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Preface

This book provides guidance on the synthesis and characterization of carbon nano-
tubes and includes a number of applications. The authors collaborating in this project
have summarized their experience and present advances in fields related to the
synthesis and characterization of carbon nanotubes. The book contains 14 chapters,
organized in four sections that cover important research aspects in modern tech-
nologies of carbon nanotubes. The first section consists of an introductory chapter
prepared by the editor Hosam Saleh with Martin Koller aiming to present a brief
background on the synthesis, characterization, and applications of carbon nanotubes.

The second section presents the synthesis and production of carbon nanotubes;

it comprises four chapters of the following titles: Chapter 2 “Synthesis of Carbon
Nanotubes by Catalytic Chemical Vapor Deposition, prepared by Xiaodi Wang,

K. Vinodgopal, and Gui-Ping Dai. Chapter 3, “Synthesis and Properties of Single-
Walled Carbon Nanotubes Filled with Metal Halogenides and Metallocenes,” is
presented by Marianna V. Kharlamova and Dominik Eder. Chapter 4, “Carbon
Nanotube from Unconventional Precursor-Optimization of Synthesis Parameters”
is prepared by S. Karthikeyan and V. S. Angulakshmi. Chapter 5, “Vertically Aligned
Carbon Nanotubes Production by PECVD,” is submitted by Oleg I. II'in, Marina V.
II'ina, Nikolay N. Rudyk, Alexandr A. Fedotov, and Oleg A. Ageev.

The third section presents the characterization of carbon nanotubes, which includes
six chapters conducting “Functionalized Carbon Nanotubes for Detection of
Volatile Organic Pollutant”, Chapter 6 written by Arti Rushi, Kunal Datta, Prasanta
Ghosh, Ashok Mulchandani, and Mahendra Shirsat. Chapter 7, “Behavior of X-Ray
Analysis of Carbon Nanotubes,” is by Firas H. Abdulrazzak, Ayad F. Alkaim, and
Falah H. Hussein. Chapter 8, “Conductive Effect of Increased Crystallinity of
Single-Walled Carbon Nanotubes as Field Emitter,” is by Norihiro Shimoi. Chapter
9, “Electron Transport in the Assemblies of Multi-Wall Carbon Nanotubes,” is by
Vladimir Samuilov, Jean Galibert, and Nikolaj Poklonski. Chapter 10, “Surface
Functionalization of Carbon Nanotubes for Energy Applications,” is by Mohamed
R. Berber, Inas H. Hafez, and Mohamed Y. Mustafa. Chapter 11, “Vibration
Characteristics of Single-Walled Carbon Nanotubes Based on Nonlocal Elasticity
Theory Using Wave Propagation Approach (WPA) Including Chirality,” is by
Muzamal Hussain and Muhammad Nawaz Naeem.

The fourth section describes the risk management and limitation of carbon
nanotubes, and includes three chapters discussing the “Cytotoxicity Evaluation

of Carbon Nanotubes for Biomedical and Tissue Engineering Applications”,
Chapter 12 written by Narsimha Mamidi. Chapter 13, “Quality Control and Risk
Management of Carbon Nanomaterials,” is by Khalid Parwez and Suman V. Budihal.
Chapter 14, “Advantages and Limitations of CNT-Polymer Composites in Medicine
and Dentistry,” is by Neeraja Turagam and Durga Prasad Mudrakola.

The editor wishes to express his thanks to all the participants of this book for their
valuable contributions and to Ms. Ivana Barac for her assistance in finalizing the



work. Acknowledgment also goes to the IntechOpen staff members responsible for
the completion of this book and other publications for free visible knowledge.

Hosam El-Din Mostafa Saleh
Atomic Energy Authority of Egypt,
Cairo, Egypt

Said M. El-Sheikh
Central Metallurgical Research and Development Institute,
Helwan, Egypt
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Introduction







Chapter1

Introductory Chapter: Carbon
Nanotubes

Hosam M. Saleh and Martin Koller

1. Background

As a family of rather new nanomaterials, carbon nanotubes (CNTs) are emerg-
ing since about two decades. However, their origin dates back almost 70 years ago,
when they were observed and described in 1952 for the first time by Radushkevich
and Lukyanovich; in 1976, Oberlin and colleagues described the microscopic
observation of single- or double-walled carbon nanotubes. In 1991, Iijima demon-
strated for the first time a process for preparation of multi-walled carbon nanotubes
(MWNTs); this discovery occurred rather fortuitously during testing a new method
for arc evaporation to fabricate C¢y carbon molecules. Soon later, two seminal stud-
ies by the groups of lijima and Bethune provided mechanistic descriptions of the
growth process involved in the formation of single-walled carbon nanotubes [1].
Structurally, such single-walled carbon nanotubes (SWNT) can be conceived as one
atom-thick sheets of graphite (“graphene”), which are rolled up (wrapped) to form
tubes, as illustrated in Figure 1.

Since their discovery in 1991, CNTs have experienced considerable investiga-
tive efforts, especially regarding potential smart applications. Those structures
first reported in 1991 were MWNTs with a broad range of dimensions. These were
basically distant relatives of highly defective carbon nanofibers grown via catalytic
chemical vapor deposition.

Real molecular nanotubes sensu stricto only came up when they were by chance
detected while a catalyst (Fe and Co) material was inserted in the anode during
electric-arc discharge synthesis. For the first time, it became possible to synthesize
molecular fibers exclusively based on carbon; one can imagine that the excitement
was tremendous, since many physical properties of such a fiber had already been
theoretically predicted [6].

graphene sheet

Figure 1.
Wrapping of graphene sheet to form single-walled carbon nanotubes [1].
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2. Preparation of carbon nanotubes

High temperature preparation techniques such as arc discharge or laser abla-
tion were the first techniques applied to produce CNTs [1]. In order to examine the
properties of nanotubular structures, tubes of well-defined morphology, thick-
ness, length, and a number of concentric shells are needed; however, established
carbon-arc synthesis and other established methods generate a range of differently
structured tubes [2]. Nowadays, these methods have been substituted by low
temperature chemical vapor deposition (CVD) techniques (<800°C), which offer
the possibility to fine tune orientation, alignment, length and diameter, purity and
density of CNTs in a precise way. The most frequently applied methods and some
additional non-standard techniques such as liquid pyrolysis and bottom-up organic
approaches are introduced below. Most of these techniques need auxiliary gases
and in vacuo operation, although CNT growth has been already reported also at
atmospheric pressure. However, gas-phase methods are volumetric, which makes
them suitable for diverse new applications such as development of novel composite
materials, which require high amounts of nanotubes and industrial-scale synthesis
methods in order to make their production feasible in economic terms. Yet, there
are some drawbacks when resorting to gas-phase synthesis methods, namely short
catalyst lifetime, low catalyst yields by only a low percentage of catalysts actu-
ally forming nanotubes, and low catalyst number density. Independent on which
CNT preparation method is applied, CNT production is always accompanied with
formation of certain impurities that qualitatively and quantitatively depends on
the technique applied. Most of above-mentioned methods generate powders, which
contain not only a small fraction of CNTs, but also other carbonaceous particles like
nanocrystalline graphite, amorphous carbon, fullerenes, and different heavy metals
such as Fe, Co, Mo or Ni, which were needed as catalysts for CNT synthesis. Such
contaminations negatively affect the desired properties of CNTs, and cause a seri-
ous obstacle for detailed characterization and application of CNTs. Therefore, the
development of efficient and convenient purification methods is among the most
central challenges in CNT research. Most common purification methods are based
on acid treatment of prepared CNTs.

3. Nanotube growth and characterization

Both single-walled carbon nanotubes (SWNTs) and multi-walled carbon
nanotubes (MWNTSs) have turned out as excellent electron emitters due to their
large aspect ratio, high chemical stability, and small end radius [3]. However, there
has been no successful alignment of single-wall individual or bundle nanotubes
reported. Auspiciously, growth of large arrays of well-aligned MWNTs in an area
up to the dimension of inches has been accomplished on glass, nickel, and silicon by
plasma-enhanced chemical vapor deposition (PECVD), and on silica, porous silicon,
and porous aluminum by chemical vapor deposition. Yet, the emission property of
these arrays is not acceptable, probably because of the high site density (>109/cm?),
which leads to small electrical enhancement at the tips. In this context, it has been
calculated that a site density of about 10’/cm? constitutes the adequate number for
optimal electron emission characteristics in terms of both emission site and current
density. The growth of arrays of well-aligned unconnected MWNTs with sharp tips
and controlled dimensions and site spacing has been realized by using PECVD. This
technique offers a new strategy to obtain optimal emitter density of CNTs. For
aligned MWNTs grown on a uniform Ni layer, a catalyst particle at the tip of each
nanotube was detected. Moreover, this metal particle had a preferential orientation
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relative to the catalytically active surface, which was explained by a model showing
that Ni surfaces except (220) get quickly covered, with the catalytically active (220)
surface remaining the only exposed surface.

4. Carbon nanotube metrology

Broad commercialization of CNTs requires bulk material measurements, which
are fast, inexpensive, reliable, and traceable to rigorous and quantitative methods.
Information such as the volume fraction of semiconducting to metallic bulk material
is needed to optimize manufacturing processes, thus enabling successful end-user
applications like development of multi-function composites. Chirality and diameter
of individual CNTs are crucial for matching species with high-end applications in
(micro)electronics and optoelectronics. Metrology at the scale of individual CNTs
involves complex optical techniques and imaging, and further launches the fun-
damental traceability of bulk measurements. Moreover, this introductory chapter
describes NIST standards to establish recommended practice guides and reference
materials based on industry demand, and shows that collaboration of researchers,
stakeholders such as CNT manufacturers, NASA, and other end users is needed for
ultimate success of CNTs on the market.

Single-walled carbon nanotubes (SWCNTs) offer multiple opportunities for
applications in the fields of electronics, optoelectronics, photonics, or photovolta-
ics. SWCNTs are definitely almost ideal models of infinite & orbital conjugations,
where the sp” lattice provides exceptional charge carrier properties. In addition,
their real one-dimensional character enables well-defined optical transitions from
excitonic states. While their Raman and photoluminescence characteristics have
already been comprehensively studied, the basic absorption properties of SWCNT
are still scarcely investigated on a quantitative basis, although especially these
properties are of major significance for applications. In fact, described absorption
measurements on SWCNT assemblies suffer from the problem of sample heteroge-
neity characteristic for standard synthesis methods.

The huge multiplicity of nanotube chiralities and dimensions, together with the
occurrence of impurities from the synthesis process encumber the assessment of
the exact SWCNT chirality contributing to an absorption signature [4].

5. Electrochemistry of carbon nanotubes

CNTs have attracted attention because of their exceptional morphology,
nanosized dimensions, unique physico-chemical properties, and moreover, their
multifarious fields of applications [5]. As illustrated in Figure 1, CNTs could be
visualized as wrapped graphene sheets (sp® carbon arranged in a honeycomb-like
grid). As mentioned above, two groups of carbon nanotubes are distinguished,
namely multi-walled carbon nanotubes (MWNTs) and single-walled carbon
nanotubes (SWNTs). In the case of MWNTs, these can be visualized as concentric
and closed graphite tubules with multiple graphene sheet layers defining a hole
of typically 2-25 nm, separated by about 0.34 nm. SWNTs consist of a simple
single-rolled graphite sheet, forming a cylinder of 1-2 nm diameter. Depending on
the structure, mainly on the diameter and helicity, CNTs can behave like metals or
semiconductors. Electrically, MWNTs display superconductivity with a relatively
high transition temperature. Electron transport in nanotubes is ballistic; hence, the
nanotubes’ resistance does not depend on its length, because the mean free path Am
is longer than the length of the nanotube itself. For example, Berger et al. reported
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the mean free path with Am = 30 pm, which was considerably longer than the
nanotube used for the study. Recent measurements of the magnetic properties of
nanotubes evidence that SWNT might be the heavily desired materials of choice to
be used as room-temperature superconductors.

6. Applications of carbon nanotubes

Various potential applications have been proposed in literature for CNTs,
encompassing conductive and high-strength composites, sensors, energy storage
and energy conversion devices, hydrogen storage media, field emission displays
and radiation sources, and nanometer-sized semiconductor devices, probes, and
interconnects [6]. Some of these applications were already successfully realized in
products, while others were only shown in lab-scale to prototype devices. Cost for
nanotube preparation, polydispersity in a given type of nanotubes, and immature
processing and assembly methods are still important barriers for some applications,
especially in the case of SWNTs [7].

6.1 Potential application of CNTs in vacuum microelectronics

Field emission, a quantum effect, is a smart source to generate electrons in com-
parison to thermionic emission. When subject to a sufficiently high electric field,
electrons near the Fermi level can overcome the energy barrier to get released to the
vacuum level. The basic physics of electron emission is already well understood. The
emission current from a metal surface is determined by the Fowler-Nordheim equa-
tion: [ = aV 2 exp (-bp3/2/pV), where I, V, ¢, § are the current, applied voltage,
work function, and field enhancement factor, respectively. Electron field emis-
sion materials have been broadly investigated for different technological uses, for
example, for flat panel displays, microwave amplifiers, or electron guns in electron
microscopes. For technological applications, electron emissive materials should
have low threshold emission fields and should be stable at high current density. A
current density of 1-10 mA/cm” is required for displays and >500 mA/cm?® for a
microwave amplifier.

In order to minimize the electron emission threshold field, emitters with a
low work function and a large field enhancement factor are favorable. The work
function is an intrinsic material property. The field enhancement factor mainly
depends on the emitter’s geometry, and can be approximated by: = 1/5r, where »
is the radius of the emitter tip. Various processing techniques to generate different
emitter types have been established like Spindt-type emitters, with a sub-micron
tip radius. Yet, this process is expensive, and the emitters have only limited lifespan.
Malfunction is often caused by ion bombardment from the residual gas species that
dull the emission tips.

6.2 Energy storage

CNTs are also considered for energy production and storage. Graphite, carbo-
naceous materials, and carbon fiber electrodes are used since decades in fuel cells,
batteries, and various other electrochemical applications. Nanotubes are unique due
to their small dimensions, the smooth surface topology, and perfect surface speci-
ficity, which is based on the fact that only the basal graphite planes are exposed in
their structure. The electron transfer rate at carbon electrodes finally governs the
performance of fuel cells, which depends on different factors, such as arrangement
and morphology of the carbon material used in the electrodes. Several experiments
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have demonstrated that, compared to traditional carbon electrodes, electron trans-
fer kinetics are fastest on nanotubes, following ideal Nernstian behavior. Nanotube
microelectrodes have been built using a binder; such devices have been successfully
tested for bioelectrochemical reactions (e.g., oxidation of dopamine). They outper-
formed the established carbon electrodes in terms of reaction rates and reversibility.
Pure MWNTs and MWNTs deposited with noble metal catalysts (Pd, Ptand Ag)
have been applied for electro-catalysis of oxygen reduction reactions, which are
pivotal for fuel cells. Several studies demonstrate that nanotubes constitute excel-
lent alternatives for traditional carbon-based electrodes. Likewise, the enhanced
selectivity of nanotube-based catalysts in heterogeneous catalysis was confirmed.
In this context, Ru-supported nanotubes outperformed the same metal on graphite
and on other carbon materials in the liquid phase hydrogenation reaction of cin-
namaldehyde. The properties of catalytically grown carbon nanofibers (which can
principally be conceived as defective nanotubes) turned out to be appropriate for
high power electrochemical capacitors.

6.3 Filled composites

The mechanical characteristics of CNTs are stimulating since they are consid-
ered the “ultimate” carbon fiber ever produced. Compared with steel, traditional
carbon fibers have about 50 times the specific strength (strength/density), and
constitute outstanding load-bearing reinforcements when incorporated in com-
posites. Consequently, nanotubes should be the candidates of choice for structural
applications. In fact, carbon fibers have successfully been applied as reinforcements
in high strength, low density, and high performance composites. They are typically
found in a variety of products ranging from expensive tennis rackets to aircraft and
spacecraft body parts. In this context, NASA has recently made large investments
in developing novel CNTs-based composites to be applied for, for example, the
futuristic Mars mission. In addition, carbon nanotubes were also applied as filler
materials to fine-tune the mechanical properties of films consisting of biodegrad-
able, microbial bioplastics [8].

6.4 Nanoprobes and sensors

The tiny and constant dimensions of nanotubes pave the way for some highly
intriguing applications. With extremely small sizes, high mechanical strength and
elasticity, and high conductivity, nanotubes have the potential to ultimately become
essential nanoprobes for technological use. Such probes can be conceived as being
applied for various applications, such as high resolution imaging, nanoelectrodes,
nanolithography, drug delivery systems, sensors, or field emitters. The option of
developing nanotube-based field emitting devices has already been discussed above
in this chapter. Moreover, also using a single MWNT attached to the end of a scan-
ning probe microscope tip for imaging has already been described. Since MWNT
tips are electrically conductive, they can be applied in STM and AFM devices as well
as in other scanning probe instruments, such as in electrostatic force microscopes.
The benefit of nanotube tips is their thinness and the possibility to image particular
structures (such as tiny, deep surface cracks), which are very difficult to probe with
larger, blunter-etched Si or metal tips. Compared to conventional STM tips, also
large biomolecules, such as DNA or proteins, can be imaged with excellent resolu-
tion using nanotube tips. MWNT and SWNT tips were successfully used in a tap-
ping mode to image biomolecules like amyloid-b-protofibrils (related to Alzheimer’s
disease) with unprecedented resolution. Moreover, based on the high elasticity of
the nanotubes, the tips are not damaged by contact with the substrates. Impacts
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merely cause buckling of the nanotube, which usually is reversible on retracting the
tip from the substrate.

6.5 Templates

Since nanotubes have quite straight and thin channels in their cores, it was
discussed from the very beginning that it might be possible to fill different materials
into these cavities in order to generate one-dimensional nanowires. Early assump-
tions proposed that pronounced capillary forces exist in nanotubes, sufficiently
strong to hold back gases and liquids inside the cavities. In 1993, this was for the
first time proofed experimentally by filling and solidifying molten lead inside
MWNT channels. By this technique, wires only 1.2 nm in diameter were success-
fully manufactured inside nanotubes. Nowadays, a large number of studies dealing
with this topic exist, many of them describing the filling of nanotubes with metallic
and ceramic materials. Thus, nanotubes constitute proficient templates to create
nanowires of different structure and composition.
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Chapter2

Synthesis of Carbon Nanotubes
by Catalytic Chemical Vapor
Deposition

Xiao-Di Wang, K. Vinodgopal and Gui-Ping Dai

Abstract

As anew carbon material in the twenty-first century, carbon nanotubes (CNTs)
have excellent optical, electrical, magnetic, thermal, chemical, and mechanical
properties. There are many synthesis methods to produce CNTs. Compared with
other methods, chemical vapor deposition (CVD) is the most effective method that
has broad prospects for large-scale control of CNTs in recent years due to its simple
equipment, simple operation, and lower cost. In order to gain a comprehensive
understanding of the controlling parameters about the formation of CNTs, this
chapter reviews the latest progress in the preparation of CNTs by CVD from three
of the most important influencing factors: carbon sources, catalysts, and sub-
strates. Among them, the catalyst is the most influential factor for the morphology,
structure, and properties of CNTs. It should be pointed out that many growth
factors can control the particle size distribution, composition, and structure of the
catalysts, such as catalyst substrate, metal transition components added, calcina-
tion temperature, etc.

Keywords: synthesis, CVD, carbon nanotubes

1. Introduction

In order to meet the challenge of the increase of global energy consumption and
the augment of global financial markets and population in the past time, people
have opened up new fields in materials science such as nanotechnology. Carbon-
based nanomaterials have caused great concern in the light of their unique structure
and extraordinary physical properties (Table 1).

Generally speaking, carbon is mainly retained as solid carbon including graphite
and diamond. With the rapid development of science and technology, more and
more carbon nanostructured materials are discovered. In 1975, Oberlin et al. [1]
successfully prepared carbon nanofibers by CVD, which has aroused the upsurge
in the research of carbon nanomaterials. In 1985, fullerene [2], a zero-dimensional
carbon nanomaterial, was discovered. Later, lijima [3] accidentally discovered what
is now known as the CNT needle (Figure 1) when he used TEM to observe the prod-
ucts by the arc discharge process. The investigation of CNTs was heating up since
their discovery. The preparation and application of CNTs are one of the examples
for the current industry technology. In 2004, Geim and Novoselov [4] mechanically
peeled off the graphite repeatedly until it formed a plane of a single atom and found
another allotrope of carbon named graphene.
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Properties SWCNTs MWCNTs Comparison
Mechanical Young’s modulus ~1TPa ~1-1.2 TPa About 5 times
properties stronger than
steel
Tensile strength ~60 GPa ~0.15TPa About 100
times stronger
than steel
Electronic Bandgap When n-m is divisible ~0eV (non-
properties by 3 (0 eV, metallic) semiconducting)
When n-mis
not divisible
by 3 (0.4-2eV,
semiconducting)
Thermal Thermal 1750-5800 W/mk >3000 W/mk About 3 times
properties conductivity at room better than
temperature diamond
Electrical Typical resistivity 10°Qm
properties Typical maximum 107-10° A cm™
current density
Typical quantized 129kQ™
conductance
(measured)
Table 1.

