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INTRODUCTION

Three different kinds of carbon allotropes including
diamond, graphite and amorphous structures were known until
1985. The structure of diamond is tetrahedrally bonded of
each carbon atom to other carbon atoms in the form of sp’
hybrid bonds. Because of the covalent [sigma (c)] bonds
among the carbon atoms in diamond, it has electrically
insulating properties. The structure of the graphite is a layered
structure in the form of hexagons that carbon atoms bonded
together in the sp® hybrid bonds. Therefore, graphene layer
form three in-plane ¢ bonds and one out-of-plane ® bond
(orbital) in the outer layer. Because of delocalizing and distri-
buting the out-of-plane T orbital or electron over the entire
graphene plane, it has thermally and electrically conductive
properties.

Kroto et al.' discovered a novel structure of carbon that is
called fullerene in 1985. The most renowned form of fullerene
is the buckyball (Cg), which is composed of 12 pentagons
and 20 hexagons of carbon atoms™’.

In 1991, Lijima* discovered a new form of fullerenes, called
carbon nanotubes. Carbon nanotubes have a high aspect ratio
and referred to as one-dimensional materials. They comprise
coaxial cylinders of graphite sheets which range from 2 to 50
sheets®’.

Types of carbon nanotubes: Carbon nanotubes are
produced in two types: Single-wall carbon nanotubes consisting
of one graphite tube and multiwall carbon nanotubes, consisting
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of several concentric tubes and cylinders inside other
cylinders*®.

Single-wall carbon nanotubes are stronger and more
flexible than multiwall carbon nanotubes due to the sliding
the individual cylinders inside one another in multiwall carbon
nanotubes. In addition, electrical conductivity of single-wall
carbon nanotubes are better than multiwall carbon nanotubes.
In spite of their difficult production, purify challenging and
so more expensive process of single-wall carbon nanotubes, it
has attracted a lot of attention for production’.

According to the orientation of the graphite sheet, three
types of single-wall carbon nanotubes are obtained: armchair,
chiral and zigzag configuration. In the armchair configuration,
the carbon bonds are located on opposite sides of each hexagon
in the honeycomb lattice. In fact, the chiral angle is 30° in
armchair type*®.

If the chiral angles are in between 0° and 30°, this carbon
nanotubes are known as chiral nanotubes. In the zigzag
configurations, the chiral angle equals to zero***.

In the zigzag configuration, the C-C bonds are located on
opposite sides of the hexagons. The structure of single-wall
carbon nanotubes with three different chiralities**"° are shown
in Fig. 1.

Properties of carbon nanotubes: The properties of
carbon nanotubes strongly depend on the degree of graphiti-
zation, chirality and their diameter. Actually, the electronic,
electrical and mechanical properties of carbon nanotubes are
made by their topology, structure and size. Carbon nanotubes
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(a) Armchair (b) Zigzag (c) Chiral

Fig. 1. Structural models of single-wall carbon nanotubes presented at three
different chiralities: (a) armchair, (b) zigzag, and (c) chiral
configuration [Ref. 1-3, 6, 8, 9]

have a high aspect ratio, high heat conductivity, high tensile
strength, large surface area, low mass density and versatile
electronic behaviour. Carbon nanotubes behave as ideal one-
dimensional "quantum wires" with either semiconducting or
metallic properties”’.

Electronic properties of carbon nanotubes: Carbon
nanotubes have very interesting electronic properties because
of their small dimensions and high aspect ratio. Single-wall
carbon nanotubes are either metallic or semiconducting
depending to the carbon nanotubes' diameter and chirality.
All "armchair" configuration carbon nanotubes are metallic,
while "chiral" and "zigzag" configuration carbon nanotubes,
may be either metallic or semiconducting®®*,

Metallic conduction of carbon nanotubes can be attained
without presenting the doping effects. For semiconducting
nanotubes the band gaps are proportional to a fraction of the
diameter, not depending to the tubule chirality®*®,

