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Abstract
The production of hydrogen to be used as an alternative renewable energy has been widely explored. Among various methods 
for producing hydrogen from hydrocarbons, methane decomposition is suitable for generating hydrogen with zero green-
house gas emissions. The use of high temperatures as a result of strong carbon and hydrogen (C–H) bonds may be reduced 
by utilizing a suitable catalyst with appropriate catalyst support. Catalysts based on transition metals are preferable in terms 
of their activeness, handling, and low cost in comparison with noble metals. Further development of catalysts in methane 
decomposition has been investigated. In this review, the recent progress on methane decomposition in terms of catalytic 
materials, preparation method, the physicochemical properties of the catalysts and their performance in methane decomposi-
tion were presented. The formation of carbon as part of the reaction was also discussed.
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Fig. 1  Catalytic decomposi-
tion pathway in constructing 
the reaction parameter  adopted 
from Keipi et al. [43]

Introduction

The increase in greenhouse gas (GHG) emissions has inten-
sified global warming. The continuous usage of fossil fuels 
has caused severe environmental pollution thus leading to 
research and development of alternative resources to over-
come this problem for a cleaner environment [1–3]. Stud-
ies have been conducted to develop clean, renewable, and 
sustainable sources of energy, along with devices. One of 
the most favorable methods for dealing with current envi-
ronmental crises and energy issues is fuel cell technologies. 
Fuel cells are electrochemical devices that convert hydrogen 
into heat and electricity and they are being developed for 
various applications [4, 5]. Hydrogen energy is becoming 
one of the alternative sources that can reduce fossil fuel con-
sumption so that environmental pollution can be controlled. 
Hydrogen requirement in fuel cell technology has led to 
hydrogen production in many industrial applications. With 
the unique thermal properties of this technology, hydrogen 
can be used as transportation fuel [5]. This fuel cell technol-
ogy is more convenient and greener than existing combus-
tion fuels, such as natural gas and gasoline.

Several methods, including photocatalysis [6], water split-
ting [7, 8], steam reforming process [9–13], and hydrocar-
bon decomposition [14–19], have been developed to produce 
hydrogen. The commonly used method is steam reforming 
owing to its simplicity and efficiency [20, 21]. However, 
catalyst deactivation due to coke formation is a major issue 
in steam reforming [22, 23]. As a possible alternative to 
steam reforming, methane decomposition is an effective pro-
cess to produce hydrogen because of its simplicity and low 
cost given that it does not require a water–gas shift (WGS) 
reaction for further hydrogen purification [24].

Among hydrocarbons studied for decomposition, methane 
decomposition is the most examined method because it can 
directly convert methane into hydrogen and carbon with-
out producing any byproduct. Mondal and Chandran [25] 
and Zhang et al. [26] compared the production of hydrogen 
from methane decomposition and methane steam reform-
ing. Methane steam reforming is widely used to produce a 
high amount of hydrogen. However, the presence of  COx as 
a byproduct affects hydrogen purity [27]. Methane decom-
position is preferable because it produces  COx-free hydro-
gen. The water–gas shift (WGS) reaction or other purifica-
tion processes are unnecessary in methane decomposition 
because CO and  CO2 are not produced as byproducts of the 
reaction, resulting in a clean process [28].

Methane decomposition is an endothermic process; 
hence, it requires high operational temperature at approxi-
mately 1200 °C without the help of the catalyst. A suitable 
and reliable catalyst can reduce the reaction temperature. 
Several important factors, such as catalyst support, metal 
loading, particle size, and reaction conditions, may affect 
the performance of a catalyst during methane decomposition 
[29–41]. Weger et al. [42] reported that methane decompo-
sition produces economical hydrogen, which may alleviate 
climate change because approximately 27% of  COx emis-
sion can be reduced by this direct decomposition. Figure 1 
shows the pathway in conducting methane decomposition 
that involves selecting catalysts and reaction temperatures, 
designing reactors, and finally generating reaction products.

This study provides an overview of hydrogen production 
via methane decomposition over heterogeneous catalysts. 
In terms of active components, nickel (Ni)-based catalyst 
is a common metal used in this process. The nature of cata-
lyst support, preparation method, Ni metal loading on the 
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support, and Ni modification by the addition of second and 
noble metals as promoters were also greatly examined in 
many studies. In addition to a Ni catalyst, other metals as a 
catalyst in methane decomposition have been deliberated.

Metal‑based catalyst

Ni‑based catalyst

Numerous studies have been performed on methane decom-
position using a Ni-based catalyst because it is known as 
a favorable active metal in this catalytic reaction [44–91]. 
Methane decomposition over Ni-based catalysts has been 
widely studied at a laboratory scale because of its low cost 
and effectiveness in the reaction, thus becoming a poten-
tial catalyst in practical and industrial applications. Lua and 
Wang [59] examined the unsupported Ni-based catalyst in 
methane decomposition and found that methane should be 
introduced to a reaction at a low temperature so that the 
sintering of the catalyst can be hindered.

Guil-Lopez et al. [60] compared the activities of metal- 
and carbon-based catalysts. Ni supported by MgAl mixed 
oxides obtained from hydrotalcite-like materials (Ni-ex 
LDH) is synthesized via co-precipitation, and a commercial 
carbon is used in this study. Catalytic testing has revealed 
that most active catalysts are Ni-ex LDH with higher ini-
tial activity than carbon-based ones. The activity of carbon 
catalysts is influenced by the number of defects present on 
the surface of the graphene layers. Numerous defects result 
in high catalytic activity in hydrogen production. Ni metal 
can also produce carbon nanofibers at an intermediate tem-
perature [61]. Pinilla et al. [92] compared the activity of 
Ni/Al2O3 and carbon black in methane decomposition. The 
reaction was conducted in the fluidized bed reactor with 
the reaction temperature ranging from 600 to 950 °C and 
weight hourly space velocity (WHSV) used was in the range 
of 0.9–5.0  LN/(gcat h). The results showed that a high meth-
ane conversion (48%) is achieved by Ni/Al2O3, whereas a 
carbon black catalyst experiences a slight decrease in the 
initial methane conversion (34%) possibly because of the 
loss in surface functionalities of carbon black during the 
initial reaction stage. The equilibrium of methane conversion 
shifts toward the side of products as the reaction temperature 
increases because the overall process is highly endothermic. 
However, a Ni-based catalyst is rapidly deactivated because 
of the formation of encapsulated carbon over the catalyst 
surface at a high temperature even though it provides a high 
initial activity compared with Co- and Fe-based catalysts 
[93]. Hence, the selection of suitable catalyst support, the 
addition of a second metal, the amount of Ni loading, and 
the preparation of catalysts are keys to overcoming the prob-
lem of Ni-based catalysts. Table 1 summarizes mono- and 

