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One of the remarkable achievements in the field of nanotechnology is Carbon Nanotubes (CNT) synthesis. Since their discovery
in 1991 by Iijima, CNTs have attracted much attention across the world. The CNTs are broadly classified into single-walled carbon
nanotubes (SWNTs) and multiwalled carbon nanotubes (MWNTs). The most distinguished features of SWNTs and MWNTs are
their electrical, mechanical, chemical, and electronic properties which in turn find their potential applications in almost all fields
of science, engineering, and technology. Based on the previous research studies to till date, chemical vapour deposition (CVD) is
considered to be the simplest method with high energy efficiency and precise control of reaction parameters compared to other
different methods for synthesizing CNTs. Since production of CNTs is becoming the most important factor in the applications
point of view, most industries today are opting for the CVD technique. This paper reviewed the synthesis of CNT by CVD especially
focusing on methane CVD. Various parameters influencing the reaction and CNT growth were also discussed. A detailed review
was made over the different types of CVD process, influence of metal, supports, metal-support interaction, effect of promoters,
and reaction parameters role in CNTs growth.

1. Introduction

Carbon nanotubes (CNTs) are sheets of graphite rolled
into tubes and possess excellent properties due to their
symmetric structure [1]. They are broadly classified into
single-walled carbon nanotubes (SWNTs) and multiwalled
carbon nanotubes (MWNTs). Among them SWNTs are the
key materials to the emerging field of nanotechnology [2].
CNTs have reached the forefront of many industrial research
projects nowadays. Due to their high strength, stiffness, and
electrical conductivity [3], CNTs are designated as one of
the most attractive materials for reinforcing the material
in composites [4, 5] and for nanoelectronics applications.
Theoretical and experimental elastic modulus (1TPa) and
tensile strength of these materials are in the range of tens
of GPa, respectively [6]. In general, CNTs can be produced

by carbon arc discharge method (CA) [7], chemical vapour
deposition method (CVD) [8], pulsed laser vaporization
technique (PLV) [9], and high-pressure carbon monoxide
conversion (HiPco) process [10]. In CA and PLV methods,
although high quality materials can be produced, the high
temperature employed for evaporating the carbon atoms
from solid carbon sources (over 3000 K) make them difficult
to scale up the process in a cost-effective way. Hence, chem-
ical vapour decomposition (CVD) has gained importance
owing to its easiest and economic way of production in a
larger scale [11]. CVD method is believed as the most suitable
synthesis method in terms of product quality and quantity
[12]. A review by Baddour and Briens, 2005, concluded
that catalytic technique such as CVD is simple, inexpensive,
energy-efficient and can produce high purity CNTs in high
yield (>75%) [13]. As the applications for CNTs range from
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nanoelectronics [14, 15], sensors [16, 17], and field emitters
[18] to composites [19], reliable growth techniques capable
of yielding high-purity material in desirable quantities are
critical to realize CNT potential. This need is satisfied by
CVD and the CNT growth factors. Since, there is a huge
demand for CNTs production and application in the global
market, it is necessary to maximize the yield and minimize
the production cost. Hence, methane, which is found to be
the most cheaply available resource from natural gas with
high thermal stability and low Gibbs free energy, is suitable to
be used. In addition, the current focus on SWNTs synthesis
and its requirement of low carbon content source are fulfilled
by methane. These properties and advantages paved way for
the recent research on CVD focused towards using methane
as hydrocarbon source.

2. Chemical Vapour Deposition

Catalytic chemical vapour decomposition (CCVD) was first
introduced by José-Yacamán et al. in 1993 to produce
CNTs [20]. A simple representation of the chemical vapour
deposition process is shown in Figure 1. CVD synthesis is
achieved by putting carbon source in gas phase into a reactor
and using an energy source, such as plasma or a resistively
heated coil, to decompose the gaseous carbon molecule. In
CCVD method, CNTs are produced by decomposition of
carbon-containing molecules with the presence of catalytic
materials. Commonly used carbon sources include methane,
ethylene, hexane, ethanol, naphthalene, anthracene, carbon
monoxide, carbon dioxide, acetylene, and benzene. Thermal
or electrical energy source is used to crack the molecule into
reactive atomic carbon. Then, the carbon diffuses into the
supported metal, usually transition metal in Group VIII of
the periodic table such as Ni, Fe, or Co. CNTs will be formed
if the proper process conditions like reaction temperature,
pressure, flow rate and concentration of hydrocarbon source,
carrier gas, and so forth, are maintained. The appropriate
metal catalyst among the transition group can grow SWNTs,
DWNTs (double-walled carbon nanotubes), and MWNTs
are shown in Figures 2(a), 2(b), and 2(c), respectively.
Excellent alignment, size, diameter, growth rate as well as
positional control on nanometer scale for the synthesized
CNTs can be achieved by using CVD method.