There are both ¢ covalent bonds and 7 covalent bonds
between the carbon atoms. The carbon atoms in graphite sheets
possess an unhybridized 7 orbital, which causes to transport
7 electrons through the carbon nanotube. The © bonds are
delocalized and are shared over the whole carbon nanotube.
The T electrons move freely without constrictions throughout
the axial direction of carbon nanotubes. Conversely, electrons
are restricted by the monolayer thickness of the graphene sheet
in the radial direction"'. It is an important point that the electron
wavelength have to be integer multiples of the carbon nanotube
circumference. If the electron wavelength is not a multiple of
the carbon nanotube circumference, it will interfere with itself
destructively®. As a result, carbon nanotubes act as one-
dimensional "quantum wires" because of the quantum limi-
tation effects on the carbon nanotubes circumference’. By
rolling the graphite sheet into a cylinder for carbon nanotubes
production, the T orbitals become more delocalized outside
the carbon nanotubes; therefore, the ¢ bonds of carbon will
be partly out-of-plane’. The carbon nanotubes possess stronger
mechanical properties and more electrical and thermal conduc-
tivity than graphite because of 6-m rehybridization. In addition,
the o-m rehybridization leads to exchange in the carbon
nanotubes electronic properties’. The electronic states of the
carbon nanotubes split into one-dimensional sub-bands,
instead of a single wide electronic energy band. In the semi-
conductor carbon nanotubes, there are a gap between the

conduction band and the valence band. The band gap is equal
to 0 eV in the armchair configuration of the carbon nanotubes
and it is equal to 0.4-0.7 eV in the semiconductor configu-
ration of carbon nanotubes''. In the armchair configuration of
carbon nanotubes, the conduction and valence bands cross each
other in the Fermi level®.

Electrical properties of carbon nanotubes: Carbon
nanotubes possess high electrical conductivity more than
copper because their resistances are very low and they have
very few defects among their structures. The Fermi level of
carbon nanotubes are very sensitive to the type of dopant which
comes with contacting to the carbon nanotubes®'’. The main
methods of doping carbon nanotubes are interstitial doping
and substitutional doping. In interstitial doping, the carbon
nanotube lattice remains the same (the dopant atoms do not
substitute the carbon atoms) and the newly introduced dopants
are adsorbed at the surface. Different gas molecules are
adsorbed by the carbon nanotubes at the surface and between
the tube bundles. Also, in many cases if the carbon nanotubes
are open-ended the dopants reside inside the carbon nanotubes.
In interstitial doping, dopants and carbon nanotubes come
together through non-covalent bonding. On the other hand, in
substitutional doping, the dopant atoms replace the carbon
atoms and form sp® bonding in the carbon nanotube struc-
ture™'?,

Mechanical properties of carbon nanotubes: The
mechanical properties of a solid must ultimately depend on
the strength of its interatomic bonds®. One of the strongest
bonds is the C-C bonds present in the honeycomb lattice.
Furthermore, with rolling the graphite sheet to produce carbon
nanotubes, the axial component of the ¢ bonding between
carbon atoms enhances significantly. Therefore, the mechanical
properties of carbon nanotubes are considerable®®*'>",

The strength of the carbon bonds determines the actual
value of Young's modulus. In addition, reduction in diameters
decrease the Young's modulus™'®. Therefore, The carbon
nanotube chirality does not influence on Young's modulus,
but the diameter of carbon nanotubes affect on this properties™”.
Vaccarini®'"* investigated the influence of the chairality and
structure of carbon nanotube on the elastic properties including
bending, tension and torsion. The results exhibited that the
chirality has a low effect on the carbon nanotube tensile modulus,
while the chiral carbon nanotubes shows asymmetric torsional
behaviour regarding the right and left twist, whereas the other
structure carbon nanotubes do not exhibit this asymmetric
torsional behaviour.

The Young's modulus of multiwall carbon nanotubes is
generally higher than the young's modulus of singlewall car-
bon nanotubes because the multiwall carbon nanotubes have
larger diameter than single wall, also there are vander Waals
forces between the tubes in multiwall carbon nanotubes™’.

