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A B S T R A C T

The catalytic decomposition of methane to produce hydrogen and carbon is an economically and environmen
tally attractive approach to creating a CO/CO2-free cycle for hydrogen production. In order to achieve this, it is 
crucial to use electricity from renewable or alternative energy sources that operate without CO/CO2 emissions. 
Currently, however, most developments have not progressed beyond the laboratory level. This paper summarizes 
the current status and perspectives of the main methods of catalytic methane decomposition electrification. This 
review provides an outlook on producing nanostructured carbonaceous products, such as carbon nanotubes, 
nanofibers, graphene, and graphite. By systematically summarizing literature on this topic, we provide a 
comprehensive, simplified overview of the field, emphasizing catalyst and reactor design, as well as possible 
routes to the electrification of catalytic methane decomposition, including plasma, microwave, and induction 
heating.

1. Introduction

According to the International Energy Agency’s (IEA) World Energy 
Outlook, global electricity consumption increased by 590 TWh between 
2010 and 2023, rising from 21,851 TWh to 22,442 TWh. The IEA pro
jects that consumption will rise by over 900 TWh between 2023 and 
2035 (Fig. 1A). Meanwhile, fossil fuels will account for two-thirds of the 
increase in electricity demand in 2023 will be met by fossil fuels, driving 
energy-related CO2 emissions to a new record high [1]. Continued 
reliance on fossil fuels as a primary energy source will inevitably lead to 
increased CO2 emissions. Rising CO2 emissions exacerbate the ongoing 
climate crisis, resulting in serious long-term environmental [2], eco
nomic [3] and social [4] consequences. An alternative to this trend is 
transitioning to energy carriers that do not constantly emit carbon. One 
candidate for this role is hydrogen [5], the combustion of which pro
duces only water vapor. However, using hydrogen as a fuel presents 
several challenges, one of which is the cost of production [6]. Currently, 
the production of hydrogen through water electrolysis is not yet 
economical, and most of today’s hydrogen is produced by cracking 
natural gas or crude oil, or by methane reforming. The process results in 

the production of 14 tons of CO2 for every ton of hydrogen produced. 
Therefore, there is a need to create an economically viable CO2-free 
hydrogen production cycle integrated with renewable energy sources 
[7]. Although hydrogen is often described as a clean fuel because it 
produces only water vapor upon combustion or conversion in fuel cells, 
its environmental value depends critically on the carbon footprint of its 
production process. Conventional production methods, such as SMR, 
emit large quantities of CO and CO2, which undermines its climate 
benefits. For hydrogen to serve as a genuinely sustainable, 
climate-neutral energy carrier, production cycles must be completely 
free of carbon oxides emissions, both in terms of reaction byproducts 
and the source of process heat. Electrification powered by renewable 
energy sources offers a promising pathway to achieving this goal.

Today, the main source of hydrogen is methane. In 2019, methane- 
based processes accounted for 96% of hydrogen production [8,9]. 
Currently, there are four main methods for obtaining hydrogen from 
methane: SMR [10] (eq. (1)), dry reforming of methane [11] (eq. (2)), 
partial oxidation of methane [12] (eq. (3)), and CDM [13] (eq. (4)). 

CH4 +H2O ↔ CO + 3H2 (1) 

CH4 +CO2 ↔ 2CO + 2H2 (2) 

* Corresponding author.
E-mail addresses: Sergey.Girshevich@ki.si (S. Girshevich), David.Bajec@ki.si (D. Bajec), Stanislav.Iakushkin@ki.si (S. Yakushkin), Janvit.Terzan@ki.si
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CH4 +1/2O2 ↔ CO + 2H2 (3) 

CH4 ↔ C + 2H2 (4) 

Currently, the most common method of converting methane into 
hydrogen is SMR. In 2024, approximately 35% (0.6 Mt/year out of 
0.9–1.2 Mt/year) of hydrogen was produced by SMR, accounting for 
over half (0.6 Mt/year) of the hydrogen produced by low-emission 
technologies [14]. The CDM process is one of the most important al
ternatives to methane reforming [15]. It requires less energy and does 
not emit carbon oxides into the atmosphere [16,17]. According to the 
annual Global Hydrogen Review, CDM shows the greatest readiness 
growth among all low-emission hydrogen production technologies from 
2021 to 2024 (see Fig. 1B and C) [14,18].

Producing hydrogen by CDM is also more economically viable than 
producing it by SMR. Keipi et al. [19] conducted an economic analysis of 
various methods of hydrogen production (Fig. 1D). The authors 
considered the direct carbon dioxide emissions from the reaction and the 
emissions from providing the reaction with energy. They demonstrated 
that the specific carbon dioxide emissions for hydrogen production by 
CDM are 40kgCO2

MWhH2 
vs 133kgCO2

MWhH2 
for SMR. According to other economic esti

mates, CDM could be a cost-effective method of producing hydrogen 
while reducing greenhouse gas emissions [20–22]. Keipi et al. [23] 
compared different methods of hydrogen production from methane and 
showed that CDM significantly reduces the carbon footprint compared 
to SMR. With SMR, 1 L of carbon monoxide is produced for every 3 L of 
hydrogen, and capturing it requires greater effort.

Musomali and Isa [24] stated that the main direction of further CDM 
development should be the creation of new, improved commercial cat
alysts. The main problem hindering the industrial utilization of CDM is 
catalyst deactivation due to sintering and coking, caused by the for
mation of solid carbon on the catalyst surface [25]. Currently, the main 
obstacles to the wider application of CDM lie in the catalysts’ various 
disadvantages, such as their relatively rapid loss of catalytic activity and 
the need for regular regeneration.

Although improving catalytic performance remains the primary 
objective of CDM development, other researchers have emphasized the 
importance of a multidisciplinary approach that encompasses not only 
the development of new catalytic materials but also economic analysis. 
For example, Qian et al. [26] conducted an economic evaluation of 
different CDM processes and demonstrated that operating efficiency is 
not the only important parameter of a CDM process; the cost of catalyst 
production is also important. Hydrogen production using inexpensive 
catalysts with low conversion efficiency can be more economically 

valuable than using expensive catalysts with high efficiency. For 
instance, Ni-based catalysts yield more hydrogen than Fe-based catalysts 
(0.39 molH2 /gcat/h vs 0.22 molH2 /gcat/h), yet the cost of hydrogen pro
duction using Ni-based catalysts is much higher ($0.89 vs $0.009 for 
mole of H2). The economic efficiency of CDM is influenced not only by 
efficiency parameters, but also by variables such as catalyst cost, reactor 
design, energy consumption, and catalyst regeneration techniques [22]. 
Ashik et al. [27] emphasize the use of membranes to separate gases in 
the outlet stream, which increases the efficiency of the CDM process. 
Additionally, it has repeatedly been shown that the greatest influence on 
the economic efficiency of CDM is the price of the carbon produced 
during the reaction [22,23,28]. The most valuable carbon products are 
carbon nanotubes (CNTs) [29,30], which are known to form in the CDM 
process (Fig. 2) [31–35]. Some authors even consider catalytic methane 
decomposition primarily as a method for producing high-value carbon 
materials such as graphene and carbon nanotubes, while treating 
hydrogen as a secondary byproduct [36]. Therefore, searching for cat
alysts that produce high-value carbon is also a high priority for CDM 
development.

Another way to improve the economic efficiency of the CDM and 
reduce its environmental impact is through electrification. Electrifica
tion uses electrical energy, as opposed to conventional, fossil fuel–based 
heat, to provide necessary heat for the CDM. This includes plasma, mi
crowave, and induction heating methods, which can be powered by 
renewable electricity. Using these techniques, it is possible to achieve 
completely CO2-free production of hydrogen in terms of both reaction 
chemistry and energy input provided that the electricity comes from 
renewable sources. Electrification can significantly reduce the carbon 
emissions needed to heat the reaction medium and often circumvents 
reaction-limiting difficulties. Similar improvements have already been 
successfully applied to methane reforming [37–39], and changing the 
heating method affects not only the energy source but also other tech
nical features of the reactor. However, this topic is insufficiently covered 
with regard to CDM. While individual experiments on CDM electrifica
tion have been published, there is no comprehensive overview of the 
current state and future prospects of this field. Only Kim et al. [38] and 
Keipi et al. [40] have briefly mentioned this topic. Kim et al.’s review 
focused on thermochemical catalytic reactions with Joule and induction 
heating. Their review contains a fairly detailed analysis of the prospects 
for using Joule and induction heating for thermochemical reactions but 
does not discuss CDM. Keipi et al. discussed various methods of sup
plying heat to CDM, including some electrified reactors. However, the 
main focus of this work was the reaction parameters of CDM. Addi
tionally, nine years have passed since this publication, during which 
time the number of papers addressing non-conventional methods of 

List of abbreviations and units

SMR Steam methane reforming
CDM Catalytic methane decomposition
CNT Carbon nanotube
MWCNT Multiwall carbon nanotube
SWCNT Single wall nanotube
CNF Carbon nanofiber
CNO Carbon nanoonion
AC Activated carbon
CB Carbon black
СС Carbon-carbon
TEM Transmission electron microscopy
HRTEM High resolution transmission electron microscopy
FESEM Field emission scanning electron microscopy
SEM Scanning electron microscopy
TGA Thermogravimetric analysis

XRD X-Ray diffraction
GHSV Gas hourly space velocity
XCH4 Methane conversion
SV Space velocity
VHSV Volumetric hourly space velocity
TWh Terawatt hours
Mt Megaton
MWhH2 Megawatt-hours, produced by H2
gcat Gram of catalyst
atm Standard atmosphere
sccm Standard cubic centimeter per minute
FBR Fixed-bed reactor
FlBR Fluidized bed reactor
MMBCR Molten metal bubble column reactor
DBD Dielectric barrier discharge
TRL Technology readiness level
n.d. No data
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CDM heat supply has grown considerably.
A number of comprehensive review papers have been published that 

provide broader context for CDM research. Fan et al. [9] offered a his
torical overview of CDM development, including reaction mechanisms, 
catalyst systems, and major technological challenges. Alves et al. [13] 
and Patlola et al. [41] emphasized the commercialization potential and 
techno-economic barriers facing CDM, with a particular focus on its role 

in the energy transition. Hanotoko et al. [25] published the most 
up-to-date and complete general review, covering all major classes of 
solid catalysts and evaluating their technical and economic viability. 
Hamdan et al. [42] concentrated on catalyst development pathways, 
while Qian et al. [43] examined reactor design and the comparative 
performance of metal-based catalysts across various configurations. In 
addition to these general reviews, numerous topic-specific reviews have 

Fig. 1. (A) Historical and projected annual growth in electricity demand from 2010 to 2035 (IEA. Licence: CC BY 4.0) [1]; TRL of production of various low-emission 
hydrogen production technologies (B) in 2021 (IEA. Licence: CC BY 4.0) [18] and (C) in 2024 (IEA. Licence: CC BY 4.0) 2024 [14]; (D) Cost of hydrogen production 
using different methods, depending on the cost of CO2 emissions, natural gas and electricity [19].
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been published in recent years, each focusing on narrower aspects of 
CDM or electrification [15,44–66].

However, despite the depth and breadth of these reviews, none 
provides a dedicated treatment of electrified CDM, which represents an 
increasingly important strategy for decarbonized hydrogen production.

