properly when the CH,4 conversion is performed
at the surface of metal oxides (M—O) with oxygen vacancies (V) in the presence of oxygen
in the plasma [139].

Table 3. Conversion of CHy in various low-temperature plasma-assisted systems with and with-
out catalysts.

Feed Gas Gas Tem- CH, Con-
Plasma Reactor Parameters . version Selectivity (%) Catalyst Ref.
Composition  perature (K) (%)
AC/pulsed DBD with 0.5lpm 106 (C>He)
5% CH4 and 0.7 (C2H4)
flow rate, 380 W power, and A >500 14.8 No [81]
48 kJ/L SED 95% Ny 0.8 (CoHy)
2(C-3)
~ 5(CHy)
P“ISZ‘; ijl’;gcwﬁ‘ d5 5“;3 8ap, 100% CH, 420 to 460 65 85 (CoHa) No [77]
’ 5(C-3to C-5)
80.7 (CoHg)
. 6.3 (CoHy)
DBD with 1.2 mm gap, 120 mm 50% He and
373 18.4 1.3 (CHy) No [140]
0,
length, and 3 kHz 50% CHy 5.3 (CsHy)
6.5 (C-4+)
Miro-DBD with 0.4 mm gap, o
200 mm length, and 6.4-8.6 KV 100% CHy 448 25.1 80.3 (C-2/C-3) No [85]
DBD with 1 mm gap, 50 mL 20% Oy and
volume, 20 kV, 30 kHz, 2 bar 80% CHy 353 15 22 (CH;0H) No [141]
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Table 3. Cont.
CH4 Con-
Plasma Reactor Parameters Feed C?a‘s Gas Tem- version Selectivity (%) Catalyst Ref.
Composition  perature (K) (%)
. 5% CHy, 5% 322 10 (CH30H)
DBD Wltkl‘ fn rI“nL ‘;Olume and N,O, and 90% 330 53.8 25 (HCHO) No [142]
&P Ar (N,O) 10 (CoHg)
17 (CH30H)
DBD with 4 mm gap and o 5 (HCOOCH3;)
688 cm? 75 /2 SC/Hé and 301 ; 42(3') ) 16 (HCOOH) No [143]
electrode surface 02 2 13 (HCHO)
1 (C,H50H)
Micro-DBD with 1 mm ID, 80% Ny, 10% i 17 (CH;0H)
twisted metallic electrode, and CHy, and 10% 298 83 (0n) 3 (HCHO) No [144]
75 kHz O, 2 9 (HCOOH)
. . , 10 (CH;OH)
Micro-DBD vlvétill_llj mmIDand 50 /50 ()E/Hé and 283 1 15 (HCHO) No [145]
o2 14 (HCOOH)
3 (Alcohols)
8 (Acid)
. 67.4% CHy and 55
DBD with 1.1 mm gap o 338 14 (CoHg) No [146]
32.6% CO, 37 (COy) 75 (CsHg)
8 (C-4+)
5.2 (CH3COOH)
DBD with 1 mm gap, 200 mm 66.8% CH4 and 333 64.3 1 (CH3CH,COOH) No [147]
length, and 25 kHz 33.2% CO, 43.1 (COy) 0.3 (CH30H)
1.8 (C,H50OH)
CH30H
DBD with 140 W power, 7 kHz CH, /air 76 (Plasmaonly) o po o
frequency, and 2.5 mm gap (1:1) 423 25-26 9 (PY) CeO, [148]
! ’ ' 10.7 (Fe,O3)
8.5 (CeOy)
CH3;0OH
. . 8.5 (Ceramic pellet)
DBD ‘;Vclctll;szeg‘?o‘f;‘f;t‘sd 300 C}é‘% {;‘“ 423 245255 9 (CuO) CuO/Fe,05  [94]
’ 10.1 (F6203)
11.3 (Fe203—CuO)
CuO/y-
. CH3;0OH
DBD with 61 W power and CH, /air 2.5 (CuO/y-ALO3) AlL,O3
7 kHz 423 35-36 Mo- [139]
¢ (1:1) 3.5 Mo—CuO/y-
requency ALOS) CuO/y-
2-3 AlLOs
. 6% CHy in Ar
DED with 1.2 mm gap, 2.8 W was fed at RT 34 70 (C2-C4) Pd/ALO;  [149]
power, and 23 kHz frequency 20 mL/min
DBD with voltage of 10 kV and CHy /0, RT 99.9 64.7 (Hy) NiO- [45]
flow rate of 6 mL/min (3:1) ’ 36.36 (CO) CaO/Al,O3
DBD with 10 mm gap and CH,/H, RT 40 94.6 (C2) Egu‘l‘(’imyc W
voltage of 10 kV (2:3) 64 (CoHy) ALOs
Pulsed spark with 13 mm Ao-
electrode distance and 11 W CH4/H, 393 74 57 (CoHy) & [150]
Pd / SlOz

discharge power
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Table 3. Cont.
CH,4 Con-
Plasma Reactor Parameters Feed Cia‘s Gas Tem- version Selectivity (%) Catalyst Ref.
Composition  perature (K) (%)
DBD with 4.0 mm gap, 7.5 kV . 49.6 (CO)
voltage, and 4 kHz discharge 20 /i)O(‘;/Hé) and <373 30.5 15 (CO») Mn, 03 [48]
frequency o2 32.6 (CH30H)
Gliding spark discharging

plasma with 5.0 mm electrodes 17 (C4)

gap and discharge frequency of CH, <423 75 6 (C6) No [151]
20 kHz

. ] 76 (Hy)
245 GHz ml‘;;gf;’a"e based CH, /N, 673 100 24 (CyH, and No [152]

