
3

1

A Detailed Study on Carbon Nanotubes: Properties,
Synthesis, and Characterization
Nishant Tripathi1, Prachi Sharma1,2, Vladimir Pavelyev1,
Anastasiia Rymzhina1, and Prabhash Mishra1,3,4

1Nanoengineering Department, Samara National Research University, 34, Moskovskoye Shosse,
Samara, 443086, Russia
2Department of Electrical, Electronics and Communication Engineering, GITAM School of Technology,
Bengaluru Campus, GITAM (Deemed to be University) NH 207, Nagadenehalli,
Doddaballapura, Karnataka 561203, India
3Centre for Nanoscience and Nanotechnology, Jamia Millia Islamia, Jamia Nagar, New Delhi, 110025, India
4Center for Photonics & 2D Materials, Moscow Institute of Physics and Technology (MIPT),
Dolgoprudny 141700, Russia

1.1 Introduction

The present chapter deals with the evolution of carbon allotropes, especially with
carbon nanotubes (CNTs). CNTs are one of the most important nanomaterials of
the carbon family. The invention of CNTs brought a real revolution in the field of
nanoscience and nanotechnology. The astonishing properties of CNTs make them a
suitable material for the development of applications in electronics, optoelectronics,
medical, and in many other fields. Worldwide researchers are doing aggressive work
on CNTs-based gas sensors, optical detectors, heat detectors, humidity sensors,
transistors, nanoelectronics devices, and display applications [1, 2]. It has been
observed that different types of applications based on CNTs require different types
of CNTs. For example, sensors, especially for gas and optical applications, required
horizontal aligned/network type of CNTs while field emission devices required
vertically aligned CNTs. So, it has become very important to grow CNTs with
selective structure and orientation [3]. Generally, CNTs can be grown by chemical
vapor deposition (CVD), arc discharge, and laser ablation technique but among all
the techniques CVD is the most preferable due to its capability to grow CNTs with
selective properties. In general, the growth process of CNTs by using CVD system,
a catalyst film deposited substrate is loaded into the chamber of CVD system, and
then the chamber is heated around 800 ∘C in presence of a carrier gas; at 800 ∘C
along with carrier gas, a hydrocarbon gas is supplied in CVD chamber for CNTs
growth. CVD has lots of parameters to tune to decide CNTs’ structural quality
as well as morphology. The major parameters are the type of catalyst, catalyst
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deposition technique, catalyst engineering, growth temperature, growth duration
as well as the type of carrier and hydrocarbon gas [3–5].

After synthesis of CNTs, its analysis became an important task. To analyze CNTs,
researchers utilized various nanomaterial characterization tools such as scanning
electron microscope (SEM), transmission electron microscope (TEM), atomic force
microscope (AFM), Raman spectroscopy, and X-ray diffraction (XRD). SEM and
AFM are useful for analyzing morphology of CNTs while TEM, Raman spectroscopy,
and XRD are useful for the characterization of structural quality of CNTs.

All of the discussions mentioned motivated us to write a present book chapter. The
chapter deals with evolution of Carbon from graphite, diamond, graphene to CNTs.
It covers in detail various structures of CNTs, defects in CNTs, and their applications.
It also covers the various synthesis and characterization techniques of CNTs. Finally,
we made a broad discussion on the synthesis of selective CNTs.

1.2 Evolution of Carbon: Graphite to CNTs

The fundamental constituent or the building block of CNTs is Carbon. This group
IV element of the periodic table is well known for its incredible ability to form crys-
talline solids and a variety of other compounds. It is placed in sixth position in the
periodic table. Two out of its six electrons lie in 1s orbital, remaining electrons form
sp3, sp2, or sp hybrid orbital. These four valence electrons constitute allotropes of
Carbon such as CNT, diamond, graphite, graphene, and fullerenes [6]. It is an impor-
tant fact that existing electronic bonds are very poor in the outer two orbitals as
compared to the first orbital. Due to the weaker attraction of outer shell electrons
than inner shell electrons, outer orbital electrons participate in electron hybridiza-
tion. Small energy gradient between outer two orbitals (i.e. 2s and 2p) aids the over-
lapping of orbital wave functions favoring electron hybridization. There are three
accessible mixing of atomic orbitals in carbon atoms making hybrid orbitals typically
referred to as sp, sp2, and sp3 hybridization. In sp hybridization, one 2s and one 2p
electrons participate in mixing (forming σ-bonds) and leaving two 2p electrons free
of mixing (π-bonds). sp2 hybridization involves the mixing of one’s orbital electron
and two 2p electrons. In sp3 hybridization, all outer shell electrons of carbon atoms
take part in mixing. The orbitals are focused on corners of a tetrahedron restricted
to carbon atoms. According to hybridization, a carbon atom makes bonds with min-
imum one to maximum of four partners to produce compounds. Structural quality
of carbon-based compounds and allotropes also depend on type of hybridization.
For spl hybridization, (l+ 1) σ bonds take charge to form generally one-dimensional
local structure.

The linear chain compound of carbon i.e. “Carbyne” is an example of sp
hybridization. sp2 hybridization leads to the formation of two-dimensional
structures such as graphene. 3D-structures such as diamond are formed by sp3

hybridization. It is also noticed that in sp and sp2 mixing one or two p orbital does
not involve hybridization, instead showing their presence in the form π-bonds.
Depending on orbital mixing carbon has many allotropes and among these
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amorphous carbon, diamond, graphite, graphene, and CNTs have received a great
amount of attention [7]. These allotropes of carbon exhibit a part or completely
different properties in nature. For their commendable and extraordinary multidi-
mensional properties be it CNTs, graphene or diamond, and others, allotropes of
carbon have become a hot cake for research investigations.

1.2.1 Graphite

The word graphite is taken from a Greek word “graphein” i.e. “write.” Pencil, which
is an attractive and widely used tool for writing and drawing, is made from it. It was
invented by Debye et al. in 1917 [8]. Graphite is a combined structure of layers.
Each layer is called Graphene [9]. In graphite structure, carbon atoms are situated in
hexagonal fashion on the XY plane [10]. The distance between carbon atoms in a sin-
gle layer of graphite is 0.142 nm. The separation distance between layers of graphite
is approximately 0.335 nm [11].

The graphene layers are held together by weak van der Waals forces to form solid
structure graphite. Each carbon atom is situated on edge of hexagon having three
σ-bond in sp2 hybridization form in which three valence electrons participate in
hybridization and one valence electron exists in pz orbital creating two-dimensional
electron gas in the form of π-bond or cloud. It is spread all over on individual XY
planes of graphite. Due to the mobility of said electron gas, graphite shows electri-
cal conductivity. It is more reactive than diamond. The separation distance between
the nearest two carbon atoms on an individual layer of graphite is around 0.142 nm
that is approximately equal to band order of 1.5 and two times larger than the aro-
matic carbon atom’s covalent radius. The separation gap among the nearest two
layers of graphite is approximately two times of van der Waals radius. The weak
van der Waals interaction within layers of graphite causes the layers of graphite
to easily move along the XY plane. Generally, two types of graphite are found in
nature abundantly: a stable form that is hexagonal or α-graphite and rhombohedral
or β-graphite. β-graphite is more abundant in nature than α-graphite. By heat treat-
ment, β-graphite can be changed into α-graphite. Other than these two, a few more
types of graphite are found in nature. Sometimes, due to some disorder in stacking,
no more attraction exists between layers and hence individual layers of graphene or
graphite randomly turn around the z-axis and move in the XY plane resulting in a
turbostratic structure.

1.2.2 Diamond

Diamond is an allotrope of carbon with sp3 hybridization. Every carbon atom in
diamond is bonded to four nearest carbon atoms. Each diamond cell has a tetra-
hedron structure with a bond length of 154.45 pm. Mainly, two types of structures
of diamond are found: cubic and hexagonal. Cubic structure is more available than
hexagonal [12, 13]. Hexagonal-shaped diamonds are very precious and rare to find.
It was first found in 1967 in a meteorite. Still, there is a possible way to synthe-
size artificially hexagonal type diamond from graphite by heat treatment of graphite
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under high pressure with ambient temperature along the vertical axis. Some other
structures are also found in which nitrogen molecules are mixed with carbon atoms.
Some noticed nitrogen-contained diamonds are Ia, Ib, IIa, and IIb. If nitrogen con-
tamination is like platelets then it is Ia structure of C3N composition. In Ib type
nitrogen, molecules are homogeneously spread all over the structure. And, if the
diamond structure has null nitrogen then it is called IIa. The last structure has a
very small probability of being in nature. The last type, i.e. IIb, is a semiconducting
diamond. In that case, nitrogen is completely absent. Instead of nitrogen, IIb type of
the diamond structure has some contamination of aluminum. In a normal diamond
unit cell, eight atoms exist having face-centered cubic packing. The lattice constant
of diamond lattice is 356.68 pm [14–18]. Another noticeable point about diamond’s
structure is that it’s packed in a sphalerite kind instead of dense packing. Its struc-
ture is a penetration of two faces. Its centered cubic lattice can be moved along unit
cell space diagonal. Another thing is that if diamond is heated with specific con-
ditions, i.e. 3750 ∘C temperature and 1840 psi pressure, it is converted to graphite.
It is also possible to make a hexagonal structure like its cubic type structure from
tetrahedrons of carbon with different configurations. In the specified configuration,
the cell is made from four carbon atoms with lattice parameters a0 = 252 pm and
c = 412 pm [15].

1.2.3 Graphene

As described in Section 1.2.1, if a single layer of graphite is peeled-off from the bulk
material, then it is called graphene. It is a single planar structure containing covalent
bonded carbon atoms [19] thus also known as planar allotrope of carbon. Buckyballs,
nanotubes, and graphite are allotropes of graphene. If graphene is folded in a shape
of sphere then it becomes the buckyball or if rolled along any of its axes then it takes
the form of a nanotube. Stacked layers of graphene through its XY plane are graphite.
Therefore, graphene may be called a generator of three allotropes of carbon. Thus
it is vital to study the properties of graphene to understand the properties of CNTs
and the other two allotropes. The 2s, 2px, and 2py electrons interact in hybridized
fashion giving graphene its characteristics such as physical and electrical ones [19].

sp2 hybridization results in the formation of very stable covalent bonds (σ-bonds)
on graphene surface which is the reason for graphene and CNTs being the strongest
material with superior mechanical properties among other materials known. Not
hybridized atomic 2pz orbital forms π-bonds normal to XY plane due to the electron
gas delocalization. These π-bonds provide graphene with distinctive electronic prop-
erties [20]. Structurally, graphene has two types of lattice arrangements: direct and
reciprocal lattice.