bimetallic Ni-based catalysts that were used in the methane 
decomposition process supported by various materials.

Effect of support

One of the major contributors of catalytic activity in meth-
ane decomposition is the nature of catalyst supports. The 
main factor that contributes to catalytic activities is the 
proper interaction between an active metal and catalyst 
support [30]. The optimal support should exhibit favorable 
properties, such as chemical and mechanical resistance, and 
a high surface area to promote the enhanced dispersion of 
the active phase [31]. The acidity of the support improves 
the methane decomposition, and the catalysts become highly 
refractory and stable in sintering and coke formation because 
of the proper interaction between metals and supports [98]. 
Dou et al. [99] validated the presence of active sites on a 
catalyst’s surface significantly affects the reaction activity 
and reported that catalyst deactivation can be considered 
as a decrease in the number of active sites. Furthermore, 
Gupta [100] elaborated on the importance of the concen-
tration of active site surfaces and the high surface area of 
catalyst supports. The decrease in methane conversion is due 
to the formation of encapsulating carbon, which hinders the 
access to active sites by covering their active surfaces. Bayat 
et al. have stated the encapsulating carbon occurs because 
of the imbalance between the amount of carbon produced 
at the metal/gas interface, the amount of carbon transferred 
through nickel particles, and its nucleation and deposition 
on the nickel/graphite side [101]. Hence, suitable catalyst 
support coupled with an appropriate preparation method can 
improve catalytic activity [102]. Catalyst support with a high 
surface area likely leads to a strong metal support interaction 
by providing an enhanced dispersion of metal active sites 
on the surface of a supporting catalyst, thus increasing the 
catalytic activity [40, 41].

Metal oxides, such as  Al2O3,  SiO2, MgO,  CeO2, and 
 TiO2, are frequently used as catalyst supports in methane 
decomposition [51, 73, 84, 94, 103–106]. Chesnokov and 
Chichkan [65] studied the performance of NiO supported by 
 Al2O3 prepared by mechanochemical activation in methane 
decomposition. The results showed that the contact between 
metal particles has decreased because of the enhanced dis-
persion of aluminum oxide particles between metals, thereby 
hindering the metal sintering process and the particle 
detachment from the surface of the catalyst are depressed, 
in agreement with the study carried out by Frusteri et al. 
[67]. These results are observed at approximately 50–60% 
methane conversion at an optimum reaction temperature of 
700–750 °C. The activity of a NiO–TiO2 hybrid, synthesized 
via sol–gel method, followed by calcination, is investigated 
by Shen and Lua [74]. The strong interaction between Ni 
and  TiO2 led to the fine dispersion of Ni particles on the 
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surface of  TiO2. The presence of  TiO2 support has modified 
the physicochemical properties of the catalysts, including 
surface area (172 m2/g), pore volume (0.55 cm3/g) and par-
ticle size (10–25 nm), resulted in a better catalytic activity 
in terms of catalyst stability and hydrogen formation rate, 
compared with unsupported Ni catalyst. The influence of 
composite catalyst supports, such as  Al2O3/TiO2, on the 
catalytic activity of methane decomposition has also been 
studied [72]. The result has shown that the catalytic activity 
of Ni/Al2O3 increases because the formation of Ni aluminate 

 (NiAl2O4) spinel structure is hindered by the introduction of 
 TiO2. Thus, the catalyst reduction is assisted. The un-pro-
moted catalyst shows high initial activity with 50% hydrogen 
yield, whereas Ni/Al2O3–TiO2 displays 34% of hydrogen 
yield during the initial reaction time. However, the activity 
of the latter catalyst increases to 56%, and no deactivation 
occurs, indicating that the incorporation of  TiO2 improves 
catalytic stability. The temperature-programmed reduction 
(TPR) analyses support the hypothesis that an increase in 
 TiO2 concentration enhances the dispersion of Ni particles. 

Table 1  Summary of Ni-based heterogeneous catalysts in methane decomposition

NA not available
a Ni-mixed oxides derived from hydrotalcite precursors

Catalyst Catalyst prepara-
tion method

Amount of Ni 
loaded (wt%)

Reaction 
temperature 
(°C)

BETSSA  (m2/g−1) Particle size 
(nm)

H yield (%) Methane 
conversion 
(%)

References

Ni/SiO2 Impregnation 40.0 700 53.0 51.5 ~ 13.0 NA [49]
Ni/SBA-15 Impregnation 12.8 700 339 NA NA 40.0 [79]
Ni/ZSM-25 Impregnation 40.0 700 162.0 24.3 ~ 43.0 NA [49]
Ni/ZSM-400 Impregnation 40.0 700 175.0 23.1 ~ 62.0 NA [49]
Ni/SiO2 Impregnation 50.0 750 72.0 21.2 NA 77.0 [94]
Ni–Cu/SiO2 Impregnation 50.0 750 52.0 25.8 NA 83.0 [94]
Ni/Ce-SiO2 Sol–gel 10.0 600 NA < 20.0 NA ~ 50.0 [75]
Ni/MgO Sol–gel 20.0 900 24.2 NA 51.0 NA [62]
Ni–Cu/

