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Broader context

The growing demand for sustainable hydrogen and carbon-neutral chemical production 

necessitates the development of COx-free methane conversion technologies. Plasma-

driven catalytic decomposition (CDM) and non-oxidative coupling of methane (NOCM) 

have emerged as promising alternatives, bypassing syngas intermediates and enabling 

direct hydrogen and value-added chemical production. Non-thermal plasma (NTP) is 

particularly effective in activating methane’s strong C-H bonds, yet challenges remain 

in enhancing reaction selectivity and stability. This review explores the synergy 

between plasma and catalysis, offering mechanistic insights and strategies for 

optimizing catalyst design and reactor configurations. A novel plasma-catalytic reactor 

concept with a membrane separator is proposed to improve hydrogen production and 

purification. By addressing current limitations and future directions, this review 

contributes to advancing plasma-assisted methane conversion toward a more 

sustainable energy landscape.
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Plasma Induced Methane Conversion: A Review on COx-Free 
Production of Hydrogen, Valuable Chemicals, and Functional 
Carbon Materials
Xiaohan Chena,c§, Bellaa,b,§, Yifei Yuea,§, Mohammadreza Kosaria,b,d, Lina Liue, Feiyang Hua, Keyu Caoa, 
Yi Xionga, Aindrila Mandala, Jie Changb, Luwei Chenb, Kang Hui Lima,* and Sibudjing Kawia,*

Catalytic decomposition and non-oxidative coupling of methane (CDM and NOCM) driven by plasma, especially non-thermal 
plasma, have been determined as strategic means for sustainable production of COx-free hydrogen and value-added 
chemicals. The ‘one-step’ direct CDM and NOCM bypass the need for intermediate syngas production to hydrogen and 
chemicals using Fischer-Tropsch, thus benefiting from energy savings, but nevertheless, are still plagued by poor yields and 
stability. Thermal, warm, and non-thermal plasma technologies have gained research momentum due to the efficacy for 
activation of strong C-H chemical bonds in methane. Herein, the current literature is firstly reviewed to elucidate the 
mechanistic insights and plasma synergies (with and without catalysts) for COx-free H2 production via methane conversion 
with a particular focus on CDM and NOCM reactions. Our review ascertains that while plasma-assisted methane activation 
can resolve the need for high energy activation and dissociation of C-H bonds, the governing reaction pathways and 
difficulties in tuning product selectivity with plasma alone warrant further research on the role of plasma-catalysis as a 
promising solution to tune reactions selectivity. Additionally, we explore strategies for catalyst design and the selection of 
plasma sources to improve synergistic interactions in plasma-catalysis. Selected examples of catalyst use and reactor design 
in plasma-catalytic setups are presented. Finally, drawing from recent advancements and our research perspective, 
advanced plasma integrated system is proposed, especially a concept for a plasma-catalytic reactor featuring a membrane 
separator, which may serve as an effective unit for hydrogen production and purification.

Introduction
The intensification of industrial processes has raised environmental 
awareness, driving the development of sustainable and eco-friendly 
energy solutions demands.1 The shift from fossil fuels to a carbon-
neutral economy is necessary, with the term “hydrogen economy" 
coined by John Bockris in 1970, serving as a bridge solution.2 
Although hydrogen is widely regarded as a clean, COx-free energy 
carrier, its predominant industrial production route—steam 
methane reforming (SMR)—remains highly energy-intensive, 
requiring approximately 206.3 kJ per mole of H2 produced. 
Moreover, conventional SMR processes emit an estimated 9–12 kg 

of CO2-equivalent per kg of H2, depending on feedstock type, process 
efficiency, and carbon capture integration, thus contributing 
significantly to global greenhouse gas emissions.3 Cleaner hydrogen 
production methods are crucial for addressing the growing energy 
demands of a hydrogen economy. 
Methane, a major component of natural gas and a potent 
greenhouse gas, is notably emitted during crude oil extraction and 
has a stronger greenhouse effect than CO2. Catalytic processes 
converting methane to COx-free hydrogen present a cleaner (i.e., 
0.76 – 2.58 kg of CO2-equivalent per kg of H2),4 low-cost alternative 
to fossil fuels. Due to its high hydrogen-to-carbon (H/C) ratio of 4:1, 
methane can theoretically yield up to 4 mol of H2 per mole of CH4, 
which is higher than ethane (3 mol H2/mol), propane (2.67 mol 
H2/mol), or butane (2.5 mol H2/mol), making it an attractive 
feedstock for hydrogen-rich processes.5 Methane is a versatile 
feedstock commonly used to produce a wide range of specialty 
chemicals and fuels, including, but not limited to, hydrogen (e.g., via 
SMR, r1), syngas (via dry reforming of methane, DRM, r2), and 
methanol (via partial oxidation of methane, POM, r3).6 However, the 
strong chemical bonds in methane (bond enthalpy of 413 kJ/mol) 
coupled with weakly polarized C-H bond lead to a high barrier for 
methane activation and subsequent conversion to valuable products, 
necessitating thermal reactions at high temperatures (700-1100 °C), 
especially in the absence of a catalyst.7 Hence, efficient catalytic 
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technologies for methane conversion are essential to ensure 
sustainable processes and compete with conventional energy and 
commodity chemical production. Presently, methane is mainly 
utilized for hydrogen production via SMR, the most mature and 
dominant method of producing hydrogen on a large scale. However, 
despite its reliability and popularity, this process has a significant 
drawback of producing excessive amounts of CO2 due to the reverse 
water gas shift (RWGS, CO2 + H2 → CO + H2O) reaction occurring as 
one of the side reactions. Another reforming reaction that is also 
growing in popularity is the dry reforming of methane (DRM); a 
reaction whereby CH4 and CO2 are reformed into syngas with an ideal 
H2/CO molar ratio close to 1 (r2).8-11 This reaction has garnered 
significant attention due to the possibility of using two greenhouse 
gases as feedstock, and the syngas produced can conveniently be 
integrated downstream to produce higher hydrocarbons via F-T 
synthesis.12 In a similar context, the POM is another reaction 
producing a mixture of hydrogen and CO. This reaction produces 
syngas H2/CO ratio of 2 (r3), which is attractive for methanol 
synthesis.12, 13

SRM CH4 + H2O → 3H2 + CO ∆H0
298 = 206.3 kJ/mol    (r1)

DRM CH4 + CO2 → 2H2 + 2CO ∆H0
298 = 247.3 kJ/mol    (r2)

POM CH4 + ½O2 → 2H2 + CO ∆H0
298 = -35.98 kJ/mol    (r3)

In any case, different methane conversion routes must be considered 
when weighing in the CO2 emissions involved and the desired 
products. In line with the hydrogen economy, two promising 
reactions are seen to be the potential answer: (1) catalytic 
decomposition of methane (CDM) and (2) non-oxidative coupling of 
methane (NOCM). CDM is a one-step endothermic reaction, 
traditionally performed to obtain carbon black for the tire industries. 
The process has been gaining attention in recent years due to its 
ability to readily produce COx-free hydrogen, which can be directly 
utilized in fuel cells.14 Additionally, depending on the catalysts and 
reaction parameters, valuable carbon solids produced can be sold as 
other products, such as carbon black, nanofibers (CNFs), nanotubes 
(CNTs), nano-onions, etc. For instance, according to literature, the 
most desired carbon product in CDM is CNTs, which, as of 2017 data, 
can cost up to $20,000/kg.15 Further details about CDM will be 
elaborated in section “Catalytic Decomposition of Methane”. 
NOCM shares some similarities with CDM whereby hydrogen can be 
produced from the reaction without a reforming agent. However, 
instead of carbon solids, C2+ hydrocarbons are formed. Desirable 
products such as short-chain C2 hydrocarbons (i.e., ethylene and 
acetylene), which are separated from hydrogen via polymeric 
membranes,16 are important feedstocks in the chemical industry.17 A 
summary of the current studies in catalytic NOCM is provided in 
section “Non-oxidative Coupling of Methane”.
Conventionally, CDM and NOCM have been catalyzed under thermal 
conditions, focusing on the selective production of value-added 
carbon products (e.g., olefins). However, such thermal processes 
require high reaction temperature (i.e., 500 – 800 °C for CDM, and 
800 – 1100 °C for NOCM at ambient pressures) and heat supply due 
to their endothermic nature, making it challenging for process scale-
up due to safety considerations. Plasma technology is of particular 

interest in resolving these challenges. Applying a plasma-induced 
electric field selectively increases the electron temperature in the 
reactant molecules, which renders it unnecessary for intensive 
heating to elevate the temperature in the bulk gas for the reaction 
to proceed over non-thermal and low-temperature plasma. 
Consequently, highly energetic electrons activate the reactant 
molecules via electron impact reactions to generate reactive plasma 
species (e.g., energetic electrons, radicals, and ions) that actively 
participate in the subsequent reaction pathways. While numerous 
research efforts have been directed towards more effective catalyst 
designs for methane conversion, novel ideas such as utilizing and 
integrating plasma into conventional thermocatalytic reactions are 
gaining attention due to the ability of plasma to activate 
thermodynamically stable gases having highly stable chemical 
structures such as methane,18 carbon dioxide,19 and nitrogen,20 to 
facilitate their conversion into valuable products such as hydrogen, 
heavier hydrocarbons, and ammonia.21, 22 Compared with previous 
reviews that primarily focus on plasma-assisted reforming (e.g. Feng 
et al., Adv. Sci. 2022), this review uniquely highlights COx-free 
methane conversion (CDM and NOCM) routes using plasma, 
elaborates plasma-catalyst synergy and mechanistic insights, and 
proposes a novel membrane-integrated reactor design for 
simultaneous hydrogen production and separation. Therefore, in this 
review article, we mainly focus on combining plasma and catalysis in 
direct methane conversion to produce COx-free hydrogen and other 
value-added products, such as carbon solids via CDM and C2+ olefins 
via NOCM.

Plasma Types and Sources for Chemical 
Conversion
Research in plasma technology has been on a rapid rise in recent 
years, mainly because of its effectiveness in gas cleaning and 
conversion, chemicals production, and sterilization.18, 23, 24 Plasma is 
an ionized gas consisting of ions, electrons, neutral compounds, 
radicals and excited species. As a ‘fourth state of matter’, plasma can 
be categorized into ‘thermal plasma’ and ‘non-thermal plasma’ 
depending on whether plasma itself is in thermal equilibrium or not. 
Plasma is said to be in thermal equilibrium when all of the species in 
the multicomponent system exhibit the same temperature in a 
localized area, and therefore, it is typically referred to as ‘thermal 
plasma’. On the other hand, if there exist multiple temperatures 
within the plasma, the discharges are considered 'non-thermal 
plasma’ as the species are not thermally equilibrated. Warm and cold 
plasma are also among other existing plasma types. The scope of this 
review will be limited to commonly applied plasma sources in 
plasma-catalysis, namely non-thermal and warm plasma.
Plasma can also be categorized based on its discharge modes, 
referring to (1) the method of plasma generation—such as dielectric 
barrier discharge, microwave, or radio-frequency systems—and (2) 
the nature of its interaction with the applied electric field, which 
governs electron acceleration, energy transfer, and discharge 
stability. The common discharge modes include: 1) Dielectric Barrier 
Discharge (DBD): Characterized by alternating current or pulsed 
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voltage between two electrodes with a dielectric barrier to prevent 
arcing. DBD operates at atmospheric pressure and is widely used in 
surface treatment and gas-phase reactions due to its non-thermal 
nature;25, 26 2) Glow Discharge: A low-pressure discharge where 
electrons collide with neutral gas molecules, causing excitation and 
ionization. This mode is commonly applied in thin-film deposition 
and material surface modifications;27 3) Arc Discharge: A high-
current, low-voltage discharge that creates a highly ionized and 
thermal plasma. Arc discharge is suitable for high-temperature 
applications such as welding and carbon nanotube synthesis;28 4) 
Microwave Discharge: Involves the generation of plasma using 
microwave radiation in the frequency range of 300 MHz to 10 GHz. It 
is electrode-less, reducing contamination and allowing applications 
in chemical vapor deposition and material synthesis;29 5) Gliding Arc 
Discharge: Combines features of thermal and non-thermal plasma, 
operating at atmospheric pressure. It is particularly useful for CO2 
conversion and syngas production.30 The five discharge modes, 
among which the former one has received the majority of attention 
in recent years (Fig. 1a).
The classification of plasma into thermal and non-thermal categories, 
along with the discharge modes, highlights the diversity of plasma 
sources and their applications in plasma catalysis. Thermal plasma 
excels in high-temperature processes (typically above 5000 K), non-
thermal plasma (NTP) is effective at low temperatures (with bulk gas 
temperature of 300-3000 K). Warm plasma, regarded as a subset of 
NTPs, operates in the intermediate range (1000–3000 K), bridging 
the gap between the two and offering a versatile approach for 
chemical conversions. The understanding of discharge modes further 
enhances the design and optimization of plasma systems for specific 
applications. Catalysts in the plasma discharge zone experience 
changes in electronic structure and surface properties, which can 
influence reaction intermediates and pathways. For plasma-assisted 
methane decomposition, recent DFT- and machine learning–
augmented studies have shed light on how CH4 dissociation energy 
and carbon binding strength collectively determine reaction 
pathways. Wang et al.31 constructed a comprehensive DFT database 
on single-atom alloys (SAAs) and demonstrated that metals such as 
Fe, Co, and Ni, while having favorable C–H dissociation barriers, differ 
in their atomic carbon adsorption energies—directly impacting 
whether filamentous carbon forms or pure H2 evolves.32 This insight 
guides the selection of carbon-tolerant catalyst systems for CDM 
under plasma environments. Hence, interest in plasma catalysis as a 
means to efficiently convert C1 molecules into various high-value-
added chemicals and fuels has rapidly increased in recent years, as 
evidenced by a Web of Science search showing fast growth in articles 
published (Fig. 1b).
Thermal Plasma

