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Abstract: The hydrogen economy will play a key role in future energy systems. Several thermal
and catalytic methods for hydrogen production have been presented. In this review, methane
thermocatalytic and thermal decomposition into hydrogen gas and solid carbon are considered.
These processes, known as the thermal decomposition of methane (TDM) and thermocatalytic
decomposition (TCD) of methane, respectively, appear to have the greatest potential for hydrogen
production. In particular, the focus is on the different types and properties of carbons formed during
the decomposition processes. The applications for carbons are also investigated.
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1. Introduction
The hydrogen economy has attracted a significant amount of interest since the European Union (EU) revealed a new strategy to reach carbon neutrality by 2050. The increased
interest in hydrogen is due to its potential as a fuel and as an energy carrier, its capability
for energy storage, and its use as a carbon-neutral feedstock without carbon dioxide (CO2 )
emissions. At present, hydrogen is mainly produced from fossil fuels, and hydrogen
production in the EU releases about 70 to 100 million tons of CO2 per annum [1]. If a
means of production can be developed that does not release CO2 , hydrogen will play a key
role in creating a climate-neutral Europe. One major issue to be resolved is how to make
the CO2 -free hydrogen production process cost competitive compared with fossil-based
hydrogen processes.
Production of hydrogen from methane is considered to be the best option compared to
the use of other hydrocarbons. This is due to the fact that methane is abundant, and can be
easily transported and stored when needed. Methane also has a high hydrogen to carbon
ratio of 4:1 [2]. In addition to methane’s significant importance in hydrogen production,
methane is also used in power generation and methanol production [3]. Hydrogen can be
produced from methane in several ways. In this article, we present the most important
production processes and note some advantages and disadvantages for each process.
At present, the most commonly used processes for hydrogen production from methane,
and especially renewable biomethane, are steam methane reforming (SMR), dry methane
reforming (DMR), and partial oxidation (PO) [4]. None of these processes are CO2 -neutral;
CO2 is emitted, or a separate carbon capture process is required after the main process. The
addition of the extra step increases the price of the hydrogen produced. In the thermal
decomposition of methane (TDM) and thermocatalytic decomposition (TCD) of methane,
no oxygen is involved in the reaction, and solid carbon is formed. Compared to other
methane conversion methods in which carbon is released to the atmosphere, TDM and
TCD processes create carbon capture and therefore have a significant effect on carbon’s
neutrality and footprint. Most of the recently published papers consider the formation
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and use of the hydrogen formed in the decomposition of methane, whereas the carbons
formed in the process are considered as less important. However, the carbon formed has
its own markets and possible applications, such as usage in water purification and energy
storage applications. A full use of the carbons formed in the TDM and TCD processes
in potential applications would result in increased value, and increase the profitability of
these decomposition processes and the overall hydrogen economy. In this paper, we focus
on the carbon produced from the TCD process, its properties, and possible applications. We
also briefly examine other methane conversion processes to highlight the benefits of TCD.
2. Production Methods for Hydrogen and Carbon from Methane
Various methods exist for producing hydrogen from methane, such as SMR, DRM, PO,
TDM, and TCD. The latter two processes are considered more environmentally friendly
because they do not create CO2 or carbon monoxide (CO) emissions [5]. One important
difference between these methods is the end use of the carbon. In the first three reactions
(SMR, DRM, and PO), carbon is emitted as CO2 or CO, whereas in TDM and TCD, solid
deposits of carbon are formed. Instead of producing CO2 gas, TDM/TCD processes
produce carbon as a potentially valuable solid. The reactions for these processes and
corresponding reaction enthalpies are presented in Table 1.
Table 1. Chemical reactions for hydrogen production from methane and corresponding reaction enthalpies. In the first
three reactions (SMR, DRM, and PO), carbon is emitted as CO2 or CO, whereas in TDM and TCD, solid deposits of carbon
are formed.
Production Method

Chemical Equation

Reaction Enthalpies

Equation Number

Steam methane reforming (SMR)
Water gas shift reaction (WGS)
Dry reforming of methane (DRM)
Partial oxidation (PO)
Thermal decomposition of methane (TDM)
Thermocatalytic decomposition of methane (TCD)