This paper presents a comprehensive review of electrification stra
tegies for catalytic methane decomposition (CDM) as a sustainable 
pathway for the co-production of hydrogen and carbon. While covering 
the fundamentals of CDM—such as reactor configurations, catalyst 
systems, and carbon product valorization—we place particular emphasis 
on non-conventional, electricity-driven heating methods, including 
plasma catalysis, microwave dielectric heating, and induction heating. 
These electrified approaches offer the potential to decouple methane 
conversion from fossil fuel–based heat sources, thereby enabling a CO2- 
free production cycle when powered by renewable electricity.

In contrast to previous reviews, our work uniquely focuses on elec
trified CDM, providing a comparative and integrative analysis of plasma, 
microwave, and induction heating technologies. We examine their un
derlying mechanisms, reactor integration strategies, technology readi
ness levels, and implications for the co-production of hydrogen and 
nanostructured carbon materials. This topical focus is especially timely 
given the increasing global demand for carbon oxide–free hydrogen 
production.

To support further research and industrial deployment, we also 
critically assess the challenges, limitations, and future prospects of each 
electrification method within the broader context of sustainable energy 
systems.

2. Catalytic methane decomposition

2.1. Catalysts

The catalytic decomposition of methane (CDM) was first described in 
1890 by Schützenberger and Schützenberger [67]. CDM can occur at a 
temperature of 400◦C, making CDM an attractive option economically 
and ecologically compared to other methods [9,26,68]. Weger et al. [69] 
assume that CDM has the potential to bridge the gap to a hydrogen 
economy.

CDM produces hydrogen and various types of carbon, which can 
have their own economic value. The carbon produced during CDM can 
be categorized by increasing economic value as follows: carbon black 
(amorphous carbon), graphite, CNFs, multi-walled carbon nanotubes 
(MWCNTs), and single-walled carbon nanotubes (SWCNTs). The type of 
carbon produced mainly depends on the catalyst (Fig. 3A) and the 
support (Fig. 3B) [24,33,48,65,70–75], but it can also be controlled by 
reaction conditions such as temperature (Fig. 3D) and gas flow (Fig. 3C) 
[48,76–79].

A wide range of different catalysts is suitable for CDM. Hantoko et al. 
[25] provide a detailed discussion of solid CDM catalysts in their review, 

while McConnachie et al. [66] focus more on molten catalysts. These 
authors analyzed the strengths and weaknesses of currently available 
catalysts and their productivity.

This section provides an overview of the main categories of catalysts. 
Table 1 lists comparative data on examples of the most prominent cat
alysts reported in the open literature.

2.1.1. Carbon catalysts
As previously mentioned, carbon catalysts were the first CDM cata

lysts to be tested experimentally, with proof first being provided as early 
as 1890 [67]. However, these studies are currently only of historical 
value. Modern researchers [96–98] usually consider Muradov [99–102] 
a pioneer in the field of carbon catalysts CDM. In his initial publication 
on the subject in 1998, Muradov demonstrated the competitiveness of 
carbon catalysts compared to metal oxide catalysts. He also highlighted 
one of the primary advantages of carbon catalysts over metal and 
oxide-based catalysts: the absence of the need to separate produced 
carbon from the catalyst [99]. Muradov also demonstrated that the 
catalytic activity of different carbon catalyst forms is primarily deter
mined by their structure and surface area [102]. Other advantages of 
this class of catalysts include low cost and high stability during the 
process [103]. Carbon-based catalysts are insensitive to sulfur 
poisoning, which reduces methane purity requirements and facilitates 
natural gas pretreatment [9,103].

A number of recent review papers provide a broader perspective on 
carbon catalysts in CDM. For a comprehensive overview of the current 
state of research, including catalyst types and performance, we refer 
readers to the review by Hamdani et al. [44]. A more detailed discussion 
on how specific properties of carbon materials influence the reaction 
mechanism is presented by Wal and Nkiawete [55]. In addition, the 
effects of operating conditions on methane decomposition over carbon 
catalysts are examined in depth by Mirkarimi et al. [60].

Muradov et al. [104] demonstrated a correlation between the reac
tion rate and carbon surface area for carbon catalysts (Fig. 4B). How
ever, the authors note that this correlation does not occur for activated 
carbons with a very large surface area. Suelves et al. [105] reported 
notable findings. They investigated CBs with different properties and 
concluded that the amount of carbon deposited until deactivation cor
relates linearly with the total pore volume of fresh catalysts (Fig. 4A).

In a series of papers, researchers reported that the presence of 
different defects and functional groups on the surface of the carbon 
catalyst was the key factor determining the rate of CDM [44,106–110]. 
According to Hamdani et al. [44] and Zhang et al. [109], the higher 
density of surface defects explains the superior catalytic properties of 
AC, CB, and ordered mesoporous carbons. These materials exhibit 
relatively high activity and the ability to tune it over a wide range.

One way to influence the surface properties of carbon catalysts is to 
modify their surfaces with different metal salts. For example, Wang et al. 
[111] added Ca(NO3)2 to activated carbon (AC), which increased the 

Fig. 2. HRTEM of CNTs produced via CDM using the following catalysts: (A) Ni/MgO [32] (B) FeCo/Al2O3 (MDPI. Licence: CC BY 4.0) [34] and (C) Ni/CaTiO3 [35].
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Fig. 3. FESEM of (A1) graphene sheets produced over Fe/MgO catalysts and (A2) CNT produced over Ni/MgO catalysts under the same condition [74]; TEM of (B1) 
CNFs and graphene films produced on Ni/Al2O3 and (B2) CNTs produced over Ni/CeO2 under the same conditions [70]; carbon produced over Ni/La2O3 catalysts at 
750◦C with different methane concentrations in the gas flow: (C1) 5% and (C2) 30% [80]; schematic representations of (D1) CNF growth at low temperature and (D2) 
CNT growth at high temperature [81].
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catalyst’s specific surface area from 480 m2/g to 1119 m2/g. This 
significantly increased the catalyst’s activity and influenced the 
morphology of the produced carbon, enabling the production of carbon 
fibers (Fig. 4C). Similarly, Zhang et al. [112] added K2CO3 to carbon 
catalyst and observed an increase in the resulting catalyst’s activity, as 
well as the formation of carbon fibers (Fig. 4E1). The authors attribute 
these effects to the transfer of oxygen from K2CO3 during the reaction. 
However, increasing the catalyst’s stability comes at the cost of CO and 
CO2 formation as the main reaction products (Fig. 4E2), requiring 
additional gas separation costs in the output stream. This also reduces 
the main advantage of hydrogen production from methane over other 
methods: the absence of CO2 emissions.

Tzeng et al. [113] used a nickel nitrate catalyst precursor to activate 
carbon fiber fabrics. This modification with nickel salt significantly 
improved the quality of the the produced carbon. As a result, the authors 
succeeded in producing CNFs on the activated carbon fabrics using 
CDM. The obtained CNFs had a diameter between 20 and 50 nm 
(Fig. 4D).

Mirkarimi et al. [60] examined the impact of reaction conditions and 
various catalyst parameters on methane conversion. The authors 
showed that achieving a methane conversion of over 50% requires a 
temperature of over 800◦C and a volume rate of pure methane of less 
than 1 L/gcat/h. Additionally, applying metals such as Fe, Ni, Ca, and Pd 
to carbonaceous materials enhances their catalytic activity.

2.1.2. Metal-based catalysts
The first study of metal-based CDM catalysts was published by Slater 

in 1916 [114]. Today, it is clear that the best metal catalysts for CDM are 
3d transition metals because the 3d orbitals are partially filled and can 
overlap with the methane orbitals [115]. This facilitates the adsorption 
of methane at the catalyst surface and the subsequent breaking of C–H 
bonds, resulting in the decomposition of methane.

The catalytic activity of transition metal catalysts for CDM is as fol
lows: Ni, Co, Ru, Rh > Pt, Re, Ir > Pd, Cu, W, Fe, Mo [27,115]. Nickel 
and cobalt catalysts are active within a temperature range of 
500–800◦C, whereas iron-based catalysts require temperatures above 
700◦C [43,79]. Several recent review papers provide comprehensive 
insight into the design and performance of Ni- and Co-based catalysts for 
CDM. For Ni-based systems, Dipu [61] offers a general overview of 
catalyst composition, supports, synthesis methods, and reaction mech
anisms. Karimi et al. [15] critically examine the promotional effects of 
second metals on Ni catalysts. Pham et al. [62] focus on optimizing 
operating parameters for Ni-based systems, while Weber et al. [63] 
discuss catalyst design strategies to enhance stability and productivity, 
particularly for Ni and Fe systems. Zeza et al. [64] provide a dedicated 
review of Co-based catalysts, discussing both operating conditions and 
catalyst design aspects for efficient methane decomposition.

However, catalytic activity is not the only parameter that determines 
the feasibility of using a catalyst. Stability and the ability to produce 
high-quality carbon are also important. For instance, depending on the 
size of the catalyst particles, iron-based catalysts can produce different 
types of CNTs: single-walled, double-walled, or thin-walled, multi-wal
led (Fig. 5A) [116]. The morphology of the metal particles also in
fluences the carbon produced during the reaction. While larger particles 
generally increase CNT wall thickness [115] and are therefore prefer
able for valuable carbon products, Liang et al. [117] report that smaller 
particles accelerate deactivation (Fig. 5B). They explain this by stating 
that the proportion of uncoordinated crystallographic planes (e.g., Ni 
(553) or Ni(100)) is larger on small nickel particles. On these planes, the 
activation barriers for dissociating CHx species are lower. Thus, the rate 
of carbon deposition on these particles’ surfaces is higher than on larger 
particles’, and carbon migration begins to limit the process. This, in turn, 
leads to the formation of encapsulated carbon species and deactivation.

Urdiana et al. [118] synthesized monometallic CDM catalysts based 

Table 1 
Catalytic activity of various carbon-based and metal-based catalysts.

Catalyst Synthesis Conditions 
T(◦C)/GHSV(L/gcat/ 
h)

Initial xCH4 

(%)
Time (t) 
(hour)

xCH4 (%) at time 
(t)

Carbon morphology Ref.