1.2.3.1 Direct Lattice
The honeycomb structure of direct lattice graphene can be explained by ball and
stick model. In the ball and stick model, carbon atoms are denoted by ball and sticks
represent σ-bonds. σ-bonds of graphene have a bond length around 1.42 Å. Such
type of lattice may be considered as a Bravais lattice. The Bravais lattice basis is 2
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given as two π electrons per unit cell and depicts enhanced electronic properties of
graphene [21]. The primitive unit cell of mentioned honeycomb lattice may be taken
as an equilateral parallelogram. The parallelogram side length is as following:

a =
√

3 (length of a σ-bond) = 2.46 Å (1.1)

The vectors of primitive unit cell are as following:

a1 =

(√
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2

,
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2

)
(1.2)
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a
−2

)
(1.3)

where the vector |a1| = |a2| = a describes the separation distance between two near-
est carbon atoms.
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(1.6)

R3 = (−a1 + R1) (1.7)

with |R1| = |R2| = |R3| = length of σ-bond.

1.2.3.2 The Reciprocal Lattice
The rotated lattice with an angle of 90∘ with reference to the direct lattice is called a
reciprocal lattice of graphene [17]. Similar to the direct lattice, the reciprocal lattice
also has carbon atoms arranged in a honeycomb structure. The vectors of said lattice
are given below:

b1 =

(
2π√
3a

,
2π
a

)
(1.8)

b2 =

(
2π√
3a

,−2π
a

)
(1.9)

where |b1| = |b2| = 4π√
3a

.

1.2.4 Carbon Nanotubes

The history of Carbon tubular structures start after the invention of electron
microscopes in 1950 [22]. In 1952, a hollow tube of carbon was invented by a
Russian researcher, Radushkevich and Lukyanovich, however, the article did not
gather much attention being published in a local language [23]. Baker et al. again
investigated related structure in 1972 [24]. In 1976, Oberlain et al. described single
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cylinder hubs in a graphite structure of carbon fibers [25]. Finally, in 1991 Sumio
Iijima, an electron microscopist, discovered the cylindrical structure of carbon
while analyzing fullerenes, another allotrope of carbon [26]. His discovery caught
the attention of worldwide researchers in the field of nanotechnology. Almost two
years later, the same group of researchers achieved another milestone in the field of
nanotechnology with the invention of single wall carbon nanotubes (SWNTs). CNT
is one of the essential allotropes of graphene and is formed when a graphene sheet
is rolled into a seamless hollow tube. Practically, it is impossible to roll a graphene
sheet into a cylindrical structure because of its ultra-small dimensions. It is only
said to understand the structure of CNTs. Generally, diameter of CNTs lies between
0.5 and 5 nm thus termed as nanotubes. The length of CNTs, however, falls from a
few mm to several cm [7]. CNTs are also called tubical fullerenes. Generally, CNTs
are found in two structures: (i) SWNTs (see Figure 1.1a) and (ii) multi wall carbon
nanotubes (MWCNTs) (see Figure 1.1b). If single graphene sheet is rolled to make
CNTs then it is called SWNTs and if more than one graphene sheet is concentrically
rolled in the “Russian dolls model” then the tubes are called MWNTs. SWNTs are
discussed below followed by an introduction about the MWNTs.

1.2.4.1 SWNTs: Types and Structure
Based on structure, SWNTs are divided in three categories:

i. Zigzag
ii. Armchair

iii. Chiral

A

B

Ch

ma2

ma2na1

na1

Armchair

Armchair

Chiral

T
u
b
e
 a

xi
s

Θ

Zigzag

(a)

(c) (d)

(b)

Figure 1.1 Figure (a) and (b) show the schematic diagram for SWNTs and MWNTs,
respectively. Figure (c) shows the honeycomb structure of carbon atoms; (d) shows different
types of CNTs structure. Source: Ahmad Aqel et al. [27]/with permission of Elsevier.
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The types of SWNTs depend on the type of rolling of graphene sheets, which
are the basis of the CNTs tubular structure. It is possible to calculate the chirality
(helicity) as well as the diameter of SWNTs from a vector, called the chiral vector
Ch. It is defined as

Ch = na1 + ma2

where n, m = 1, 2, 3, … with notation as (n, m).
The diameter of SWNTs according to the said model is calculated by the following

equation:

d = Chiral Vector
π

(1.10)

d =

√
3 ∗ b

√
n ∗ n + nm + m ∗ m

π
(1.11)

where b has the value of 0.142 nm, which represents the carbon–carbon bond length.
It is observed that the diameter of CNTs strongly depends on its chirality. A CNT
having (5,5) chirality tends to have a smaller diameter than a CNT with (10,10)
chirality. The steps for calculating chirality are as mentioned below [27, 28]:

I. Plot the tube axes. The tube axes are the nanotubes edges. If the tube axes
join with each other in the form of a cylinder then it becomes nanotubes
(see Figure 1.1c).

II. Mark a point A along the tube axis where the tube axis interacts with carbon
atoms.

III. Draw the armchair line (thin green line) by finding any point along the tube
axis that travels across each hexagon, separating them into two equal halves.

IV. Take point B on the second tube axis at the intersection of the tube axis and
carbon atoms. It should be the nearest intersection point from the armchair
line.

V. Draw a line AB representing the chiral vector Ch. The chiral vector is equiva-
lent to the CNTs circumference.

VI. Angle 𝜃 between the armchair line and chiral vector decides the types of
SWNTs.

VII. If the armchair line and chiral vector overlap each other, i.e. when
𝜃 = 0∘ (n = m), then the resulting SWNTs are called the armchair SWNTs
(see Figure 1.1d).

VIII. If the said wrapping angle is 𝜃 = 30∘ (m= 0), then zigzag nanotubes are formed
(see Figure 1.1d).

IX. If the wrapping angle 𝜃 is between 0∘ and 30∘, then the fabricated SWNTs are
called chiral.

Among all types of CNTs, chiral type CNTs have the superior place. Because chiral-
ity is an elemental theory to investigate different configured CNTs and their relative
electronic band structures. Therefore, it is important to understand the concept and
its application to identify CNTs structure. Table 1.1 shows parameters and their
relative equations for CNTs.
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Table 1.1 Various parameters for SWNTs.

S.
no. Symbol Name Chiral CNT

Armchair
CNTs

Zigzag
CNTs

1. Ch Chiral vector Ch = na1 +ma2 = (n,m) Ch = (n,m) Ch = (n,0)

2. Ch Length of chiral
vector

Ch = |Ch| = a
√

n2 + nm + m2 Ch = a
√

3n Ch = an

3. dt Diameter dt =
a
π

√
n2 + nm + m2 dt =

an
π

√
3 dt =

an
π

4. Θ Chiral angle cos 𝜃 = 2n + m
2
√

n2 + nm + m2
𝜃 = 30∘ 𝜃 = 0∘

5. N Number of
hexagons/cells

N =
2C2

h

a2gd
N = 2n N = 2n

1.2.4.2 Chirality
The word chirality comes from the Greek language that means HAND. It is used to
represent reflection symmetry between an object and its mirror image. In general,
a chiral object is anti-symmetric to its mirror image. For example, if we take the
mirror image of our left hand and try to superimpose it on our left hand, it does not
accurately superimpose, indicating that hands are chiral objects. Similarly, CNTs
that are superimposed to their mirror image are called achiral CNTs. Zigzag and
armchair CNTs are examples of achiral CNTs.

1.2.4.3 Electronic Properties of CNTs
Electronic properties of CNTs provide great opportunities in nano-electronic
research applications. Ultra-small dimensions and ultra-symmetric structures
create remarkable quantum effects and electronic properties of nanotubes. Due
to the circumferential confinement effect on tubes, SWNTs and MWNTs [28–33]
show the quality of a quantum wire. Experimental investigations have proved that
MWNTs and the rope of SWNTs behaved like a parallel assembly of single SWNTs.
The electronic conductance for said assembly is given by

G = GoM =
(

2e2

h

)
M (1.12)

where, the calculated value of the quantized conductance Go is 12.9 kΩ−1. Another
parameter used in the equation, i.e. M is the measurement of exact conducting
channels, and its exact value for an ideal defect-free SWNT is 2. The value of M
is determined by the intrinsic properties of nanotubes, coupling between tubes
impurities, defects in the structure of tubes, interaction with the substrate, and
on contacts made for electronic connections. Therefore, the experimental value of
conductance is less than the quantized value [34].

Many research groups reported about graphite’s resistivity. It depends strongly on
the quantity of graphite taken for analysis. The best quality graphite has the resis-
tivity around 0.4 μΩm at room temperature [35]. In the case of CNTs, the MWNTs,
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as well as the rope of SWNTs, have much higher resistivity than the best quality
graphite. It is also reported that the resistivity of the nanotubes mentioned above
decreases with temperature. These results were found due to a random orientation
of nanotubes on the substrate. The same measurements were made for purified
CNTs aligned between four electrodes and were found to be much less than 0.4 μΩm
[34, 36]. In defect-free nanotubes, π electrons are more distributed as compared to
graphite. It happens due to σ–π re-hybridization. These conditions made graphene
more conductive as compared to graphite [34]. Therefore, CNTs are called 1-D
conductors.

1.2.4.4 Optical Properties of CNTs
Defect-free SWNTs have a direct band gap. They also have a well-defined structure
of the sub band. Such type of structure is considered ideal for optical applications.
Optical spectra of SWNTs may be obtained by resonant Raman spectroscopy [35]
and by fluorescence spectroscopy [36, 37]. An optical spectrum obtained for
grouped SWNTs, as well as for graphite under compression, is shown in Figure 1.2.
Three important peaks that are found in SWNTs are invisible in graphite and
attributed to symmetric transitions between the lowest sub-bands in semicon-
ducting (A and B) and metallic (C) tubes. Generally, it is found that grown CNTs
area a mixture of semiconducting and metallic tubes. In CNTs, the measured peak
position and intensity of optical spectra provide information about the electronic
structure or tube chirality or (D, Θ). Thus, for a detailed composition investigation
of CNTs, optical spectra become indispensable. To understand the optical properties
of CNTs, it is necessary to understand their band structure and density of states
(DOS), which is already discussed in the electronic dispersion Section 1.2.4.3.

