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A B S T R A C T   

Catalytic decomposition of methane is today considered as a pathway to hydrogen production that - unlike the 
other well-known methods - can convert methane into hydrogen without generating COx emission, but rather 
delivering solid Carbon, a storable and useable product which, in case of biomethane cracking, generates 
biogenic Carbon and a Carbon Negative route (Negative Emission Technology). Although mostly metallic cat
alysts have been used for this purpose, due to the rapid deactivation of this type of catalyst and the challenges of 
their regeneration, methane decomposition over carbon materials attracted some attention during recent years. 
This work provides a review of the recent studies performed on hydrogen production through methane cracking 
over carbon-based catalyst. The impact of operating parameters such as reaction temperature, pressure, feedstock 
purity, space velocity as well as the catalyst characteristics including particle size, surface area, pore volume, 
oxygenated compounds, and ash content on methane decomposition has been widely discussed in this review. 
Based on the literatures, operating temperature more than 800 ◦C and space velocity less than 1 L/g.h for pure 
methane are required to provide methane conversion higher than 50%. Also, reducing the concentration of 
methane in feedstock with inert gases as well as using carbon-based catalysts with lower particle size, higher 
surface area, more mesopores and oxygenated compounds can reach to an enhancement in methane conversion. 
Also, investigation on impact of ash content shows loading metals such as Fe, Ni, Ca, and Pd metals over 
carbonaceous materials improve their catalytic activities.   

1. Introduction 

Continuous growth of global population and the climate change 
impacts also connected to fossil fuel use lead to an increased demand for 
sustainable and efficient sources of energy. Recently, the production of 
hydrogen as a highly efficient and clean energy vector is attracting more 
attention. Based on the demand for a clean energy vector, it is antici
pated hydrogen production reach to 122.5 M tons in 2024 [1]. The 
amount of energy produced during hydrogen combustion is higher than 
that released by any other fuel on a mass basis, with a low heating value 
2.4, 2.8 and 4 times higher than that of methane, gasoline and coal, 
respectively [2]. Steam methane reforming (SMR) is the most used 
technology for hydrogen production: almost 50% of global hydrogen is 
obtained through this process [3]. Partial oxidation of methane (POM) 
and dry reforming of methane (DRM) are the other two process routes 
employed to produce hydrogen at the industrial scale [4,5]. As shown in 
Table 1, the CO produced as a by-product in these conventional 

processes gives rise to the simultaneous production of CO2 through the 
water-gas shift reaction. Actually, the only alternative technology which 
can produce hydrogen from methane without CO2 emission is methane 
pyrolysis. This is the single-step process of methane conversion into 
hydrogen and carbon (Table 1). Although comparing the reactions of 
SMR, POM, and DRM with methane pyrolysis shows the theoretical 
hydrogen produced per given amount of methane is less through 
methane pyrolysis (H2/CH4 = 2 for methane pyrolysis process whereas 
this ratio is more than 2 for other processes by consideration of H2 
production also through Water Gas Shift process), the challenges for 
hydrogen separation from CO and CO2 as well as the energy required for 
CO2 sequestration lead to a reduction in the total energy amount which 
is obtained from hydrogen produced in these two pathways. Also, due to 
Carbon prices already applied to CO2 emissions from energy-intensive 
industries (e.g. EU Emission Trading Schemes), the methane pyrolysis 
process could thus be very attractive compared to a fully mature process 
like SMR [6,7]. 

Comparing different methods of hydrogen production shows 
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although the least GHG is emitted through electrolysis of water, the cost 
of hydrogen production through this technology is much higher than 
natural gas decomposition, SMR and even SMR with 85% carbon cap
ture. Hydrogen production through natural gas decomposition has the 

minimum GHG emission after process of water electrolysis and the 
hydrogen production cost by this method is less than water electrolysis 
and SMR with 85% Carbon Capture. Only the cost of hydrogen pro
duction from SMR is less than natural gas decomposition, but it should 
be noticed that the kg CO2-eq. which emitted per each kg H2, is more 
than twice the natural gas pyrolysis [8–10] (see Table 2). 

Through utilization of carbon in different industries, hydrogen pro
duction from methane pyrolysis is economically competitive even 
compared with conventional technologies [11–14]. Prices for carbon 
products range from 400 to 2000 €/t for carbon black itself and signif
icantly higher prices of >1,000,000 €/t can be achieved for high grade 
special carbon products [15]. Methane pyrolysis is even significantly 
more economical than electrochemical-based processes using commer
cial renewable power sources, for low-CO2 hydrogen production [7]. 
Table 3 shows a brief report about the advantages and challenges of 
different technologies for hydrogen production from methane including 
SMR, DRM, POM, and methane pyrolysis. 