2.1. Modified CVD Process. Nowadays the CVD process is
under research with minor changes in their energy source to
initiate the CNT growth. The process had been categorized
according to their nature and source of energy (as shown
in Figure 3). For examples, microwave [24, 25], inductively
coupled plasma CVD [26], low pressure [27], hot filament
(HF) [28, 29], alcohol catalytic [30], and so forth were
reported.

Varadan and Xie [24], Fidalgo et al. [25] synthesized
MWNTs by microwave CVD. The microwave system consists
of a microwave magnetron with adjustable power supply
ranging from 0 to 3000 W at a frequency of 2.45 GHz.
No vacuum was maintained and reaction was operated
at 1 atmosphere pressure. Straight and helical CNTs were
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Figure 1: Schematic diagram of a CVD process for CNT synthesis.

obtained by decomposing acetylene in microwave energy
field over the cobalt catalyst supported on Y-zeolite, alumina,
and SiC at 700◦C. High resolution transmission electron
microscope (HRTEM) analysis results confirmed the pres-
ence of MWNTs. It was also reported that CNTs obtained
using alumina support was found to have more impurities
than zeolite. The main advantage of microwave CVD system
is rapid heating and cooling process with a chance to produce
helical CNTs with diameter range 80–100 nm.

Ikuno et al. [27] produced CNTs by low-pressure thermal
chemical deposition (LPTCD) using pure ethylene. CNT
bridges were grown on Ta electrodes at 800◦C in vacuum. By
nitriding the surface of the Ta electrode/SiO2/Si substrates, Fe
nanoparticles with a moderate size were effectively formed,
resulting in bridging CNTs between the electrodes. It was
found that under a low pressure of 100 Pa, straight CNTs are
preferentially bridged between the Fe nanoparticles.

Yen et al. [26] synthesized well-aligned CNTs using a high
inductively coupled plasma chemical vapor deposition (ICP-
CVD) system. A gas mixture of CH4–H2 was used as the
carbon source and Ni as the catalyst for the CNTs growth.
The effect of process parameters, such as inductive RF power,
DC bias voltage and ratio, on the growth characteristics of
CNTs was investigated. It was found that generation and
transport of ions to the substrate are the two underlying
factors in determining the growth of CNTs.

Kadlečı́ková et al. [28] studied the effect of electric field
upon the aligned growth of CNTs and had successfully
produced bundles of CNTs by hot filament CVD method.
The author stated that the key role in the formation of CNTs
depends on the energy of ion bombardment and plasma dis-
charge applied during the growth of CNTs after temperature
and pressure were set in the deposition chamber.

Although various types of plasma enhanced CVD with
specialized power supplies such as microwave, hot filament
[28], radio-frequency, and direct-current (DC) exist and
recognized as the most promising technique in growing
CNTs at a relatively low temperature, this technique has a
drawback of difficulty in scaling up the plasma technology
to grow CNTs on a large scale and high voltages used lead to
the sputtering of the electrode, causing both contamination
of the plasma and damage to the CNT structure.
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Figure 2: Transmission electron microscopy images (a) single-walled carbon nanotubes [21]; (b) double-walled carbon nanotubes [22];
(c) multiwalled carbon nanotubes [23].

Unalan and Chhowalla [30] investigated SWNT growth
parameters using alcohol catalytic chemical vapour deposi-
tion (ACCVD). Alcohol vapours like ethanol or methanol
were used as the carbon sources and a mixture of Fe–Co
acetate was used as catalytic material with MgO as its sup-
port. Dip-coating method was utilized for loading catalyst
particles on the substrate. SWNTs with narrow diameter
distribution without the presence of amorphous carbon were
obtained at temperatures above 750◦C, whereas defective
MWNTs were observed at a lower temperature. It was
reported that use of methanol as carbon source, with catalyst
dissolved in deionised water (DI) rather than alcohol lead to
growing more uniform SWNTs on the substrate surface.