The optical transportation is only possible when electrons or holes are triggered
from a lower energy level to a higher energy level. The energy required for optical
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Figure 1.2 Figure shows the UV–vis–NIR analysis for various SWNTs samples. Figure (a)
shows the absorbance spectra of SWNTs as well as of colloidal graphite. Figure (b) shows
plots of the density of states for semiconducting and metallic CNTs. Source: Hagen and
Hertel [37]/with permission of American Chemical Society.
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transactions is donated by Epq. There are two selection rules that are defined for
that. First, if p− q = 0, it is defined for inter-band transitions. It is symmetric to the
Fermi energy of the polarized light along the tube axis. Second, it requires light that
is normal to the tube axis. However, it does not appear in optical spectra. It happens
due to very weak transitions [37].

1.2.4.5 Chemical Properties of CNTs
Due to ultra-small dimensions and ultra-large specific area withσ–π re-hybridization,
CNTs are highly sensitive to chemicals and environmental interactions. It is impor-
tant to study the chemical properties of CNTs such as opening, wetting, filling,
adsorption, charge transfer, doping, and intercalation for application purposes.

Opening It is reported by several research groups that the ends of CNTs are more
reactive than their complete structure. CNTs’ ends have metallic catalyst particles
with a large curvature on their open end. Therefore, many approaches have been
focused on opening CNTs ends such as treatment with acids, plasma treatment, etc.
[38, 39].

Wetting and Filling CNTs are hydrophobic in nature. Mostly aqueous solvents are
unable to wet CNTs. However, some organic elements, HNO3, S, Cs, Rb, and Se as
well as some oxides Bi2O2 are able to wet CNTs, if they are pressurized with cap-
illary pressure. Using this technique, some other nonwetting elements may also be
injected into CNTs. The capillary pressure for nanotubes is proportional to

(
1
D

)
[40].

Adsorption and Charge Transfer It is expected that CNTs have enhanced molecular
adsorption as well as charge transfer. Researchers have reported that CNTs show
very good adsorption and charge transfer from oxygen to CNTs at room tempera-
ture. The localized sites on CNTs where pores exist, interstitials in tube bundles, the
surface of CNTs as well as a groove between two attached CNTs are the perfect places
for charge transfer and adsorption. In fact, the mentioned sites show the capability
of CNTs for adsorption and charge transfer.

The CNTs property discussed above is successfully used in NO2, C6H5NO2, C6H6,
NH3 as well as in CH4 sensing. When these molecules interact with CNTs, a change
in CNTs resistance is observed. It is possible to design electronic device for sensing
application on that principle [41, 42].

Chemical Doping, Intercalation, and Modification The discussed adsorption method
may be used for noncovalent bonding doping of CNTs to make p-type as well as
n-type CNTs to enhance their electronic conductivity. Intercalation of alkali metals
is also used to enhance electronic conductivity. Researchers reported on behalf
of the experimental evidence that alkali metals diffuse into inter tube space or
defects that exist in CNTs, and hence enhance the CNTs charge transfer ability.
To enhance the electrochemical capacity of CNTs, CNTs itself can be used as
electrodes. In CNT-based electronic devices for energy production or harvesting,
the flow of electrons is generated by reduction and oxidation reactions occurring at
the electrodes [43–47].
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1.2.4.6 Defects in CNTs
Defects, being a deterministic factor for the physical and chemical properties of
a nanomaterial, are considered significant. Although nanomaterials like CNTs are
perfect and have unique electrical and mechanical properties which change due to
presence of certain defects such as vacancies, heptagon–pentagon pairs type trans-
formations, doping, and interstitials, edges and adatoms (see Figure 1.3) [49], result-
ing CNTs can be used for further applications, such as sensing, hydrogen storage, and
drug delivery systems.

Structural Defects Structural defects in CNTs arise due to their topology distortion
caused by the introduction of pentagonal, heptagonal, and octagonal rings into the
hexagonal carbon network, affecting nanotubes electrical properties resulting in a
conical structure with sharp tips due to the presence of a pentagonal ring at the nan-
otubes peaks (as shown in Figure 1.3a,b). Also, different vertex angles are obtained
by a pentagon insertion into a hexagonal carbon graphitic structure leading to 30∘
bend dictating that pentagon and hexagon are separated maximally that is they are
placed opposite to each other (as shown in Figure 1.3c) and 0∘ bend is obtained when
both structures are combined. Thereby, we can conclude that the vertex angles can
indicate the count of hexagon–pentagon pairs present in the CNTs.

A spiral CNT (as shown in Figure 1.3d) is an out-of-plane structure obtained by
introducing pentagonal and heptagonal rings in a perfect graphitic sheet and then
rolling it with a rotation angle. Atoroidal CNT (as shown Figure 1.3e) is an in-plane
structure obtained by connecting CNTs of various diameters by inserting pentagons
and hexagons [50].

Bond Rotation Thrower stone wales (TSW) type defects produced by bond rotation
in the nanotube are due to 90∘ rotation of C—C bond in a hexagonal network such as
in fullerenes, resulting in a translation of two heptagons and pentagons (as shown in
Figure 1.3f) [48–51]. Unlike the conical-end structure formed in structural defects,
this TSW type defect does not result in large curvature deviations of the nanotube.
TSW type defects cause a plasticity failure at elevated temperatures and can alter
the chirality of CNTs. Further elongation of the tube at the defect location can lead
to the nanotube collapse. Its significance lies in the innovation of nanoelectronic
devices [52].

Doping-Induced Defects In order to increase the conductivity of a CNT, dopant atoms
can be inserted (see Figure 1.3g) in the carbon lattice. Another method consists of
the functionalization of nanotubes, which makes it suitable for biochemical and gas
sensing purposes. The boron (p-type dopant) and nitrogen (n-type dopant) atoms in
the internal CNT structure are used to sense carbon monoxide and water molecules.
The boron (B) atom doping is carried out by arc discharge method using BN-rich as
an anode and the nitrogen (N) atom doping is carried out by ferrocene-melamine
mixture pyrolysis at high temperatures [53]. As a result of doping, both nanotubes
become metallic in nature with no band-gap in comparison with the undoped lat-
tice structure. Other atoms used for doping purposes are P, S, and Si in addition to
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Figure 1.3 Figure shows the various defects involved in CNTs. Figure (a) shows the
graphitic conical shape fabricated on the CNT tip. Figure (b) shows the presence of
pentagon and heptagon impurities on the CNT tip. Figure (b) and (c) show bending and
helices types of CNTs. Figure (e) represents the joining of two concentric CNTs by a
hemitoroidal cap. Figure (f) shows the TEM analysis as well as molecular model of the TSW
defect for the conversion of four hexagons into two pentagons and two heptagons. Figure
(g) demonstrates nitrogen and phosphorous doped CNTs. Figure (h) shows simulated
images of various non-sp2 defects that occur in CNTs while figure (i–k) show experimentally
produced vacancies, edges, and adatoms defects, respectively. Source: Lehman et al.
[48]/with permission of Elsevier.

B and N atoms; all of them alter the reactivity of the nanotube, enhancing the binding
energy of the sensing molecule with the doped species [54–57].

Non-sp2 Carbon Defects These non-sp2 hybridized defects in the CNT structure are
formed due to dangling bonds, other than carbon atoms found in the lattice struc-
ture, or can be caused by vacancies, adatoms, and opened or closed nanotubes as
shown in Figure 1.3h. Adatoms remain as dopants on the surface of nanotubes, in
which the lattice structure stays undisturbed. Depending on the ratio between the
lower and upper levels of occupied molecular orbitals of adatoms and the Fermi level
of the tube, the electrons of dopant atoms are transmitted or absorbed.

1.2.4.7 CNTs Properties Modification by Chemical Functionalization Process
CNTs functionalization helps to improve their processibility and solubility as well
as to mix the unique features of materials attached to CNTs with their own proper-
ties [58–63]. Chemical bounds can tailor the CNT interaction with other systems like
biopolymer matrices, solvents, polymers, and other nanotubes. Approaches to CNTs
functionalization are divided into noncovalent (physical) and covalent (chemical) as
interactions between CNTs and attached elements as can be seen in Figure 1.4a–e
[64, 66]. A distinction that is more detailed can be made if we divide the function-
alization of MWNTs and SWNTs, as well as that of tube bundles and individual
tubes [67].

Covalent functionalization constructs from the functional entities covalent
linkage on the surface of CNT. It can be further divided into indirect covalent
functionalization with carboxylic groups and direct covalent side wall functional-
ization. Direct covalent side wall functionalization appears due to hybridization
change from sp2 to sp3 along with a conjugation loss. Indirect covalent function-
alization (also known as defect functionalization) utilizes defect sites that already
occur in the CNT. These sites can appear in a form of open ends as well as in the
form of holes in the walls with attached, for example, carboxylic groups. Oxygenated
sites also can be considered as defects [65]. Acid chloride, in major cases converted
from carboxylic acid groups, is utilized to increase the CNTs reactivity with further
treatment via amidation or esterification reaction [68].

Noncovalent functionalization is founded primarily on secondary interactions
like van der Waals’ forces or π-stacking. All the mentioned above functionalization
methods are exohedral derivatizations. Endohedral CNTs functionalization (the
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with permission of Elsevier.

tubes filling with atoms or small molecules) is a special case of functionaliza-
tion [69, 70].

Covalent Functionalization Covalent functionalization can be implemented onto
CNTs end caps or on their side walls that have numerous defects. Strategies for
covalent functionalization are presented in Figure 1.4f [65]. Direct covalent side
wall functionalization can be performed via reaction with particular molecules
which possess high chemical reactivity. Initially, CNTs fluorination became popular
due to the supposition that CNTs side walls are inert [71, 72]. CNTs that were func-
tionalized via the fluorination method, possess weaker C—F bonds in comparison
with alkyl fluorides [73]. Therefore, fluorinated CNTs provide replacement sites for
additional functionalization [74]. Fluorine atoms substitutions by hydroxyl, alkyl,
and amino groups were successfully achieved to date [75]. Plasma treatment can be
utilized for MWNTs after functionalization. For example, maleic anhydride joint
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with MWNTs after plasma treatment of the latter improves the obtained material
mechanical properties as well as electrical conductivity [76]. Moreover, the grafting
approach can be used to synthesize SWNTs which will possess high polymer layers
covalent bonding density [77]. In [77] styrene copolymers benzyl chloride groups
reacted with the SWNTs alkyne groups which lead to a greater efficiency of polymer
chains grafting.