Moreover, the carbon nanotubes are very flexible. They
can be twisted, elongated, flattened or bent into circles before
breakage. In addition, they can be recovered to their original
shapes. The 'kink-like' ridges of carbon nanotubes allow them
to relax elastically under compression®®. The tensile strength
of multiwall carbon nanotubes is ca. 50GPa" which is ca. 20
times stronger than steel**. The carbon nanotubes have a very
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large fructure strain which is lowered by increasing the tempe-
rature®'>!,

Vibration properties of carbon nanotubes: There are
two normal modes of vibration in carbon nanotubes which
are shown in Fig. 2. The first mode includes in and out oscilla-
tion of the diameter of carbon nanotubes. The second mode
includes a squashing of the carbon nanotubes that they squeeze
down in one direction and extend in the perpendicular direction
oscillating between an ellipse and a sphere. The frequency of
both modes depends on the diameter of carbon nanotube®.

Fig. 2. Illustration of two normal modes of vibration in the carbon
nanotubes [Ref. 8]

Thermal properties of carbon nanotubes: The carbon
nanotubes possess considerable thermal properties including
specific heat and thermal conductivity that are determined
primarily by the phonons. The lattice vibrations result to pro-
duction phonon which is observed by the Raman spectro-
scopy. At the temperature lower than 100 K, the phonon
quantization occurs. Therefore, the thermal properties have to
be considered above 100 K>,

Optical properties of carbon nanotubes: The band gap
and also well-defined band and sub band structure of carbon
nanotubes make them a suitable choice for optical and
optoelectronic applications. The optical transition happen by
exciting the electrons or holes from one level of energy to
another level®.

Intermolecular forces: The carbon nanotubes have a little
bit sticky property due to intermolecular forces. In fact, the
electron clouds on the surface of carbon nanotube supply a
moderate attractive force between the carbon nanotubes, which
is termed as vander Waals' force. This includes forces between
non-polar molecules. A carbon nanotube just take places to
be a non-polar molecule.

Chemical vapour decomposition process: There are
several methods for production of carbon nanotubes. Chemical
vapour decomposition (CVD) offers controlled synthesis and
continuous operation is catalytic decomposition of hydro-
carbons'>'"%,

The chemical vapour decomposition process is a compa-
ratively slow process that produces long carbon nanotubes in
the large quantities. During this process, the hydrocarbon
source is heated at high temperatures, typically between 700
and 1000 °C, inside a quartz tube in the presence of catalytic
systems3’10’13‘l7‘18.

In the chemical vapour decomposition method, hydro-
carbon molecules is dissociated in presence of a metal catalyst
with nano size and carbon atoms saturate in the metal nano-

particle. Carbon precipitate from the metal particle and tubular
carbon solids in a sp? structure will be formed. Controlling
the growth of aligned carbon nanotubes with surface modifi-
cation is very important for most of the application. According
to the substrate in the chemical vapour decomposition process
two-dimensional (2D) or three-dimensional (3D) micro-
patterns can be produced’.

The metal substrate provides nucleation locations for the
growing of carbon nanotubes. Hydrocarbons sources decompose
into hydrogen and carbon atoms at high temperatures and then
carbon atoms dissolve and diffuse into the metal surface and
reorganize themselves into a hexagon of carbon atoms network
and precipitate out. Sometimes, amorphous carbons cover the
metal surface and metals surface is poisoned. Therefore, the
carbon atoms cannot contact with the metal catalyst and the
growth of carbon nanotube is stopped.

Generally, in a thermal chemical vapour decomposition
setup, the quartz tube is first flushed with an inert gas such as
He or Ar for 10 min and then usually the catalyst is reduced
under hydrogen at around 400 °C for ca. 0.5 h. It has been
observed that hydrogen influences the particle size of the
catalyst. Next, the hydrocarbon source is introduced and the
carbon nanotubes start growing. The catalytic system is
composed of metal catalysts such as Fe, Co, Ni, or Mo and
metal supports such as MgO, CaCOs, AL,O; or Si. The schematic
of the chemical vapour decomposition method" are illustrated
in the Fig. 3.

Carbon source

Tube Furnace Gas Outlet

F@
‘K/

Inert Gas

Substrate

Fig. 3. Schematic diagram of chemical vapour decomposition method
[Ref. 19]

It is approved that chemical vapour decomposition is a
feasible method for single-wall carbon nanotubes growth
directly on a substrate surface, allowing for integration of the
nanotube growth into the fabrication of electronic devices
based on the carbon nanotubes™.