In addition, a type of CCVD using fluidized bed reaction
was also used for producing CNTs [30, 31]. Though the
above techniques were tried with advancement in tech-
nologies, it still faces several drawbacks in scaling up the
process. Moreover, the CCVD process is still found to be
better for commercial synthesis of CNTs in proper controlled
conditions [32, 33].

In the last decade, different techniques such as plasma
enhanced CVD, thermal CVD, alcohol-catalytic (ACCVD)
[34], vapour phase growth, and laser assisted CVD [35, 36]
for the CNTs synthesis have been developed. Colomer et
al. [37] confirmed that CCVD is easier, cheaper, and an
adaptable approach for large-scale production CNTs at low
temperature and ambient pressure via decomposing the
hydrocarbon gas. Kong et al. [38] has already proved that
CVD of methane can be a successful route for the growth
of SWNTs.

2.2. Methane CVD. The following review has been made
to highlight the current importance towards methane CVD
in CNT synthesis using metal supported catalyst. High-
temperature decomposition of hydrocarbons leads to the
formation of deposited carbon. Morphology of the carbon
deposits over the catalyst/support during CVD process was
closely related to the thermodynamic properties and nature
of the hydrocarbon source. Gaseous hydrocarbons such as
acetylene [39–41], methane [42, 43], and ethylene [27]
have been widely used for producing CNT deposits. Besides
gaseous hydrocarbons, some liquid hydrocarbons such as
hexane, benzene [44], toluene [45], xylene [46], and so forth,

have also been effectively used for the growth of SWNTs and
MWNTs in floating CVD methods.

Li et al. [47] studied the effect of various hydrocarbons
like methane, hexane, cyclohexane, benzene, naphthalene,
and anthracene over Fe catalyst impregnated on MgO sup-
port. The author reported that there was a strong dependence
of nature of hydrocarbon precursors on the formation of dif-
ferent structure of CNTs. It was also reported that methane
would be most preferable for the growth of high-purity
SWNTs rather than any other gaseous hydrocarbons, as it was
comparatively chemically stable at high temperature and has
the simplest structure [48]. However, the achievement for the
methane CVD growth of SWNTs would largely depend on
the features of catalyst as well.

de Almeida et al. [49] studied the methane decompo-
sition using porous-nickel alumina spheres as catalyst. It
was observed that during catalytic decomposition reaction,
methane is initially absorbed and decomposed on the metal
surface of the catalyst particle, resulting in the formation
of chemisorbed carbon species and the release of gaseous
hydrogen. The carbon species was found to proceed further
to dissolve in and diffuse through the bulk of the metal par-
ticle. Some of the aromatic hydrocarbons like benzene could
be decomposed at a lower temperature when compared with
methane [50]. But it was experimentally proven that benzene
decomposition temperature should be kept at 800◦C to favor
the SWNTs formation, whereas in the case of methane, it
could be achieved at a lower temperature of 650◦C with
lower Gibbs free energy (ΔG = −27.2 KJ) [51]. SWNTs
could not be obtained with hexane and cyclohexane though
their reaction due to Gibbs free energies are much lower
than that of benzene and methane. It was further revealed
that the formation and morphology of carbon deposits
were not simply determined by the pyrolytic behaviors of
hydrocarbons.

Muradov [52] made a significant study of methane
decomposition reaction (pressure: atmospheric, tempera-
ture: 850◦C, methane flow rate: 5.0 ± 0.2 mL/min; sample
amount: 0.3± 0.001 g) over 30 different samples of elemental
carbon, including a variety of activated carbons (ACs),
carbon blacks (CBs), nanostructured carbons (including
CNTs and fullerenes), graphite, glassy carbon, and synthe-
sized diamond powders. Catalytic activity of these carbons
samples in methane decomposition was determined by their
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Figure 3: Classification of CVD processes according to their energy source.

origin, structure, and surface area. ACs were found to
provide the highest initial activity of methane decomposition
with 90 vol% of H2 formed for 10 s residence time with
carbon sample bed. On the contrary, this highest methane
decomposition rate with CO/CO2-free hydrogen in a single
step could not be obtained for experiments conducted with
silica (surface area: 600 m2/gm) and that of Ni- and Fe-based
catalysts measured at identical conditions.