P HCN)

. 5% 32 (C2) .
Single-step plasma CH,/Helium <523 38 76 (Hy) NaY zeolite [153]
GD plasma with discharge CHy/noble
frequency of 4.7-5 kHz gas/H;,CO, 400 36 76(C2) Cu/Zn/AL0s  [154]
COiﬁilﬁiEaYllhﬁﬁrﬁfei? T cHico, ~500 380 27:6 (Hy) Ni/y- [155]
5 (1:1) 21.2 (COy) 453 (CO) AlLOs

11.4 em?

Oscilloscope

Furnace heating zone

Furnace heating zone

Ground electrode

Quartz tube

HV electrode

| Ni/Al,O; catalyst

Figure 8. Overall experimental setup of a DBD plasma-assisted Ni/Al,Oj3 catalytic hybrid reactor
system; adapted from ref. [137].

H+O+CH3+2M -0 — M —OCH3 + M — OH (43)
M —OCH; +M — OH + O — CH30H +2M — O (44)
Vo+0=C—Vy---0% ...C**F (45)
Vo---0* -..C*" 42H, — Vo + CH30H (46)

6.1.3. Plasma Reactor Configuration and Packing

The catalytic effect of Pd/Al,O3 on CHy conversion has been studied by Garcia-
Moncada et al. with the variation in its amount and position in the DBD plasma reactor [149].
It was reported that the addition of an optimum amount of the catalyst on the wall of the
reactor showed better selectivity for HCs formation with reduced coke (Figure 9), even if
the Pd metal decreased CH4 conversion because of the hydrogenation of the excited CHs
radical on the metal surface.
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Figure 9. (a) Schematic diagram of different DBD plasma reactors, and (b) selectivities for different
HCs and Hj obtained at 20 min of reaction with the increase in the Pd catalyst loading; adapted from
ref. [149].

Plasma-assisted catalytic conversion of CHy to HCs, olefins, and H; was studied in
a low-temperature DBD plasma reactor packed with Pd/y-Al,O3 catalyst with different
loadings of Pd [156]. The addition of Pd decreased the coke formation and led to a notable
increase in production of alkanes and olefins, with an increase in energy efficiency. The low
amount of Pd (<1 wt%) was favourable to produce olefins (mainly C;Hs and C3Hg) and a
higher yield of Hy, while a higher amount of Pd (~5 wt%) contributed to a higher production
of alkanes (mainly C,Hg and C3Hg). They also suggested a mechanism regarding the rate
of hydrogenation reaction of CHy and C;Hy with H radicals on the Pd catalyst surface,
which was found to be faster than the rate of their deposition.

Jiang et al. investigated plasma—catalyst interactions using Fe/y-Al,O3 for methane
conversion at room temperature [157]. The catalyst reactor was incorporated downstream
of the plasma jet. Enhanced methanol formation was observed when the catalyst was placed
close to the plasma jet, indicating a strong synergistic effect. Correlations between species
lifetimes suggest that this synergy is primarily driven by long-lived radicals, particularly
alkylperoxy CH3O,, rather than plasma-induced heating. While most plasma catalysis
studies focus on Eley-Rideal reactions involving short-lived radicals (H, CHj3), this work
highlights the significant role of secondary radicals like alkylperoxy species in surface
reactions, which may overcome transport limitations and deserve greater attention.

Jo et al. studied the effects of packing materials on CHy conversion in low-temperature
DBD plasma using y- Al,Oj3 (sphere), x-Al,O3 (sphere), and y-Al,O3 (16-20 mesh) with
different surface properties and shapes in micro/macroscale [80]. The results indicated that
the variations in a packing material could affect the DBD characteristics and the conversion
of CHy, whereas the high efficiency of discharge power in the case of y-Al,O3 (sphere) was
more effective for CHy conversion than the other packing materials. In a dielectric barrier
discharge (DBD) plasma system that directly decomposes methane into ethane at room
temperature and atmospheric pressure, packed-bed materials, such as glass beads and
BaTiO3, improved discharge characteristics while catalytic supports boosted performance
by increasing electric field strength and surface area [158]. The highest methane conversion
(6%) and energy efficiency (0.8 mmol/kJ) were achieved with NiO/vy -Al,O3 as an active
site, and NiO/SiO; provided the best selectivity for H, (37%) and CoHg (50%) due to
well-dispersed NiO sites.

