C

Journal of
Carbon Research

Review

An Overview of the Recent Progress in the Synthesis
and Applications of Carbon Nanotubes
Gul Rahman 1, * , Zainab Najaf 1 , Asad Mehmood 2 , Salma Bilal 3 , Anwar ul Haq Ali Shah 1 ,
Shabeer Ahmad Mian 4 and Gulam Ali 5
1
2
3
4
5

*

Institute of Chemical Sciences, University of Peshawar, Peshawar 25120, Pakistan;
zainabnajaf110@yahoo.com (Z.N.); anwarulhaqalishah@uop.edu.pk (A.u.H.A.S.)
Department of Energy and Materials Engineering, Dongguk University-Seoul, Seoul 04620, Korea;
asad_qau@hotmail.com
National Center of Excellence in Physical Chemistry, University of Peshawar, Peshawar 25120, Pakistan;
salmabilal@uop.edu.pk
Department of Physics, University of Peshawar, Peshawar 25120, Pakistan; shabeerahmad@uop.edu.pk
Center for Energy Convergence Research, Korea Institute of Science and Technology (KIST),
Hwarang-ro 14-gil 5, Seongbuk-gu, Seoul 02792, Korea; Ali@kist.re.kr
Correspondence: gul_rahman47@uop.edu.pk; Tel.: +92-91-911-6652

Received: 13 October 2018; Accepted: 27 December 2018; Published: 3 January 2019




Abstract: Carbon nanotubes (CNTs) are known as nano-architectured allotropes of carbon, having
graphene sheets that are wrapped forming a cylindrical shape. Rolling of graphene sheets in different
ways makes CNTs either metals or narrow-band semiconductors. Over the years, researchers have
devoted much attention to understanding the intriguing properties CNTs. They exhibit some unusual
properties like a high degree of stiffness, a large length-to-diameter ratio, and exceptional resilience,
and for this reason, they are used in a variety of applications. These properties can be manipulated by
controlling the diameter, chirality, wall nature, and length of CNTs which are in turn, synthesis
procedure-dependent. In this review article, various synthesis methods for the production of
CNTs are thoroughly elaborated. Several characterization methods are also described in the paper.
The applications of CNTs in various technologically important fields are discussed in detail. Finally,
future prospects of CNTs are outlined in view of their commercial applications.
Keywords: carbon nanotubes; synthesis routes; biomedical applications; energy storage and
conversion; electronic devices

1. Introduction
Carbon is an astonishing element, not only due to the reason that it is the element necessary
for all life processes, but also because of the fact that it can occur in various allotropic forms [1].
Conventionally, carbon materials consist of graphite blocks, the category under which activated
carbons, carbon blacks, and diamonds are present. The recently developed materials of carbon
include nanotextured and nanosized carbons. Nanotextured carbons cover a large variety of carbon
structures, from carbon fibers, pyrolytic carbons, or glass-like carbons, to diamond-like carbon
materials. The nanosized carbons (or nanocarbons) comprise fullerenes, graphene and CNT [2].
Extraordinary importance is given to graphene and CNTs, as they play a vital role in current
advances based on nanomaterials, including conductive and high-strength composites [3], artificial
implants [4], drug delivery systems [5], sensors [6], energy conversion and storage devices [7],
radiation sources [8] and field emission displays [9], hydrogen storage media [10] and nanometer-sized
semiconductor devices [11], probes [12], and interconnects [13]. Radushkevish and Lukyanovich
first detected and described CNTs in 1952 [14], and later, the SWCNTs were observed by Oberin
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Table 1. Comparison between SWCNTs and MWCNTs [23].
SWNT

MWNT
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Synthesis requires catalyst

No catalyst is required

Difficult bulk synthesis due to the requirement of
appropriate growth and atmospheric condition.

Easy bulk synthesis

Poor purity

High purity

Greater chances of defects during functionalization

Lesser defect chances but when this
occurs, it is hard to recover

Aggregation
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Easy assessment and characterization

Structure is complicated

More pliable and easily twisted

Twisting is not easy
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2.2. Laser Ablation Method
2.2. Laser Ablation Method
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mechanisms; however, they are different by the input energy sources. In the laser ablation method,
the required energy is provided by a laser. Figure 6 shows the schematic structure of an experimental
setup. A tube made up of a quartz‐containing graphite block is heated in a furnace at 1200 °C, using

C 2019, 5, 3

5 of 31

the
required
is provided by a laser. Figure 6 shows the schematic structure of an experimental
C 2019,
5, x FORenergy
PEER REVIEW
5 of 31
setup. A tube made up of a quartz-containing graphite block is heated in a furnace at 1200 ◦ C, using a
a high‐power
laser
thepresence
presenceofofmetal
metalparticles
particlesasascatalysts
catalysts[25].
[25].AAstream
streamof
ofargon
argon is
is maintained
maintained
high-power
laser
inin
the
during the
the course
course of
of the
the reaction.
reaction. The
The graphite
graphite within
within the
the quartz
quartz is
is vaporized
vaporized by
by a laser.
laser. Argon
Argon carries
carries
during
awaythe
thevaporized
vaporized
carbon,
which
condenses
downstream
onto
the walls
coolerof walls
of theSWCNTs
quartz.
away
carbon,
which
condenses
downstream
onto the
cooler
the quartz.
SWCNTs
andparticles
metallicare
particles
present
in this condensation.
to studies,
the laser
and
metallic
presentare
in this
condensation.
According According
to studies, the
laser power
can
power canthe
influence
theof
diameter
of the
CNTs.
The diameter
of the
tube becomes
as thepulse
laser
influence
diameter
the CNTs.
The
diameter
of the tube
becomes
thinnerthinner
as the laser
pulse power
is increased
[30]. Other
studies
reported
that ultrafast
pluses
of great
potential,
power
is increased
[30]. Other
studies
reported
that ultrafast
laser laser
pluses
are ofare
great
potential,
and
andcapable
are capable
to produce
larger
quantities
of SWCNTs
[31].
TheSWCNTs
SWCNTsproduced
producedby
bythis
thismethod
method
are
to produce
larger
quantities
of SWCNTs
[31].
The
are of
of high
high purity
purity and
and quality.
quality. The
The position
position where
where the
the carbon
carbon atom
atom starts
starts to
to condense
condense should
should be
be set
set
are
up as
as aa curved
curved sheet
sheet of
of graphene
graphene with
with aa metal
metal catalyst
catalyst atom
atom nearby
nearby for
for the
the proper
proper fabrication
fabrication of
of the
the
up
condensed nanotubes.
nanotubes. When
rings, the
the proper
proper
condensed
When carbon
carbon atoms
atoms begin
begin to assign for the formation of rings,
electronegative properties of the
the metallic
metallic atom
atom prevent
prevent the
the open
open edge
edge from
from closing
closing [25].
[25]. The
The main
main
electronegative
advantages of this
this technique
technique include relatively low metallic impurities, and a relatively high yield,
advantages
due to the vaporization
atoms
from
thethe
end
of the
tube,
onceonce
it is it
closed.
The
due
vaporizationtendency
tendencyofofthe
themetallic
metallic
atoms
from
end
of the
tube,
is closed.
key
drawback
of
this
technique
is
that
the
synthesized
nanotubes
may
not
be
regularly
straight,
and
The key drawback of this technique is that the synthesized nanotubes may not be regularly straight,
havehave
somesome
degree
of branching.
Furthermore,
this procedure
involves
graphite
rods ofrods
highof
purity,
and
degree
of branching.
Furthermore,
this procedure
involves
graphite
high
and requires
high powers
of lasers,
and the
amount
of CNTs
produced
are not
great
as inasthe
purity,
and requires
high powers
of lasers,
and
the amount
of CNTs
produced
areas
not
as great
in arc‐
the
discharge technique.
arc-discharge
technique.