AC n.d. 850/0.3 75 8 30 Graphite [82]
AC n.d. 900/n.d. 96 6 20 Graphene [83]
AC (Na2CO3 

modified)
Wet impregnation 950/0.15 100 2.5 60 Graphite [84]

Ni/carbon Selective gasification 850/n.d. 80 10 90 n.d. [85]
Fe–Ni–Cu/Al2O3 Sol–gel 750/12 84 10 82 CNFs [78]
Ni–Cu–Zn/MCM-22 Wet impregnation 750/30 87 60 18 CNTs [77]
Fe–Co/MgO Co-impregnation 700/6 45 9.5 90 MWCNTs [86]
Ni–Fe/Al2O3 Sol-gel 675/24 70 10 70 CNFs and CNTs [76]
Fe/Al2O3 wet impregnation 800/n.d. 79 3 84 CNFs [87]
Fe/MgO Sol-gel 900/9 64 3 42 MWCNTs [74]
Fe/CeZrO2 Wet impregnation 700/0.3 83 2 57 CNTs [72]
Fe–Mo/CeZrO2 Wet impregnation 700/0.3 90 2 34 CNTs [72]
Ni/CeO2–Al2O3 Co-precipitation 700/6 53 6.6 48 CNFs and CNTs [70]
Ni@CaTiO3 Direct compositing 700/18 70 4 62.2 MWCNTs [35]
FeCo/Al2O3 Co-precipitation 700/17 83 10 76 Carbon nanofibers [34]
Ni–Cu/Al2O3 Fusion 650/120 35 2 32 Carbon nanofibers [33]
Ni/MgO Evaporation induced self- 

Assembly
600/48 65 4 43 MWCNTs [32]

Ni/(HZSM-5/MCM- 
41)

Wet impregnation 620/36 78 6 78 Graphite [88]

NiO Facile precipitation 800/4.5 45 6 49 Graphite and graphene [71]
Ni–Co/CeO2 Wet impregnation 600/36 20 2.5 16 CNTs [89]
Fe/La2O3 + ZrO2 Wet impregnation 800/4 92 4 79 Amorphous and 

graphite
[90]

F2O3 Facile precipitation 800/4.5 36 6 46 Graphite and graphene [71]
Fe/(Al2O3–MgO) Wet impregnation 800/8 87 2 87 CNTs [91]
Fe–Co/MgO Co-impregnation 700/6 45 9.5 86 MWCNTs [73]
Co/Al2O3 Wet impregnation 700/6 81.5 7 90 MWCNTs [92]
Co–Ni/(ZrO2–TiO2) Mechanical mixing 500/5 87 6 27 Graphite [93]
Ga (liquid) n.d. 1120/n.d. 91 n.d. n.d. CB [94]
NiMo–Bi (liquid) n.d. 800/n.d. 10 120 10 n.d. [95]
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on nickel (Ni), copper (Cu), cobalt (Co), manganese (Mn), iron (Fe), zinc 
(Zn), and tungsten (W) on a mesoporous Santa Barbara Amorphous-15 
(SBA-15) support. Among these catalysts, the Ni-based catalysts 
exhibited the greatest methane conversion at 700◦C (Fig. 6). Bayat et al. 
[119] studied nickel catalysts in more detail. The authors prepared 

nickel catalysts on mesoporous, nanocrystalline gamma-alumina with 
different nickel loadings. They found that the activity and stability of the 
catalysts depended nonlinearly on the nickel loading. The catalyst with a 
50 wt% nickel concentration exhibited the greatest activity and stability 
under CDM reaction conditions at 625 and 650◦C.

Fig. 4. (A) Calculated deposited carbon per initial catalyst mass compared to the same parameter measured when assuming that the entire pore volume is occupied 
by graphite [105] (B) Initial methane decomposition rate (per unit mass) as a function of carbon surface area [104] (C) Methane conversion over ACs from coal with 
different calcium content. (Reaction conditions: catalyst, 0.2 g; total flow rate, 50 mL/min; CH4:N2 1:4 (V/V); space velocity 15.000 mL/(h × gcat); reaction tem
perature, 850◦C) [111]; (D) SEM images of CNFs grown on activated carbon fiber fabric [113]; (E1)Methane conversion at 850◦C and the VHSV of 900 or 9000 
mL/(h × gCC) using the carbon-carbon (CC) sample or the K2CO3/CC hybrid as the catalyst, (E2) as well as the outlet gas composition obtained over K2CO3 itself as 
the catalyst at 850◦C and the VHSV of 900 mL/(h × gK2CO3 ) corresponding to the K2CO3-900 sample in (E1) [112].
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Fig. 5. TEM images of CNTs grown with iron nanoclusters, which have an average diameter of (A1) 3 nm, (A2) 9 nm and (A3) 13 nm. The scale bars are 20 nm for 
(A1), (A2) and (A3). The corresponding histograms of CNT diameters are plotted in (A4), (A5) and (A6), respectively. (Reprinted with permission from Ref. [116]. C. 
Copyright 2002 American Chemical Society); (B) Deactivation factor as a function of nickel particle size. Reaction conditions: 99.99% CH4, total flow = 30 mL/min, 
catalyst loading = 0.2 g, reaction temperature: 650◦C (MDPI Licence: CC BY 4.0) [117].

Fig. 6. Catalytic decomposition of methane using different Me/SBA-15 [118].
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Although iron (Fe)-based catalysts have a higher activation energy 
than nickel (Ni)-based catalysts [101], they demonstrate competitive 
catalytic activity and greater stability at higher temperatures [25,87,
120–122]. Chesnokov and Chichkan [123] showed that adding Fe to 
Ni-based catalysts can significantly increase stability. They compared 
75% Ni–12% Cu/Al2O3 with 70% Ni–10% Cu–10% Fe/Al2O3. They 
demonstrated that even a small addition of Fe (10%) can substantially 
enhance the catalyst’s stability and the quantity of carbon produced 
prior to deactivation (Fig. 7A). Another advantage of Fe-based catalysts 
is their relatively low cost [43,115,124].

For example, Abdel-Fattah et al. [125] investigated unsupported 
Fe–Al and Co–Al catalysts for CDM at 800◦C and a GHSV of 2.4 L/gcat/h. 
The Co–Al sample contained CoAl2O4 and Co3O4. The Fe–Al catalyst 
consisted of Fe2O3 (65.4%) and FeAl2O4 (34.5%). This catalyst exhibited 
stable 95% methane conversion over 5 h. TEM images of the spent 
catalysts revealed different forms of deposited carbon. Filamentous 
carbon deposited on the spent Co–Al catalyst took the form of carbon 
nano-onions (CNOs) (Fig. 7B1-B2) and MWCNTs, whereas bamboo-like 
CNTs were the main form of deposited carbon on the spent Fe–Al 
catalyst (Fig. 7B3-4). The shape of the deposited carbon explains the 
Fe–Al catalyst’s higher activity and stability in CDM compared to the 
Co–Al catalyst.

Qian et al. [126] investigated Fe–Mg–O catalysts for CDM. The re
searchers prepared a series of catalysts with Fe/Mg molar ratios ranging 
from 3:1 to 1:3. For Fe:Mg > 1, the catalysts consist of a mixture of Fe2O3 
and MgFe2O4 spinels. These spinels must undergo an additional phase 
transition to form the CDM-active structure with the metal iron (Fe). For 
Fe:Mg < 1, longer incubation times were observed (Fig. 7C1-2). The 
samples contain mixtures of MgO and MgFe2O4 spinel in their fully 
calcined states. Consequently, the catalysts with Fe:Mg > 1 did not 
become active for C–H cleavage. The catalyst with a molar ratio of 1:1 
showed the best performance (48% methane conversion and a carbon 
yield of 8.6 gc/gFe) (Fig. 7C3-4). The authors explain that a higher Fe:Mg 
ratio results in larger metal-Fe particles with significant agglomeration. 
In contrast, a smaller Fe:Mg ratio results in insufficient metal-Fe sites for 
methane activation. The generated carbon structure consisted of CNTs, 
CNOs, CNFs, and graphene sheets, and was the same for all samples.

A number of studies [73,92,127–129] have investigated Co-based 
catalysts and shown their high stability at high temperatures. Howev
er, the wider use of cobalt is limited due to its toxicity. Additionally, 
proper selection of support can significantly improve the catalytic 
properties and durability of Co catalysts [92,130,131].

Awadallah et al. [128] investigated cobalt (Co) and nickel (Ni) on 
aluminosilicate hollow sphere catalysts for CDM. The support material 
reduced the aggregation of the active metal particles. Additionally, this 
support allows greater dispersion of the active metal phase. As the au
thors point out, the Co/Si–Al catalyst exhibited higher activity over a 
longer reaction time than the Ni-based catalyst (Fig. 7D). They explain 
this difference by the formation of Ni2SiO4 in the Ni/Si–Al sample, 
which renders a significant portion of the Ni inactive in the reaction. 
Conversely, the large number and higher dispersion of non-interacting 
Co3O4 on the catalyst surface improved the catalytic efficiency of the 
Co/Si–Al catalyst. According to the TEM and Raman spectroscopic data, 
MWCNTs formed on both catalysts.

Mesfer et al. [131] investigated TiO2–Al2O3-supported Co-based 
catalysts with a cobalt loading ranging from 43% to 74%. They re
ported that the cobalt metal exhibited high activity and a long catalyst 
lifetime, probably due to high metal dispersion. They also found that 
cobalt loading significantly affected the catalysts’ activity and stability. 
Activity and stability were found to be directly proportional to cobalt 
loading. The highest metal loading provides the greatest methane con
version and catalyst stability (Fig. 7E).

However, recent studies [25,76,78,132,133] have found that 
monometallic catalysts, consisting of only one metal, are usually inferior 
to polymetallic catalysts consisting of an alloy of several active elements. 
For instance, adding iron to nickel catalysts increases the carbon 

diffusion rate, reducing deactivation and enhancing stability. It is also 
known that adding copper improves the performance of nickel catalysts 
[33,77]. Although copper itself is not involved in the reaction, it attracts 
formed carbon due to its high affinity for carbon, thereby preventing 
encapsulation of the nickel active sites [76,78]. Adding cobalt to an iron 
catalyst inhibits carbide formation and increases the catalyst’s lifetime 
[133]. The role of molybdenum in polymetallic catalysts is particularly 
noteworthy.

Awadallah et al. [134–136] and Liang et al. [137] studied the effects 
of adding molybdenum (Mo) to nickel (Ni) or cobalt (Co) catalysts. The 
Co–Mo/MgO catalyst exhibited higher catalytic stability over a longer 
reaction time than similar catalysts without Mo doping (Fig. 8A1). 
Additionally, TGA revealed that the Co–Mo/MgO exhibited еру higheые 
CNT yield during CDM (Fig. 8A2) [136]. Liang et al. showed that the 
NiMgAlMo catalyst had higher catalytic activity than the NiMgAl cata
lyst derived from untreated NiMgAl layered double hydrotalcite under 
all selected reaction conditions. Incorporating Mo into Co/MgO in
creases the catalytic stability for CDM over long reaction times. The 
NiMgAlMo catalyst achieved an excellent hydrogen formation rate of 
60.4 mmol/gNi min at 700◦C (Fig. 8B). After ten consecutive 
CDM/air/hydrogen reaction and regeneration cycles, the NiMgAlMo 
catalyst demonstrated stability with only a slight decrease in the H2 
formation rate.

Rastegarpanah et al. [138] doped the Ni/MgO catalyst with metals 
from Group VIB. They demonstrated that chromium (Cr) doping 
significantly increased the catalytic activity and stability of the Ni/MgO 
catalyst system (Fig. 8C). Additionally, the carbon generated over 
Cr-doped catalysts exhibited higher purity, and a higher degree of 
crystallinity.

Wang et al. [139] added various metals (Cu, Mn, Pd, Co, Zn, Fe, and 
Mg) to Ni/Al2O3. In all cases except with zinc, the stability and activity 
of the catalytic system improved (Fig. 8D). Changing the metal 
composition can significantly impact the interaction between the active 
metal and the support, thereby improving the activity and stability of 
the catalytic system. The authors attribute this to an increase in surface 
area, a higher concentration of oxygen species, and improved 
reducibility.

Using a supported catalyst can improve dispersion, prevent the ag
gregation of active catalyst particles, and increase the catalyst’s specific 
surface area and structure [115]. For CDM, metal oxides are typically 
used as supports. Examples include: MgO [32,138], Al2O3 [32,139], 
SiO2 [32,140], CeO2 [141], TiO2 [32,142], La2O3 [143], ZrO2 [32,144], 
Y2O3 [145].