CH4 + H2 O → CO + 3H2
CO + H2 O → CO2 + H2
CH4 + CO2 → 2CO + 2H2
CH4 + 0.5O2 → CO + 2H2

∆H298K = 206 kJ/mol
∆H298K = −41 kJ/mol
∆H298K = 247 kJ/mol
∆H298K = −23 kJ/mol

(1)
(2)
(3)
(4)

CH4 → C + 2H2

∆H298K = 75 kJ/mol

(5)

SMR (Equation (1)) is one of the most mature processes in hydrogen production,
starting from methane. The SMR reaction is endothermic and therefore has a high energy
consumption. However, the SMR process has some severe drawbacks and challenges that
should be considered. The process is usually carried out at relatively high temperatures,
973–1273 K, and at reaction pressures ranging from 0.3 to 2.5 MPa [6]. Another drawback
is that SMR generates large amounts of CO2 [5]. According to Soltani et al. [7], SMR
generates approximately 7 kg of CO2 to every 1 kg of H2 produced. Although SMR is one
of the least expensive processes in large-scale hydrogen production [6], a harsh reaction
environment can create corrosion risks, especially if sulfur is present, a condition that
can appear if the gas is not adequately purified [6,8]. In SMR, the catalyst plays a key
role in the process. The use of a catalyst increases the yield of hydrogen and lowers the
temperature, and no pressure is used. The cost of the catalysts, possible toxicity of the
active metals used, and availability and deactivation of the catalyst by the formation of
coke, should be considered [4,9]. To gain additional hydrogen from the SMR process,
the water gas shift (WGS) reaction (Equation (2)) is usually introduced. In the WGS,
CO is transformed into CO2 and hydrogen, usually after the SMR reaction [9]. WGS
is an exothermic reaction that is normally undertaken in two reactors: one with a high
temperature in which thermal equilibrium is reached and one with a lower temperature
in which the catalyst provides higher conversions; that latter process is much slower. In
addition to SMR, WGS is also affected by process parameters, and therefore the variation
in performance can vary. Another drawback of WGS is that the activity of the reaction
decreases at lower temperatures, which creates additional carbon. This can be an issue,
especially in fuel cell applications where lower CO is required.
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Another well-known hydrogen production process is dry reforming (Equation (3)).
One of the main benefits of DRM is that it consumes methane and CO2 to create hydrogen,
and it is also cheaper when compared with SMR and PO [6]. However, like SMR, it
produces CO [9]. The operating temperature ranges from 923 to 1123 K, and the pressure is
normally 0.1 MPa [6].
PO is an exothermic reaction (Equation (4)) carried out at a pressure of 10 MPa and a
temperature range of 1223 to 1373 K [4,10]. Due to the exothermic reaction, the process is
difficult to control because of the induced hotspots on the catalyst [8]. If air is used as an
oxygen source, nitrogen separation is required from the gas prior to the reaction, a process
that increases operational costs. It is therefore recommended to use pure oxygen and/or
separate the oxygen from the air [10]. Oxygen separation from air makes the process
costly [4]. The benefits of the process are short residence time, high conversion rates, high
selectivity of syngas, good economic conversion, and compactness [8,11–13].
Thermal decomposition of methane has two alternating routes (Equation (5)): catalytic
(TCD) and non-catalytic (TDM) [14]. The latter has been used for several decades for the
production of carbon black. Methane is one of the most stable hydrocarbons due to its very
strong carbon–hydrogen bond and high molecular structure symmetry [15]. In TDM, the
reaction temperature is relatively high, and may reach 1473 K for a reasonable hydrogen
yield [14,15]. By using a catalyst, this temperature can be significantly lowered, and the
catalyst can influence the formed carbon. Both processes are CO2 -free, and therefore they
have gained increased interest. In this paper, however, we focus on the TCD catalytic
reaction, because the carbon formed can have different morphologies and greater value
than with the use of TDM. TCD has remained in the laboratory phase mostly because of