Figure
Figure 6.
6. Schematic structure
structure showing
showing the
the laser
laser ablation
ablation method.
method.

2.3. Chemical Vapor Deposition (CVD)
2.3. Chemical Vapor Deposition (CVD)
CNTs can be grown on a variety of materials by the CVD approach, and this makes it more
CNTs can be grown on a variety of materials by the CVD approach, and this makes it more
viable to participate in ongoing processes for manufacturing electronics. This method can be
viable to participate in ongoing processes for manufacturing electronics. This method can be further
further classified into various types, including CCVD (catalytic chemical vapor deposition) [32],
classified into various types, including CCVD (catalytic chemical vapor deposition) [32], PE‐CVD
PE-CVD (plasma-enhanced chemical vapor deposition) [33], microwave plasma (MPECVD) [34] and
(plasma‐enhanced chemical vapor deposition) [33], microwave plasma (MPECVD) [34] and oxygen‐
oxygen-assisted CVD. The experiment is mostly performed at atmospheric pressure in a flow furnace.
assisted CVD. The experiment is mostly performed at atmospheric pressure in a flow furnace. The
The modality of the furnace is of two types. In one type, there is a horizontal configuration, and
modality of the furnace is of two types. In one type, there is a horizontal configuration, and in another,
in another, there is a vertical configuration. The application of the horizontal furnace is dominant.
there is a vertical configuration. The application of the horizontal furnace is dominant. The catalyst
The catalyst here is implanted in a quartz or ceramic boat, which is planted into a quartz tube.
here is implanted in a quartz or ceramic boat, which is planted into a quartz tube. The reaction
The reaction mixture consists of an inert hydrocarbon, and a source of hydrocarbon. This mixture
mixture consists of an inert hydrocarbon, and a source of hydrocarbon. This mixture is passed
is passed through a catalyst bed at temperatures in a range of 500 ◦ C to 1100 ◦ C. Afterwards, the
through a catalyst bed at temperatures in a range of 500 °C to 1100 °C. Afterwards, the temperature
temperature of the system is cooled to room temperature. The vertical configuration of the furnace
of the system is cooled to room temperature. The vertical configuration of the furnace is typically
is typically implemented in the sustained mass production of carbon nanotubes/fibers. The carbon
implemented in the sustained mass production of carbon nanotubes/fibers. The carbon source and
source and catalyst, are both introduced at the topmost part of the furnace. The resultant filaments
catalyst, are both introduced at the topmost part of the furnace. The resultant filaments build up
build up throughout the flight, and then are accumulated at the lower portion of the chamber. Ultrafine
throughout the flight, and then are accumulated at the lower portion of the chamber. Ultrafine metal
metal catalyst particles are inaugurated either directly to the reactor, or are manufactured in situ,
catalyst particles are inaugurated either directly to the reactor, or are manufactured in situ, utilizing
precursors like metallocenes [35,36]. The typical growth mechanism of nanotubes in the process of
CVD includes the catalyzed dissociation of hydrocarbon molecules by the transition metal and
saturation of carbon atoms in the metal nanoparticle. The metal particle precipitates out carbon,
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utilizing precursors like metallocenes [35,36]. The typical growth mechanism of nanotubes in the
process of CVD includes the catalyzed dissociation of hydrocarbon molecules by the transition metal
and saturation of carbon atoms in the metal nanoparticle. The metal particle precipitates out carbon,
which leads to the generation of tubular carbon solids with sp2 structure. The characteristics of
CNTs manufactured by the CVD technique is dependent on the working conditions, for instance, the
operation pressure, temperature, hydrocarbon concentration, the nature of the support, and the kind
and the time of reaction [37]. The diameter of the nanotube can be controlled by altering the active
particles on the catalyst surface. The time of the reaction is responsible for the length of the tubes;
even long tubes of up to 60 mm can be produced [38]. Commonly used metal catalysts are Ni, Co, Fe,
or their combinations, as Ni-Y, Fe-Ni, Co-Ni, etc. [25,39,40] while regarding the carbon source, the most
favored in CVD are hydrocarbons like methane, acetylene, ethane, ethylene, xylene, or eventually their
mixture, ethanol, or isobutane. The SWCNTs, with diameters of approximately 3.23 nm, have been
effectively synthesized by Yang et al., via the catalytic decomposition of a hydrocarbon with helium
and hydrogen as the carrier gases [41,42]. Zhang et al., synthesized MWCNTs with diameter of
40–60 nm by the catalytic decomposition of methane at a temperature of about 680 ◦ C for 120 min,
using catalyst nickel oxide–silica binary aerogels [43]. This process enables the selective growth of
CNT in many forms, e.g., powder [44] and the aligned forest of the CNTs [45,46]. The tubes that are
produced can acquire several shapes, i.e., they can be made straight, helix, planar-spiral, or curved,
often with striking constant pitch. This technique is advantageous because the purity and yield is very
high, the alignment of the CNTs is regular, and the reaction course is easy to control [47].
2.4. Flame Synthesis Method
Flames offer the potential for the fabrication of CNTs in large amounts at considerably lower
cost, as compared to the existing methods. It is capable of producing nanotubes of carbon on required
surfaces, and specifically in a controllable way. There are three essential constituents that are necessary
for the production of CNTs. These are: metallic catalyst particles, a heat source, and a source of carbon.
The catalytic precursors, in the flame synthesis method are usually introduced into the flame system,
where they undergo nucleation and finally condense into solid spherical metallic nanoparticles. Flame
parameters can also be applied to obtain suitable flame conditions, which would enable the fabrication
of ideal sizes of catalyst particles for the growth and inception of CNTs. The catalyst properties and
alteration of the flame parameters can remarkably influence the heat and carbon source, the activation
and deactivation of catalyst particles, and the formation of catalysts, as well as the morphology of
the final synthesized products [48]. As a consequence, several flame patterns, including premixed,
partially premixed, and inverse diffusion flames, have been used for the production of CNTs and
nanofibers [49,50]. For the fabrication of MWCNTs, Yuan et al. [51,52] assessed the effects of fuel type,
type of catalytic support, residence time, and its delivery method by using a laminar co-flow diffusion
flame. Experiments carried out by Lee et al. [53] revealed that the temperature of the flame play a vital
role in the fabrication and alignment of CNTs. Similarly, the formation of SWCNTs in a controlled flame
environment can be carried out, using hydrocarbon fuels and small aerosols of metal catalysts [54,55].
The flame-assisted fabrication of SWCNTs is difficult, as it involves the introduction of the catalyst
in the gaseous phase, to obtain the ultra-small catalyst particles that ideal for the inception CNTs.
SWCNTs have been detected in the post-flame region of a premixed acetylene/oxygen/argon flame
operated at 50 Torr (6.7 kPa), using the vapor of iron pentacarbonyl as a source of metallic catalyst,
Nanotubes are observed to combine and form masses of between 40 and 70 mm, above the burner
(~30 milliseconds) [56].
2.5. Saline Solution Method
Using a saline solution method for the production of CNTs, a stainless steel mesh or carbon paper
is used as a substrate, which is submerged in a saline solution of a metal catalyst, preferably Co:Ni,
in a 1:1 ratio, and a carbon containing a gas source such as ethylene is passed through the substrate.
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An electrical current is applied for heating the substrate. As a result, a reaction takes place between the
gas and catalyst, to yield CNTs supported on the conductive substrate [57].
2.6. Spray Pyrolysis Method
Spray pyrolysis is a favorable technique for the production of CNTs on different surfaces.
This method is a modified form of the CVD method. Using spray pyrolysis (or injection CVD) technique,
high purity MWCNTs can be obtained by using different aromatic and aliphatic hydrocarbons and
ferrocene as a catalyst precursor [57]. In this technique, the system is well sealed to prevent leaking.
The system uses a thermolyne single zone split tube furnace with a quartz tube. A vacuum tight
assembly is built for the solution. Samples are placed on a quartz or stainless steel boat, which
is about nine inches from the center of the tube furnace. Pure argon is introduced in the quartz
tube reactor. The furnace is heated in the presence of argon flow (50 sccm). When the injector