The concentration of active sites is one of the most important in
dicators influencing the properties of the heterogeneous catalytic sys
tem. Regarding CDM metal catalysts, Sikander et al. [146] discussed this 
topic in detail. The authors synthesized nickel catalysts based on 
hydrotalcite (Mg6Al2(OH)16CO3⋅4H2O). A catalyst with a nickel con
centration of 40 wt% showed the best performance (methane conversion 
of more than 80% during 7 h of gas flow at 650◦C) (Fig. 8E). As the 
loading concentration increases, the size of the nickel particles in
creases, as does their structural change. Therefore, the sintering of the 
active sites leads to a deterioration in the overall rate of methane 
conversion.

Calgaro et al. [147] came to similar conclusions with Co/Al2O3 
catalysts containing 50–100 wt% of cobalt. They achieved better cata
lyst performance with 50 wt% cobalt. Further increasing the Co content 
leads to larger crystallites, decreased methane conversion, and faster 
deactivation.

Although metal-based catalysts are less durable and cost more than 
carbon-based catalysts, they currently exhibit higher methane conver
sion [25]. In general, using supports offers great potential for altering 
the activity and stability of the catalyst. Polymetallic supported catalysts 
are emerging as a key pathway toward improving the performance and 
long-term stability of CDM processes.
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Fig. 7. (A) Kinetic curves of carbon deposition over 75%Ni–12%Cu/Al2O3 (1 - blue circles) and 70%Ni–10%Cu–10%Fe/Al2O3 (2 - red stars) catalysts from methane 
at 700◦C [123]; TEM images of spent (B1,2) Co–Al and (B3,4) Fe–Al catalysts. The inset shows the histogram of the diameter distribution of the carbon nanostructure 
[125]; (C1) Profile of the methane conversion as a function of throughput time on the different fresh catalysts. Reaction conditions: 50 mg catalyst, 850◦C (heating 
rate = 10◦C/min), CH4 flow rate of 15 mL/min; (C2) Profile of H2 formation rate as a function of time in stream over the different fresh catalysts. Reaction conditions: 
50 mg catalyst, 850◦C (heating rate = 10◦C/min), CH4 flow rate of 15 mL/min; Carbon yield, reaction condition: 50 mg catalyst, 850◦C (heating rate = 10◦C/min), 
CH4 flow rate of 15 mL/min (C3) normalized to the mass of the catalyst or (C4) normalized to the mass of iron [126]. (D) hydrogen yield through CDM vs. reaction 
time at 700◦C using 60%Ni/Si–Al and 60%Co/Si–Al catalysts [128]; Results of (E1) TOS study and (E2) hydrogen productivity (reaction at 600◦C, 1 bar feed gas CH4: 
Ar = 1:1 and GHSV = 1.8 × 104 mL g− 1 h− 1) [131].

Fig. 8. (A1) Methane conversion as a function of time-on-stream over mono- and bimetallic cobalt-based catalysts [136] (A2) TGA analysis of CNTs produced over 
used catalysts 50%Co, 25%Co–25%Cr, 25%Co–25%Mo and 25%Co–25%W/MgO [136]. (B) Methane conversion versus the reaction time over the NiMgAl-800, 
9.63NiMgAl-800 and NiMgAlMo-800 catalysts. Reaction conditions: 99.99% CH4, total flow = 30 mL/min, catalyst loading = 0.2 g, reaction temperature: 650◦C 
[137]. (C) Stability tests of catalysts with various metal doping at 675◦C. Reaction conditions: CH4:N2 volumetric ratio = 15:85, GHSV = 48,000 mL/(g × h) [138] 
(D) Effect of different 5 wt% M-60 wt% Ni/Al2O3 catalysts on methane conversion [139] (F) The methane conversion performance of hydrotalcite-based catalyst with 
various Ni loading tested at 650◦C [146].
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2.1.3. Molten catalysts
The limitations of solid-based catalysts, particularly their deactiva

tion by coke encapsulation and sintering, have prompted researchers to 
seek alternatives, such as molten catalysts for methane pyrolysis. These 
catalysts can generally be divided into two categories: molten metals 
and molten salts. In the context of catalytic methane decomposition, 
molten catalysts have become a particularly active research topic due to 
their resistance to carbon-induced deactivation. For those interested in a 
more comprehensive overview of the current state of molten catalyst 
development for CDM, we recommend several recent review articles on 
this subject [45,46,65,66].

Molten catalysts are less susceptible to deactivation by carbon de
posits because solid carbon particles can more easily be removed from 
the liquid catalytic phase. For example, this can be done using a bubble 
column reactor. In practice, highly catalytically active metals, such as 
nickel (Ni), are diluted with less active metals to lower the melting point. 
Bi and Sn, for example, are often used as “solvents” [148,149].

The CDM reaction was also tested with Mg [150] and Te [151] as 
molten metal catalysts. Although Mg and Te cannot be compared 
directly due to differences in reactor design and operating conditions, 
both catalysts demonstrated quantitative methane conversion (Fig. 9A). 

Although molten metal catalysts are protected from deactivation by 
carbon deposits, this does not mean that this approach is flawless. The 
main problems with molten catalysts are their evaporation and the 
resulting metal contamination of the produced carbon. Wang et al. [150]
believe this problem can be solved with uniform noncatalytic molten 
metal systems, in which the molten metal serves only as a heat transfer 
medium for noncatalytic methane decomposition. Geiβler et al. [152] 
obtained promising results in a 1 m bubble column with molten tin, 
reaching 78% methane conversion at 1175◦C (Fig. 9B). Upham et al. 
[148] performed a systematic screening of Ni, Pt, and Pd in molten Bi, 
In, Ga, Sn, Pb, and Ag and Au (21 variants in total) to determine the 
catalytic effect of combinations on methane pyrolysis. A Bi–Ni alloy with 
27 mol% Ni proved to be the most efficient at 1000◦C. Building on this 
work, Palmer et al. [153] investigated the Cu–Bi alloy. They found that 
molten Cu–Bi is an active catalyst, even though pure molten Bi and Cu 
are not. Based on theoretical calculations, authors concluded that 
interaction with copper alters the electron density of bismuth, imparting 
catalytic properties to electron-deficient bismuth and promoting 
methane dissociation.

Another noteworthy aspect is the use of molten salts to prevent the 
catalyst from deactivating. Although other processes, such as cellulose 

Fig. 9. (A1) Methane conversion at different temperatures. (●) Without catalyst, (▴) over molten Mg, and (■) the equilibrium conversion of methane according to 
the thermodynamic calculation [150] (A2) CH4 conversions in 7-cm bubble column reactors over different melts. The partial pressure of CH4 was 0.7 atm, the bubble 
diameter ~5 mm, and the residence time about 0.5 s (Reprinted with permission from Ref. [151]. Copyright 2020 American Chemical Society) (B) Hydrogen yield 
over liquid tin as a function of methane volume flow rate at different reference temperatures with pure methane as feed gas [152] (C) CH4 conversion over 30 h of 
continuous operation for the 12.5 cm bubble columns of molten MnCl2(67)-KCl(33) and KCl(100) at 1050◦C: reactant gas = 5 sccm (100 mol% CH4), sweep gas = 50 
sccm (100 mol% Ar) [156]; (D1) Tip and (D2) base carbon growth mechanisms [159].
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pyrolysis and methane reforming, sometimes use molten salts with solid 
catalysts, CDM reactions typically use liquid salts with molten metal 
catalysts. The promoting effect of the molten salt may be due to its 
improved wettability with the Fe–Ni alloy, which can prevent deacti
vation of the catalyst due to carbon encapsulation [154]. Typically, the 
molten salt forms an additional liquid layer in the bubble column, above 
the liquid metal. This ensures that the resulting carbon does not touch 
the metal’s surface, but rather floats on the molten salt’s surface. Some 
molten salts have catalytic properties, and their catalytic mechanism is 
generally similar to that of solid catalysts. CDM catalysis in molten salts 
mainly uses alkali metal halides [155–158]. Their catalytic activity is 
generally similar to that of CDM over metal catalysts [155]. Hydrogen 
atoms consistently split off from the methane molecule to form hydrogen 
and carbon at the gas-liquid phase boundary.

Alkali metal halides are typically added to the halides of other 
metals, such as MnCl2 and FeCl3. Various authors explain this phe
nomenon through the formation of complexes with lower activation 
energy [156,158]. This can significantly increase the activity and 
hydrogen selectivity of molten salts. For example, Kang et al. [156] 
reported that the MnCl2–KCl (67:33) system exhibited 99 %H2 selec
tivity at 1050◦C, whereas pure KCl demonstrated only 90% selectivity 
under the same conditions. Meanwhile, the molten MnCl2–KCl system 
provided stable 50% methane conversion for 30 h (Fig. 9C). Pure KCl 
exhibits relatively high selectivity for hydrocarbon intermediates, such 
as ethylene, acetylene, and aromatics [156,158]. However, a possible 
explanation for this phenomenon lies in the formation of insoluble 
reduced metal particle aggregates. Attempts have been made to use 
halides of other metals that can form Lewis acids, such as nickel (Ni), 
cobalt (Co), and copper (Cu), but they are too rapidly reduced to metals 
[158].

2.2. Long-term operational issues

One of the main obstacles to commercializing CDM is catalyst 
deactivation due to carbon deposits blocking the catalyst’s active sites. 
Therefore, many authors consider regenerating spent catalysts one of the 
main tasks for commercializing CDM [9,25,27,61,62,109,160–162]. 
However, it is often overlooked that most regeneration processes destroy 
the valuable carbon products, which undermines CDM commercializa
tion efforts. Thus, technologies that capture valuable carbon products 
are also important [41,66,109,162].

2.2.1. Catalysts deactivation and regeneration
The main problem with commercializing CDM is the deactivation of 

solid catalysts due to carbon covering their active sites. Tong et al. [47] 
and Välimäki et al. [48] accurately reviewed the literature on the 
mechanisms of deactivation and carbon formation. These reviews both 
emphasize the importance of the growth mechanisms of CNTs: tip 
growth and base growth. One or the other is active depending on the 
strength of the interaction between the catalyst metal and the support 
(Fig. 9D). Takenaka et al. [163,164] investigated Fe- and Co-based 
catalysts and demonstrated that the tip-growth mechanism provides 
higher methane conversion and catalyst stability. However, the 
tip-growth mechanism renders the catalysts incapable of regeneration. 
Torres et al. [165] investigated different types of doping for Ni catalysts 
and found that doping with copper can significantly decrease catalyst 
deactivation. Avdeeva et al. [166] compared supported and 
non-supported Ni catalysts and found that the support prevents metal 
particles from being encapsulated by carbon and becoming inactive. 
Opinions about the influence of catalyst size are varied. Ashik and Doud 
[167] synthesized SiO2 supported Ni, Fe, and Co and investigated their 
catalytic properties for CDM. The authors concluded that larger particles 
have a smaller surface area, causing the samples to deactivate rapidly. 
However, Liang et al. [117] and Christensen et al. [168] found that small 
particles deactivate faster than large ones. Liang et al. [117] explained 
this phenomenon by stating that “carbon nanotubes, which maintain 

catalyst activity, are more likely to form on large nickel particles, while 
encapsulated carbon species, which lead to deactivation, are more likely 
to deposit on small particles.” Christensen et al. [168] explain this 
phenomenon by the higher saturation concentration of carbon in smaller 
nickel crystals.