the deactivation of the catalyst, the possibility of CO2 formation during reactivation of the
catalyst, and the unreacted methane in hydrogen [15]. Several catalysts have been tested
for the reaction, and these can be divided into two separate groups: noble metals and
transition metals, such as nickel and iron; and carbon-based materials, such as activated
carbon [16]. Metal catalysts can be supported by high surface area materials, such as Al2 O3
and SiO2 , and carbon can be doped with some metals. Different catalysts have varying
effects on the process, and so it is important to select the best catalyst to produce carbon.
The effect of catalysts is discussed later in this paper. Economic and environmental issues
should also be considered.
In the TCD process, the methane molecules decompose on the surface of the catalytic
metals, and in the crevices or cracks of the catalyst. The reaction generates hydrogen
molecules and carbon atoms. Carbon diffuses to the metal and accumulates to form carbon
deposits [17,18]. In TCD, amorphous, graphitic, and carbon nanotube (CNT) morphologies
of carbon can be found, and the process parameters affect the morphology of the carbon.
The reaction temperature is above 1473 K, and the carbon formed is mainly amorphous [16].
The CNTs’ growth mechanism can be divided into two types, tip growth and base growth,
in which one or the other is active, depending on the interaction between catalyst metal
and support weakness. Weak interaction leads to tip growth, in which the catalyst particle
is lifted by the growing CNT. Strong supports lead to base growth, in which the growth
mechanism proceeds through an open tip. Regardless of the manner in which the carbon
grows on the catalyst, one of the main problems to be resolved is the separation of the
carbon and catalyst used without generating any CO2 emissions [19]. The size of the
catalyst particle can affect the growth of the carbon in TCD process. This is schematically
shown in Figure 1, in which the possible effect of large and small nickel catalyst particles
on the growth of carbon is shown. Large nickel particles induce more tip growth of carbon,
whereas, in the case of small nickel particles, carbon grows on the catalyst particle and
encapsulates it.
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volume, pore size, porosity, and surface chemistry, in addition to the morphology [22].
Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are used
to study the length, thickness, morphology, impurities, and topography of carbon deposits.
Thermogravimetric analysis (TGA) is used to quantify the amount of the deposits and the
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coefficient of thermal expansion. They are used in the aerospace, vehicle manufacturing,
energy, sports equipment, and chemical and textile industries, and as a reinforcement in
composite materials [30].
Carbon fullerenes resemble the shape of a sphere [20]. One form of carbon fullerenes is
commonly referred to as a CNO, which are multiwalled fullerenes [31]. Carbon fullerenes
have not been found in the TCD reaction, but CNOs have. Fullerenes have shown significant promise in several applications, such as solid lubrication, electromagnetic shielding,
fuel cells, heterogeneous catalysis, energy storage, electro-optical devices, and supercapacitors [32]. CNOs can have a crucial effect on the TCD process. According to the
investigations of Zhou et al. [19], formed CNOs encapsulated the catalyst and, therefore,
the catalyst was deactivated.
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4. Process Parameters Affecting the Properties of Carbon in TDM and TCD Processes
As mentioned previously, the TCD of methane produces hydrogen and carbon. The
yields and carbon morphology are dependent on various process parameters, such as
the kind of catalyst used, size of the catalyst’s metal particle, promoter material, reaction temperature, pressure, and gas hourly space velocity (GHSV) [33–40]. According to
Li et al. [40], the carbon yield is mostly affected by the particle size of the metallic catalyst,