Thermal plasma, also known as hot plasma, can be achieved by 
several high-energy plasma sources (e.g., inductively-coupled plasma 
or ICP for short, plasma torch, arc plasma, etc.) where the ionized 
gases are in thermal equilibrium ranging from between 4000 K to 
20000 K.24, 33, 34 High gas pressures can also result in thermal plasma 
as gas species would experience a smaller mean free path between 
collisions, thereby leading to more effective collisions (i.e., more 

efficient exchange of energy between electrons and gas particles). 
Specifically, higher pressures reduce the mean temperature 
differences in gas discharges and yield thermal equilibrium more 
efficiently.35 One of the most common plasma sources is attained via 
a plasma torch, which can be operated by either direct current (DC) 
or radio-frequency (RF) (Fig. 1c,d).36 A DC torch is made out of two 
electrodes (i.e., anode as a nozzle) powered by a high-voltage DC 
supply to generate an electric arc for gases to be heated up to 8000 
– 16000 K for a non-transferred DC torch design.37 An RF plasma 
torch, on the other hand, consists of an induction (electromagnetic) 
coil and an insulation tube (Fig. 1d). An oscillating current in the 
induction coil produces an alternative magnetic field, which results 
in eddy currents producing heat via joule heating.36 The key 
advantage of the RF plasma torch is an electrode-less design that 
hence avoids degradation or corrosion. However, unlike the DC 
plasma torch, the maximum temperature obtainable is 10000 K at a 
smaller plasma jet velocity.36

Fig. 1 Summary of recent plasma-catalysis literature: (a) The yearly 
number of articles published about plasma catalysis (17 922 in total 
for plasma and catalysis related articles), and (b) the percentage 
distribution of articles exploring various plasma discharge modes for 
plasma catalysis. Schematics designs of (c, d) thermal, (e) non-
thermal (NTP), and (f-h) warm plasma sources. (c) Direct current (DC) 
plasma with non-transferred arc. (d) Radio-frequency (RF) plasma. 
Reproduced with permission from ref.36 Copyright 2019 AIP 
Publishing. (e) DBD plasma with planar or cylindrical configurations. 
(f) Classical gliding arc (GA) plasma. (g) Gliding arc plasmatron (GAP) 
with reverse vortex flow GA. (h) Microwave (MW) discharge plasma. 
Reproduced with permission from Ref.24 Copyright 2017 The Royal 
Society of Chemistry.
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Non-thermal Plasma

Warm plasmas are generally considered a subset of non-thermal 
plasmas, where a significant non-equilibrium exists between 
electron and bulk gas temperatures. However, unlike typical non-
thermal plasmas such as DBD, RF, and glow discharges—with gas 
temperatures below 500 K—warm plasmas operate at significantly 
elevated gas temperatures, often exceeding 1000 K. Plasma sources 
such as gliding arc and microwave plasmas, though frequently 
labeled as non-thermal, can generate gas-phase temperatures well 
above 600 K and occasionally surpass 1000 K, placing them in an 
intermediate regime between conventional non-thermal plasmas 
and fully thermal plasmas like arcs and plasma torches.38, 39 These 
plasmas, which combine the advantages of both non-thermal and 
thermal plasma, have an average electron temperature of between 
1-2 eV.40 An example of a warm plasma source is gliding arc (GA) 
discharge, where the plasma is an auto-oscillating periodic discharge 
generated by two diverging electrodes (Fig. 1f). Given the poor 
interaction and contact with gas inflows in the classical design, a 3D 
cylindrical GA with vortex flow stabilization was developed (i.e., 
gliding arc plasmatron; GAP) (Fig. 1g).41 Akin to RF plasma torch in 
thermal plasma, microwave (MW) plasma is also an electrode-less 
design version of warm plasma. MW plasma is powered by supplying 
electromagnetic radiation into a transparent discharge tube 
between 300 MHz to 10 GHz (Fig. 1h), and the resulting bulk 
temperature can reach up to 4000 K.42, 43 Non-thermal plasmas allow 
direct electron-induced dissociation of CH4 (e.g., e- + CH4 → CH3 + H 
+e-), circumventing the need for high bulk temperatures and 
enabling activation at ~300-600 K.
Table 1 Comparison Between Thermal and Plasma Catalysis.

Aspect Thermal Catalysis Plasma-Catalysis

Energy Source External heat (e.g., 
furnaces)

Electric field, 
microwave discharge

Operating 
Temperature

High (>700°C) Low (room 
temperature to 

~200°C)

Activation 
Mechanism

Thermal bond dissociation 
through vibrational 

excitation

Electron impact, 
ionization, and radical 

formation

Catalyst Role Lowers activation energy, 
enhances thermal stability

Provides active sites 
for plasma-generated 

species

Reaction Pathways Thermodynamically driven Plasma-driven non-
equilibrium pathways

Advantages High reaction rates at 
elevated temperatures

CH4 activation at low 
temperatures; reduced 

thermal stress

Disadvantages High energy consumption; 
carbon deposition; catalyst 

sintering

Complex equipment, 
energy loss in plasma 

generation

Applications Methane cracking, steam 
reforming

COx-free CH4 
decomposition, non-

oxidative coupling

Thermal vs Plasma Catalysis in Methane Conversion: Mechanistic 
Differences

Methane conversion technologies are crucial for sustainable energy 
applications, particularly for achieving COx-free catalytic 
decomposition and non-oxidative coupling of CH4.44-46 Among 

various methods, thermal catalysis and plasma catalysis have gained 
attention due to their distinct mechanisms and complementary roles 
in activating CH4,47 and Table 1 highlights the key distinctions 
between these two routes, focusing on their roles in methane 
conversion. Thermal catalysis is a traditional approach where 
methane is activated through high temperatures, typically above 
700°C. The activation occurs via vibrational excitation and bond 
dissociation caused by heat, often in the presence of catalysts such 
as Ni, Pt, or Mo-based materials. The reaction pathways are 
governed by thermodynamic principles, where elevated 
temperatures provide the energy needed to overcome the activation 
barrier. However, challenges such as catalyst sintering, carbon 
deposition, and high energy consumption limit its efficiency and 
scalability. Plasma-catalysis offering a new chemistry that is totally 
different than thermocatalysis, on the other hand, leverages the 
synergy between non-thermal plasma and catalytic surfaces.48 Non-
thermal plasma generates reactive species, including radicals, ions, 
and excited molecules, through electron impact and electric field 
ionization. These species can directly activate CH4 at relatively low 
bulk temperatures (room temperature to ~200 °C). Catalysts in 
plasma systems interact with these reactive intermediates, guiding 
the reaction pathways and improving selectivity towards desired 
products.45

Plasma-Induced Surface Engineering Strategies for 
Enhanced Catalyst Performance
While the role of catalysts in modifying plasma chemistry has been 
discussed by many, it is clear that advanced surface engineering 
strategies are essential to improve catalyst stability, activity, and 
selectivity under plasma conditions. In both plasma-assisted NOCM 
and CDM, plasma-triggered restructuring of the metal–support 
interface (e.g., NiO → Ni0, Ce4+ → Ce3+) induces oxygen vacancies and 
highly active sites that promote CH4 adsorption, CHx stabilization, 
and C–C bond formation or C–H dissociation.
Defect engineering introduced via plasma irradiation—such as 
coordinatively unsaturated metal centers, edge sites, and oxygen 
vacancies—enhances CH4 dissociation and intermediate coupling 
pathways, shifting selectivity toward light olefins in NOCM or 
facilitating clean hydrogen production in CDM.49 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.
Recent advancements in plasma-responsive catalyst architectures, 
such as “shielded bifunctional nanoreactors” (e.g., Na2WO4–
Mn3O4/m-SiO2), demonstrate up to 42 % selectivity toward C2 
hydrocarbons under plasma activation, by spatially confining 
intermediate coupling and preventing deep dehydrogenation.50 
Likewise, Ni–γ-Al2O3 catalysts with noble gas co-feeding (Ar, He) 
exhibit improved energy efficiency and reduced coke formation, 
attributed to plasma–catalyst synergistic interface engineering.49 
Furthermore, plasma-assisted regeneration in CDM systems helps 
gasify soft carbon deposits and rebuild active sites, while strong 
metal–support interactions (e.g., Ni–CeO2, Fe–ZrO2) and confined 
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metal clusters within porous matrices suppress sintering and 
maintain long-term stability.51

These advanced surface engineering strategies (Fig. 2)—
encompassing interface reconstruction, defect creation, heteroatom 
doping, and structural confinement—constitute a comprehensive 
toolkit for optimizing catalyst performance under plasma conditions. 
They effectively align catalyst surface chemistry with plasma-phase 
dynamics, enhancing olefin selectivity in NOCM, minimizing carbon 
deactivation in CDM, and ensuring durable operation in emerging 
plasma-assisted methane conversion technologies.

Fig. 2 chematic illustration of plasma-induced surface engineering 
strategies for catalyst optimization under plasma conditions.

Mechanistic and Design Perspectives in Plasma 
Methane Conversion
To further strengthen the understanding of plasma-catalytic 
mechanisms and promote rational catalyst design, recent studies 
have incorporated microkinetic modeling and density functional 
theory (DFT) simulations to explain observed experimental trends in 
plasma-assisted methane conversion. For example, Engelmann et al. 
52 developed a plasma-specific microkinetic model that considers the 
influence of vibrationally excited CH₄ and plasma-generated radicals 
(e.g., CH3*, H*) on methane coupling pathways over transition 
metals. Their results demonstrate that plasma conditions 
significantly shift the rate-determining step from CH4 dissociation 
(dominant in thermal catalysis) to C–C coupling and product 
desorption, particularly on weakly binding metal surfaces such as Cu 
and Pd. These insights provide a theoretical basis for the 
experimentally observed enhancement in ethylene selectivity under 
non-equilibrium plasma environments.
Moreover, DFT calculations under electric field conditions have been 
used to examine CH4 activation barriers and intermediate stability on 
metal and oxide surfaces. For NOCM, Maitre et al. developed a zero-
dimensional nanokinetic model integrating plasma-phase radicals 
with surface microkinetics on Ni(111) surface.53 Their model 
demonstrates that plasma-generated CH3* radicals can promote 
surface CH3* coverage and enhance C–C coupling by stabilizing 
transition states and facilitating product desorption. Importantly, the 
model reveals that moderate CH3* coverage is optimal for 

maximizing C2H4 production, while excessive coverage can lead to 
deactivation or carbon buildup.
For plasma-assisted methane decomposition, recent DFT simulations 
have shown how electric fields and plasma species influence CH4 
dissociation and carbon nucleation pathways. For example, external 
fields can reduce the activation barrier for C–H bond cleavage and 
stabilize surface-bound CHx intermediates.31 Additionally, the 
adsorption energy of atomic carbon on specific metal surfaces (e.g., 
Fe, Ni, Mo) determines the likelihood of filamentous carbon 
formation versus clean hydrogen evolution, offering guidance for 
selecting carbon-tolerant catalysts.
Building upon these mechanistic insights, recent literature has 
proposed a series of catalyst design strategies tailored for plasma 
catalysis, including: (i) Heteroatom doping (e.g., Ga, Cu, Fe) to 
modulate surface electronic structure, enhance CH4 activation, and 
stabilize CHx intermediates, thereby promoting C–C bond formation 
and inhibiting coke deposition;54 (ii) Engineering strong metal–
support interactions, such as Ni–CeO2 and Fe–ZrO2, to anchor active 
sites, enhance oxygen mobility, and reduce particle sintering and 
carbon accumulation;55 (iii) Defect engineering, including the 
creation of oxygen vacancies, to provide low-barrier activation sites 
for CH4 and stabilize surface-bound CH2*/CH3* species under plasma 
excitation;56 (iv) Structural confinement strategies, such as core–
shell catalysts and porous nanoreactors, to isolate active zones, limit 
radical overreaction, and improve ethylene selectivity;57 and (v) 
Plasma-assisted surface reconstruction, where pre-treatment or in-
situ plasma exposure induces the formation of active facets, surface 
vacancies, or metal redistribution, leading to enhanced catalytic 
activity and carbon resistance.58, 59 These computational and 
experimental advances together establish a comprehensive 
approach to decipher reaction pathways and design next-generation 
catalysts for plasma-driven methane reforming, decomposition, and 
non-oxidative coupling reactions.