Based on the literature, methane pyrolysis can be divided into three 
categories: Thermal decomposition, Plasma decomposition and Cata
lytic decomposition [19]. Methane cracking in presence of a catalyst 
normally occurs in a temperature range of 700–950 ◦C, while a tem
perature of around 1200 ◦C is required for the non-catalytic methane 
decomposition [20]. Methane decomposition by plasma requires high 
local energy densities and temperatures range of 700–5500 ◦C [21]. 
Large gas volume flows are usually recirculated to stabilize the plasma 
[19]. Under European supply chain conditions (10.1 and 17.0 g 
CO2-eq./MJ [22]), the plasma methane decomposition using electricity 
from renewables (RE) produces hydrogen with 67–77% lower GHG 
emissions than steam methane reforming and this is also 55% lower 
under global condition [23]. One of the advantages of plasma processes 
is low inertia and the fast start up of the system that let them to be 
combined with a fluctuating electricity supply from renewable energy 
sources such as wind power or solar radiation [23]. High methane 
conversion (more than 80%) has been claimed through thermal plasma 
processes [21]. Rapid and noncontact heating is another benefit of this 
technology. However, electrode wear, cooling, and carbon deposits are 
among the greatest technical challenges of using plasma for methane 
decomposition [19]. Kvaerner and Monolith Materials technologies are 
two of the most prominent examples of using plasma, however in both of 
these technologies, hydrogen is just a by-product [23]. 

Catalytic methane decomposition (CMD) is another technique for 
pyrolysis of methane and hydrogen production. The two main groups of 
catalysts utilized in the CMD process are metallic catalysts and carbon- 
based catalysts. The methane pyrolysis has been extensively studied 
over different metal (Ni, Co, Fe) and carbon catalysts, however, from an 
industrial point of view, only the use of iron and carbon catalysts is 
viable due to their nontoxicity [6,24]. In a simulation study [25], two 
scenarios of catalytic methane pyrolysis over the iron-based catalyst 
with H2 combustion (CMD-H2) and CH4 combustion (CMD-CH4), were 
compared to the Steam Methane Reforming with carbon capture and 
sequestration (SMR-CCS). It was claimed for large-scale hydrogen pro
duction (216 tons/day), the cost of hydrogen production, without 
considering carbon sales, was estimated to be < 3.25 $/kg which was 
comparable with hydrogen production cost via SMR (almost 2.2 $/kg). 
This evaluation was carried out based on a natural gas price of 7 
$/MMBtu and a conservative catalyst cost of 8 $/kg. In another simu
lation research, a techno-economic analysis was carried out for a 
hydrogen-burning power plant with an onsite hydrogen production unit 
based on methane catalytic decomposition [26]. It was reported that 
CO2 emission was reduced by 80.2% compared to direct power gener
ation from natural gas through using hydrogen-burning power plant, 
however, it costs a 44% reduction in power due to the lower heating 
value of H2 compared to CH4. High catalyst price was reported as one of 
the obstacles to the profitability of the power plant working by hydrogen 
produced from CMD. Although metallic catalysts show higher catalytic 
activity compared to the carbon-based catalyst, their rapid deactivation 

Abbreviation 

CMD Catalytic methane decomposition 
DRM Dry reforming of methane 
POM Partial oxidation of methane 
SMR Steam methane deforming 
VHSV Volume hourly space velocity  

Table 1 
Main methods of methane, water and CO conversion into hydrogen.  

Process Reaction Enthalpy [kJ/mol] 

SMR - Steam methane reforming CH4+H2O→CO+3H2 206 
POM - Partial oxidation of methane CH4+0.5O2→CO+2H2 − 23 
DRM - Dry reforming of methane CH4+CO2→2CO+2H2 247 
Methane pyrolysis CH4 →C(S)+2H2 75 
Water gas shift CO + H2O→CO2+H2 − 41 
Water electrolysis H2O→ H2+0.5O2 285  

Table 2 
GHG emissions and hydrogen production cost production of natural gas 
decomposition and other conventional methods of hydrogen production [8–10].  

Process GHG Emissions [kg CO2- 
eq./kg H2] 

Hydrogen Production 
Cost 

SMR 11.35 1.22 [$/kg H2] 
SMR with 85% Carbon 

Capture 
6.66 2.36 [$/kg H2] 

Electrolysis of Water 1–5 3.7 [€/kg H2] 
Natural gas decomposition 4.89 2.12 [$/kg H2]  

Table 3 
Opportunities and challenges of using SMR, DRM, POM, and CMD processes for 
hydrogen production [5,16–19]  

Process Advantages Disadvantages 

SMR  • High process efficiency •High COx emission 
•Low operational and 
production cost 

•Energy intensive process 

•Higher H2/CO ratio 
compared to the other 
technologies 

•High capital investment 

•Fully mature system  
POM •High conversion rates •Operation control is difficult 

•High selectivity •Requiring pure O2 

•Very short residence time  
DRM •CO2 conversion offers 

valuable environmental 
benefits 

•Carbon deposition problem 

•Mild reaction conditions •Influenced by reverse water gas 
shift reaction  
•Limited commercial experience 