In 2007, Chuang et al. [53] developed sea urchin-like
CNTs by catalytic decomposition of methane over catalyst-
seeded mesoporous carbon and the catalysts were prepared
by dip-coating method. The area density of CNTs/carbon
nanowires (CNWs) was found to be higher at 900◦C than
that at 800◦C. Most recently, Chuang et al. [53] and Fidalgo et
al. [25] investigated the growth of nanofilaments on activated
carbon and carbon fibre materials by microwave-assisted
methane decomposition and they found that for pure
methane flow at 800◦C for 130 minutes, only amorphous
carbon was formed over the activated carbon and carbon
fibres.

It can be concluded that the nature of hydrocarbons
plays a crucial role in CVD process for CNT formation,
as well in economic aspects. It should be noted that the
formation of SWNTs or MWNTs does not merely depend
on carbon precursors, but also has strong correlations
with other growth conditions. Since methane being a rich
source from natural gas, several studies of CCVD using
methane as the hydrocarbon source are under progress for
investigating the other growth influencing conditions like
nature of metal catalysts, support, metal-support interaction,
their characteristics, temperature, pressure, gas flow rate,
concentration, reaction time, and so forth.

3. CNT Growth Parameters

Li et al. [23] studied that SWNTs or MWNTs formation
does not alone depend on the nature of hydrocarbon
source. There are also other important parameters playing
more crucial role in the growth of different morphology of
CNT. Based on distinguished CNT structure and chirality,
their properties and end use applications are found to be
significant. The main parameters for CNT growth are (i)

properties, composition, and preparation method of metal
catalyst, (ii) addition of promoter elements, (iii) metal-
support interactions, (iv) reaction conditions like reaction
temperature, pressure, inert/methane gas ratio, and gas flow
rate.

3.1. Catalyst. Metals used to catalyze CNT formation are
most often transition metals, in particular iron (Fe), cobalt
(Co), and nickel (Ni), due to the solubility of carbon
in these metals is finite [54]. It is noteworthy to find a
large number of literatures reporting about CNT growth
using different metals and their alloys [55]. The main
reason of using transition metals is that they have nonfilled
“d” shells and for that reason it is able to interact with
hydrocarbons and show catalytic activity. In CVD process,
transition metal particles act as a seed of nanotubes so
that they strongly influence the structure and quality of the
nanotubes. Though the transition metals can decompose
hydrocarbons, they need a support for the growth of
nanotubes. Materials like silica [56, 57], alumina [58, 59],
zeolite [44], and recently MgO [60–62] were used as supports
for active metals in developing different forms of carbon
nanostructures like SWNT, DWNT, MWNT, and nanofibres.
Different catalyst preparation techniques like impregnation
[63–69], coprecipitation [70], sol-gel technique [71–73],
thin film deposition using electron beam evaporation,
and photolithography [74] for patterned catalyst on the
support were studied. Among the above mentioned tech-
niques, wet impregnation is the easiest way and mostly
adopted by many of the researchers for preparing the
catalyst.

Ichi-oka et al. [68] made a comparative study for the
amount of carbon deposited via CVD of methane using nine
different metals (Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt)
catalyst impregnated over MgO. It was reported that there
was an increase in carbon content in the order of transition
metal series: first < second < third row transition elements
and the index of crystallinity (IG/ID) for CNTs in Raman
bands decreased in the order: 8 > 9 >10 group elements in
the periodic table.

Qian et al. [75] reported that higher conversion of
methane into good morphology of CNTs was achieved over
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Fe and Mo catalyst. It was also reported that the metal
particles with relatively small diameter distribution, high
activity and thermal stability at high temperatures would
meet the requirements of thermodynamics of methane
conversion. Combined process of catalyst reduction and
hydrocarbon decomposition were found to result with
higher yield of CNT. Qian et al. [75] studied Co catalyst
impregnated over Al2O3 support and reported 3-4 times
of higher yield for combined process rather than separated
methane decomposition in fluidized bed reactor.