and also affects the catalytic life [41]. It has also been mentioned that the carbon morphology affects the efficiency of thermocatalytic decomposition when carbon is used as a
catalyst support [35]. The factors affecting catalytic life have been widely studied, and it is
valuable to understand how this occurs and the kind of carbon that is formed. In the TDM
process, temperatures are higher than those in TCD, and are typically above 1200 ◦ C. The
main products in TDM are carbon black graphite-like carbon and coke [42].
4.1. Effect of Catalyst and Promoters on the Carbon Amount and Quality
Guil-Lopez et al. [43] compared metal and carbon catalysts in the TCD process, and
their differences in terms of hydrogen production and carbon morphology (size and shape).
They used Ni and Fe metal catalysts with different supports and six different carbon
catalysts, which included carbon black, activated carbon, graphene, and CNTs. Interest in
carbon catalysts has risen due to their lower cost, higher temperatures, which affect the
methane conversion rate, and the possibility that there is no need to separate catalyst carbon
and produced carbon [16] According to the results of a study by Guil-Lopez et al. [43],
metal catalysts are more prone to produce CNTs when carbon catalysts produced more
graphene-like carbon. Carbon catalyst activity depends on the chemical structure, such as
defects, BET surface area, and pore volume. By designing and preparing carbon materials
with specific pore systems, catalytic activity and stability can be improved [22]. When
comparing amorphous carbon with more ordered carbon, Muradov found that amorphous
carbon had more catalytic activity than ordered carbon [44].
Nickel-based catalysts have gained interest due to their capability to produce highvalue carbon, such as CNTs and CNFs, and because of their high catalytic activity [45]. The
drawbacks of using Ni catalysts are their sensitivity to the operation temperature and quick
deactivation [46]. Torres et al. [36] studied the effect of numerous catalysts on TCD and
found that the Cu-doped Ni/Al2 O3 catalyst had a higher yield in carbon formation and a
longer activity time at a temperature range of 823–873 K. In addition, the bimetallic Ni-Cu
catalyst produced shorter carbon filaments, and the diameter of the filament was more
constant compared with the metallic catalyst. Saraswat and Pant [38] studied Cu/Zn metals
as promoters with a Ni aluminosilicate catalyst in TCD. Their results indicate that the yield
and type of carbon depends on the added amount of Cu and Zn promoters, in addition to
the process temperature. Saraswat et al. [47] studied the effect of the process parameters on
the methane conversion and carbon amount. First, they studied the effect of temperature on
yield. They examined the process at five different temperatures, ranging from 823 to 1023 K
in 323 degree steps. The best methane conversion rate was found at 1023 K. In further
studies, they used this temperature. The highest carbon yields were at 1023 K and with the
catalyst combination of 50% Ni–10% Cu with the support of SiO2 . The carbon yield using
this 50% Ni–10% Cu/SiO2 catalyst was 710%. The second highest carbon yield (610%)
was obtained using the 50% Ni–5% Cu catalyst. Table 2 presents the results of Saraswat
et al. [46], indicating the catalyst and support used, temperature and GHSV of the TCD
process, and the produced carbon amounts and yields. Bai et al. [33] tested active CNFs
as catalysts that were loaded with Ni. They stated that the surface structure and textural
properties of the CNFs can affect the stability and activity of the catalyst. Their produced
carbon was consistent in diameter and relatively long. Nickel particle size has been proven
to have a significant effect on carbon formation and catalyst deactivation [18,39]. Smaller
metal particle sizes increase the deactivation rate of the catalysts. This can be explained by
the fact that CNTs are prone to form on a large particle when a smaller size is encapsulated
by carbon [35].
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Table 2. Different Ni and Ni/Cu catalysts on SiO2 support and their effect on the carbon amounts and yields in the TCD
reaction (at 1023 K and with GHSV of 1800).
Catalyst