Tu et al. investigated plasma-assisted catalytic DRM using low-temperature DBD
plasma at atmospheric conditions combined with three different packing or degree of
loading of Ni/vy-Al,O3 catalysts in the reactor (Figure 10a) [155]. It was observed that
partial loading was better than full loading due to strong filamentary discharge and large
void fraction in the discharge gap. The partial packing of 10 wt% Ni/y-Al,O3 flakes showed
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enhancement in both CHy conversion (56.4%) and Hj yield (17.5%). The synergistic effect
of plasma and catalyst was exhibited by the doubling of energy conversion (Figure 10b). L.
Chen et al. studied partial oxidation of CHy with air to CH3OH using low-temperature
DBD plasma impregnated with three catalysts of Pt, Fe,O3, and CeO; on ceramic supports
at 150 °C (Table 3), where Fe,O3 exhibited the best catalytic activity with 36% higher
selectivity of CH3OH than that for the non-catalytic system [148].

(a) )
Ga ip
-~ 0.32
2
2 03
Outer Electrode %
Catalyst: partially packed E
Gas p .. J ................ H
% 0.2
.............. go
...... ==sse— Inner Electrode u
. - —— E
Gas out H 0.14
Outer Electrode -
0.1
Cafalyst: partially packed on the side
Gas w ...................
:(—’ Inner Electrode
i — °

Gas out Plasma alone Plasma + Catalyst

Outer Electrode

Figure 10. (a) Schematic diagrams of single-stage DBD plasma—catalyst based reactors with different
catalyst packing methods and (b) energy efficiency for CH4 conversion using plasma with or without
catalysis at 50 W (CH4/CO; molar ratio = 1:1, feed flow rate 50 mL min~1); adapted from ref. [155].

Methane can be efficiently converted into aromatic compounds in a dual-bed plasma—
catalytic system by integrating a DBD plasma reactor operating under ambient conditions
with a thermocatalytic aromatization reactor packed with Ga/HZSM-5 at <550 °C [159].
In the plasma reactor, energetic electrons activate methane into radicals (CH3z, CH,, C,Hs,
C3Hy), which recombine to form C,—Cg hydrocarbons. These intermediates are subse-
quently transformed into BTX (benzene, toluene, xylene) over Ga/HZSM-5 catalyst, achiev-
ing up to 70% BTX selectivity. Ethane shows low aromatization activity, but residual
byproducts can be recycled to the plasma reactor for further activation, ensuring BTX as
the final product.

6.1.4. Products of Methane Conversion

As mentioned earlier, indirect methane conversion approaches target syngas by DRM
and SRM, followed by further upgrading to desired chemicals. Given the features of plasma
activation, it seems the direct conversion approach to value-added chemicals would be
more favourable in plasma-assisted catalytic methane conversion. Light hydrocarbons
such as ethane, ethylene, acetylene, and propane are some of the typical gaseous products
with added value that can be further utilized in the downstream industry. However, they
may face similar issues to methane in terms of storage and transportation. Liquid products
such as methanol are therefore more desirable. Such processes usually employ water and
oxygen as the readily available oxidants. Higher hydrocarbons, including benzene, can be
selectively produced with appropriate catalysts.

The CuO/v-Al,O3 (CA) catalysts, prepared by the wet impregnation method, were
shown to promote partial oxidation of methane to methanol in a non-thermal plasma DBD
reactor operating under ambient conditions [160]. The optimal methanol selectivity of 37%
was achieved at 9% conversion of methane over 5% CA catalyst (vs. 27% with plasma only),
highlighting the complementary effect of plasma and catalyst.

The feasibility of a non-oxidative methane dehydroaromatization has been examined
with a hybrid plasma-catalyst system. The Mo/HZSM-5 catalyst was prepared by the im-
pregnation method with the Mo loading at 2.3 wt% [161]. In a co-axial DBD plasma reactor
packed with the catalyst particles (60-100 mesh), methane conversion was observed at
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lower temperature (~500 °C) than the conventional methane dehydroaromatization process,
and benzene selectivity could be improved by enhancing the interaction between plasma
and catalyst: 8.7% selectivity for benzene with in-plasma-catalysis (IPC) contact mode, and
5.6% with post-plasma-catalysis contact mode. However, conversion of methane at the IPC
condition was low (4.9%), and the majority of the products included ethane (72.5%). More-
over, the catalyst deactivation was effectively prevented when H, gas was mixed with the
reaction feed. Rivera-Castro et al. [162] explored plasma-assisted methane dehydroaromati-
zation using Mo/H-ZSM-5 and H-ZSM-5 catalysts under nonthermal plasma conditions.
Plasma enables methane activation at low temperatures (573-773 K), achieving up to ~15%
conversion without requiring Mo. However, Mo significantly enhances aromatics formation
under plasma at 773 K, nearly doubling aromatic yield compared to unmodified H-ZSM-5.
Plasma exposure also induces Mo-carbide phase formation, indicating complex interactions
between plasma and catalyst.