Methane 
pyrolysis 

•One step process •Still under development, at 
different stages depending on the 
considered technical solution 

•Production of pure H2 •Rapid deactivation of metallic 
catalyst 

•Zero COx emission •Low catalytic activity of carbon- 
based catalyst 

•Production of valuable 
byproduct (graphitic- 
carbon) 

•Technical challenges of using 
plasma  
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due to carbon deposition is their main drawback. Also, the regeneration 
of metal-based catalysts and separating carbon materials are the other 
challenges of using metallic catalysts. Although carbon-based catalysts 
are less effective than metallic ones, their advantages could outweigh 
this limitation. The catalysts produced from carbon materials are 
cheaper than the metallic ones, also they are more resistant to impurities 
and high temperatures. Thus, unlike metallic catalysts which produce 
CO2 during regeneration, using carbon materials as the catalyst does not 
cause CO2 emissions. Furthermore, the carbon of methane would be 
deposited on the carbon-based catalyst and a marketable byproduct of 
carbon would be formed [13]. 

Carbonaceous catalysts are divided into three groups based on 
crystallinity: highly ordered (graphite, diamond), less-ordered (glassy 
carbon, fullerene C60/70, fullerene soot, carbon nanotubes, and ordered 
mesoporous carbons), and disordered carbons (amorphous, microcrys
talline, such as coal char, activated carbon, carbon black, and acetylene 
carbon) [27]. Disordered carbons show a dislocated arrangement of C–H 
bonds which causes dislocations, vacancies, low-coordination sites, 
atoms with free valences, discontinuities, edges, and defects, called 
high-energy sites. The initial activity of the carbon-based catalyst in
creases with rising high-energy sites. Therefore, the activity of less or
dered (turbostratic) is higher than that of highly ordered carbons, but 
less than disordered carbons [28]. In literature, most studies concern 
disordered carbons, especially activated carbon and carbon black, since 
they offer the best catalytic performance. Various carbonaceous cata
lysts such as wood char [29], activated carbon [30,31], carbon black 
[31,32], ordered mesoporous carbon [33], graphite [34], glassy carbon 
[35], multi-wall nanotubes [36], acetylene black [35], soot [35], dia
mond powder [35], carbon nanotubes (CNT) [36] and fullerenes [35] 
have been investigated for CMD process: among these, activated carbon 
and carbon black have attracted more attention compared to the others. 

A large number of studies performed on catalytic methane decom
position exist; however, few review papers have been published in this 
area, which mostly discussed the performance of the metallic catalysts in 
the CMD process. The main focus of this review is to investigate the most 
recent research literature on producing and using carbon-based catalysts 
for hydrogen production through methane cracking. In this paper, the 
impact of reactor configuration and operating parameters such as 

temperature, pressure, feedstock purity, and space velocity as well as 
catalyst characteristics such as particle size, surface area, pore volume, 
oxygenated compounds, and ash content has been comprehensibly dis
cussed and assessed, providing the essential information to design 
effective solutions for methane cracking over carbon bed. This work 
presents the optimum operating conditions as well as the most suitable 
carbon-based catalysts characteristics to obtain maximum level of 
methane conversion through reviewing the results of 36 studies carried 
out on the methane pyrolysis using carbon-based catalysts. 

2. Reactor configuration for catalytic methane decomposition 

Maximum catalytic methane conversion is highly dependent on the 
reactor system configuration. The first issue regarding the reactor design 
is related to the material selected for the reactor. Since methane pyrol
ysis occurs at high temperatures (above 800 ◦C), selecting a proper 
reactor material that can be high temperature resistant and inert to
wards the reaction is crucial. Stainless steel, Ceramic, and Quartz are the 
most common materials used for CMD reactors. 

Stainless steel reactors can be used for high-pressure and tempera
ture applications [37], also due to their availability and low cost, they 
are the best option for the CMD process on the commercial scale [38]. 
However, the major concern about using stainless steel material is that 
iron and its alloy become catalytically activated at such a kind of high 
temperature [39] which can cause damage the reactor through the 
formation of some carbide materials [40]. Due to this issue, using 
stainless steels such as 310 and 353 with higher Nickel and Chromium 
are recommended, since at high temperature, they have better corrosion 
resistance compared to the common type of stainless steel 316. Quartz 
and ceramic are catalytically stable at higher temperatures up to 
1500 ◦C [37], however, they are not suitable for large-scale applications. 

Methane decomposition has been widely studied in both conven
tional and unconventional reactors. The conventional thermal reactors 
used for methane cracking are further categorized into three groups 1) 
Fixed-bed reactor, 2) Fluidized bed reactor, and 3) Molten metal reactor, 
based on their vessel configuration. Also, the Plasma bed reactor is one 
of the popular unconventional reactors used widely for the methane 
pyrolysis process to produce hydrogen [41,42]. 