MgO·Al2O3

Sol–gel 55.0 600 36.8 NA ~ 65.0 ~ 51.0 [44]

Ni–Fe/
MgO·Al2O3

Sol–gel 55.0 600 38.3 NA ~ 56.0 ~ 48.0 [44]

Ni–Co/
MgO·Al2O3

Sol–gel 55.0 600 38.0 NA ~ 55.0 ~ 51.0 [44]

Ni–Ce/
MgO·Al2O3

Sol–gel 55.0 600 35.1 NA ~ 66.0 ~ 52.0 [44]

Ni–La/
MgO·Al2O3

Sol–gel 55.0 600 31.8 NA ~ 61.0 ~ 47.0 [44]

Ni/SBA-15 Impregnation 50.0 700 182.6 NA 46.0 NA [95]
Ni–Pd/SBA-15 Impregnation 50.0 700 201.8 NA 59.0 NA [95]
Ni–Cu–Zn/

MCM-22
Impregnation 50.0 750 19.0 NA 82.6 85 [96]

NiFe2O4 Co-precipitation NA 900 21.0 30.0–50.0 68.0 NA [45]
NiCuLa In-situ thermal 

treatment
30.0 700 27.0 NA NA 79 [97]

NiCuLa In-situ thermal 
treatment

30.0 600 27.0 NA NA 64 [97]

Ni/TiO2–Al2O3 Co-precipitation 60.0 700 135.0 NA 59 NA [72]
Ni/Si–Al Impregnation 60.0 700 36.7 38.8 79 NA [70]
Ni/TiO2 Sol–gel 50.0 700 12.31 25.0–55.0 56 NA [63]
Ni/ex-HTa Co-precipitation 46.0 850 86.0 NA NA 55.0 [50]
Ni/SiO2 Impregnation 50.0 800 NA NA 74 NA [93]
Ni/MgAl2O4 Impregnation 20.0 550 26.2 NA NA 37 [76]
Ni/MgAl2O4 Impregnation 20.0 700 22.6 NA 50 NA [85]
Ni–Pd/MgAl2O4 Impregnation 20.0 700 29.3 NA 57 NA [85]
Ni/Al2O3 Co-precipitation 60.0 700 104.0 NA 50 NA [72]
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The enhanced dispersion of Ni nanoparticles on the support 
leads to the fast adsorption and enhances the solubility of 
methane molecules as more active sites of Ni become avail-
able, thereby speeding up methane decomposition [85].

Pudukudy et al. studied the catalytic activity of a Ni 
catalyst over various metal oxide supports, such as  TiO2 
[63],  SiO2 [93], MgO [62], and  MgAl2O4 [85]. Among all 
catalysts, 50 wt% Ni supported by  SiO2 prepared through 
impregnation shows the highest activity with 74% of hydro-
gen yield. However, the stability of this catalyst is lower than 
that of other studied catalysts because of carbon agglomera-
tion on the surface of the catalyst, thus blocking the avail-
abilities of active sites on the surface of Ni/SiO2 catalysts. 
Ni/TiO2 shows optimal stability with 24% of hydrogen yield 
for 960 min on stream. The lifetime of the catalyst is long 
because of the fine dispersion of active Ni nanoparticles on 
 TiO2 support. The same inference is applied to a Ni/MgO 
catalyst with enhanced catalyst stability within a 360 min 
reaction time, although the hydrogen yield (51%) is low. Ni/
MgAl2O4 exhibits a low activity with 50% hydrogen yield 
because of the low surface area (22.6 m2/g) and the strong 
interaction between the aggregated NiO and the support, 
thereby causing less NiO species to be diminished as active 
sites. Nuernberg et al. [76] studied the effect of  MgAl2O4 as 
a support for a Ni catalyst. The result showed that the activ-
ity of a Ni/MgAl2O4 catalyst is affected by the applied oper-
ating conditions. In this study,  N2:CH4 ratio is varied, and 
the results have revealed that methane conversion increases 
as the  N2:CH4 molar ratio increases. This finding is due to 
the inadequate availabilities of active sites on the catalyst 
surface to convert all reactive molecules. The boundary sites 
of the metal support are liable for the improvement of overall 
catalytic activity due to its ability to generate the reaction 
steps [107].

Awadallah et al. [71] investigated the effect of binary 
mixed oxides, such as  SiO2–Al2O3,  SiO2–La2O3,  SiO2–MgO, 
and  SiO2–CeO2, on the catalytic activity of a Ni catalyst in 
methane decomposition. The catalysts are prepared through 
wet impregnation with 50 wt% Ni loading on each sup-
porting catalyst. The catalytic testing has shown the most 
active catalyst with the highest hydrogen yield is achieved 
by Ni/SiO2–Al2O3, whereas Ni/SiO2–CeO2 displays remark-
able catalyst stability for 180 min on stream with moderate 
activity. This occurrence may be due to the presence of the 
facile reduction of NiO species in the catalyst and the fine 
dispersion of Ni particles on the supporting catalyst. Tapia-
Parada et al. [75] investigated the effect of CeO addition 
on the Ni/SiO2 activity prepared via the surfactant-assistant 
sol–gel method. The P123 surfactant in this work is used to 
prevent the agglomeration of metallic Ni nanoparticles on 
support matrices. This surfactant can control the diameter 
and shape of metal particles. The methane conversion by 
the promoted catalyst is higher than that of Ni/SiO2 with a 

slow catalyst deactivation. CeO is allowed to stabilize active 
sites, thereby leading to the prevention of thermal loss on 
the surface area of the catalyst. Therefore, the stability of the 
catalyst for methane decomposition is improved. Pudukudy 
et al. [64] investigated the effect of metal oxides, such as 
lanthana, ceria, and zirconia, as catalyst support over a Ni 
catalyst. Among the studied catalysts, Ni supported by lan-
thana shows the highest catalytic stability with the highest 
amount of carbon formed during methane decomposition. 
This result is due to the finely crystallized Ni particles, 
which are dispersed on the support surface. The electronic 
promotion effect of  La2O3 has increased the dissociation rate 
of C–H bond by electron charge transfer to nickel, which 
then led to the enhanced stability of the Ni-based catalyst in 
methane decomposition [97].