Chemical vapour decomposition categories: Chemical
vapour decomposition synthesis is divided into two main
categories called supported catalyst growth and floating or
gas-phase growth'”?',

In the supported catalyst growth process, the catalyst is
prepared in advance and deposited in some way on a support
medium. This is placed into a flow device such as an atmos-
pheric pressure tube in a temperature-controlled furnace, where
it can be exposed to flowing carbon-rich gas at elevated
temperatures (typically 500-1100 °C) for a sustained period
of time'”. This approach is based upon the in situ formation of
floating catalyst particles by thermal decomposition of
organometallics™.

A high-temperature flow-furnace is used in the floating
or gas-phase catalyst growth. Both of the catalyst and carbon
sources are injected into the reactor simultaneously. There-
fore, the subsequent decomposition and reaction can happen
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entirely suspended in the gas flow either following self-depos-
ition on the reactor surface'™*".

In fact, this method consists of the continual injection of
a pre-prepared colloidal metal catalyst particles solution into
the reactor?'.

There are two different chemical vapour decomposition
configurations i.e., horizontal furnace and vertical furnace™’.
The most popular configuration of carbon nanotubes production
is horizontal furnace. The length of carbon nanotubes can be
controlled by the length of the hydrocarbon deposition time.

Conversely, for continuous mass production of carbon
nanotubes, the vertical furnace is typically used. In this
approach, the hydrocarbon source is injected from the top of
the furnace and the produced carbon nanotubes are collected
at the bottom of the reactor?.

During the synthesis of carbon nanotubes in a fixed bed
reactor, the mass of carbon deposited is a function of the mass
transport and diffusion to the active catalyst sites. Therefore,
the carbon nanotube mass yield per unit weight of catalystis a
proportion of the reactor geometry instead of the catalyst
quantity. In the large scales (industry), the reactor geometry
of fixed bed plays a less significant role in product separation
where the products are either a liquid or gas™.

Thus, in the large scale process optimization is required
to eliminate of heat and mass transfer limitations, e.g. by using
small particles and/or porous materials, thin catalyst films, to
increase the gas-solid interfacial area.

In contrast, in a fluidized bed reactor, stagnant film pro-
duction at the solid surface, which slows down heat and mass
transfer, can be remarkably decreased due to the tremendously
improved gas-solid mixing which is intrinsic in well-designed
systems. In fact, heat and mass transfer under ideal fluidization
conditions has no limitation’. The sufficient mixing between
gas and solid particles in the fluidized bed reactor provides
access to the active catalyst sites even in 3D geometries. Further,
fluidized beds provide suitable space for carbon nanotubes
growth in compared with fixed bed reactors®?,

Mass production of carbon nanotube: The continues
carbon nanotube mass production is a great challenge in
industry due to the high molecular weight (106-1013) with
having desirable structure and morphology that provides suffi-
cient physical and chemical properties. In fact, the process for
mass production of carbon nanotube includes length scale and
large time'® as shown in Fig. 4.

The carbon nanotubes mass production process is
decoupled into four scale levels: (1) Atomic scale of carbon
nanotube self-assembly includes the carbon nanotubes growth
condition and mechanism, design of catalyst and controllable
structure synthesis of individual carbon nanotubes. The
important characteristics affected in this scale are the carbon
nanotubes wall number, the carbon nanotubes diameter and
length, the defects, the chirality and the crystallinity or graphiti-
zation of carbon nanotubes'®. (2) With carbon nanotubes
growth, the aspect ratio increase and thus, the various carbon
nanotubes agglomerated structures are produced due to the
interactions between the carbon nanotubes. Therefore, there
are diffrent carbon nanotubes agglomerated structures such
as carbon nanotube agglomerated particles, suspended single
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Fig. 4. Multiscale space-time analysis of the mass production of carbon
nanotubes

carbon nanotubes and carbon nanotube arrays. It is so crucial
to control the morphology of carbon nanotubes in the mass
production'®. (3) The flow behaviour scale is significant to the
transport properties of carbon nanotube agglomerates due to
the unique properties of carbon nanotubes. Thus, the traditional
facilities are necessity to modification of hydrodynamic
behaviour and as a result the modification of the carbon
nanotubes production'®. (4) There are some macroscopic objec-
tives that must also be optimized. These process engineering
includes the process operation, the existence relationship
between microscopic carbon nanotube structure and the macro-
scopic operation, environmental conditions, ecological conside-
rations, the carbon nanotubes delivery and applications'®,