The chains of polymer grafting on the surface of CNTs are associated with the
establishment of strong chemical bonds appeared between the nanotubes and poly-
mer. Plasma treatment provides an increase in the CNTs ability to disperse when
mixed with the corresponding polymer. Moreover, it increases structural properties
if implemented in bulk composites. The drawback of this method consists in the
limitation of grafted polymer value due to macromolecules high steric hindrance
and comparatively low reactivity. It can result in degradation of nanocomposites
features [78].

Noncovalent Functionalization Methods of chemical functionalization have two
main disadvantages which consist in a creation of a huge defect number onto CNTs
side walls as well as in some cases due to ultrasonication treatment, CNTs breakage
into small pieces. These drawbacks lead to disruption of π-electron system in CNTs
and significant deterioration in its mechanical and electrical properties. Physical
functionalization overcomes these issues. This method is based on supramolecular
chemistry [79]. It comprises van der Waals forces, electrostatic effects, hydrogen
bonding, π–π interactions, ionic bonding, and hydrophobic forces [80]. The mod-
eling of functionalization materials can be performed with the usage of density
functional theory (DFT). Thus, CNTs functionalized with free-based tetraphenyl
porphyrin molecules possess biding energies from 1.1 up to 1.8 eV and demonstrate
a strong π–π interaction between CNT and tetraphenyl porphyrin surface [81]. CNTs
solution with polymers like polystyrene, polyphenylene, polyvinylene result in the
polymer wrapping around CNTs forming supermolecular CNTs complexes [82].
Surfactants are also very popular materials for CNTs functionalization [83–89].
Many studies were reported on nonionic surfactants like polyoxyethylene octyl
phenyl ether, nonylphenol ethoxylate as well as polyoxyethylene 8 lauryl [83–85].
The nonionic surfactants treatment is grounded on a strong hydrophobic attraction
between the tail group and the surfactant solid surface. After surfactant adsorption
on the surface of the material for functionalization, the molecules of the surfactant
are self-assembled in micelles beyond the critical micelle concentration [85].
Furthermore, researchers also investigated numerous anionic surfactants such
as poly(styrene sulfate), sodium dodecylbenzene sulfonate, and sodium dodecyl-
sulfate [86, 87]. Moreover, cationic surfactants like cetyltrimethylammounium
4-vinylbenzoate and dodecyl tri-methyl ammonium bromide were studied as
well [88]. The mechanism of aggregates formation preventing is based on the low-
ering CNTs surface tension caused by surfactant physical absorption on the CNTs
surface. By steric or electrostatic repulsive forces, CNTs treated with surfactants
overcome the van der Waals attraction. This method effectiveness is influenced by
the surfactants properties, polymer matrix as well as by medium chemistry [89].
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Moreover, some researchers report a SWNT functionalization technique, which
includes both physical and chemical approaches. For instance, in [90] scientists
present cyanate ester (CE) reinforcement. Authors of this work used a dispersant
hydroxyl polyimide-graft bisphenol to enable usage of the both above-mentioned
functionalization methods. Then, epoxidized SWNTs were used with diglyceryl
acrylate (PIOH-BDA). Thus, SWNTs were functionalized physically with the help
of PIOH-BDA dispersant. This approach led to a better SWNTs dispersion due to
the interaction caused by 1,4-butanediamine (BDA) side chain steric hindrance and
the main chain. In addition, epoxidized SWNTs are also functionalized chemically
by PIOH-BDA due to PIOH-BDA reaction with SWNTs epoxide groups and CE.

Applications of Functionalized CNTs Applications of functionalized CNTs cover many
spheres of human life. Thus, in [91] researchers developed an immunosensor
of voltammetric factor-alpha tumor necrosis (TNF-α). This sensor comprises Au
nanoparticles included in functionalized with thiol MWNTs (AuNPs/S-MWCNTs)
as well as bimetallic Ni/Cu-MOFs. AuNPs/S-MWNTs in this construction work
as a platform for sensor when Ni/Cu-MOFs works as an amplifier of the sensor.
First of all, a mixture of S-MWNTs and AuNPs was used to create the platform
of the sensor on glassy carbon electrode. The sensor platform plays two roles in
the device: enhancement in conductivity on the electrode surface and binding
sites formation for capture antibody 1-TNF-α. After that, via amino-Au affinity,
capture TNF-α antibodies were paired with the platform of the sensor. Then,
through immune reaction that occurs between Ni/Cu-MOFs which are conjugated
with secondary TNF-α antibodies and AuNPs/S-MWNTs, the immunosensor was
created. Due to bimetallic MOFs’ big internal surface and its porosity secondary
antibody 2-TNF-α conjugate without difficulty to Ni/Cu-MOFs through electrostatic
and π–π interactions leading to electrochemical performance improvement [92].
Such immunosensor possesses a small border of detection which is 2.00 fg ml−1 as
well as a linear range that lies from 0.01 up to 1.0 pg ml−1 [91].

A membrane for desalination based on CNTs functionalized with polytetraflu-
oroethylene/oleic acid was developed in [93]. First, CNTs were functionalized
with oleic acid. After that, the composite membrane was developed by solution
coating of polyvinylidene fluoride that contains functionalized CNTs onto support
membrane made from polytetrafluoroethylene. Polytetrafluoroethylene support
membrane has hydrophobic pores that help to pass water vapor. The active layer
coating of CNTs functionalized with polytetrafluoroethylene/oleic acid onto the
polytetrafluoroethylene support membrane leads to an increase in salt rejection by
about 30%. CNTs functionalized with oleic acid may decrease the oxidized CNTs
hydrophilicity. The polyvinylidene fluoride polymer existence on the functionalized
CNTs surface and between the CNTs improves the membrane quality of operation in
the vacuum membrane distillation process and increases the membrane hydropho-
bicity. In contrast, the polyvinylidene fluoride polymer presence leads to the CNTs
interconnection in the coated active layer. The optimum fabrication conditions
consist in concentration of 10 000 ppm, temperature of 70 ∘C as well as the flow rate
of 150 LPH (liters per hour). The membrane based on polytetrafluoroethylene/oleic
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acid-functionalized CNTs composite allows to achieve high salt rejection of 99.45%
as well as water flux of 89 LMH (liters per square meter per hour) in the vacuum
membrane distillation process.

Moreover, functionalized SWNTs can be used for visible-light photocatalysis [94].
In [94] researchers performed endohedral functionalization of SWNTs with
10-phenylphenothiazine (PTH). The method used in this work is based on PTH
solution refluxing in the cap-opened SWNTs presence. This technique made it
possible to encapsulate inside the SWNTs as much as 8% of PTH. The obtained
PTH/SWNTs structure demonstrates intense photoemission under visible light
irradiation that makes it useful as a heterogeneous photocatalyst in reactions of
single-electron transfer dehalogenation. Additionally, this material can be used
for hydrodehalogenation reactions and more complex reactions like synthesis of
tetrahydroisoquinolines as well as aldehydes α-alkylation when exposed to 420 nm
light irradiation. This material possesses a high photocatalytic activity, showing
turnover numbers of 3200. Furthermore, PTH/SWNTs structure demonstrates
stability and recyclability. The physical process leading to these properties consists
of the following. Under radiation exposure, an excited PTH electron is transported
from the molecule π system to the delocalized SWNT π-cloud, therefore justifying
the enhanced photocatalytic activity. Therefore, injection of electrons with subse-
quent electron–hole separation leads to the photocatalytic activity under visible
light exposure, which initiates reactions of single-electron transfer dehalogenation.

MWNTs functionalized with pyrene derivatives comprising a hydroxyl group
can be utilized as a polybutylene terephthalate (PBT) composites filler [95]. In [95]
researchers physically functionalized MWNTs with 1-hydroxypyrene (POH),
1-pyrenebutanol (PBOH), as well as with 1-pyrenemethanol (PMOH). Then,
functionalized MWNTs are used for compound fabrication with PBT with the
help of melt extrusion. In the process of extrusion, a transesterification reaction
appears between the PBOH hydroxyl group and PBT ester group, thus grafting PBT
onto MWNTs. Because of the most stable intermediate formation as well as the
minimum change in free energy at the rate-determining step for PBOH, the PBT
reactivity turned out to be greater with PBOH than with PMOH or POH, which
was proved via density functional theory calculations. Due to the same reason,
the biggest grafted PBT amount can be observed in the structure PBOH-MWNTs.
Estimated energies of interfacial adhesion between MWNTs and PBT showed that
the PBOH-MWNTs structure possesses greater interfacial adhesion energy with
PBT than MWNTs functionalized with POH or POMH. In addition, the structure
PBT/PBOH-MWNT demonstrates the maximum fatigue life tensile property as well
as tensile property between the presented composites.

Functionalized CNTs can be used as selective and highly sensitive elements of
photodetectors and light-harvesting devices [96–99]. In [96] researchers developed
a tunable photodetector based on SWNTs functionalized with pyrenecyclodextrin.
They build a field-effect transistor (FET) based on the synthesized material in order
to detect a fluorescent adamantyl-modified Ru complex (ADA-Ru). Under light
irradiation of 280 nm wavelength, the obtained photodetector transfer curve shifts
to a negative gate voltage by approximately 1.6 V as well as the aforementioned
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device conductivity decreases sharply, signifying a charge-transfer process to the
SWNTs from pyrenecyclodextrins. On the other hand, the photodetector transfer
curve shifts to a positive gate voltage by approximately 1.9 V and its conductivity
growths slowly under 490 nm light exposure when ADA-Ru complex is introduced
in the system. It also demonstrates a charge-transfer process, but at that time it
goes from pyrenecyclodextrin-SWNT hybrids toward the ADA-Ru complex. As
soon as the radiation exposure is turned off, the conductivity volume recovers to its
initial value.

In [97] researchers developed a NIR–photodetector based on functionalized
with ferricyanide SWNTs. It was demonstrated that SWNTs functionalized with
quite big diameter molecules of ferricyanide show the change in emission and
photo-absorption in the same CNT simultaneously. It is caused by partial elec-
tron transfer which vanishes the optical transition and localizes electrons. The
ferricyanide can be reduced by hydrogen peroxide that will reverse the occurred
electron transfer, which leads to a re-establishment of emission and absorption
spectra. The selectivity of such device manifests itself in the form of different
absorption that leads to a higher response with smaller gap species. In [98]
researchers functionalized SWNTs with CdS. They developed a CdS-SWNTs
film-based device with two terminals. Initially, researchers intended to develop
solar cells based on functionalized CNTs but they also observed its behavior under
light exposure that demonstrates its applicability in visible light photodetectors.
This device shows current flow increase under light irradiation. The change of
current saturates in approximately 30 seconds under light exposure. In [99] a
tunable photodetector based on functionalized SWNTs was developed. SWNTs
were functionalized with ZnO nanoparticles that were utilized as antennas in this
structure. The improved responsivity of as-prepared device refers to the synergistic
effects of the inherent SWNTs transistors sensitivity as weak as the ZnO nanopar-
ticles photoresponsivity occurring from the zero dimensionality materials nature
and the big surface-to-volume ratio.