Although studies have been performed on metal oxide 
and carbonaceous materials as catalyst supports for meth-
ane decomposition, silica-based material possesses a high 
surface area, thereby making it favorable to be used as cata-
lyst support. Many studies have focused on the use of silica 
as support materials. Mesoporous silica possesses a high 
surface area, high thermal stability, tunable pore size, and 
ordered porous network for the enhanced reactant diffusion 
[108]. The pore size of the catalyst support is also necessary 
to determine the performance of a catalyst [84]. Besides, the 
high surface area and pore size of mesoporous silica are well 
suited for the production of carbon nanotubes as reported by 
Palacio et al. [109], owing to the unique pore structure which 
may help in preventing the sintering of metal particles dur-
ing the reaction by stabilizing the particles on the catalyst 
support. Tanggarnjanavalukul et al. [77] studied the effect of 
the pore structure of the mesoporous silica material over a 
Ni-based catalyst. They reported the properties of pore struc-
tures significantly influence the catalytic activity in methane 
decomposition. Bimodal porous silica support with straight 
(MCM-41) and sinusoidal pores (BPS-5) supported by a Ni 
catalyst are used. Although the surface area of Ni/BPS-5 
is lower than that of Ni/MCM-41, methane conversion and 
catalyst stability are enhanced. The proper dispersion of Ni 
particles on BPS-5 has contributed to the enhanced activ-
ity in methane decomposition, and this observation is con-
sistent with the results of Tsoncheva et al. [110]. Guevara 
et al. [78] investigated the performance of Ni/Ce-MCM-41 
in methane decomposition. Catalytic testing has displayed 
high stability and methane conversion. The Ni/Ce-MCM-41 
catalyst of 1400 min on stream becomes stable as a result 
of the removal of carbon species from the specific catalyst 
surface. Then, the removal of carbon causes the active Ni 
particle to remain clean and stabilized. The lifespan of the 
catalyst is prolonged.

Urdiana et  al. [79] compared several transition met-
als, such as Ni, Co, Cu, Mn, Fe, Zn, and W, supported by 
mesoporous silica (SBA-15) in methane decomposition. 
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Among the studied catalysts, Ni/SBA-15 displays an optimal 
activity in terms of methane conversion and catalytic stabil-
ity for 13 h on stream (Fig. 2). Further study over Ni catalyst 
supported over various types of silica materials [ZSM-25, 
ZSM-400, and amorphous silica (AS)] as supported catalysts 
in methane decomposition. have performed by Awadallah 
et al. [49] and the results is shown in Fig. 3. The hydrogen 
yield and stability of Ni/ZSM-400 are higher than those 
of Ni/ZSM-25 and Ni/AS during the time on stream due 
to higher metal dispersion and carbon yield as shown in 
the TEM and TGA results, respectively. The presence of 
carbon filaments has contributed to high Ni/ZSM-400 sta-
bility. The thicker the carbon filaments are, the higher the 
catalytic stability will be. In other work, Awadallah et al. 
[70] evaluated the performance of the Ni catalyst supported 
by aluminosilicate (Si–Al) and found that the formation of 
Ni silicate has interrupted the system, resulting in a low 
catalytic activity with the reaction time. Among all outstand-
ing activities of various supports over the Ni catalyst, the 
metal oxide support, especially  SiO2 and  TiO2, possesses an 
outstanding activity because of their high surface area and 
thermal stability. The selection of catalyst support and the 
amount of the Ni catalyst loading on the support also affect 
the performance of the catalyst in methane decomposition.

Effect of nickel loading

The nickel loading on the catalyst support affects its catalytic 
activity because it influences the metal–support interaction 
and dispersion of Ni particles on the support [111]. Corre-
sponding to García-Sancho et al. [50], Salmones et al. [80] 

found that high Ni loading results in fast deactivation. This 
finding can be explained by the low availabilities of active Ni 
particles inside the pores formed by carbon formation, which 
has enclosed the Ni particles in a short time (Fig. 4). The 
particle size of Ni increased as the loading of Ni increased 
from 15 wt% up to 50 wt%. The increase in metallic Ni 
availability in methane decomposition causes an increase 
in the yield of MWCNTs, and catalyst deactivation can be 
inhibited [72]. The accumulation of active Ni species on a 
supporting catalyst has caused a decrease in the BET surface 
area of the catalyst [66]. In contrast to the low Ni loading 
case, most Ni particles are found at the tip of the carbon pro-
duced and on the pore opening. Therefore, the availabilities 
of Ni particles remain high even for a long time on stream.

Figure 5 shows a TPR graph of the catalyst with differ-
ent Ni loadings. The results have shown that the reduction 
temperature of peak III shifts towards a low temperature 
as the Ni loading increases. This shifting is attributed to 
the weak Ni-support interaction. As loading increases, the 
tendency of fast deactivation also increases because of large 
pores. Saraswat and Pant [94] have studied different load-
ings (30 wt%, 40 wt%, 50 wt%, 60 wt%, and 70 wt%) of 
Ni on  SiO2 support. The activity of the catalyst in methane 
decomposition is in the following order: 50% Ni/SiO2 > 40% 
Ni/SiO2 > 60% Ni/SiO2 > 30% Ni/SiO2 > 70% Ni/SiO2. The 
decrease in activity after 50% Ni loading may be caused by 
the increase in particle size, thus lowering the surface area 
of the catalyst. Furthermore, the low pore density in high Ni 
catalyst loading may be due to the agglomeration of Ni parti-
cles at a high calcination temperature during catalyst prepa-
ration. This condition affects the performance of the catalyst 
in methane decomposition. Uddin et al. [58] evaluated the 
activity of Ni/Y zeolite catalyst with different Ni loadings 
of 15 wt% and 30 wt%. The result has shown that 30 wt% 
Ni catalyst has high initial activity. However, the activity 