There are three main methods for the regeneration of solid metal 
catalysts after deactivation caused by carbon deposition [25], all of 
which are based on oxidizing of the generated carbon into its oxides such 
as CO and CO2. These methods include carbon combustion in atmo
spheric oxygen [169–173] (eq. (5)), steam regeneration [172,174] (eq. 
(6)) and carbon dioxide regeneration [82,175,176] (eq. (7)). 

С+O2 ↔ CO2 (5) 

С+H2O ↔ CO + H2 (6) 

С+СO2 ↔ 2CO (7) 

One of the main problems in catalyst regeneration is the sintering of 
catalyst particles during the process [177]. Among the presented 
regeneration methods, steam regeneration has the advantage of avoid
ing sintering if the reaction temperature is properly controlled. This 
mitigates a decrease in the catalyst’s specific surface area and activity in 
subsequent operating cycles [170].

However, as pointed out in references [9,27,109], a rather novel 
approach to solving the problem of regenerating solid, metal-based 
catalysts was proposed. The authors tested the Fe/CaO–Ca12Al14O33 
catalyst and its regeneration efficiency in cyclic CDM and regeneration 
experiments. They separated the catalyst and the carbon deposit using 
vibratory separation. Approximately 10% of the carbon deposit con
sisted of high-quality CNTs. The remaining carbon was removed via 
steam gasification. The resulting carbon dioxide was captured by CaO, 
forming CaCO3. Calcination then produced CaO and pure CO2. After 
eight cycles, the catalyst’s methane conversion decreased from 90% to 
80%.

Chu et al. [178] proposed a innovative approach to solving the 
problem of regenerating solid, metal-based catalysts. The authors tested 
the efficiency of regenerating the Fe/CaO–Ca12Al14O33 catalyst in 
CDM/regeneration cycles. They separated the catalyst and the carbon 
deposit using vibratory separation. Approximately 10% of the carbon 
deposit consisted of high-quality CNTs. The remaining carbon was 
removed via steam gasification. The resulting carbon dioxide was 
captured by CaO to form CaCO3. Calcination then produced CaO and 
pure CO2. After eight cycles, the catalyst’s methane conversion 
decreased from 90% to 80%.

2.2.2. Produced carbon separation
For carbon-based catalysts, separating the carbon product from the 

catalyst is unnecessary [179]. Using molten metal catalysts solves the 
problem of separating generated carbon from the catalyst because the 
carbon can easily be collected from the liquid surface due to its lower 
density. However, the carbon usually requires additional purification to 
be utilized [180]. Therefore, the main problems in separating carbon 
products from catalysts are specifically related to solid metal-based 
catalysts.

Vibrational separation is the most widely used method for separating 
the catalyst from the produced carbon. Hatanaka and Yoda [181] used 
mechanical regeneration by shear stress to remove carbon from the 
FeTiO3 catalyst in situ. In this device, a vortex flow was generated by gas 
fed along the inner surface of a tube at the upper and lower ends of the 
regeneration device (see Fig. 10A). The vortex flow caused the catalyst 
particles with carbon deposits on their surfaces to rotate in the tube. The 
particles were subjected to shear stresses due to collisions among the 
particles and with the wall. This, in turn, caused the carbon deposits to 
be removed from the catalyst surface. The separated carbon was 
collected by filters at the reactor’s outlet. The carbon mass content on 
the filters was 84%. Sixteen percent of the carbon remained in the 
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sample. Over the course of nine operating cycles, each lasting 60 min, 
the methane conversion rate decreased from 96% to 81%.

Yang et al. [182] demonstrated the applicability of a vibrating flu
idized bed with a carbon catalyst (Fig. 10B). The inner diameter of the 
bed was 4 or 8 cm. The 12–15 cm bed consisted of spent catalyst and 
carbon products. The oscillation frequency could be increased from 15 
to 50 Hz, with an amplitude ranging from 0.03 to 0.06 cm. The deposited 
upper CNT layer could be removed in batches with a suction probe. The 
spent catalyst was removed from the bottom of the vibrating bed. The 
deposited CNT layer was also removed in batches with a suction probe. 
The spent catalyst was removed from the bottom of the vibrating bed. A 
simulation experiment was carried out to fluidize a mixture of CNTs and 
catalyst. The results showed that the upper carbon layer of the fluidized 
bed contained 99.4% CNTs due to fluidization, while the lower catalyst 
layer contained only 0.35% CNTs. However, in the case of a true mixture 
of reaction products and catalyst, the upper layer consists of only 57% 
carbon, while the catalytic mixture accounts for the remaining 43%. The 
authors concluded that vibrational separation was insufficient due to the 
strong metal-CNT bonds. To purify the CNTs, the authors subjected them 
to additional filtration through a dense medium, followed by leaching 
with HCl and KOH to remove metal impurities. The results demonstrated 
the feasibility of the multi-stage approach, which a preliminary eco
nomic analysis confirmed.

It is also worth noting that many metallic catalysts, such as Ni, Co, 
and Fe3O4, are ferromagnets that can be used to separate the catalyst 
from carbon deposits. For example, Keller and Sharma successfully used 
magnetic separation to separate catalytic magnetite particles from ZrO2 
supports [183]. Pathak and McFarland [184] later used a similar tech
nique to separate magnetic iron particles from the inert diluent used in 
the fluidized bed reactor (Fig. 10C). However, due to the strong inter
action between metals and CNTs, this approach can hardly be used 
without combining it with other methods to separate the metal catalyst 
from the CNTs.

Wang et al. [185] proposed another way to separate high-value CNTs 

from the metal catalyst. Building on previous work on purifying CNTs 
from impurities through controlled oxidation in nitric acid [186–188], 
the authors placed the spent catalyst containing the produced CNTs 
under reflux for 24 h. The metal catalysts were oxidized, and the 
resulting CNTs were analyzed using XRD, Raman spectroscopy, 
SEM-EDX, TEM, and TGA. The results showed that the catalyst had been 
completely removed from the CNTs, which retained their crystallinity. 
The resulting CNTs were pure and highly stable.

2.3. Reactors for catalytic decomposition of methane

There are several types of reactors for CDM. These include reactors 
with solid catalysts, reactors with liquid catalysts, and reactors with a 
plasma catalyst. The most important types are shown in Fig. 11. Oper
ating conditions significantly influence the results of the process, 
including methane conversion, process stability, and the type of carbon 
produced. The following two overviews contain detailed descriptions of 
reactor systems that can be used in CDM. Sanyal et al. [49] emphasize 
the importance of the operating conditions of the reactor. Raza et al. 
[50] provide a broader overview of different reactor types, covering not 
only the basic reactors but also more specific types.

2.3.1. Fixed bed reactor
In the fixed-bed system, the catalyst is placed in a stationary bed 

inside the tubular reactor, while the gas flows through it (see Fig. 11A2). 
The reactor is then heated to the desired temperature. For the CDM 
reaction, the reactor can be equipped with a filter system or separator to 
capture solid carbon particles in the outlet flow.

The fixed bed system can be used with all types of solid catalysts: 
carbon, metals, and metal supports [191–197]. The fixed-bed (FBR) was 
the first chronologically used CDM reactor. Due to its simplicity, this 
type of reactor is the most commonly used for CDM [78,120]. However, 
the fixed-bed reactor has a major disadvantage for the CDM reaction: it 
can clog from the carbon produced during the reaction. Nevertheless, 

Fig. 10. (A) Device for the regenerating of catalyst particles [181] (B) Photographic representation of vibrational separation [182] (C) Solids removed from the 
reactor after magnetic separation (S. Pathak and E. McFarland. License: CC BY 4.0) [184].
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due to its simplicity, the FBR is still frequently used to test various in
novations, such as new catalysts or a new type of reactor heating.

2.3.2. Fluidized bed reactor
A fluidized bed reactor (FlBR) is a type of reactor in which catalyst 

particles are suspended in a gas flow. This causes the particles to behave 
as a fluidized bed with liquid-like properties (Fig. 11A1). The FLBR’s 
configuration is essentially the same as the FBR’s. The catalyst pellets 
are rest the grid through which the feed material passes. The only sig
nificant difference is in the processing conditions. While the catalyst 
remains on the grid during the reaction in the FBR, the FLBR’s process 
conditions are selected so that the catalyst particles rise in the gas flow 
and become fluidized.

In the context of the CDM, FlBR have several advantages over FBRs. 

The most significant advantage is the ability to continuously extract the 
entrapped carbon product, which prevents the reactor from clogging 
[175,198–201]. Due to the generally higher gas flow rates, the FLBR 
exhibits improved mass and heat transfer [160]. At the same time, the 
FLBR can produce high-quality carbon materials, including MWCNTs 
[202,203].

Muradov investigated the possibility of using a FLBR for carbon di
oxide removal in 2000 [204]. He designed, manufactured, and suc
cessfully tested a laboratory-scale FlBR for CDM with different carbon 
catalysts. After the experiments, the process was modeled theoretically, 
and it was concluded that this approach has great potential for 
large-scale implementation [205].

Keller et al. [206] used a FlBR with Fe2O3/Al2O3 as the catalyst for 
CDM. They found that the activity of the bed material for methane 

Fig. 11. Various reactors suitable for H2 production by CDM; (A1) fluidized bed reactor with gas inlet from below; (A2) fixed bed reactor with gas inlet from the top 
(T.N.Eran et al. Licence: CC BY 4.0) [189]; (B11) reactor for the conversion of CH4 to H2 and carbon in a molten metal bubble column with continuous carbon 
removal [148]; three types of plasma system: (C1) pure plasma, (C2) packed plasma, (C3) catalytic plasma, ((1) inner electrode, (2) acrylic glass support, (3) outer 
electrode, (4) catalyst particles, (5) glass packing particles) [190].
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cracking decreased linearly with the amount of carbon deposited on its 
surface. Once the carbon deposit amount reached 10 wt% of the catalyst 
mass, the particles lost mechanical integrity and the layer volume 
increased simultaneously, regardless of the reaction conditions.

Hadian et al. [207] conducted an experimental investigation of CDM 
kinetics in a FlBR. They found that, at lower reaction temperatures, more 
carbon was produced before complete deactivation, though the 
maximum reaction rate was lower. This was attributed to the catalyst’s 
lower deactivation rate at lower temperatures. Similarly, the presence of 
hydrogen in the feed stream reduced the reaction rate but allowed for 
the production of greater amounts of carbon due to the catalyst’s longer 
life. The carbon produced was mainly in the form of CNFs.

Parmar et al. [208] used a FlBR containing a 60% Ni-5% Cu-5% 
Zn/Al2O3 catalyst to produce CNTs. They separated the CNTs and 
partially regenerated the spent catalyst using ultrasonic treatment. They 
investigated the catalyst’s regeneration capability by performing several 
reaction-regeneration cycles. After regeneration, the catalyst regained 
full activity, achieving a methane conversion of over 90% and producing 
high-quality CNTs (outer diameter: 60–80 nm; length: 5 μm).

The FLBR can be considered a further development of the FBR for 
implementing CDM on a pilot scale because it solves the main problem 
of clogging caused by carbon deposits. Several studies address catalyst 
stability, carbon deposition, and catalyst regeneration in FLBR under 
CDM reaction conditions.