Some excellent properties of CNT.

Figure 1.

CNT firstly discovered by Iijima in 1991. Reproduced with permission of Ref. [3].

CNTs are tubes that are rolled up by a layer or several layers of graphite, or that
can be coaxially wrapped together by different diameters of microtubules, which
have only a few nanometers in diameter. The spacing between the tube walls is
about the size of graphite layer spacing. There are two ways of hybridizing carbon
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Simple form of CVD setup.

atoms in CN'Ts, mainly SP” hybridization, and specific SP*> bonds can also be formed
between hexagonal carbon atoms.

CNTs are classified as single-walled CNTs and multi-wall CNTs according to
the layer number of graphene sheets. Because there is only one layer of graphene in
SWCNTs, the diameter range of SWCNTs is smaller than that of MWCNTs, which
is only 0.4-3 nm. Therefore, the application of single-walled CNTs in nanomateri-
als field is more promising. Multi-walled CNTs have graphene layers ranging from
2 and more. SWCNTs were firstly discovered by lijima and Ichihashi [5] in 1993,
CNTs formed by the coaxial crimping of two or more layers of graphene are called
MWCNTs: [3]. Besides, SWCNTs can be classified into three types according to
their structural characteristics (depending on graphene sheet in a rolled manner as
shown in Figure 2): armchair form, zigzag form, and chiral form. This difference
is due to the fact that in the case of single-walled CNTs, the graphene sheets can
be curled at any angle and therefore have different chiral structures. The chirality
index of CNTs is directly related to the helicity and electrical properties of CNTs.

In addition to above, there is another fibrous carbon nanostructure which
is rolled by multi-layer graphene called carbon nanofibers. Carbon nanofibers,
which are fibrous carbon nanomaterials made from multilayer graphene sheets, are
generally 10-500 nm in diameter and 0.5-100 nm in length, with high orientation,
conductivity, and thermal conductivity.

CNTs are characterized by high mechanical strength, high specific surface, high
conductivity and strong interfacial effect. They are widely used in energy storage
devices, electrode materials, field emission displays, semiconductor materials,
catalyst carriers, composite reinforcement, etc. The scale of all these applications
mainly depends on quality, output, and cost of CNTs.

CNTs are strictly studied by scientists and engineers because of their special prop-
erties. The range of applications of CNTs covers almost every field of materials science;
awide variety of applications have also been widely reported such as electromagnetic
and microwave absorbing coatings, sensors, radiation sources, and nanometer-sized
semiconductor devices and thermal interface materials. CNT arrays can provide
good thermal interface conductance for ionic and electronic transport devices such as
batteries [6]. Dalton et al. [7] discovered that the low density, high aspect ratio, and
extraordinary mechanical properties of CNTs make fibers super-tough particularly.
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Method Chemical vapor Arc discharge Laser ablation
deposition

Condition Low pressure inter Argon or nitrogen gas at High temperatures about
gas (argon) 500 Torr 500-1000 °C at high

energy laser beam

Yield High (60-90%) Low (20-100%) Low (up to 70%)

Purity Medium to high Medium Low

Temperature 500-1200°C ~4000°C 25-1000°C

Product SWCNTs: long SWCNTs: short tubes with SWCNTs: long bundles
tubes with diameters of 0.6-1.4 nm of tubes (5-20 pm) with
diameters ranging individual diameter from
from 0.6 to 4 nm 1to2nm
MWCNTs: long MWCNTs: short tubes with MWCNTs: not very much
tubes with diameter inner diameter of 1-3 nm interest in this technique
ranging from 10 to and outer diameter of
240 nm approximately 10 nm

Table 2.

Comprehensive comparison of CVD and other preparation methods.

Directional carbon nanotube arrays can be used in photonic crystals, optical
antennas, optical waveguides, solar cells, and so on [8-12]. Carbon nanotube arrays
used in optoelectronic devices are three-dimensional ordered structure and are
usually fabricated by PECVD. Carbon nanotubes are considered to be one of the
best electron-emitting materials because of their high aspect ratio, which induces
very high local electric fields at the top of carbon nanotubes [13]. The field emission
characteristics of vertically oriented CNTs can be used in flat panel displays, high-
strength electron sources, X-ray generators, and microwave devices [14-16].

If CNTs cannot be achieved as desired scale and controllable parameters
according to the pre-designed structural model, all valuable applications disap-
pear. Therefore, it is one of the key technologies for the development of CNTs with
specific characteristics such as height, diameter, aspect ratio, morphology, large
area, and scale preparation.

There are three most common preparation methods (Table 2) for CNTs: chemi-
cal vapor deposition, arc discharge, and laser ablation [6]. Among them, CVD is the
most widely used method because of the continuous mass production and low cost.

Despite tremendous advances in carbon nanotube research in the past years,
we have been unable to mass produce well-performing CNTs with cost-effective
technologies. This chapter focused on chemical vapor deposition of CNTs. In terms
of reaction materials, we discussed three aspects in detail: carbon source, catalyst
and substrate, and growth process in CNTs. For growth parameters, we mainly
discussed the effects of temperature on the morphology and properties of CNTs.

In industrial production, we emphasized high yield, large yield, and high purity.
Finally, we look forward to the future prospects of CNTs.

2. Chemical vapor deposition

It is important that large quality and high purity CNTs require highly reliable
synthesis techniques. Understanding the influencing factors and control conditions
of specific carbon nanotube synthesis is what we need.

At present, the preparation process of multi-walled CNTs is quite mature,
and industrial production has been realized by the CVD. The production cost of
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Figure 3.
Two growth model diagrams for CNTs: (a) tip-growth mechanism and () root-growth mechanism.
Reproduced with permission of Ref. [21].

single-walled CNTs is still quite high, and the preparation of macroscopic arrays of
some oriented single-walled CNTs has not been realized.

The chemical vapor deposition method is to cleave a carbon atom-containing gas
continuously flowing through the catalyst nanoparticle to generate carbon atoms
and then generate CNTs on the surface of the catalyst or the substrate. The synthe-
sis process is to let catalyst decompose carbon source (usually hydrocarbon gas)
at a sufficiently high temperature in a tubular reactor [6]. Figure 3 is a schematic
diagram of the most common carbon nanotube production process by CVD.

The history of chemical vapor deposition can be traced back to the nineteenth
century. In 1890, French scientists observed carbon filaments in experiments in
which cyanobacteria spread on hot porcelain [17]. This material was formed by the
interaction of carbon-containing gases with the surface of molten iron, which was
first reported in 1896, but its structural details and mechanical properties are the
result of recent advances in electron microscopy. CVD may be the first in the name
of filaments and fiber-planted CNTs. But in 1996, CVD became a method of mass
production and synthesis of CNTs [18].

Compared to other two methods, in terms of crystallinity, although the crystal-
linity of CVD-grown MWCNTs is low, the crystallinity of CVD-grown SWCNTs is
close to that by arc or laser. However, CVD is superior to arc and laser methods in
terms of yield and purity. CVD is the only viable method for structural control or
growth parameter control.

Although the growth mechanism of CNTs has been controversial, there are
currently two widely accepted mechanisms, and they can be summarized as follows.
When a hydrocarbon vapor is contacted with heated metal nanoparticles, it is first
decomposed into carbon and hydrogen. Hydrogen leaves with the passing carrier gas
or reducing gas, and carbon dissolves in the metal catalyst. When the temperature
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reaches the carbon solubility limit of the metal, the decomposed carbon particles
precipitate and crystallize to form CNTs. The decomposition of hydrocarbons is

an exothermic process, carbon crystallization is an endothermic process, and the
thermal gradient continues this process. The reason for the two growth mechanisms
is that the interaction between the catalyst and the substrate is different:

1. When the catalyst interacts weakly with the substrate, carbon decomposed
from the hydrocarbon diffuses from the metal catalyst to the bottom of the
metal catalyst and precipitates between the substrate and the metal catalyst,
thereby promoting the growth of the entire metal catalyst nanoparticles. When
the metal particle is entirely covered by excess carbon, growth stops, which is
called tip-growth [19].

2. When the catalyst interacts strongly with the substrate, the carbon precipitates
without pushing up the metal particles, so it is forced to precipitate from the
top of the metal, which is called the “basic growth model,” also called root
growth. [20]

During the synthesis of CNTs, many parameters affect the final morphology and
properties of CNTs, such as carbon source, catalyst, reactor temperature, system
pressure, flow rate of carrier gas, deposition time, reactor type, the geometry of
reactor, catalyst support, active metal components in catalyst, and so on.

3. Carbon source

Precursors in CVD can be of any state, whether solid, liquid or gas. In the case of
aliquid carbon source, it is only necessary to heat the liquid to become steam, and
then enter the tubular reactor along with the inert gas or the reducing gas. If a solid
hydrocarbon is used as the carbon source, it can be stored directly in the quartz boat
together with the catalyst and placed together in the tubular reactor. In the case of
volatile materials (camphor, naphthalene, etc.), they can be converted directly from
solids to steam and then reacted on the catalyst as the gas enters the high tempera-
ture zone.

Also, molecular structure of the carbon source, air pressure, and so on have a
great impact on the formation of CNT morphology.

In addition, the concentration of carbon source gas has also an impact on the
mentality of CNTs. If the concentration is too high, too many CNTs can be wrapped
by amorphous carbon and carbon nanoparticles, resulting in rough product surface
[22]. This is mainly due to the excessive supply of carbon during the growth process.
Therefore, proper control of carbon source gas concentration can effectively reduce
or even remove excess substances on the CNT surface. Secondly, the purity of gas
can also affect the generation of CNTs, as reported [23]. The oxygen content can
significantly change the growth kinetics of CNTs.

The most common carbon sources are carbon monoxide, ethane, ethylene,
acetylene, benzene, and xylene [21].

If the carbon source is a linear hydrocarbon such as methane, ethylene or acety-
lene, they are generally decomposed into linear dimers of carbon atoms or carbon at
high temperatures, and synthesis by CVD can produce straight carbon nanotubes,
and if it is benzene, two cyclic hydrocarbons such as toluene, fullerene, and cyclo-
hexene can produce relatively curved carbon nanotubes [24, 25].

SWCNTs had higher formation energy than MWCNTSs because SWCNTs have
the characteristics of small diameter, large curvature, and high strain energy. This
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is why most MWCNTs grow more easily than SWCNTs. In fact, MWCNTs is easily
generated in a low temperature of 600-900°C, and usually at a higher temperature
of 900-1200°C SWCNTs can be generated. SWCNTs must be grown from certain
hydrocarbons, such as methane and carbon monoxide that maintain thermal stabil-
ity at high temperatures. In contrast, the effective carbon sources for the synthesis
of MWCNTs cannot be stable at high temperature, which can lead to a large amount
of amorphous carbon impurities deposited outside the required products.

José-Yacaman et al. [26] produced helical MWCNTs at 700°C on iron nanopar-
ticles as a catalyst using acetylene by the CVD method. And in an early research,
Endo et al. [27] also developed MWCNTs using the same catalyst by the CVD
method, except that the carbon source was changed to benzene, and the reaction
temperature rose to 1100°C. Subsequently, cyclohexane [28] and fullerenes [24]
were also found to be carbon sources for the synthesis of MWCNTs.

In 2010, Plata et al. [29] added small amounts of hydrocarbons, ethylene, and
hydrogen to the reactor. The results show that the addition of alkanes can promote
the synthesis of MWCNTs. Therefore, they demonstrate a unique mechanism for
the formation of carbon nanotubes, which is quite different from the previously
known; they believe that the carbon source may not decompose during C=C bond
formation.

SWCNTs can be synthesized from toluene, methane, benzene, phenylacetylene,
fullerene, and cyclohexane [6] as carbon sources.

By selecting a suitable carbon source and its gas pressure, the yield, quality, and
purity of the carbon nanotubes can be simultaneously improved.

In 2002, Maruyama et al. [30] presented a report on the synthesis of high-purity
SWCNTs from ethanol on a double-impregnated zeolite matrix at low tempera-
tures. The advantage of ethanol as a carbon source is that the CNTs produced have
almost no amorphous carbon. Since that, ethanol has become a commonly used car-
bon source for CVD synthesis of CNTs. The low price of ethanol can greatly reduce
the cost, making the production of carbon nanotubes almost free. Subsequently,
vertically aligned SWCNTs were also found to grow on silica and silicon substrates
under the action of molybdenum and cobalt bimetallic catalysts [31, 32]. Recently,
Maruyama’s research team found that intermittent supply of acetylene can signifi-
cantly help ethanol to maintain catalyst activity, thereby increasing the growth rate
of carbon nanotubes [33].

In 2004, Hata et al. [34] reported that impurity-free SWCNTs could be efficiently
synthesized on Si substrates using water assisted ethylene CVD. They proposed that
the amorphous carbon can be selectively removed without damaging the CNTs in
growth by controlling the water vapor supply to the CVD reactor as a weak oxidant.
Balancing the relative content of ethylene and water is very important for prolong-
ing the service life of the catalyst. Joshi et al. [35] produced ultra-long CNTs in
2010 using ethylene as a carbon source, assisted by hydrogen and water vapor. This
study found that in order to generate super-long and high-quality CNTs on catalysts
composed of complex surfaces, the hydrogen/water ratio should be very accurate.

In addition to the above conventional carbon sources, some organic compounds
can also be used as carbon sources for the growth of carbon nanotubes, especially
polymers, carbonization of poly-acrylonitrile, poly-furfuryl-alcohol, amino-di-
chloro-s-triazine [6], and carbonization of polymers.

Tripropylamine was pyrolyzed in the AFI nanochannel (0.73 nm) to obtain the nano-
tubes with the smallest diameter (0.4 nm) [36]. In 2009, Han [37] obtained the required
MWCNT diameter by loading some polymer carbon source in a well-defined pore size
on the alumina template carbonization with a temperature range of 400-600°C.

In recent years, metallic organic compounds, such as metallocene complex
(cobalt diene, ferrocene, and nickelocene) [38] and nickel phthalocyanine [39],
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have been used as carbon sources and catalysts at the same time. Although CNTs
grown have high metal encapsulation, their yields are very low.

Zdrejek et al. [40] demonstrated that CVD can be used to synthesize high quality
SWCNTs and MWCNTs at a range of temperatures using pure propane as a carbon
source in 2015. In their research report, it is proposed that adjusting the growth
temperature can control the volume of carbon nanotubes. Cui et al. [41] synthesized
a thin-walled, open-type N-doped CNT array by floating CVD, in which the carbon
source was acetonitrile. The product obtained has a large thin-wall index, which is
defined as the ratio of the inner diameter of the CNTs to the wall thickness.

In addition, CNTs can be successfully synthesized from kerosene, liquefied
petroleum gas, gas, natural gas, waste plastics, green grass [6], and other daily raw
materials as carbon sources. In addition, Terrones et al. [42] loaded a cobalt catalyst
on a silica substrate by laser etching and then produced an oriented carbon nanotube
by pyrolyzing 2-amino-4,6-dichloro-pyrolysis. This study demonstrates that the use
of patterned catalysts significantly promotes the formation of aligned nanotubes.

Kumar et al. [43] used camphor to grow carbon nanotubes on a nanoporous
zeolite substrate and first proposed optimized conditions for growing SWCNTs
and MWCNTs. Brazilian scientists [21] conducted thermal annealing and

Figure 4.
Carbon nanotubes produced by camphor at different temperatures. Reproduced with permission of Ref. [43].
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electrochemical purification of CNTs grown in camphor, and in China, Tang

et al. [44] used ferrocene as a catalyst and camphor as a carbon source, in

the argon atmosphere, prepared multi-branched dendritic carbon by CVD,

and announced the effects of reaction temperature, carrier gas flow rate, and
ferrocene density on the structure of CNTs. Subsequently, they published
hydrogen storage analyses for different types of CNTs [45]. Therefore, camphor
is a promising and efficient new carbon source. There is no doubt that this is an
energy-saving way. As an agricultural product, camphor is definitely a renew-
able raw material; therefore, there is no danger of depletion of natural resources.
Therefore, the synthesis of carbon nanotubes based on camphor largely con-
forms to the principles of green chemistry. This work caught the attention of
industrial ecologists (Figure 4).

Subsequently, cheap raw materials such as turpentine [46-48] and eucalyptus
oil [49] have also been reported for growth of CNTs.

In nanoelectronics, SWCNTs are more popular than MWCNTs because of their
properties and bandgap displacement due to small changes in the diameter and
wrapping angle of the nanotubes, but this property of SWCNTs can only be fully
exploited if they are structurally pure.

Therefore, in the past 20 years, the biggest challenge facing the scientific
community is how to control the generation process of CNTs and obtain SWCNTs
with a single structure. Researchers are currently working on how to control their
chirality when generating SWCNTs.

In 2013, He et al. [50] reported the use of carbon monoxide as a carbon source,
giving priority to under 500°C to generate very high density of CNTs. Yang et al.
[51] stated that chiral SWCNTs were directly synthesized from solid alloy catalysts
with ethanol. Both experiments and simulations have shown that the highly selec-
tive growth of SWCNTs is that the catalyst has a high melting point, so that they can
maintain the crystal structure during chemical vapor deposition.

In fact, under certain experimental conditions, any containing carbon can be
used as a carbon source. It is necessary to identify cheap carbon sources that can
control chiral growth of CNTs under CVD in the future.

4. Catalyst

The catalyst is indispensable in the process of preparing CNTs by the CVD
method. It can reduce the decomposition temperature of the carbon source and
promote the nucleation of CNTs, which is the most important influencing factor
for the preparation of CNTs. Specific carbon nanotube synthesis requires differ-
ent catalysts. Synthetic SWCNTs usually require nanosized particles as catalysts,
and MWCNTS can also be produced without catalysts. At present, the preparation
process of multi-walled CNTs is quite mature, and industrial production has been
realized by the CVD method. The production cost of single-walled CNTs is still
quite high, and the preparation of macroscopic array single-walled CNTs has not
been realized.

Catalyst is the carbon source decomposition active center and graphite carbon
deposition center in the growth process of CNTs. The selection, preparation, and
carrier selection of CNTs will also be very important for nucleation, growth rate,
density, separation, and purification of CNTs. This large influence can lead to the
different morphology and structure of CNTs, which is significant for the prepara-
tion of CNTs. The results showed [52, 53] that the effective dispersion of catalyst
particles is one of the key factors in the synthesis of CNTs, and the size of catalyst
particles directly determines the diameter of CNTs.

21



Perspective of Carbon Nanotubes

Therefore, the preparation of a catalyst having a specific particle diameter with
high catalytic activity, high selectivity, and good dispersibility is the key to whether
the CVD method can mass produce high-purity CNTs. The catalysts prepared by
different methods have different dispersibilities and large difference in catalytic
activity, which results in different carbon nanotube content and tube diameter. The
composite catalyst prepared by the same method has a closely related relationship
between the catalytic activity and the ratio of the effective component and the
carrier, and the optimum ratio.

Some popular transition metal nanoparticles are usually used as catalysts in CVD
synthesis of CNTs [54]. It is reported that Fe, Co, Ni, Pd, Pt, Au, Mn, W, Ti, Co,

Mg, Al, In, Na, K, Cs, and other metals reported can be used in the preparation of
MWCNT in recent years, and the diameter of these catalyst nanoparticles is usually
larger than 3 nm. Single-walled CNTs are usually produced when the active com-
ponents of Fe, Co, Ni, Pd, Pt, Ru, Cu, Ag, Au, Mn, Cr, Mo, and other metals act as
catalysts, and the particle size of the generated nanoparticles is often less than 3 nm.

Due to the high carbon solubility of Fe, Co, and Ni, transition metal carbides
can be formed. With a high diffusion rate in these transition metals, nucleation and
growth of carbon atoms can be carried out [55]. Cu, Au, Ag, Pt, and Pd can also be
used to synthesize CNTs by catalyzing appropriate carbon sources [56]. Among the
catalysts, transition metals (Fe, Co, and Ni) are the most widely studied and widely
used catalyst for the nucleation and growth of CNTs due to their relatively high
carbon solubility and carbon diffusion coefficient. They are more effective in form-
ing SWCNTs [21]. In addition, due to the high melting point of these metals and the
low equilibrium vapor pressure, this provides a wide range of CVD temperatures
for various carbon sources and can be used to grow carbon nanotubes at different
temperatures. It is worth noting that transition metals are not only effective cata-
lysts in CVD, but are also effective catalysts in other preparation processes.