Fig. 1. Impact of temperature on initial methane conversion in presence of carbon-based catalysts [59–70].  
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Fig. 2. Impact of temperature on methane decomposition over, (a): char coal [65], (b): biochar [71], (c): ordered mesoporous carbon [62], (d): Norit-RB3 [69], (e):activated 
carbon [70], (f): activated coal [64], (g): activated hardwood [64], (h): coal [61], (i): coal [67], (j): activated coal [66], (k): activated hazelnut shell [72], (l): coal [67], 
(m): activated coconut shell [63], (n): coal [59]. 
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2.1. Fixed-bed reactor 

Due to the simplicity of design and controlling the operating condi
tion, the first studies regarding reactor design for catalytic methane 
decomposition were performed in fixed-bed reactors. These reactors are 
commonly used on a laboratory scale to investigate the impact of 
operating parameters as well as catalyst characteristics on hydrogen 
production and carbon nanomaterials generation. A vertical fixed-bed 
with the catalyst bed loaded in the heating zone of the reactor is the 
most comment orientation of the fixed-bed reactor for methane cracking 
[43,44]. Horizontal fixed-bed reactors are also reported for CMD in 
some literature [45,46]. However, fixing the catalyst in a proper posi
tion inside a horizontal reactor is one of the challenges of using a 
fixed-bed reactor in a horizontal orientation. Although the fixed-bed 
reactor has flexibility in design and could be the best choice for study
ing the effect of different experimental parameters on methane con
version, this type of reactor cannot be used in continuous mode on 
commercial scale due to the mass transfer limitation occurs because of 
carbon formation and blockage of the active sites of the catalyst [42]. 

Moreover, the temperature profile is not uniform inside the fixed-bed 
reactor which can create a hotspot inside the reactor and damage the 
reactor and catalysts over time as well as influencing the performance of 
the catalyst and subsequent hydrogen yield [47]. 

2.2. Fluidized bed reactor 

Since the deposited carbon and deactivated catalyst are periodically 
replaced with fresh catalysts in a fluidized bed system, this type of 
reactor can be utilized for CMD on a commercial scale for the production 
of hydrogen in continuous mode [48]. Furthermore, the catalyst bed 
behaves like a well-mixed body of fluid which improve the mass and 
heat transfer inside the reactor and maximizes methane cracking during 
the process [49]. Due to the numerous advantages of fluidized bed re
actors, lots of studies have been conducted on CDM inside the fluidized 
bed reactors over carbon-based catalysts [47,50,51]. It can be concluded 
that for continues hydrogen production from the CMD process, the flu
idized bed is one of the most suitable options from many aspects. 
However, a reduction in the overall efficiency of this type of reactor has 

Fig. 2. (continued). 
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been observed when the reactant gas bypasses through the bed 
unreacted, due to small particle sizes of the catalysts [52]. 

2.3. Molten metal reactor 

Recently, extended research has been performed regarding using 
molten metal reactors for CMD. Carbon deposition is avoided in this type 
of reactor because the carbon is separated from molten metal catalysts 
due to the difference in density [53]. Since the main focus of this paper is 
on carbon-based catalysts and the basis of molten metal reactors is on 
using metallic catalysts which is beyond the scope of this paper, this type 
of reactor is not discussed in more detail. 

2.4. Plasma bed reactor 

Methane decomposition at very high temperatures through plasma 
technologies such as microwave plasma, spark plasma, and other non- 
thermal plasma attracts lots of attention in recent years. Primarily, 

plasma reactors have two types (i) thermal and (ii) non-thermal plasma 
reactors. Methane decomposition through thermal plasma occurs in the 
absence of catalysts, so high temperature and pressure are required 
which means the level of energy required for thermal plasma reactor 
systems is higher than the conventional CDM [54]. Also, the extremely 
high temperatures of the reactor make it difficult for handling and 
maintain [42]. Non-thermal plasma reactors require lower energy input 
and operate at lower temperatures and pressure, thus this type of plasma 
reactor is more suitable for an endothermic process such as CDM [55]. 
Using catalysts inside the plasma bed reactor can increase conversion 
and allows the reactor to process higher methane flows [56]. Although 
plasma reactors can be an alternative to the standard catalytic beds, 
using this type of reactor leads to the formation of heavier hydrocarbon 
(mainly C2 and C3), alongside hydrogen through methane decomposi
tion [57]. Thus, low selectivity and requiring high power input causes 
plasma technology cannot compete with the conventional reactor for 
endothermic processes like methane pyrolysis [58]. 

Fig. 3. Impact of space velocity on methane decomposition over (a), (b): activated palm shell [75], (c): activated coconut shell [76], (d): activated carbon [70], (e), (f): 
activated carbon [63]. 