Fig. 2  Enhanced stability of Ni/SBA-15 in methane decomposition at 
a reaction temperature of 500 °C for 13 h on stream. Results are plot-
ted on the basis of methane conversion  adopted from Urdiana et al. 
[79]

Fig. 3  Comparison of different silica materials as a catalyst support in 
terms of hydrogen yield from methane decomposition [49]
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rapidly dropped due to the accumulation of carbon caused by 
the considerable Ni species on the catalyst surface. The high 
activity of the catalyst may be due to the synergistic effect 
of the surface of zeolite and active Ni species. Although 
many studies have reported that high loading leads to the 

fast deactivation of the catalyst in methane decomposition 
due to the increased in the particle size of Ni as reported by 
Sikander et al. [91], studies have concluded that the effect 
of Ni loading depends on the type of the catalyst support 
used in the reaction.

Effect of preparation method

The catalytic activity may be influenced by the preparation 
method of the catalyst through the dispersion of metal par-
ticles on the surface of the catalyst support, which can lead 
to strong or weak metal–support interactions. Moreover, 
the reduction rate of Ni and nucleation of metallic Ni may 
be affected by the preparation method of the catalyst. The 
redox properties and surface morphology of the catalyst also 
differ depending on the synthesis condition of the prepara-
tion method [112]. In addition to the simplest and common 
preparation, which is impregnation [103, 106, 112], sol–gel 
method is commonly applied to synthesize catalysts in meth-
ane decomposition because of its simplicity and low cost 
[62, 63, 74, 82]. This surfactant-assisted technique is used 
in the sol–gel method because it can improve the access of 
metal particles to active sites [75]. The role of a surfactant is 
the same as that of a stabilizer to prevent the accumulation 
of metal nanoparticles onto metal oxide matrices [115]. This 

Fig. 4  Effect of loading on 
catalyst deactivation [80]

Fig. 5  TPR profile of Ni/Mg–O–Al catalyst with A: 15 wt%, B: 25 
wt%, and C: 50 wt% of Ni loading [80]
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surfactant can control the diameter and shape of metal par-
ticles. The catalyst prepared by the impregnation route has 
a higher degree of crystal agglomeration than that prepared 
by the sol–gel route, which reduces the interaction effect 
between metal and support and consequently decreases the 
reduction temperature of catalysts [103].

Pudukudy et al. [64] used a fusion method to synthesize 
catalysts. The result has shown that this method is time-
saving because the one-pot drying method is used, which 
does not involve time-consuming steps similar to conven-
tional wet synthesis methods. Lazaro et al. [116] compared 
the activity of Ni/TiO2 catalyst prepared by impregnation 
and fusion methods and found that the initial activity of the 
catalysts prepared via impregnation is higher in the presence 
of 80 vol% of hydrogen concentration, whereas 60% hydro-
gen is recorded for the fusion-prepared catalyst. However, 
the hydrogen concentration (40 vol%) of the impregnation 
catalyst drastically decreases, whereas the activity of the 
fusion-prepared catalyst remains stable for approximately 
500 min on stream. They concluded that impregnation is 
less effective in the preparation of this catalyst. Other meth-
ods, such as co-precipitation, have been employed in several 
studies to prepare the catalyst [114, 115]. Guo et al. [119] 
prepared a Ni-based catalyst supported by mixed-metal 
oxides and alumina by using conventional impregnation 
and co-precipitation methods. The catalysts prepared by 
impregnation produced larger Ni particles than other meth-
ods (Fig. 6). Ni particles agglomerate in catalysts produced 
through impregnation compared with those formed through 
co-precipitation. The strong interaction between Ni and the 
support inhibits the formation of large particles caused by 
the agglomeration of Ni particles. The method chosen to 
prepare the catalyst has an effect on the dispersion of Ni on 
the support, which influences the catalytic activity in meth-
ane decomposition.

Effect of second metal on a nickel catalyst

The use of a bimetallic catalyst increases the catalytic activ-
ity in terms of methane conversion and stability of the cata-
lyst throughout reaction time [81, 84, 85, 94, 101, 103, 105]. 
Tsoncheva et al. [110] reported that the catalytic activity of 
methane decomposition increases until it reaches the opti-
mum loading and then decreases when the loading of the 
active metal continuously increases. The use of bimetallic 
catalysts and promoters has been introduced to enhance the 
catalytic activity in methane decomposition, considering the 
fast deactivation of a Ni catalyst.

The effect of a second metal on a Ni-based catalyst in 
methane decomposition has been extensively explored. 
Fe is commonly used as a co-metal in a catalytic reaction 
[120, 121]. Wang et al. [82] prepared Ni–Fe/SiO2 through 
the sol–gel method and undiluted methane are decomposed 
to evaluate the catalytic activity of the catalyst. The incor-
poration of 40% Fe in 65% Ni/SiO2 has enhanced the sta-
bility of the catalyst at higher reaction temperature due to 
the formation of Ni–Fe alloy as validated in XRD analysis. 
Bayat et al. [101] investigated the effect of 10% Fe addi-
tion on 50% Ni/Al2O3 catalyst. They found that Fe addition 
has improved the stability of the catalyst by hindering the 
formation of encapsulating carbon on the catalyst surface, 
along with an improved rate of carbon diffusion. Despite the 
improved stability, the catalytic activity of 50% Ni/Al2O3 
decreases in the presence of Fe. This finding is attributed 
to the lower activity of Fe than Ni at a low temperature. 
The same inference was applied in Ni–Fe supported over 
calcium silicate catalyst, and the addition of Fe had pro-
moted the formation of carbon nanotubes [122]. The addi-
tion of Cu as a second metal on a Ni-based catalyst has been 
widely considered for methane decomposition [47, 73, 81, 
84, 90, 116, 118, 123–126]. Saraswat and Pant [94] studied 
the addition of 10% Cu as a promoter in a 50% Ni/SiO2 
catalyst. The presence of Cu has increased methane conver-
sion and improved catalytic stability compared with that of 