Solid organometallic metallocene compound (ferrocene, cobalt, nickel-ene) is
widely used as carbon nanotube catalysts for the reason that they can release metal
nanoparticles, resulting in more effectively catalyzing the decomposition of hydro-
carbons. Chaisitsak et al. [57] have also prepared single-walled CNTs by floating
catalytic method by using ferrocene as a catalyst and ethanol as a carbon source.
Other nanoparticles can also be used as catalysts for the synthesis of CNTs, such as
diamond and semiconductor nanoparticles (Siand Ge). Chemical vapor deposition is
employed to grow single-walled CNTs on sapphire substrates [58]. In addition, CNTs
were grown on scratched silicon wafers [59] without any other catalyst. The growth
of CNTs does not require metal at all, and the nonmetallic matrix itself can be used
as a catalyst. The synthesis of metal-free CNTs (MWCNTs) is undoubtedly a break-
through in the research of CNTs and opens up a new approach to nanotechnology.

SWCNTs have many excellent properties, and their atomic scale changes
resulted diversity. They are still limited by large-scale, high-purity, ordered, and
specific chiral controllable preparations. Single-walled CNTs undergo nucleation
growth and structural regulation on the catalyst.

In 1996, Dai et al. [60] realized the synthesis of single-walled CNTs in the
chemical vapor deposition (CVD) using Mo or Ni-Co catalysts. Bachilo et al. [61]
obtained single-walled CNTs using Co—Mo alloy catalyst in 2003. In 2004, Hata
et al. [34] prepared single-walled carbon nanotube vertical arrays using Fe asa
catalyst. In conclusion, the catalysts for the synthesis of single-walled CNTs are
generally Fe, Co, Ni, or bi-metallic compound catalysts.

Shin et al. [62] used Ni-based and Fe-based catalytic systems, and high-yield
synthesis of SWCNTs was demonstrated. It is more difficult to synthesize SWNTs
with a low temperature in nickel-based catalyst system than in iron-based catalyst
system. It is likely related to the diffusion rate and carbon solubility of the catalyst

22



Synthesis of Carbon Nanotubes by Catalytic Chemical Vapor Deposition
DOI: http://dx.doi.org/10.5772/intechopen.86995

metal. Jafarpour et al. [63] found that the double-layer catalyst for preparing Co-Mo:
0.5-0.1 nm at low deposition rate has a high prospect of application, because in

this special structure, not only high quality but also long vertical SWNTs can be
obtained. SWCNT thin films with high semiconductor content can also be obtained.
Mendoza et al. [64] declared the influence of molybdenum for CVD synthesis of
MWCNTs. The addition of a molybdenum-based catalyst based on magnesium oxide
to a cobalt catalyst has a significant effect on the production of carbon nanotubes.

In 2002, Harutyunyan et al. [65] used methane to grow CNTs on alumina substrates
using two catalysts, respectively, Fe and Fe/Mo two-component catalysts. It revealed
that molybdenum had obvious synergistic effect, decreased the growth temperature,
and it also eliminated the process of catalyst activation in hydrogen. Molybdenum is
widely used as a cocatalyst in metal supported catalysts because it can increase the
yield of CNTs. In addition, molybdenum is a significant promoter added to the iron-
based catalyst, which increases the activity of the catalyst at lower temperatures.

In early reports, bi-metallic and tri-metallic compound catalysts can solve many
problems of CNT productions. Iron plays a higher catalytic role in the decomposi-
tion of hydrocarbons, which leads to the increase of CNT deposition, but the
graphitization degree of these CNTs descends. On the other hand, cobalt catalyst
makes carbon nanotube graphitization superior, but the yield decreases. Therefore,
the attempt to mix the advantages of two metals is successful, and the multicompo-
nent catalyst is considered to be a better catalyst than the pure metal.

In addition to the composition of the catalyst, the preparation conditions of the
different catalysts also have an effect on the growth of the CNTs. Flahaut et al. [66]
used urea or citric acid as raw material to prepare catalysts by combustion. Studies
have found that milder combustion conditions can limit the formation of carbon
nanofibers, thereby increasing the selectivity to SWCNTs. Chang et al. [67] took Fe
and Ni as an example, and they found that the composition and size of the bicompo-
nent metal catalyst is the key to the large-scale preparation of single-walled CNTs.

In addition to the catalyst materials, the concentration of catalyst is also vital
in the growth of CNTs. Lower concentration of catalyst (2.4-5%) showed that
SWCNT increased (1-50% and above), while high concentration of Fe and Co was
beneficial to the growth of MWCNTs. The yield of MWCNTs prepared with 40%
Fe and Co catalyst concentration is the highest and the metal pollution is negligible
[68]. These studies confirmed that the proper selection of catalyst materials and
their concentrations can selectively culture SWCNTs or MWCNTs.

In the experiment of Zarabadi-Poor et al. [69], they first loaded the metal
component iron on alumina, and then decomposed methane at 1000°C to prepare
CNTs. Studies have shown that the diameter and length of the CNTs depend on two
experimental conditions, one for the iron content of the catalyst and one for the
reaction time. Thinner CNTs can be obtained at lower iron concentrations. In addi-
tion to affecting the diameter and length of CNTs, the concentration of iron also
affects morphological control. As the concentration of iron in the catalyst increases,
carbon tends to form carbon nanoribbons rather than carbon nanotube structures.

The proper calcination temperature can regulate the interaction between the
active center and the support, make the active metal easy to reduce, and reduce the
particle diameter of the catalyst, and ultimately affect the activity of the catalyst
and the morphology and properties of the carbon product.

The general rule of thumb is that MWCNTSs are easier to form at 600-900°C,
and more favorable for SWCNT growth at 900-1200°C. Temperature has a great
influence on the growth of CNTs: the higher the growth temperature, the better
the degree of graphitization of CNTs, and the higher the yield of CNTs than at low
temperature [70]. But it is easy to form carbon structure with five-member ring at
too high temperature, which leads to defective CNTs with different shapes [71].
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In addition to particle size and morphology, the influence of atmosphere on the
catalyst may also change the properties of CNT by influencing the structure of the
catalyst. Harutyunyan et al. [72] designed cleverly Ar/He/H,/H,0 pretreatment
gas effectively to increase the proportion of metallic SWCNTs. In 2014, Bayer et al.
[73] used Co/SiO; to catalyze the growth of SWCNTs with concentrated chiral and
pipe diameter distribution. The only explanation for the variation was the effect of
ammonia pretreatment on the catalyst’s valence state and particle size distribution.

In the process of CVD synthesis of CNTs, water vapor, oxygen (air), and ethanol
are added into the growth atmosphere, and they can selectively remove amorphous
carbon without damaging the nanotube and significantly improve the activity and
life of the catalyst.

Hata [34] succeeded in production of SWNTs using a variety of catalysts includ-
ing Fe nanoparticles from FeCls, silicon wafers, quartz, and metal foil sputtering
metal films (Fe, Al/Fe, Al,05/Co). The catalytic activity induced by water stimula-
tion resulted in dense and vertically arranged SWNT forest.

Li et al. [74] prepared extremely long and compact CNT beams on ferrocene by
air-assisted chemical vapor deposition in 2008. Air-assisted CVD can prolong the
service life of the catalyst and rapidly synthesize long and well-arranged carbon
nanotube bundles up to 1.5 cm in length.

Water-assisted chemical vapor deposition was used to synthesize hyper-beam
single-walled CNTs by Zhao et al. [75] in 2015. Water vapor was introduced into the
reactor and the yield of SWCNT was significantly increased from 40 to 206 wt.%.
By adding water vapor, the average diameter of SWCNTs increases from 1.5 to
3.0 nm and the diameter distribution becomes broader.

In addition to the carrier gas and the reducing gas in the CVD process, it is also
possible to add water vapor or ethanol in an auxiliary manner, which not only increases
the yield of the carbon nanotubes, but also increases the activity of the catalyst.

5. CNT substrates

During the growth of CNTs, the catalyst needs to be supported on a suitable
matrix to ensure the quality and yield of the CNTs, including the material, surface
topography, and texture properties of the matrix. The various substrates used for
CNT growth in CVD are silicon, silicon carbide, graphite, quartz, silica, alumina,
magnesium oxide, calcium carbonate, zeolite, sodium chloride [6], and so on. The
most commonly used catalyst substrates are silica, zeolite, and alumina. Among
these catalyst-based materials, magnesium oxide is the most operative substance for
producing SWCNTs.

Mattevi et al. stated [76] that alumina is a better catalyst carrier than silicon
dioxide because of its strong metal-carrier interaction, high metal dispersion, and
high catalytic site density. They used X-ray photoelectron spectroscopy to study the
interaction of the catalyst with the catalyst support during the CVD process over a
wide range of pressures. Due to the particularity of Fe/AL,O; interface reaction, the
addition of the ALO; support layer can increase the yield of CNTs. They observed
that the carrier interaction of Al,O; is much solider than that of SiO,, which limits
the surface fluidity of the iron.

In 2007, Noda et al. [77] found that there were significant differences between
AL Oy and ALO; for the catalysts. When the particle size distribution of iron was
relatively more than 0.6 nm, nanotube forests grew thicker in either catalyst. When
the particle size distribution of iron was less than 0.6 nm, nanotube forests can only
grow thicker under the catalyst of Fe/AL,Oy catalyst. ALOy catalyst carrier was more
suitable than AL O; for the growth of SWCNTs.
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Grain boundaries or grain grades of supporting materials play an irreplaceable
role for synthesis of CNTs. Mattevi et al. [76] showed that the high-valence state of
iron does not decrease during CNT synthesis, presumably related to the details of
the interface between iron and alumina. The generation of a large amount of lattice
strain in the metal particles is the root cause of this dynamic stability.

Some porous materials such as ALL,O;, MgO, and zeolites are used as catalyst
supports in order to obtain smaller and uniformly dispersed catalyst particles. In
particular, some catalytic studies based on silica gel or zeolites support show that
porous materials are excellent carriers for the production of CNTs. By making metal
particles distribute uniformly in the support, the problems of agglomeration and
enrichment of metal catalyst particles can be solved very well. Lee et al. [78] using
porous SiO; as carrier first obtained a three-dimensional network of single-walled
CNTs by chemical vapor deposition at 800°C.

However, a large amount of amorphous carbon tends to accumulate in the pores
of porous materials, and the preparation of CNTs requires an extra step of purifica-
tion, which may cause additional pollution or structural damage of CNTs. Couteau
et al. [79] could overcome these difficulties by using CaCOj; as a catalyst carrier.
CaCO0; is not a porous material, which decreases the production of amorphous car-
bon. Moreover, both metal particles and catalyst carriers can be dissolved in dilute
inorganic acids, so CNTs with high yield and high purity can be obtained.

The catalyst substrate not only functions as a carrier, but also interactions
between the substrate and the catalyst, chemical interactions, and physical interac-
tions may occur, such as van der Waals forces and static forces. The physical interac-
tion prevents the movement of the catalyst particles on the support material, and
also reduces the thermal diffusion and sintering of the metal particles on the matrix
material, which makes the particle size distribution of the catalyst tend to be stable
during the synthesis of the carbon nanotubes. The chemical interaction also helps to
maintain the particle size distribution of the catalyst particles.

Studies have found that some precious metals can also be used as catalyst active
ingredients for growing CNTs. CNTs doped with heteroatoms (such as nitrogen)
can enhance the bonding of metals to CNTs. Lv et al. [80] first synthesized high
purity, open and well-aligned N-CNTs-graphenes by water-assisted CVD and then
used them as support materials for noble metal nanoparticles. The results dem-
onstrated that the electronic structure (N-doped) and the hierarchical structure
(graphite-CNT hybridization) are improved.

6. Conclusion and future perspectives

To sum up, the formation of metal catalyst nanoparticles is extremely important
for CVD synthesis of CNTs. Nanoparticles must be formed on the surface of a
nonconductive substrate, which is conducive to the formation of these nanopar-
ticles. The yield and quality of CNTs are greatly affected by the matrix material.
The surface morphology and grain size of the matrix can greatly affect the quality
and alignment of the carbon nanotubes. In addition, the substrate thickness of the
catalyst has significant impact on the growth rate of the CNTs.

Chemical vapor deposition is an ideal and effective method for the preparation
of large-scale chiral CNTs with low cost, high carbon source rate, high product
purity, and easy control. Chiral growth control is the ultimate goal of CNTs. Its
realization marks the controllable synthesis of CNTs in diameter, wall number,
helicity, chiral angle, and structure. It can greatly promote the wide application of
CNTs in micro-nanoelectronic devices, sensors, intelligent functional materials,
optical devices, and other fields.
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Catalyst type, catalyst particle size, carbon source gas type, and reaction tem-
perature are the main factors affecting the yield and performance of CNTs. Finding
suitable catalyst type and particle size, suitable carbon source gas, and reaction
temperature is the prerequisite for large-scale preparation of high-quality CNTs.

In the process of CNTs synthesis by the CVD method, there is still a lot of room for
exploration.

1. The reason of catalytic activity of transition metal catalyst needs to be further
analyzed.

2.To find a way to control the particle size of the catalyst and provide a possible
method for preparing CNTs with specific layers and morphologies.

3. Chiral control is more challenging. The controlled preparation of single-walled
CNTs with uniform structure, macroscopic length, single chirality, and excel-
lent properties has always been a research focus.

4.How to selectively produce CNTs with specific morphology and properties?

5.How to improve the growth rate of CNTs, what is the most important step?
What are the crucial steps in nucleation progress?

6. The growth of CNTs is currently highly dependent on high temperature envi-
ronments. Finding a way to grow CNTs at room temperature is a big challenge.

7.When large quantities of CNTs are produced, they often contain many maga-
zines, whether they are catalyst particles, substrates, or amorphous carbon,
which require further processing. However, purification will greatly reduce the

quality and final yield of CNTs, and more thinking is needed to achieve high
purity growth.
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Chapter 3

Synthesis and Properties of Single-
Walled Carbon Nanotubes Filled
with Metal Halogenides and
Metallocenes

Marianna V. Kharlamova and Dominik Eder

Abstract

This chapter reviews the current status of the research on the electronic proper-
ties of single-walled carbon nanotubes (SWCNTs) filled with metal halogenides
and metallocenes and growth kinetics of inner SWCNTs inside metallocene-filled
nanotubes. The chapter starts with the description of the peculiarities of the
synthesis of metal halogenide-filled SWCNTs, comparison of different filling meth-
ods, their advantages, disadvantages, and restrictions. Then, we comprehensively
summarize, compare, and critically discuss the recent studies on the electronic
properties of metal halogenide-filled SWCNTs. After that, the synthesis methods
of metallocene-filled SWCNTs are described and the results of the investigation of
the growth kinetics of inner SWCNTs inside the filled nanotubes are summarized.
Then, the reports dedicated to the investigation of the electronic properties of
metallocene-filled SWCNTs are reviewed. Finally, potentials for future research,
development, and application of filled SWCNTs are highlighted.

Keywords: single-walled carbon nanotube, metal halogenide, metallocene,
electronic properties, growth kinetics, optical absorption spectroscopy;,
Raman spectroscopy, X-ray photoelectron spectroscopy

1. Introduction

Carbon nanotube, a one-dimensional allotropic modification of carbon with
sp’-hybridization of atoms, can be represented as rolled-up graphene sheets.
Depending on the number of graphene layers, their structure is classified into
multi-, double- (DWCNTs), and single-walled nanotubes (SWCNTs). Thanks to
their unique physical and chemical properties, SWCNTs can find applications in
different fields, including next-generation nanoelectronic devices [1]. The elec-
tronic properties of SWCNTs depend on their atomic structures. Due to the lack of
methodology and control, nanotubes produced via industrial synthesis methods,
i.e., arc-discharge, laser ablation, and chemical vapor deposition (CVD), typically
exhibit varying and mixed properties, thus limiting their applicability. Despite
progress on synthesis [2-6] and sorting of SWCNTs [7-11] with defined atomic
structures, new methods are required that allow controllable modification of the
electronic properties of SWCNTs.
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Recent research has been aimed at the modification of the electronic properties
of SWCNTs by the covalent and noncovalent modification of their outer surface,
substitution of carbon atoms by foreign atoms, intercalation of the bundles, and
filling of the channels of nanotubes [12, 13]. The latter method is especially promis-
ing, because a variety of substances with different properties can be encapsulated
inside SWCNTs. The filling of SWCNTSs with fullerene Cqo [14] and RuCl; [15]
was firstly performed in 1998 and since then the topic has attracted increasing
attention. SWCNTs were filled with different simple elemental substances, metals
[16-22] and nonmetals [17, 23], chemical compounds, metal halogenides [24-29],
metal chalcogenides [30-34] and metal oxides [35, 36] as well as molecules, fuller-
enes and their derivatives [37-41] and metallocenes [42, 43].

Metal halogenides are the largest group of introduced inorganic substances.
Depending on the metal cation and halogen anion, they are semiconductors or
insulators with different work functions. The filling of SWCNTs with these salts
opens the way to stable doping of nanotubes and tailoring their doping level. This
triggered extensive studies on the electronic properties of metal halogenide-filled
SWCNTs.

Metallocenes are another popular group of encapsulated substances. In 2008, it
was shown that the high vacuum annealing of metallocene-filled SWCNTs leads to
the formation of inner carbonaceous tubes [44]. In this case, metallocene molecules
served as carbon and catalyst source at the same time. In contrast to the typical
CVD growth of nanotubes, where the growth process stops after tens of minutes
due to the deactivation of catalyst, the growth inside metallocene-filled SWCNTs
was considerably slower and could last up to tens of hours until the carbon source
was consumed. This enabled not only a more in-depth investigation of the growth
process of nanotubes, but also of their electronic properties, which continuously
evolved by filling and annealing upon chemical transformation of metallocenes.
Consequently, this has attracted considerable interest in the field.

This chapter reviews the current status of the research on the electronic prop-
erties of SWCNTs filled with metal halogenides and metallocenes and growth
kinetics of SWCNTs inside metallocene-filled nanotubes. The first part of the
chapter focuses on the synthesis and electronic properties of SWCNTs filled with
metal halogenides. We review and compare the results of the studies on the elec-
tronic properties of the filled SWCNTs by state-of-the-art spectroscopic methods
such as optical absorption spectroscopy (OAS), Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS). In the second part of the chapter, the results
of the investigation of the growth kinetics of inner SWCNTs inside metallocene-
filled nanotubes by in situ Raman spectroscopy and the electronic properties of
the filled nanotubes by XPS and ultraviolet photoelectron spectroscopy (UPS) are
summarized.

2. SWCNTs filled with metal halogenides
2.1 Synthesis of metal halogenide-filled SWCNTs

Metal halogenides were encapsulated inside SWCNTs by several methods.
Among them are the gas phase and liquid phase approaches. The latter includes the
solution and melt techniques.

The gas phase approach implies the encapsulation of a substance in a gas state
inside SWCNTs. In the filling process, SWCNTs and substances are heated up to the
temperature that is higher than the boiling or sublimation point of the substance.
During dwelling at the synthesis temperature, the vapor of the substance condenses
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and diffuses inside SWCNTs. Then, the system is cooled, which leads to the crystal-
lization of the substance. The advantages of this method are that it is rather simple,
and it allows obtaining high filling ratios of nanotubes. However, it has several
restrictions. Firstly, the maximal boiling or sublimation point of substances cannot
exceed 1000-1200°C, because at higher temperatures the destruction of nanotubes
occurs. Secondly, there should be no decomposition of the substance during the
evaporation or sublimation process. Thirdly, the substance should have a high vapor
pressure at synthesis temperature [13]. These restrictions limit the list of substances
that can be encapsulated inside SWCNTs by this approach.

The list of introduced substances can be widened by the use of the liquid
phase approach. The parameters of the filling process can be broadly varied. This
approach is the most popular filling technique of nanotubes.

The solution method implies the filling of SWCNTs with a chosen substance
dissolved in a solvent. During the filling process, several parameters are important.
For the successful filling, the solubility of the substance in the solvent should be
high, whereas the surface tension coefficient of the solution and its viscosity should
be low. The choice of appropriate solvents allows encapsulating different substances
inside SWCNTs. However, the solution method has several disadvantages. The first
of them is the contamination of filled SWCNTSs with solvent molecules. This can
be critical for further characterizations of filled SWCNTs. The second is low filling
ratios of SWCNTs, which usually do not exceed 30%. The third is inhomogeneous
morphology of introduced substances inside SWCNTs [13].

These disadvantages are absent in the melt method. This method implies the
filling of SWCNTs with molten salt. In a typical experiment, opened SWCNTs
are mixed with an excessive amount of salt in quartz ampoules. The ampoules are
evacuated, sealed, and heated up to a temperature above the melting point of the
salt. The liquid salt is pulled inside SWCNTs by capillary forces. After dwelling at
high temperature for some time, the SWCNTs are saturated with filling ratios up to
90%. The final cooling rate is a way to control the crystallinity of the solidified salt
inside SWCNTs. Very low cooling rates are required for obtaining one-dimensional
nanocrystals. Several parameters are important for the successful filling. Firstly, the
melting temperature of the salt should not exceed 1000-1200°C, because at high
temperatures, the nanotubes start to degrade. Secondly, the surface tension coef-
ficient of the melt of the salt and its viscosity should be low enough [13].