In the context of methane conversion, solid carbon is another potential target. Solid
carbon products include graphene, carbon nanotubes, graphitic nanotubes, and carbon
black, all of which are of significant market value. It is a valuable byproduct in the
production of H, from methane, which is still the dominant industrial approach for H;
production. In a DBD catalytic plasma reactor using a porous nanocatalyst Ni/MgAl,Oy,
up to 80% of CHy4 conversion was obtained with 75% Hj selectivity. The formation of carbon
nanotubes was detected on the spent catalysts, though the amount was not quantified [88].
During Monolith’s methane pyrolysis, high-temperature plasma processes exhibited a co-
production of carbon black with about 30% selectivity, which might have a negative impact
on Hj selectivity over time [61]. In plasma-assisted catalytic methane conversion, cork
formation is often undesirable because it blocks the active catalytic sites and deactivates
the catalysts. Nevertheless, it is possible to obtain solid carbon products without sacrificing
the reactivity by clever catalyst and reactor design.

6.2. MW Plasma-Assisted Catalytic Conversions

The major advantage of using the MW plasma technique is the easy incorporation of
catalysts in the reactor because of its electrode-free design [163]. The MW plasma-assisted
catalytic conversion of CHy to C;Hy4 and CyHg reached a maximum 52% conversion with
the selectivities of 25% for C;Hy, 25% for CoHy, and 50% for C;Hg [69]. The MW plasma on
the surface of the Ni catalyst induced the abstraction of H atoms from CHy, forming CH,
CH,, and CHj radicals, which led to HC products (Figure 11) [69]. The methane conversion
rose to ~54.9% at transition metal-doped zeolite (ZSM-5) catalyst under MW plasma to
form CpHg, CoHy, and CH; [164]. In addition, the presence of O, plasma improved
the efficiency up to 20% with the increase in the selectivity of C2 HCs compared with
the non-oxidative catalysis. Here, the excited state oxygen species formed in the plasma
enhanced the activation of methane. Nagazoe et al. converted methane to C;H; and Hp
effectively as major products at Pt/Al,O; as a catalyst at low-pressure system using MW
plasma [165]. An effective conversion of methane to benzene with about 30% selectivity
was reported using MW plasma with nickel-carbon fibre as a catalyst, which showed 5.25%
energy efficiency, higher than using molybdenum zeolite as a conventional catalyst loaded
in a fixed bed reactor [166].

In an atmospheric pressure MW plasma-Ni/Al,O3 hybrid reactor, methane conversion
to hydrogen-rich fuel was demonstrated [167]. Minor gaseous byproducts included CyHy.
Notably, large amounts of nanocarbon black particles were produced. The particles were
about 40-70 nm in size and mostly had a graphite-rhombohedral structure.
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Figure 11. MW plasma-assisted Ni-catalyzed conversion of methane to higher HCs; adapted from
ref. [69].

The conversion of methane and selectivity of the products in the MW plasma depend
on plasma input power and distance from the plasma discharge along the reactor axis.
Figure 12 shows the active species and the products formed in different regions in the
plasma reactor, where region 1 is at the edge of plasma discharge with d = 0-2 cm, region 2
is the onset of the post-discharge region with d = 2—4 c¢m, and region 3 is the post-discharge
region with d >4 cm [69]. Region 1 exhibits the highest yield for C,H,, CoHy4, and CoHg,
while C,H; and CyHy are produced in small amounts in region 2. Region 3 shows the
formation of only CO and Hj. The free electrons (e—) dominate in region 1, which activate
CHy4, leading to the formation of activated CHy (x = 1, 2, 3) species. C2 products are a
result of radical recombination of CHy species within regions 1 and 2. Atomic oxygen and
activated nitrogen species (N,") dominate in region 3, forming CO and H; by subsequent
dehydrogenation of CH4O species (x = 1, 2, 3) [168]. The MW plasma needs careful tuning
of input power to control the selectivity of the products. The higher selectivity for C;H, over
C,yHg and CyHy can be achieved by increasing MW power to 250 W, indicating favoured
dehydrogenation of CHy radicals over their dimerization at increased input power [169].

Region 2

Region 1 Onset of Region 3
Discharge edge Post-discharge Post-discharge
A A A
[ \[ \f 1
d=0-2cm d=2-4cm d>4cm
e . . -
e e O o N, o o N, Actlvateq species in
e o G e N2' N2' each region
a = e': free electrons
€ 2 Nz O Nz O (¢} O: atomic oxygen
N,":activated N species
> C,Hg > C,Hs » CO Products observed
when CH, is introduced
> CH, > C,H, > H, i
> C,H, at each region
»Reactor axis

Figure 12. Spatial formation of activated species and products for methane conversion in an air MW
plasma-assisted reactor; adapted from ref. [69].

Eggenschwiler et al. reported the microwave plasma pyrolysis of methane (CHy4) into
Hy, CoHy, and HCN, achieving an Hj selectivity of 76% at 400 °C without a catalyst. A
complete, 100% conversion of CHy is possible but requires high energy input, while the
lowest energy use (60 kWh/kg Hj) occurs at ~50% CH4 conversion (Table 3) [152].