S.M.R. Mirkarimi et al.                                                                                                                                                                                                                        



Renewable and Sustainable Energy Reviews 187 (2023) 113747

7

3. Effect of operating parameters 

Conversion of methane into hydrogen through CMD could not be 
industrially feasible unless the process is run at optimum operating 
conditions. Based on literature analysis, the most common operating 
parameters, which have a direct impact on the hydrogen yield, have 
been identified as temperature, pressure, space velocity, and feedstock 
purity. Before explaining the impact of each parameter, it is required to 
mention that although all the studies reviewed for this purpose are 
related to the carbon-based materials, there could be a negligible error 
in comparing the results of different studies due to the difference in the 
origin material used for production carbon catalyst. 

3.1. Temperature 

Since CMD is an endothermic process, higher temperature leads to 
shift the equilibrium toward the products (hydrogen and carbon): thus, 
higher hydrogen yields could be obtained at higher temperature. As 
shown in Fig. 1, generally a temperature between 750 ◦C and 900 ◦C has 
been used for CMD: as said, increasing temperature leads to higher 

initial methane conversion. Although most of the data reported for 
initial conversion is in the range of 20–30 vol% at 850 ◦C and 30–40 vol 
% at 900 ◦C, methane cracking with initial conversion higher than 50 vol 
% also has been observed at temperature range of 850–900 ◦C. The 
difference in methane conversion at a set temperature could be the result 
of changing the other operating parameters or using a catalyst with 
different characteristics. 

Fig. 2 shows the impact of temperature on methane conversion 
during 150 min of the reaction and VHSV, which is the Volume Hourly 
Space Velocity which means the total flow rate at normal conditions per 
gram of catalyst initially loaded. As it is shown in Fig. 2, more methane is 
initially converted into hydrogen at higher temperature: as inevitable 
consequence, more carbon is deposited on the surface of catalysts that 
causes faster deactivation of catalyst. At high temperature, catalyst 
pores including a large number of active sites would rapidly block by the 
carbon produced through methane cracking, and thus the catalyst 
available surface area would be reduced very fast. On the contrary, 
based on literature analysis, working at temperature lower than 800 ◦C 
has generally not been recommended due to too low methane conver
sion (less than 20 vol%). 

3.2. Pressure 

Based on Le Chatelier’s principle, increasing the system pressure 
leads to a shift in the equilibrium toward the smaller volume at a con
stant temperature. Since during methane decomposition the volume of 
gas rises, higher pressure is not favorable during this process. The impact 
of pressure on methane conversion has been studied by Younessi-Sinaki 
et al. [73] and based on their model, increasing operating pressure re
sults in lower hydrogen production. Chen et al. [74] also modeled the 
methane decomposition process to evaluate the amount of hydrogen 
produced under vacuum conditions. Based on their analysis, the 
decomposition of methane at vacuum pressure with carbon separation 

Fig. 4. Impact of feedstock purity on methane decomposition in presence of (a): char coal [65], (b): ordered mesoporous carbon [62], (c): activated char from sewage sludge, 
(d): bichar [71]. 

Table 4 
Typical composition of natural gas [81].  

Components Chemical composition Range [mol%] 

Methane CH4 91.10–98.79 
Ethane C2H6 0.44–7.48 
Propane C3H8 0.10–1.67 
Butane C4H10 0.04–0.79 
Heavier Hydrocarbon C5+ 0.00–0.24 
Carbon Dioxide CO2 0.00–1.07 
Nitrogen N2 0.14–0.55 
Hydrogen Sulphide HF 0.00–0.00013  
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promotes hydrogen yield. Although - according to the economic analysis 
performed in this study - the cost to produce hydrogen at vacuum 
pressure was somehow considered as competitive to small-scale SMR, at 
industrial scale working under vacuum state and handling solids is very 
complex and may be not economical. Therefore, most of the research in 
this area is conducted at atmospheric pressure. 

3.3. Space velocity 

Space velocity is another important operating parameter for the 
process: it is defined as the total flow rate at normal conditions per gram 
of catalyst initially loaded. Based on this definition, the effect of this 
parameter on process performances could be investigated following two 
different approaches: 1. Constant catalyst weight and different methane 
flow, 2. Constant methane flow rate and different catalyst weight. Fig. 3. 
Indicates that regardless of the method adopted to modify the space 
velocity, increasing this parameter causes a reduction in methane 

conversion. By increasing methane flow rate at a constant catalyst 
weight or decreasing catalyst weight at a constant methane flow rate, a 
reduction in methane conversion is observed under shorter residence 
time conditions. In other words, a lower methane decomposition is ob
tained due to the reduced contact efficiency between the gas and the 
carbon catalyst. As shown in Fig. 3, at the temperature range of 
800–850 ◦C, methane conversion would remain below 30 vol%, if a 
space velocity of more than 1 L/g.h is considered for the pure methane. 
The lines in Fig. 3 (a,b) just show the trends of changing methane con
version during 150 min while in Fig. 3(c–f) the dot-lines represents both 
the experimental data and the trends. 