The melt method is the most popular method of the filling of SWCNTs with
metal halogenides. It was applied for the filling of nanotubes in all papers dedicated
to the investigation of the electronic properties of metal halogenide-filled SWCNTs.

2.2 Electronic properties of metal halogenide-filled SWCNTs

In the literature, there are the reports on the investigation of the electronic prop-
erties of SWCNTs filled with MnCl,, MnBr, [45, 46], FeCl,, FeBr,, Fel, [47], CoBr,
[48], NiCl, [49], NiBr, [49, 50], CuCl [51, 52], CuBr [51], Cul [51, 53, 54], ZnCl,
[55, 56], ZnBr,, Znl, [55], RbI, RbAg,ls [57], AgCl [58-61], AgBr, Agl [58],

CdCl, [56, 62, 63], CdBr,, CdL, [62], SnF, [64], TbCls [56, 65, 66], ThBr;, Thls
[66], PrCl; [65, 67], ErCl; [68], TmCl; [65, 69], and HgCl, [70]. The characteriza-
tion of the electronic properties of the filled SWCNTs was performed by three
main techniques: OAS, Raman spectroscopy, and XPS. These three methods are
complementary, and they give a comprehensive picture of the modification of the
electronic properties of SWCNTs upon their filling. OAS gives information about
structure-dependent optical transitions of nanotubes. Raman spectroscopy allows
studying the vibronic properties of SWCNTs. XPS investigates the Fermi level shift
and bonding environment in filled SWCNTs.
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Figure 1 shows the typical OAS spectrum of metal halogenide-filled SWCNTs by
an example of the Znl,-filled nanotubes in comparison with the spectrum of the pris-
tine SWCNTs [55]. The spectrum of the pristine SWCNTs includes the characteristic
peaks corresponding to optical transitions between the first (ES};) and second (E5,,)
van Hove singularities (vHs) in the valence and conduction band of semiconducting
SWCNTs and the first vHs (EM,;) of metallic nanotubes. In the spectrum of the filled
SWCNTS, there is the suppression of the E®}; peak, which corresponds to the cancel-
ing of the optical transitions between the first vHs of semiconducting SWCNTs. This
is a result of the shift of the Fermi level of SWCNTs below the first vHs in the valence
band or above the first vHs in the conduction band of semiconducting SWCNTs.
Thus, the OAS data testify to the presence of the charge transfer in the filled
SWCNTs; however, the direction of the charge transfer cannot be determined. The
same modifications were observed in the OAS spectra of SWCNTs filled with FeCl,,
FeBr,, Fel, [47], CoBr; [48], ZnCl,, ZnBr, [55], AgCl, AgBr, Agl [58], CdCl,, CdBr,,
Cdl, [62], CuCl, CuBr, Cul [51], CuCl [52], and TbCl; [56].

Raman spectroscopy allows obtaining further information about the charge
transfer in the filled SWCNTs. A Raman spectrum of SWCNTs includes two main
characteristic bands: radial breathing mode (RBM), which corresponds to radial
vibrations of carbon atoms, and G-band, which belongs to longitudinal and tangen-
tial vibrations of carbon atoms [71]. Figure 2 demonstrates the RBM and G-bands
of Raman spectra of CdCl,-filled SWCNTs in comparison with the spectra of the
pristine nanotubes acquired at seven different laser wavelengths between 458 and
785 nm [63]. It is visible that all spectra of the filled SWCNTs are significantly
modified as compared to the spectra of the pristine SWCNTs. The shift and change
of the relative intensity of the peaks of the RBM band, the shift of the peaks of the
G-band, and the change in the profile of the G-band are observed. These modifica-
tions are common for metal halogenide-filled SWCNTs. They were reported for
SWCNTs filled with MnCl,, MnBr, [45, 46], FeCl,, FeBr, Fel, [47], CoBr, [48],
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Figure 1.

The OAS spectra of the pristine and Znl,-filled SWCNTS. The peaks corresponding to optical transitions
between the first ( ES,.) and second vHs (ES,,) of semiconducting SWCNT5 and the first vHs ( EM,) of metallic
SWCNT: are denoted. The data are replotted from ref. [55].
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The RBM and G-bands of Raman spectra of the pristine (a) and CdClz2-filled SWCNTs (b) acquirved at
different laser wavelengths. The spectra ave normalized to the area intensity of the G-band and offset for
clarity. The data ave replotted from vef. [63].

NiCl,, NiBr, [49], CuCl [51, 52], CuBr [51], Cul [51, 53, 54], ZnCl, [55, 56], ZnBr;,
Znl, [55], CdBr,, Cdl, [62], SnF, [64], RbAg,ls [57], TbCl; [56, 65, 66], TbBr;, Tbl;
[66], TmCl; [65, 69], PrCl; [65, 67], AgCl [58-61], AgBr, Agl [58], and HgCl, [70].
The fitting of the RBM and G-bands of Raman spectra with individual com-
ponents allows investigating in detail the observed modifications. Figure 3 shows
the fitting results of the spectrum of the TbBr;-filled SWCNTs in comparison
with the spectrum of pristine nanotubes acquired at laser wavelength of 633 nm
[66]. The RBM-band of the pristine SWCNTs is fitted with two components at
156 and 172 cm ™, which correspond to the nanotubes with diameters of 1.5 and
1.4 nm, respectively [72]. The G-band of the pristine SWCNTs is fitted with three
components. The peak at 1540 cm™" (G™) belongs to longitudinal phonon in metal-
lic SWCNTs, and the peaks at 1567 and 1591 cm ™ (G'ro and G*1) are assigned
to tangential and longitudinal phonons in semiconducting SWCNTs, respectively
[73]. The RBM band of the filled SWCNTs is fitted with two components, as the
spectrum of the pristine SWCNTs. However, the peak positions are shifted to 164
and 175 cm ™', and also the ratio of the relative intensities of the peaks is changed
from 0.32:0.68 to 0.53:0.47. These modifications are due to the changes in resonance
conditions of the filled SWCNTs, which are caused by the charge transfer in the
filled nanotubes. The G-band of the filled SWCNTs is fitted with three components,
as the spectrum of the pristine nanotubes. However, their positions are upshifted
to 1558, 1576, and 1602 cm™". This can be attributed to the p-doping of SWCNTs
by the encapsulated compound. Additionally, there is the change of the profile
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Figure 3.
The fitting of the RBM and G-bands of Raman spectra of the pristine (a) and ThBry-filled SWCNTs (b)

acquired at laser wavelength of 633 nm with individual components. The peak positions are denoted. The data
are replotted from ref. [66].

of the G-band of the filled SWCNTs from the Breit-Wigner-Fano shape, which is
typical for metallic SWCNTs [71, 74] to the Lorentzian shape, which is a fingerprint
of semiconducting SWCNTs [71, 74, 75]. This is probably a result of the filling-
induced transition of metallic nanotubes into semiconducting state due to the
opening of a band gap in their band structure.

Although similar modifications of Raman spectra of metal halogenide-filled
SWCNTs testify to p-doping of nanotubes by the encapsulated salts, the doping level
varies for different compounds. In Ref. [66], the doping level of SWCNTs by intro-
duced TbCl;, TbBr3, and Tbl; was compared. Authors analyzed the modifications of
RBM and G-bands of Raman spectra of the filled SWCNTs acquired at laser wave-
length of 633 nm. Figure 4 shows the results of the analysis. In Figure 4(a), the rela-
tive intensities of the RBM peaks of the pristine and filled SWCNTs are presented. In
the case of the pristine SWCNTs, the second peak of the RBM band has the largest
intensity and the ratio of relative intensities of two RBM peaks amounts to 0.32:0.68.
In the case of the TbCl;- and TbBr3-filled SWCNTs, in contrast, the first peak has
the largest intensity and the ratio is changed to 0.55:0.45 and 0.53:0.47, respectively.
In the case of the Tbl;-filled SWCNTS, the ratio of the pristine SWCNTs (0.27:0.73)
is recovered. Thus, the largest differences as compared to the pristine SWCNTs are
observed for the TbCl;-filled SWCNTs, and the smallest differences are observed
for the Tbl;-filled nanotubes. In Figure 4(b), the shift of the G-band peaks and the
relative area intensity of the G™-peak of the pristine and filled SWCNTs are pre-
sented. It is visible that the largest changes as compared to the pristine SWCNTs are
again observed for the TbCl;-filled SWCNTs and the smallest changes are observed
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The velative intensity of the RBM peaks, (a) shift of the G-band peaks and relative intensity of the G~ peak
(b) in Raman spectva of the pristine SWCNTs and nanotubes filled with ThCL;, ThBr; and Tbl,. The data ave
replotted from vef. [66].

for Tbl;-filled nanotubes. For example, the shift of the G™-peak decreases from 22
to 19 to 16 cm ™" in the line TbCl-TbBr;-Tbls. The relative intensity of the G™-peak
decreases from 0.70 for the pristine SWCNTs to 0.01 for TbCl;, 0.11 for TbBr; and
0.11 for Tbl;. On the basis of these data, the authors of Ref. [66] concluded that TbCl;
causes the largest doping of SWCNTs, whereas Tbl; results in the smallest doping.

Authors also investigated the influence of metal cation of metal halogenides on the
changes of the electronic properties of SWCNTSs. The above-described analysis of RBM
and G-bands of Raman spectra was conducted for SWCNTs filled with FeBr,, CoBr,
and NiBr; [50] and TmCl;, TbCl; and PrCl; [65]. It was revealed that the doping level of
SWCNTs increases in the lines with NiBr,-CoBr,-FeBr, and PrCl;-TbCl-TmCl.

Thus, Raman spectroscopy allowed revealing p-doping of SWCNTs and eluci-
dating the differences in the doping efficiency of different metal halogenides on
nanotubes. However, similar to OAS, Raman spectroscopy does not give quantita-
tive information on the doping level of SWCNTs.

XPS spectroscopy allows quantifying the doping level of nanotubes. Figure 5(a)
presents the typical C 1s XPS spectrum of the metal halogenide-filled SWCNTs
by an example of MnCl,-filled nanotubes in comparison with the spectrum of
the pristine SWCNTs [46]. The spectrum of the pristine SWCNTs is a single peak
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(a) The C 15 XPS spectra of the pristine and MnCl,filled SWCNT fitted with individual components. The
components are denoted. The data are veplotted from vef. [46]. (b) The shift of the component II relatively to
the position of the component I in the C 15 XPS spectra of SWCNTT5 filled with MnCl,, FeCl,, CoCl,, NiCl,,

and ZnCl,. The data from vefs. [46, 47, 49, 55] are taken into consideration for the preparation of the figure.
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positioned at a binding energy of 284.38 eV. The spectrum of the filled nanotubes
can be fitted with three components. The component I resembles the position

and full width at half maximum of the pristine SWCNTs and it is assigned to the
unfilled SWCNTs. The component II is downshifted by 0.43 eV relative to compo-
nent I. This is attributed to an increase in the work function of the filled SWCNTs,
which is caused by the charge transfer-induced downshift of the Fermi level of
nanotubes. The origin of the component III is possibly caused by local interactions
of carbon atoms of SWCNTSs with atoms of the incorporated salt. Similar modifica-
tions were observed in the C 1s XPS spectra of SWCNTs filled with MnBr, [45, 46],
FeCl,, FeBr,, Fel, [47], CoBr, [48], NiCl,, NiBr, [49], ZnCl, [55, 56], ZnBr,, Znl,
[55], CdCL, [56, 62], CdBr,, CdI, [62], AgCl, AgBr, Agl [58], CuCl, CuBr, Cul

[51], RbAgls [57], TbCl; [56], TmCl; [69], and PrCl; [67]. The measured shifts

of the component II relative to the component I amounted to 0.3-0.4 eV, and they
were attributed to p-doping of SWCNTs by the encapsulated compounds.

Figure 5(b) compares the shifts of the component II relative to component I
for SWCNTs filled with MnCl,, FeCly, CoCl,, NiCl, and ZnCl, [46, 47, 49, 55]. It is
visible that the shift decreases in the line with MnCl,-FeCl,-CoCl,-NiCl,-ZnCl,. This
may testify that the doping level of SWCNTSs decreases in this line. This conclu-
sion is in agreement with the above-discussed data of Raman spectroscopy, which
showed that among bromides of Fe, Co, and Ni, the doping efficiency decreased in
the line with FeBr,-CoBr,-NiBr,.

Thus, a comprehensive characterization of the electronic properties of SWCNTs
filled with halogenides of 3d-, 4d-, and 4f-metals by OAS, Raman spectroscopy, and
XPS showed that they lead to p-doping of SWCNTs accompanied by the downshift
of their Fermi level. The differences in the doping level for different metal halogen-
ides depending on metal cation and halogen anion were revealed.

3. SWCNTs filled with metallocenes
3.1 Synthesis of metallocene-filled SWCNTs

Metallocene molecules are not stable at high temperatures. The powders of
substances decompose and could not be melted. At the same time, they sublime
in vacuum at low temperatures. Taking into consideration this fact, researchers
introduced metallocenes inside the nanotubes by the gas phase method. In a typical
experiment, the SWCNTs were mixed with the powder of substances, sealed in an
ampoule under vacuum, and heated at low temperatures (50-200°C) during several
days. This method allowed filling SWCNTSs with ferrocene [44, 76-86], cobaltocene
[87, 88], nickelocene [89-92], and cerocene [93, 94]. It should be noted that fer-
rocene was also incorporated inside SWCNTSs by the liquid phase method using its
solution in acetone [95].

3.2 Temperature-dependent inner tube growth inside metallocene-filled
SWCNTs

The temperature-dependent inner tube growth inside furnace- or laser-annealed
ferrocene- [76, 77, 79], cobaltocene- [87], and nickelocene-filled SWCNTs [89, 90]
was investigated by Raman spectroscopy. Authors traced modifications of Raman
spectra of the filled SWCNTSs that occurred at increasing annealing temperature or
laser power at fixed annealing time. Figure 6 presents the example of the investiga-
tion of the inner tube growth inside nickelocene-filled SWCNTs [89]. Figure 6(a)
shows the RBM-bands of Raman spectra of the pristine, filled SWCNTs, and the
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samples annealed at temperatures between 400 and 1200°C for 2 h acquired at laser
wavelength of 633 nm. The RBM-band of the pristine SWCNTs includes the peak at
frequencies ranging from 125 to 160 cm™". This peak is shifted by 4 cm™ after filling
with nickelocene, which is usually observed for molecule-filled SWCNTs. Annealing
at 400°C and higher temperatures results in an appearance of new peaks centered

at 212, 216, and 253 cm ™. These peaks belong to inner nanotubes with chiralities of
(12,3), (13,1) and (11,1) and diameters of 1.081, 1.064, and 0.909 nm, respectively.
The gradual increase in annealing temperature leads to an increase of the intensity
of the peaks. Figure 6(b) demonstrates the dependence of the relative intensity of
the peak of the (12,3) and (13,1) inner tubes on annealing temperature. It is visible
that the intensity increases at temperatures ranging from 400 to 700°C. It saturates
at 700°C and stays almost unchanged at higher annealing temperatures. Thus, inner
tubes grow in the temperature range between 400 and 700°C.

Authors of Ref. [90] compared the growth temperatures of eight different inner
tubes with chiralities of (7,5), (8,4), (7,6), (10,3), (12,3), (11,5), (14,2), (12,6)
inside nickelocene-filled SWCNTs. They evaluated the growth temperature as the
temperature at which the intensity of the RBM peak of the inner tube reaches the
half of its maximum. Figure 7(a) and (b) shows the dependences of the growth
temperature of the inner tubes on their diameter and chiral angle. It is visible that
the growth temperature increases with increasing tube diameter, but it does not
depend on their chiral angle. The same trend was observed for inner tubes grown
inside ferrocene- [77] and cobaltocene-filled SWCNTs [87].
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(a) The RBM-band of Raman spectra of the pristine, nickelocene-filled SWCNTS, and the samples annealed at
temperatures between 400 and 1200°C for 2 h acquired at laser wavelength of 633 nm. The peaks corresponding
to the inner nanotubes with chiralities of (12,3), (13,1), and (11,1) are denoted. (b) The relative area intensity
of the RBM peak of the inner tubes with chiralities of (12,3) and (13,1) plotted versus annealing temperature
[89]—Published by The Royal Society of Chemistry.
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3.3 Growth kinetics of inner tubes inside metallocene-filled SWCNTs

A detailed investigation of the growth kinetics of inner tubes inside in situ
annealed nickelocene- [91], cobaltocene- [88], and ferrocene-filled SWCNTs [78]
was conducted by Raman spectroscopy. Authors traced modifications of Raman
spectra of the filled SWCNTs at increasing annealing time at a fixed temperature.
Figure 8 presents the example of the investigation of the growth kinetics of inner
tubes inside nickelocene-filled SWCNTs [91]. Figure 8a shows the RBM-bands
of Raman spectra of the pristine, filled SWCNTs, and the samples annealed at
540°C for the time periods between 2 and 4094 min acquired at laser wavelength
of 568 nm. The spectrum of the pristine SWCNTs includes two peaks positioned
at frequencies ranging from 125 to 185 cm ™. They are shifted by 10 cm™ for the
filled SWCNTs. The spectra of the annealed samples include new peaks of inner
tubes at frequencies between 205 and 295 cm™". The intensity of the peaks increases
with increasing annealing time. Figure 8(b) demonstrates the dependence of the
normalized area intensity of the RBM peaks on annealing time (growth curves)
for nine different inner tubes with chiralities of (8,8), (12,3), (13,1), (9,6), (10,4),
(11,2), (11,1), (9,3), and (9,2). It is visible that after an increase in the first minutes
of annealing the intensity saturates and stays uncharged at further annealing. The
growth curves differ for different inner tubes. The time period required for the
saturation of the intensity gradually decreases with decreasing tube diameter.

The observed growth curves of inner tubes do not follow a self-exhausting growth
model that was reported for the SWCNT growth in the chemical vapor deposition
method. Authors of Ref. [91] modeled the growth of inner tubes by a new math-
ematical model including two growth rates a and f. The dependence of the amount of
carbon in the form of grown inner tubes on time is expressed by the formula:

C) = Ao(l - xe - (1- X)e'ﬁt),

where A is the initial amount of carbon that can be transformed to inner tubes
(att = 0), a is the rate that determines the fast growth of inner tubes at the begin-
ning, P is the rate that determines the slow growth over longer annealing hours, and
x describes which parts of carbon processed with rates a and f.

The fitting of the experimental growth curves with this model (Figure 8(b))
allowed calculating two rates o and f of the growth of inner tubes. Figure 9
summarizes the calculated rates of the growth of inner tubes with chirali-
ties of (8,8), (12,3), (13,1), (9,6), (10,4), (11,2), (11,1), (9,3), and (9,2) inside
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The dependence of the growth temperature of inner tubes inside nickelocene-filled SWCNTS on their diameter
(a) and chival angle (b). The chirality of nanotube is indicated near the corresponding circle. The data are
replotted from vef. [90].
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( ag The RBM-band of Raman spectra of the pristine, nickelocene-filled SWCNT, and the samples annealed
at 540°C for time periods between 2 and 4094 min acquired at laser wavelength of 568 nm. The inner and outer
tube RBMs ave denoted. (b) The normalized RBM area intensity of inner tube peaks plotted versus annealing
time. The data are veplotted from Ref. [91].

nickelocene-filled SWCNTs at different annealing temperatures [91]. Two trends
are observed in these plots. Firstly, the growth rates a and f increase with increas-
ing annealing temperature from 480 to 600°C, which is caused by the fact that
the inner tube growth is a thermally activated process. Secondly, they increase
with decreasing the inner tube diameter from 1.1 to 0.8 nm. This can be explained
by the increased catalytic activity of smaller-diameter nanoparticles [91]. It
should be noted that the growth rates a and f do not depend on the chiral angle
of inner tubes. The same trends were observed for the inner tube growth inside
cobaltocene-filled SWCNTSs [88].

Using logarithmic plots of the growth rates, two activation energies E, and
E; of the growth of inner tubes inside nickelocene- [91] and cobaltocene-filled
SWCNTs [88] were calculated. The values of E, and E;; for the inner tubes with
chiralities of (8,8), (12,3), (13,1), (9,6), (10,4), (11,2), (11,1), (9,3), and (9,2)
amounted to 2.02-2.57 and 1.23-1.84 eV in the case of nickelocene, and 1.72-2.71
and 0.46-1.59 eV in the case of cobaltocene, respectively. Two activation energies
were attributed to the energy barriers for solid-state diffusion of carbon through
carbidic and purely metallic catalytic nanoparticles. Figure 10(a) and (b) presents
the dependences of the activation energies of the inner tube growth inside nickelo-
cene-filled SWCNTSs on the tube diameter and chiral angle [91]. It is visible that the
activation energy E, gradually decreases with decreasing the tube diameter, which
was explained by the size effect, whereas Eg does not show a clear dependence. Both
activation energies do not seem to depend on chiral angle of inner tubes.