head reaches 170 ◦ C, the argon flow rate is increased to 100 sccm, and the mixture of ferrocene
dissolved in xylene is rapidly injected until the solution reaches the injector head. This results in
the production of black CNTs powder, which are collected [58]. The product is washed with HNO3
(40 wt. %) to remove the catalyst particles and amorphous carbon [59]. The key advantage of this
technique over other CVD methods is that the catalyst precursor and the liquid hydrocarbons, can be
introduced continuously into the reaction zone; hence, making the production of MWCNTs cheaper
and semicontinuous [60]. Additionally, it offers the injection of liquid additives into the reaction cavity
in an easy and controlled way.
3. Characterization Techniques for CNTs
3.1. Raman Spectroscopy
The Raman experiment is a quick, simple, non-invasive, and non-destructive characterization
technique. It can be carried out at room temperature and pressure, and the instrumentation is mostly
accessible to a wide range of user communities [61]. This technique is extremely sensitive for examining
the changes in the nanotubes properties synthesized using various procedures and conditions.
The Raman signal intensity for the sample increases with the incident laser power, providing detailed
and precise electronic and structural characterization [62]. There are two principal Raman features
comprising the low frequency radial breathing mode (RBM) and multi-feature tangential (G band),
found at relatively greater frequencies. Some other weak features observed are the iTOLA band
(optical and acoustic modes combination), D band (disorder induced), and the M band (an overtone
mode). The intermediate frequency modes (IFM) are detected in the Raman spectrum by increasing
the background intensity. These modes are observed in between the RBM and G-band features [63].
The diameter of the nanotube (dt) can be studied by using the RBM. The Raman feature (RBM) relates
to the C atom vibration in the radial direction, and the tube seems to be “breathing”. These features are
distinctive to CNTs. Therefore, RBM frequencies are advantageous for detecting whether a particular
carbon material comprises of SWCNTs or MWCNTs. The diameter of CNTs can be determined in the
presence of RBM modes, using the relation:
RBM = A/dt + B,
where the A and B are the parameters determined experimentally [64,65]. Furthermore, the electronic
structure can be examined by using the resonance Raman intensity (IRBM ). The electronic states
available for the optical transitions mainly influences the IRBM [66]. In most graphitic materials,
the G-band usually seems as a single peak, but sometimes (at the distinct nanotube level), two-peak
structures appear, for both semiconducting [67] and metallic [68] nanotubes. The doublet G-band
structure detected in 3D graphitic materials is ascribed to the interlayer coupling [69], while this
phenomena does not appear in the case of SWCNTs. Moreover, variations in the D- and G-band can be
used to investigate and display structural changes in the sidewalls of the nanotube that arise, due to
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the addition of different chemical species and the introduction of defects. In addition, overtones and
the combination modes above the G-band frequency are rare, due to dispersion effects that make these
features broad and too weak to pick out from the noisy background. However, such combination
modes and overtones are clearly observed in SWCNTs, due to double resonance phenomena and the
occurrence of van Hove singularities [66].
3.2. Transmission Electron Microscopy
Transmission electron microscopy (TEM) is used to study thin specimens, by the generation of a
projection image through the passage of electrons. TEM is similar to the conventional (compound)
light microscope in many ways [70]. TEM images can be used to measure the diameters of one CNT,
as well as CNT bundles. The smallest diameter of SWCNT bundles is approximately 4 nm, and all
of the DWCNTs show diameters of greater than 2.5 nm. High-magnification TEM images also allow
statistical measurements of the spacing between fringes in several bundles [71].
3.3. Atomic Force Microscopy
The atomic force microscopy (AFM) is the most extensively used characterization technique amongst
the present microscopy techniques. The extensive use of the AFM is ascribed to three-dimensional sample
topography with atomic resolution within a short time, for a comparatively low cost [72]. Additionally,
essential information related to the structural investigation of the surface is covered by the AFM
data. This technique also gives us information about the length of the nanotubes, and an approximate
valuation of the diameter of the bundles [71].
4. Shapes of CNTs
Various morphologies of CNTs have been synthesized and observed, which include waved,
straight, coiled, branched, beaded, and regularly bent structures. Substrates of porous silicon are also
used to produce MWCNTs that are grown perpendicular to the substrate [46], giving them a straight
structure (Figure 7). Millimeter-high SWCNT arrays were first effectively fabricated by Hata et al. [73]
via water-assisted CVD but the most effective method is direct growth by using a catalytic CVD
method, with the intervention of external forces [74,75]. These forces can be produced by an electric
field [76], gas flow [77,78] or surface interactions of the substrate [59,79]. Well-arranged horizontal CNT
arrays on appropriate substrates are greatly preferred in field-effect transistors [80], light emitters [81],
and logic circuits [82]. Moreover, the proper combination of the external forces is an approach to
synthesize regularly bent CNTs, which are produced via a DC plasma-enhanced CVD method [83].
Changing the direction of electric field lines causes the regular bending of CNTs. These CNTs are
suggested for applications comprising high-resolution AFM tips, mechanical nano-spring devices,
and nano-circuit interconnections in devices [84]. In the absence of an external force, a single nanotube
may bend during growth, giving rise to waved CNTs (Figure 8). This bending, in principle, can arise
from a topological pentagon–heptagon defect pair, or the internal mechanical deformation under slight
bending stress, which can be caused, due to the nanotube’s own weight, inadequate growing space,
or interaction with the surrounding nanotubes [85,86].
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Figure 10. (a) TEM image of a MWNT with many beads; (c) TEM image of a small, elongated bead on
MWCNT of 15 layers; (b,d) High‐resolution TEM images of the beads. Reproduced with permission
from [100]. Copyright AAAS, 2005.
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5. Applications of CNTs
Applications of CNTs could take along many environmental and health benefits, owing to
their superior performance. CNTs have outstanding electronic [105], optical [106], thermal [107],
chemical, and mechanical characteristics [108,109]. The best known thermal conductor prior to
CNT was diamond. But the thermal conductivity of CNTs is at least twice that of diamond [110].
The extraordinary mechanical strength of the CNTs is due the sp2 carbon-carbon bonding [111].
The nanotubes exhibiting a high mechanical strength with a Young’s modulus value of 1000
GPa, (approximately five times higher than that of steel), are considered the best for a variety of
applications [112]. CNTs can have a breaking strain or tensile strength of approximately 63 GPa,
which is about 50 times greater, compared to that of the steel [113]. CNTs have extraordinary electrical
properties, due to their peculiar electronic structure and the 1D character of graphite. Their electrical
resistance is extremely low, because resistance occurs when an electron in the crystal structure collides
with some defect in the material through which it is passing, but electrons are not easily scattered
in CNTs [114]. The construction of nanoscale electronic devices from nanotubes is of great interest,
and some advancement is being made in this area. However, for the construction of a useful device,
thousands of nanotubes are needed to be arranged in a defined pattern. Carbon nanotubes, due to their
incredible properties, find applications in many fields. However, nanoparticles tend to agglomerate in
base fluids, due to their hydrophobic nature and strong Van der Waals inter-particle interactions, which
is a major technical barrier [115]. The most important challenge is the high dispersion and stability of
CNTs in aqueous media [116]. Different properties like absorption, viscosity, and thermal conductivity
are affected by the stability of CNT [117,118]. To overcome this problem, the functionalization of CNTs
is usually carried out [119]. By this way, it is possible to disperse the CNTs in water, which opens the
route for their easy processing in physiological environments [26]. In vitro studies have indicated that
the intrinsic toxicity of SWCNT, functionalized by phenyl–SO3 H or phenyl–(COOH)2 groups by a