6.3. Catalytic Conversions Assisted by Other Plasmas

Based on the energy efficiency consideration, pulsed plasmas have attracted recent
interest. Pulsed electrical discharge, with a voltage rise rate in the order of kV ns~! and
short duration of tens of ns, channels electrical energy predominantly into electrons, thereby
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preventing gas heating while promoting electron-induced chemical reactions. Wang et al.
studied CHy conversion with Ag-Pd/SiO, catalyst after treatment of low-temperature
pulsed spark discharges, where a stable single-pass yield of C,Hy4 (57%) was obtained with
74% conversion of methane [150]. Without a catalyst, methane was mostly converted to
CyHj. In addition, the conversion and selectivity were optimized in terms of electrode
distance (13 mm) and power of plasma discharges (11 W). In a related study, pulse corona
plasma over LayO3/v-Al,O3 catalyst was used for oxidative methane conversion to C2 by
CO;. The conversion and product selectivity depend on the CO, concentration [170]. When
the CO, content was increased by a factor of four, the selectivity for CoH, decreased by
about 35% (from 88% to 57%), while the formation of C;Hg and CyH, increased significantly
from 5 to 27% and from 7 to 16%, respectively. In a nanosecond pulsed discharge plasma
reactor, methane is first converted to acetylene, which is subsequently hydrogenated to
ethylene using a Pd-based catalyst placed in the post-plasma zone [171]. The major product
ethylene is formed at a yield of 25.7% per pass. By carrying out the two-step process in a
single reactor and utilizing the heat and hydrogen generated in the plasma zone, one of
the lowest energy costs for plasma-assisted methane-to-ethylene conversion is achieved at
1642 kJ /mol CoHy.

Schmidt-Szatowski et al. studied methane conversion into C2 HCs at atmospheric-
pressure using low-temperature DBD and GD plasmas, Cu/Zn/Al,Os3 catalyst, and differ-
ent mixtures of gases as diluent [154]. It was observed that C;Hg was the main product of
the CHy4 conversion in filamentary DBD, while the formation of C,H; dominated in GD
plasma. The GD plasma-treated Ni/Al,O3 catalyst showed an excellent anti-coke property
for DRM because of improved Ni dispersion and enhanced Ni-alumina interaction, leading
to high catalytic activity and excellent resistance to coke formation (Figure 13) [96]. S.
Heijkers et al. compared low-temperature DBD and MW (reduced pressure) plasma with
high-temperature GAD plasma using a chemical kinetics model and experimental results
for the study of the conversion mechanisms of CHy into HCs and H, [82]. The DBD and
reduced-pressure MW plasmas yielded more saturated compounds, i.e., CoHg (mostly),
due to increased electron-impact dissociation and three-body recombination processes,
while more selective production of CoH; and C,;Hy was observed for GAD plasma.

CH#CO,  CH#+CO,

(a) Niy
H,+CO
[ ALO ] =
(b)
Plasma treated catalyst:
Smoothened surface CH,+CO, H.+CO
Smaller size %
Stronger metal-surface interaction NizC
CND
[ ALO ] = ALO

Figure 13. Schematic representation of DRM over Ni/Al,Oj3 catalysts (a) without plasma treatment,
and (b) with GD plasma treated at low temperature; adapted from ref. [96].

The synergistic effects are also observed in reduced coke formation and high catalyst
durability [50,97]. Bidgoli et al. investigated low-temperature (<150 °C) gliding spark
discharging plasma, which is different from the conventional high-temperature DC or AC-
based GAD [151]. The gas flow and the movement velocity of the plasma were comparable
with the conventional ones. However, the energy efficiency for pulsed GAD plasma
exceeded 75%, which was comparable with the records obtained by high-temperature
arc-based technologies.
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7. Reaction Mechanisms at Catalyst Surface

It is important to study the mechanism for the plasma-surface interactions that provide
possible and effective paths for methane conversion and product selectivity. The plasma-
catalytic effect influences the surface chemistry in the plasma reactor, which is related
to the absorption, activation, formation of intermediates and products, and the removal
of unwanted molecules from the surface. The overall plasma-assisted catalytic reactions
can be generalized as molecular physisorption and chemisorption. The gas molecules
with insufficient energies approach the catalyst surface via physisorption, while the others
having the energy greater than the effective reaction barrier approach the surface through
dissociative chemisorption. The physisorption process is exothermic, having a AH of 1 to
25 k] mol 1, which provides weak binding of the molecule on the surface [63]. Nevertheless,
it can increase the lifetime of incoming species in the proximity of the catalyst surface and
the plasma-assisted conversions as well. On the other hand, the chemisorption is an
electronic interaction with a much higher energy of 40 to 400 k] mol~?!, in which the
incoming plasma species reach the vicinity of the surface. For transition metal catalysts,
the chemisorption can be defined as the electronic or chemical interactions between the
incoming species and the valence states of the transition metal [172]. The chemisorption
of vibrationally excited molecular species on the catalyst also plays a role in the increased
reaction kinetics in hybrid plasma systems, which could be experimentally confirmed via
optical emission spectroscopic analysis [89,173].