3.4. Feedstock purity 

Although increasing the space velocity through reducing the catalyst 
weight or increasing the methane flow rate causes a reduction in 
methane conversion, in some cases due to the some limitations, working 

Fig. 5. Impact of minor components of natural gas on hydrogen yield and methane conversion in presence of carbon-based catalysts, (a): ethane [79], (b), (c): 
propane [49,79], (d), (e): ethylene [80], (f), (g): propylene [82], (h), (i): ethanol [77], (j): hydrogen sulfide [78]. 
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at space velocity under 1 L/g.h is not possible. In this situation, instead 
of pure methane, a gas mixture including methane and an inert carrier 
gas like nitrogen or helium is used to investigate the methane conversion 
during the CMD process (see Fig. 4). 

Since using natural gas instead of pure methane would be the best 
option for the industrial production of hydrogen on a commercial scale, 
some studies have been performed on co-feeding methane with some 
typical minor components present in natural gas. In these studies, the 
changes in the yield of hydrogen have been investigated as the result of 
methane blended with different hydrocarbons such as ethane [77,78], 
propane [78,79], ethylene [49], propylene [80], and ethanol [77] as 
well as H2S [78]. The typical composition of natural gas was reported in 
Table 4. Based on the results of the literature, which have are 

summarized in Fig. 5(a–j), using methane together with heavier hy
drocarbons and H2S can generally have a beneficial effect and promote 
the hydrogen yield. Thus, it is expected that using natural gas, which is a 
mixture of methane and a minor amount of other hydrocarbons as well 
as H2S and N2, could be considered for future scale-up processes of CMD: 
however, it should be observed that purification of hydrogen produced 
from natural gas due to the presence of additional components could be 
more difficult. This also depends on the final destination of the produced 
hydrogen. 

4. Effect of catalyst characteristics 

Carbon-based catalyst can play a key role in methane cracking. Using 
a carbon material as catalyst in the CMD process not only helps to obtain 
hydrogen as an alternative clean and sustainable energy vector but also 
even the carbon obtained would be a marketable by-product, and 
represent a permanent sequestration of Carbon. In addition to the 
operating parameters, the characteristics of the catalyst - such as particle 
size, surface area, pore volume, oxygenated compounds, and ash content 
- directly impact the amount of methane conversion. Although some of 
these features are highly dependent on the nature of the carbon material 
used as catalyst, they could be improved to some extent by modifying 
the operating parameters during the activation stage. 

4.1. Particle size 

Since particle size has an impact on mass transfer and reaction rate, 
using catalysts with larger particle size leads to a growth in the resis
tance of internal mass transfer as well as a lower reaction rate and finally 
in a reduction of methane decomposition. Fig. 6 describes a growth in 
the weight of carbon deposited over a carbon-based catalyst when the 
particle size of catalysts reduces from 1190 micro-meter to 117 micro- 
meter [83]. The results of this study confirm that using catalysts with 

Fig. 5. (continued). 

Fig. 6. Impact of catalyst particle size on carbon deposition [83].  
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lower particle size can offer a larger surface and facilitate mass transfer, 
and as a result, enhance methane conversion. Also, increasing methane 
cracking by reducing the catalyst particle size has been reported in some 
other studies (Fig. 7) [51,63]. Although using carbon-based catalysts 
with smaller particle sizes can help methane conversion, it should be 
noted that smaller catalysts provide a higher pressure drop inside the 
reactor. Figs. 6 and 7 show that particle size in the range of 50–1200 
micro-meter has mostly been selected for the CMD process. 

4.2. Surface area and pore volume 

The impact of surface area on the initial reaction rate has been 

investigated in many studies, with contradictive results. On one side, a 
good correlation between the initial reaction rate and the surface area of 
the catalyst has been observed which shows a higher rate of methane 
decomposition could be achieved by using carbon-based catalysts with 
higher surface area [28,35,49,59,84]. On the other hand, the results of 
other studies carried out in this area show no discernible trend between 
surface area and methane reaction rate [30,63,85,86]. 

Based on the experiments performed on methane cracking over 
catalysts with different surface areas, Al-Hassani et al. [69] and Liu et al. 
[87] have claimed that higher methane conversion would be achieved 
by increasing the surface area of carbon-based catalysts up to 800 m2/g 
(Fig. 8). 

Fig. 7. Impact of catalyst particle size on methane decomposition in presence of carbon-based catalysts, (a): [63], (b): [51].  

Fig. 8. Impact of carbon-based catalyst surface area on methane decomposition, (a): [69], (b): [87].  

Fig. 9. Impact of carbon-based catalyst pore volume on (a): total H2 produced [62], (b): total CH4 converted [86].  

S.M.R. Mirkarimi et al.                                                                                                                                                                                                                        



Renewable and Sustainable Energy Reviews 187 (2023) 113747

11

Also, as shown in Fig. 9, the investigations on the effect of catalyst 
pore volume on hydrogen yield indicate that increasing the pore volume 
of the catalyst leads to growth in the total amount of methane converted 
and total hydrogen produced [62,86]. 