covalent method decreases the cytotoxic effects [120]. Some of the applications of CNTs are revised in
this section.
5.1. Energy Storage and Conversion
Due to the increasing global energy demand, nature is being relentlessly investigated by humans
to make use of existing resources of energy. Whether renewable or non-renewable, nearly all of the
promising substitutes are examined and utilized [121]. There is a great demand of cost-effective and
reliable technologies for a sustainable production and the storage of electrical energy for various
applications, including transport and portable devices [122]. Solar energy is thought to be the solution
for the increasing energy demand, as it is an abundant and sustainable source of energy [123]. Generally,
solar energy can be harvested as solar electric conversion and solar thermal conversion [124]. However,
the main limitation of solar collectors is the low efficiency of thermal conversion. Carbon nanofluids
are extensively used in the solar thermal conversion, due to their excellent performance as a solar
absorber and a heat transfer fluid [125]. It has been shown that the performance of potassium
persulfate-treated MWCNTs in therminol55 (K–MWCNTs–TH55) dropped at a considerably higher
temperature, as compared to the untreated TH55, which suggests that K–MWCNTs–TH55 absorb
sunlight more efficiently than TH55. Recently, stable CNT fluids have attracted the attention for
use in direct absorption solar collectors (DASCs) [24]. In solar thermal conversion systems, the
nanofluids have outstanding potential as heat transfer fluids [126]. The modification of MWCNTs
by β-cyclodextrin results in the stable CNT fluid, which enhances the solar absorptivity and thermal
conductivity [126]. Similar properties can be achieved by synthesizing partially unzipped multi walled
carbon nanotubes (PUMWCNTs) via modified Hammers method, which gives 1D MWCNTs and 2D
graphene nanoribbon hybrids having no agglomeration [123].
Photovoltaic cells (PVCs) based on carbon have attracted scientists’ interest. CNTs are considered
to be p-type semiconductors, with an extraordinary mobility [127]. The combination of CNTs with
electron donors shows that a new idea to utilize solar energy, and to transform it into electrical
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energy [128]. The introduction of CNTs such as C60 into the conjugated polymers is used for the
production of organic photovoltaic devices [129]. Recently, double-walled CNT (DWCNT)/n-Si
heterojunction-based solar cells have been designed, because of the extremely conductive and
transparent nature of DWCNT films [130,131]. Apart from silicon, the heterojunction of CNTs with
n-type gallium arsenide (n-GaAs) have also been developed [132]. The resulting efficiency is up to 3.8%,
with the illumination of a green laser or desk lamp. The above outcomes indicate that carbon-on-Si is a
considerable pattern for producing solar cells with outstanding conversion efficiency.
CNTs also play a vital role in ultracapacitors or electrochemical double-layer capacitors (EDLCs),
which are devices for energy storage based on the principle of the double layer effect [133].
The ultracapacitors with electrodes, composed of CNTs with vertical alignment has an enhanced
power density of almost four times greater than batteries, a lifespan more than 300,000 cycles, and
an energy density of approximately 60 W/kg [103]. The substantial improvement in the DLC power
density arises from the extraordinary conductivity, and surface area obtained from CNTs [109].
Owing to their promising electrochemical properties, CNTs have been getting remarkable
consideration as a candidate electrode material for batteries. The synthesis of SnO–CNT composites
provides excellent anode material for the technologically appreciated lithium ion batteries (LIBs) [134].
The fabrication of high-performance electrodes for LIBs can be designed by the combination of CNTs
with Si nanoparticles [135,136]. The best flexible anode structure, comprising of Si-coated CNTs
requires some structural features, i.e., (a) no binder; (b) no current collector; (c) flat film with low
density; (d) CNTs with appropriate porosity for uniform silicon coating; and (e) an aligned CNT
structure to cushion the volumetric expansion of Si during cycling. These problems have directed the
scientists towards the fabrication of different electrode structures.
Figure 11 indicates that silicon (Si) electrode shows poor cycling performance after 40 cycles
(100 mAh g−1 ) (first cycle reversible capacity of 2780 mAh g−1 ). The carbon coated Si (Si@C) reveals
significantly enhanced cycling stability. This stability is due to the homogenous layer of carbon on
the Si nanoparticles that controls the volumetric changes and enhances the conductivity, resulting in
capacity retention of 48% after 40 cycles. For carbon-coated Si-CNT composite (Si@C-CNTs), a slight
improvement of reversible capacity is detected during the first five cycles and subsequently began
declining. Among all of the three anodes, the Si@C–CNTs anode demonstrates the highest cycling
stability, with a 70% capacity retention after 40 cycles [137].
CNTs have gained recent attention for their use in microbial fuel cells (MFC), due to their excellent
and unique intrinsic properties, such as corrosion resistance, good electrochemical stability, and high
conductivity [138].
We can consider a MFC as a bioelectrochemical device that convert biomass into electricity and
harvests electricity generated by the oxidation of the substrate during the anaerobic respiration of a
particular bacterial species. The anaerobic respiration and oxidation of substrate takes place in the
anodic chamber. Therefore, the type of anode material is very important in determining the efficiency
and power output of MFC. An increasing preference has been seen in using CNTs for the reduction in
the external resistance of MFCs. The CNTs are considered as beneficial for increasing the efficiency of
nutrient–proton–oxygen transfer through the biofilm. Moreover, the CNT-based anodes are reported
to lower cellular toxicity and kinetic losses [139]. Ren et al. [140] analyzed three different CNT-based
electrode materials, called randomly aligned (raCNT), vertically aligned (vaCNT), and spin-spray
layer-by-layer (SSLBL) CNTs. CNT materials with a surface area-to-volume ratio of about 4000 m−1 are
preferred. It was demonstrated that, in comparison with bare gold, CNT-based materials were able to
attract more exoelectrogens and Geobacter species. This consequently leads to the formation of a denser
biofilm with an extreme power production density of 3320 W m−3 , which is 8.5 times higher than
attained using 2D-electrode systems. Moreover, carbon nanotube-textile (CNT-textile) has also been
used for the growth of MFCs, with enhanced activity [138,141,142]. This biocompatible CNT-textile is
highly conductive, and its 3D structure helps in the formation of a biofilm that is 10 times thicker than
with an unmodified textile. It also eases the transport of the substrate to the biofilm, and an interior
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settlement of a different groups of microbial community. It has been reported that the CNT–textile
anode has 10 times less charge transfer resistance (Rct), and 157% higher current density. A 141%
energy recovery and 68% power density were also achieved [143].
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Figure 12. SEM micrographs of composite anode materials (a) CNT‐textile (b) CNT‐sponge (c) Picture
of a CNT‐sponge electrode. Image (a): Reproduced with permission from [142]. Copyright ACS, 2011.
Image (b) and (c): Reproduced with permission from [143]. Copyright RSC, 2012.
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5.2. Water Treatment
CNTs, as compared to activated carbon, have a high ratio of surface active sites to volume, and an
organized distribution of pore size, due to which they have excellent sorption ability. The nature
of the sorbate and the functional groups on the surface also influence the adsorption capacity of
CNTs. All living organisms need clean water to nourish life. Different heavy metals can be removed
from water by using CNTs as adsorbents, and they can be used extensively for water treatment
applications. Mercury is a non-essential trace metal, and it is very toxic to all living organisms.
CNT-based ultrasensitive sensors are used for the detection of mercury in water [147]. It can be
removed by adsorption, using COO− functionalized CNTs [148]. Similarly, the use of CNTs with two
different morphologies in mullite pore channels act as a unique adsorptive membrane for the removal
of nickel ions from water [149].
Moreover, functionalized CNTs have the capability to absorb Mn(VII) on their surface from water,
by dispersing in it for a little time [150]. Table 2 shows heavy metal adsorption onto various types
of CNTs.
Table 2. Adsorption of heavy metal ions onto different types of CNTs.
Adsorbents