Penilla et al. [209,210] investigated FLBR on a pilot scale for CDM. 
The authors used 150-μm NiCu/Al2O3 particles as a catalyst and selected 
the necessary fluidization conditions. They were able to achieve stable 
CNF production in a FLBR during the methane decomposition process 
using a Ni-based catalyst. By varying the process parameters, they 
demonstrated that raising the temperature increased hydrogen pro
duction but also accelerated catalyst deactivation. Increasing the GHSV 
resulted in a decrease in methane conversion and an increase in catalyst 
deactivation. At 700◦C, the deposited carbon appeared mainly as long 
CNFs emerging from the nickel particles with a typical herringbone 
structure. The quality of the CNFs produced, as well as the reactor’s 
overall performance, was quite competitive with the results obtained for 
the FBR. The reactor’s capacity was sufficient to produce several hun
dred grams of CNFs per day.

Yang et al. [182] successfully applied FLBR using an Fe/Al2O3 
catalyst at temperatures below 700◦C, achieving hydrogen yields of over 
80% and CNTs as the carbon product. They proposed a three-stage 
reactor process with catalyst regeneration. The first stage was the 
CDM process itself within the FLBR. The second stage involved sepa
rating the produced carbon and spent catalyst. In the third stage, the 
spent catalyst was regenerated and became suitable for reuse in the CDM 
process. The authors tested two methods for separating the catalyst from 
the produced carbon: vibro-separation and dense phase flotation. 
Vibro-separation yielded significantly better results and is considered 
more promising for future use.Dadsetan et al. [211] used 
microwave-heated FlBR with carbon pellets that served both as micro
wave receptor and catalyst. They achieved a constant methane conver
sion over 500 cumulative hours with a hydrogen selectivity of more than 
90% at temperatures above 1000◦C.

The CDM-FLBR reactor has also been the subject of theoretical cal
culations aimed at optimizing its operating conditions. One of the most 
recent studies is that of Tong et al. [212]. The authors developed a 
two-dimensional model of a Cu-based fluidized catalyst bed under CDM 
conditions with catalyst deactivation. Their calculations confirmed the 
experimental results that lower gas flow rates lead to higher conversion 
rates and greater catalyst stability.

2.3.3. Molten metal bubble column reactor (MMBCR)
Another solution to the problems of catalyst deactivation and reactor 

clogging caused by deposited carbon is to use a molten catalyst in a 
molten metal bubble column reactor (MMBCR). These catalysts were 
discussed in Section 2.2.3. Fig. 11B1 and Fig. 13B1 show an example of 

an MMBCR. The MMBCR design completely avoids catalyst deactivation 
caused by carbon deposition [156].

In the MMBCR, methane enters through a gas distributor at the 
bottom of the reactor, where it bubbles up through the liquid phase of 
the molten metal. Thermal decomposition of CH4 occurs inside the 
bubbles and on their surfaces. Due to the significant density difference 
between carbon and liquid metal, solid carbon products floats on the 
liquid surface. This carbon can be removed from the surface of the 
molten metal by mechanical skimming. Carbon particles entrapped in 
the gas stream can be removed by cyclones, bag filters, or other solid-gas 
separation processes [213].

In the first MMBCR that was proposed and tested, the molten metal 
used had no catalytic activity. It only promoted the thermal decompo
sition of methane and the capture of carbon [214].

Many catalytically active metals, such as nickel (Ni), platinum (Pt), 
and palladium (Pd), cannot be used directly in the MMBCR due to their 
high melting points. However, this issue can be resolved by alloying 
these metals with those that melt at lower temperatures. For example, 
Upham et al. [148] successfully used a 27% Ni–73% Bi melt at 1065◦C in 
a 1.1-m bubble column. Similarly, Chen et al. [95] reduced the operating 
temperature of a bismuth-cobalt alloy reactor from 1000◦C to 800◦C by 
adding molybdenum.

However, using more abundant metals may make MMBCR 
economically viable. For instance, Parkinson and Leal-Pérez [94,215] 
conducted independent techno-economic analyses of MMBCR and 
concluded that MMBCR technology could be competitive in the current 
market if the produced carbon is valorized and CO2 emission taxes are 
sufficiently high.

Rahimi et al. [216] investigated a two-stage bubble column con
sisting of molten nickel-bismuth (NiBi) and molten bromide salt. Using 
an additional salt layer enables the production of pure carbon free of 
metallic impurities. Noh et al. [217] proposed and implemented a 
three-stage bubble column reactor for methane pyrolysis. In this reactor, 
solid ceramic beads are embedded in the liquid phase of the alloy 
catalyst, forming an additional mixed layer of solid ceramic beads and 
liquid metal on top of the pure liquid phase of the alloy catalyst. 
Compared to the two-stage system, the three-stage reactor with a bubble 
column exhibited higher methane conversion rates under gas flow 
conditions of 9 sccm and 985◦C. In particular, a 6% increase in the 
methane conversion rate was observed.

MMBCR reactors have proven their ability to produce stable 
hydrogen and valuable carbon in the long term. However, there are also 
significant drawbacks that hinder their industrial use. These problems 
include low methane conversion, high energy requirements, and metal 
contamination of the produced carbon. Compared to other reactor types, 
these issues have slowed down industrial development [46].

2.3.4. Plasma reactor
The catalytic decomposition of methane also occurs in plasma, which 

requires specific reaction conditions and reactor design [54]. There are 
many different approaches to catalytic plasmas, and plasma technology 
uses electricity directly to carry out the reaction. In the next chapter, we 
will discuss the application of plasmas for CDM. Here, we will highlight 
some general information about plasma reactor design and types of 
plasma.

Plasma is an ionized gas consisting of electrons, ions, atoms (in the 
ground or excited state), molecules (in the ground or excited state), and 
free radicals. Regardless of the degree of ionization, the overall charge of 
the system is neutral. When an external electric field is applied, the 
neutral gas molecules in the plasma become excited, dissociated, and 
ionized. These particles then collide with each other and with the 
electrode surfaces, creating new charged particles.

Depending on whether the plasma particles are in thermal equilib
rium with the surrounding medium, plasma can be divided into two 
types: equilibrium and non-equilibrium (Fig. 12B) [218]. Equilibrium 
plasma, also known as thermal or hot plasma, is fully ionized and has a 
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high temperature (>2000◦C). Thermal plasmas require either high 
temperatures or high pressures. Non-equilibrium plasmas, also known as 
non-thermal plasmas, are not in thermal equilibrium; electrons have a 
much higher temperature than heavy particles [219]. Methane decom
position can occur in both thermal and non-thermal plasmas (Fig. 12A).

There are five types of plasma, each with a different reactor design, 
that can be used in CDM [54]: thermal plasma (Fig. 12C), corona 
discharge plasma, gliding arc plasma (Fig. 12D), dielectric barrier 
discharge plasma (Fig. 12E), and microwave discharge plasma 
(Fig. 12F).

We have already discussed thermal plasmas; the other types 
mentioned are non-thermal plasmas. Fig. 12B shows various plasma 
types. While the design of plasma reactors and operating conditions may 

vary, a detailed discussion of these topics is beyond the scope of this 
article.

3. Electrification of catalytic decomposition of methane

To produce hydrogen without emitting CO2, the heat for the reaction 
must be generated without producing CO2 emissions [97]. One solution 
is to use renewable energy sources. Electrifying the process enables the 
use of renewable solar and wind energy for methane processing, creating 
a CO2-free cycle for hydrogen production from methane [38]. Apart 
from simple resistance heating, there are several more energy-efficient 
ways to supply electrical energy to the catalytic reaction. Electrifica
tion can significantly improve the economics of methane processing by 

Fig. 12. (A) A simplified equilibrium diagram for decomposition products 1 mol methane (Reprinted with permission from Ref. [220]. Copyright 2002 American 
Chemical Society); (B) A brief summary of the main differences between the different plasma types, Te is the electron energy, T0 is the gas temperature (MDPI. 
Licence: CC BY 4.0) [56]; (C) Thermal plasma reactor [221]; (D) Gliding arc discharge reactor [222]; (E) DBD reactor [223]; (F) Microwave discharge reactor [222].
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using more energy-efficient equipment [224]. Electrification methods 
are not only alternatives to conventional heating techniques, they also 
represent a pathway toward decarbonizing hydrogen production and 
align with global energy transition goals. For a broader perspective on 
the electrification of catalytic systems, including reactor design, process 
intensification, and energy transfer strategies, we refer readers to some 
recent reviews on this topic [38,51].

In their review, Stankiewicz and Nigar [51] presented a compre
hensive classification of possible methods for electrically driving 
chemical reactions. Of the approaches they proposed, three have been 
applied to CDM, according to the literature: 

1) Plasma reactors (Fig. 13A)
2) Reactors with dielectric microwave heating (Fig. 13B)
3) Reactors with induction heating (Fig. 13C)

It is also worth noting the Joule-heating approach, which has gained 
attention as a means of electrifying catalytic processes. Although it has 
not yet been applied to catalytic methane decomposition, readers 
interested in this technique are referred to Zhen et al. [52]. The three 
CDM-relevant electrification approaches listed above are discussed in 
more detail in the following chapters.

3.1. Plasma

As previously mentioned, plasmas can be classified as either thermal 
or non-thermal. Non-thermal plasmas include gliding arc, microwave, 
and DBD plasmas. A more detailed classification is provided in the 

review by Nozaki et al. [53]. Table 2 lists some works dealing with the 
application of plasmas for the decomposition of methane into hydrogen 
and carbon. For readers seeking further insight into the broader role of 
plasma in hydrogen production, we recommend the recent compre
hensive review by Wang et al. [54]. For a more CDM-focused perspec
tive, the review by Wnukowski [56] offers an in-depth overview of 
plasma-based methane decomposition systems.

In addition to carbon-containing products and hydrogen, various 
radicals are formed during the plasma reaction, which may then 
recombine to form hydrocarbon species. Consequently, one of the main 
products of plasma pyrolysis of methane is often C2H2 [53]. The product 
selectivity shifts towards hydrogen and carbon as the temperature in
creases. Fincke et al. [220] performed calculations and demonstrated 
that solid CB and H2 are the primary reaction products of plasma py
rolysis of methane within the operating temperature range of 
1000–2500◦C.

Fig. 11C shows the circuit diagram of a plasma reactor. Typically, the 
plasma generation system comprises an inner and an outer coaxial 
electrode, which are separated by a quartz tube through which the re
action gases are fed. The inner stainless steel electrode is located at the 
center of the reactor. The outer electrode, which is made of copper foil, 
is enclosed by the outside of the quartz tube. The tube itself can be empty 
for pure plasma, filled with a filler for packed plasma, or filled with a 
catalyst for catalytic plasma. The presence and composition of the filler 
affect the processes that take place in the plasma and can therefore in
fluence the conversion of methane and the selectivity of different 
products.

Although thermal plasma has been successfully used in a number of 

Fig. 13. (A) Schematic of the various electrified CDM reactors: (A) Plasma bed reactor; (B) Microwave-heated fluidized bed reactor; (C) Induction-heated fluidized 
bed reactor; (1) Power supply; (2) Cathodes for plasma generation; (3) Generated plasma in the catalyst layer; (4) Microwave radiation; (5) Microwave-heated 
fluidized bed; (6) Inductor; (7) Fluidized bed of magnetic nanoparticles heated by induction current.