Support

Operating
Temperature [K]

GHSV
[mL/gcat h]

gC /gCH4 Fed

Carbon Yield %

Source

50 wt% Ni
50 wt% Ni/5 wt% Cu
50 wt% Ni/10 wt% Cu
50 wt% Ni/15 wt% Cu
50 wt% Ni/20 wt% Cu

SiO2
SiO2
SiO2
SiO2
SiO2

1023
1023
1023
1023
1023

1800
1800
1800
1800
1800

0.504
0.531
0.619
0.467
0.374

600%
610%
710%
550%
500%

[47]
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Other catalysts that have been investigated for TCD are molten metal catalysts and
noble catalysts. The high cost of noble catalysts (Pt, Rh, Pd) prevents their use. Therefore,
they are mostly used as a promoter to improve catalyst capability to produce carbon and
thermal stability [45]. Takenaka et al. [49] studied the effect of different metals (Cu, Rh,
Pd, Ir, and Pt) with nickel catalysts. The results indicated that a nickel catalyst with the

C 2021, 7, 50

8 of 16

Other catalysts that have been investigated for TCD are molten metal catalysts and
noble catalysts. The high cost of noble catalysts (Pt, Rh, Pd) prevents their use. Therefore,
they are mostly used as a promoter to improve catalyst capability to produce carbon and
thermal stability [45]. Takenaka et al. [49] studied the effect of different metals (Cu, Rh,
Pd, Ir, and Pt) with nickel catalysts. The results indicated that a nickel catalyst with the
addition of Pd significantly improved not only the catalytic life and hydrogen yield but also
the carbon yield. Using a molten metal catalyst is one option to confront the issue of how
to separate the produced carbon from the catalyst [50]. The idea is that solid carbon floats
to the surface where it can be collected [37]. Guo et al. [51] studied the effect of support
on the TCD process with mixed metal oxides (MMOs) and Al2 O3 . The results indicated
that the MMOs resulted in a better hydrogen yield than Al2 O3 , but a lower carbon yield.
The highest carbon yield, of 4.55 gC /gCat , was obtained with a Ni3Al catalyst. Ermakova
and Ermakov [52] studied different types of support and their effect on the carbon yield.
The highest yield of carbon (45 gC /gCat ) was obtained with SiO2 support. Without any
support, the carbon yield was 16.5 gC /gCat , and with common Al2 O3 support the carbon
yield was 14 gC /gCat . Awadallah et al. [27] studied the type of carbon that is formed on
the catalyst with different supports. They used a Ni catalyst supported by zeolite samples
with Si/Al ratios of 25 and 400 and amorphous silica. The Ni catalyst with zeolite 400
support yielded 372% of carbon, whereas with amorphous silica support the carbon yield
was 9%. Zeolite samples formatted multiwalled CNTs in which amorphous silica formed
graphene layers. They stated that this could be explained by the crystallite size of the Ni
species and dispersion. Small crystallite size and high metal dispersion promote the growth
of multiwalled CNTs. By comparison, lower dispersion and agglomerated Ni particles
promote more horizontal growth to form graphene layers. Details of these studies can be
found in Table 3, in which the type of catalyst and support, temperature, GHSV, and carbon
yields are given.
Table 3. Different catalysts and supports, GHSV, and their effect on the carbon amounts and yields in the TCD reaction at
973 K.
Catalyst

Support

Operating
Temperature [K]

GHSV
[mL/gcat h]

gC /gCat

Ni0.5Al (Molar ratio)
Ni1Al
Ni2Al
Ni3Al
Ni0.5
Ni1
Ni2
Ni3

MMOs
MMOs
MMOs
MMOs
Al2 O3
Al2 O3
Al2 O3
Al2 O3

973
973
973
973
973
973
973
973

60,000 *
60,000 *
60,000 *
60,000 *
60,000 *
60,000 *
60,000 *
60,000 *

0.11
0.49
2.02
4.55
0.67
1.15
1.36
1.29

[51]

85wt% Fe
85wt% Fe
85wt% Fe
85wt% Fe
85wt% Fe

ZrO2
Al2 O3
TiO2
SiO2
–

973
973
973
973
973

8000
8000
8000
8000
8000

13.5
14
17.4
45
16.5

[52]

40 wt% Ni
40 wt% Ni

Z-25
Z-400
Amorphous
silica

973
973

6000 *
6000 *

176%
372%

973

6000 *

9%

40 wt% Ni

Carbon Yield %

Source

[27]

* Calculated from flow rate to GHSV.

4.2. Effect of Process Temperature on Carbon Amount and Quality
Temperature can affect the BET surface and, according to Torres et al. [23], the BET
value increases with the decrease in temperature. An increase in temperature can affect
the amount of carbon formed [53]. It is also suggested that, to obtain higher crystallinity
of carbon, higher reaction temperatures could be beneficial, but only up to a certain point.
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Above 1473 K, carbon morphology is more amorphous [16,45]. In Table 4, two different
studies are shown in which temperature was the variable in the TCD process. Table also
shows the catalyst used and the corresponding process conditions. Carbon yields for each
catalyst/support are also presented.
Table 4. The effect of temperature on carbon yield based on two different studies using Ni and Fe catalysts. As can be seen,
the carbon yield increased with the increase in temperature.
Catalyst

Support

Operating Temperature [K]

GHSV [mL/gcat h]

Carbon Yield %

Source

Ni
Ni
Ni
Fe
Fe
Fe

MgO
MgO
MgO
MgO
MgO
MgO

1173
1073
973
1173
1073
973

9000 *
9000 *
9000 *
9000 *
9000 *
9000 *

927%
863%
608%
1205%
1055%
810%

[48]

1173
1073
973
1173
1073
973

9000 *
9000 *
9000 *
9000 *
9000 *
9000 *

815%
691%
341%
663%
419%
196%

[54]

NiO
NiO
NiO
Fe2 O3
Fe2 O3
Fe2 O3

* Calculated from flow rate to GHSV.