Metal Ions

Adsorption Capacity (mg g−1 )

Reference

CNTs
CNTs (HNO3 )
MWCNTs
MWCNTs (HNO3 )
CNT–OH
CNT–COO−
CNT–CONH
CNT–COO−

Pb2+

17.44 (pH 7.0)
49.95 (pH 7.0)
7.53 (pH 7.0)
97.08 (pH 5.0)
1.342
3.325
1.658
3.300

[151]
[152]
[153]
[154]
[148]
[148]
[148]
[148]

Pb2+
Ni2+
Pb2+
Cu2+
Cd2+
Hg2+
Hg2+

Besides the removal of toxic metals, CNTs also play a vital role in the removal of various organic
pollutants, in the process of water treatment. Many organic dyes, even in low concentration in water,
are very toxic and carcinogenic in nature. Research interest is focused on using different adsorbents
for treating organic dyes before introducing them into the environment. Due to the large surface area
and extraordinary properties of CNTs, they are considered an excellent adsorbent for the treatment
of organic dyes [155]. Wu evaluated the CNTs performance for Procion Red MX-5B dye adsorption,
present in different industrial wastes [156]. Similarly, COOH-functionalized MWCNTs have great
adsorption ability, which is mostly based on high surface area, adequate pore structure, and the
existence of a broad spectrum of surface functional groups. These numerous chemical sorption sites
on functionalized CNTs improve the attraction for metal ions, and also for dyes [157].
Furthermore, the nanostructured material synthesized by MWCNTs-supported palladium (Pd)
nanocubes is used to remove methyl orange (MO) [158]. The nanocubes can be synthesized in two
ways (i) by reducing H2 PdC14 (ii) by a non-covalent method that involves the use of a surfactant for
carbon nanotubes functionalization. The performance of MWCNTs/Pd nanomaterial is estimated
by the discoloration of a MO aqueous solution at various intervals of time. Figure 13 shows the
UV-vis spectra of MO, with a peak of maximum absorption at 463 nm, which is slowly decreasing,
and finally nearly disappears, showing the removal of MO. MWCNTs result in decontamination,
by adsorbing organic dyes on its surface, which can be catalyzed by Pd nanocubes, by which the
MWCNTs/Pd-based nanostructured material has enhanced decontamination efficiency instead of
untreated MWCNTs. However, Pd nanocubes alone neither adsorb nor decompose the contaminants,
to enhance decontamination efficiency [158]. Some other organic toxins other than dyes, are drugs,
phenols, aromatic amines, insecticides, and other poisonous organics. They have shown adverse effects
on the environment, mostly onto the water sources. Many research groups have used CNTs to remove
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various organic toxins from water, and have investigated their performances, which is summarized in
Table
C 2019,3.
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Figure 13.
Elsevier, 2016.
2016.
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Type
TypeofofCNTs
CNTs
Alkali-activated
Alkali‐activatedMWCNTs
MWCNTs
Untreated
UntreatedMWCNTs
MWCNTs
Untreated
UntreatedSWCNTs
SWCNTs
Calcium
Calciumalginate/MWCNTs
alginate/MWCNTs
Carboxylated
multiwalled carbon nanotubes
Carboxylated multiwalled carbon nanotubes
Single-, double-, and multiwalled
Single‐, double‐, and multiwalled carbon
carbon nanotubes
nanotubes
Pristine and hydroxylated
MWCNTs
Pristine and hydroxylated MWCNTs