Table 2 
Plasma applications for methane decomposition electrification.

Plasma type Catalyst Initial XCH4 (%) H2 selectivity, % Carbon morphology year Ref.

Thermal – 99 95 CB 2023 [221]
Thermal – 100 100 CB 2024 [225]
Thermal ​ 100 100 Graphite 2024 [226]
Thermal – n.d n.d. CB 2005 [227]
Thermal ​ 98 n.d. Graphene 2023 [228]
Gliding arc ​ 20 71 Graphite 2022 [222]
Gliding arc – 58 95 n.d. 2018 [229]
Gliding arc ​ 47 95 Graphite 2019 [230]
Microwave – 64 87 CB 2022 [222]
Microwave ​ n.d. n.d. Graphite 2023 [231]
DBD NiO/γ-Al2O3 6 27 CB 2022 [223]
DBD – 49.6 52.6 CB 2024 [232]
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studies for CDM [221,225,233], the main products of thermal plasma 
pyrolysis of methane are often heavier hydrocarbons rather than carbon 
[234]. Generally, reports on plasma technology suggest that thermal 
plasma is less suitable for commercial CDM use than non-thermal 
plasma due to its higher energy consumption [50,54].

Plasma technology uses electricity to directly carry out the reaction, 
making it directly relevant to CDM electrification. We will discuss its 
application in more detail in the next section.

In the context of CDM, thermal plasma is characterized by a higher 
conversion and reaction rates than non-thermal plasma. However, 
thermal plasma processes are much less selective than non-thermal 
processes due to the high operating temperature. Additionally, ther
mal plasma is much more energy-intensive, leading to significantly 
higher operating costs [54].

Fulcheri and Schwob [235] first proposed using thermal plasma to 
decompose methane into carbon and hydrogen in 1995. From 1997 to 
2003, a plant operated in Karbomont, Canada. It produced hydrogen and 
CB from methane by plasma pyrolysis, with an annual production ca
pacity of 20,000 tons of CB. However, the quality of the products was 
inadequate, leading to the plant’s closure [236]. Attempts to produce 
hydrogen and carbon using thermal plasma are ongoing [221,225,237], 
but the prospects remain unclear.

Non-thermal plasmas have not found widespread industrial use. One 
reason for this is the scaling problem. Khalifeh et al. [190] investigated 
methane pyrolysis in a dielectric barrier discharge (DBD) reactor and 
found that methane decomposition stops at flow rates higher than 40 
ml/min. Another reason is the low hydrogen production capacity. 
Kreuznacht et al. [222] compared gliding arc and microwave plasma 
discharges for CDM. The authors demonstrated that limitations in 
hydrogen production are associated with both methane conversion and 
H2/C2H2 selectivity in both methods.

The main obstacles to using thermal plasma are the high tempera
tures and energy costs, which negate the advantages of electrification 
that plasma offers [50]. The main problem with using non-thermal 
plasmas is that the reaction products are primarily higher hydrocar
bons, not hydrogen [238]. Compared to other CDM approaches, plasma 
pyrolysis has several advantages: ease of operation, high and stable 
methane conversion, lack of deactivation, and energy transfer without 
heat transfer. Due to these advantages, plasma methane pyrolysis has 
the highest TRL among all CDM methods for 2024 [14]. However, 
plasma reactors have significant disadvantages for CDM, including high 
energy consumption [229] and difficulty producing a carbon product 
more valuable than CB.

3.2. Microwave dielectric heating

Microwave heating works by using a dielectric material with high 
electrical susceptibility to absorb electromagnetic radio wave energy 
and convert it into thermal energy. As a non-contact heating method, 
microwave heating allows for the rapid, direct, and selective heating of 
the catalyst, preventing energy waste on heating the entire reactor 
[239]. For a broader overview of microwave-assisted heterogeneous 
catalysis and its applications across various catalytic systems, readers 
are referred to the comprehensive review by Palma et al. [57].

The choice of materials is crucial for microwave heating applications 
[52,57]. Conductors reflect microwaves and can be used in reactor walls 
to prevent radiation loss. Low-loss dielectrics are transparent to micro
wave radiation and should be used as windows through which radiation 
enters the reactor. Dielectric materials absorb microwave radiation and 
convert it into heat. Thus, dielectric materials should be used for the 
catalyst or heating element, if the catalyst is not already a heating 
element itself.

Microwave heating has been used successfully in several papers on 
CDM. Table 3 lists some of the successful results of CDM electrification 
by microwave heating.

Cooney and Xi [244] first used microwave heating for CDM in 1996. 

In an experimental comparison of conventional and microwave heating 
in a FBR containing a carbon catalyst, the authors found that microwave 
heating required temperatures 30–50◦C lower than conventional heat
ing to achieve the same methane conversion (18–53%). They attributed 
this result to the unique nature of the reaction triggered by microwaves. 
However, twenty years later, there is no evidence supporting the unique 
nature of microwave-heated reactions [52,245]. The most likely reason 
is the direct heating of the catalyst by microwaves and the different 
temperature distribution profile in the reactor.

As shown in Table 3, carbon-based materials are typically used as 
dielectric materials that absorb microwave energy in CDMs. However, 
SiC and alpha-alumina can also be used as microwave heating elements 
[246].

Dadestan et al. [211] demonstrated the feasibility of using micro
wave heating in conjunction with a FlBR. The authors used a carbon 
catalyst that achieved over 90% methane conversion after more than 
500 h. Deibel et al. [243] obtained CNT-rich carbon on Ni-doped 
strontium titanate supported by microwave-heated ceramic materials. 
They hypothesized that combining microwave-heated production of 
high-value carbon with fluidized bed technology would accelerate the 
commercialization of CDM.

In summary, microwave heating offers a viable route for the elec
trification of CDM. Advantages include direct heating with low heat loss 
and low heat transfer limitations, the possibility of using electricity 
(including from renewable energy sources), the ability to produce CNTs, 
and the possibility of combining with FLBR. This set of advantages 
makes microwave heating an extremely promising way to electrify CDM.

3.3. Induction heating

Induction heating was only recently successfully tested for CDM. 
Essyed et al. [247] employed a carbon catalyst in an induction-heated 
methane decomposition process in a FBR. The process occurred at 
900◦C with a GHSV of 9.4 L/gcat/h. The authors maintained a 61% 
methane conversion rate during the 7-h induction heating process. They 
demonstrated that valuable CNFs were produced during the reaction.

Although the authors used a FBR in previous work, there is no reason 
a FlBR could not be used instead. Induction heating in combination with 
FlBRs has already been used for other chemical processes [248–251].

In addition to induction heating used for CDM, there is a magnetic 
heating method that has not yet been tested but has similar requirements 
for the reactor [59]. Magnetic heating, which involves using magnetic 
nanoparticles as a heated element, is less common than induction 
heating. Magnetic heating is based on the idea that when magnetic 
particles are exposed to an alternating magnetic field, their magnetic 
moments respond to the field through hysteresis losses, generating heat. 
This causes the field to perform magnetic work, which is converted into 
heat [252].

Ceylan et al. [253] first demonstrated the possibility of using the 
superparamagnetic properties of nanoparticles to introduce thermal 
energy into a reactor. The authors successfully designed a FBR that was 

Table 3 
Results of using microwave heating in CDM.

Catalyst Conditions 
T(◦C)/GHSV 
(L/gcat/h)

Initial XCH4 

(%)/ XCH4 

(%) at time 
(t)

Time 
(t) 
(hour)

Carbon 
morphology

Ref.

Carbon 917/0.4 98/5 500 CB [211]
Ni–Fe-CNT 500/n.d. 40/12 2 n.d. [240]
Carbon 800/0.16 95/29 2 CB, CNF [241]
Ni–Cu-CNT 600/9 58/51 5 n.d. [17]
NiFe/AC 800/1.8 51/43 1 CB [242]
Ni/AC 800/1.8 66/71 1 CB, CNF [242]
SrTiNi0,08O3/ 

SiC
500/1.1 42/27 2 CNT [243]
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heated by a magnetic induction coil and used Fe3O4/Fe2O3-based 
nanoparticles as the heating element. They also noted that, besides iron 
oxide, many other substances in nanoparticle form have magnetic 
properties and can be heated in the same way.

Magnetic heating was historically developed for liquid-phase pro
cesses [254], but there are examples of its application to gas-phase re
actions. Meffre et al. [255] synthesized complex Fe@FeCo and Fe@Ru 
nanoparticles that possess superparamagnetic properties, that possess 
superparamagnetic properties enabling magnetic heating, and also 
exhibit catalytic activity for the Fischer–Tropsch synthesis. The obtained 
catalysts were successfully tested, proving the possibility of self-heating 
by magnetic heating.

Since then, a considerable number of papers have been published on 
using magnetically heated catalyst nanoparticles in various processes 
[58,256–260]. To the best of our knowledge, no studies have yet 
explored CDM over magnetically heated catalysts. Given that many 
CDM catalysts are nickel- and cobalt-based, using magnetic nano
particles to heat this reaction is an extremely promising research topic. 
Recent reviews have comprehensively summarized the state of the art in 
magnetically heated catalytic systems and can serve as a valuable 
resource for further exploration [58,59].

In summary, the use of induction heating for CDM was investigated 
for the first time recently. Preliminary results are encouraging, and this 
type of heating has been successful in similar processes. No fundamental 
limitations have been identified so far, so this approach is considered 
very promising for CDM.

4. Conclusions

The co-production of hydrogen and carbon through CDM is a more 
economical and environmentally friendly approach than SMR and other 
conventional methods of hydrogen production. To create a CO/CO2-free 
cycle for hydrogen production, reaction electrification is promising 
because it utilizes electricity from renewable/alternative energy sources 
that operate without CO/CO2 emissions. One of the main differences 
between CDM and other methane-to-hydrogen conversion processes is 
the co-production of carbon. On the one hand, this contributes to the 
process’s economic feasibility. On the other hand, it requires separating 
the solid product from the gas stream and enhancement of the catalyst’s 
stability against carbon deposition. By using carbon materials as cata
lysts for CDM, the problems of separating the catalyst from the product 
can be avoided. However, deactivation of the catalyst due to carbon 
deposition on the catalyst surface and in the pores is a common problem. 
At the same time, there is a lack of work reporting the recovery of high- 
quality carbon in the CDM process over a carbon catalyst.

The most developed class of CDM catalysts is solid metal-based, 
including pure metals and metal alloy-based catalysts, both supported 
and bulk. The ability to fine-tune the structure of the catalysts’ active 
phase allows for the production of high-quality, structured carbon spe
cies, such as MWCNTs, SWCNTs, CNFs, and graphene. However, 
depositing carbon on the catalyst surface can significantly decrease re
action conversion. Another challenge to successfully carrying outCDM 
using a solid metal-based catalyst is separating the catalyst from the 
carbon product to prevent leaching of the catalyst and contamination of 
the carbon by metal particles. With molten metal-based catalysts, 
however, it is unnecessary to separate the carbon product from the 
catalyst because the carbon can easily be separated from the molten 
metal’s surface due to the difference in density. However, a liquid metal 
medium only offers limited opportunities for synthesizing structured 
carbon species.