The photodetector demonstrates significant photoswitching effects with decent
reproducibility and reversibility because of photoinduced oxygen desorption as well
as adsorption from the surface of nanoparticles. The photodetector under consider-
ation possesses fine conductance tunability in the range of UV light spectrum. Such
devices can be utilized in various applications like imaging, UV detection, optical
communications, and memory storage.

CNTs are a very useful material for development of gas and molecule sensors
[100–105]. Thus, in [100] researchers used covalently functionalized SWNTs as a
sensitive element for ammonia detectors. Researchers functionalized SWNTs with
poly(m-aminobenzene sulfonic acid) (PABS). SWNTs-PABS detector fast recovers
its conductivity when ammonia is replaced with nitrogen. When NH3 is supplied
to the detector, significant changes occur in the SWNTs-PABS structure. Due to
this fact, such detector can detect 5 ppm concentration of NH3. In [101] alcohol
vapor detectors based on covalently functionalized MWNTs were developed. Con-
struction of this detector includes bundles of functionalized MWNTs with COOH
groups deposited across golden electrodes on SiO2/Si substrate with the help of AC
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electrophoresis. This structure allows to detect alcohol–vapor with the usage of
low input power of approximately 0.01–1 μW. This detector possesses a sensitivity
of 0.9 ppm alcohol–vapor concentration. Moreover, this detector can be reset by
annealing the functionalized MWNTs sensitive element at a current from 100 up
to 200 A in a time duration of 100–200 seconds. A chloroform vapor detector based
on covalently functionalized MWNTs with COOH with poly(ethylene glycol) (PEG)
was developed in [102]. Selective response of the structure can be explained via PEG
chains swelling behavior wrapped around MWNTs and the interaction among PEG
chains, MWNTs, as well as analytes, might be a vital factor in the sensing of gases.
The change in conductivity of films occurs due to the change in intertube distance
caused by polymer swelling through gas absorption. In contrast, the MWNTs-g-PEG
film response to chloroform is different from the response to other solvents
that are referred to hydrogen bond interaction between PEG chains and solvent
molecules. MWNTs features significantly affect this interaction. Moreover, CNTs
can be utilized as hydrogen gas sensors [103–105]. Hydrogen gas detector based
on functionalized MWNTs with acids was investigated in [103]. Such sensor can
allow detecting H2 gas in a quantity of 0.05% at room temperature. In comparison
with pristine MWNTs, MWNTs functionalized with acids possess increase in the
current carrying capacity up to 35 mA from 49 μA and smaller recovery time which
is 100 seconds for H2 gas in a quantity of 0.05% compared with 190 seconds in case
of pristine MWNTs. In addition, MWNTs functionalized with oxygen plasma can
be used as a gas sensor for such volatile organic composites as ethanol, acetone,
toluene, benzene, as well as methanol [105]. The conductivity of the functionalized
MWNTs decreases with the increase of detecting vapor concentration. Such sensors
possess repeatable response and reproducibility in case of benzene or toluene vapor.
Methanol, acetone, and ethanol show faster response coupled with difficulties in a
full baseline resistance recovery. It can be referred as the chemisorption interaction
mechanism with MWNTs. In contrast, toluene and benzene are physisorbed onto
MWNTs that causes fully baseline resistance recovering and slower response. It is
demonstrated that MWNTs detectors are more sensitive to toluene than to benzene
vapor. It can be caused by the methyl group existence in the toluene molecule that
interacts better with MWNTs sidewalls than the benzene ring. This structure feature
allows to develop detectors that will detect benzene selectively in the presence of
xylenes or toluene with the usage of plasma-treated MWNTs functionalized with
different metals or functional groups arrays chemoresistors.

1.2.4.8 Applications of CNTs
As mentioned above, the peculiar, strong and powerful optical, electronic, mechan-
ical, as well as chemical properties, make CNTs useful in innumerable applications.
In the current decade, CNTs have become a hot material for electronic, chemical,
mechanical, and optical applications. Due to their excellent electronic properties,
CNTs allow the fabrication of basic solid-state devices with smaller dimensions than
conventional silicon-based technology. Recently developed basic electronic devices
based on CNTs are diode, tunnel diode, FETs, and supercapacitors. It is also suc-
cessfully used in the fabrication of devices in some other important applications:
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microwave amplifier, flat panel display, radio, X-ray source, random-access memory
(RAM) as well transparent conductor [106–108]. CNTs have also been used in very
important communications and information technology inventions such as fiber
lasers and nonlinear photonics. These inventions play a role in routing, wavelength
conversion, and optical switching. It is also used in applications such as photovoltaic
devices, photodetectors, and nano-light sources [109–111].

CNTs have also proven to be a promising future material in the field of mechanical
applications. Worldwide researchers are working on nano electro mechanical sys-
tem (NEMS) technology based on CNTs. Researchers have successfully developed
mechanical devices based on high-frequency oscillators [112], rotational actuators
[113], nanometer tweezers [114], and nanometer cargoes [115]. Outstanding
inventions are ultra-miniature sensors for observing the working force between
two molecules [116], for measuring the force produced by the magnetic resonance
of a single spin [117], and for measuring the displacement created by disturbance
between individual atoms. Due to their relatively high Young’s modulus as well as
specific weight, SWNTs have proved to be perfect for manufacturing mechanical
resonators for observing mechanical movement in the quantum regime [118].

CNTs have also been part of surprising inventions in the field of electrochemistry.
Several types of chemical sensors, humidity sensors, gas sensors for toxic gases, and
alcohol sensors are developed so far. CNTs-based chemical sensors have the follow-
ing advantages over conventional solid-state sensors.

I. Existing sensors show poor sensitivity at room temperature. Their normal oper-
ating temperature is in the range of 200–500 ∘C. However, CNTs-based sensors
work successfully at room temperature.

II. Existing toxic gas sensors show a limited maximum sensitivity in comparison
with CNTs-based sensors that have shown order of magnitude higher sensitivi-
ties.

III. The main drawback of using oxide-based gas sensors is the use of microfabrica-
tion techniques to build the sensor that puts a limit on the size and geometry
of the sensor. In the case of CNTs, due to their small dimensions, no barrier is
created in front of the device design and geometry.

IV. For existing technology, the sensor fabrication cost is very high compared to
CNTs-based sensors.

V. The operating power of existing sensors is also very high. It is possible to operate
CNTs-based sensors at very low power.

VI. Existing toxic gas sensors show very poor selectivity. They possess nonspecific
gas sensing mechanism and very poor response time. These problems are
resolved with CNTs-based sensor technology.

1.2.4.9 Synthesis of CNTs
In order to develop a material with specific properties, it becomes most important
to be aware of all the growth techniques so that it becomes possible to synthesize
material with the best quality and yield. There are three main techniques used to
grow CNTs: arc discharge, laser ablation, and CVD. Amongst them, CVD is the most
used technique so far.
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Arc Discharge Method Arc discharge method is a widely used method for
CNTs growth. It was invented by Krätschmer et al. to produce a high yield of
fullerenes [119]. It was observed that in addition to fullerenes, some other allotropes
of carbon were also present as by-products. Later, a microscopist Sumio Iijima
reported the presence of tubular allotrope of carbon, i.e. CNTs, in the arc discharge
method by-products [120]. Therefore, arc discharge was the first known method for
the CNTs growth. This method was further developed and optimized for exclusive
CNTs growth. Initially, the synthesis of CNTs in the soot form using this method
was reported [120].

Earlier, only MWNTs were produced using this method, but at the later stage, it has
been successfully tuned for the growth of SWNTs [121]. The arc discharge method
involves the vaporization of graphite in an inert atmosphere using an electric arc.
In specific cases, catalysts also take part in the synthesis of CNTs. At the heart of
the arc discharge system, there are two graphite rods situated inside the electric arc
chamber. The diameters of graphite rods are of the order of 2 mm and the separation
between these rods is kept about 1 mm (see Figure 1.5a). These graphite rods act as
electrodes and a high DC current of around 50–100 A is passed through them. Due
to such high DC current, a very large amount of thermal energy is produced, which
increases the temperature of the system up to around 4000 ∘C, which, in turn, evapo-
rates the carbon of the graphite anode. These carbon vapors subsequently deposit on
a cathode in the form of different carbon nanostructures such as CNTs, fullerenes,
and amorphous carbon [122–125]. The electrodes composition determines the type
and quality of as-synthesized CNTs among the grown carbon nanostructures [126].
While pure graphite electrodes support the synthesis of MWNTs, SWNTs can be
produced using graphite electrodes mixed with metal catalysts [119, 127]. Another
property of as-grown CNTs is their diameter, which can be tuned by controlling other
growth parameters [123].

Laser Ablation The laser ablation method is quite similar to the arc discharge
method. In both techniques, carbon is vaporized and deposited at different places.
The only difference in both growth methods is the evaporation process. In the laser
ablation technique, a high-intensity laser beam is used for carbon vaporization
instead of high DC current. A small amount of carbon is transmitted into its
plasma. CNTs with other allotropes of carbon are synthesized into a plasma plume.
The plasma plume subsequently deposits on the chamber walls. This technique
mainly uses CO2 and Nd:YAG laser sources in both pulsed and continuous modes
[128, 129]. This method, like the arc discharge technique, can be used to deposit
both MWNTs and SWNTs. When pure carbon source is used, the growth of MWNTs
takes place. On the other hand, the use of metal catalyst mixed carbon source leads
to the synthesis of a mixture of MWNTs and SWNTs. Figure 1.5b shows a schematic
diagram of the laser equipment.

Chemical Vapor Deposition The CVD system is basically a film depositing equipment
that has been used for many years and is capable of depositing a number of nanoma-
terials. CVD is a method in which gaseous precursors react either in the gas phase or
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Figure 1.5 Figure (a–c) show the schematic diagram of arc-discharge, laser ablation, and
CVD techniques. Source: Saito et al. [122]/with permission of AIP Publishing.
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at the substrate gas interface, producing a thin film on the substrate. In the research
world, there are many types of CVD systems having various types of heating arrange-
ments as well as some extra accessories. Atypical thermal chemical vapor deposition
(TCVD) setup includes a durable, high-temperature compatible tube, usually made
of quartz or alumina, which is heated by a chamber furnace or heating coils (see
Figure 1.5c).