In the research of Pudukudy et al. [48], the catalysts Ni and Fe were studied, based on
MgO support at different temperatures. The Fe catalyst had a higher carbon yield at all
temperatures than the Ni catalyst. With both catalysts, the carbon yield increased with the
increase in temperature as can be seen in Table 4. In another study, Pudukudy et al. [54]
investigated the effect of temperature on NiO and Fe2 O3 catalysts, and its effect on the
carbon yield. As the temperature increased, the carbon yield increased, and NiO had
overall higher yields compared with Fe2 O3 . At 973 K, the carbon yields were 341% and
196% using NiO and Fe2 O3 catalysts, respectively. At the highest reaction temperature,
1173 K, the carbon yields were 815% and 663% for NiO and Fe2 O3 catalysts, respectively.
In the studies of Takenaka et al. [41], temperature had the opposite effect. Carbon and
hydrogen yields both decreased with the increase in the reaction temperature. They also
found that at 773 K fish-bone type carbon fibers formed, whereas at 973 K they were
mostly multiwalled CNTs (MWCNTs). Saraswat and Pant [47] showed that the carbon
yield increased with increasing temperatures from 823 to 1023 K but decreased from 1023
to 1073 K. They used Ni and bimetallic catalysts with the support of zeolite MCM-22.
4.3. Effect of GHSV on Carbon Amount and Quality
Increasing the methane flow rate affects the deactivation rate and the carbon. According to Gao et al. [23], the carbon fiber is thicker and the BET decreases when the methane
flow rate is increased.
Saraswat et al. [47] studied the effect of GHSV on methane conversion and carbon
yield. They previously determined that the optimal catalyst and temperature were 50%Ni10%Cu/SiO2 at 1023 K. This combination resulted in the highest conversion rate. They then
studied the influence of GHSV with different velocities ranging from 600 to 6000 mL/gcat h.
They found that the catalyst had the highest activity at 600 mL/gcat h and, as the GHSV
increased, both methane and carbon yields decreased. This suggests that, at a higher flow
rate, the catalyst is covered with carbon deposits; therefore, by deactivating the catalyst and
using lower flow rates, the decomposition reaction is more effective on the catalyst surface.
4.4. Summary
It is important to note that the reaction is affected by many parameters, and the results
can vary significantly. It is crucial to identify the parameters that result in good carbon
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yields without compromising the hydrogen yield. Table 5 summarizes TCD reactions with
different process parameters, catalysts, and supports used, and their effect on the carbon
amount and morphology. It should be noted that although researchers may report in their
experiments that only one type of carbon is formed, all of the other carbon morphologies
may also be present in the process; often, the dominant carbon or the form of carbon that is
of most interest to the researcher is the only one reported.
Table 5. Other catalysts and supports used in the TCD process, operation conditions, and their effect on the produced
carbon yield and morphology.
Catalyst

Support

Operating
Temperature [K]

GHSV
[mL/gcat h]

Carbon Deposits
[gC /gcat ]

Carbon Morphology

Source

Fe (porous)

1173

9000

6.62

Layered graphene sheets

[55]

Ni

773

9000

354–398

CNT

[56]

491

Fish-bone carbon nanofibers
MWCNT

[41]

40 wt% Ni
40 wt% Ni

SiO2
SiO2

773
973

90,000 *
90,000 *

75 wt% Ni
35 wt% Ni/40 wt% Fe
65 wt% NI/10 wt% Fe
75 wt% Ni
35 wt% Ni/40 wt% Fe
65 wt% NI/10 wt% Fe

SiO2
SiO2
SiO2
SiO2
SiO2
SiO2

823
823
823
923
923
923

30,000 *
30,000 *
30,000 *
18,000 *
18,000 *
18,000 *

Longer and thicker than at 923 K
Thinner and shorter than without Fe
MWCNT
bamboo shaped

[57]

50 wt% Ni/25 wt% Fe

Al2 O3

973

4200 *

562

CNT

[58]

50 wt% Ni
50 wt% Ni/5 wt% Cu
50 wt% Ni/5 wt% Cu/5 wt% Zn
50 wt% Ni/10 wt% Cu
50 wt% Ni/10 wt% Zn

MCM-22
MCM-22
MCM-22
MCM-22
MCM-22

1023
1023
1023
1023
1023

1800
1800
1800
1800
1800

3.63
4.26
5.68
5.5
5.45

CNT
CNT
CNT
CNT
CNT

[38]

5 wt% Ni
10 wt% Ni
20 wt% Ni
30 wt% Ni
40 wt% Ni
50 wt% Ni
60 wt% Ni
70 wt% Ni
90 wt% Ni