Advantages of the chemical vapour decomposition
method: (a) It can be scaled up for large scale and high-quality
production of carbon nanotubes at a relatively low cost™*'%,
(b) Possibility to control the carbon nanotubes growth by opti-
mizing the reaction parameters such as the temperature, catalyst
system, hydrocarbon source and the flow rate of feed**'®*,
(c) Possibility of the deposition of carbon nanotubes on pre-
designed lithographic structures and so producing ordered
arrays of carbon nanotubes. (d) Possibility to grow vertically
aligned carbon nanotubes (Fig. 5), which can be used in
applications such as flat panel displays>***.

Fig. 5. Schematic vertically aligned carbon nanotubes grown by chemical
vapour decomposition on a catalyst system

Scenarios of carbon nanotubes growth: Two different
scenarios can be possible during carbon nanotube growth
including the base growth and tip growth. In the root or base
growth method [Fig. 6(a)], there is a strong interaction between
the support and the nano particles. Therefore, the carbon atoms
will precipitate from the metal nanoparticle (M) and the carbon
nanotubes grow on top of the nanoparticles. These nano
particles are attached to the support>*'#2¢%,
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In an opposite manner, in the tip growth method [Fig.
6(b)], there is a week interaction between the support and the
nano-particles. Therefore, the carbon atoms will precipitate
from the bottom of the metal surface and the carbon nanotubes

growth in between the support and the metal nanoparti-
Cles2,3,10,18,26¢29

H, H,

Co Ha
v )&

Support

Support

Fig. 6. Base growth (a) and tip growth (b) mechanisms

Affected factors on carbon nanotubes growth in the
chemical vapour decomposition method: The carbon
nanotubes characteristics produced by chemical vapour
decomposition method is related to the operating conditions
such as the operation temperature and the pressure, the carbon
source volume and concentration, the size and the pretreatment
of metallic catalyst and the time of reaction®.

Operating temperature: Chemical vapour decomposition
process is a thermal decomposition method. Therefore, the
operating temperature is an important factor on carbon
nanotubes growth. It is founded that single-wall carbon
nanotubes produce at higher temperatures with the presence
of well-dispersed and supported metal catalyst while multiwall
carbon nanotubes are formed at lower temperatures and even
with the absence of a metal catalyst®.

Du and Pan® investigated growth of carbon nanotubes
directly on nickel substrate. They studied nucleation and
growth behaviour of nano-tubes with respect to growth sites
and reaction temperature. At lower synthesis temperatures
nickel nano-particles served as the nucleation sites, however
at high temperatures grain boundaries and defective sites were
the nucleation sites. It is reported that lower synthesis tempe-
ratures than optimum synthesis temperature results in lower
carbon nanotube yield in the product. It is also reported that
the reaction temperature plays an important role in the alignment
properties and diameter of the synthesized nano-tubes'.

Inert gas flow rate: The carbon source is pumped into
the reactor in the gaseous phase under the suitable process
conditions. The reactor must be kept free of oxygen atoms
during all the operation process for avoiding of carbon oxidation.
For this goal, inert gas such as nitrogen or argon flows conti-
nuously to the reaction chamber. The flow rate of both feed
and inert gas must be optimized for having the sufficient pro-
duction yield. It is not requested to change the carbon source
or inert gas with variation of the support material"®.

With reduction of inert gas velocity, the feed source
consumption starts to produce carbon nanotubes at the front
end of the catalytic substrate. The feed source is rapidly trans-
ported to the tail end with increment in the inert gas velocity

because the residence time is not adequate for starting the
carbon nanotubes production at the front end of the substrate.
Hence, the increment in the velocity of the inert gas, enhances
the total production rate of carbon nanotubes®'.

Carbon source: The sufficient carbon source properties
are the high conversion, the stable supply and the low cost'®.

The flow rate of carbon source is typically between 10
and 30 mL/min. The flow rate of inert gas and also exposure
time has to be larger than the flow rate of carbon source gas.
The reduction in the pressure of carbon source results in the
carbon nanotubes production with higher quality and higher
yield".