Figure 14 shows the Pd-catalyzed reaction paths for the conversion of CHy, where
plasma-assisted activation of CH4 generated CHy radicals, recombining with each other
to form C,Hy species. Then, the generated CHy and C;Hy interacted with the Pd catalyst
surface. The interactions led to the chemisorption of those species on the surface. The
adsorbed radicals were further converted to new species through recombination and/or
hydrogenation reactions, followed by the desorption of intermediates and the resulting C2
HCs into the gas phase. Furthermore, the adsorbed species can lead to the formation of
deposits on the catalyst via oligomerization/polymerization reactions [156].

(a) Theg ion of CH, and their recombinationto C,H,
(d) The attachment of H to CH, (ads) and C,H, (ads) on Pd/y-alumina
CHalg)
, Plasma
- Recombination Recombination
(4-x)H (g) CH,(g) » GHy(g) H- CH, (ads)+ ~CH, (ads) H
(b) The adsorption of plasma species on Pd active site
a a a N
H fg) CHi(g) c,ﬂv(g) H gg) Pd Pd Pd pd
| | Adsorstion | l Pd/y-alumina
H (ads) CH, (ads) C,H, (ads) H (ads)
F-\ A n VoY
pd Pd Pd Pd .
Pd/v-alumina (e) The desorption to gas-phase

(c) The surface reactions on Pd active site CHA,., (8) CH,.1 (8)

Desorption

Hydrogenation Recombination Hydrogenation H CH, (ads) C,H, (ads) H
H (ads) * » CH, (ads)- > GH, (ads) « ~H (ads)
A N o N
A A la A Pd Pd Pd Pd
Pd Pd Pd pd )
Pd/y-alumina

Pd/y-alumina

Figure 14. The mechanism of methane coupling to form C2 products through different interac-
tions of DBD plasma-excited species or radicals with the surface of Pd/-alumina (a—e); reproduced
from ref. [156].

Due to the low mass, high mobility, and high energy of ions and electrons in plasma,
they can accumulate on the electrode surface even after the plasma is turned off and can act
as an electron reservoir to generate surface streamers for the improvement of the conversion
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rate in plasma catalysis. During inelastic collisions, the plasma receives potential energy
via excitation, ionization, or dissociation, which can be released back into the system in
the form of radiation by the successful recombination of various energetic species. For
instance, the energy released during the recombination of two atomic oxygens to form
a molecular oxygen is estimated to be around 5 eV [174]. The recombination process on
the surface of a solid catalyst is influenced by the recombination coefficient of the catalyst,
which depends on its chemical composition, impinging plasma species, and the surface
temperature [175]. Generally, the Langmuir-Hinshelwood (LH) mechanism, Eley-Rideal
(ER) mechanism, and Mars—-van Krevelen (MvK) mechanism are used to explain such
reactions on the plasma-assisted catalytic surface for methane conversion.

The non-thermal SRM can be described using the LH mechanism, in which CH4 and
H,O are excited by plasma electrons and ions before chemisorption on the active sites of
catalysts. The excited CH,; molecules chemisorbed on the catalyst surface and are prone to
dehydrogenation. Water chemisorption must be promoted simultaneously along with CHy
dehydrogenation over a solid catalyst. The chemisorbed H,O contributes to enhancing
the concentration of chemisorbed oxygen-related intermediates such as O and OH, which
can oxidize chemisorbed solid carbon efficiently, thereby regenerating active sites that are
available for use in successive CH, dehydrogenation. Otherwise, the chemisorbed carbon
could block active sites and decrease the methane conversion efficiency and selectivity
of the product as well. The pretreatment of the catalyst with GD plasma could suppress
the coke formation, as well as the deactivation of the catalyst (Figure 13). The SRM was
not promoted by DBD without catalysts, implying that additional gas-phase methane
oxidation by plasma-generated oxidative species, such as O and OH, is very unlikely to
have occurred [51]. It is observed that the excited CH4 and H,O are adsorbed dissociatively
onto the active site of catalysts, which can also be expected to convert to CO, and H,
excessively on the catalyst surface. The adsorbed CO; does not desorb at the chemical
equilibrium, and it is additionally hydrogenated by adsorbed H, to CH4 and H,O. If the
active site in the catalyst is completely occupied by CO, and Hj, the excited CHy and H,O
no longer enhance overall SRM owing to the unavailability of sites.