He et al. [76] studied on the morphology of vertically
aligned CNTs by using Fe on silicon substrates by CVD
process. It was reported that decrease in the thickness
of catalyst film reduced the diameter and increased the
length of CNTs. He et al. [42] studied methane CVD over
Ni/Al composite prepared by homogenous deposition and
precipitation. The authors reported that MWNTs of 10–
20 nm diameter range were formed from 20% wt Ni catalyst
and carbon onions (5 to 50 nm) from 80% wt Ni catalyst. It
was further found that the Ni/Al catalyst with 80 wt% Ni is
less beneficial for CNT growth due to its increasing particle
size which in turn leads to very low carbon solubility and
resulted with carbon onions growth.

Zhu et al. [21] found that methane CVD over Co/MgO
catalyst with the addition of Mo remarkably increased the
yield of SWNTs by 10% at least with suppressed amorphous
carbon formation. It was reported that too many metallic
Co particles with respect to Mo and support would form
aggregated larger particles during preparation resulting with
MWNTs.

Proper control of the catalyst particle size and metal
concentration is critical for a high production rate of CNT.
Yu et al. [77] studied the effect of Fe catalyst on silica particle
size by CO disproportion method and revealed that particle
sizes of 13–15 nm are optimum for maximum CNT growth
rate. Therefore, small particle sizes do not always lead to a
high growth rate. Li et al. [47] studied methane CVD for Co
catalyst impregnated over MgO support. Co concentrations
of 2.5–5 wt% were found to be efficient for growing DWNTs
with diameters of 2–4 nm. It was reported that the growth
was significantly influenced by catalyst concentration and
type of supports. The important factors for a good catalyst
are the control of the loading of the active metal and
maintaining a good metal dispersion on the catalyst support
[78].

Muradov [52] found that activated carbon (AC) catalyst
played a significant role in methane conversion with initial
H2 concentration reaching up to 90 vol%. Also, it was
stated that similar methane decomposition could not be
achieved with silica gel (surface area: 600 m2/gm) and
that of Ni- & Fe-based catalysts measured at the identical
conditions. The mechanism of methane decomposition
over different forms of carbon as catalyst and their activ-
ity were yet to be explored in CCVD process for CNTs
growth.

3.2. Metal-Support Interaction. Catalyst supports are also
reported to have great determination on the activity of

a catalyst and the morphology of the produced CNTs.
Metal-support interaction (MSI) is a very important factor
in nanotube formation which is dependent on the nature
of catalyst/support particle size, their surface area and the
catalyst pretreatment process like calcination, reduction,
and so forth. It has been found that CNT can be formed
either with (i) tip-growth or (ii) base-growth model. Strong
metal-support interaction of catalyst resulted CNTs to grow
followed the base growth model, whereas tip-growth model
is applied to CNTs grown by catalyst with weak MSI.

According to Vander Wal et al. [79] the formation of CNT
structures is controlled by the effect of MSI. Though different
sizes and shapes (helical, coiled, straight, and Y-shaped)
of CNTs were produced so far, the growth mechanism of
nanotubes is still a vague phenomenon for the researchers.

Several MSI studies for methane CVD have been carried
out both in fluidized bed and fixed bed reactor system
[80]. Catalytic performance of supported-NiO catalysts over
methane decomposition at 550◦C and 700◦C by Chai et al.
[81] shows that there is a decrease in activity of catalyst
in the order of NiO/SiO2 > NiO/HZSM-5 > NiO/CeO2 >
NiO/Al2O3. From their XRD results, the dispersion of NiO
particles on Al2O3 is found to be better compared to other
support types. Also the formation of MWNTs at 550◦C and
SWNTs at 700◦C is an indication of methane decomposition
as well as the catalyst deactivation rate with respect to the
increase in temperature. Similar studies on silica, zeolite,
and alumina-supported Co catalysts for MWNT by acetylene
decomposition show that percentage carbon deposition
and diameter of CNT formed are based on the type and
nature of support material [82]. The size of the pores
on porous substrates determines the SWNTs or MWNTs
formation. Substrate roughness studies by Ward et al. [11]
also emphasize on the future research on substrate-catalyst
interaction mechanism towards CNTs growth.