With increasing the gas flow rate in the fluidized-bed, the
gas residence time reduces and larger bubbles produce. Thus,
the interfacial contact area and the contact time between gas
and solid particles are decreased, leading to a higher 'carry
through' and therefore lower conversion®,

The carbon source concentration is another significant
factor. Very high or low carbon concentration will lead to
produce in a high percentage of amorphous carbon although
the mechanism of production is probably to be different®.

Considering equal binding between the reactants with
catalyst active site and their similar decomposition, we have
followed the equations:

acetylene > ethylene > toluene > propylene >
methane > n-pentane > methanol > acetone

and

acetylene > acetone > ethylene > n-pentane >
propylene >> methanol = toluene >> methane**

Catalyst: The nano catalyst particles act as the initiating
cores for carbon nanotubes growth via a vapour-liquid-solid
(VLS) mechanism®’,

The metallic catalyst determines the type of produced
carbon nanotube. In the chemical vapour decomposition
process, the single-wall carbon nanotubes are produced at
higher temperatures respect to multiwall carbon nanotubes with
a well-dispersed and supported metal catalyst while multiwall
carbon nanotubes are produced even with the absence of
a metal catalyst. Furthermore, the diameter of carbon nano-
tubes are closely depend on the metal catalyst nono particles
diameter**,

It is crucial to use adequate diameter of catalyst, with
enough narrow distribution that clusters can be formed and
simultaneously control the process conditions for avoiding the
agglomeration'*. The catalyst particle size, the catalyst compo-
sition, the carrier and catalyst activity can affect on the carbon
nanotubes structure. Fig. 7 shows the influence of the catalysts
particle size on the carbon nanotube diameter®.

CVD

e

Substrate Substrate

Fig. 7. Schematic depicting the use of different diameter iron nanocluster
catalysts for the controlled diameter synthesis of carbon nanotubes
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The commonly catalysts are Fe, Co and Ni. Recently, Cu
catalyst is proved to be an efficient catalyst with very high
catalytic activity for growing of both random networks and
horizontally aligned single-wall carbon nanotube arrays. In
addition, the other noble metals such as Au, Ag, Pt and Pd are
effective catalysts for growth of single-wall carbon nanotubes.
The results of some literature for production of carbon
nanotubes according to the catalyst particles are summarized
in Table-1.

TABLE-1
DIFFERENT STRUCTURES OF CARBON NANOTUBES (CNTs)
PRODUCED IN CHEMICAL VAPOR DECOMPOSITION
METHOD BY USING Fe, Ni AND Co CATALYSTS

Multiwall carbon Single-wall carbon

Gzl el nanotubes nanotubes
[Ref. 23, 25 35, [Ref. 26, 40, 61-
Iron based catalyst 41-60) 68]
Nickel-based catalysts [Ref. 46, 49, 69-82] [Ref. 83-85]
[Ref. 46, 49, 52, 53, [Ref. 2, 67, 84,
Cobalt-based catalysts 86-04] 95]

To sum up, the IVA group metal Pb are effective catalysts
for growing both random networks and horizontally aligned
single-wall carbon nanotube arrays on silicon wafers in the
chemical vapour decomposition method. The melting point
of lead is quite low (327 °C); therefore, the lead catalyst can
volatilize continually during the growth process and finally
disappears at the end of the growth. This method produces the
carbon nanotubes without metal catalyst and do not request to
purity step of single-wall carbon nanotubes®.

It is more effective to use a composition of two different
metal catalyst systems for having higher yields of carbon
nanotubes production. The ratio between two metals catalyst
mixture powerfully controls the carbon nanotube production
yield and morphology****™. The results of some experiments
have been summarized in Table-2.

TABLE-2
DIFFERENT STRUCTURES OF CARBON NANOTUBES
PRODUCED IN CHEMICAL VAPOR DECOMPOSITION
METHOD BY USING Fe, Ni, AND Co ALLOYS CATALYSTS

Catalyst particles Multiwall carbon  Single-wall carbon
nanotubes nanotubes
Nickel-cobalt alloy - [Ref. 64]
Iron-nickel alloys [Ref. 97-99] -
Iron-cobalt alloys - [Ref. 100-104]

[Ref. 105-116]
[Ref. 117-126]

Iron-molybdenum alloy =
Cobalt-molybdenum alloy -

For example by adding Ni to the Fe/Al,Os catalyst and
thus producing the Fe-Ni alloy, the catalyst stability increased
due to the stable phase and high activity. However, the addition
of Ni caused more defects in the carbon nanotubes products.
By adding the Ni, the fish bone type carbon nanotubes produce
more. Therefore, this method modulate the carbon nanotubes
graphite arrangement'”’.