The studies related to the impact of catalyst pore size on methane 
conversion show that catalysts with higher meso- and macropores can 
offer higher methane conversion compared to those having higher mi
cropores [88,89], as micropores provide greater resistance to the 
diffusion of methane molecules that causes lower hydrogen production 
[16]. 

4.3. Oxygenated surface groups (OSG) 

In a number of studies, a link between the catalytic properties of 
carbon materials and the presence of oxygenated surface groups has 
been observed. Two different mechanisms can explain their influence: 
(a). Oxygenated groups can directly react with methane molecules, (b). 
They can be released from the surface as CO and/or CO2 and create 
active reaction sites [30]. In some studies, an approximately linear 
correlation between the initial methane conversion rate and the OSG 
concentration desorbed as CO and CO2 has been reported [30,38,85], 
whereas in another research a positive correlation between the initial 
reaction rate and only the concentration of CO desorbed has been 
observed, while oxygenated groups released as CO2 do not show any 
effect on the initial reaction rate [31]. According to the study performed 
by Muradov et al., as in Fig. 10, removing OSG from activated carbon 
causes a reduction in the concentration of H2 produced through the CMD 
process [28]. 

4.4. Ash content 

The impurities in the carbon materials can change the catalytic ac
tivity during the CMD process: thus, the impact of different types of 
impurities and their amount in the carbon-based catalysts on methane 
conversion has been widely discussed in the literature. 

Since most ashes contain a significant amount of heavy metals, and 
given the fact that metals can efficiently catalyze methane decomposi
tion, it is expected that impurities in the metal forms can lead to an 
improvement in catalytic activity of carbon materials. Two techniques 
have been performed to investigate the effect of different metals on 
carbon catalysts activity in CMD process. First method is removing the 
metals from the carbon materials with high ash content including 
different metals through acid treatment and the other one is doping 
different metals on the low-ash content carbon-based catalysts and 
analyze their impacts on methane conversion and the catalytic activity. 

Liu et al. noted that removing the metals such as Silicon, Iron, 
Aluminum, Titanium, Calcium, and Sodium as well as sulfur from 
carbon-based catalysts is possible through acid treatment by HNO3. A 
reduction in methane conversion has been reported by increasing the 
ratio of HNO3 to carbon material [87]. Also, as given in Fig. 11(a and b), 
Kim et al. observed that by removing metals from two different types of 
carbon materials, coconut shell and coal with 1.84% and 10.2% ash 
content respectively, methane decomposition reduces [63]. Although it 
seems reduction of metals was the main reason of reduction in methane 
conversion, it should be noticed that acid treatment, besides removing 
metals, can cause a reduction in specific surface area and pore structure 
[63,87]. Furthermore, since acid treatment cannot selectively remove a 
metal, it is not possible to determine the impact of a specific metal on 
catalytic activity of carbon materials. Thus, this method is not suggested 
for predicting the effect of different metals in carbon-based catalysts on 
methane conversion. 

Lots of research also performed on methane cracking over metal- 
carbon catalysts and in these studies impact of doping metals such as 
Iron, Nickel, Aluminum, Calcium, Palatine, Palladium, and Chromium 
over carbon materials have been investigated. As shown in Fig. 12, 
loading Fe, Ni, Al, and Ca on carbon-based catalysts can enhance 
methane conversion in CMD process [61,90–93]. A reduction in surface 
area was also reported as the consequence of doping metals on the 
surface of carbon materials. 

Also, a an improvement in catalytic activity of carbon materials has 
been reported through doping Pd and Pt up to 20% and 5% respectively, 
whereas using Cr has shown opposite trend [95] (Fig. 13). 

As given in Fig. 14, comparing the effect of loading 20% of different 
metals including Ni, Cr, Pt, and Pd on the activity of carbon-based cat
alysts indicates that carbon material with Ni impurity, show higher 
catalytic activity compared to those doped with Cr or Pt: however, 

Fig. 10. Impact of OSG of carbon-based catalysts on hydrogen concentration [28].  

Fig. 11. Impact of carbon-based catalyst impurities on methane conversion, (a) Coconut shell, (b) Coal [63].  
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considerably it is lower than the carbon-supported catalyst with Pd 
impurity. 

5. Conclusion 

The literature on catalytic decomposition of methane over carbon- 
based catalysts was extensively reviewed in this paper. The analysis of 
the main operating parameters such as reaction temperature, pressure, 
feedstock purity, and space velocity indicated that achieving high 
methane conversion through the CMD would not be possible unless 
under optimum operating conditions and over catalysts with suitable 
characteristics. 