de Almeida et al. [49] quoted that methane decomposi-
tion at low temperatures (400–500◦C) can be achieved using
binary metal (Fe-M where M = Pd, Mo, or Ni) catalysts
supported on alumina. Also, Muradov [52] studied methane
decomposition over elemental carbon and reported that
carbon materials are capable of producing H2 rich gases
at moderate temperatures. The author stated that catalytic
activity of carbon was determined by their origin and surface
properties. At higher temperature, such as at 830◦C, NiAl2O4

phase is formed due to the strong metal-support interaction.
Methane decomposition conversion values were found to
increase with increasing reaction temperature. Hence, it
can be concluded that the lower calcination temperature
gave the catalyst with weak MSI but increased the methane
conversion. In the case of higher calcination temperatures, Ni
was incorporated strongly with alumina and thus methane
conversion was low.

Ward et al. [11] studied CNT synthesis on various
substrates (alumina, silica carbide, silicon, quartz, sapphire,
MgO, porous silicon, aerogel, fused silica, etc.) and its effect
with Al-Fe-Mo by multilayer thin films deposition (electron
beam evaporation). They found that Fe thin films spun on
alumina to be the best for growing SWNTs and all other
supports would give the formation of MWNTs primarily.
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Authors reported that the property of the substrates/supports
like amount of crystallinity, pore size, and surface roughness
had a major effect in the growth of either SWNTs or
MWNTs

Chai et al. [83] studied the effect of CuO, FeO, and NiO
added onto CoO/Al2O3 for methane decomposition. It was
found that addition of these metal oxides shortened the cata-
lyst lifetime and decreased the methane conversion. Catalyst
lifetime and carbon capacity were found to increase with
MoO-CoO/Al2O3. The carbon capacity over the supported
CoO catalyst was found to decrease in the order of silica >
zeolite > alumina > ceria > titania > magnesia > calcium
oxide and the best catalytic carbon capacity was observed
over CoO/SiO2.

According to various researches, it was found that
catalyst with weak MSI is efficient in methane decomposition
whereas, for a catalyst with strong MSI, the metal particles
are not easily detached from the support. Moreover, strong
interaction increased the surface carbon accumulation over
catalyst and enhanced the catalyst deactivation in methane
decomposition.

3.3. Promoters. Some of the metals like molybdenum, boron
[84], and sulphur [85] have been used as promoters for
catalyst towards the decomposition of hydrocarbon gas into
Y-shaped and helical CNTs. Molybdenum was found to be
an effective dispersive agent for the catalyst when it is present
at the optimum composition in the catalysts as reported by
Yu et al. [62]. Ago et al. [86] found that the catalytic activity
increases in the following order Fe-Mo > Fe > Co > Ni. The
addition of molybdenum to iron catalyst increases the initial
methane conversion and prevents the rapid deactivation of
the catalyst.

Li et al. [47] studied the effect of Mo on MgO support.
The formation of magnesium molybdate (MgMoO4) phase
was found to play a main role in MWNT synthesis. They
suggested that ratio of Mo/Mg should be <1 for the growth
of MWNT bundles. It was found that an appropriate amount
of water vapour on the catalytic nanotube growth increases
the CNT yield by 35%. Zhu et al. [21] showed that addition

of molybdenum (Mo/Co = 1/5) in an optimum level to
Co/MgO catalysts (prepared by mechanical mixing and
combustion synthesis with citric acid) yielded 10 time’s
higher generation of SWNTs and less amorphous carbon. Liu
et al. [48] studied the CCVD of methane over Fe-Mo/Al2O3

catalyst. They reported that the yield of 70% SWNTs and
30% DWNTs are related to the weight of Fe-Mo metal in
Fe-Mo/Al2O3. Similarly, Kang et al. [87] synthesized SWNTs
and DWNTs over Fe-Mo/MgO catalyst and reported that
proportion of DWNTs increased with an increase in reaction
temperature. Moreover, Mo was known to be a catalytic
centre for promoting the aromatization of methane. Zhang et
al. [78] synthesized DWNTs by methane CVD on Fe/Al/MgO
catalyst. The author found that introduction of Al species
into Fe/MgO would reduce the size of MgO crystallites,
providing a better dispersion of the metal particles on the
support.