Methane Conversion Routes
The scope of this review is limited to “direct” methane conversion - 
wherein only methane reacts as the sole feedstock and no reforming 
agents are involved (e.g., CO2 and H2O), with the exception of 
processes whereby trace amounts of H2O or CO2 are present 
(possibly as byproducts) but not behaving as reforming agents. This 
definition has been used by other authors.6, 60, 61 Direct conversion of 
methane, specifically CDM and NOCM, is of growing industrial 
significance as they are a means of COx-free hydrogen and high-value 
chemicals production, which is pertinent in the development of the 
hydrogen economy alongside other green hydrogen production 
methods, such as water electrolysis. Furthermore, processes 
involving hydrogen and chemicals (i.e., olefins, aromatics) 
production from methane are also particularly attractive as the 
industrial systems and infrastructures involved in the extraction, 
storage and distribution of methane-rich natural gas are already 
existing, extensive, and well-developed.62-64 Unlike steam reforming 
which emits CO and CO2, CDM/NOCM powered by plasma directly 
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yield COx-free H2 and valuable carbon/olefins, offering a cleaner 
pathway especially when powered by renewable electricity.
Currently, methane is converted into commodity chemicals via an 
“indirect” route, wherein methane is initially converted into syngas 
(i.e., CO and H2) and by using appropriate catalysts, in which the 
syngas mixture is utilized in the subsequent production of a wide 
array of hydrocarbons or alcohols.61, 65 The indirect routes to syngas 
can be performed via different reactions such as reforming of 
methane, which includes steam (H2O), dry (CO2), partial oxidative 
(O2), autothermal (O2 + CO2/H2O), bi- (CO2 + H2O) and tri- (O2 + CO2 + 
H2O) reforming, and coal or biomass gasification.66-72 Further 
downstream processes to convert syngas—such as Fischer–Tropsch 
synthesis (typically operated at 200–350 °C and 2-5 MPa) or 
methanol and ammonia synthesis (200–300 °C and 400–500 °C, 
respectively)—are not only costly and energy-intensive due to their 
high-temperature requirements, but also face technical challenges 
such as heat integration complexity, separation and compression, 
cumulative energy loss across multiple steps, and reduced overall 
carbon efficiency, which complicate the production of desired 
chemicals (e.g., methanol, ammonia, etc.73) or synthetic fuels (e.g., 
diesel, jet fuel, etc.74, 75). On the other hand, numerous research 
efforts have been directed towards “direct” methane conversion, in 
an attempt to produce high yields of desirable chemicals such as 
olefins, hydrogen or carbon solids. This approach aims to enhance 
the viability and competitiveness with the indirect route at higher 
cost effectiveness due to the void of separating unwanted by-
products (e.g., H2O) in “indirect” routes.76, 77

Catalytic Decomposition of Methane (CDM)

For years, methane decomposition has been used to produce carbon 
black, predominantly via thermal plasma, which is useful for the 
rubber and tire industries.78 Methane is decomposed into its 
components, which are hydrogen and carbon, according to the 
following reaction79, 80:

CH4 → C(s) + 2H2  ∆H0
298 = 74.8 kJ/mol    (r4)

Depending on the catalysts and reaction parameters used, the 
morphology of the carbon solids can be tuned, ranging from carbon 
black to more valuable types such as CNTs81 which are highly 
desirable and profitable to be sold to offset the production costs. The 
CO2 footprint of CDM is mainly derived from electricity generation (if 
renewable energy is not used) as well as during the extraction and 
transportation of natural gas. Compared to the industrial hydrogen 
production via SRM, whereby an additional water-gas shift (WGS) 
reaction must be carried out to increase the hydrogen yield, CDM is 
potentially advantageous as a ‘one-step’ process for H2 production 
that does not require downstream H2 purification from syngas. 
Additionally, CDM is often cited as more energy-efficient than water 
electrolysis, which requires 285.8 kJ per mole of H2 produced. 
However, this advantage can be diminished by the fact that thermal 
CDM typically depends on high-temperature heat sourced from fossil 
fuel combustion, contributing indirectly to CO2 emissions. In 
contrast, electrolysis can be powered by distributed renewable 
electricity, offering a cleaner alternative. Therefore, the true 
environmental and economic benefits of CDM depend heavily on the 

energy source used and the integration of carbon valorization 
strategies, such as the selective production of high-value CNTs to 
offset operating costs.14

As the equilibrium conversion of CDM increases with temperature 
due to its endothermic nature, reaction kinetics are only reasonable 
at elevated temperatures above 1300 ○C in the absence of a catalyst, 
which is not cost-effective. In this context, a stable and active catalyst 
becomes important, not only to reduce the energy barriers for the 
reaction but also to control the growth of carbon structures 
produced during methane decomposition. The carbon structures 
may either encapsulate the surface of the catalyst (which is 
commonly known as coking) or grow on top of the catalyst particle 
into filamentous carbon, commonly referred to as CNFs and/or CNTs. 
The latter is important as CNTs are extremely valuable in the 
microelectronics industry.
There are two important CNTs growth mechanisms: base-growth and 
tip-growth. In the base-growth model, the carbon precipitates on the 
surface of the metal particle and subsequently crystallizes into a 
hemispherical dome. As the carbon precursor decomposes on the 
surface of the particle, with carbon diffusion moving upwards, the 
carbon filaments are formed on top of the metal particle (without 
the metal being detached from the support). Whereas according to 
the tip-growth model, carbon accumulates at the back of the metal 
particles, detaching it from the support and causing the metal 
particles to be embedded at the tip of the carbon filaments.14 From 
a commercial perspective, it is more desirable to obtain base-grown 
CNTs due to the ease of CNTs recovery (usually by means of 
fluidization) and catalyst regeneration. The metal nanoparticles 
would be more difficult to remove from tip-grown CNTs, whereby 
usually acid treatment would be required and thus shortening the 
length of CNTs produced. Additionally, it has been established that 
the chirality of CNTs also depends on the length and size of the 
nanotubes themselves, which ultimately will affect their 
performance and marketability for the production of materials,82 
such as transistors.83 However, obtaining base-grown CNTs via CDM 
has been a challenge over the years, which makes it difficult to 
compete with conventional chemical vapor deposition (CVD) method 
that is commonly used to fabricate base-grown CNTs.84 Considering 
that the focus of CVD process is solely on CNTs production, CDM has 
the upper edge in being able to produce both CNTs and hydrogen in 
a high-throughput and sustainable fashion. 
Nevertheless, there are several bottlenecks in the current state of 
thermally-driven CDM process that hinder its applicability for 
industrial hydrogen production: (1) high operating temperature 
owning to its endothermic nature,14 (2) severe catalyst deactivation 
due to coking and fast encapsulation of catalytic sites,85 and (3) 
difficulty in controlling the desirable base-growth CNTs and carbon 
morphology.86 Hence, increasing research attention has been 
devoted to the search for novel process technologies (e.g., plasma) 
to circumvent the abovementioned challenges.
Non-oxidative Coupling of Methane (NOCM)

The non-oxidative coupling of methane is a hydrogenation process 
that converts methane to short-chain C2-C4 hydrocarbons, notably 
valuable olefins such as ethylene and acetylene, as well as aromatics 
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such as benzene and naphthalene. As summarized in Fig. 3a, 
converting methane to C2+ hydrocarbons via different conversion 
strategies were reported. Besides, thermodynamic equilibrium 
methane conversion and C2+ product selectivity as a function of 
temperature, and methane conversion at thermodynamic 
equilibrium as a function of reactor pressure are calculated via Aspen 
Plus and shown in Fig. 3b, c.17 Compared to oxidative coupling of 
methane (OCM) which produces byproducts such as H2O and CO2, 
NOCM offers an efficient route to directly produce H2 without the 
need for downstream purification.87 Industrial NOCM processes are 
conducted at intensive reaction conditions (>1000 K), typically using 
an iron-based catalyst.17 The list of reactions involved in NOCM is 
provided in Table 2.
Table 2 List of reactions involved in non-oxidative coupling of 
methane process.

Main 
Product

Reaction

Ethylene CH4 → 1
2 C2H4 + H2 ∆H0

298 = 101.1 kJ/mol (r5)

Acetylene CH4 → 1
2 C2H2 + 3

2 H2 ∆H0
298 = 193.5 kJ/mol (r6)

Benzene CH4 → 1
6 C6H6 + 3

2 H2 ∆H0
298 = 88.1 kJ/mol (r7)

Naphthalene CH4 → 1
10 C10H8 + 8

5 H2 ∆H0
298 = 89.2 kJ/mol (r8)

Among these products, ethylene is of particular interest as it is a 
building block for major industrial reactions to manufacture valuable 
chemical products such as polymerization to polyethylene and 
oxidation to ethylene oxide.88 Quite importantly, it is desirable in 
NOCM to limit the extent of side reactions (i.e., r6 and r7) to maintain 
high purity of value-added C2 products. However, a persistent 
bottleneck in thermal NOCM is that the formation of benzene and 
naphthalene is thermodynamically favorable at mild temperatures 
below 900 °C due to its lower enthalpy of reaction (r7, r8); hence 
industrial NOCM process is a highly energy-intensive as the reaction 
has to be conducted at temperatures above 900 °C in order to 
achieve good selectivity of C2 products.89 Recent technoeconomic 
analysis for designing thermocatalytic methane coupling processes 
showed that the cost of operating the reactor at severe reaction 
conditions comprises a significant cost of the overall process.90 Rolf 
et al., conducted a comprehensive technoeconomic analysis of a 
simulated NOCM process with proposed reaction conditions of 1000 
°C and 5 bar,17 showing that the resulting high heating duty for the 
methane feed (2.0 MJ/kgmethane) and reactor (1.7 MJ/kgmethane) 
remains a significant limitation of current NOCM process design. In 
this regard, plasma is a promising technology that can overcome the 
energy barriers of NOCM, and consequently converts CH4 to high 
value olefins without the incurrence of high heating supply. Owing to 
the intense energy input required to achieve good C2+ olefin 
selectivity, plasma-catalytic systems have been seen as a possible 
innovation to overcome this limitation. We provide a detailed 
discussion of plasma-catalytic NOCM in section “Plasma-Assisted 
Catalytic NOCM”.

Fig. 3 (a) converting methane to C2+ hydrocarbons via different 
conversion strategies, and (b) thermodynamic equilibrium methane 
conversion, C2+ product selectivity and (c) Methane conversion at 
thermodynamic equilibrium as a function of reactor pressure for 
NOCM under thermal conditions are calculated using Aspen Plus.89 
(MDA: methane dehydroaromatization) Reprinted with permission 
from Ref.17 Copyright 2021 American Chemical Society.