The identical growth mechanism of inner tubes inside nickelocene- and
cobaltocene-filled SWCNTs allowed authors of Ref. [88] to compare the rates and
activation energies of the growth on Ni and Co catalysts. The activation ener-
gies E, of the inner tube growth on two catalysts were in line with each other,
whereas E; values were larger for Ni catalyst. This was in agreement with the
slightly different activation energies reported for solid-state carbon diffusion
through face-centered cubic nickel and cobalt with hexagonal close packed lattice.
Major differences were observed for the growth rates of inner tubes on Ni and Co
catalysts at a given temperature. The temperature at which inner tubes started to
grow differed by 60°C. It amounted to 480°C for Ni and 540°C for Co catalyst.

As aresult, at a given temperature, the growth rates of inner tubes on Ni catalyst
were significantly larger than those on Co catalyst. This was explained by dif-
ferent thermal stabilities of nickel and cobalt carbides, and different diffusion
coefficients of carbon in the two metals.
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Figure 9.

The column bar diagrams showing the rates a (a) and p (b) of the growth of inner nanotubes inside nickelocene-
filled SWCNT at different annealing temperatures. At every annealing temperature, the column bar of the
smallest diameter tube is shown at the leftmost side, and the largest diameter tube—at the rightmost side. The color
of column bars reflects the chival angle of inner tubes: the lightest color shade of blue corresponds to the smallest
chiral angle and the darkest—to the largest chival angle [ 91]—Published by The Royal Society of Chemistry.
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The activation energies E, and Eg of the growth of inner nanotubes inside nickelocene-filled SWCNTs
plotted versus the tube diameter (a) and chiral angle (b). The chivality of nanotubes is indicated near the
corresponding civcle [91]—Published by The Royal Society of Chemistry.

3.4 Electronic properties of metallocene-filled SWCNTs

The electronic properties of SWCNTs filled with ferrocene [82], nickelocene
[89, 90, 92], and cerocene [93, 94] were studied by XPS and UPS. It was shown
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that the encapsulated metallocenes cause n-doping of SWCNTs. Authors of Refs.
[82, 89, 90, 92, 93] investigated the modification of the electronic properties of the
filled SWCNTSs upon annealing. Figure 11(a) shows the UPS spectra of the pristine,
nickelocene-filled SWCNTs, and the samples annealed at temperatures between
250 and 1200°C for 2 h [89]. The spectrum of the pristine SWCNTs includes n- and
o-peaks positioned at binding energies of 3.18 and 8.0 eV, respectively. The spec-
trum of nickelocene-filled SWCNTs demonstrates the shift of the n-peak by 0.07 eV
toward higher binding energies. The annealing of the filled SWCNTs at 250°C leads
to a further upshift of the n-peak by 0.18 eV. At increasing annealing temperature,
the n-peak gradually shifts toward lower binding energies and reaches the position
of the pristine SWCNTs at 600°C. At further increase in annealing temperature,
the n-peak downshifts and reaches the maximal shift of 0.18 eV at 1200°C. The
change in the position of the n-peak testifies about the change in the doping level of
SWCNTs upon annealing. Authors of Ref. [89] suggested that this change is caused
by three processes: (i) the chemical modification of the filler of SWCNTs, (ii)

the inner tube growth, and (iii) the evaporation of the filler. The annealing of the
nickelocene-filled SWCNTs leads to the formation of nickel carbide that causes the
largest n-doping level of SWCNTs. As it was discussed above, at 400°C, the inner

(a) - - : (b)

. NI chuster @SWONT

Intensity (a.u.)

12w H H 4 H 1
Binding enargy (eV)
{c} Election dopshg Elsctron dopng Hobs doging
[T, H. ) MigBSWONT 504 T= B00- 12005
s MisiC) Fh:a-fm
u|.-|: ! +Epa1a E-nu g

- E ]

2 0w By |

= L Lo e LT BT

2 wo |

- 1 1

E PO R [ YR ooe |00

1 aweNT |

L oo | | g

] | \ T R TI

£ am \ &

& L] ¥
A @, Aot famr |5
R ! '

D00 400 004 BOO 1000 1108
Annealing temperature (°C)
Figure 11.

(a) The UPS spectra of the pristine, nickelocene-filled SWCNTS, and the samples annealed at tempevatures
between 250 and 1200°C for 2 h. The n- and o-peaks and the Fermi level (Eg) are denoted. (b) The schematics
showing the charge transfer in nickelocene-filled SWCNTs (I), Ni cluster-filled SWCNTs (II) and DWCNTS
(III). (c) The shift of the Fermi level, number of tmmfewoed electrons per carbon atom of SWCNTs (N(e™/C))
and charge transfer density per nanotube length (CT(e”/A)) plotted versus annealing temperature as well as
the schematics of electron and hole doping in the filled and annealed samples [89]—Published by The Royal
Society of Chemistry.

45



Perspective of Carbon Nanotubes

tube growth starts and nickel carbide decomposes to pure nickel. This leads to the
formation of nickel-filled DWCNTs. In DWCNTs, there is p-doping of outer tube
by inner tube, which leads to decreasing the n-type doping. At high temperatures,
nickel evaporates, and it leaves empty DWCNTs. It explains the largest p-doping
of nanotubes at 1200°C. Figure 11(b) presents the schematics showing the charge
transfer in the filled SWCNTs and annealed samples. Figure 11(c) demonstrates the
shift of the Fermi level, calculated number of transferred electrons per carbon atom
of SWCNTs (N(e™/C)) and charge transfer density per nanotube length (CT (e /A))
plotted versus annealing temperature as well as the schematics of n- and p-doping
in the filled and annealed samples.

Similar thermally induced modifications of the electronic properties were
reported for metallicity-mixed SWCNTs filled with ferrocene [82] and cero-
cene [93] as well as for metallicity-sorted semiconducting SWCNTs filled with
nickelocene [92].

4, Conclusions and outlook

The literature survey conducted in this chapter shows that filling with metal
halogenides leads to p-doping of SWCNTs. The doping level strongly depends on
the metal cation and halogen anion. In contrast, filling with metallocenes leads to
n-doping of SWCNTs. The high vacuum annealing of metallocene-filled SWCNTs
further results in the growth of inner tubes with altered electronic properties. The
growth kinetics of inner SWCNTs is characterized with two growth rates and activa-
tion energies. They show the dependence on the tube diameter and metal catalyst type.

The trends revealed in this chapter based on filling-induced modifications of the
electronic properties of SWCNTs, and the growth kinetics of SWCNTs will provide
the foundation for the dedicated preparation of SWCNTs with defined properties
that are required for advanced applications.

However, despite the remarkable progress in the filling of SWCNTs and the
controllable modification of their properties, there remain challenges that currently
limit the applicability of filled SWCNTs in devices. The first issue is the scale of syn-
thesis. Indeed, the filling routes of SWCNTs on a laboratory scale are well developed.
However, for the implementation of filled SWCNTs in devices, it is crucial to up-scale
the filling methods. The second issue is the filling yield. The filling is often not uniform
throughout the entire sample batch. The optimization of reliable and reproducible
strategies of filling of SWCNTs is necessary for application testing and the fabrica-
tion of real devices based on filled SWCNTs. The third issue involves the crystallinity
of encapsulated substances. Although in many cases, well-ordered one-dimensional
nanocrystals inside SWCNTs have been achieved by the melt method, there remains
alack of uniformity regarding the crystallization degree and phase composition of
the filling compound. Therefore, a better understanding of the filling mechanism of
SWCNTs is key to address these issues. It is important to further investigate the cor-
relation between the synthesis parameters and the filling material. This should enable
a considerable improvement on the filling ratio, crystallinity and uniformity, and thus
will open new avenues for large-scale synthesis of filled SWCNTs.
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Abstract

Carbon is a versatile element of distinctive properties and has been described as
the key element of living substance. Carbon nanostructures have attracted lots of
interest, due their prominent properties. Spray pyrolysis method is adopted for
synthesis of carbon nanotubes (CNTs). Contrast to any petroleum product, there is
no fear of its ultimate shortage as it is a renewable source and can be obtained easily
by cultivating as much quantity as required. Synthesize well crystalline multiwalled
carbon nanotubes (MWNTs) from unconventional precursor of methyl ester of
Helianthus annuus oil by optimize the parameters such as reaction temperature,
catalyst composition and feed rate of carbon precursor in order to obtain good yield
with desirable morphology.

Keywords: carbon nanotube, spray pyrolysis, optimization

1. Introduction

Carbon nanotube (CNTs) can be considered to be a potential candidate of the
forthcoming century due to its extraordinary properties [1-5]. In the year 1985, an
important breakthrough in carbon research was realized by the work of Kroto et al.
[6], which resulted in the discovery of a large family of all carbon molecules, called
‘fullerenes’. Discovery of CNTs is attributed to Iijima [7] as the first scientist who
was looking for new carbon structures, in the deposit formed on graphite cathode
surfaces during the electric-arc evaporation (or discharge) that is commonly
employed to produce fullerene soot. The most important methods of synthesis of
CNTs are electric arc discharge, laser evaporation and chemical vapor deposition
methods (CVD) [8, 9]. Arc-discharge method is the easiest and most common
method of producing CNTs. Ando has carried out the arc-discharge evaporation of
pure graphite rods in various kinds of ambient gases (He, Ar and CH,) since CNTs
were first discovered [10]. Laser technique is not economically advantageous
because the process involves high purity graphite rods, high power lasers and low
yield of CNTs. The CVD is another popular method for producing CNTs in which
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hydrocarbon vapor is thermally decomposed in the presence of a catalyst [11].
Several researchers describe the method for synthesizing CNTs in large scale from
petroleum-based precursors such as benzene, xylene and hexane. In current, CNTs
synthesized from unconventional precursors such as camphor, eucalyptus oil, Pine
oil, Citrus limonum oil and Brassica juncea oil [12-16]. The main objective is to
explore whether pyrolysis of natural carbon precursor of methyl ester of Helianthus
annuus oil over Fe, Co and Mo catalysts supported on silica can be usefully
employed for synthesis of good quality carbon nanotubes at low temperature con-
ditions using spray pyrolysis method. Response surface methodology-based Box-
Behnken design was employed in order to optimize the process parameters for
synthesis of MWNTs.

2. Experimental methods

The spray pyrolysis method is similar to CVD method and the only difference
with CVD is the vaporization and pyrolysis of carbon source occurs simultaneously
in spray pyrolysis whereas these processes occur independently in two steps in
CVD method. The Fe-Co-Mo catalysts supported on silica (0.5 g) was placed in the
quartz boat and then inserted into the center of a quartz tube placed in the electrical
heating furnace. The carrier gas nitrogen was flushed out before switch on the
reaction furnace to remove air and create nitrogen atmosphere. The temperature
was raised from room temperature up to the desired CNTs growing temperature.
Subsequently, the carbon precursor methyl ester of Helianthus annuus oil was
introduced into the quartz tube through spray nozzle at the rate of 20 mL/h. The
deposition time lasted for 60 min at the chosen temperature. Nitrogen flow was
maintained until the furnace was cooled to room temperature. The product collected
was then weighed and stored in air tight container for further characterizations.

3. Results and discussion

The morphology of MWNTs synthesized at 550, 650 and 750°C using methyl
ester of Helianthus annuus oil as a precursor is studied. The MWNT's grown at 550°C
are mostly tangled with diameter in the range of 22-48 nm as shown in scanning
electron microscope (SEM) image in Figure 1a. A nice growth of web like structure
of MWNTs with diameter of 2045 nm is observed at 650°C (Figure 1b). The SEM
image of MWNTs synthesized at 750°C is shown in Figure 1c. The MWNTs with
diameter of 75-100 nm is observed at 750°C (Figure 1c). The results are in good
agreement with Li et al. [17].

Figure 1.
(a—c) SEM images of MWNTS grown at 550, 650 and 750°C.
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(a—c) HRTEM images of MWNTS grown at 550, 650 and 750°C.

High resolution transmission electron microscope (HRTEM) recorded for the
MWNTs synthesized at 550°C is shown in Figure 2a. HRTEM analysis shows a rope
like tubular structure of MWNTSs grown on the surface of chosen catalyst clusters.
The HRTEM image (Figure 2b) clearly shows well-graphitized layers of MWNTSs
with inner and outer diameter in the range of 8-13 and 16-24 nm respectively,
grown from catalytic decomposition of methyl ester of Helianthus annuus oil at 650°
C. The selectivity towards MWNTs formation is observed in the best optimized
condition of the present study at 650°C. The carbon deposit obtained at 750°C is
found to be consisting of MWNTSs of diameter 65-75 nm (Figure 2c).

The crystalline nature of the sample synthesized is studied using Raman spectrum
and it is depicted in Figure 3a. In this study, the D and G peaks are observed at about
1370 and 1563 cm ™" for the samples synthesized at 550°C. The intensity ratio value of
the G and D band, i.e., Ig/Ip value 0.71 provides important information relative to
the purity and structural quality of the nanotubes that the MWNTs are made up of
defective layers. D and G peaks are observed at about 1335 and 1545 cm ™" for the
samples prepared at 650°C as shown in Figure 3b. The I/Ip, ratio calculated from the
peak area is 1.8. A further increase in temperature from 650 to 750° C results in a
rapid drop in the I/Ip ratio to one (Figure 3c). Among the chosen experimental
temperatures, the highest Ig/Ip ratio is observed for 650°C. This indicates the highest
quality and purity of samples formed at 650°C. The absence of peaks below 300 cm ™
in Raman spectrum of the carbon deposits obtained in this study reveals the absence
of single walled carbon nanotubes (SWNTs) [18]. The catalytic vapor deposition of
methyl ester of Helianthus annuus oil over Fe catalyst supported on silica at 650°C
results in a considerable quality of carbon nanotubes deposit (Figure 4a). However,
as-grown CNTs are diameter in the range of 60-90 nm with poor structure and
contains abundant amount of amorphous carbon. In Figure 4b MWNT's grown is in
the range of diameter of 28-70 nm using Fe-Co catalyst.
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(a—c) Raman spectrum of MWNTS grown at 550, 650 and 750°C.
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Figure 4.
(a and b) SEM images of MWNTS grown using Fe, Fe-Co catalyst supported on silica.

(b)

Figure 5.
(a and b) HRTEM images of MWNTS grown using Fe, Fe-Co catalyst supported on silica.

The HRTEM image (Figure 5a) of MWNTs synthesized over Fe catalyst
supported on silica shows the poor crystallization of walls and a layer of amorphous
carbon on outer surface of the tube. The outer diameter of MWNTs are around
40-60 nm respectively. The tubular structure of CNTs (Figure 5b) grown over
Fe-Co catalysts supported on silica are MWNTs with thick in size and covered with
layer of amorphous carbon. The inner and the outer diameter of the MWNTs are 15
and 20-30 nm, respectively.

The Raman spectrum recorded for the MWNTs obtained over Fe catalysts
supported on silica where shown in Figure 6a. The spectrum shows G-band at
1554 cm " and a peak at 1339 cm ™ corresponds to D-band. The I/Ip, value of 0.65
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(a and b) Raman spectrum of MWNTS grown using Fe, Fe-Co catalyst supported on silica.
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evidences the imperfection in graphitization of MWNTs layers. Using Fe-Co cata-
lyst spectrum show G-band at 1584 cm ™" and a peak at 1349 cm ™" corresponds to D-
band. The value of I5/Ip for the MWNTSs grown on Fe-Co catalysts supported on
silica is 1.1.

SEM image of MWNTs formed at the flow rate of 10 mL/h are of 50-80 nm in
diameter with spaghetti like structure (Figure 7a). The increase in precursor flow
rate to 30 mL per hour has resulted MWNTs are thick in size with diameter in the
range of 40-70 nm as shown in Figure 7b. This may be due to higher rate of
decomposition of precursor [19].

Methyl ester of Helianthus annuus oil at a flow rate of 10 mL/h produced
MWNTs of poor quality in graphitization is evident from HRTEM image shown in
Figure 8a. Figure 8b shows the defective structure of MWNTs synthesized using
precursor flow rate of 30 mL/h. The tube diameter is relatively thicker in the range
of 40-60 nm with amorphous carbon at the outer wall of the tube [20]. The G-band
is observed at 1576 cm ™' and D-band is observed at 1351 cm ™" for the precursor
flow rate of 10 mL is shown in Figure 9a. The Ig/Ip ratio calculated is 1.1. This
indicated that the MWNTs formed are of moderate graphitization. In the flow rate

Figure 7.
(a and b) SEM images of MWNTS grown at the flow rate of 10 and 30 mL.

@ - (b)

Figure 8.
(a and b) HRTEM images of MWNTS grown at the flow rate of 10 and 30 mL.
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Figure 9.
(a and b) Raman spectrum of MWNTS grown at the flow rate of 10 and 30 mL.

of 30 mL/h appearance of D and G peaks at 1341 and 1554 cm ™', respectively, with
I/Ip value of 0.65 indicates the formation of MWNT's with defective graphitic
layers (Figure 9b).

4. Box-Behnken design and data analysis for the yield percentage of
MWNTs

Reaction temperature (°C), composition of catalyst (g) and feed rate of precur-
sor (mL) were considered as independent process variables, and their individual
and interactive effects on the yield percentage (as a response) of MWNTSs were
investigated using the Box-Behnken design approach. Syntheses of MWNTSs exper-
iments are conducted according to the design matrix and the corresponding results
are tabulated in Table 1. The quadratic equation for predicting the optimum point
was obtained according to the Box-Behnken design and input variables and then the
empirical relationship between the response and the independent variables in the
coded units for the yield percentage of MWNTs from the chosen precursor methyl

Run Factor 1 Factor 2 Factor 3 Response 1

A: reaction temperature B: catalyst composition C: feed rate of precursor  Yield (%)

(°C) (g) (mL)
1 550 0.5 10 15
2 650 0.75 30 60
3 750 0.75 20 55
4 550 0.5 30 35
5 650 0.5 20 78
6 650 0.75 10 40
7 650 0.5 20 75
8 650 0.5 20 76
9 750 0.5 10 42
10 650 0.5 20 72

62



Carbon Nanotube from Unconventional Precursor-Optimization of Synthesis Parameters
DOI: http://dx.doi.org/10.5772 /intechopen.84860

Run Factor 1 Factor 2 Factor 3 Response 1

A: reaction temperature B: catalyst composition C: feed rate of precursor  Yield (%)

C) (@ (mL)
11 650 0.5 20 71
12 550 0.75 20 20
13 550 0.25 20 10
14 750 0.25 20 50
15 650 0.25 10 37
16 650 0.25 30 50
17 750 0.5 30 45

Table 1.
Box-Behnken design matrix and corresponding response for methyl ester of Helianthus annuus oil.

ester of Helianthus annuus oil were presented on the basis of the experimental
results as follows:

Y = 74.4 + 14A + 3.5B + 7C — 1.25AB — 4.25AC + 1.75BC — 26.575A2 — 14.075B2 — 13.575C2
1)

5. Analysis of variance (ANOVA)

The statistical significance of the quadratic model was evaluated by the ANOVA.
The ANOVA results for the quadratic equation summarized in Table 2 for the yield
percentage of MWNTs from the chosen precursor of methyl ester of Helianthus
annuus oil.

Source Sum of squares df Meansquare F-value p-value
Prob > F
Model 7195.064706 9 799.4516 24.68532 <0.0001
A—temperature 1568 1 1568 48.41641 0.0002
B—catalyst composition 98 1 98 3.026026 0.1255
C—feed rate of carbon precursor 392 1 392 12.1041 0.0103
AB 6.25 1 6.25 0.192986 0.6737
AC 72.25 1 72.25 2.230922 0.1789
BC 12.25 1 12.25 0.378253 0.5580
A? 2973.602632 1 2973.603 91.81834  <0.0001
B? 834.1289474 1 834.1289 25.75608 0.0014
c? 775.9184211 1 775.9184 23.95866 0.0018
Residual 226.7 7 32.38571
Lack of fit 1935 3 64.5 7.771084 0.0382
Pure error 332 4 8.3
Cor total 7421.764706 16
Table 2.

ANOVA for RSM parameters fitted to a polynomial equation for methyl ester of Helianthus annuus oil.
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ANOVA indicates that the actual relationship between the response and signifi-
cant variables represented by the above quadratic equations are accurate. The
significance of the coefficient term is determined by the values of F and p and the
larger the F-value and smaller the value of p, the more significant is the co-efficient
term. The p is lower than 0.05, suggesting the model to be statistically significant.
For the present synthesis process, the ANOVA results indicated the Model F value
was 24.68 for methyl ester of Helianthus annuus oil, suggesting only 0.01% chance
of a “Model F value” so large could occur due to noise and most of the variation in
the response could be explained by the regression equation and the model was
significant.

6. Three dimensional response surface plots

To study the interaction between all three variables, three dimensional surfaces
and two dimensional contours were plotted by keeping one variable constant at
central level and the other two varying within the experimental ranges.