Sulfur was introduced as an additive in methane CVD
process for the production of CNTs over Co-Mo/MgO
catalyst prepared with sol-gel method [85]. It was found
that the use of sulfur compounds during the sol-gel catalyst
preparation process led to a significant change in the
matrix composition and matrix-catalyst interaction. In this
case, enhanced growth of Helical (HCNTs) was reported.
Similarly, Y-shaped CNTs (YCNTs) growth was favored when
sulfur in the form of thiophene vapours was used over the
sol-gel prepared Co-Mo/MgO catalyst.

Phosphorous was reported in the literature by Ci et al.
[88] for promoting effect in the formation of carbon fila-
ments. Addition of phosphorous from a solution of H3PO4

in ethanol to the substrate, and followed by impregnation
with Fe3(CO)12 was found to be effective in promoting the
growth of vapour grown carbon fibres (VGCFs) [89]. Also, it
was found that an increase in the amount of Phosphorous/Fe
ratio >0.25 had an inhibiting effect on the VGCFs. He et al.
[59] synthesized binary and triple CNTs over Ni/Cu/Al2O3

in the ratio 2 : 1 : 1 (prepared by sol-gel method) using −20
mesh to +40 mesh particles size for methane CVD at 550◦C
and the findings show that copper element provoked the
formation of CNT.
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4. Reaction Parameters

The impact of reaction parameters like reaction temperature,
reaction time, concentration of H2, and flow rate ratio
(CH4 : H2) plays a major role in deciding the types of
CNTs formation, and its yield. Recently, studies on effect
of aforementioned reaction parameters in CNT formation
using methane CVD in presence of Ni-Mo/MgO were
reported by Zhan et al. [90]. Morphological structure of
CNTs was also found to depend much on the reaction
temperatures [91], reaction time [92], and CH4 to H2 gas
ratio [93] in methane CVD.

Yu et al. [62] studied the influence of reaction atmo-
sphere on Fe/MgO and Fe-Mo/MgO catalyst in argon and
nitrogen by methane CVD. It was reported that there was an
increase in diameter of SWNTs, MWNTs, and CNFs formed
as the reaction was enriched in nitrogen atmosphere. On the
other hand, pure SWNTs were obtained with Ar atmosphere.
Ni et al. [61] studied the kinetics of CNT synthesis by
methane CVD over Mo/Co/MgO and Co/MgO catalyst. It
was found, the rate of CNT synthesis is proportional to
the methane pressure, indicating that the dissociation of
methane is the rate-determining step for a catalyst.

Zhao et al. [94, 95] claimed that reaction time would
influence the morphology and diameter of CNTs. Carbon
onions and two kinds of herringbone CNFs were obtained
with 5 wt% Ni coprecipitated aluminium matrix. The cat-
alysts used were calcined at 240◦C and 400◦C for 2 hours.
Decomposition reaction was conducted in horizontal quartz
boat at 550◦C/600◦C for 1 hour and 2 hours by varying
the ratio of CH4 : N2 from 1 : 4 to 1 : 5.5. The findings
confirmed that carrier gas (N2) plays an important role
in CNT synthesis. The authors reported that cone-shaped
catalyst was formed at 550◦C and cylinder shape catalyst
at 600◦C. Influence of temperature over the shape and size
of the catalyst was reported and thus the morphology of
herringbone CNFs. Hence, by extending the growth time
from 1 to 2 hours, carbon onions were formed.

Noda et al. [96] quoted various studies on methane
decomposition over different catalyst and supports for the
formation of SWNTs and MWNTs at different reaction
temperatures. Effect of 1% and 5% of Ni loaded on SiO2

in the temperature range of 625–800◦C were studied in a
fixed bed quartz tube reactor. Catalyst with 1% Ni favored
SWNT formation at all reaction temperatures whereas 5%
Ni formed MWNTs at low temperature and SWNT at high
temperature. Also, it was found that the amount of CNT
decreased at high temperature for both concentrations due
to sintering process.

de Almeida et al. [49] studied CH4 deposition by
preheating Ni/Al2O3 samples at 350,550 and 700◦C under air
flow for 1 hour and reaction at atmospheric pressure with
molar ratio of N2 : CH4 = 6 : 1 at 600◦C, 700◦C, and 800◦C.
He reported that higher calcination temperature lowers the
residual amorphous carbon present within the pores of
crystalline catalyst sample, resulting in mesopore formation
and increasing surface area and pore volume.