The catalytic activities of transition metals in the carbon
nanotubes production depends on the graphitization ability,
low solubility in the carbon atoms and stable crystallographic
orientation on graphite™.

Some catalyst such as Fe/Al,O; can be inhaled into the
carbon nanotube and the coaxial carbon-metal nanowires is

formed because the metal particles are agglomerated and lifted-
up into the carbon nanotubes and deformed'?®. By using a copper
microgrid catalyst without any catalyst carrier, the produced
carbon nanotubes has completely hollow channels and/or
completely filled copper nanowires'”. Therefore, the multiwall
carbon nanotube structures can be modulated by the proportion
between the carrier and catalyst active phase.

One limitation to usage of supported-catalyst growth is
that finally the catalyst is covered by pyrolyzed hydrocarbons
and it becomes deactivated. Introducing the catalyst directly
into the gas flow can circumvent the effects of catalyst deacti-
vation, as well as permit the process to be operated in a more
continuous fashion. There has been relatively limited success
in using floating-catalyst techniques to produce nanotubes'”'*.

The usage of dispersed magnetic fluids is another novel
effective method. Application of magnetic fluid of surfactant-
coated magnetite nanoparticles by spin coating method on Si
substrates results in successful growth of dense and aligned
carbon nanotubes. Furthermore, if the magnetic fluid mixes
in PVA, the solution provides uniform particles distribution.
Thus, the agglomeration phenomenon do not occur and it is
possible to control the nanoparticle catalyst density on the
substrate".

For indicating the parametric conditions employed, the
catalyst lifetime is a significant factor. The longer the synthesis
time achievable at 'optimal’ conversion rates by the longer the
catalyst lifetime. The catalyst lifetime is directly as a function
of the synthesis temperature, type of carbon feedstock and
catalyst. All of these factors together govern the carbon concen-
tration at the surface of the catalyst particles. Typically, the
catalyst lifetime reduce by increasing in the feedstock concen-
tration and synthesis temperature. In contrast, these parameters
increase the growth rate of carbon nanotubes™'*'.

Catalyst preparation and distribution: There are
several methods of catalyst preparation for carbon nanotube
synthesis by chemical vapour decomposition method such as
patterning of catalytic islands on the substrate material, ion-
exchange, incipient wetness impregnation, organo-metallic
grafting and sol-gel technique. The important factors related
to the catalyst that affect on carbon nanotube production are
larger surface area of the catalyst (smaller powder size) and
well dispersed of the catalyst material'.

Support material: A single metal and mixture of metals
which are supported on clays, oxides, or zeolites have a very
great catalytic activity for carbon nanotube synthesis. The
number of oxides and mixed them are affected on dispersion
and also stabilization of the metallic catalyst. The catalytic
properties strongly related to the interaction between the
catalyst and the support material.

Using mesoporous materials such as silica for supporting
materials have an important role in leading the initial carbon
nanotube growth. The strength and the type of the catalyst-
support material determine the conditions of metallic catalyst
free carbon nanotubes or carbon nanotubes filled with metal
catalysts. Therefore, the sufficient choice of catalyst material
as a support material is very effective on carbon nanotube
synthesis. It is not requested to change the carbon source flow
rate or inert gas flow rate by variation of support material'.
Fig. 8 explains the carbon nanotube process on the porous
material.
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Fig. 8. Schematic process for the synthesis of regular arrays of oriented
nanotubes on porous silicon by catalyst patterning and chemical
vapour decomposition [Ref. 60]

Reaction time: Typically the reaction time is ca. 1 h for
synthesis of the carbon nanotubes. In fact, the reaction time is
related on the amount of desired carbon nanotube. Aberration
of the optimum reaction time in the specific carbon nanotube
synthesis reduces the quality of the product'’. At the reaction
time more than optimized time, the amorphous carbon is
formed and deposits on both catalyst and outer surface of the
carbon nanotubes due to the deactivation of catalyst as a
function of the reaction time*>.