The general classes of reactors for CDM can also be organized by the 
type of catalyst used. For solid catalysts, FBRs and FlBRs are primarily 
used. CDM with a molten metal catalyst is carried out in bubble column 
reactors. However, the reactor design for plasma catalysis generally 
involves heterogeneous processes on the surface of the solid catalyst. As 
a result, FBRs system with plasma-generating electrodes are most 

common.
Plasma catalysis and microwave catalysis are the most developed 

methods for electrification of the CDM reaction. Electrification of the 
CDM reaction is one of the ways to make it a commercially successful 
technology. Plasma technology is the most advanced technology for 
CDM and has even reached the stage of commercial utilization. Micro
wave heating has already successfully demonstrated its application for 
CDM. Although microwave heating requires a more complicated reactor 
design than conventional heating, the advantage of being able to 
directly heat the catalytic material or its support rapidly, uniformly, and 
selectively cannot be neglected. Microwave heating enables the recov
ery of various types of carbon, including CNTs. In addition, microwave 
heating enables the use of FlBRs. Induction heating for CDM has only 
recently been explored. However, given the success of this heating 
method in similar processes and the lack of fundamental limitations, it 
could also be promising for CDM.
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Sci [Paris] 1890;111:774–8.

[68] Mondal KC, Ramesh Chandran S. Evaluation of the economic impact of hydrogen 
production by methane decomposition with steam reforming of methane process. 
Int J Hydrogen Energy 2014;39:9670–4. https://doi.org/10.1016/j. 
ijhydene.2014.04.087.

[69] Weger L, Abánades A, Butler T. Methane cracking as a bridge technology to the 
hydrogen economy. Int J Hydrogen Energy 2017;42:720–31. https://doi.org/ 
10.1016/j.ijhydene.2016.11.029.

[70] Ahmed W, Awadallah AE, Aboul-Enein AA. Ni/CeO2–Al2O3 catalysts for 
methane thermo-catalytic decomposition to COx-free H2 production. Int J 
Hydrogen Energy 2016;41:18484–93. https://doi.org/10.1016/j. 
ijhydene.2016.08.177.

[71] Pudukudy M, Kadier A, Yaakob Z, Takriff MS. Non-oxidative thermocatalytic 
decomposition of methane into COx free hydrogen and nanocarbon over 
unsupported porous NiO and Fe2O3 catalysts. Int J Hydrogen Energy 2016;41: 
18509–21. https://doi.org/10.1016/j.ijhydene.2016.08.160.

[72] Ramasubramanian V, Ramsurn H, Price GL. Hydrogen production by catalytic 
decomposition of methane over Fe based bi-metallic catalysts supported on 
CeO2–ZrO2. Int J Hydrogen Energy 2020;45:12026–36. https://doi.org/ 
10.1016/j.ijhydene.2020.02.170.

[73] Awadallah AE, Aboul-Enein AA, El-Desouki DS, Aboul-Gheit AK. Catalytic 
thermal decomposition of methane to CO x -free hydrogen and carbon nanotubes 
over MgO supported bimetallic group VIII catalysts. Appl Surf Sci 2014;296: 
100–7. https://doi.org/10.1016/j.apsusc.2014.01.055.

[74] Pudukudy M, Yaakob Z, Mazuki MZ, Takriff MS, Jahaya SS. One-pot sol-gel 
synthesis of MgO nanoparticles supported nickel and iron catalysts for undiluted 
methane decomposition into COx free hydrogen and nanocarbon. Appl Catal B 
Environ 2017;218:298–316. https://doi.org/10.1016/j.apcatb.2017.04.070.

[75] Deniz C, Karatepe N. Hydrogen and carbon nanotube production via catalytic 
decomposition of methane. Carbon Nanotub Graphene, Assoc Devices VI 2013; 
8814:881405. https://doi.org/10.1117/12.2023968.

[76] Bayat N, Rezaei M, Meshkani F. Methane decomposition over Ni-Fe/Al2O3 
catalysts for production of COx-free hydrogen and carbon nanofiber. Int J 
Hydrogen Energy 2016;41:1574–84. https://doi.org/10.1016/j. 
ijhydene.2015.10.053.

[77] Saraswat SK, Pant KK. Synthesis of carbon nanotubes by thermo catalytic 
decomposition of methane over Cu and Zn promoted Ni/MCM-22 catalyst. 

J Environ Chem Eng 2013;1:746–54. https://doi.org/10.1016/j. 
jece.2013.07.009.

[78] Bayat N, Meshkani F, Rezaei M. Thermocatalytic decomposition of methane to 
COx-free hydrogen and carbon over Ni–Fe–Cu/Al2O3 catalysts. Int J Hydrogen 
Energy 2016;41:13039–49. https://doi.org/10.1016/j.ijhydene.2016.05.230.

[79] Ashik UPM, Wan DW, Hayashi J-I. A review on methane transformation to 
hydrogen and nanocarbon: relevance of catalyst characteristics and experimental 
parameters on yield. Renew Sustain Energy Rev 2017;76:743–67. https://doi. 
org/10.1016/j.rser.2017.03.088.

[80] Gao LZ, Kiwi-Minsker L, Renken A. Growth of carbon nanotubes and microfibers 
over stainless steel mesh by cracking of methane. Surf Coating Technol 2008;202: 
3029–42. https://doi.org/10.1016/j.surfcoat.2007.11.006.

[81] Snoeck JW, Froment GF, Fowles M. Filamentous carbon formation and 
gasification: thermodynamics, driving force, nucleation, and steady-state growth. 
J Catal 1997;169:240–9. https://doi.org/10.1006/jcat.1997.1634.

[82] Pinilla JL, Suelves I, Utrilla R, Gálvez ME, Lázaro MJ, Moliner R. Hydrogen 
production by thermo-catalytic decomposition of methane: regeneration of active 
carbons using CO2. J Power Sources 2007;169:103–9. https://doi.org/10.1016/j. 
jpowsour.2007.01.045.

[83] Liu F, Yang L, Song C. Chemical looping hydrogen production using activated 
carbon and carbon black as multi-function carriers. Int J Hydrogen Energy 2018; 
43:5501–11. https://doi.org/10.1016/j.ijhydene.2018.01.098.

[84] Wang C, Yang L, Liu F, Liu K, Zhang J. Sodium Carbonate-Modified activated 
carbon catalysts for enhanced hydrogen production via methane decomposition. 
Fuel 2025;382:133764. https://doi.org/10.1016/j.fuel.2024.133764.

[85] Zhang J, Li X, Xie W, Hao Q, Chen H, Ma X. Handy synthesis of robust Ni/carbon 
catalysts for methane decomposition by selective gasification of pine sawdust. Int 
J Hydrogen Energy 2018;43:19414–9. https://doi.org/10.1016/j. 
ijhydene.2018.08.207.

[86] Awadallah AE, Aboul-Enein AA, El-Desouki DS, Aboul-Gheit AK. Catalytic 
thermal decomposition of methane to CO x -free hydrogen and carbon nanotubes 
over MgO supported bimetallic group VIII catalysts. Appl Surf Sci 2014;296: 
100–7. https://doi.org/10.1016/j.apsusc.2014.01.055.

[87] Fakeeha AH, Ibrahim AA, Khan WU, Seshan K, Al Otaibi RL, Al-Fatesh AS. 
Hydrogen production via catalytic methane decomposition over alumina 
supported iron catalyst. Arab J Chem 2018;11:405–14. https://doi.org/10.1016/ 
j.arabjc.2016.06.012.

[88] Alalga L, Benamar A, Trari M. Hydrogen production via methane decomposition 
over nickel supported on synthesized ZSM-5/MCM-41 zeolite composite material. 
Int J Hydrogen Energy 2021;46:28501–12. https://doi.org/10.1016/j. 
ijhydene.2021.06.090.

[89] Youn JR, Kim MJ, Kim KC, Kim M, Jung T, Go KS, et al. Highly efficient Co-added 
Ni/CeO2 catalyst for co-production of hydrogen and carbon nanotubes by 
methane decomposition. Fuel Process Technol 2024;263:108130. https://doi. 
org/10.1016/j.fuproc.2024.108130.

[90] Fakeeha AH, Kasim SO, Ibrahim AA, Al-Awadi AS, Alzahrani E, Abasaeed AE, 
et al. Methane decomposition over ZrO2-supported Fe and Fe–Ni 
catalysts—effects of doping La2O3 and WO3. Front Chem 2020;8:1–13. https:// 
doi.org/10.3389/fchem.2020.00317.

[91] Bayazed MO, Al-Fatesh AS, Fakeeha AH, Ibrahim AA, Abasaeed AE, Alromaeh AI, 
et al. Role of MgO in Al2O3-supported Fe catalysts for hydrogen and carbon 
nanotubes formation during catalytic methane decomposition. Energy Sci Eng 
2024:4166–79. https://doi.org/10.1002/ese3.1867.

[92] Awadallah AE, Aboul-Enein AA, Yonis MM, Aboul-Gheit AK. Effect of structural 
promoters on the catalytic performance of cobalt-based catalysts during natural 
gas decomposition to hydrogen and carbon nanotubes, 24; 2016. https://doi.org/ 
10.1080/1536383X.2015.1132206.

[93] Khan WU, Hantoko D, Bakare IA, Al Shoaibi A, Chandrasekar S, Hossain MM. Co- 
Ni on zirconia and titania catalysts for methane decomposition to hydrogen and 
carbon nanomaterials: the role of metal-support interactions. Fuel 2024;369: 
131675. https://doi.org/10.1016/j.fuel.2024.131675.
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dynamically responsive ammonia decomposition to hydrogen based on magnetic 
heating of a Ru nanocatalyst. ChemSusChem 2024:1–11. https://doi.org/ 
10.1002/cssc.202401970. 202401970.

S. Girshevich et al.                                                                                                                                                                                                                              International Journal of Hydrogen Energy 160 (2025) 150466 

26 

https://doi.org/10.1016/S0304-8853(02)00706-0
https://doi.org/10.1002/anie.200801474
https://doi.org/10.1002/anie.200801474
https://doi.org/10.1002/adsc.201400261
https://doi.org/10.1002/adsc.201400261
https://doi.org/10.1021/acs.nanolett.5b00446
https://doi.org/10.1038/s41560-018-0132-1
https://doi.org/10.1002/anie.201609477
https://doi.org/10.1039/d0gc00966k
https://doi.org/10.1039/d0gc00966k
https://doi.org/10.1016/j.jallcom.2023.170139
https://doi.org/10.1002/cssc.202401970
https://doi.org/10.1002/cssc.202401970

	Electrification of catalytic methane decomposition to hydrogen and nanostructured carbonaceous materials
	1 Introduction
	2 Catalytic methane decomposition
	2.1 Catalysts
	2.1.1 Carbon catalysts
	2.1.2 Metal-based catalysts
	2.1.3 Molten catalysts

	2.2 Long-term operational issues
	2.2.1 Catalysts deactivation and regeneration
	2.2.2 Produced carbon separation

	2.3 Reactors for catalytic decomposition of methane
	2.3.1 Fixed bed reactor
	2.3.2 Fluidized bed reactor
	2.3.3 Molten metal bubble column reactor (MMBCR)
	2.3.4 Plasma reactor


	3 Electrification of catalytic decomposition of methane
	3.1 Plasma
	3.2 Microwave dielectric heating
	3.3 Induction heating

	4 Conclusions
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgements
	References