In Figure 10, the response surface and contour plots were developed for methyl
ester of Helianthus annuus oil as a function of temperature and catalyst composition
while feed rate of precursor was kept constant as 20 mL. In this experiment,
Figure 10 indicates that the response is sensitive to the reaction temperature. The
yield percentage of MWNTs increases with increase in temperature and attains
peak at optimum temperature (650°C) for methyl ester of Helianthus annuus oil.
Low yield obtained at 550 and 750°C is possibly due to the fact that the catalyst
could not be activated and high rate of pyrolysis followed by encapsulation of
catalyst respectively. High yield obtained at 650°C in this study is attributed to
almost equal rate of pyrolysis of precursor and CNTs growth. The highest yield
obtained at high temperature (750°C) was probably due to condition may be
attributed to thermal energy of precursor vapors which favors high rate of cracking
on the catalyst [21].

The response surface and contour plots were developed for methyl ester of
Helianthus annuus oil using the variables temperature and feed rate of carbon
precursor by keeping catalyst composition (0.5 g) as constant. As can be understood
from Figure 11 increase of precursor feed rate from 10 to 20 mL increases the yield
percentage of MWNTs. Further increase of flow rate to 30 mL leads to reduction in
the yield of MWNTs.
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Figure 10.
Response surface and contour plots for the yield of MWNTS as the function of temperature and catalyst
composition.
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Response surface and contour plots for the yield of MWNTS as the function of temperature and feed rate of
precursor.
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Figure 12.
Response surface and contour plots for the yield of MWNTSs as the function of catalyst composition and feed rate
of precursor.

The interactive effect of the feed rate of carbon precursor and catalyst composi-
tion on the percentage of yield of MWNTs at constant temperature of 650°C is
illustrated in Figure 12. Piedigrosso et al. reported that amount of nanotubes
formed over silica supported Co catalyst depends on content of Co [22]. A strong
relationship between the catalyst and yield of MWNTs deposit was observed in this
study. It is seen from Figure 12 that the yield percentage of MWNTs increases with
increasing catalyst composition attains maximum and starts decreases. Increase in
yield at optimum condition may be due to synergistic advantages of high catalytic
decomposition, effectiveness in growing CNTs and promotional character of Fe, Co
and Mo respectively.

7. Optimization of process variables

The numerical optimization was used to optimize the yield percentage of
MWNTs from methyl ester of Helianthus annuus oil, and optimum values are
presented in Table 3. A desirability value of 1.0 was obtained after optimizing the
process parameters. The experimental values of yield percentage of MWNTSs grown
from methyl ester of Helianthus annuus oil under the optimal conditions closely
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Variables Optimum values
Reaction temperature (°C) 674.29
Catalyst composition (g) 0.53
Feed rate of precursor (mL) 22.28
Yield percentage (predicted) 77.11
Yield percentage (actual) 78

Table 3.

Obtained optimum values of the process variables and responses.

agree with the predicted values (Table 3) obtained from the model and validate the
findings of response surface optimization.

8. Conclusion

The present work reveals the natural precursor of methyl ester of Helianthus
annuus oil as carbon precursor for synthesis of carbon nanotubes. Utilization of Fe,
Co and Mo catalysts supported on silica for synthesis of well-graphitized carbon
nanotubes with high yield at low temperature conditions using spray pyrolysis
method is successfully reported. Optimization studies by applying Response Surface
Methodology, a Box-Behnken design for optimizing the process parameters such as

reaction temperature, catalyst composition and feed rate of precursor clearly indi-
cated the efficiency of yield percentage of MWNTs.
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Chapter 5

Vertically Aligned Carbon
Nanotubes Production by PECVD

Oleg I. II’in, Marina V. II'ina, Nikolay N. Rudyk,
Alexandyr A. Fedotov and Oleg A. Ageev

Abstract

This chapter presents the results of experimental studies of the PECVD techno-
logical mode parameters’ influence on the formation of catalytic centers and carbon
nanotubes’ (CNTs’) growth processes. This chapter also presents the ability to regulate
the growth parameter for the controlled production of CNTs with the required geo-
metric parameters, properties, and growth mechanisms. The results of experimental
studies of the heating temperature and activation time effects on the catalytic center
formation will be presented. This chapter also shows the effects of growth tempera-
ture, heating rate, and the activation time on the geometric and structural parameters
of the carbon nanotubes. Experimental studies were carried out with the use of AFM,
SEM, TEM, and EXAFS techniques. The results can be used in the development of
technological processes for creating ultrafast energy-efficient electronic component
base with carbon nanostructures, particularly nanoelectromechanical switches, flexo-
and piezoelectric generators, gas sensors, and high-performance emitters.

Keywords: carbon nanotubes, PECVD, nanotechnology, technological modes,
growth mechanisms

1. Introduction

Unique properties of carbon nanotubes (CNTs) [1-5] open wide possibilities
for their application as functional elements of carbon micro- and nanoelectronics
devices [6-13]. Thus, for integration of the CNT growing methods in the mass pro-
duction technology, most of the interests are ordered arrays of single-walled CNT,
and based on them, they are located at the place of use in accordance with the design
of the developed device [14-18]. In this regard, there is necessary to provide the
requirements for the structure, properties, and geometrical parameters of CNT [19].

For make requirements demanded to CNT, the plasma-enhanced chemical vapor
deposition method (PECVD) is most promising [20, 21]. The initial stage of the
CNTs' growing process is based on the thin layer formation of the transition metal,
which are formed catalytic centers (CC) during subsequent destruction. On the
surface of CC takes place dissociation of condensed carbon-containing gas molecules
and transportation of free carbon atoms to the base of growing CNTs. The param-
eters of the catalytic centers (size, dispersion, chemical composition, etc.) [22, 23]
determine the parameters of carbon nanotubes (diameter, height, chirality, electri-
cal properties, growth kinetics, etc.) that underlie their instrument application
[20, 24]. In practice, CNT arrays are most often grown on nanoscale CC obtained
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by coagulation of a nanoscale thickness metal film during annealing [25, 26]. For
exclusion of the interaction between the CC and the substrate, it is necessary to form
buffer layers based on metal or dielectric films.

In the PECVD method, there are a lot number of interrelated parameters (tem-
perature, pressure, gas flows, gas types, types of catalyst film material, etc.) that
influence the processes of CC formation and CNT growth [27, 28].

This chapter describes the results of experimental research of the PECVD
technological modes that influence on the formation of CC and vertically aligned
carbon nanotubes’ (VA CNTs’) growth for the controlled production of nanotubes
with the required geometric parameters and properties.

2. Features of the PECVD process parameters’ influence on the
formation of catalytic centers and carbon nanotubes’ growth

2.1 Experimental samples and equipment

Experimental research on the formation of catalytic centers and the growth
of VA CNT was performed using the PECVD module of cluster nanotechnology
complex NANOFAB NTK-100 (NT-MDT, Russia). A silicon wafer with a depos-
ited chromium film and a nickel catalytic film with thicknesses of 20 and 10 nm,
respectively, was used as the initial substrate. Cr and Ni films were deposited by
magnetron sputtering on an AUTO 500 (BOC Edwards, UK). The catalytic cen-
ters formation was performed in an argon and ammonia atmosphere. The CNT
growth was performed in ammonia and acetylene atmosphere. In all experimen-
tal researches, the pressure in the chamber was 4.5 Torr. The structural analysis
of the VA CNT arrays was conducted by the transmission electron microscopy
(TEM) using the Tecnai Osiris (FEI, Netherlands) and the Raman spectrom-
eter Renishaw InVia Reflex (Renishaw plc, UK). Analysis of TEM images and
Raman spectra showed that the experimental samples were multiwalled carbon
nanotubes [29]. Surface investigations of the obtained VA CNT arrays were
carried out using a scanning electron microscope (SEM) Nova Nanolab 600 (FEI
Company, Netherlands). Investigation of structure and analysis of processes in
catalyst films and sublayer was performed by extended X-ray absorption fine
structure spectroscopy (EXAFS) with special source of synchrotron radiation
(Kurchatov Institute, Russia). Analysis of geometric parameters of CC was
conducted by atomic force microscopy using the Ntegra Probe Nanolaboratory
(PNL) (NT-MDT, Russia). To process the experimental data, the ImageAnalysis
application package was used.

2.2 The effect of heating temperature on the catalytic center formation

As a catalyst for growing CNT, most often used transition metals are Fe [30-34],
Ni [35, 36], Co [37-39], and binary compounds based on them such as Fe-Mo [40],
Co-Fe [41], Fe-Cu [42]. At the same time, an important factor to create devices with
CNTs is the growth of nanotubes on the sublayer ohmic contact. This factor creates
additional difficulties in technological process by increasing kinetic interactions
at high growth temperatures, such as doping and formation of intermetallic com-
pounds between the catalyst and the sublayer material.

Experimental research was performed on the samples with Ni/Cr/Si structure.
The samples were heated in the temperature range 700-800 with 50°C interval
in PECVD module in the atmosphere of inert gas (Qa, = 40 sccm) and ammonia
(Qums = 15 sccm). Argon is used to purge the chamber and remove residual air.
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Ammonia creates a reducing atmosphere in the reactor that prevents oxidation of
the catalytic film. During the annealing fragmentation and corrugating, Ni film
occurs with catalytic centers formation.

On the initial samples, according to the SEM data, the surface of the structure
was smooth. After heating the samples to a given temperature, the metal film was
fragmented with CC formation (Figure1).

Analysis and statistical processing of the obtained AFM images allowed to
obtain the dependence of the catalytic centers height and diameter by substrate
heating temperature (Figure 2).

From the obtained dependences (Figure 2), it can be seen that the heating
temperature has a significant effect on the geometric dimensions of the CC. The
difference between the temperature expansion coefficients of Si substrate
(10.9 x 107%°C™") and Cr sublayer film (3.1 x 10~%C™") promotes the appearance
of significant mechanical stresses during annealing in the film/substrate contact,
which causes fragmentation and rupture of the metal film into separate islands. CC
formed at a temperature of 700°C is characterized by a larger scatter of geometric
parameters, which is associated with the initiation of the film breakdown process
and insufficiently intense surface diffusion of Ni atoms. As the temperature rises to
750°C, diffusion exchange of atoms is activated through the contact plane between
the film and the substrate. As the plasticity of the metal increases, the consolidation
of small CC into larger ones with a decrease in the scatter of their height is observed.

When the temperature rises above 750°C, a simultaneous process of sublimation
and surface diffusion is observed, which leads to a decrease in the diameter and
height of the CC. At the same time, there is a decrease in the number of small CCs,
which were observed at a temperature of 700°C.

To analyze the processes occurring in the films of the catalyst and the sublayer
during heating, the sample with 750°C heated temperature was investigated by
EXAFS. The obtained X-ray absorption spectra (Figure 3) were compared with
spectra of the reference substrates.

The results of the research show that in the Ni/Cr/Si structure, Ni is mainly in
the oxidized state (the volume of pure Ni is ~30%). The Cr absorption spectrum
(Figure 3b) coincides with the reference spectrum of Cr,0;.

For the subsequent growth of CNTs, it is necessary to form QC from pure Ni;
therefore, it is necessary to carry out the process of “activation” (i.e., reduction) of
Ni from NiO before synthesizing CNTs.

This research was supported by the Russian Science Foundation under grant no.
18-79-00176.

Figure 1.
SEM images of CC formed at different heating temperatures: (a) 700°C, (b) 800°C.
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Figure 2.
Dependencies of diameter (a) and height (b) from the substrate heating temperature.
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Figure 3.
EXAFS spectra of Ni/Cr/Si structures after baking at the heating stage, for the absorption energy range of Ni
(a) and Cr (b).

2.3 The effect of activation time on the catalytic center formation

The ammonia gas line in the PECVD module allows for the “activation” process.
“Activation” is the exposure of samples in an NH; atmosphere (210 sccm) obtained
at the heating stage. The use of a DC high-voltage source allows to initiate the plasma
at the “activation” stage. To analyze the effect of “activation” stage on the catalytic
center parameters, a series of experiments were carried out to determine the depen-
dence of the effect of exposure time in ammonia with and without plasma initiation.

In the beginning, experimental samples were created at the heating stage (heating
to 750°C for 20 min, in an atmosphere of Ar (40 sccm) and NH; (15 scem)). Upon
completion of the heating stage, the “activation” stage began. Only NH; (210 sccm)
was fed into the chamber, while the heating temperature did not change. The expo-
sure time of the samples was 1, 3, and 5 min. Sample nos. 1-3 were exposed without
plasma initiation, nos. 4-6 with initiation ammonia plasma.

Research of CC parameters was provided by AFM and SEM. The results of
numerical processing AFM images are present on Figure 4.

Based on the data obtained, it can be concluded that the “activation” process has a
significant impact on the evolution of catalytic centers. Moreover, the greatest contri-
bution is made by the impact time and not by the presence of plasma in the process.

Comparison of dependencies of Figures 2 and 4 shows that exposure in ammo-
nium atmosphere leads to additional etching of Ni CC and reducing their diameter
and height. At the activation stage are formed more ordered and uniform CC arrays
in comparison with arrays obtained at the heating stage. It is shown that an increase
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in the processing time of a CC at the “activation” stage allows not only to reduce the
CC sizes from 122 + 19 to 65 + 9 nm (in the 1-5 min exposure time range), but also
to increase their homogeneity.

Investigation of the activation process effect on the reduction of NiO to Ni was
not carried out due to possible oxidation of CC during the chamber vacuum is
released.

This study was supported by the Russian Science Foundation under grant no.
18-79-00176.

2.4 The effect of growth temperature on carbon nanotubes geometric
dimensions

The growth stage is a technological step which begun after the “activation” stage.
Into the chamber of the PECVD module a mixture of NH3 (210 sccm) and C2H2
(70 sccm) gases is fed. Plasma is initiated for the vertical alignment of CNT relative
to the substrate in the growth process.

SEM images of the grown CNTs are present in Figure 5. Due to the features of
the CNTs growing process in PECVD module, set temperature in the heating step
also serves “activation” and growth temperatures.

The SEM images show the integral temperature effect, which is associated both
with the formation of CC at the stages of heating and activation, and with the
CNT growth processes at set temperature. For samples obtained at a temperature
of 650°C, characterized by the height of the CNT array 65 + 5 nm, with a diameter
of 25 + 3 nm and the presence of disoriented CNTs. CNTs are grown by the “tip”
mechanism. Increasing the temperature to 700°C leads to the elimination of the for-
mation of disoriented CNTs and CNT geometric dimensions are in the same range
(diameter 25 + 4 nm, height 66 + 5 nm). This effect may be associated with better
hydrogen desorption in the decomposition of acetylene on CC surface. This leads
to the formation of a less “defective” carbon layer on the CC surface, which does
not give branching and disorientation of CNT. A raise temperature to 750°C leads
to an increase in the mobility of the CC and association smaller CC into larger. The
parameters of CNT were: diameter 44 + 3 nm and height 80 + 9 nm. Also observed
growth of individual CNTs with a diameter of 70 + 3 nm and height 350 + 10 nm. At
800°C diameter and height of CNT arrays were 51 + 6 nm and 100 =+ 12, respectively.
There is also observed of individual CNT with a height of 600 + 24 nm and diameter
of 52 + 6 nm. The observed with increasing temperature, raising CNT diameter indi-
cating continued association small CC into larger in heating and activation stages.
The almost complete absence of CNTs with a diameter of less than 25 nm indicates
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Figure 4.
Dependencies of diameter (a) and height (b) on time of activate.
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the ongoing process of absorption of small CC by larger ones or possible sublimation
of small CC at a given temperature. However, with increasing temperature the pro-
cess of acetylene desorption from the sample surface is accelerated. Thus, not having
time to react with the CC carbon-containing gas is pumped out by vacuum system.

Structural analysis of the VA CNT arrays grown at temperatures of 700, 750, and
800°C was carried out using the Raman spectroscopy (Figure 6).

d)

Figures.
Images of VA CNT arrays obtained at different growth tempevatures: (a) TEM image, 750°C; and SEM images:
(b) 700°C; (c) 750°C; (d) 800°C.
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Figure 6.
Raman spectra of the VA CNT arrays grown at different temperatures.
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The absence of the RBM mode in the range of 0-200 cm™" and the presence of
D- and G-modes on the spectrum shows that the grown CNTs are multiwalled. The
ratio of the peaks Ip/Ig shows that the defectiveness of the tubesis 0.91, 0.88 and 0.90
for growth temperatures of 700, 750 and 800°C, respectively. High “defects” of CNT is
related with the features of samples structure and technique for obtaining the spectra
at which the laser beam falls along the normal to the substrate surface. The presence of
Ni CC in the top of the CNTs can lead to an increase in the amplitude of the D-mode
and, as a result, cause symmetry breaking of the graphite layer with sp2 hybridization
of carbon atoms, which is recorded in the spectrum. However, a comparative analysis
found that CNT obtained at a temperature of 750°C characterized by the lowest “defec-
tiveness”. The ratio of the amplitude of the main mode of Si to the G-mode of a CNT
qualitatively shows that the concentration of CNTs grown at a temperature of 750°C is
3.1% and 5.2% higher than that of samples grown at 800 and 700°C, respectively.

CNTs grown at a temperature of 750°C were investigated using EXAFS. X-ray
absorption spectra are shown in Figure 7.

The EXAFS results show that Ni on CNT samples have almost completely recov-
ered, with a metal percentage of 90-95%. A decrease in the spectrum intensity of
the chromium absorption energy range of a sample with CNT (Figure 7b) compared
to a sample with CC (Figure 3b) suggests the presence of a phase transformation of
Cr,03 to CrO, or the formation of a solid solution of Cr,0; + Cr3C,. The reduction
of the oxidized chromium sublayer to metallic Cr does not occur at the all stages of
PECVD process. A comparative analysis of the diameter of CC formed at the end of
the “activation” stage and the diameter of grown CNTs allows to conclude that CC
with a diameter of less than 70-90 nm produce growth of single CNTs.

This study was supported by the Russian Science Foundation under grant no.
18-79-00176.

2.5 Effect of heating rate on the carbon nanotube parameters

To investigate the effect of heating rate on the geometric dimensions of CNTs, a
series of experiments on heating samples to temperatures of 650, 750, and 800°C in
20 and 45 min were carried out (Figure 8).

Based on the data obtained from SEM images (Figure 9), it can be concluded
that at low heating temperatures (650°C), the heating rate does not have a signifi-
cant impact on the parameters of the grown CNTs.

In sample nos. 1 and 2, the CNTs diameter was about 30 nm and height about
45 nm. When the temperature rises to 750°C in sample no. 3, compared with nos. 1
and 2, there is an increase of CNTs height (300 + 35 nm) and diameter (54 + 8 nm).
An increase in heating time to 45 min (sample no. 4) leads to a decrease in the
dispersion of the CCs diameter at the heating stage. The CNT arrays on sample no.
4 have a greater homogeneity of nanotubes (as compared with samples No 3), and
diameter was 45 + 4 nm and height 280 + 30 nm. These geometrical dimensions
indicate the absorption of small CCs by large CCs at the heating and activation
stages, with the subsequent sublimation of CCs. Heating the sample no. 5 to 800°C
in 20 min allowed to form CNT arrays with diameter of 60 + 7 nm and height of
120 + 10 nm. Separate CNTs with heights up to 600 nm were observed. A decrease
in the sample no. 6 heating rate (800°C for 45 min) leads to the formation of CNTs
with a diameter of 65 + 6 nm and a height of 85 + 10 nm. It can be assumed that at
a temperature of 800°C, an increase in CC formation time leads to raising in the
number of silicon atoms “jumps” and their exit through the Cr,Si,/Cr layer to nickel
CCs. In this case, Ni interacts well with Si with formation of nickel silicides, which
causes a decrease in the catalytic activity of Ni. An increase in the heating time to
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Figure7.
EXAFS spectra of Ni/Cr/Si structure after growth process for the absorption enevgy range of Ni (a) and Cr (b).
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Schematic rvepresentation of the CNT growing process on samples with different heating rates.
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Figure 9.
SEM images of substrates with CNT heated for 45 min to temperatures: (a) 750°C, (b) 800°C.

45 min becomes sufficient to saturate nickel CCs with silicon, and a temperature of
800°C leads to a better dissolution of carbon in the poisoned CC. As a result, CC is
oversaturated by carbon, with subsequent carbidization of the catalyst and stop-
ping the growth process.

It should be noted that heating above 650°C does not have a significant effect on
the diameter of the grown CNTs. However, control of the heating rate and growth
temperature allows stabilizing the height of the CNT at 280 + 30 nm and reducing
the variation of nanotube diameters.
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2.6 The effect of activation time on the carbon nanotube parameters

To investigate the effect of the activation process on the CNTs growth without
plasma, the values of diameter, height, and density of CNT for all samples were
determined in [27] (Table1).