Roles of Plasma-Catalysis in CDM and NOCM

The use of plasma for methane decomposition is not a novel 
technique, and it can play an important role in both CDM and NOCM, 
as illustrated in Fig. 4, with considerable socio-economic potential. 
Plasma-assisted hydrocarbon decomposition dates back to the 
1920s, initially aimed at carbon black production.91 Later, methane 
was identified as a low-cost alternative to more expensive precursors 
like acetylene and ethylene, enabling co-production of hydrogen.92 
The discovery of single-walled carbon nanotubes (SWCNTs) by Iijima 
in 199128 sparked widespread interest in using methane as a carbon 
source for valuable CNT synthesis. Although other established 
methods such as chemical vapor deposition (CVD),93 laser ablation,94 
arc discharge,28 and electrolysis,95 are tailored for CNT growth, these 
techniques primarily target carbon production and yield hydrogen 
only as a minor byproduct. In contrast, plasma-assisted CDM offers a 
pathway for the simultaneous high-yield co-production of both 
hydrogen and carbon nanomaterial. However, CDM processes 
especially at high throughput do not inherently offer precise control 
over CNT morphology, and may introduce challenges such as rapid 
catalyst deactivation, carbon encapsulation, and broad product 
distributions. Thus, while CDM holds economic promise, further 
innovation is needed to balance carbon structure control with 
process scalability.
The requirement for high energy to break the stable C-H bonds in 
methane, which is often achieved by high temperature, is a major 
concern from the aspects of safety and process economics.24 As such, 
the introduction of a proper catalyst plays an important role in 
reducing the reaction temperature (i.e., by lowering the reaction 
barrier). However, as previously mentioned, several bottlenecks 
remain in thermally-driven CDM and NOCM processes, including high 
reaction temperatures, catalyst deactivation due to carbon 
encapsulation (particularly in CDM), difficulty in separating catalysts 
from solid carbon products, and poor control over the morphology 
and quality of carbon nanomaterials such as CNTs.81, 96 
Plasma has demonstrated its efficacy in lowering the barrier to 
methane activation through vibrational and electronic excitation of 
the reactants, thus circumventing the need for high-temperature 
reactions.97, 98 The production of reactive and energetic species, 
possibly vibrationally excited species in the gaseous phase, may 
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come into contact with the catalyst surface. These vibrationally 
excited species can significantly enhance surface adsorption and 
desorption by lowering the activation barrier.99 In addition to these 
gas-phase effects, plasma–catalyst interactions such as charge 
accumulation, surface polarization, and local electric field 
enhancement can also modulate the electronic structure and surface 
reactivity of catalysts, thereby influencing intermediate formation 
and catalytic selectivity.100 Depending on the type and intensity of 
the plasma source (see section “Plasma Types and Sources for 
Chemical Conversion”), despite using methane as a sole feedstock, 
researchers have found ways to achieve different product selectivity 
from carbon black or solids, to desirable acetylene (C2H2) and 
ethylene (C2H4) and higher hydrocarbons (i.e., C3 and above).43, 101-104 
One will expect to generate mainly carbon solids from thermal 
plasma with methane, and coupled hydrocarbons even to C6 if NTP is 
used.105 In the following sections, we will focus our discussions on 
methane conversions to two product goals (i.e., carbon solids with 
hydrogen production or desired olefins/higher order hydrocarbons) 
using plasma and catalysts.

Fig. 4 Schematic diagram showing the role of plasma catalysis in CDM 
and NOCM and their socio-economic benefits.

Plasma-Assisted Decomposition of Methane
Conventionally, methane decomposition has been performed using 
thermal plasmas for hydrogen and carbon solids production. 
Specifically, plasma-driven pyrolysis of methane (as opposed to using 
thermal pyrolysis) has been developed and trialed for commercial 
production of carbon solids and hydrogen. Monolith Materials has 
recently operated a commercial-scale plasma pyrolysis plant, Olive 
Creek plant, in the United States at a technology readiness level of 
8.106 A thermal plasma (i.e., three-phase plasma torch) to give an 
average temperature of > 2000 °C was the core technology for their 
efficient hydrogen production. In their lab-scale trials, >99% 
methane conversion was achieved, with over 95% hydrogen 
selectivity and 90% hydrogen recovery. However, these performance 

metrics have not yet been fully replicated at the commercial scale. In 
pilot-scale thermal plasma systems, hydrogen production required 
only ~25 kWh per kg H2—approximately 40% of the energy needed 
for water electrolysis (~60 kWh per kg H2)—but challenges such as 
reactor stability, carbon deposition management, and electrode 
degradation were encountered, indicating the need for further 
optimization before large-scale deployment. Moreover, plasma-
assisted decomposition of methane coupled with renewable 
electricity has significantly lower CO2 emissions than competing H2-
producing technologies (i.e., steam methane reforming and thermal 
pyrolysis of methane).107 Hence, there is great potential in 
implementing plasma to assist with methane decomposition 
reactions.
Mechanistic Insights of CDM

Thermal methane decomposition has been studied quite extensively 
from both experimental and theoretical points of view, although it 
remains a controversial topic. Traditionally, this reaction was 
performed without any catalyst. Since the 1960s, various reaction 
mechanisms have been proposed under similar operating conditions. 
One of the earliest works was conducted by Skinner and Ruehrwein, 
using shock-tube experiments to measure the initial rate of methane 
dissociation.108 Since then, researchers have found that uncatalyzed 
methane decomposition involves a free-radical formation, where the 
initiation step corresponds to the dissociation of methane into a 
methyl radical and a hydrogen atom.14 A detailed reaction 
mechanism for the uncatalyzed methane decomposition has been 
proposed by Chen et al. in 1976,109 which has been summarized in 
Fig. 5.14 Their mechanism was built on the basis of C-H bond cleavage 
and the subsequent methyl radicals formation. 

Fig. 5 The reaction mechanism of uncatalyzed methane 
decomposition as proposed by Chen et al.109 Reproduced with 
permission from Ref.14 Copyright 2021 American Chemical Society.

An alternative reaction mechanism has also been postulated by 
Kevorkian et al.110 and Kozlov and Knorre,111 whereby the rate-
determining step is the dissociation of methane to form methylene 
(instead of methyl radical) and a hydrogen molecule (instead of a 
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hydrogen atom), as shown in  Fig. 6. The controversial results may be 
due to the different temperature conditions used by different 
authors. For instance, it has been shown that the dissociation of 
methane into a hydrogen atom and a methyl radical is typically 
encountered in experiments carried out at low temperatures (i.e., < 
1400 °C). Whereas the decomposition into hydrogen molecule and 
methylene has been observed in reactions carried at higher 
temperatures (i.e., > 1400 °C).112

In contrast, plasma-assisted CDM presents different mechanistic 
behavior. Optical emission spectroscopy (OES) and laser-induced 
fluorescence (LIF) can detect CH3*, CH3*, and H* in the gas phase, 
while in-situ DRIFTS or mass spectrometry reveal surface-bound 
intermediates. Electron impact dissociation dominates radical 
generation, which can proceed toward full methane decomposition 
or couple into C2+ species (relevant to NOCM).
To address the discrepancies in proposed mechanisms—namely, 
methane decomposition via methyl radicals (CH3* + H*) versus 
methylene intermediates (CH2*+ H2)—future efforts should focus on 
integrating advanced spectroscopic and computational methods. For 
example, in-situ OES and LIF can help identify key plasma-phase 
radicals (CH3*, CH2*) under varying energy input and temperature 
regimes. Similarly, in-situ DRIFTS or mass spectrometry (MS) could 
reveal adsorbed CHx* species on catalyst surfaces, providing direct 
mechanistic evidence. On the computational front, density 
functional theory (DFT) and ab initio molecular dynamics (AIMD) 
simulations under both thermal and electric field-assisted conditions 
may elucidate the energy profiles and rate-determining steps of 
competing pathways. By correlating experimental signatures with 
theoretical insights, the dominant decomposition mechanism, 
whether methyl radical or methylene-driven, can be systematically 
identified under specific plasma-catalytic conditions.

Fig. 6 Non-catalytic methane decomposition reaction mechanism 
where primary rupture to CH2 and H2 is the rate-determining step.110, 

111 

Methane decomposition has been carried out using thermal plasma 
reactors, however, they are often operated without the presence of 
catalysts because thermal plasma is suitable for endothermic 
reactions such as CDM, as the reactors are typically operated at 

temperatures >1000 °C.113 In plasma-assisted methane conversion, it 
has been widely accepted that different operating conditions and 
plasma sources and/or forms will result in different methane 
conversion rates and selectivity towards certain products.114 One of 
the pioneering works in understanding the reaction mechanisms in 
thermal plasma methane decomposition for carbon solid production 
was performed by Fincke et al., where the experimental work was 
carried out using a modified thermal DC plasma reactor in the 
absence of a catalyst.92 Specifically, they modified the plasma reactor 
to increase the residence time of the reactant in plasma, which 
resulted in an increased selectivity from acetylene to carbon solids 
to give a 6-fold increase in yield. The authors proposed that there 
exists a kinetically-limited process through acetylene decomposition 
(via benzene) during the soot formation.92 A more recent study was 
performed by Gautier et al., where they conducted computational 
studies to understand the phenomenon occurring inside an AC-
powered 3-phase thermal plasma process prototype that has been 
developed for over 20 years at MINES-ParisTech.115 Through 
numerical modeling and CFD studies, they attempted to develop a 
deeper understanding of the processes happening during the 
nucleation and growth of carbon (black) particles. The works of 
Gautier et al. were partially based on Fincke et al.’s findings, where 
the carbon precursors are observed to form from acetylene and 
benzene.115 
In general, thermal plasma gives rise to very high ionization rates in 
the gaseous phase to induce Joule heating. And in doing so, the high 
bulk temperature can rupture the stable C-H bonds in methane. As 
highlighted by previous studies, the formation of carbon solids (i.e., 
carbon black) or soot is from acetylene as a carbon precursor. We 
note the distinction between carbon black and soot is produced 
depending on whether the carbon solids formation is intended under 
controlled conditions (i.e., carbon black) or uncontrolled undesirable 
formation (i.e., soot).116 In the presence of thermal plasma, high 
concentrations of acetylene were produced, which would react with 
one another to form aromatic compounds (i.e., polycyclic aromatic 
hydrocarbons (PAHs)) through H-abstraction-acetylene-addition 
(HACA) mechanism.117, 118 Nucleation begins with collisions of PAHs 
to produce nuclei of 10 – 20 aromatic rings, and further coalescence 
results in a viscous tar. The nano-droplets then undergo 
rearrangement, further nucleation at the surface, and loss of 
hydrogen until a solid (i.e., carbon black) is formed.116 Kreuznacht et 
al. studied the use of microwave plasma torch (i.e., warm plasma) 
and GAP (i.e., gliding arc plasmatron; warm plasma) in methane 
decomposition.43 It was found that methane conversion was twice as 
high in GAP configuration than in the plasma torch at the same 
specific energy input and methane feed concentration (Fig. 7a, c), 
attributed to a larger reaction volume in the rotational vortex flow 
(Fig. 7e). Also, a higher concentration of CH4 would lead to higher 
selectivity to H2 in both plasma torch and GAP, which suggests the 
existence of complex kinetics at play (Fig. 7b, d). Specifically, the rate 
of carbon solid formation maximizes at 1900 K reaction temperature, 
and the competing side reactions of forming stable ethylene and 
acetylene are in the order of magnitude 6 times faster. As a result of 
smaller concentrations of hot (i.e., 1900 K) zones in GAP than in the 
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plasma torch configuration, lesser carbon solids are formed, and if 
formed, they are in the shape of amorphous spheres as opposed to 
graphitic carbon platelets in the plasma torch reaction.43

To a great extent, the reaction mechanisms involved in methane 
decomposition remain unclear even in conventional thermally driven 
processes, either with or without the presence of catalyst, let alone 
in the plasma-mediated reaction. Therefore, further in-depth studies 
are still required to fully unveil the reaction mechanism, possibly via 
the identification of carbon intermediates by in-situ or operando 
techniques, to help researchers develop and optimize the system (of 
both the catalysts and/or plasma), as well as the appropriate 
operating parameters. 

Fig. 7 (a, c) Methane conversion and (b, d) H2 selectivity as a function 
of specific energy input (SEI) at varying methane dilution in (a, b) 
microwave plasma torch and (c, d) gliding arc plasmatron (GAP) 
reactor. Reproduced with permission from Ref.43 Copyright 2022 
John Wiley and Sons. (e) Effect of electric field strength in plasma on 
carbon nanotube formation. Large atoms represent nickel atoms, red 
atoms represent 3-coordinated carbon network while green atoms 
represent 2- or 1- coordinated carbon network. Reproduced with 
permission from Ref.119 Copyright 2012 American Chemical Society. 