All types of CVDs have the same operating concept. Users customize CVD
according to requirements. Thermal and plasma enhanced CVDs are being used to
fabricate CNTs. The CNTs growth by the CVD process requires three ingredients:
anablation precursor gas (also called feedstock), a catalyst surface, and an energy
source. Energy may be generated thermally (in TCVD) or by plasma (in plasma
enhanced CVD). We preferred using TCVD for CNTs growth (since CNTs are prone
to be damaged by plasma [130], which reduces their electrical performance). In
TCVD, hydrocarbons are broken at high temperatures to produce atomic carbon
vapors. These vapors are deposited on the metal catalyst deposited substrate via
vapor–liquid–solid (V–L–S) growth process to form CNTs. The V–L–S growth
process involves three steps, i.e. absorption, saturation, and structure extrusion (see
Figure 1.6a). Any transition metal that has a low melting point can be used as a seed
or catalyst for CNTs growth via the V–L–S growth process. These catalysts have the
ability to absorb vaporized carbon [131–133]. These catalysts may be deposited on
a substrate such as silicon, Al2O3, etc. in the form of thin film by sputtering, dip
coating, or spin coating. Prior to deposition, the catalyst-coated substrate is heated.
Because of heat treatment, the continuous layer breaks into lumps of nanoparticles
to keep minimum surface energy.

This process is known as catalyst activation or annealing. In some reports, cat-
alysts were injected directly into the growth chamber. Some oxide nanoparticles
(SiO2, Al2O3) have also been reported as catalysts for CNTs growth [2]. After putting
the annealed catalyst film into the chamber, the chamber is evacuated. The pre-
cursor gas, which is usually a lower-order hydrocarbon (such as methane, acety-
lene, and ethylene), is then introduced into the chamber at an appropriate pres-
sure. In some specific cases, vaporized benzene or toluene can be used as a feed-
stock. Occasionally, an inert carrier gas is also used as a carrier, which also serves
as an etchant for excess amorphous carbon deposited on the walls of the chamber.
The chamber temperature is raised to several hundred degrees Celsius. Such a high
temperature induces the metal catalysts nanoparticles to get into a molten state.
On the other hand, high temperature also decomposes hydrocarbon. Decomposi-
tion of hydrocarbons produces carbon vapor in the chamber, which is absorbed by
the molten catalyst. As more and more carbon is absorbed by the catalyst, the con-
centration of carbon exceeds the solubility of the catalyst particle. At this point, the
catalyst particle begins to extrude a solid formation in the form of a CNT as shown
in Figure 1.6a,b. The schematic diagram of CNTs growth via V–L–S process is given
in Figure 1.6. Depending on the final location of the catalyst particle, nanotubes are
typically classified as either tip-grown or root-grown. Other one-dimension nanos-
tructures can also be grown via V–L–S growth mechanism. The growth of germa-
nium nanowires from gold nanoparticle is shown in Figure 1.6c–i, and the growth
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Figure 1.6 Schematic diagram of various stages of V–L–S growth mechanism. Figure (a)
represent the tip-growth model while figure (b) shows the base growth model. Source:
Sengupta [131]/with permission of Elsevier. Figure (c–k) shows the formation of
germanium nanowires from gold nanoparticles via the vapor liquid solid growth
mechanism. These transmission electron microscopy images reveal the extrusion of the
germanium nanowires (e–k) from the saturated particle (c, d). Source: Wu et al. [131]/ with
permission of American Chemical Society.

of multiple nanowires is shown in Figure 1.6j,k. The major benefit of using CVD
for the synthesis of CNTs lies in its ability to be scaled up in size, allowing the large
production facilities to produce several kilograms of CNTs per day [134].

Hydrocarbons are channeled into the heated reactor zone via mass flow con-
trollers and eventual by-products are evacuated through a fume hood. TCVD can



1.2 Evolution of Carbon: Graphite to CNTs 27

be used to grow MWNTs as well as SWNTs. CVD parameters such as temperature,
pressure, flow of gases, etc. play a crucial role in deciding CNTs dimensions,
structure as well as quality [135, 136]. They have varying degrees of interaction with
growth conditions, which is further complicated by the fact that different research
results often predict different behavior. All this makes it a quite challenging task
to find out the optimum growth conditions for producing CNTs with desired
properties. Now, after gaining knowledge about the CVD system, a detailed analysis
of the various parameters used in the CVD system has become necessary. Therefore,
now we are going to present a detailed literature survey on various CVD parameters.

CNT Precursors In the CVD system for growing CNTs, the most commonly used
carbon feedstock compounds are methane (CH4), ethylene (C2H4), acetylene
(C2H2), benzene (C6H6), xylene (C8H10) as well as carbon monoxide [130, 137–141].
The CNTs growth by pyrolysis of benzene was reported at 1100 ∘C [142, 143], while
MWNTs with an acetylene precursor had been grown at 700 ∘C [144]. In both cases,
benzene and acetylene, iron catalysts are used for hydrocarbon decomposition.
Later, cyclohexane (C6H12) and fullerene were also successfully tested as precursors
for CNTs growth [145–147]. If we are talking about SWNTs, H. Dai et al. first
reported about SWNTs growth using carbon monoxide as a carbon precursor and
molybdenum as a catalyst while keeping the growth temperature at 1200 ∘C [148].
After H. Dai et al. made a milestone report on SWNTs synthesis, many other
groups also became succeeding SWNTs growth with different carbon precursors,
such as acetylene [149], methane [150], and benzene [151], etc. with various
catalysts. A report of Maruyama et al. (2012) introduced a new carbon precursor, i.e.
alcohol for SWNTs growth [152]. They grew high-quality SWNTs at a lower growth
temperature on zeolite-supported Fe–Co nanoparticles. Due to its extraordinary
qualities, alcohol became the highest used hydrocarbon source for SWNTs synthesis
[153, 154]. It is reported that due to the carbon etching ability of alcohol, CNTs
grown with alcohol precursors have a lesser amount of amorphous carbon [155].
After some time, the same group also synthesized vertically aligned SWNTs on a
quartz substrate using Mo-Co catalyst with an alcohol precursor [156]. Maruyama
et al. also enhanced the catalytic quality of the catalyst by using a discontinuous
flow of acetylene in an ethanol-based CVD and increased the growth rate of CNTs
[157]. The structural formation of the hydrocarbon source has the potential to
decide the CNTs structure. Linear carbon precursors like acetylene, ethylene, and
methane produced straight and hollow tubes, while benzene and cyclohexane-type
cyclic hydrocarbons produced curved CNTs [147]. Generally, MWNTs synthesis
is easy as compared to SWNTs. Moreover, MWNTs grow at lower temperatures
as compared to SWNTs. One more observation is that MWNTs can grow with
any precursor while SWNTs growth takes place on selective precursors. Common
carbon precursors used for MWNTs synthesis show unstable behavior at higher
temperatures. It leads to the synthesis of other carbonaceous compounds instead
of CNTs. To solve that problem, in 2004 Hata et al. published a report, in which
water-assisted CVD is proposed to grow impurity-less SWNTs. In water-assisted
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CVD, water steam is supplied in a controlled manner as an oxidizer. It etches out
amorphous carbon without damaging the grown SWNTs [158]. Another work is
reported by Zhong et al., in which they proved that no water steam type oxidant
is required in cold wall CVD systems. It is successful only for low reactive carbon
precursors [159]. The above discussions emphatically show that hydrocarbon or
carbon precursors have an important role in CNTs growth. Therefore, researchers
get the best yield as well as structure of grown CNTs by proper tuning and selection
of carbon precursors.

Apart from the types of hydrocarbons, the flow rate and flow duration of hydrocar-
bons also play an important role in CNTs growth by TCVD. To analyze the various
effects of hydrocarbon flow rate and flow duration, we performed several exper-
iments with different flow rates (10–50 sccm) and flow duration (2–16 minutes)
of C2H2while keeping other parameters of the CVD system constant. It has been
observed that initially the structural quality of CNTs enhanced with an increment
of C2H2 flow rate and, after a certain limit of C2H2 flow rate the structural quality
of CNTs starts to degrade. The best quality of CNTs has been grown at a 12 sccm
flow rate of C2H2. Similarly, in case of C2H2 flow duration, the quality of CNTs has
been enhanced when we increased flow duration from 2 to 12 minutes, but beyond
this limit structural quality of CNTs started to degrade. The best quality of CNTs
has been found with 12 minutes flow duration of C2H2 [136].

Catalyst Engineering As we discussed earlier, for CNTs growth nano-scale particles
are needed to trigger the carbon precursor decomposition at a lesser temperature
than its actual decomposition temperature as well as to initiate CNTs growth. In the
early time of CNTs invention, transition metals (Fe, Co, Ni) were used as catalysts
for CNTs growth. Due to high solubility as well as high carbon diffusion rate of
transition metals, they are preferable in CNTs growth. High melting point and low
equilibrium vapor pressure of transition metals also give a large range for selecting
growth temperature as well as a large number of carbon precursors. It is also reported
by some groups that transition metals have better adhesion with grown nanotubes
compared to other metals. That quality of transition metals provides grown CNTs
with large curvature and lower diameter [160]. Some reports also made evidence
of solid organometallic precursors having quality of catalyzed CNTs indeed better
than transition metals. Apart from Fe, Co, and Ni, some other metals such as Pd,
Pt, Cu, and Au also have the potential to catalyze CNTs with different carbon feed-
stock [161]. Generally, a tube diameter depends very much on the catalyst particles’
size [147]. Some groups manipulate the size of catalyst particles prior to growth and
hence the diameter of CNTs [162]. To get pure nanotubes, it is necessary that car-
bon precursors used in CNTs growth decompose only on catalyst particles and avoid
aerial pyrolysis. As mentioned previously, metal catalysts are also used in arc dis-
charge as well as laser ablation techniques of growth CNTs, so it may be possible
that these different techniques have the same growth mechanism.