Fig. 6  TEM image of NiAl/
MMO catalyst prepared through 
co-precipitation and Ni/Al2O3 
fabricated through conventional 
impregnation [119]
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the unpromoted catalyst. The effect of Cu may be explained 
by the Ni–Cu alloy formation, which allows Ni active sites 
to separate from one another. Therefore, the interactions of 
adsorbed carbon species, which may lead to the formation of 
encapsulating carbon, can be minimized [127]. The growth 
of carbon filaments and the chemisorption of methane are 
improved upon the introduction of Cu into the system [116]. 
However, Lua and Wang [128] found that the poor catalytic 
stability of Ni–Cu alloy is due to the occurrence of a quasi-
liquid state, thus leading to the deactivation of a catalyst. 
Rastegarpanah et al. [44] investigated the effect of various 
promoters, such as La, Ce, Cu, Co, and Fe, on the catalytic 
activity of 50 wt% Ni/MgO·Al2O3. Among the studied pro-
moters, 10 wt% Cu added to the catalyst has improved the 
catalytic activity, hydrogen yield, and methane conversion 
with the best stability of 10 h on stream. By contrast, the 
Ce-promoted catalyst showed the highest activity. However, 
the activity of this catalyst drastically decreases when the 
temperature increases to higher than 600 °C compared with 
that of the Cu-promoted catalyst (Fig. 7). The highest stabil-
ity of Ni–Cu/MgO·Al2O3 can be attributed to the differentia-
tion between the equilibrium rate of carbon formation and 
its diffusion over active sites. Resistance to coke formation 
also increases as Cu is incorporated in the catalyst. Guil-
López et al. [117] studied the incorporation of Mg and Al in 
Ni-based catalyst prepared via co-precipitation by the urea 
method. “Auto regeneration” occurs as temperature increases 
to 700 °C after the catalyst becomes deactivated at 600 °C. 
The occurrence of the reversible process is attributed to the 
reversible change in the mechanism.

Bayat et al. [83] investigated the performance of 50% 
Ni–Pd/Al2O3 in methane decomposition, which is synthe-
sized by impregnation. The degrees of reducibility and 
catalytic activity are enhanced upon 15% Pd addition, 

in agreement with Pudukudy et al. [95]. The rate of car-
bon diffusion in Pd is higher than that in Ni catalyst. The 
accumulation of carbon on the metal surface during the 
reaction can be inhibited by providing a high migration 
rate of carbon to increase the catalyst’s lifespan. Rategar-
panah et al. [103] worked on the addition of noble metals 
(Pd and Pt) as promoters of a 55 wt% Ni–15 wt% Cu/
MgO·Al2O3 catalyst prepared via simultaneous sol–gel and 
wet impregnation methods in the absence of surfactants. 
The catalytic testing revealed that 4 wt% Pd addition has 
a more significant effect on catalyst stability during meth-
ane decomposition compared to Pt metal. They varied the 
Pd loading and found that a further increase in loading 
leads to a slight decrease in the catalytic activity caused 
by the decrease in the specific surface area and sintering 
of particles. Chen et al. [69] investigated the effect of ZnO 
addition on a Ni/Al2O3 catalyst prepared via the co-precip-
itation method. A  ZnAl2O4 spinel-like structure is formed 
in the interface between ZnO and  Al2O3, which can trap 
NiO particles, thereby making the catalyst highly stable 
throughout the reaction. The strong interaction between 
Ni and  ZnAl2O4 may hinder the occurrence of the quasi-
liquid phenomenon, which causes catalyst deactivation. 
Gac et al. [51] examined the effect of 38.9 wt% MgO addi-
tion on the activity of 26.6 wt% Ni/Al2O3 and showed that 
the active surface area increases as MgO are introduced to 
the system. The crystallite size of Ni decreases as a result 
of strong metal–support interaction and the mechanism of 
the microstructure arrangement of the catalyst.

Other metal‑based catalyst

Noble metals have an outstanding catalytic activity in the 
catalytic processes [129–132]. However, the use of these 

Fig. 7  Catalytic activity of promoted and unpromoted Ni/MgO·Al2O3 in terms of a methane conversion and b hydrogen yield [44]
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metals as active components is restricted because of their 
cost. Numerous studies have reported the dissociation mech-
anism of methane over Pd-based catalyst surfaces in methane 
decomposition [34, 98, 133, 134]. Szymańska et al. [135] 
studied the activities of Pt and Pd supported by AC for the 
production of hydrogen and nanocarbon. The best catalytic 
activity is achieved by Pd/AC, which shows a higher con-
version and stability during the reaction than that by Pt/AC. 
The presence of deposited carbonaceous species in the form 
of carbon filaments is a crucial factor that contributes to the 
high catalyst activity because the blockage of the active sites 
by the deposited carbon does not occur. The highest activity 
achieved by Pd/AC catalyst in a prior study with 50 mol% 
of methane conversion for 4 h on stream at a reaction tem-
perature of 850 °C is attributed to the effectively distributed 
metallic Pd particles on the AC support [134]. Caballero 
et al. [113] studied the Rh catalyst supported by γ-Al2O3 pre-
pared through wet impregnation for methane decomposition 
with the addition of  Nd2O3 as a support modifier. The results 
revealed the methane conversion of the modified catalyst 
is higher than that of 1 wt% Rh/γ-Al2O3 catalyst attributed 
to the stronger interaction between Rh and γ-Al2O3–Nd2O3 
catalyst support as confirmed through TPR and X-ray photo-
electron spectroscopy (XPS) analyses. However, the forma-
tion of other byproducts, such as ethane and ethylene, was 
detected possibly because of the mobility of  CHx species 
on the surface of Rh during methane degradation. Figure 8 
shows the mechanism of  CHx mobility on the Rh surface for 
low-loading (a) and high-loading  Nd2O3 (b). Notably, no 
product other than hydrogen has been detected for catalysts 
with a high  Nd2O3 concentration because the  CHx species is 
further adsorbed and highly stable on the Rh surface, thereby 
generating hydrogen as the only product that results from 