Plasma-Catalysis for methane conversion to CNTs

Thermal plasmas (>4000 K) usually degrade catalysts, thus limiting 
plasma-catalysis integration to warm or non-thermal plasmas. In 
such systems, though product yields (H2 and carbon) may decrease 
due to competing reactions, plasma-enhanced CVD (PECVD) has 

demonstrated success in synthesizing high-quality, vertically aligned 
CNTs.
CVD commonly requires a gaseous carbon precursor, such as carbon 
monoxide, methane, acetylene, or liquid hydrocarbons and alcohols, 
or carbon clusters derived from solid carbon forms. Plasma can be 
seen as an “activator,” where it is used to decompose and activate 
the gaseous precursor and is usually created by hot filaments (HF) or 
via electrical discharges such as DC, MW, or RF discharges 120. In a 
general protocol, a thin layer of catalyst is usually applied onto a 
substrate, either prepared via wet chemistry or sputtering process. 
The substrate is usually heated to somewhere between 650 – 1500 
○C, where the reactive C species in the gaseous phase diffuse toward 
the substrate.120 Therefore, CVD is still closely related to CDM as it 
also involves gaseous carbon precursor decomposition and growth 
of carbon on the catalyst surface. Additionally, PECVD is hitherto the 
most reliable technique to allow the control of alignment and 
orientation of the CNT bundles,121 essentially because the electric 
field generated in the sheath region of the plasma aids in aligning the 
nanotubes.122 Specifically, Bower et al. grew aligned CNTs on flat and 
bent surfaces, which is attributed to the presence of electrostatic 
self-bias at the surface.123 In the presence of a metal catalyst (i.e., 
nickel), the carbon atom attached to the nickel surface with a Ni-C 
bond would acquire a negative charge due to a charge transfer from 
nickel (i.e., more electronegative) to carbon. The polarized carbon-
nickel bond is thus subjected to migration by the electric field set up 
in PECVD, and supposed if the electric field strength is sufficiently 
strong enough to allow the migration to dominate thermal diffusion, 
the carbon cap can nucleate in parallel to the electric field to give a 
single-wall CNT119 (Fig. 7e). However, if the electric field is too strong 
(> 800 kV/cm), CNTs cannot be formed due to two opposing effects; 
a strong tendency for carbon atoms to nucleate on the catalytic 
surface (i.e., enhanced binding strength between nickel and carbon) 
and the migration of charged carbon atoms away from the surface. 
Apart from the CNT alignment, plasma, as mentioned earlier, 
functions like an “activator” because of the production of highly 
reactive species and partially dehydrogenated compounds for 
catalytic reactions. Not only plasma aided in lowering the activation 
barrier of dehydrogenation, plasma in PECVD was found to lower 
CNT growth activation barrier on nickel by ~6 fold (i.e., down from 
1.2 – 1.5 eV to 0.23 eV).124 It was hypothesized that the mechanism 
of carbon growth differs from that of conventional thermal CVD. For 
thermal CVD, CNT formation proceeds via a vapor-liquid-solid (VLS) 
mechanism, whereby after hydrocarbon gas adsorbs, catalytically 
decomposes, and diffuses in a metal particle, solid CNT forms after 
supersaturation and surface segregation.125 On the other hand, CNT 
formation in PECVD is expected to be surface diffusion on solid metal 
catalysts and subsequent nucleation of carbon atoms at the edge of 
a CNT.124 
To the best of our knowledge, there are few publications that have 
investigated the application of plasma-catalysis systems for methane 
decomposition (i.e., plasma with catalyst packing).115, 116, 126 As 
demonstrated by several works in methane decomposition via 
thermal plasma, both carbon solids and hydrogen can be formed 
even in the absence of catalyst.115, 116, 126 However, with the use of 
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appropriate catalysts, the activation energy barrier of methane can 
be lowered. As demonstrated by the conventional catalyst designs, 
certain metal facets prefer carbon nucleation127 that led to the 
formation of specific carbon products (e.g., CNTs instead of CNFs or 
carbon black).128 Ciobica et al. revealed from their ab initio studies of 
methane decomposition on a flat Ru surface (which is the (111) 
terrace site) that the methane preferably dissociates toward CH + 
3H.129 Bengaard et al. also observed similar effects on flat Ni surface, 
although they also pointed out that the dissociation toward C + 4H 
preferably proceeds on stepped Ni surface, suggesting that this site 
may be a possible carbon nucleation site.130

Although the combination between plasma and catalyst may not be 
commonly found for CDM or PECVD, several works have highlighted 
the use of plasma as a medium for catalyst pretreatment prior to 
carrying out methane decomposition reaction. Plasma treating 
catalysts have been utilized to minimize sintering and agglomeration 
of active metal particles,131 and in doing so, CNTs with smaller 
diameters were produced.132 Plasma treatment with hydrogen-
containing sources (e.g., NH3, H2, etc.) could reduce metal oxides into 
their metallic states, and consequently improved the density and 
growth rate of carbon nanofibers at low temperature.133, 134 Catalyst 
pre-treatment by plasma may either offer beneficial or detrimental 
effects for catalysts prepared for CDM, depending on the intended 
objective. For example, Zhu et al. prepared Ni/Al2O3 via incipient 
wetness impregnation and treated the catalyst under argon glow 
discharge plasma for 1 h prior to calcination.135 Interestingly, in 
contrast to the common expectation that plasma treatment 
enhances catalyst performance, the plasma-treated sample 
exhibited lower methane conversion than the untreated one. This 
discrepancy can be attributed to the increased presence of close-
packed Ni crystal planes after plasma treatment, which are less 
favorable for methane activation compared to defect-rich sites.136 
Additionally, the plasma-treated catalyst showed lower carbon yield, 
likely due to its smaller Ni particle size (which hinders CNF 
formation)137 and stronger metal-support interactions with Al2O3 
(which suppress filamentous carbon detachment).138, 139 However, 
plasma-treated catalyst notably altered the carbon growth pathway, 
shifting from a mix of tip- and base-growth to predominantly base-
growth, and influenced the tip structure of CNFs to be either open or 
closed (Fig. 8b and 8c, respectively).135 This result highlights that 
plasma-based catalyst modification does not universally enhance 
CDM performance and can introduce both beneficial and detrimental 
changes depending on the metal dispersion, morphology, and 
metal–support interactions. Therefore, careful optimization of 
plasma conditions and catalyst structure is essential for achieving the 
desired performance.
Although plasma-catalytic CDM is less established than thermal 
CDM, studies using DBD plasmas with commercial NiO/Al2O3 
catalysts demonstrated >99% H2 selectivity and in-situ NiO reduction 
at ~330 °C without external heating.140, 141 It has been proposed in a 
different work that in conventional high-temperature NiO reduction 
by CH4, the reduction proceeds by the fragmentation of adsorbed 
CH4 on the surface oxide active sites, forming active adsorbed carbon 

(Cad) and H2 as displayed by reactions. r9 – r15 as shown in Table 3 
(with r15 as the overall reaction).142 
Table 3 Mechanisms involved in Methane Decomposition to CNT 
provided by Ref.142

CH4 (g) → CH4 (ad) (r9)

CH4 (ad) → CH3 (ad) + H (ad) (r10)

CH3 (ad) → CH2 (ad) + H (ad) (r11)

CH2 (ad) → CH (ad) + H (ad) (r12)

CH (ad) → Cad + H (ad) (r13)

2[2H (ad) → H2 (g)] (r14)

CH4 (g) → Cad + 2H2 (r15)
While in the plasma-catalytic reaction, it was found that there was 
quite a significant concentration of CH3 and H formed, while lower 
amounts of CH2 and CH are present; all formed via electron impact 
dissociations. In this case, radical recombination may occur to form 
higher hydrocarbons (resembling the NOCM process, which we will 
discuss in section “Plasma-Assisted Catalytic NOCM”) or alternatively 
become adsorbed onto the surface of the catalyst. In CDM 
mechanism, it is desirable to have higher hydrocarbons that can 
further fragment to form Cad and H2, following reactions r11 – r15. As 
can be seen from Fig. 8e and f, some degree of filamentous carbon 
was formed, despite the predominantly undesirable tip-growth of 
carbon.141 
Plasma-assisted CDM enables simultaneous H₂ and CNT production, 
but its efficiency and controllability remain limited. Literature reveals 
that plasma lowers activation barriers and promotes CNT formation 
under milder conditions than thermal CVD, especially via PECVD. 
However, key challenges persist: (i) the mechanisms of CNT 
nucleation under plasma remain unclear, particularly the role of 
plasma-induced species and electric fields; (ii) energy efficiency is 
rarely benchmarked against thermal CDM or electrolysis, though 
warm plasma systems have shown promise in reducing power input; 
and (iii) CNT–catalyst separation is often not addressed—typical 
methods involve acid dissolution of metal particles or filtration, 
which may damage CNT quality or reduce economic viability. To 
address these gaps, future work should integrate in situ diagnostics 
(e.g., OES, DRIFTS), design recyclable catalyst supports, and conduct 
detailed energy audits under realistic operation to assess practical 
applicability.
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Fig. 8 TEM images of the carbon nanofibers produced at 500 oC using 
plasma-treated Ni/Al2O3, where (a) base-growth CNFs, (b) open tip 
CNFs, (c) closed tip CNFs, (d) onion-like carbon formation. 
Reproduced with permission from Ref.135 Copyright 2008 Elsevier. (e) 
SEM and (f) TEM images of the produced CNFs from DBD plasma-
assisted methane decomposition using Ni/Al2O3. Reproduced with 
permission from Ref.141 Copyright 2011 Elsevier.

Plasma-Assisted Catalytic NOCM
To compare plasma-catalytic and thermally driven NOCM, it is 
imperative that we first review the current research directions in 
thermal NOCM. The main challenge in catalyst design for NOCM is 
the difficulty in converting CH4 directly due to the high energy for 
C−H bond activation (425 kJ mol−1), large ionization energy, and low 
polarizability.143 Therefore, current research has focused on the 
development of catalysts for selective C-H activation, and regulated 
C-C coupling catalysts have played a crucial role in the thermal NOCM 
process. The most effective catalysts contain the Fe supported on 
SiO2 and zeolite catalysts, but the high selectivity catalysts at low 
temperatures still require more research.144 Under thermal 
conditions, adsorbed species (C*, H*, CH*, CH2*, and CH3*) are key 
intermediates that participate in the coupling process, but 
conventional highly porous catalysts were reported as not effective 
for radical-based methane utilization due to their short mean free 
pathways in the gas phase. One of the most challenging aspects of 
NOCM is to control the structure of the catalyst to prevent coke 
formation due to the encapsulation of the catalyst particle from the 
formation of carbon solids.145 To this end, synthesis strategies to 
induce high metal dispersion and confinement of metal sites, 
especially for Iron-based SiO2 catalyst, produce effective and stable 
catalyst for NOCM. Han et al. reported the Fe confined in cristobalite 
(CRS) Fe©CRS (with confined labelled as ‘©’) catalyst with highly 
dispersed Fe carbide with Fe−Si coordination, which showed a high 
coke resistance due to the confined Fe sites being more favorable for 
methyl radical formation.146 Furthermore, single iron sites 
embedded in a silica matrix enable high conversion to NOCM, and 
the lattice-confined Fe sites delivered a stable performance without 
deactivation after a 60 h time on stream.147 Mechanistic studies using 
vacuum ultraviolet (VUV) synchrotron radiation to monitor the 
unconverted reactants, intermediates, and products of the Fe@SiO2 
catalyst, showed that the propargyl radicals were an essential 
precursor to synthesize aromatics for thermal NOCM.144, 148

Extensive investigations have been focused on zeolite catalysts for 
NOCM reactions, Fe-based HZSM-5 zeolite is the most researched 
catalyst for this process, but it commonly shows a much lower 
activity and selectivity.149 Liu et al. used Fe2+ exchanged HZSM-5 
catalyst, and obtained a maximum selectivity of 75–80 % to C2 

products at 15 % CH4 conversion.150 Mo-modified HZSM-5 catalysts 
were also designed and developed to reduce carbon deposition. 
Miren et al. tuned the location of the evolving Mo species to 
understand their role in the catalytic activation and decay cycle, and 
found that the calcination step has been shown to regenerate and 
redistribute the Mo oxide species to create an active catalyst 

again.151 Furthermore, the H2 pre-treatment temperature could also 
be exploited to optimize the catalytic performance of the Mo/HZSM-
5 catalyst.152 Liu et al.153 studied the effect of zeolite topology on 
carbon growth over Mo/MFI, Mo/MOR, Mo/BEA, and Mo/FAU 
templates, of which the Mo/BEA can perform best to achieve value-
added carbon materials, hydrogen, light olefins, and aromatics. 
Noble metals could reach a considerable CH4 conversion at lower 
temperatures, whereby using the alloy strategy not only promotes 
the activity but also decreases the cost. PtBi bimetallic alloy was 
supported on ZSM-5 zeolite and reached a high selectivity (> 90%) to 
C2 species at relatively moderate temperatures (600−700 °C).154 
Moreover, adding Sn as the promoter to Pt/SiO2 or Pt/ZSM-5 
catalysts not only resulted in a higher rate of ethylene formation but 
also increased the turnover frequency for the production of 
ethylene.155

While a general reaction mechanism for thermal-catalytic NOCM is 
still unclear as the reaction mechanism of the discovered active 
centers remains unknown, several works have attempted to 
elucidate mechanistic insights on selected catalyst structures.156, 157 
Li et al. analyzed the dynamic formation mechanism of FeSiC2©SiO2 
by density functional theory (DFT) and ab initio molecular dynamics 
(AIMD) simulations.158 Furthermore, results from the AIMD 
simulations show that the dissociated methyl from methane prefers 
to move to the nearby carbon site at Fe©SiC2 active center instead 
of desorbing into the gas phase, followed by C−C coupling and 
hydrogen to form the product via a key −CH−CH2 intermediate.159 
Levin et al. proposed a catalytic cycle of Ta8O2

+ catalyst for NOCM 
reaction (Fig. 9d) and revealed that the key step is product formation 
rather than C−H cleavages by kinetic isotope effect experiment.160

Fig. 9 (a) STEM-HAADF image of the Fe@SiO2 catalyst with the inset 
showing the computational model,148 (b) Pt-Bi bimetallic catalyst for 
NOCM,154 (c) Pt-Sn/ZSM-5 catalysts for NOCM,155 (d) mechanism of 
Ta8O2

+ catalyst for NOCM reaction.160 Reprinted with permission 
from: (a) Ref.148 Copyright 2021 John Wiley and Sons; (b) Ref.154 
Copyright 2018 American Chemical Society; (c) Ref.155 Copyright 
2017 American Chemical Society; and (d) Ref.160 Copyright 2020 
American Chemical Society.