Adsorption
Adsorption
Capacity
(mg
g−g1−1) )
Capacity
(mg
Methylene
blue
399
Methylene
blue
399
Methylene
blue
59.7
Methylene
blue
59.7
Dissolved
organic
matter
(DOM)
26.1–20.8
Dissolved
organic
matter
(DOM)
26.1–20.8
Methyl
orange
12.5
Methyl
orange
12.5
Norfloxacin
90.3
Norfloxacin
90.3
Ciprofloxacin
933.8, 901.2, 651.4
Ciprofloxacin
933.8, 901.2, 651.4
Sulfamethazine
24.78, 13.31
Sulfamethazine
24.78, 13.31
Organic
Pollutants
Organic
Pollutants

Reference
Reference
[159]
[159]
[160]
[160]
[161]
[161]
[162]
[162]
[163]
[163]
[164]
[164]
[165]
[165]

CNTs
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5.3. Biomedical Applications
5.3. Biomedical Applications
Applications of nanotubes cover various fields such as nanotechnology, medication,
Applications of nanotubes cover various fields such as nanotechnology, medication,
industrialization, electronics, and so on. There are some barriers such as the functionalization, toxicity,
industrialization, electronics, and so on. There are some barriers such as the functionalization,
and pharmacology of CNTs, which must be overcome before using CNTs in biological and biomedical
toxicity, and pharmacology of CNTs, which must be overcome before using CNTs in biological and
environments [25]. Sensors fabrication is one of the most significant applications of functionalized
biomedical environments [25]. Sensors fabrication is one of the most significant applications of
CNTs. The DNA sequences in the body can be detected by CNT-based nanobiosensors [167].
functionalized CNTs. The DNA sequences in the body can be detected by CNT‐based nanobiosensors
CNT-based pressure sensors can be used in eye surgeries, kidney dialysis machines, respiratory devices,
[167]. CNT‐based pressure sensors can be used in eye surgeries, kidney dialysis machines, respiratory
and hospital beds [168,169]. Furthermore, MWCNTs modified by nitric acid-sulfuric acid treatment
devices, and hospital beds [168,169]. Furthermore, MWCNTs modified by nitric acid‐sulfuric acid
dispersed in polyvinylpyrrolidone (PVP) are used for the preparation of electroconductive electrodes
treatment dispersed in polyvinylpyrrolidone (PVP) are used for the preparation of electroconductive
on polyvinylidene fluoride (PVDF) filters for sensing and taping electrocardiograms [170]. A literature
electrodes on polyvinylidene fluoride (PVDF) filters for sensing and taping electrocardiograms [170].
study indicates that CNTs can function as actuators, and that these CNT-based actuators can perform
A literature study indicates that CNTs can function◦ as actuators, and that these CNT‐based actuators
at low voltages and high temperatures up to 350 C, and in a physiological environment [171,172].
can perform at low voltages and high temperatures up to 350 °C, and in a physiological environment
The polymer composites based on CNTs, due to their strength, stiffness, and relatively low operating
[171,172]. The polymer composites based on CNTs, due to their strength, stiffness, and relatively low
voltage, can be used as artificial muscle devices [173]. There is an expansion and contraction in the
operating voltage, can be used as artificial muscle devices [173]. There is an expansion and
CNT mats when they are operated in an electrochemical cell as assembled electrodes. By applying
contraction in the CNT mats when they are operated in an electrochemical cell as assembled
the electric potential, the charging of electrodes occurs, and due to the introduction of the electronic
electrodes. By applying the electric potential, the charging of electrodes occurs, and due to the
charge, the length of the CNT changes linearly. This linear change in the length is due to the charge
introduction of the electronic charge, the length of the CNT changes linearly. This linear change in
rearrangement in the double layer outside the tube [174]. CNTs play a major role in the identification
the length is due to the charge rearrangement in the double layer outside the tube [174]. CNTs play
of cancer cells [175]. As cancer is asymptomatic in its early stages, therefore, imaging methods, such as
a major role in the identification of cancer cells [175]. As cancer is asymptomatic in its early stages,
magnetic resonance imaging (MRI), cross-sectional tomographic image (CT) and X-ray do not obtain
therefore, imaging methods, such as magnetic resonance imaging (MRI), cross‐sectional tomographic
spatial determination for early-stage recognition of the disease [25]. However, good tissue penetration
image (CT) and X‐ray do not obtain spatial determination for early‐stage recognition of the disease
can be attained when functionalized SWCNTs are applied to MRI [176]. The use of CNTs can also
[25]. However, good tissue penetration can be attained when functionalized SWCNTs are applied to
be extended to implantation technology, such as artificial joints and many other implants. Usually,
MRI [176]. The use of CNTs can also be extended to implantation technology, such as artificial joints
the body faces certain complications to implants, along with post-administration pain. However,
and many other implants. Usually, the body faces certain complications to implants, along with post‐
tiny nanotubes and nanohorns interfere with some amino acids and proteins and make implants
administration pain. However, tiny nanotubes and nanohorns interfere with some amino acids and
acceptable to the body [177]. Because of the CNTs’ extraordinary tensile strength, they can function
proteins and make implants acceptable to the body [177]. Because of the CNTs’ extraordinary tensile
as an alternative to bone, and when packed with calcium, and organized into the bone structure,
strength, they can function as an alternative to bone, and when packed with calcium, and organized
can act as [178,179]. Table 4 shows some of artificial implants. In cancer cells, the overexpression of
into the bone structure, can act as [178,179]. Table 4 shows some of artificial implants. In cancer cells,
certain protein biomarkers often provide a clue to initial diagnosis, examining remedies for advanced
the overexpression of certain protein biomarkers often provide a clue to initial diagnosis, examining
disease, maintaining scrutiny following medicinal surgery, and predicting therapeutic reactions [25].
remedies for advanced disease, maintaining scrutiny following medicinal surgery, and predicting
Table 5 shows the summary of the detection of cancer biomarkers by detection systems based on CNTs.
therapeutic reactions [25]. Table 5 shows the summary of the detection of cancer biomarkers by
Due to the ultrahigh surface area of CNTs, and their needle-like structures, they find applications
detection systems based on CNTs. Due to the ultrahigh surface area of CNTs, and their needle‐like
in drug delivery and genetics, and are excellent materials for the delivery of nucleic acids, drugs,
structures, they find applications in drug delivery and genetics, and are excellent materials for the
delivery of nucleic acids, drugs, and peptides. CNTs are commonly used for carrying molecules of
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and peptides. CNTs are commonly used for carrying molecules of therapeutic importance through
biological membranes, and thus, they have widely been investigated for applications in the field of
theranostics [180]. By nature, CNTs act as antioxidants, and they are used to shield drug preparations
that are considered prone to oxidation. Due to their antioxidant character, they are used in cosmetics for
delayed aging, and as suntan lotion to avoid sunburn and skin carcinoma by preventing the oxidation
of the main constituents of skin [177].
Table 4. Applications of CNTs as artificial implants.
Type of CNT