An increase in the diameter and a decrease density of CNTs at intervals of 1-3
and 6-10 min is associated with the predominance of the absorption processes of
small centers with large centers. But at the time intervals of 3-6 and 10-15 min, the
etching processes of CC in the ammonia atmosphere prevail. At the same time, the
intervals of 3-6 and 10-15 min are dominated by the processes of CC etching in
the ammonia atmosphere. All obtained CNTs are grown by the “top” mechanism.

It should be noted that when the activation time is more than 1 min, the CNTs in

the growth process begin to unite into bundles, which is not observed when CC is
activated in the plasma. With an increase in the activation time, a decrease in the

deviation of the growing tubes from the normal to the substrate is observed.

To assess the effect of the growth process on the parameters of CNT, an experi-
ment without the “activation” stage was conducted. SEM images of the obtained
CNTs are shown in Figure 10.

From Figure 10, it can be seen that the CNTs obtained without “activation” stage
are grown by the “root” mechanism, and the open CNTs peaks begin to branch with
graphite flakes formation. Thus, control of the activation process allows to control
CNT growth mechanism.

2.7 The effect of growth time on the carbon nanotube parameters

To research the growth time effect on the geometrical dimensions of CNTs,
samples with CNTs, whose growth time was 5, 10, 15, and 30 min, were investigated
by [28].

As a result of processing the obtained SEM images (Figure 11), the dependences
of the diameter and height of the CNT on the growth time (Figure 12) are shown.

From the obtained dependences (Figure 12), it is seen that with an increase in
the growth time to 15 min, the diameter and height of the CNT vary linearly with
time. In the interval of growth from 15 to 30 min CNTs diameter does not change
significantly, and the height dependence has a tendency to saturate. Thus, it can be
assumed that in the initial stages simultaneously with the increase in length, the
formation of new walls of CNTs occurs, which leads to an increase in the external
diameter of the nanotubes. When in these technological modes the critical size of
the CNT is reached, the disorientation of the CNTs begins (Figure 11c).

The investigation of CNTs by the Raman spectroscopy (Figure 13) showed
that the spectra of CNTs grown within 5 min are almost the same as the spec-
tra of CNTs grown within 10 min. CNTs grown for 15 min show a noticeable

Activation time, min CNTSs’ diameter, nm CNTSs’ height, nm CNTS’ density, mkm™
1 26 + 4 77+8 410 + 38
3 35+8 250 +20 250 25
6 24+ 4 200 +9 171+ 18
10 51+11 260 + 22 136 + 16
15 505 310 £ 25 228 +23
Table 1.

Parameters of CNT grown at different activation time.
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Figure 10.
CNT arrays grown without activation at different magnification: (a) 40000x, (b) 200000x.

I

20 nm

) Q)

Figure 11.
SEM images of CNT grown at different time: (a) 5 min, (b) 15 min, (c) 30 min, and (d) TEM image (15 min).

increase in the intensity of the spectrum. That is, an increase in the height of the
CNT leads to an increase in Raman intensity. The ratio of Ip/Ig peaks was found
to be 0.95, 0.86, and 0.91 for growth times of 5, 10, and 15 min, respectively.
The high “defectiveness” of CNTs grown within 5 min is explained by the small
height and diameter of CNTs, where most of the volume of CNTs is the catalytic
center, which makes a large contribution to the intensity of the D-mode.

With a raised growth time of 10 min, an increase in the aspect ratio and
a decrease in “defects” of CNTs are obtained. However, a further increase in
growth time causes the process of undercutting of the base of a CNT by plasma
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Figure 13.

Raman spectra of the VA CNT arrays with 5, 10, and 15 min grown time.

Figure 14.
CNTs grown for 15 min.
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growth itself, which leads to disruption of carbon bonds and the growth of the
D-mode in Raman spectra.
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Thus, the growth time has a significant impact on both the height of the CNTs
and their “defectiveness.” Therefore, to obtain CNTs of greater height with less
“defectiveness,” it is necessary to select modes with lower plasma power or growth
time, as well as increase the pressure of carbon-containing gas to accelerate the
transport of acetylene to the CCs.

This study was supported by the Russian Science Foundation under grant no.
18-79-00176.

3. Conclusion

As aresult of the performed research, the PECVD modes of production
CC with controlled parameters were determined. It is shown that heating at
a temperature of 700-800°C, with simultaneous inlet of argon and ammonia
into the PECVD chamber, makes it possible to obtain CCs with a diameter of
110 + 11 nm and a height of 40 + 7 nm. It was established that ammonia at the
“activation” stage allows reducing the diameter (up to 90 + 18 nm) and height (up
to 18 + 3 nm), as well as increasing the homogeneity of the array of the obtained
catalytic centers. It was confirmed that on the heating stage, Ni CCs are in an
oxidized state with an Ni content of ~30%, but Ni is reduced to almost pure metal
(95%) at the “activation” stage.

It is established that the growth temperature of 750°C shows the smallest
“defectiveness” of CNTs with a diameter of 44 + 3 nm and a height of 80 + 9 nm. It
is shown that at low temperatures (650°C), the heating rate does not have a signifi-
cant impact on the parameters of the grown CNTs, herewith diameter and height
of the CNT was about 30 and 45 nm, respectively. Heating above 650°C does not
affect the diameter of the obtained CNT; however, control of the heating rate and
growth temperature allows stabilizing the height of the CNT at 280 + 30 nm with a
diameter of 45 + 4 nm.

The PECVD modes of growth CNTs with controlled “tip” and “root” mecha-
nisms are determined. It was established that the control of technological param-
eters at the “activation” stage allows to control the diameter (24 + 4 —51 + 11 nm)
and density (136 + 16 — 410 + 38 pm~?) of CNTs.

The obtained results can be used in the development of technological processes
for the creation of ultrafast energy-efficient electronic components based on carbon
nanostructures, particularly nanoelectromechanical switches [43, 44], flexo- and
piezogenerators [45, 46], gas sensors [47, 48], and highly efficient autoelectronic
emitters [49, 50].
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Abstract

Ever since carbon nanotubes were discovered, it has attracted researchers from
all corners due to the fascinating characteristics they offer. Detection of environ-
mental pollutants is one of the prominent sectors where carbon nanotubes have
been extensively applied. Pristine carbon nanotubes attracted sincere attention at
the initial phase; however, the inherent shortcomings as a chemical sensor were
immediately recognized. Thereafter, improvement of selective and sensitive behav-
ior of carbon nanotubes toward varied class of analytes has remained a core area of
carbon nanotube-based research. Tailoring/covering sidewalls of carbon nanotubes
with different functionalizing entities has shown remarkable outcomes in improv-
ing behavior of nanotube sensors in various domains. Organic conducting poly-
mers, macrocyclic compounds, metal organic frameworks, metal nanoparticles,
etc. have been extensively reported to functionalize carbon nanotube surface. This
chapter discusses porphyrin-functionalized single-walled carbon nanotubes that
are found to be selective toward volatile organic compounds, and most importantly,
good selectivity and sensitivity have been observed for selected group of analytes.

Keywords: carbon nanotubes, porphyrin, volatile organic compounds, sensor,
chemiresistor

1. Introduction

Environment encompasses all living and non-living things coexisting with
invisible strings at balance. “Pollution” is a major component that disturbs this
balance and a serious threat to environmental ecosystem. Human practices exercis-
ing untowardly comfort are adding up to the existing lot of “pollutants,” and this is
causing adverse effects on all living creatures. Some of the dominating pollutants
that are human activity generated include oxides of sulfur and nitrogen, mono- and
di-oxides of carbon, particulate matter, and volatile organic compounds (VOCs).

Out of the major air pollutants, VOCs cover a large area of chemical species
that are present in nature. This class of pollutants is ubiquitous in nature and also
copious in amount. Most of the VOCs are colorless, having a sweet smell. Although
this odor is pleasant, inhalation of the same is very harmful to health. Even at room
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temperature, VOCs are present with high vapor pressure which is the cause of their
volatile nature. High concentration of atmospheric VOCs degrades the air quality.
When atmospheric VOCs get added to the rain water, the aqueous as well as terres-
trial surroundings get polluted.

The classification of VOCs can be done according to their composition like
(i) aromatic hydrocarbons (e.g., benzene, toluene, xylene), (ii) aliphatic hydro-
carbons (e.g., hexane), and (iii) oxygenated compounds (e.g., ketones, acetone).
According to their toxicity level [1], VOCs are categorized as follows: (i) extremely
hazardous that shows adverse effect upon exposure even at low concentration of
occurrence (e.g., benzene); (ii) class A compounds that may cause significant harm
to the environment (e.g., acetaldehyde, aniline, benzyl chloride); and (iii) class B
compounds that have lower post-exposure effects.

VOCs are dominant in industries as major solvents especially in the production
of cleansers, paints, glues, carpets, rubbers, furniture, varnishes, wax, cosmetics,
and air fresheners. Therefore, these products become the major sources of their
emission. Also, fuel combustion and vehicle combustion have been found to be
most prominent sources of VOC emission. Several types of foods and plants are also
critical sources of VOCs.

Although VOCs are having many applications in our day-to-day life, their
exposure is harmful. Small-scale exposure to VOCs causes ocular and throat irrita-
tion, vomiting, nausea, headache, loss of coordination, skin allergy [2-4], etc.
Chronic effects that have been observed with VOCs include damage to the liver,
lungs, kidney, reproductive system, respiratory system [5], and central nervous
system in human beings. It is well known that some of the VOCs are carcinogenic
[6, 7] too. Long-term exposures to VOCs are often deadly for all living organisms.
Several VOCs (such as methane) are the main contributors of global warming. In
addition, there are some VOCs that play a key role in destroying the stratospheric
ozone. Because of the depletion of ozone layer, harmful ultraviolet radiations
(280-315 nm) emitted by the Sun enter the atmosphere which is a potential cause
of skin cancer [8] in most of the cases. When plants are continually exposed to the
VOG:s, it is generally observed that they suffer from slow stem growth and infertil-
ity in respective species. Also, flower and fruit growth is affected upon exposure
to VOCs [9]. These data may not fully cover the scopes of damage caused by VOCs
but may be sufficient enough to realize the need of some protective measurements
against exposure to VOCs.

It is accepted that there should be all-out effort at war footing to curb the root
causes of VOCs emission, yet, at the same time, reliable means are required to
ensure a safe level of inhabitancy. As efficient control of VOC emission is a tough
deal, exposure of the same to living systems is certain and obvious. In such cases,
it is necessary to get real-time information of their concentration in the environ-
ment so that safety measures could be adapted in time to avoid potential hazard.
To design some safety measure, reliable detection of VOCs at their permissible
exposure limit (PEL) concentration is very necessary. There are three standard
ways of reporting the concentrations of VOCs: (i) the concentration of individual
VOCs; (ii) the sum of the concentrations of specific, individual VOCs in a sample;
and (iii) as total organic carbon (TOC), which is the concentration of organic
carbon in the gas stream. The concentrations are expressed in milligrams per cubic
meter (mg/m®). For TOC monitoring, among the most widely accepted techniques
are flame ionization detectors (FIDs), catalytic oxidation, and photoionization
detection (PID). For monitoring of individual VOCs concentration—(i) sorbent
tube followed by gas chromatography (GC) separation [10-14], (ii) non-dispersive
infrared (NDIR) detection [15-17], (ii) differential optical absorption spectrom-
etry (DOAS) [18], (iv) Fourier-transform infrared (FTIR) spectroscopy, and
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(v) mass spectroscopy [19] are among the mostly used standard techniques. The
reliability, precision, and sensitivity of most of these techniques are unquestion-
able. However, limitations are there in terms of inherent delay between sample
collection and measurement/analysis. The typical procedure of detection of VOCs
with these techniques starts from sample collection from the affected sites which
would be stored in canisters/Teflon bags, and then analysis of the samples is car-
ried out in the laboratory environment. Thus, possibility of degradation of sample
and incapability of accessing real-time data are inherent shortcomings, even
with these most powerful analytical tools. Moreover, direct-reading analytical
instruments such as FID and PID detectors do not only respond to VOCs but also
to other organic compounds. As these instruments are calibrated with only one
compound, the signal represents all compounds of the mixture as an equivalent
of this compound. The output signal gives no information about the qualitative
composition of the mixture. More profusely, all the abovementioned techniques
are very costly and require continuous consumable and trained manpower.
Gadgets that are capable of real-time monitoring come costly and are usually not
very user-friendly.

Therefore, there is a need of some reliable, efficient, cheap, and user-friendly
detection device for the real-time monitoring of the VOC level toxic air.

Sensors constitute the intelligent class that can be useful for the detection of
VOC:s as they are capable of transforming some change in a target physical/chemi-
cal quantity to any format of signals that are easy to be read or logged [20]. For an
efficient operation, a sensor should be:

i. highly sensitive,
ii. highly selective,
iii. durable,
iv. of small size,
v.handy, and
vi. with operation ease.

Taking into consideration all of the above points and in order to obtain efficient
sensing, it is very important to choose proper sensing platform, appropriate sensing
materials [20-21], and optimized synthesis parameters.

To apply a sensor for

i.real-time monitoring of the VOCs,
ii. efficient power management, and
iii. enhancing the mobility of the sensing gadget,

it is essential to minimize the size of the sensor or, more comprehensively, the
sensor backbone. The use of nanomaterials or, more precisely, carbon nanotubes
(CNTs) is a perfect solution in order to control the physical footprint of the sensor.

In this chapter, CN'T-based VOCs sensors, especially in chemiresistive modality,

will be discussed. A detailed review of porphyrin-/metalloporphyrin-functionalized
CNT-based VOC sensing has also been provided.

91



Perspective of Carbon Nanotubes

2. Carbon nanotubes

Carbon is the most versatile element in creation. The structural and characteris-
tic specialties of carbon nanotubes are defined again, by the fascinating features of
carbon atom. Carbon exhibits three allotropes in solid phase, viz. diamond, graph-
ite, and Buckminsterfullerene [22] that show extreme contrast in their behavior.

CNT is made up of a seamless rolling of graphite sheet. During rolling up of a
graphite sheet, 6-n rehybridization takes place due to the formation of a curvature
resulting in © confinement. The high electrical conductivity of CNTs finds its root
at this n-confinement. CNTs can be classified into three types on structural basis,
viz. (i) single-walled carbon nanotubes (SWCNTs) that are hollow cylinders of
individual graphene sheets, (ii) multi-walled carbon nanotubes (MWCNTs) that
are group of coaxial CNTs, and (iii) double-walled carbon nanotubes that are group
of two coaxial CNTs. The last type (i.e., DWCNTs) did not find much technologi-
cal importance in contrast to the other types. lijima, in 1991, observed MWCNTs
for the first time [23] followed by independent and simultaneous observation of
SWCNTs in 1993 by lijima [24] and Bethune [25].

In order to maintain tubular structure during formation from a graphite sheet,
SWCNTs should have at least 0.4 nm and at most about 3.0 nm diameter [26, 27]
as suggested by structural calculations. A larger diameter SWCNT has a strong
tendency to collapse, unless it is supported by other force or surrounded by neigh-
boring force as in MWCNTSs. Such low cross-section results in electron confinement
and reduction of phase space for scattering that result in low scattering probability
and high mobility for charge carriers. These facts indicate toward a faster charge
transduction in CNTs, and while operating as a gas sensor, such characteristics
reduce the response time for CNT-based sensors significantly. Excellent mechani-
cal/thermal properties and chemical stability [28] also allow CNTs to withstand
harsh operating conditions. However, the highest advantageous aspect of the 1-D
nanostructure of CNTs lies in absolutely high aspect ratio with the diameter of few
nanometers and lengths up to 100 microns that results in the presence of almost all
atoms on the surface of the tube. Such molecular wires [29], with excellent quantum
confinement, are extremely sensitive to local environment since any local charge
can drastically modulate the carrier concentration along 1-D wire axis. Thus, CNTs
are considered among the most potent nanostructured sensing elements.

The circular curvature in CNTs results in 6-n rehybridization. Three ¢ bonds,
therefore, remain slightly out of plane, and automatically, for compensation, the
n-orbital is asymmetrically distributed inside and outside the wall of nanotube (as
depicted in Figure 1) [28].

A rich n-electron conjugation is thus formed due to the distorted electron cloud,
outside the nanotube structure, rendering high electrochemically active surface.
Any electron-donating or electron-withdrawing entity (e.g., NO,, NH3, O,) finds it
easy to either donate or withdraw electrons from CNT surface, thereby modulating

Graphene Sheet Carbon Nanotubes

Figure 1.
7 electron conjugation in graphene sheet and CNT.
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overall electrical resistance [30-31]. Fundamental sensing mechanism during inter-
action of CNTs with electron-donating/electron-withdrawing analytes, therefore,
can be given as below:

CNT + Gas = CNT® Gas® or CNT®* Gas™

where 8 denotes the number of charge(s) transferred during interaction.

The sensing mechanism for pristine SWCNTs, based on the above model, is
quite simple, and since SWCNTs are p-type in nature, it is always easy to propose
charge transfer-based sensing mechanism. Apart from attractive surface, gas
molecules can be adsorbed at nanopores inside a tube, interstitials in tube bundles,
and grooves above the gap between two neighboring tubes [28]. The adsorption
capacity and mechanism of individual sites are unique, which may be affected by
surface functionality and structural deformations [32]. It should be noted that such
adsorption is succeeded by (i) charge transfer between a donor or acceptor type of
molecule (or group) and individual SWCNTs, leading to the Fermi level modulation
in semiconducting tubes, resulting in conductivity change [33], and/or (ii) creation
of SWCNT molecule-SWCNT junction, leading to a hopping mechanism for inter-
tube charge transfer between SWCNTs and an intertube modulation of the SWCNT
network, such phenomenon being valid for both metallic and semiconducting
SWCNTs [34]. Such capability, on the one hand, enhances lower detection limit
for CNT-based sensors and, equally, results in strong adsorbance of the analyte,
rendering poor recovery behavior. Li et al. [35] have reported almost 10 hours of
recovery time for pristine nanotube-based sensors. Theoretical calculations further
show that defect sites in CNTs result in stronger chemisorptions of analytes and
large transfer interaction, in comparison to defect-free nanotubes.

A review of pristine CNT (SWCNTs as well as MWNTs)-based VOC sensors
(this is applicable for other analytes too) shows that the limitation in sensing
mechanism [36] and high surface-binding affinity to a large class of analytes pos-
sess toughest hurdles toward obtaining the best of CNTs as sensing agents. Also,
Shirsat et al. [37] have suggested CNTs as not favorable platform for detection of
VOCs because of lack of affinity.

In order to obtain better versatility in CNT-based sensors and to enable the same
for selective sensing, a large spectrum of efforts have been carried out till date
that includes (but not limited to) (i) creation of defect sites on CNT surface [38];
(ii) functionalization of CNT side wall with target-specific entities that contain
conducting polymers [39, 40], metal nanoparticles [41], metal oxides [42], etc.;
and (iii) formation of composites [43-45], etc. Functionalization of CNT side wall
has the added advantage of improving sensor recovery characteristics since in such
configuration, the analyte is not allowed to come in direct contact of CNT surface.
The honeycomb structure of CNTs, along with high binding energy of gas analytes,
results in slow desorption of analytes, thereby reflecting poor recovery behavior in
pristine CNT-based sensors. Thus, functionalized structures of CNTs have attracted
significant research interest toward alleviation of the problems of selectivity and
recovery of pristine CN'T-based sensors.

3. Porphyrins

A member of the family of macrocyclic compounds, porphyrin(s), has remained
as the first preference for VOC sensing. As porphyrins show high impact on VOC
sensing regime, a comprehensive study of its nature, properties, and sensing

mechanism is given below.
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Porphyrins and the related tetrapyrrolic macrocyclic compounds, chlorins, and
corrins constitute an interesting class of macrocyclic structures that play crucial
roles in nature and life [46]. Porphyrins, along with their metalloderivatives,
exhibit an abundant series of physicochemical properties that enables them to cater
as protagonists in flexible catalysis, especially, in the field of biology and chemistry
[47]. Heme(the component of hemoglobin) and chlorophyll of chloroplasts are
the examples of porphyrins that are present in nature. Nature, most beautifully,
incorporates little-to-moderate changes in these macrocyclic structures to material-
ize the processes and versatility of life. Through the last two decades, the scientific
community across the globe has witnessed abundance of examples that forward
exploration of porphyrins/metalloporphyrins as building blocks for tailor-made
applications [48]. The versatility in porphyrin molecular framework results in a
wide range of mechanisms for analyte binding which include Van der Waals force,
hydrogen bonding, = interactions, and coordination chemistry [49]. Detection of
highly oxidizing/reducing gases [50], and especially odorous analytes, specific to
the class of VOCs, has been reported, and these promising outcomes have triggered
series of investigations toward sensitive and selective detection [51] of VOCs by
porphyrins/metalloporphyrins.

The fundamental porphyrin structure (or porphine, as it is mostly called) is a
cyclic tetrapyrrole ring with a highly delocalized planar network (Figure 2). The
structure is analogous to other =—macrocycles having the characteristic central
“core” which can be altered by the puckering of the porphyrin macrocycle (the
range of variation of the core has been observed to lie between 2.098 and 1.929 A).