Aside from the design of selective catalytic sites for thermal NOCM, 
the utilization of plasma is another possible strategy for effective 
activation of the C-H bond in NOCM. Particular emphasis has been 
placed on the effects of vibrational excitation, electron impact 
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dissociation and plasma generated radicals on the reaction 
mechanism under plasma conditions.161, 162 How does plasma-
catalytic NOCM under the DBD plasma work? As shown as Fig. 10a 
and 10b, a schematic representation of streamer and reactive 
intermediates between dielectric particles due to induced micro-
electric field and the potential NOCM reaction pathway under the 
DBD plasma are illustrated. The local microelectric field between 
dielectric particles under an external electric field induces 
polarization, leading to the generation and propagation of streamers 
and microdischarges, which drive ionization, electron avalanches, 
and sustain the discharge process through particle surface collisions, 
as described by a modified application of Paschen's equation.163 In 
Yang’s microkinetic study of a simulated NOCM process in DBD, it 
was shown that plasma-radicals generated upon electron impact 
dissociation play a larger role than vibrational excitation of methane 
in the absence of a catalyst, and the dominant reaction pathway is: 
CH3* is generated through electron impact dissociation (shown as 
r16 in Table 3), followed by neutral-neutral recombination to from 
ethane (r17). However, tuning the selectivity of NOCM to ethylene 
via plasma power alone is difficult: at low specific energy input (SEI), 
electron energy is not sufficient to result in ethane dissociation (r18); 
conversely, at high SEI, high electron energy results in ethylene 
dissociation to acetylene (r19). Thus, achieving high ethylene 
selectivity is especially difficult to achieve under plasma-only 
conditions as it requires careful tuning of the electron energy. In 
general, the selective production of valuable olefins from plasma-
assisted NOCM is difficult to achieve under non-catalytic plasma 
conditions. To address the challenge of tuning product selectivity in 
plasma-assisted NOCM—particularly for ethylene—recent studies 
highlight the importance of electrode design, catalyst–plasma 
synergy, and process optimization. Tailored electrode configurations 
(e.g., packed-bed DBDs or needle–mesh systems) help localize 
discharges near catalyst surfaces, promoting CH4 activation while 
limiting over-cracking.164 Interface-engineered catalysts, such as 
Na2WO4–Mn3O4/m-SiO2, have achieved up to 42% C2 selectivity by 
stabilizing CHx intermediates and confining reaction zones.50 
Additionally, optimizing specific energy input and introducing inert 
co-feeds (e.g., Ar, He) can extend radical lifetimes and favor C–C 
coupling pathways.165, 166

Fig. 10 (a) Schematic representation of streamer and reactive 
intermediates between dielectric particles due to induced micro-
electric field and (b) the potential NOCM reaction pathway under the 
DBD plasma.163 Copyright 2019 Elsevier.

Table 4 List of reactions involving plasma radicals in NOCM under 
DBD plasma in the absence of catalyst.161

Reaction

Impact Dissociation CH4 + e- → CH3· + H· + e- (r16)

Ethane 
Recombination

CH3· + 
CH3·

↔ C2H6 (r17)

Ethane 
Dissociation

C2H6 + e- → C2H4 + H2 + e- (r18)

Ethylene 
Dissociation

C2H4 + e- → C2H2 + H2+ e- (r19)

Coupling plasma (especially NTP) with catalytic materials has the 
potential of achieving the benefits of high CH4 conversion at 
temperatures below thermodynamic equilibrium and selective 
production of desirable C2+ products. The microkinetic modeling has 
theoretically revealed the efficacy of plasma in tuning the selectivity 
of different C2 products using noble metals, while the impact of 
catalyst on the effectiveness of the plasma micro-discharges has 
been studied experimentally. Beyond the emphasis on elucidating 
reaction mechanisms and the design of catalytic sites for selective C-
H breakage and C-C coupling in thermal NOCM, the focus in plasma-
catalytic NOCM section is to understand the synergistic interactions 
between plasma and catalysts (i.e., the effects of plasma in 
enhancing catalyst selectivity and vice versa) through mechanistic 
insights via both kinetic modelling and experimental studies 
demonstrating the effect of plasma-catalytic interactions on NOCM 
selectivity. Hence, in the following sections, we provide a summary 
of the mechanistic insights and catalyst design strategies reported in 
the current literature for plasma catalytic NOCM processes.
Mechanistic Insights in Plasma-Catalytic NOCM

While mechanistic studies on plasma-catalytic NOCM have been 
limited, notable works by Engelmann et al., have utilized microkinetic 
modeling to mimic reaction conditions in a DBD reactor containing 
transition metal catalyst (e.g., Rh, Pt, Pd).52 The authors developed a 
mean-field microkinetic model using microkinetic parameters from 
their previous literature for ammonia synthesis and oxidation,22, 167 
coupled with DFT-derived activation energies from CatApp 
database,168 to quantitatively investigate the effect of vibrational 
excitations and plasma radicals on the selectivity of C2 hydrocarbon 
on various noble (e.g., Ru, Rh, Pt, Pd, Au, Ag) and non-noble metals 
(e.g., Cu) with a parameterized microkinetic model. To better 
appreciate the effect of plasma on the catalytic mechanisms in 
NOCM, pure thermal NOCM is simulated with 1 bar of CH4 at 500 K 
on stepped sites of transition metals (i.e., (211)) (Fig. 11a). Turnover 
frequency (TOF) of NOCM revealed a volcano plot, with Pd metal site 
giving the highest TOF at – 0.1 eV. The rate-limiting step in the right 
flank of the volcano plot (i.e., weakly binding catalysts) is attributed 
to poor dissociation of CH4 reactant (i.e., CH4 ⇌ H + CH3). As for the 
left flank, methane conversion is instead inhibited by the rate of 
product formation (i.e., C2H2* → C2H2 (g)) or coupling of CH* to give 
C2H2* for strongly binding catalysts. Dual volcano plots were 
observed for ethylene and ethane, which suggest the existence of 
two formation pathways, coupling and hydrogenation (e.g., 
ethylene; CH2* radicals coupling and hydrogenation of C2H2* to 
C2H4*, ethane; CH3* radicals coupling and hydrogenation of C2H4* to 
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C2H6*; see Table 4 for full list of elementary reaction steps). The 
active sites of the weakly binding catalysts were empty at steady 
state, as the coupling rate of dehydrogenated CH3* radical species 
(i.e., CH2* radicals) to C2H4* is faster than CH4 dissociation (Fig. 11b). 
As for the stronger binding catalysts (i.e., Pd, Rh, Pt, and Ru), a non-
negligible steady state coverage of CH* and C* is expected. 

Fig. 11 (a, c, e) Steady state turnover frequencies (TOFs) and (b, d, f) 
species coverage on binding energies of CH4 (Eb) for different metal 
step sites (211) for (a, b) thermal catalytic NOCM, (c, d) plasma 
catalytic NOCM with vibrationally excited CH4, and (e, f) plasma 
catalytic NOCM with reactive radical species characteristic of a DBD 
plasma at 500 K.52 Reproduced with permission from Ref.52 Copyright 
2020 American Chemical Society.

As plasma induces vibrationally excited methane, the authors 
modeled the energies of methane molecules with a Boltzmann 
distribution with a vibrational temperature of 1500 K, which, in 
theory, should give the highest TOF. In comparison with solely 
thermal NOCM, catalytic plasma NOCM, in the case of methane 
vibrational excitation, the main products shifted from acetylene 
(C2H2) to ethylene (C2H4) for the intermediate binding catalysts (i.e., 
Pt, Rh and Pd) (Fig. 11c). Ethylene and acetylene remain as the main 
products for the weakly binding catalysts (i.e., Cu, Au, and Ag) and 
the stronger binding catalyst (i.e., Ru), respectively. Vibrational 
excitation of methane boosted methane conversion especially for 
the weakly binding metal sites that allowed for rapid coupling and 
desorption of dehydrogenated radicals as a result of rate-limiting 
methane dissociation. More notably, the formation of CH3* on less 
active sites for thermal NOCM becomes easier when methane is 
vibrationally excited (Fig. 11d). Consequently, TOF for ethane 
formation increases by factor 1012. In the presence of plasma, 

radicals are formed due to electron impact dissociation, resulting in 
very different species (i.e., mainly C2 species) having steady state 
coverage on metal active sites (Fig. 11f). Instead of CH* and C* 
typically observed for thermal and vibrationally excited NOCM for 
strong binding catalysts (i.e., Ru, Pt, Rh, Pd), C2H5*, C2H3* and CH* 
are the main surface intermediates, and CH* and C2H2* for the 
strongest binding catalyst (i.e., Ru). On the other hand, the surfaces 
of weakly binding catalysts (i.e., Cu, Au and Ag) would be saturated 
with C2H3*. The greater variety of surface intermediates is attributed 
to the presence of reactive H and H2 in plasma that can further 
hydrogenate common CH* and C* surface species. However, this 
comes at the cost of selectivity toward a certain product (e.g., 
acetylene or ethylene). A good mix of C2H6, C2H4 and C2H2 is expected 
for strong binding catalysts (Fig. 11e), due to the difficult desorption 
of C2H2 which would break into 2 CH* radicals. However, an 
advantage of plasma catalytic NOCM with radicals as opposed to 
thermal NOCM is the lower coke formation on catalytic surfaces at 
low operating temperatures. As the second-order hydrocarbon 
compounds (i.e., C2H, C2H3 etc.) are already formed from 
radicalization in plasma, strong binding catalysts are not necessary 
for their formation. Coupled with the fact that H* atoms are also in 
abundance, hydrogenation of these second-order compounds on the 
weak binding catalysts’ surfaces can give rise to acetylene and 
ethylene. The reactions involving radicals induced by plasma 
dominate over conventional catalytic dissociation of methane, to 
give a plethora of intermediates or compounds that would not have 
been possible. More importantly, TOF of olefin (i.e., ethylene) can 
increase significantly when plasma-catalytic configuration is 
adopted, where higher selectivity to ethylene is observed for weak 
binding active sites (i.e., Ag) in high radical density plasma, and for 
intermediate binding catalysts (i.e., Pd and Cu) in high vibrational 
excitation plasma. 
Microkinetic modeling, such as by the work of Engelmann et al., is 
indeed a promising scientific approach to understanding and 
improving plasma-catalytic system design. Others can include 
detailed kinetic studies,22, 103, 169 in-situ/operando probing of plasma-
activated species,170 and atomistic simulations.171 However, while 
simulations and modeling can provide significant insights, they may 
not corroborate well with empirical studies as the complex 
interactions between plasma and catalyst properties are neglected 
in kinetic models. Hu et al. studied NOCM in a DBD reactor with 
0.5Pd/CeO2 catalysts and employed OES measurement and DFT 
calculations to explore the reaction mechanism for NOCM with the 
catalyst with and without plasma. Specifically, they have found that 
coking (i.e., catalyst deactivation) is more severe for the reaction 
without plasma on 0.5Pd/CeO2, where adsorbed CH3* can undergo 
further dehydrogenation to C* more easily (i.e., 1.02 eV) than 
desorption of CH3* (i.e., 2.15 eV) (Fig. 12a). Whereas for the case of 
plasma, energetic electrons with sufficiently high energy (i.e., 55 % 
of electrons with > 2 eV at a reduced electric field intensity of > 100 
Td) can assist in the supposedly unfavorable desorption of the CH3* 
for coupling to C2H6 in the gas phase. Subsequently, C2H6 will undergo 
dehydrogenation and recombination for ethylene and higher-order 
hydrocarbon formation (Fig. 12b). 
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Fig. 12 (a) DFT calculations of consecutive pathways of CH4 on a Pd-
active site considering complete dehydrogenation (blue line) and 
desorption of reaction intermediates (orange line).169 (b) Plausible 
mechanism pathway on Pd/CeO2 with and without plasma in 
NOCM.169 Reproduced with permission from ref.169 Copyright 2022 
Royal Society of Chemistry. (c) Characteristic time-scales for plasma 
catalytic process.172 Reproduced with permission from Ref.172 
Copyright 2016 Springer.