the aggregation of hydrogen atoms. Caballero et al. found 
that low amounts of  C2H4 and  C2H6 are detected with a Pt/γ-
Al2O3 catalyst. The incorporation of non-noble metals as 
promoters is favorable to enhance the catalytic activity of 
methane decomposition in terms of hydrogen yield, catalyst 
stability, and controllability of the type of carbon formation, 
in addition to catalyst cost reduction [85, 95].

Majewska and Michalkiewucz [136] reported that high 
cobalt concentration results in high carbon and hydrogen 
yields (approximately 95%) at 800 °C in methane decom-
position. Co supported by  SiO2 displays the best catalytic 
activity in contrast with other catalyst support such as  Al2O3, 
 SiO2, and  Nb2O5, for methane decomposition [137]. The 
catalytic activity increases as the reaction time is prolonged 
because of the reduction of the remaining cobalt oxide par-
ticles that are not reduced during the pre-treatment stage. 
Zardin and Perez-Lopez [138] studied Co–Al mixed oxides 
in methane decomposition. The result showed that the low 
crystallite size enhanced catalytic stability during the reac-
tion. In addition, the presence of oxycarbides also helps hin-
der the deposition of carbon during the reaction [35]. Ibra-
him et al. [24] investigated the effect of Fe loading on the 
performance of Fe/Al2O3 in methane decomposition. The Fe 
loading varies between 15 and 100%, and all catalysts have 
good stability for 240 min on stream without a significant 
decrease in activity except catalysts with a low Fe loading. 
In the range of 15% to 100% Fe loading on the catalyst, 60% 
Fe/Al2O3 exhibits a maximum hydrogen yield of 77.2%. A 
further increase in Fe loading lowered the catalytic activity 
due to the aggregation of metallic Fe, thus causing poor Fe 
dispersion on the support and leading to a low hydrogen 
yield. The stability test is conducted over 60% Fe/Al2O3. 
The result showed that no deactivation is observed after 4 h 

Fig. 8   Representation of the 
behavior of methane decompo-
sition on Rh metallic particles 
for a Rh/Al2O3 and b Rh/Al2O3-
10 wt%  Nd2O3 catalysts [113]
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of reaction. The nature of the Fe oxide precursor from which 
the catalytic active site is generated via reduction strongly 
influences catalytic stability and hydrogen yields [139]. The 
introduction of second metals, such as Co, Cu, and Mo, is 
favorable to the Fe system [62]. The bimetallic catalyst has 
improved the methane conversion and increased the produc-
tion of carbon nanotubes (CNTs) caused by the aggregation 
of metal particles at the high reaction temperature. Cunha 
et al. [127] explored the effect of 50 wt% Cu addition on 
50 wt% Fe-based catalyst and observed the increase in the 
formation of filamentous carbon and the stability of the cata-
lyst for 5 h on stream. The enhancement of catalyst stability 
can be attributed to the ensemble control that decreases the 
possible occurrence of catalyst deactivation. The presence of 
15 wt% cobalt in the iron system has increased the catalytic 
activity of the iron catalyst in hydrogen yield and methane 
conversion [140]. The existence of appropriate cobalt spe-
cies and the enhanced dispersion of Co over 30 wt% Fe/
Al2O3 catalyst have led to high catalytic activity and stabil-
ity, with more than 55% of methane conversion for 1400 min 
on stream. The electronic configuration of Co, and Fe shows 
an electron deficiency in the 3d orbital that makes methane 
molecules accessible through partially accepting electrons 
[141]. A Cu catalyst with a complete 3d orbital produces a 
low hydrogen yield and generates amorphous carbon as a 
byproduct in methane decomposition [141]. Although Co-
based catalysts exhibit a lower catalytic activity than Ni-
based ones do, they have better stability for a longer time 
on stream in most studies related to methane decomposition 
[140, 142].

Carbon formation

In addition to hydrogen, carbon is a product of methane 
decomposition. The obtained carbon may be commercialized 
for industrial applications. The economics of the process is 
highly dependent on the quality of carbonaceous products 
that in turn determine the selling price of carbon. Carbon 
formation may be in the form of carbon black, CNTs [94, 
96], graphite [143], and graphene [62]. The formation of fil-
amentous carbon as a product can contribute to the stability 
of catalysts [49, 140]. Majewska and Michalkiewucz [136] 
indicated that a high concentration of metal catalyst (32 wt% 
Co) produces a high yield of carbon formed at the end of 
the reaction. Villachampa et al. [144] reported that a further 
increase in reaction temperature from 500 to 600 °C results 
in the promotion of carbon filaments and encapsulating 
carbon. Catalyst deactivation caused by carbon deposition 
unlikely occurs as long as carbon filaments do not interfere 
with each other and with the surface of the catalyst support 
[145]. The deposition of bulk carbon with outstanding physi-
cal and chemical properties is one of the benefits associated 

with methane decomposition. The nanocarbons formed at 
the end of reaction can also be utilized as electrode materi-
als. As hydrogen yield increases, carbon yield increases. In 
addition to hydrogen, ordered nanocarbons are formed with 
metal catalysts, whereas carbonaceous catalysts produce 
amorphous carbon with different morphologies [88].