Materials Type

Type of Cell or Tissue

Properties

Reference
[181]

Porous SWCNT

Polycarbonate
membrane

Osteoblast-like cells

Enhances lamellipoda
(cytoskeletal) extensions, and
lamellipodia extensions

SWCNTincorporated

Chitosan scaffolds

C2 C12 cells/C2
myogenic cell line

Improvement in cell growth

[182]

MWCNT

Collagen sponge
honeycomb scaffold

MC3 T3 -E1 cells, a mouse
osteoblast-like cell line

Enhances proliferation and
cellular adhesion

[183]

MWCNT

Polyurethane

Fibroblast cells

Improve cellular interactions
and the polyurethane surface

[184]

MWCNT

Alginate

Rat heart endothelial cell

Improvement in cellular
adhesion and proliferation

[185]

MWCNT

Poly(acrylic acid)

Human embryonic
stem cells

Increase cellular
differentiation toward neurons

[186]

SWCNT

Propylene fumarate

Rabbit tibia

Support the attachment of
cells and proliferation

[187]

Table 5. Examples of detection of cancer biomarkers by CNTs.
Carbon nanotube

Biomarker

Form of Cancer

Reference

Multilabel secondary
antibody-nanotube bioconjugates

Prostate-specific
antigen (PSA)

prostate cancer

[188]

Microelectrode arrays modified with single-walled
carbon nanotubes (SWNTs)

Total prostate-specific
antigen (T-PSA)

Prostate cancer

[188]

Multiwalled carbon nanotubes–thionine–chitosan
(MWCNTs–THI–CHIT) nanocomposite film

Chlorpyrifos residues

Many forms

[189]

Tris(2,20 -bipyridyl)cobalt(III)
(Co(bpy)33+)–MWNTs–Nafion composite film

Carcinoma antigen-125
(CA125)

Carcinoma

[190]

Carbon nanotube field effect transistor (CNT-FET)

Prostate-specific
antigen (PSA)

Prostate cancer

[191]

Multiple enzyme layers assembled multiwall carbon
nanotubes (MWCNTs)

Alpha-fetoprotein (AFP)

Many forms

[192]