It has been observed that metal salts such as iron nitrate, magnesium nitrate,
cobalt nitrate, etc. can be also utilized as catalysts for growing CNTs. The density
and orientation of CNTs can be tuned by selecting the appropriate metal salt as a
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catalyst. It has been observed that cobalt nitrate and magnesium nitrate are capa-
ble to produce horizontal network type CNTs with acceptable structural quality.
The CNTs density is much higher in the case of magnesium nitrate as compared to
cobalt nitrate. In case of iron nitrate, vertically aligned CNTs have taken place when
iron nitrate was used as a catalyst. Therefore, by utilizing different metal salts, some-
one can tune the yield as well as orientation of CNTs. Vertically aligned CNTs can
be also produced by oxygen plasma treatment of catalyst film prior to CNTs growth.
Oxygen plasma treatment enhances the nucleation sites on catalyst particles. Hence,
the density of CNTs sharply increases and due to crowding effect vertically aligned
CNTs grow [1]. The height of CNTs is another important requirement for applica-
tion development. It has been observed that the flow rate of carrier gas is affecting
significantly on CNTs height/length. We performed several experiments on CNTs
synthesis at different argon flow rates (0–80 sccm). Initially, without argon gas very
short length (∼2 μm) CNTs growth took place but the height of CNTs increased
sharply (∼57 μm) when argon flow turned on 20 sccm flow rate. The height of CNTs
is found varying as a function of the argon flow rate. In case of structural quality
and diameter of CNTs, it has been found that they are improving up to 60 sccm flow
rate of argon; beyond this limit, the diameter starts to increase and structural quality
starts to degrade. Carrier gas increases the distribution of hydrocarbons inside the
chamber, balances the production of carbon atoms and, as per requirement, grows
CNTs. The best structural quality, less diameter, and acceptable height have been
found at 60 sccm argon flow rate [5]. In the general CNTs growth mechanism, cata-
lyst nanoparticles either remain on the bottom of CNTs or they peeled-off from the
substrate and come on the CNTs tip. If the catalyst remains on the bottom of CNTs
then it is called base-growth and when the catalyst particles come on tip then it is
called tip-growth. It has also been observed that sometimes these catalyst particles
remain inside CNTs. Many researchers reported that CNTs growth with a metal cat-
alyst is not suitable for electronics, optoelectronics, medical, and agriculture appli-
cations. The metal catalyst is very harmful for all living organisms as well as for solid
state devices [163]. Although metal catalysts can be removed from CNTs by perform-
ing certain post-growth purification processes, these processes are very complex and
also create defects in CNTs. To solve this issue, many research groups tried to grow
CNTs without catalyst as well as without metal catalyst [163–165]. To make CNTs
more useful for mentioned applications, in our group we have grown CNTs without
catalyst directly on Al2O3 substrate as well as by using green catalyst [2, 163]. It has
been reported that Al2O2 is capable to decompose hydrocarbons at lower tempera-
tures, and surface roughness of Al2O3 substrate provides nucleation sites for CNTs
growth. The as-grown CNTs were few walls CNTs having diameters in the range of
4–8 nm and very high structural quality (see Figure 1.7a,b).

We also tried unconventional catalysts for growing CNTs, i.e. green catalysts.
The walnut plant extract has been utilized as a green catalyst. Green catalysts are
found able to grow CNTs at lower temperatures. To grow CNTs by using metal
catalyst, generally 800 ∘C temperature is required but in case of green catalysts,
CNTs growth took place at 575 ∘C. When CNTs growth performed at 800 ∘C,
then a new carbon nanostructure with rectangular cross section took place (see
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Figure 1.7 Figure (a) shows the FE-SEM image of CNTs growing on the Al2O3 substrate, its
magnified image can be seen in figure (b). Source: Tripathi et al. [2]/with permission of
Elsevier. Figure (c) shows CNTs growth by using green catalyst and its magnification image
can be seen in figure (d–f). Figure (g) shows the carbon nanostructure with rectangular
cross-section and figure (h, i) show TEM images of the as-grown nanostructure. Figure (j)
shows its Raman analysis. Source: Tripathi et al. [163] / With permission of Springer Nature
/ CC BY 4.0.
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Figure 1.7c–j). Apart from low temperatures growth, green catalysts are capable of
growing CNTs on mass scale.

To verify the fact that only walnut plant extract can catalyzed CNTs growth or any
plant extract, the CNTs growth has been performed by using Azadirachta indica,
Cascabela thevetia, rose flower, and garden grass extract as catalysts. It has been
observed that all mentioned plants are able to grow CNTs. Green catalyst finished
the requirement of complex instruments, which required metal catalyst deposition.
Since CNTs growth is conducted at low temperatures and green catalysts available
freely in nature, all mentioned factors reduced the cost for CNTs producing [163].
Another important parameter of CNTs growth is the growth temperature and tem-
perature increasing rate. The growth temperature and temperature increasing rate
make a direct impact on catalyst particles and on the CNTs morphology and struc-
tural quality. We analyzed CNTs growth by performing multiple experiments by
taking different growth temperatures (650–850 ∘C). At 650 ∘C growth temperature,
obtained CNTs had a very poor structural quality and a large diameter. The structural
quality/diameter of CNTs started to improve/decrease with rising growth tempera-
ture. The best structural quality with lesser diameter CNTs was obtained at 775 ∘C
growth temperature. When the growth temperature further increased the structural
quality/diameter started to decrease/increase. At a lower growth temperature, the
catalyst film made large diameter catalyst particles. When the growth temperature
increased, the diameter of catalyst particles has been found decreasing. After a cer-
tain limit of the growth temperature, the catalyst particles started to agglomerate
and converted into larger size particles that is the possible reason for growth temper-
ature dependent CNTs growth. Similar to the growth temperature, the temperature
increasing rate makes a big impact on the CNTs structural quality as well as on the
diameter of as-grown CNTs.

To analyze the various effects of the temperature increasing rate on CNTs growth,
multiple experiments with different temperature increasing rates (from 100 to
600 ∘C per hour) have been performed. As explained earlier, when the catalyst film
deposited sample is annealed in the presence of argon gas, the catalyst film is con-
verted into nanosized hemispherical particles. It happened due to different thermal
expansion coefficients of a metal catalyst film and a substrate. When the CVD
temperature slowly increased, the catalyst film and substrate got sufficient time
to balance thermal expansion rates. In that case, large size catalyst particles were
produced. Opposite to this, when the sample was heated with a fast temperature
increasing rate, the catalyst film has been broken into small size particles because
of a large thermal expansion gradient created between the substrate and catalyst
film. Also, when the sample was heated at a fast temperature increasing rate, lots
of defects were created on catalyst particles and as-produced defects provided
small size nucleation sites for CNTs growth. When CNTs growth experiment
was conducted with 100∘C per hour temperature increasing rate, large size poor
structural quality CNTs were grown. The structural quality/diameter/no. of walls
has been found increasing/decreasing/decreasing with respect to the temperature
increasing rate increment. The best quality CNTs with a single wall have been
grown at 600 ∘C per hour temperature increasing rate (see Figure 1.8) [166].
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Figure 1.8 Figure shows the SEM monographs for as-grown CNTs with taking temperature
increasing rate as (a) 100, (b) 300, (c) 500, and (d) 600 ∘C per hour, respectively. Source:
Tripathi et al. [166]/with permission of Springer Nature/CC BY 4.0.

1.2.4.10 Analysis of CNTs by Raman Spectroscopy
Raman spectroscopy is one of the main tools used for molecular vibrations inves-
tigation. It is utilized to gain knowledge about chemical elements and structural
forms to recognize materials by characteristic fingerprinting. It is also used to get
quantitative information about the amount of material in a sample. This equipment
has the potential of scanning samples in all states as well as in all conditions; for
example, powder, vapors or liquids, surface layers, or bulk form of nanoparticles,
in different temperature states. Prior, IR absorption was widely used as compared to
Raman scattering (RS) due to complexity in Raman spectroscopy. But improvements
in technology made Raman spectroscopy simple, compact and reduced the problems
substantially. Mentioned improvements in Raman spectroscopy along with the capa-
bility of investigation of different type of samples without any preparation, make
Raman spectroscopy a powerful investigation tool in the field of materials science.
In 1928, Sir C.V. Raman reported the historical invention of inelastic light scattering.
Raman scattering (RS) is defined as inelastic scattering of light. In inelastic scatter-
ing, the photon energy shifted with respect to the incident energy (see Figure 1.9a).
The schematic diagram of the experiment is displayed in Figure 1.9b. In a basic
concept, a laser beam is incident on materials, and the properties of scattered light
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Figure 1.9 Figure (a) shows the phenomenon for Raman Scattering. Plot of figure (b)
shows the sample identification and phase quantification Figure (c) shows the interaction
mechanism that causes a frequency change.

from material is analyzed. Raman spectroscopy is known as a powerful and non-
destructive tool that can rapidly give information about the low-frequency modes
of materials along with rotational as well as vibrational modes [167–169]. Raman
scattering phenomenon depends on the frequency change of photons after interac-
tion with materials and such type of light–matter interaction is known as inelastic
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interaction. If frequencies of incident and scattered photons are found to be the same,
then such type of light-matter interaction is known as elastic scattering.

In RS, the atomic bond structure of materials is analyzed via inelastic interaction
of incident light with the help of longitudinal/transverse modes of phonon. Spectral
characteristics of phonon vibrations in solids can be investigated by RS. RS pro-
vides the platform for materials identification as well as phase quantification. The
shift in frequency produced by light–matter interaction is displayed in Figure 1.9c.
If the incident photon energy increase after the interaction by absorbing a phonon
then the energy of scattered photons will also be increased and this process is called
anti-Stokes Raman scattering. Opposite to anti-Stokes, if an incident photon reduces
energy after the interaction by emitting a phonon, then the frequency of scattered
photons will also be reduced, this phenomenon is called Stokes Raman scattering.
It has been observed that in Raman spectra, generally, only Stokes peaks appeared.
It happened due to the poor strength of anti-Stokes signals. The shift in frequency
is represented as 𝜐 = 𝜐s – 𝜐i, and it is equivalent to the energy change, since E = h𝜐.
The results of Raman spectra are displayed as a function of wavenumber instead of
frequency. Wavenumber is defined as no. of waves

cm
. Wavenumber can be calculated by

following expression:

Wavenumber =
Frequency

c
(1.13)

where the value of c is around 2.99× 108 m s−1, i.e. the speed of light in vacuum.
Additionally, wavenumber is inversely proportional to the wavelength since:

Frequency = c
Wavelength

(1.14)