Table 2 summarizes the production of carbon from meth-
ane decomposition in CNT and graphene forms. Li et al. 
[146] reported the structure and morphology of the car-
bon formed are determined by the catalyst and the reaction 
parameter such as temperature, pressure and the composition 
of the feedstock used in the reaction. Abdullahi et al. [66] 
studied Ni/Al2O3 catalyst for methane decomposition and 
obtained multi-walled CNTs (MWCNTs) as a carbon prod-
uct and observed that reaction time and temperature influ-
ence the carbon yield and graphitization degree of MWC-
NTs. Meanwhile, Shen and Lua [74] found the formation of 
carbon filaments over Ni/TiO2 is formed in the form of plate-
lets, hollow tubes, and bow-like and herringbone structures. 
The herringbone structures of the carbon filaments resulted 
from the stacking of the graphene layers along the two direc-
tions. The variation structure of the filaments was associated 
to the mechanism of carbon growth on the different catalyst 
plane and phase. Awadallah et al. [71] reported different 
 SiO2 modifiers in Ni/SiO2 produced graphene sheets and 
agglomerated Ni particles. The use of metal-based catalysts, 
such as Ni, Fe, and Cu, which commonly produce a carbon 
product in a tubular structure, mostly results in MWCNTs or 
carbon nanofibers, and this type of carbon species contains 
a graphene layer [91, 92]. Guizani et al. [147] found that 
a shell-like carbon structure is deposited on a Ni catalyst 
supported by wood char. At first, carbon is in the form of 
filamentous and carbon balls as shown in the SEM images 
(Fig. 9). In addition, the thermal stability of the reaction 
products, namely, hydrogen gas and carbon, are improved 
because of the ordered nature of the deposited carbon.

Challenges, recommendations 
and perspectives

The direct decomposition of methane has become one of the 
favorable methods in the production of  COx-free hydrogen 
and carbon in various morphologies. The produced carbon 
can be commercialized and used in practical applications. 
Moreover, the economy significantly enhances when effi-
cient and low-cost materials and methods in hydrogen pro-
duction are developed. Among the transition metals studied 
in methane decomposition, Ni catalyst shows the highest 
activity in terms of methane conversion and hydrogen yield, 
together with an enhanced quality of produced carbon. 
Hence, Ni catalyst is a highly favorable metal because of its 
high activity in methane decomposition.
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Ni catalyst is rapidly deactivated because of the forma-
tion of encapsulating carbon covering the active sites of the 
catalyst and the poor stability of the catalyst at high tem-
peratures. Future research should discover new materials 
and improve the preparation methods of existing catalysts 
to obtain highly active and stable Ni catalysts dispersed on 
catalyst support with a high surface area and better porosity 
properties. The introduction of promoters on active com-
ponents and the modification of catalyst support may be 
beneficial to the enhancement of the stability of catalysts. 
The addition of promoters, such as  CeO2, can help stabilize 
active sites and facilitate the catalytic activity given that 
metal oxides are highly common catalyst supports used in 
methane decomposition. The high surface area of catalyst 
supports has become one of the critical factors in select-
ing support for methane decomposition. These properties 
affect the dispersion of a Ni catalyst, thereby providing 
enough active sites on the surface of supports. Mesoporous 
silica materials, such as SBA-15 and MCM-41, are com-
monly used in methane decomposition. Mesostructured 

silica nanoparticles (MSNs), which are also a member of 
the mesoporous silica family, possess a high surface area 
and a tunable pore size. MSNs have been widely explored 
in catalysis and commonly used in drug delivery and metha-
nation reaction. Thus, MSNs may become ideal candidates 
for methane decomposition, which may lead to a high activ-
ity because of its high surface area and pore size. Catalyst 
stability may be improved because MSNs also have high 
thermal, mechanical, and chemical stability.

In addition to the type of materials used for a reaction, the 
influence of preparation methods is necessary to determine 
the catalytic activity because it can generate an improved 
metal-support interaction, thus enhancing the fine disper-
sion of Ni particles on the catalyst support. Starting from 
the simplest method used to prepare the catalysts towards 
the addition of certain surfactants and also the introduction 
of the new procedure are investigated in order to develop 
a catalyst with an enhanced surface structure which then, 
allowing for a better dissociation of methane on the active 
sites of the catalyst. The reaction conditions, such as flow 

Table 2  Summary of the type of solid carbon produced by the methane decomposition process

a Mixed metal oxides
b Amorphous carbon

Catalyst Reaction 
temperature 
(°C)

Weight of 
used catalyst 
(g)

Type of 
carbon 
produced

Remarks References

Ni/SiO2 750 1.0 CNT The carbon filaments containing some amorphous carbon and nanopar-
ticles were entangled with each other

[94]

Ni–Cu/SiO2 750 1.0 CNT The formed CNT was free from impurities [94]
Ni–Cu/zeolite 550 0.015 CNT The low ID/IG ratio illustrated a high hydrogen yield, thereby indicating 

low amounts of disordered carbon
[148]

NiAl/MMOa 700 0.050 CNT Small and uniform sizes of Ni particles were obtained, resulting in the 
uniform inner diameter of produced CNTs

[119]

Ni/MgO 900 1.0 CNT CNT with irregular and cracked particles were spotted. The irregular 
carbon particles were due to the metal encapsulating carbon depos-
ited over Ni/MgO catalyst

[62]

Ni/zeolite 700 0.5 CNT The small crystallite size and high Ni dispersion stimulate CNT growth [49]
Ni/ASb 700 0.5 Graphene Poor Ni dispersion on the support causes the agglomeration of Ni parti-

cles and led to the formation of graphene nanosheets
[49]

Ni/Al2O3 650 0.3 CNT The diameter of the produced CNT corresponds to the crystallite size 
of Ni particles

[66]

Fig. 9  Morphologies of spent 
Ni/wood char catalyst at differ-
ent magnification scales
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rate, temperature, time, and pressure, are critical factors 
affecting catalytic activities. Therefore, the optimization of 
the Ni-based catalyst should be explored to achieve optimum 
conditions.
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