5.4. Electronic Applications
CNTs have the potential to be used in the field of electronics. Now, scientists are capable of
the enormously enhanced integration density of the device, thus attaining enhanced speed and
efficiency with promising applications in energy saving and integrated circuits. It is understood that
CNT-electronics share the potential, together with biotechnology, for the advancement of current
devices [3]. Some of their applications are given below.
5.4.1. Carbon Nanotube-Based Diodes, Field-Effect Transistors, and Logic Circuits
CNTs (SWNTs) can form perfect p–n junction diodes owing to their excellent mechanical and
electrical properties [193]. The use of CNTs instead of conventional transistors and diodes significantly
increases the current-carrying capability of the devices, while reducing the operational temperature.
SWNT diodes exhibit excellent power conversion efficiencies when illuminated, due to improved diode
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properties [194]. Non-covalent doping can tune the doping type and degree of the SWNT without
producing structure defects [195]. The diameter of SWCNT can be used to control its energy gap to
produce the p-n junction diodes with different characteristics [196]. Furthermore, the characteristics of
high intrinsic mobility (>100,000 cm2 /Vs) and up to 109 A cm−2 current-carrying capacity make SWNTs
promising for use in the high-performance diodes fabrication [197]. CNTs with a semiconducting nature
show the required properties for producing field-effect transistors and logic switches. The mutual
properties of both metallic and semiconducting types of CNTs can form special building blocks for
future electronics [198]. The key components of a classic FET which is a three terminal device are the
source (S), drain (D) and gate (G) electrodes; a channel between the source and drain; and a dielectric
(typically oxide) that separates the gate from the channel. FET via the gate voltage VG mainly controls
the device resistance or drain-source current (IDS) in the channel, and also amplify signals. The two key
parameters characterize the FET-switching behavior. One reflects the FET-magnifying ability which is
the transconductance, while the second one is sub-threshold swing (SS) that calculates the FET speed
at which it can be switched to an on-current or on-state from an off-current or off-state. In general,
the FET is faster for the smaller SS [199]. SWCNT field-effect transistors (FETs) have some important
properties as compared to conventional semiconductor transistors, which make them unique and
interesting: (i) the one-dimensional CNT decreases the possibility of scattering [200]. As a result, the
devices may function with extreme speed; (ii) the conduction usually occurs on its surface where the
bonds are saturated and stable. Therefore, there is no interface passivation required in between the gate
dielectric and the nanotube channel; (iii) In an intrinsic nanotube device, the Schottky barrier at the
metal–nanotube contact is the active switching element [201]. As an alternative to conventional CMOS
(complementary metal oxide semiconductor)-based logic gates, carbon nanotube field-effect transistors
(CNFETs) in a circuit can do simple logic functions, and this results in lower power consumption and
greater stability, favoring greater gain, and allowing for easy application in integrated circuits [103,198].
5.4.2. CNT-Based Sensors
Sensors continue to have a significant impact in everyday life. Nowadays, research has been
focused on producing extremely sensitive, responsive, selective, and cost-effective sensors for various
applications. Carbon-based nanomaterials, especially CNTs, have a lot of different properties that
can be taken into consideration for designing advanced sensors, capable of decreasing the power
consumption, and reducing the weight and cost [202]. CNT-based biosensors exhibit great advantages
over the commercially available metal oxide- and silicon-based biosensors. Owing to their enhanced
surface-to-volume ratio and hollow pipe, CNT-based biosensors exhibit high sensitivities and fast
response times, and they can be used for enzyme immobilization [203], which possess enhanced
biological activity. CNTs can promote reactions involving electron transfer, similar to NADH and
hydrogen peroxide [204]. These biosensors have lower potentials for redox reactions, lower surface
fouling effects, high stabilities, and longer life times. For ultra-sensitive biosensing systems, these
properties make CNT-based biosensors the next generation of building blocks [204]. Zhigang Zhu et al.
detected glucose solution using CNT fiber-based sensing electrodes [205]. Furthermore, Fatoni and his
co-workers synthesized a chitosan–bovine serum albumin (Chi–BSA) cryogel-based stable glucose
biosensor with incorporated MWCNTs, GOD, and ferrocene (Fc) [206]. Besides, Xianwen Kan et al.
fabricated MIPs/MWNTs/GCE-based molecularly imprinted polymers glassy carbon electrodes for
the recognition and determination of dopamine [207]. In addition, the contact of CNTs or CNTs-based
composites with certain gases causes changes in their properties, and can be identified by different
techniques. As a result, theoretical evaluations of gas adsorption and gas-sensing systems based
on CNTs have been the topics of extensive research [202,208]. Hu Young Jeong et al. synthesized
polyimide-supported vertical carbon nanotubes (CNTs)/reduced graphene hybrid film-based NO2
gas sensors that can work at room temperature [209]. Sukhananazerin and his co-workers prepared
nanocomposite of polyaniline-functionalized multiwalled carbon nanotubes (PANI/MWCNTs), and
employed it as gas sensor that showed excellent ammonia (NH3 ) gas detection at a trace level [210].
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5.4.3. Field Emission
CNTs, due their high chemical stability, a sharp tip, better mechanical power, and good aspect
ratio, are appropriate to be used as field emission electron sources [211] for flat panel displays [212,213],
lamps [211], gas discharge tubes providing surge protection [214], and X-rays [215]. CNT emitters,
as compared to thermoionic ones, act as better energy savers and show steady operation, as no
preheating is required for the emission of electrons from the cathode surface [211]. Nanotubes are well
researched for their outstanding electron sources at very low fields, producing a very steady current,
and they have the ability to function at adequate vacuum. In comparison to silicon-grown CNTs,
metallic substrates like copper-grown CNTs result in decreased contact resistance. The combination
of CNTs and the metallic substrate ensure easy electron transport, while the emitters during the
process of emission withstand high currents, owing to the rigidity of these nanostructures [216].
Methods have been established to shape the films, and change the nanotubes density and their
arrangement on the substrate, so as to enhance their emission properties [103]. By the neighboring
CNTs, a high-density array of CNTs in electric field screening therefore reduces the emission current,
whereas poor emission from a low density of CNTs is due to the smaller number of emission sites
availability. Catalyst patterning has achieved selected area low-density growth of CNTs, using
nanosphere lithography (NSL) [217] electron beam lithography [218], photolithography [219], focused
ion beam lithography [220], and chemical etching [221]. Dionne et al. have investigated individual as
well as arrays of CNTs field enhancement factors [222].
5.4.4. Transparent Electrodes
Transparent conductive electrodes (TCEs), which simultaneously conduct the current and transmit
light mostly in the visible spectral range, are of great significance. These materials have been identified
since the end of the 19th century, the first example being the thin metal films that are synthesized by
sputtering and evaporation [223]. Badeker was the first scientist to examine transparent conductive
oxide (TCOs) such as CdO [224]. Optically transparent electrodes (OTEs) are important constituents
of organic-based solar cells, as well as light-emitting diodes (OLEDs). CNT-based thin sheets are
investigated as valid substituents for indium tin oxide (ITO) transparent conductors, owing to their
extra flexible nature, and they have the potential to be used in touch screens and flexible displays as a
highly transparent, conductive, and cost-effective alternative [225].
5.4.5. CNTs as Probes in Atomic Force Microscopy
Measuring the conductive properties of surfaces using atomic force microscope (AFM) techniques
has been in use for 20 years [226]. Conductive AFM (C-AFM) has been used to characterize the electrical
properties of conducting and semi-conducting samples, whilst simultaneously collecting surface
topography [227]. The conducting AFM tip is a crucial component of C-AFM, and it is the key factor in
determining the quality and resolution of the data acquired. The technology for the fabrication of AFM
probe tips is undergoing rapid evolution with the application of new nanotechnology techniques [228].
There are many different types of commercially available conducting AFM probes. Low-cost C-AFM
tips consist of a standard silicon cantilever coated with a 20–40 nm thick metal film. The metals used
include single elements like gold, or they may consist of an alloy such as platinum/iridium [229].
Unlike standard silicon AFM probes, CNTs are not brittle, and they do not wear easily. CNTs are
capable of transmitting proportionately large forces given their nanoscale dimensions. Under large
compression forces, CNTs will bend without breaking, and when the applied force is removed, the CNT
will recover its original conformation with little or no plastic deformation [228]. Due to the stiffness
and wear resistance of CNTs, they are considered to be an ideal imaging tip for atomic force microscopy
(AFM) applications [12,230].
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5.5. Buckypaper
CNT buckypapers are tangled assemblies of CNT films with 2D paper-like ropes cohesively bounded
via Van der Waals interactions [231]. Macroscopic buckypapers can reveal uncanny multi-functionalities
in aggregation with mechanical stability [232], flexibility [233], high electrochemical activity, and thermal
and electrical conductivities [234]. Buckypapers have little contact resistance and a significantly higher
conductivity than the traditional macroscopic CNT materials like CNT composites, owing to their
continuous nanotube networks [235]. Due to their open cellular structure, buckypapers possess highly
accessible surface areas, resulting in high electrochemical activity per unit mass of electrode [236].
Besides, the substantial mechanical strength of the CNT networks permits the realization of
flexible yet robust devices. Consequently, this material is used in diverse applications such as
artificial muscles [237], drug delivery [238], electrodes [239], AFM probes [229] field-emission [240],
fire shields [241], and for water purification [242]. Several techniques have been used to fabricate
buckypapers, such as the vacuum filtration method [243], the chemical vapor deposition method [244],
spin-coating techniques [245], and the Langmuir–Blodgett assembly method [246].
6. Conclusions
Carbon nanotubes have the potential to be explored further, and the progress made in the use of
CNTs in various fields can be pushed farther. The results achieved in the synthesis, functionalization,
and design of CNTs have greatly contributed to promising advancements in different areas. However,
further improvements in the synthesis methods are required to obtain CNTs for the desired applications.
For example, the catalyst size influences the CNT diameter as synthesized by CVD. Hence, further
work could be done in order to find more efficient ways to prepare exactly uniform-sized catalyst
particles, so that production of a particular diameter of SWCNTs can be attained. In addition, the cost
of CNTs is high, as compared to other nano-carbon materials. Attempts should be made to search for
new sources of carbon that are cost-effective and abundant, so that the price of CNTs can be decreased
to an appropriate level.
The constant miniaturization of electronic devices is the most energetic force of the microelectronic
industry. All over the world, the aim of scientists is to manufacture tiny devices with sizes comparable
to those of molecules or bunches of atoms. The utilization of the unusual properties of SWCNTs
could lead to electronic devices having nanometer-range sizes. Such a highly productive potential
and applications has forced scientists to investigate certain techniques to use them. One day, CNTs
will replace metal filaments in X-ray machines, which used to burn out quickly. This may improve
portable X-ray machines that can be used in ambulances, customs work, and airport security. There is
no doubt that CNTs in the near future will become indispensable not only commercially, but they will
also particularly will find applications in energy storage and conversion.
The constant miniaturization of electronic devices is the most energetic force of the microelectronic
industry. All over the world, the aim of researchers is to manufacture tiny devices of molecules or
bunch of atomic size. The utilization of the unusual properties of SWCNTs could lead to electronic
devices in the nanometer range. Such a highly productive potential and applications have forced
scientists to investigate certain techniques to use them. One day CNTs will replace metal filaments in
the X-ray machines, which are used to burn out quickly. This may improve portable X-ray machines
that can be used in ambulances, customs work, and airport security. There is no doubt that CNTs in the
near-future will become indispensable, not only commercially, but particularly will find applications
in energy storage and conversion.
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