To represent wavenumber, mostly cm−1 unit is used. The atomic bonds vibra-
tions within the material are responsible for frequency shift in scattering while the
phonons energy of material is comparable to the difference of energies between
incident and scattered photons. The investigation of scattered frequencies provides
important information about the material structure. Generally, materials have a very
narrow distribution of bond energies, that is why Raman spectra associated with
such materials also show narrow lines. In case of amorphous materials, the bonding
energy has a broad distribution that is why Raman spectra associated with amor-
phous materials have broad signals, which conclude that if Raman spectra have
broad signals then material has a disordered structure. In general, RS is a very weak
phenomenon. In 106–108 scattered photons only one Raman scattered photon comes
out. This does not make the process unachievable since with high-tech CCD detec-
tors and lasers, very high power densities can be incident to small objects. But it
triggers other unacceptable things such as sample degradation and fluorescence.
Figure 1.9c shows the fundamental phenomenon, which takes place for one vibra-
tion. In that figure, virtual energy states are imaginary states. These states are created
by an incident laser light on a sample. Laser sources also determine the energy of
mentioned states. In general, most molecules are located at their lowest energy state.
The Rayleigh has the greatest intensity among all processes, since a major portion of
scattered photons is taken in that way. They do not show any shift in energy. So, this
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type of scattering is useless for investigation purposes. Upon illumination by a laser,
the electrons present in a vibrational level get excited by a higher vibration level.
During the de-excitation process, some electrons return to the initial vibrational
energy level. The photons generated during this type of de-excitation have the same
wavelength as the incident photons. This is called Raleigh de-excitation or Rayleigh
scattering. Some electrons get de-excited to the lower vibrational level with respect to
the initial vibrational level. The photons generated in this type of de-excitation have
fewer wavelengths than that of incident photons. This process is called anti-stock
de-excitation or anti-stock scattering. Rest of the electrons get de-excited to higher
vibrational levels with respect to the initial vibrational level. The photons generated
in the process have more wavelength than the wavelength of incident photons. This
process is Stokes de-excitation or Stokes scattering. Intensity of anti-Stokes scatter-
ing also becomes very poor. At higher temperatures, both types of scattering increase.
Raman spectroscopy is divided into types according to its way of signal collection, i.e.
dispersive Raman spectroscopy and FT-Raman spectroscopy. Both types have their
own advantages and can analyze specific samples [167–169].

Finally, having gone through the appropriate theory, all the details of the exper-
imental setup, we are now ready to consider the experimental Raman spectra of
CNTs. Raman Spectroscopy provides major information about CNTs structure,
defects in CNTs as well as their purity. It is also used in the identification between
MWNTs and SWNTs as well as other carbon materials [144]. In general, Raman
spectroscopy is more fruitful for SWNTs as compared to MWNTs. For MWNTs,
it gives very complex spectra. Because MWNTs behave like a group of SWNTs,
the diameter ranges from very small to large [170]. The decoding of the Raman
spectra for MWNTs is based on the well-established Raman spectra for SWNTs. It
is reported in many articles that Raman spectroscopy has the potential to provide
qualitative as well quantitative information about CNTs. An ideal Raman spectra of
CNTs have the following important peaks (also see Figure 1.10a):

I. RBM
II. D-Band

III. G-Band
IV. G′-Band

Radial Breathing Mode (RBM) The radial breathing mode (RBM) (<200 cm−1) is a
strong line in the SWNT Raman spectrum. This line is the only strong line that
has no analog in the spectra of graphite. It was revealed that it has an elementary
dependence on diameter 𝜔RBM = 𝛼RBM

dt
. The RBM is strongly related to a tube

diameter. It is inversely proportional to the diameter. For large diameter SWNTs,
greater than 2 nm, the RBM may disappear [172]. Due to radial motion of CNT
atoms, the RBM is more strongly affected with the environment of a nanotube than
the other high-intensity modes. For example, other tubes can be in a bindle or on
a supporting substrate. In addition to this fact, the RBM is a direct demonstration
of the SWNTs one-dimensional tubular structure that makes it a valuable probe
for the properties of nanotubes as well as for the majority of papers concerned
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Figure 1.10 Figure (a) shows the Raman spectra of SWNTs. Figure (b) shows the schematic
picture of atomic vibrations for the G band modes. Figure (c) represents the G-band peak of
various graphitic nanostructures. Figure (d) shows the ωG+ and ωG− for different types of
SWNTs as a function of the tube diameter. Figure (e) shows the G-band and D-band peaks of
Raman spectra of various types of SWNTs. Source: (b, c, e) Jorio et al. [167]/with permission
of IOP Publishing and (d) Jorio et al. [171]/with permission of American Physical Society.

with Raman effect in SWNTs. In the case of RBM, peak broadening also has a
very meaningful information. The RBM-peak can broaden due to the contribution
of different effects. The nanotube sample in a bundle form results in the RBM
expansion with regard to the case of an isolated tube, because the interactions
between tubes affect 𝜔RBM, and the interactions are determined by the resonant
tube position in the bundle. The sample temperature enlarges broadening because
of electron–phonon and phonon–phonon interactions [30]. It has been reported that
the peaks shift during heating perhaps appears owing to changes in the intra- and
inter-tube interactions inside the bundles as well as due to a fewer degree caused
by tubes thermal expansion. Therefore, the peaks will expand in case of occurred



1.2 Evolution of Carbon: Graphite to CNTs 37

temperature differences within the sample (e.g. because of the intensity profile
of the impinging beam heating specific areas more than others or due to various
couplings to the substrate). Moreover, peaks broadening can be caused by defects in
the tubes as well as due to other interactions. Due to the fact that several peaks are
narrower than 6 cm−1, it is concluded that broadening caused by electron–phonon
interaction is bigger in graphite than in nanotubes [173]. Notably, Raman studies on
some samples of nanotubes bundles revealed peaks equal to or greater than 20 cm−1

[174]. In addition, low-temperature measurements on free tubes with a big quantity
of defects demonstrate line widths up to 0.35 cm−1 [171]. Hence, the linewidth is
crucially reliant in the nature of sample and in the parameters of measurement.

G-Band In Raman spectra, G-band, a bunch of peaks around 1582 cm−1 also verify
the existence of CNTs. G-band has the ability to investigate a diameter-dependent
study of SWNTs without using RBM. In resonance, for a particular laser light, the
metallic character of CNTs is also observed. For CNTs, G-band has six peaks. Out
of six, two peaks have maximum intensity and for simplicity, we consider only
two peaks, i.e. G+ and G−. These peaks are produced by symmetry breaking of
the tangential vibration when the graphene sheet is rolled to make a cylindrically
shaped tube. G+ is originated through atomic displacements along the tube axis
and G− is produced by atomic displacement along the circumferential direction
(see Figure 1.10b,c). Figure 1.10c shows the line shape difference of G− for semicon-
ducting and MWCNTs and it is broaden for metallic with respect to semiconducting
CNTs (see Figure 1.10c), and its broadening is coming from free electrons in
nanotubes with metallic behavior [175–177]. If charged impurity exists in SWNTs
then G-band for semiconducting CNTs shows the behavior of metallic CNTs [178].
If talking about a diameter-dependent study of G− band then the frequency of G+
does affected by diameter but in the frequency of G− band shifting with variation
in diameter of CNTs is observed (see Figure 1.10d,e) [179, 180]. Hence, G-band
and its splitting may be used for the CNTs diameter calculation. Recently, some
research groups gave the evidence about G-band formation from double resonance
mechanisms [176–181]. In that case, the intensity of the G-band very much depends
on CNTs defects, and the frequency of G-band depends on the laser energy. This
evidence creates complications in the use of Raman spectroscopy for SWNTs.
However, it can be observed that double, as well as single resonance, show the
same intensity for a defective material. For defect-less materials, intensity of single
resonance is double as compared to double resonance phenomenon [182, 183]. So,
according to this report, Raman spectroscopy is the only effective for good quality
of SWNTs.

Disorder Bands (D-Band and G|-Band) A bunch of peaks appear in Raman spectra of
CNTs around 1332 and 2700 cm−1. It represents defects and disorders in the structure
of CNTs. It is highlighted in both types of CNTs. Due to double resonance criteria,
D-band also appears due to some specific chirality [184]. In case of isolated SWNTs,
D-band is split into two parts. Split distance of D-band relates to energy of incident
light. G|-Band shows an intrinsic property of graphite. The G|-Band is caused by
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two-phonon scattering around the K-point of the Brillouin-zone. G|-mode comes
in a picture only at high-defect density; it has less significant as compared to the
first order mode. The mode has more contributions from regions near the K and
M-points, G| peak is visualized in Raman spectra at 2700 and 2730 cm−1. It has been
reported that G| peak provides information about CNTs where other phonon modes
failed and the metallicity of CNTs is responsible for the intensity of G| peak [185].

1.3 Conclusion

CNT is one of the most rigorously researched materials in the contemporary world.
Owing to their extraordinary properties, CNTs have become one of the front run-
ners in the world of contemporary research. If a cross-section area of CNTs walls is
considered then the values of elastic modulus and tensile strength have been esti-
mated as 1 TPa and 100 GPa, respectively. The mechanical strength of CNTs has
been found 10 times more as compared to any other fiber. Generally, MWNTs show
metallic behavior with a very high current capacity (∼109 A cm–2). Individual walls
in MWNTs can act as metallic or semiconducting as per folding angle of graphene
sheet from which CNT is constructed. The orientation of graphene sheet with the
tube axis is defined as chirality. Room-temperature thermal conductivity of SWNTs
can even reach up to 3500 W m−1 K−1 that is more than of a diamond. Because of
these ultimate properties, CNTs are being used in a variety of nanosensors, biosen-
sors, optoelectronic devices such as photodetectors, solar cells, and light-emitting
diodes, in different types of high-performance electronic devices, as reinforcement in
different composite systems, etc. For the preparation of devices at nanoscale, where
we deal with the ultra-small regime, control of synthesis and growth of CNTs hav-
ing precise specifications is very important. Having understood the importance of
CNTs, we made a detailed discussion on the various allotropes of carbon, especially
on CNTs. The basic structures of CNTs, defects in structure, electronics, optoelec-
tronics, and chemical as well as mechanical properties of CNTs have been covered.
A detailed discussion on the various synthesis techniques of CNTs with comparative
analysis have been covered. CVD method is the most widely used method to grow
MWNTs and SWNTs. There are different factors such as dynamics of hydrocarbons
as well as carrier gases, growth temperature, temperature ramp, catalyst engineer-
ing, substrate engineering, etc. that affect the specifications of CNTs. We made a
detailed study on all mentioned factors. For CNTs analysis, various nanomaterials
characterization tools such as SEM, TEM, AFM, Raman Spectroscopy, XRD, etc. are
required. A detailed study on mentioned characterization tools, their instrumenta-
tion, and utilization for CNTs has been made. The chapter will be helpful for the
development of modern electron materials and applications.
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