Table 5 Elementary Reaction Steps involved in thermocatalytic 
methane decomposition and coupling reactions considered in the 
microkinetic model by Engelmann et al.52

Reaction Step Reaction Equation
Adsorption/Desorption H(g)+ * ↔ H(g)*

H2(g) + 2* ↔ 2H*
C(g) + * ↔ C*
CH(g) +* ↔ CH*

CH2(g) + * ↔ CH2 *
CH3(g) + * ↔ CH3*
CH4(g) + 2* ↔ 2CH4*
C2H(g) + * ↔ C2H*
C2H2 + * ↔ C2H2*

C2H3(g) + * ↔ C2H3*
C2H4(g) + * ↔ C2H4*
C2H5(g) + * ↔ C2H5*

De-hydrogenation C* + H* ↔ CH* + *
CH* + H* ↔ CH2* + *
CH2* + H* ↔ CH3* + *
C2H* + H* ↔ C2H2* + *
C2H2* + H* ↔ C2H3* + *
C2H3* + H* ↔ C2H4* + *
C2H4* + H* ↔ C2H6(g) + 2*

Carbon Coupling 2CH* ↔ C2H2* + *
2CH2* ↔ C2H4* + *
2CH3 ↔ C2H6(g) + 2*

Significant efforts have been made to uncover the mechanisms of 
NOCM in plasma (e.g., RF, MW, GA and DBD plasma) with 
vibrationally excited methane.103, 173, 174 While there are no catalytic 
surface mechanisms simulated in those studies, plasma-induced 
mechanisms are still nevertheless valid due to the time-scale 
differences between plasma and catalyst-assisted reactions (Fig. 
12c). The time-scale of the total catalytic surface reaction (i.e., 

chemisorption, surface rearrangement by spillover effect and surface 
diffusion, and diffusion of gaseous species) is in the range between 
10-2 and 102 s, which is 2 – 3 orders of magnitude slower than the 
radical chemical reaction induced by plasma.172 Hence, catalytic 
surface reaction becomes the rate-limiting step for plasma-induced 
catalytic processes, which then becomes imperative for novel 
technologies to study surface reactions in-situ. Lee et al. designed a 
multimodal spectroscopy technique comprising polarization-
modulation infrared reflection-absorption spectroscopy (PM-IRAS), 
mass spectrometry (MS), and optical emission spectroscopy (OES) to 
investigate plasma-surface reactions in NOCM.170 The authors 
experimented on three different surfaces (i.e., Ni, SiO2, and KBr) with 
a DBD Ar plasma jet with CH4 inflow at atmospheric temperature and 
pressure. Specifically, they found that the plasma-catalytic reaction 
in NOCM is likely to be a two-step process: 1) plasma-activated 
deposition, and 2) plasma-activated removal, instead of a 
simultaneous activation to produce olefins (e.g., C=C compounds; 
ethylene). Ni investigated was the most active in forming 
carbonaceous surface deposits (i.e., CHx*), and subsequently more 
C2-species, C=C compounds and H2 (Fig. 13a).170 However, 
interestingly, NOCM with SiO2 resulted in similar relative amounts of 
C2-species and H2 at attenuated amounts and the absence of any C=C 
compounds, which implies a very different coupling and 
hydrogenation process from that of Ni despite being still relatively 
active in plasma (Fig. 13b).170 Diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS) is also another plausible technique 
to investigate fundamental heterogeneous catalytic reactions,175-177 
but more importantly, in-situ DRIFTS with built-in plasma reactor can 
elucidate actual gaseous species and radicals adjacent to the catalyst 
surface in real-time.178-181 Although such in-situ or operando DRIFTS 
studies are rarely reported for the case of NOCM reactions and there 
are still fundamental plasma-surface interactions that are not yet 
fully discovered and understood for NOCM, more and more research 
development in catalytic plasma surface science have been 
considered. 
Operando DRIFTS has emerged as a vital tool for unraveling the 
reaction mechanisms of plasma-catalytic NOCM by identifying 
surface intermediates and tracking dynamic interactions between 
plasma-activated species and catalysts. Mukarakate et al. highlighted 
that future advancements should focus on optimizing DRIFTS cell 
designs for better integration with plasma zones, standardizing 
experimental protocols, and combining DRIFTS with complementary 
techniques like TPD, MS, and OES for comprehensive insights.182 
Herein, schematic processes responsible for producing the diffuse 
reflected infrared spectrum of adsorbates on a powder catalyst and 
operando DRIFTS configurations developed by Mukarakate’s 
research group for investigating plasma catalysis under reaction 
conditions are shown in Fig. 13g and 13h. These efforts will enable a 
deeper understanding of plasma-catalyst synergy, facilitate active 
site identification, and drive the design of efficient catalysts for 
sustainable methane conversion.
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Fig. 13 Spectra of PM-IRAS and MS during plasma activation of 
carbonaceous deposits using Ar plasma jet (i.e., ~20 kHz, peak-to-
peak of 3.3 kV) at 298 K and 1 atm for 60 mins. PM-IRAS spectra of 
(a) Ni, (b) SiO2, and (c) KBr for after depositing carbonaceous species 
on the surfaces with plasma activation of CH4 (black line), after 1 h 
purging with Ar to remove unconverted CH4 (red line), and after 1 h 
plasma activation of the carbonaceous deposits (blue line). 
Normalized MS spectra with pentane (m/z = 72) of (d) m/z = 2 
representing H2, (e) m/z = 26 and (f) m/z = 28 representing C2 
hydrocarbons, C2H2, C2H4 and C2H6 for Ni (black), SiO2 (blue), and KBr 
(red) from during the 1 h plasma activation of the carbonaceous 
deposits. Reproduced with permission from Ref.170 Copyright 2021 
American Chemical Society. Schematic (g) processes responsible for 
producing the diffuse reflected infrared spectrum of adsorbates on a 
powder catalyst and (h) operando DRIFTS configurations developed 
by research groups for investigating plasma catalysis under reaction 
conditions. Reproduced with permission from Ref.182 Copyright 2024 
Elsevier.

Hence, we herein highlight that limited information can be gained 
solely from theoretical studies and computational modeling. Not 
only are experimental validations important, but the effects of 
catalyst-plasma coupling (e.g., the effect of electrical properties of 
the catalyst on plasma) are not yet captured in computational 
chemical modeling. In this respect, the development and 

applications of in-situ or operando techniques are extremely 
valuable. However, there are significant challenges present in 
applying these characterizations, including engineering new in-situ 
sample holders or cells that are not commercially available.183 
Despite such challenges, some progress has been made in developing 
in-situ and operando techniques to investigate the influence of 
plasma catalysis on methane conversion reactions; however, 
advancements remain limited, particularly in the context of plasma-
catalytic methane decomposition.
Recent advances have demonstrated the potential of bifunctional 
tandem catalysts to enhance the efficiency and selectivity of plasma-
assisted NOCM by separating activation and coupling functionalities 
into distinct domains. For instance, in a recent study by Li et al.,50 a 
shielded bifunctional nanoreactor was constructed, wherein CH4 
molecules were first activated by an inner Ni–CeO2 domain to form 
CHx radicals under plasma, followed by controlled C–C coupling over 
an outer 2D Fe–Al2O3 shell. This spatial separation mitigated over-
dehydrogenation and coke formation, while maintaining high 
ethylene selectivity. The mechanistic synergy was substantiated by 
in-situ DRIFTS and plasma OES, revealing enhanced concentrations of 
CH3* radicals and suppression of CH* fragments associated with 
deep cracking. The bifunctional design highlights the importance of 
spatial and electronic separation of reaction sites to guide 
intermediate transformation under plasma, reinforcing the critical 
role of rational surface engineering in tuning product distribution for 
NOCM reactions.
Catalyst design for plasma-catalytic synergy for NOCM

While microkinetic models can elucidate mechanistic insights into 
plasma-activated catalysis, they often neglect plasma-catalysis 
synergistic interactions (i.e., effect of plasma on catalysts and the 
converse). In particular, dynamic changes to the catalyst (both active 
metals and supports) under the influence of plasma are usually 
observed.184-186 Similarly, plasma itself may experience 
enhancements such as higher electron temperatures and effective 
electron impacts due to catalyst packing.187 Experimental studies in 
plasma-catalytic NOCM have been conducted in NTPs such as gliding 
discharges and DBD reactors.188-190 Notable works by Jo et al. 
demonstrated the effects of electrical properties of Pt/Al2O3 and 
pure Al2O3 catalyst packing for CH4 activation in DBD reactor wherein 
methane conversion and selectivity to acetylene decreased for the 
packing with Pt.188 The authors analyzed the effect of Pt packing 
(modelled as 10 μm diameter spheres on 1 mm Al2O3 beads) on the 
Al2O3 by simulating the electric field distribution, which showed that 
the presence of the conductive Pt nanoparticles grounds the 
electrical field that reduces the overall electric field intensity within 
the DBD. An earlier study by Nozaki et al. reported that the 
dissociation of CH3* radicals decreases with electric field strength, 
which results in a lower density of CH* and C* radicals.191 
Consequently, the selectivity towards acetylene through CH* 
recombination decreases with conductive catalyst packing. Kim et al. 
conducted a similar investigation on the effects of particle size of 
different dielectric packings (i.e., 𝛼-Al2O3, sand and KIT-6) for NOCM 
under DBD.192 Their experimental results showed that smaller 
particles improve selectivity towards unsaturated C2 hydrocarbons 
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and selectivity toward total C2 products, but catalyst material (i.e., 
dielectric properties) exhibited a relatively insignificant effect 
compared to particle size. The authors postulate that by reducing the 
particle size, the size of the gaps between each particle decreases, 
which leads to an increase in the number of effective collisions 
between radicals at the shorter gap distance, thus resulting in an 
increased probability of recombination of CH2* and CH* radicals to 
form unsaturated C2. Furthermore, experimental results have shown 
that the formation of coke decreases with decreasing particle size, 
indicating a greater tendency for dehydrogenation of hydrocarbon 
intermediates to coke at the interstitial gap between particles. The 
design of catalyst structure to hinder coke formation under plasma-
driven NOCM has also been demonstrated by Liu et al. in their 
comparative study of atomically dispersed Pt over ceria (Pt/CeO2-
SAC) and nanoparticle Pt over ceria (Pt/CeO2-NP),105 in which the 
addition of Pt on ceria achieve higher CH4 conversions and C2 
selectivity compared to pure plasma and ceria packing without Pt, 
possibly due to the generation of vibrationally excited methane 
species (that is nearly negligible in pure plasma) that results in the 
formation of C2 intermediates on the Pt active sites. Consequently, 
Pt/CeO2-SAC achieved higher CH4 conversion and selectivity towards 
C2 (Fig. 14a-c) due to higher dispersion of atomic Pt sites compared 
to Pt nanoparticles (i.e., Pt/CeO2-NP) for C-H bond activation 
whereby the isolation of Pt atoms can hinder unselective coke 
formation.192 In this study of plasma-catalytic NOCM reaction with 
single-atomic Pt catalyst, bulk of the C2 hydrocarbons formed are 
mainly C2H6 which follows predominantly impact dissociation (r16) 
and ethane recombination (r17), differed from the expected higher 
yields of C2H4 hydrocarbon for the intermediate binding strength Pt 
catalyst via microkinetic modelling shown in Fig. 10c and 10e. Hence, 
profound plasma-catalytic synergy and mechanism remain to be fully 
understood for single-atom catalyst designs. 

Fig. 14 Comparison of NOCM performance in DBD plasma without 
packing, with CeO2, with Pt/CeO2-SAC and Pt/CeO2-NP by (a) CH4 
conversion, (b) C2 selectivity, and (c) C2 yield as a function of 
discharge power. (d) Distribution of normalized C2 hydrocarbons for 
Pt/CeO2-SAC as a function of discharge power. Reprinted with 
Permission from Ref.192 Copyright 2022 American Chemical Society.