8. Modelling for CH4 Conversion

Appropriate theoretical methodologies are needed to characterize surface phenomena
with proper kinetic parameters, chemical productivity, conversion efficiency, and selectivity.
In detail, theoretical models are essential to organize available observations, to identify
appropriately matched reactions, to design new catalytic materials and plasma reactors,
and to enable the development of practically viable systems. Generally, Eley-Rideal and
Langmuir-Hinshelwood-Hougen-Watson models are used to emphasize the chemical
and physical changes in conventional thermal conversions of methane with experimental
data [176]. The separate models for catalyst-free plasma chemical reactors [113], heteroge-
neous catalytic reactions [177], and reactors [178] are well developed; however, the models
that describe both plasma and catalysis are still underdeveloped. The enhancement of
the electric field and the plasma propagation in a packed-bed DBD have been studied
by fluid models and/or particle-in-cell-Monte Carlo collision (PIC-MCC) simulations.
A theoretical attempt has been made to study the specific surface reactions, including
surface charging and electric fields under plasma, by molecular-scale density functional
theory (DFT) simulations; however, there was a gap between the results and real-world
plasma—catalyst conditions [155]. It should be noted that electron energies of about 1 to 10
eV are sufficient to induce hydrogen abstraction from methane. However, it is not required
that this occurs in one electron-impact reaction since CH, forms excited intermediates in
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the plasma, and conversion can occur by multiple collisions with electrons, yielding the
average energy per molecule provided in the plasma [179].

Pourali et al. [180] developed a surface microkinetic model involving twenty key
plasma species in respective chemical reactions leading to the formation of C, hydrocarbons
to study non-oxidative methane coupling over Cu catalysts in a non-thermal plasma
reactor. Among operating parameters, discharge power had the greatest impact, increasing
methane conversion and C, selectivity. Cu catalyst coating inside the plasma improved
acetylene selectivity and slightly increased conversion. Qin et al. [181] utilized a combined
experimental and kinetic modelling approach to study the synergistic effect of plasma
and catalysis in DRM with a Ni/SiO, catalyst. While electric fields improved catalytic
activity at lower temperatures compared to thermal catalysis, plasma-assisted catalysis
provided a stronger synergistic effect. Plasma catalysis achieved higher CH4 and CO,
conversions (30.9% and 23.2%) than electric field catalysis (20.5% and 16.2%) under similar
conditions. Kinetic modelling revealed that plasma-generated radicals, ions, and excited
species that drive gas-phase and Eley—Rideal reactions, shifting the dominant mechanism
from surface reactions to gas-phase processes. A dynamic 0-D plasma—catalytic model [182]
was developed to study nonoxidative methane coupling over Ni(111) in a DBD-based
reactor, where detailed plasma and surface reaction networks were integrated to capture
plasma-surface interactions. Simulations across 300-600 K revealed that significant plasma-—
catalyst synergy occurs only above 500 K, where rapid surface turnover is achieved. Ni(111)
was highly selective for ethane, but hydrogen accumulation from plasma-phase reactions
reduced performance by promoting CH3* hydrogenation. Energy efficiency was found
to depend strongly on catalyst area-to-volume ratio, and plasma catalysis did not always
outperform plasma alone, underscoring the need for optimization of operating conditions.
These modelling studies offer a powerful framework for designing experiments to screen
catalysts and for understanding plasma—catalyst interactions.

Some studies have been reported using different power-law kinetic models to analyze
kinetic rate equations and conversion of CHy in DBD plasma [183]. Zheng et al. studied
the model using a semi-empirical power-law in silica-coated LaNiO3 nanoparticles in
DBD plasma for the conversion of CHy, where they assessed kinetic parameters including
activation energy, rate constant, and reaction orders [102]. Another model of global kinetics
for the conversion of methane in DBD plasma indicated that the reactant conversion
rates are an exponential function of discharge power [184]. The study of DRM with
DBD plasma and LayO3 co-supported Ni/MgAl,Oy as a catalyst further indicated that
conversions of CHy are also functions of discharge volume, specific input energy, and
feed flow [125]. According to some other simple kinetic models [83] and artificial neural
network models [185], the discharge frequency has no effect on the conversion of CHy
and product distribution. These models experimentally fitted to the non-oxidative CHy4
coupling, and played an extremely important role in it [186]. Zero-dimensional (0D) plasma-—
surface kinetic models may incorporate steady-state and dynamic coupling between plasma
and surface reactions with their diverse timescales. Apart from the 0D model, higher-
dimensional (2D or even 3D) models might be introduced to design the plasma catalytic
reactors more precisely, which can provide maximum chemical conversion and energy
efficiency for the plasma in catalyst pores.

Finally, the spectroscopic, electronic, and kinetic observations of the plasma—catalyst
system and the resulting chemical products must be put into the theoretical models to
optimize the performance for methane conversion. Figure 15 shows conversion mecha-
nisms of CHy into the most important HCs, including C,H,, C,Hy, and C;Hg, and Hp
under low-temperature plasmas like DBD (at atmospheric pressure) and MW (at reduced
pressure) plasmas using a chemical kinetics model [82]. They compared the calculated

https:/ /doi.org/10.3390/catal16020165


https://doi.org/10.3390/catal16020165

Catalysts 2026, 16, 165

24 of 33

conversions, energy costs, and product selectivities with experimental results in a wide
range of operating conditions. The low-temperature plasmas went through the three-body
recombination processes with more electron impact dissociation and produced more satu-
rated HCs, i.e., mainly CoHg. The calculation results are in satisfactory agreement with the
experiments, which indicates that the theoretical model can provide a realistic picture of
the underlying chemistry in CHy plasmas.