SiO2
SiO2
SiO2
SiO2
SiO2
SiO2
SiO2
SiO2
SiO2

873
873
873
873
873
873
873
873
873

2440
2440
2440
2440
2440
2440
2440
2440
2440

27.16 **
39.73 **
57.94 **
62.05 **
35.99 **
23.91 **
16.54 **
9.01 **
1.00 **

69 wt% Fe
69 wt% Fe
69 wt% Fe
69 wt% Fe
69 wt% Fe
69 wt% Fe

Al2 O3
Al2 O3
Al2 O3
Al2 O3
Al2 O3
Al2 O3

973
1073
1123
1173
1073
1073

6000
6000
6000
6000
3000
8000

2.28
4.25
2.3
3.02
3.6
4.8

Al2 O3

1023

1500

1.92

bamboo shaped

MgO

1023

1500

8.26

tubular

AC
AC
AC
AC

1123
1123
1123
1123

1620
1620
1620
1620

7.01
9.23
7.92
6.10

1123

3800

0.08

1123

3800

0.12

1123
1123
1123
1123
1123

3800
9500
3800
3800
3800

0.65
0.69
0.212
0.22
0.28

1123

3800

0.45

1123

9500

0.6

1123

19,000

0.66

12.3Fe/1Mo/6.15Al2 O3 (molar
ratio)
50 wt%
12.3Fe/1Mo/6.15MgO(molar
ratio)
8.6 wt% Ni
16.6 wt% Ni
23.3 wt% Ni
30 wt% Ni
Graphitized carbon black
(Carbopack C)
Graphitized carbon black
(Carbopack B)
Carbon black (Fluke 05120)
Carbon black (Fluka 05120)
Carbon black (Fluka 03866)
Carbon black (Black pearls 2000)
Industrial carbon black (HS-50)
Commercial activated carbon
(CGNorit)
Commercial activated carbon
(CGNorit)
Commercial activated carbon
(CGNorit)
26.5 wt% Fe
26.5 wt% Fe

SiO2
SiO2

1073
1073

105,000
105,000

7.5
22.5

90 wt% Fe
85 wt% Fe/5 wt% Co
50 wt% Fe
50 wt% Fe/6 wt% Co

Al2 O3
Al2 O3
Al2 O3
Al2 O3

898
823
823
823

45,000
45,000
45,000
45,000

5.5
16
26.5
52.4

CNT
[59]

CNT

[60]

* Calculated from flow rate to GHSV. ** Calculated from molC /molNi to gC /gNi .

[28]

[61]

[62]

CNT
CNT

[63]