Aside from tuning catalysts to influence the plasma, modifications to 
the design of the reactor are another means of influencing catalyst-
plasma interactions. Młotek et al. conducted NOCM reaction in a 
hybrid plasma-catalytic reactor system consisting of gliding arc 
discharge and mobile catalyst bed, demonstrating high selectivity 
towards C2 products.189 The presence of Pt and Pd in the mobile 
catalyst bed resulted in an increased selectivity towards ethylene and 
ethane, which potentially suggests that the presence of catalyst sites 
promotes the hydrogenation of C2H2 to form ethane and ethylene as 
well as the recombination of CH3* and CH2* radicals. Nuria et al. 
investigated NOCM in a structured reactor with a catalytic layer of 
Pd/Al2O3,193 and reported that the catalytic wall reactor achieved 
better C2 selectivity and decreased unwanted carbon deposition 
compared to a fixed bed reactor with the same amount of catalyst 
packing. The authors proposed that the Pd/Al2O3 layer is able to 
better hydrogenate CHx radicals with adsorbed H2 species on the 
exposed surface, thus leading to greater selectivity toward C2-C4 
hydrocarbons compared to a fixed bed reactor. These works point to 
the potential innovations behind reactor engineering and design to 
tune the conversion and selectivity of NOCM through the plasma-
catalysis interactions. 
Plasma-assisted NOCM offers promising pathways for methane 
activation at low bulk temperatures via vibrational excitation and 
radical-mediated mechanisms, enabling higher olefin selectivity and 
reduced coke formation compared to thermal routes. Recent 
advances—such as bifunctional nanoreactor designs, single-atom 
catalysts, and tailored reactor configurations—demonstrate that 
spatial separation of activation and coupling sites, along with 
confinement effects, can mitigate over-dehydrogenation and 
enhance C–C coupling. However, key knowledge gaps remain, 
particularly regarding plasma–catalyst interfacial dynamics and 
product distribution control. Enhancing olefin selectivity requires 
synergistic control of radical generation (via plasma tuning), 
stabilization of CHx intermediates (via catalyst design), and precise 
discharge localization (via reactor engineering). To address these 
challenges, integrated in-situ techniques (e.g., DRIFTS, OES), 
advanced modeling, and surface engineering strategies are essential 
to optimize selectivity, suppress coke, and guide future catalyst and 
reactor design.

Conclusions Outlooks
Plasma-catalytic methane conversion presents a promising route for 
COx-free hydrogen production, CNTs, and high-value hydrocarbon 
synthesis. Advancing this field requires a comprehensive 
understanding of plasma–catalyst, plasma–substrate (reactant), and 
plasma–product interactions, along with optimized catalyst design 
and innovative reactor configurations. While microkinetic modeling 
provides insights into reaction mechanisms, experimental validation 
through in-situ and operando techniques remain crucial. 
Additionally, based on several surveyed snapshots, catalyst 
properties such as particle size and dielectric effects greatly influence 
plasma discharge behavior which impacts reaction selectivity. 
Therefore, future studies should focus on the impact of different 
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plasma sources on catalyst performance, refining hybrid plasma-
catalyst systems, and enhancing product selectivity. In particular, 
there is a growing need for novel catalyst designs tailored for plasma 
environments, moving beyond thermally derived materials. Such 
catalysts should be developed through a deeper understanding of 
gas-phase plasma chemistry, including the formation and lifetimes of 
vibrationally excited species, radicals, ions, and other plasma-
induced intermediates across relevant spatial and temporal scales. 
Research Outlook in Plasma-Catalytic CDM Process

Based on what has been discussed for plasma-assisted CDM, the 
development of plasma-catalytic methane decomposition systems 
for high-throughput production of CNTs and hydrogen is not as well-
established in the current literature as compared to related systems 
such as thermal plasma methane pyrolysis (without the presence of 
a catalyst) and PECVD. In PECVD, the growth of CNTs is prioritized 
over hydrogen production,191 which makes it difficult to 
commercialize as a reliable production of H2. Thermal plasma has 
also several bottlenecks: low H2 energy yield and the need for a 
downstream H2 purification unit.14 In this regard, the design and 
engineering of plasma-catalytic methane decomposition systems are 
particularly important for the successful commercialization of such 
technologies for COx-free hydrogen production.
Research Outlook in Plasma-Catalytic NOCM Processes

To summarize our discussion on plasma-catalytic NOCM, while 
current research in designing effective thermal catalysts for NOCM 
has focused on designing active sites for C-H activation followed by 
selective C-C coupling (e.g., the design of selective Fe©SiC2 sites as 
previously mentioned), the design of optimal catalyst under plasma 
conditions requires careful consideration of the interaction between 
the plasma field and the material. On a fundamental level, 
microkinetic modeling studies such as Engelmann’s can be utilized to 
investigate the combination of plasma effects and catalytic materials 
on the reaction mechanism, thus providing insights on the major 
intermediates and rate-limiting steps involved in different catalytic 
metals (e.g., for instance, showing that the selectivity towards 
ethylene can be increased with plasma radical density around weakly 
binding metals). While such mechanistic insights from kinetic 
modeling are elucidated from first principles by decoupling the 
effects of plasma-catalysis interactions, the role of plasma-catalyst 
synergy on the catalyst performance is often neglected in such 
models. To this end, in-situ or operando techniques (e.g., PM-IRAS in 
Lee et al.’s work) are imperative in facilitating the identification of 
important reaction pathways and intermediates from experiments in 
plasma-catalytic NOCM that are difficult to uncover from first-
principle calculations.170 Experimental studies have also elucidated 
the effect of catalyst properties (e.g., particle size and dielectric 
properties) on the plasma discharge, and its consequent influence on 
the NOCM selectivity. As demonstrated by Liu et al., creating highly 
dispersed metal sites is also a promising strategy to enhance olefin 
selectivity and in preventing coke formation under plasma 
conditions.105 The design of the plasma-catalytic reactor 
configuration (e.g., hybrid plasma-catalyst systems) also has the 
potential for optimizing the selectivity and conversion of plasma-
catalytic NOCM. To successfully commercialize plasma-catalytic 

NOCM processes, each aspect of catalysis research and reaction 
engineering must be cohesively integrated. However, several critical 
challenges remain, including high energy consumption, limited 
product selectivity, catalyst deactivation, difficulties in reactor scale-
up, and the lack of robust in-situ diagnostics and process control, all 
of which must be systematically addressed to ensure industrial 
viability; mechanistic insights from fundamental studies in screening 
potential catalyst materials should be closely endorsed by the 
experimental studies, which could then shed light on the reaction 
mechanism and facilitate the optimization of catalyst properties; 
research into reactor design and engineering is also crucial for 
optimal scale-up of the reaction process. Future studies should 
investigate how various plasma sources impact catalyst properties 
during the NOCM process and, in turn, their selectivity activity. 
Research Outlook in Coupling Plasma-Catalytic Reactor with 
Membrane Separation

Though not deeply covered in this review, integrating plasma-
catalysis with physical separation methods (such as membranes) has 
the potential as a novel combinatory strategy to offer efficient and 
continuous product separation while ensuring process 
intensification. The membrane component selectively removes H2 in 
situ, shifting the reaction equilibrium toward deeper CH4 conversion 
and improving olefin selectivity via Le Chatelier’s principle. The 
successful commercialization of these technologies depends on 
bridging fundamental research with experimental advancements, 
optimizing reactor design, and scaling up plasma-catalytic processes. 
In this final section before our concluding remarks, hence, we 
highlight the benefits of integrating a plasma-catalytic process with 
a membrane separator (i.e., plasma-catalytic-membrane reactor) to 
achieve continuous production of value-added products (i.e., CNTs 
via methane decomposition or olefins from NOCM), and subsequent 
production of high-purity H2. 
The novel plasma-catalyst configuration was first conceptualized and 
developed by Mizushima et al., where a membrane-like alumina tube 
was coated with catalyst particles as opposed to packing the reactor 
similar to that of a fixed-bed reactor, which is originally applied for 
ammonia synthesis.194, 195 A major advantage of this configuration is 
the facile separation of pure hydrogen gas. The proper design of this 
reactor is also expected to increase the efficiency of the plasma-
chemical processes by: (1) placing the catalyst in the middle of the 
discharge zone, which is created between the inner and outer 
electrodes, (2) having small pores that could enhance the interaction 
between the catalyst and the vibrationally excited molecules 
generated, (3) allowing the selection of various catalysts to be 
integrated and coated on the membrane-like tube.194 The original 
design of the reactor by Mizushima et al. is presented in Fig. 15.194 
Subsequent works, such as Chen et al., have also applied a similar 
configuration for CO2 capture and utilization.196
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Fig. 15 Schematic diagram of a DBD plasma reactor coupled with a 
membrane-like catalyst. Reprinted with permission from Ref.194, 195 
Copyright 2004 Elsevier and 2006 Springer.

More importantly, catalytic membrane reactors have several 
advantages over conventional thermochemical processes due to 1) 
facile and immediate separation of desirable products, 2) breaking 
thermodynamic conversion limits governed by Le Chatelier’s 
principle, 3) cost-effectiveness in a single-unit reactor design without 
requiring expensive separation processes (e.g., cryogenic distillation, 
pressure swing adsorption, etc.).197-200 However, there are no 
immediate commercial prospects in these catalytic membrane 
reactors due to the difficulty in developing stable catalytic 
membranes in harsh (high-temperature) thermochemical processes 
such as CDM and NOCM. Moreover, inorganic-based membrane 
supports are necessary for these processes, wherein cheaper 
alternatives like polymeric membranes (i.e., two orders of magnitude 
lower201) would run the degradation risks.198 Recently, our group has 
successfully designed a lab-scale catalytic membrane reactor, 
coupling Ni-SiO2@CeO2 core-shell catalyst with an ultra-thin Pd-Ag 
alloy membrane, for DRM reaction.202, 203 Our results demonstrated 
that by removing the hydrogen from the reaction stream, the 
methane conversion can be 1.5 higher than that without any 
membrane and the competing RWGS reaction could be drastically 
suppressed.202 Catalytic membrane reactor designs were also 
successfully applied in other reactions (i.e., hydrogen separation in 
propane dehydrogenation,204, 205 water separation in CO2 
hydrogenation to methanol,206, 207 carbon dioxide separation in shift 
reactions,208 and oxygen separation in gasification reactions,209 etc.).
In the case of plasma-catalytic processes, research and development 
of membranes under the influence of plasma is very scarce, with the 
plasma-catalytic membrane reactor designed by Mizushima et al. 
being one of the few reported works. Herein, the membrane can be 
another useful factor to improve yields and selectivity of a desired 
product apart from tuning catalyst design strategies under plasma. 
The understanding and mechanistic insights of the role of adsorption, 

diffusion, or transportation mechanism of species in membrane 
under plasma, as well as the further development and engineering of 
membranes to withstand harsh plasma environment (i.e., radicals 
and ions bombardment), are foreseeable challenges to overcome. 

Concluding Remarks
In summary, we reviewed the current literature and recent advances 
on the application of plasma-catalysis systems for methane 
conversion reaction for COx-free H2 production with a particular 
focus on methane decomposition and NOCM. While plasma-
activation of methane can resolve the need for high-energy 
activation of C-H bonds, the governing reaction pathways and 
product selectivity are often difficult to tune with plasma power 
alone. Thus, coupling plasma with selected catalyst materials has 
been demonstrated to be effective in controlling the CNT 
morphology in CDM as well as C2 selectivity in NOCM. In this regard, 
the current review gives an in-depth overview of the mechanistic 
insights and the synergistic interactions between catalysts and 
plasma in COx-free methane conversion via plasma-catalysis. As we 
have highlighted, there is still room for improvement for in-
situ/operando methods in revealing the direct experimental proof 
for the better understanding of plasma and catalyst synergy. While 
they are very useful for this purpose, often the setup is hindered by 
the difficulty in integrating the plasma sources and the diagnostic 
instrumentation itself. Nonetheless, several unique designs to 
circumvent this issue have emerged over the years as 
aforementioned in our review, which are gradually closing the gap 
between plasma and catalysis. Besides the mechanistic insights into 
plasma-catalysis systems for methane conversion, future work would 
need to focus on reactor design and engineering to improve upon 
current technologies. A concept for plasma-catalytic reactor with 
membrane separator configuration was also discussed herein as a 
potential implementation of a facile hydrogen production and 
purification unit, which could find the initial research basis for an 
efficient plasma-facilitated methane conversion.
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