Rate of production: Recently, the single-wall carbon
nanotubes are produced continuously at a rate of 1 g /h in the
fluidized bed reactor. In addition, the single-wall carbon
nanotubes are produced continuously with a high production
yield up to 6 g/h (after purification) using an enhanced catalytic
chemical vapour decomposition method, which the previously
prepared catalyst has injected into the vertical furnace. The
main advantage of this technique is the use of an especially
designed injector which enables the introduction of a previ-
ously prepared catalyst. This catalyst consists of metal particles
with sufficient diameter for the single-wall carbon nanotubes
growth which are embedded in a support powder. Thus, they
are protected from agglomeration during the carbon nanotube
synthesis. Furthermore, this method solves the important
problems related to the catalyst particle diameter and also catalyst
concentration. Therefore it increases the synthesis efficiency.
In addition, The usage of powder support catalysts avoid the
production of undesired carbon forms because of the surfactant
pyrolysis in the case of colloidal particles™.

Purification: There are a considerable amount of impu-
rities such as amorphous carbon, multishell carbon nano-
capsules and metal particles. Therefore, the impurities removal
is important for the characterization stages. There are several

methods for carbon nanotubes purification'®. In general, the
purification methods are divided to two cases, wet methods
and dry methods". The purification can selectively remove in
the dry methods but the carbon nanotubes are treated in solution
in the wet methods'®. The popular processes are described as
follow:

(i) Oxidation method: One of the main processes for
purification of single-wall carbon nanotube is oxidation. In
purpose of amorphous carbon removal, oxidation is an effective
method because the impurities tend to have more defects and
open structures. Therefore, they are oxidized more easily than
the carbon nanotubes. In addition to the metal, the impurities
tend to attach themselves catalysts and the catalysts act as an
oxidizing agent.

(ii) Acid refluxing method: Another main effective
method for purification is acid refluxing. The metal catalyst
removes from the product by usage of this technique, but other
carbon impurities leave. As a result, a combination of these
two methods included of oxidation and acid refluxing techni-
ques are more effective. Amorphous carbon is removed in
oxidation stage and the residual catalyst is removed in acid
treatment stage’. It is an important point to control over the
oxidation period to prevent burning off of the pure carbon
nanotube.

(iii) Liquid-phase oxidation method: Another method
for purification is using of liquid-phase oxidation such as
KMnO4/H,SOs solution. This method is very effective to obtain
the extremely pure carbon nanotubes, but during this process
the final carbon nanotubes may be severely damaged.

(iv) Graphite intercalation: It is another purification
method. It is investigated that the resistance to bromination of
carbon nanotubes is smaller than the carbon nanoparticles.

(v) A new improved method is a multi-step purification
process for removal of undesired impurities from carbon
nanotubes with an improved yield. In the first step of the purifi-
cation process, the ultrasonic and heat-treatment of the raw
material is used for obtaining a well dispersed carbon nanotube
structure'’.

The carbon yield after the purification step is determined
as follows:

Carbon yield (%) = 100 X (Mpure/Meruge)

where m,,. = The weight of sample after carbon nanotube
production; mu = The weight of sample after purification®.

Conclusion

Carbon nanotubes have attracted a lot of attention due to
their specific properties such as mechanical, electrical, optical
and thermal properties. Carbon nanotubes have been catego-
rized to single wall carbon nanotubes and multiwall carbon
nanotubes. There are several methods for carbon nanotubes
synthesis, but the most suitable method for mass production
is chemical vapour decomposition method. Chemical vapour
decomposition syntheses are also categorized to supported
catalyst growth and floating or gas-phase growth.

The operating conditions such as the operating temperature
and pressure, the carbon source volume and concentration,
the size and the pretreatment of metallic catalyst and the time
of reaction will determine characteristics of carbon nanotubes.
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Therefore, controlling the process parameters is very

important for mass production. The synthesized carbon nanotubes
may contain impurities such as multi-shell carbon nano capsules,
amorphous carbon and metal catalysts particles. Thus, these
impurities must be removed from the final products by means
of a sufficient purification method.
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