+ CHa/CH,

+CH,3

Figure 15. The net reaction pathways in a (a) low-temperature DBD plasma at atmospheric pressure
and (b) MW plasma at reduced pressure at low temperature for methane conversions to higher HCs
and Hy. The blue, pink, yellow, green, and orange arrow lines represent electron impact reactions,
three-body reactions, two-body reactions with H atoms, reactions with HC molecules or radicals,
and two-body reactions with Hj, respectively. The thickness of the arrow lines is proportional to the
reaction rate, and the size of the boxes is proportional to the species density; reproduced from ref. [82].

9. Current Challenges and Future Perspectives

The low-temperature plasma-assisted catalytic conversion of CHy into valuable fu-
els and chemicals is set as a very economical and efficient technique for next-generation
energy sources. Among them, DBD plasma is considered a highly efficient and envi-
ronmentally friendly technique for the conversion of methane at low temperature and
atmospheric pressure. However, the plasma-assisted catalytic technique is still facing
numerous challenges of low conversion efficiency, low selectivity of products, limited for-
mation of micro-discharges in the catalyst pores, coke formation, limited plasma-catalyst
interaction, and limited understanding of underlying mechanisms to obtain higher produc-
tivity for the process [43,63,187-189]. The MW plasma-enhanced catalytic conversion of
methane seemed to be a straightforward and easy method at low temperature; however,
the reduced pressure and high-power input induce lower energy efficiency.

The improved physicochemical properties of the catalysts and coupling with plasma
may lead to synergistic effects for achieving higher energy efficiency. Nanostructured cata-
lysts with optimized morphology, surface-to-volume ratios, active sites, porosity, oxygen
vacancies, thermal and mechanical stability, and doping with proper metals are widely
accepted strategies for higher conversion efficiency and selectivity of products. The in-
corporation of carefully selected catalysts in a plasma-assisted reactor can improve the
selectivity of products significantly compared with no catalyst, even if the conversion
efficiency of CH4 may not be increased much. The incorporation of co-catalyst (e.g., metal
nanoparticles) and the use of proper oxidants and diluents could overcome the limitation
in conversion efficiency. A suitable catalyst would enable sufficient micro-discharges in the
catalyst pores and easy diffusion of the desired products. The formation of coke deactivates
the chemical activities inside the reactor, which could be removed or minimized with the
use of different types of plasmas (e.g., low-temperature GD plasma) with a proper catalyst
in combination with pre-treatment. The design of plasma reactors with optimized source of
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power (e.g., pulsed power instead of AC source), electrode orientations or configurations,
discharge gap, electrode voltage, feed ratio, flow rate, dielectric materials, substrate ma-
terials, catalyst orientation, and loading are also important to maximize the productivity
of conversion of CHy and selectivity of products [50]. Further, the use of a special design
reactor, such as a microreactor or a flow-type DBD reactor, could enhance the conversion
efficiency and selectivity by lowering the temperature inside the reactor. Theoretical mod-
elling is another important strategy, which could contribute to a precise understanding of
underlying mechanisms and to the development of advanced catalyst selection strategies
and plasma reactor configurations. A deeper, comprehensive fundamental understanding
of all the phenomena occurred inside the reactor is required to bring the plasma-assisted
catalytic technique closer to industrial application.

The synthesis of solid products, e.g., carbon nanotube or graphene, from the conver-
sion of methane/nitrogen gases under low-temperature plasma offers a promising route for
cost-effective production of these valuable products. However, the morphology of the solid
products is highly dependent on the pressure and temperature within the plasma reactor.
To address this, improved strategies for selecting low-temperature plasma conditions and
catalysts are essential. These strategies should integrate advanced-level simulation of
low-temperature plasma behaviour, catalysis, and plasma-surface interactions, along with
optimized reactor design.

Finally, to make plasma-assisted methods commercially viable for the production of
fuels such as CH3;OH from CHy, a comprehensive cost analysis, including expenses related
to starting materials, manufacturing, marketing, and transportation, is needed. According
to the literature survey, the energy consumption for the production of CH3OH from plasma
oxidation of CHy was 69, [89] 87.7, [190], 142.6, [142], and 201.9 kW h kg’1 [191], based
solely on the electricity consumed. Assuming an electricity price of about 12 cents per
kWh, the lowest production cost of CH30H would be 6.5 USD/L, excluding feedstock,
operational, transportation, and marketing costs. In contrast, the price of commercially
available CH30H is about 0.1-0.3 USD/L [192]. A direct comparison of plasma-derived
methanol with industrially produced methanol might not be entirely fair, as current research
is limited to laboratory-scale setups. Nevertheless, significant progress in the plasma-
assisted catalytic methane conversion is required to compete in the commercial market.

In summary, plasma-assisted catalytic methane conversion offers a promising route for
methane valorization under mild conditions, leveraging synergistic interactions between
plasma-generated species and tailored catalysts. It is expected that research efforts would
continue on multiple fronts, including optimization of plasma parameters, careful catalyst
design and selection, optimization of reactor configuration, and establishment of realis-
tic kinetic models, to achieve energy efficiency, high product selectivity, and ultimately
commercial viability.
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