Qian et al. [31] investigated the combination of catalyst
reduction and methane decomposition over Ni and Co

in fluidized bed reactor. Co/Mo/Al2O3 of ratio 1/4/50 wt
ratio and Ni/Cu/Al2O3 of 15/3/2 wt were prepared by
coprecipitation and decomposed in the range of 550◦C–
850◦C with methane to argon ratio of 1 : 1. Higher methane
conversion and 3-4 times better yield of CNTs were reported
for this combination. He states that when the metal catalysts
are reduced, they provide energy for the endothermic
methane decomposition and make methane decomposition
equilibrium shift to the direction of hydrogen & carbon and
CNTs production.

Bustero et al. [97] studied the effect of temperature, mass
of catalyst, initial feed gas composition, and reaction time
on the yield of CNT. Optimal operating conditions for the
synthesis of CNTs by CVD as reported by the authors are the
reaction time: 10 min; temperature: 1000◦C; catalyst Mass:
0.5 g; ratio of H2/CH4 is 1 : 1. A mathematical expression was
established between the processing condition and the yield of
carbon deposits. The derived expression also confirms that it
is difficult to determine the optimal reaction conditions for
the CNT synthesis by CVD.

Ni et al. [61] studied the effect of pressure and tempera-
ture on CNT synthesis by methane CVD over Mo/Co/MgO
and Co/MgO catalyst. An increase in carbon yield was
observed for an increase in methane pressure from 7.5 Torr
to 78.0 Torr. Even at high methane pressures, no significant
deactivation of the Mo/Co/MgO catalysts was noted. It was
found that the rate of methane disassociation was reduced
due to the addition of Mo into Co/MgO catalysts.

In 2007, Chuang et al. [53] conducted catalytic methane
CVD over metal catalyst supported over mesoporous carbon
(prepared by dip-coating method) at different temperatures
(800◦C and 900◦C). It was concluded that at 900◦C, CNTs
and carbon nanowires (CNWs) could be obtained in high
density rather than at 800oC. Recently, Fidalgo et al. [25]
studied the influence of different CH4/N2 ratio with respect
to nanofilaments formation. Methane CVD was conducted
over Fe and Ni catalyst impregnated over activated carbon
and carbon fibres at 800◦C for 130 minutes. The growth
of nanofilaments was found to be more abundant using
CH4 : N2 ratio of 1 : 3 rather than 1 : 1. It is concluded that the
presence of N2 in methane CVD could influence the carbon
yield. The factors of CNT growth have been summarized in
the Figure 4.

It was found that methane CVD processes had been
influenced by the process and CNT growth parame-
ters like methane/carrier gas ratio, reduction atmosphere,
methane/inert gas volumetric flow rate, reaction tempera-
ture, time of reaction and operating pressure, and so forth,
Hence all the above-mentioned parameters would be crucial
in deciding the nature, properties, yield, and quality of CNTs.

5. Conclusions

The current focus on the CCVD of methane for CNTs
synthesis was reviewed. Methane being a highly available
hydrocarbon source with high thermal stability and thermo-
dynamic properties as discussed, still needs to be studied
with the other influencing parameters on CNT growth.
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The carbon-based supports like AC is found to be a good
material in decomposing methane at low temperatures. As
mentioned by various researchers, each step starting from the
metal catalyst preparation to removal of impurities from the
synthesized CNTs would reflect in its product type, quality,
yield, and ultimately its market demand for their potential
applications. In the economic aspects, the value of CNT
material, which at present greater than the value of gold, can
be made available in bulk by proper control and optimization
of the reaction parameters. Growth mechanism, which is
still a vague phenomenon for many researchers, needs
further investigations. Method of purification, a deciding
factor for the purity of CNTs, needs to be identified to
selectively separate the material based on its shape and
size. At present, several research studies on CVD reaction
using fixed/fluidized bed with horizontal/vertical reactors
and CNTs growth parameters are being conducted only in
lab scale. Hence, it is of the opinion to further explore
the potential of using methane as hydrocarbon source with
carbon-based supports for metal catalyst will be an opt route
to the bulk and low-cost production of CNTs to meet the
future global demand.
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