[64]
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5. Possible Applications for Produced Solid Carbon
Demand for carbon products is expected to grow in the future [24]. Currently, the
most common production methods are plasma arc discharge, pulsed laser gasification, and
catalytic chemical vapor deposition. The first of these has a high operation temperature
of 4000–6000 K, and the latter has normal pressure and a temperature of 800–1200 K. In
TCD, both products’ hydrogen and carbon may be valuable in the future; therefore, there is
significant interest in the process and applications for produced carbon. These applications
vary depending on the type of carbon produced; for example, CNOs have been applied in
lubrication oils and supercapacitors. CNTs have been used in water purification treatment
and in conductive polymers [25,65].
In this article, we introduce possible applications in which carbon materials are
currently being used or could be used. Not all of the studies relate to carbon materials
manufactured by TCD. Nonetheless, this process has the potential to become economically
feasible because, in many applications, increasing the scale of manufacturing is one of
the biggest challenges [66]. It should be noted that, although many of these applications
have been tested in the laboratory, they may not be ethically viable or safe for humans in
practice; a good example is water purification, because carbon nanotubes are considered
toxic to humans [67].
5.1. Batteries
Battery manufacturers continuously attempt to improve charging rate, energy density,
operating temperature, power density, safety, energy density, and sufficient electrochemical
cycling characteristics. Electrode materials play a key role in battery development. CNTs
have been studied as an anode material for Li-ion batteries [68]. Traditionally, in Liion batteries, graphite has been used as the anode material because of its good electric
conductivity. In high power applications, graphene is replaced with materials that have
higher capacity, energy, and power density. CNT morphology, high conductivity and
tensile strength, and inertness to chemical degradation can improve battery capacity and
decrease the risk of pulverization as an anode material, and can therefore be considered
as a replacement material for graphene. If CNTs are used in batteries, they should be free
from contaminants, such as metal catalysts, amorphous carbon, fullerenes, and nanotubes
with divergent morphology. Large-scale production is still under development and the
prices remain relatively high.
5.2. Supercapacitors
TCD-produced carbon provides a less-expensive, environmentally friendly choice
for supercapacitor materials, without compromising the material properties required [68].
Porous carbon materials are attractive materials for the production of electrodes due to
their high thermal and chemical stability, good electrical conductivity, and porous structure.
Optimal supercapacitor materials should have an accessible and high specific surface area
in the microporous region. A certain balance should be obtained between the energy
storage-related pores and interconnecting pores to achieve the best properties; therefore,
the ability to control the porosity of the carbon by production parameters is crucial [31].
5.3. Water Treatment Application
Because CNTs have a relatively large specific surface area and a porous structure, they
may be used as an absorbent of organic pollutants from wastewater [69,70]. Although
CNTs show promise in this regard, a number critical obstacles must first be overcome. First
is the poor separability of the carbon and pollutant. Second is that studies have shown that
CNTs’ only have the ability to absorb a single organic pollutant, whereas wastewater can
have several pollutants, such as metal ions, anions, humic acid, and organic solvents. Third
is the economic issue. Thus, in the more practical applications of CNTs, more attention
should paid to finding means to make the operation more feasible for water treatment [71].
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CNTs can also be toxic to the human body [72,73], and therefore, it should be carefully
considered whether they should be applied to wastewater treatment.
5.4. Composite Materials
MWCNTs may be used as a composite material. Combined with polymers, several
applications are possible [74]. This composite material may be used, for example, in
wearable electronics in textile sectors [75], antennas [76], sensors [77], solar cells [78,79],
and EMI shielding [80–83]. The use of these materials can also overcome existing challenges
and allow industrialization of new applications, such as healthcare devices, packaging, and
shield protection for humans. Previous studies have also noted that this type of composite
material may replace steel in various appliances due to its superior electric conductivity.
5.5. Cosmetics and Medical Applications
Carbon-based nanoparticles are being used in cosmetics and medical applications.
For example, fullerenes have potential in biomedicine because of their antioxidant activity.
They show promise in dermatological and skin care products, such as sunscreen, skin
whitening, and antiaging products [83]. Fullerenes can act as a vehicle to improve drug
delivery and hair growth. Carbon black can be used as a colorant in cosmetic products, and
activated carbon is used in toothpastes [80,81]. Charcoal has been used in medicine dating
back to ancient Egyptian civilizations. Currently, charcoal is used for teeth whitening,
smoothing the skin, facial cleansing, pore striping, facial masks, and soaps. It has been
noted that it can treat acne, bites or cuts, minor infections, itchy scalp, and seborrheic
dermatitis. Activated charcoal removes dirt, oil, and impurities, absorbs toxins, has antibacterial properties, tightens pores, smooths skin, reduces inflammation, and decongests
and brightens the skin [82].
6. Conclusions
CO2 -free hydrogen production is a key area in the effort to achieve the EU’s ambitious
environmental and carbon neutrality goals. TCD, which is a CO2 -free process, may be used
in the future to produce both hydrogen and solid carbon. In this article, we focused on the
production of solid carbon, including its properties, the effect of the TCD process on its
quality, and its possible applications. Carbon produced using TCD could have a significant
effect on the hydrogen economy and increase the value added by the process. Compared
to other methane-based hydrogen production processes, this carbon is bound in a solid
form and can be used in carbon capture with zero CO2 emissions.
Carbon can take several forms, such as graphene, diamond, fullerenes, and nanotubes.
These different morphologies can have various properties and applications. Therefore,
understanding the manufacturing process and parameter effects is crucial to obtain the
quality that is desired for the application. In the TCD catalyst, the promoter, temperature,
and methane gas flow can influence the carbon type and quality.
Because carbon materials are currently widely used or studied for various applications,
carbon manufactured by TCD could provide the impetus for its use in several application
areas, such as batteries, supercapacitors, and composite material. This would increase their
potential uses, and make them more economically friendly and feasible. However, in some
applications, such as water purification, CNT toxicity to humans remains an issue that
must be considered.
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