As regards the suitable operating temperature for methane cracking, 
the results of studies show a temperature of more than 800 ◦C is required 
for this process. Although an initial methane conversion in the range of 
20–30% at 850 ◦C and 30–40% at 900 ◦C has generally been reported, 
initial conversions more than 50% also has been observed at tempera
ture range of 850–900 ◦C, a fact which could be related to the other 
operating conditions. Concerning the pressure, since during methane 

decomposition the volume of gas is increased, operating at high pressure 
is not favorable for the CMD process. Also, working under vacuum 
conditions can be considered just for small-scale reactors, as finding an 
economic case to work under this condition on a commercial scale is 
very unlikely. Space velocity is another important operating parameter 
that could be controlled by changing the total flow rate of feedstock gas 
or gram of catalyst that is initially loaded. The research work carried out 
on understanding the effects of this operating parameter show that a 
space velocity higher than 1 L/g.h, methane conversion cannot be more 
than 30%. In fact, higher space velocity leads to a reduction in methane 
conversion due to the corresponding shorter residence time. Given the 
key relevance of using natural gas for the production of hydrogen on a 
commercial scale, the impact of minor components present in the nat
ural gas blend on hydrogen yield has been discussed. The results of 
studies show that the conversion of methane increases during reducing 
the concentration of methane in feedstock with inert gases. Also, higher 
hydrogen yield has been observed when methane was mixed with 
different hydrocarbons such as ethane, propane, ethylene, propylene, 
and ethanol as well as H2S. Based on these results, using natural gas – i.e. 

Fig. 12. Impact of doping different metals over carbon-based catalysts on methane conversion over carbon-based catalysts, (a), (b) Fe [61,90], (c), (d) Ni [91,94].  
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a mixture of methane and other hydrocarbons as well as H2S and N2 - 
could be considered for future scale-up processes of CMD: however, it 
should be noticed that probably purification of hydrogen due to the 
presence of additional components could become more difficult. 

In addition to operating parameters, catalyst characteristics such as 
particle size, surface area, pore volume, oxygenated compounds, and ash 
content can influence how much methane could be converted. 
Regarding the particle size of the catalyst, a particle size in the range of 
50–1200 micro-meter has been reported for carbon-based catalysts. It 
should be noticed that although using catalysts with lower particle size 
can facilitate mass transfer and as a result enhancement in methane 

conversion, they can provide higher pressure drop inside the reactor. 
Concerning the impact of surface area and pore volume on the CMD 
process, an improvement in hydrogen production and methane con
version has been reported for the carbon materials with higher surface 
area and pore volume. Furthermore, it has been observed that carbon- 
based catalysts with higher meso- and macropores can provide higher 
methane conversion, compared to the high micropores carbon materials. 
Analysis of the link between oxygenated surface groups and the catalytic 
activity of the carbon-based catalyst reveals that removing these groups 
from the surface of carbon materials leads to a reduction in methane 
conversion. Based on the studies, the impurities especially the metals 
such as Fe, Ni, Ca, Pt, Pd, and Cr can change the catalytic activity of 
carbon materials. Since these metals can efficiently catalyze methane 
decomposition, methane conversion over metal-carbon catalysts pro
duced from loading metals over carbon materials has been investigated 
in many studies. The result of the analysis show that doping Fe, Ni, Ca, 
and Pd metals over carbonaceous materials improve their catalytic ac
tivities, whereas the opposite trend has been observed when loading Cr. 
An upward trend has been reported by doping Pt up to 5% over the 
carbon-based catalysts: however, loading more than 5% has the opposite 
impact. 

In summary, the major findings, which are mostly related to engi
neering design, are reported as follows.  

1. Operating temperature more than 800 ◦C and space velocity less than 
1 L/g.h for pure methane are required to provide methane conver
sion higher than 50%.  

2. Higher hydrogen yield has been observed when methane was mixed 
with different hydrocarbons such as ethane, propane, ethylene, 
propylene, and ethanol as well as H2S. 

Fig. 13. Impact of doping different metals on the catalytic activity of carbon materials, (a) Cr, (b) Pt, and (c) Pd [95].  

Fig. 14. Comparing the catalytic activity of carbon materials with 20% of Cr, Pt, Ni, 
and Pd [95]. 
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3. Carbon materials with lower particle size, higher surface area and 
mesopores, and more oxygenated compounds show higher catalytic 
activity in CMD process.  

4. Doping metals such as Fe, Ni, Ca, and Pd over carbon-based catalysts 
can lead to an improvement in methane conversion while loading Cr 
on carbon materials has adverse impacts on catalytic activity of these 
materials. An upward trend has been reported by doping Pt up to 5% 
over the carbon-based catalysts: however, loading more than 5% has 
the opposite impact. 

Although lots of studies have been performed on the pyrolysis of 
methane at different operating conditions over various carbon-based 
catalysts, there is still a research gap due to the insufficient data in the 
following subjects.  

• Effect of inlet gas temperature on methane conversion  
• A comprehensive techno-economic analysis of hydrogen production 

through thermo-chemical decomposition of natural gas over carbon- 
based catalysts  

• Investigation on operating conditions of carbon materials (biochar) 
production process and its impact on characteristics carbon-based 
catalysts  

• Impact of different activation methods on catalytic activity of carbon 
materials 
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