This basic unit—a free base porphyrin (with no side substituent and no central
metal ion)—has four modified pyrrole subunits interconnected at their a carbon
atoms via methine bridges (—CH==). They are sharing a macrocycle of 20 carbon
atoms and 4 nitrogen atoms, to form the conjugate system. The pyrrole rings build
up closed aromatic plane forming the “porphyrin nucleus.” With its conjugated 18-
electron system (conforming to Huckel 4n + 2 rule), it constitutes a macrocyclic
system that is known to be highly stable, even against sulfuric acid and trifluoroace-
tic acid [52]. The 18-x electron system is further responsible for the aromaticity of
porphyrins.

The “core” of a porphyrin structure is ideal for metal incorporation. The inside
ring NH protons of porphyrin are acidic in nature and can get deprotonated to
give porphyrinato ions [53]. The unshared pairs of electrons, thus created, are
directed toward the center of the core. The ionic radii of many metals facilitate
their “fit” to this cavity by coordination bond with the four porphyrin nitro-
gen atoms. Such metalation gives rise to innumerable metalloporphyrin (MP)
structures.
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Figure 2.
Structure of porphine.
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Sr.  Sensing material Sensor type VOC analytes Concentration Response Ref.
No. detected recovery
time
1 Zinc-porphyrin and Optical Pyridine, methanol ~ 1ppm — [56]
zinc-phthalocyanine
2 Tetraphenyl Optical acetic acid, butyric 855, 846, 10 min [57]
porphyrin acid hexanoic acid 822 ppm exposure
time
3 ZnTriad porphyrin Optical Butylamine, 90 ppm 41-78 s [58]
hexylamine, resp.
propylamine
4 5,10,15,20-Tetrakis(4- Fluorescence TNT vapor 10 ppb — [59]
carboxyphenyl)
porphyrin
5 Magnesium Optoelectronic  Methanol, propanol, 41 ppt ~300s [60]
porphyrin ethanol, octanol, response
and methylbutanol time
6 Octaethylporphine- Chemiresistive  Acetone, toluene, ~30 ppt ~250's [61]
based transition- TNT response
metal complexes time

(Ph(M),M = Co, Cu
and Zn) and carbon

black (CB)
7 5,10,15,20-Tetrakis(4- ~ Spectroscopic ~ Butylamine, 1000s of ppm 4-9s [62]
carboxyphenyl)- hexylamine,
21H,23H-porphyrin hexanethiol, and
and its metal dimethylformamide,
derivatives acetone,

diethylether

Table 1.
Review of some recent veports on porphyrin-/metalloporphyrin-based VOCs sensors.

The early efforts of porphyrin-/MP-based VOCs sensors employed the broad
selectivity of this class to a wide range of analytes for successful implementation
as electronic nose applications [54]. Through the 1980s and 1990s, most of the
work on porphyrin-/metalloporphyrin-based VOC detection has been carried out
through array-based detectors with the ultimate aim of mimicking the mammalian
olfactory system followed by discovery of the fact that arrays of non-selective
chemical sensors may show properties similar to that of natural olfaction [55].

Some reports on porphyrin/metalloporphyrin based VOCs sensing are given in
(Table1).

However, as a matter of utmost inherent deficiency, the electrical conductivity
of porphyrins/metalloporphyrins is not adequate for electrical transduction, a fact
that refrained the application of porphyrins/metalloporphyrins as chemiresistors.
The alleviation routes include exercising these class of macrocycles as functional-
izing entity for highly conducting backbones—most popularly, carbon nanotubes;
thanks to the advancements in supramolecular chemistry.

4. Porphyrin-/MP-functionalized SWCNTs for VOC sensing

As discussed in the previous section, limited transduction mechanism avail-
able with the SWCNTs stands as a stiff constraint toward sensing applicability. At
the same time, physical adsorption of analytes to the SWCNT/SWCNT bundles is
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another major difficulty that needs consideration for designing of real-time sensing
elements. Surface functionalization can be a facile route to alleviate these problems
and has been accepted with profound research interest worldwide. Specifically
designed molecular recognition layer, when employed for surface functionaliza-
tion/tailoring of SWCNTs, offers selective sensing of an analyte/a class of analytes
and hinders the SWCNT surface from direct interaction with analytes.

SWCNTs, functionalized with porphyrins/MPs [63-68], have attracted signifi-
cant research interest during the last decade, and encouraging research outcomes on
VOC sensing based on such platform has been reported. Especially, chemiresistive
modality [68] of sensing by SWCNTs functionalized with various porphyrins and
MPs has shown pronounced sensing results. This particular approach has widened
up possibilities of real-time VOC monitoring prospect employing electrical trans-
duction modalities.

Surface functionalization of SWCNTs/MWCNTs is carried out either by
covalent or non-covalent route. Highly stable interfaces with specific matrices
are offered by covalent route of functionalization, and this pathway has been
extensively adapted in the field of opto-electric/electronic study of the SWCNTs-
porphyrin hybrids [69-71]. Diverse range of binding entities has been covalently
linked to SWCNTs that widened the adaptation and popularity range of covalent
functionalization technique(s). Harsh chemical treatments are, however, a requisite
for creation of favorable moieties on the SWCNT surface that cause disruption sur-
face conjugated n-system. Applications that ask for electrical and electrochemical
activity of nanotube surface to be retained specifically [72, 73], thus, cannot accept
covalent functionalization modality. It is also reported that covalent functional-
ization results in transformation of graphitic sp* surface to sp’ orientation [66].
Therefore, even if charge transfer is possible through chemical linkages, covalently
functionalized SWNT surfaces miserably fall short in charge transduction sort of
operations, where extensive n-n delocalization at interfacial sites is a compulsion.

Non-covalent functionalization, on the other hand, has the specific advantage
in that it can be carried out under relatively mild reaction conditions, maintaining
the graphitic structure of CNTs [74]. The surface electronic properties of CNTs
are, therefore, retained perfectly [75], and this ensures efficient sensing prospects.
Non-covalent route of functionalization is a classic supramolecular approach where
various adsorption forces, such as Van der Waals force, hydrogen bonds, electro-
static force, and n-stacking interactions [76-78], are responsible for surface tailor-
ing of SWCNTs. Initial reports of formation of porphyrin-functionalized CNTs
include SWCNT functionalization in solution phase by Nakashima et al. [79] where
functionalization was affected by van der Waals forces. This particular report had
truly opened a new era of functionalization of CNTs by porphyrin(s). Porphyrins
constitute certain attractive choices for non-covalent functionalization of CNTs
with highly polarisable aromatic porphyrinic cores that interact strongly with =—
conjugated graphenic sidewalls [79, 80].

Functionalized structures exhibit multifold betterment in terms of sensitivity as
well as selectivity as compared to pristine SWCNTs and/or porphyrin-based sensors
[66, 68]. This has proved the synergistic impact of functionalization in sensing
behavior and attracted high research interest. In porphyrin-functionalized SWCNT
electrochemical sensor system, the transduction characteristics of the sensors are
decided by SWCNTs, whereas porphyrins or metalloporphyrins define specific
affinity toward the analyte(s) [81]. The enhanced sensitivity of the functionalized
platforms, as compared to pristine SWCNT-based device, results from extended n-n
conjugation formed at the interface of SWCNTs. Porphyrins, on the other hand, due
to variants in metal core and side substituents, show selective characteristics toward
VOCs [81].
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Sr. Materials Modality Analytes Detection Ref.

No. range

1 SWCNTs QCM, resistive Benzene, toluene, QCM: [81]
functionalized by xylene 60-1200 ppm
phthalocyanines Resistive:
and porphyrin 150-1200 ppm

2 CNTs modified QMB 1-Butanol 46-230 ppb [65]
with porphyrin

3 SWCNTs Chemiresistive, MEK, acetone, Percentage [66]
functionalized ChemFET methanol, ethanol saturated
by OEP, FeOEP, vapors of
RuOEP, MnOEP, analyte
TPP, RuOEP, FeOEP

4 Single-walled Chemiresistive Acetone 50-2000 ppm [67]
carbon nanotube-
poly(porphyrin)
hybrid

6 SWCNT-MTPP Chemiresistive Pentane, hexane, 1000 ppm [82]
(M = Co, Ni, Cu, cyclohexane, except for
Zn, Fe, Cr, Mn) acetone, MEK, alkanes and for

3-pentanone, MeOH, amines (2000
EtOH, iPrOH, MePh, and 300 ppm,
p-xylene respectively)

Table 2.
Review of SWCNT porphyrin-based VOC sensor.

Some of the latest reports , comprising of porphyrin/metalloporphyrin func-
tionalized SWCNTSs based VOCs sensor , are given in (Table 2):

A typical approach of non-covalently functionalizing SWNCNTs with porphy-
rins/MPs and their application for VOCs detection is presented below.

5. Experimental details

Sensor substrate, Si/SiO, substrates, pre-patterned with gold (Au) micro finger-
tips, is a preferred platform for chemiresistive sensors. Such substrates are typically
made up of four layers. The base substrate is highly doped p+ type Si with <100>
orientation. 100 nm oxide layer is grown on the same by low pressure chemical
vapor deposition (LPCVD). Chromium (Cr, 20 nm) and gold (Au, 180 nm) are suc-
cessively deposited on the Si/SiO, substrate. Au is used as contact electrode mate-
rial, while Cr serves the purpose of adhesive layer between Au and substrate. The
microelectrode patterns are defined with ~3 pm gap (in this case) between nearest
adjacent electrodes. Standard photolithography along with lift-off technique is
employed for the purpose.

5.1 Sensor fabrication

According to the architecture of substrate and nature of the sensing material to
be synthesized/deposited on substrate, the synthesis process has to be determined
and optimized. For synthesis/deposition of the sensing materials, either a top-down
or a bottom-up approach is adapted depending on the material and requisite level of
spatial control. For the present discussion, a bottom-up approach has been adapted
where the sensing material is deposited on the prefabricated microelectrode pattern
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on Si/Si0, substrate that itself offers contacts for integration with measurement
electronics. SWCNTs, non-covalently functionalized with porphyrins/metallopor-
phyrins (MPs), were applied as sensing material(s) for the present course of investi-
gations. The following sections will comprehensively discuss the steps undertaken
for the fabrication of sensors employed in the present study.

SWCNTs were incorporated in the substrate in a manner so as to bridge the 3 pm
gap between two adjacent Au fingertips with SWNTs. SWNTs were AC dielectro-
phoretically aligned between two Au fingertips to (i) achieve a device structure that
is less random and (ii) attain significant control over the device base resistance.

To obtain aligned SWCNT configuration, first of all, suspension of SWNTs/
N,N-dimethyl formamide (N,N-DMF) was prepared. Concentration of SWNTs
in N,N-DMF was optimized through repeated experimentation. For synthesis of
the devices to be used for sensing purpose, the concentration was optimized to be
~0.4 mg/20 ml. The optimized quantity of SWCNTs were dispersed by sonication
for 90 min. to achieve homogeneity at medium ultrasonic power level (VWR 100C;
variable power ultrasonic bath) followed by centrifugation (R-24; Remi centrifuge)
at 15000 rpm for 90 min. The centrifugation was applied to get rid of SWCNTs
agglomerates that were remaining in the suspension after ultrasonication. Decanted
suspension obtained after centrifugation was stocked for further use. Prior to use, a
requisite amount of the stock suspension was used to be sonicated for 30 min.

To align the SWCNTSs, a 0.2 pL of SWNTs suspension was used to be placed
on the 3 pm gap (dispersion through microsyringe) between two Au electrodes
on a chip and subjected to an optimized AC signal. The dielectrophoretic align-
ment circuit was set up through electrical contacts to the microelectrode patterns
established via probe station (ECOPIA; EPS 1000), an electronically gated timer
(amodified RADIX T48LC microprocessor controlled timer), frequency genera-
tor (Aplab; 2219-U), and a PC-controlled I/V measurement unit (CHI 660C
electrochemical workstation was used for this purpose). Optimized parameters for
dielectrophoretic alignment were 4 MHz frequency with 2.03 Vp-p for regulated
duration (through the timer; optimized during experimentation for achieving
requisite device resistance) [26]. Following alignment, devices were washed with
nanopure water and dried under gentle blow of nitrogen. After preliminary drying,
aligned devices were annealed at 300 °C under reducing atmosphere (5% H, and
95% N,) to ensure better contact between Au pads and SWNTs.
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Figure 3.
Workflow for sensor fabrication process.
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5.2 Non-covalent functionalization of SWCNTs by porphyrin/MPs

After obtaining aligned pristine SWCNT network-based device, non-covalent
functionalization of the SWCNTs by iron tetraphenyl porphyrin (FeTPP) was
carried out. For a typical VOC sensing application, directly procured FeTPP (from
Sigma Aldrich; Switzerland) were used. Solutions of desired FeTPP were prepared
in N,N-dimethyl formamide (0.1 mM) by vigorous mixing (REMI; Cyclomixer
CM-101) for 30 min at room temperature.

For the functionalization of aligned SWCNTs, a 0.4 pL drop of the FeTPP solu-
tion was placed over the pristine aligned SWCNT network for 30 min (optimized
casting duration), followed by wash under nanopure water, and, finally, annealing
in N, atmosphere for 60 min at optimized temperature for each case. Figure 3 gives
a consolidated representation of the workflow for sensor fabrication process.

6. Results and discussion
6.1 Field emission scanning electron microscopy

Field emission scanning electron microscopy image of the fabricated devices
was recorded with Nova NanoSEM 450. Figure 4 shows FESEM image of typical
SWNTs-FeTPP sensor. It could be clearly observed from the Figure 4 that the
SWCNTs: functionalized with FeTPP could well bridge the gap between two Au
microelectrodes. The average diameter of the functionalized structures could be
estimated to be ~20 nm. Encouraging part of this observation might be in terms of a
facile, repeatable, and batch fabrication pathway.

6.2 Current-voltage (I-V) characteristics
CHI 660C electrochemical workstation (CH Instruments; Texas, USA) was

used for studying the current-voltage (I-V) characteristic by applying the linear
sweep voltametry technique (-1 to +1 V; 10 mV/s). Before performing electrical

Figure 4.
FESEM image of the SWCNTs-FeTPP sensor.
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measurements, the substrates were bonded to a custom PCB. Current-voltage
characteristics of SWCNT-based devices before and after functionalization are
shown in Figure 5. In case of SWCNT (pristine)-based sensor, current level is high
as compared to functionalized sensors. Figure 5 shows that after functionalization,
decrease in current level was evident. Such decrease is attributed to the donation

of electron from FeTPP to SWCNT backbone resulting in a decrease of majority
charge carriers in p-type SWCNTSs and creation of charge scattering sites at point of
recombination [68].

6.3 Chemiresistive sensing characteristics

Chemiresistive sensing of the sensors at room temperature was carried out
through a custom-built system where the sensor chip with electrical throughputs
was atmospherically isolated in a flow cell (quartz c.a. 8 cc by volume). Dry air flow
was employed initially through the flow cell (10-12 min) to achieve steady baseline
for measurement. The fabricated sensors were exposed to various concentrations of
VOCs by preparing calibrated dilution. Mass flow controllers (Alicat Scientific Inc.,
MC200) were employed to control the flow of both dry air and analytes. After each
period of exposure, dry air was flown for sensor recovery. A constant current (5 pA;
DC) was applied to the sensors, and consequent changes in potential, as a function
of various concentrations of analytes, were recorded by a PC-controlled source-
measure unit (Keithley 2400).

Figure 6 shows representation of normalized resistance (AR/R) values for the
sensors under analyte exposure of various concentrations, where AR representa-
tion shift of resistance value of the sensor from its baseline value and R, denoted
the baseline resistance (the normalizing factor). Performance of the sensor(s) at
four different concentrations (5, 15, 25, 35 ppm) has been reflected in terms of
histogram. Performance of at least five devices has been observed for each analyte.
Device-to-device variation was found to be encouragingly trivial. All analytes could
be characterized with electron-donating nature [51].

The sensing performance clearly reflects the highest response for ethylbenzene,
while toluene could also be detected at higher response values, in comparison to
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Figure 5.
IV characteristics of the SWCNT and SWCNT-FeTPP sensor.
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Figure 6.
Histogram of SWCNTs-FeTPP sensor toward various VOCs.

other analytes. As a common rationale, all the analytes undertaken for study have
reflected an electron-donating behavior [68], and therefore, it is well envisaged that
the structural signature of the analytes play important role in shaping the sensor
response [83]. For example, the ethyl group present as side-substituent in benzene
ring (of ethylbenzene) might have acted as a better electron donor than methyl
group in toluene. Such behavior might be rationalized on the ground that methyl
“carbon” of an ethyl group owns better electron density from adjacent hydrogens
and is in a better position to donate. In o-xylene, the two alkyl substituents decrease
effective electron density present on the central ring in comparison to toluene,
resulting in lower sensing response than for toluene. The absence of any side
substituent in benzene has resulted in inferior response for benzene, in comparison
to its derivatives. Another issue that is pertinent from the observations is that the
sensor has exhibited better performance for aromatic VOCs. Due to structural sym-
metry of aromatic side substituent in TPP and benzene ring, the = transitions might
have been better favored. Therefore, from these observations, it is quite sure that if
the structural geometry of target VOCs is properly analyzed, suitable porphyrin/
metalloporphyrin can be employed as functionalizing entity for CNTs toward
designing of explicitly selective VOC sensor backbones in chemiresistive modality.

7. Conclusions

Reliable detection of VOCs has remained a challenge because of the character-
istics similarity among VOCs families. Porphyrin/metalloporphyrins, although,
have shown prominent capacity in detection of VOCs; chemiresistor modality of
sensing with this class of materials could be truly realized after CNTs were intro-
duced in the realm. Porphyrin-/metalloporphyrin-functionalized SWCNTSs have
a significant potential in development of low footprint chemiresistors that enjoy
simple functionality and can be embedded into standard electronics domain at less
complexity, a clear advantage over porphyrin-/metalloporphyrin-based sensors that
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are not operated for direct electrical measurements, for example, mass transduc-
tion, spectroscopic measurements, etc. Also, in comparison to the broad selectivity
of porphyrin-/metalloporphyrin-based VOCs sensors, functionalized CNT-based
chemiresistors can offer better selectivity based on the structural geometry of the
target VOCs and according to the design of the porphyrin/metalloporphyrin struc-
ture. Systematic study and an affluent database generated through the same, for
porphyrin/metalloporphyrin, VOC correlation, can lead to development of future
olfactory type solutions for VOC detection.
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Chapter7

Behavior of X-Ray Analysis of
Carbon Nanotubes

Fivas Habeb Abdulrazzak, Ayad Fadel Alkiam
and Falah Hasan Hussein

Abstract

Carbon nanotubes with a variety of types occupied an amazing position com-
pared to other nanomaterials due to rarer and specific physical and chemical proper-
ties. The behavior of graphite or graphite nanotubes theoretically and experimentally
encourages their use in huge applications such as industries, fields of energy, and
the environment. Many attempts are being made to get more of these benefits by a
better understanding of the nature of carbon nanotubes. One of the ways to achieve
this aim is by enhancing the acquaintance of characterization such as spectroscopy
analysis and image microscopy. In this chapter, we are concerned with using X-ray
as a source to produce clear imaginations for a tubular structure. Thus, the common
ways that use X-ray as a source to interact with carbon nanotubes will be reviewed
with details of characterization such as XRD, XRF, XPS, and EDX techniques.

Keywords: XRD, XRF, XPS, EDX, CNT'1

1. Introduction

The behavior of light after many years of studies and experiments opens a new ori-
entation for science and scientists taking advantage of these features. The binary behav-
ior of light which is represented by wave nature and particle nature enabled to appear
with a variety of behaviors such diffraction, interference, and refraction. Figure 1 shows
spectrum of electromagnetic radiation which includes all the radiation types.
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Figure 1.

The spectrum of the electromagnetic radiation with different kinds of oscillators and frequencies.
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Every type in spectroscopy has specific properties which urge to use it in many
applications. X-rays that are mentioned in this part with the highest-energy elec-
tromagnetic waves were commonly used in hospital and engineering applications.
X-rays move in a straight line without any influence with magnetic and electric
field due to the negative charge on it. In this chapter, we concern toward using
X-ray behavior with materials in qualitative and quantitative applications of carbon
nanotubes (CNTs).

2. Carbon nanotubes (CNTs)

The term carbon nanotubes (CNTs) refers to nanomaterials with a tubular
structure consisting of carbon atoms only bonded with each other by sp2 hybrid-
ization. The talks about CNTs were increasing 27 years ago after Lijima reported
the first clear research [1], which represents the starting point of the huge atten-
tion on CNTs. The attentions appeared as reported literature deals with synthesis,
purification, characterization, and studding physiochemical properties [2, 3].
Many results were paving the way for many successful attempts to use CNTs
practically in many fields of science. The applications such as energy, construction,
treatment, and environmental protection fields [4] were enhancing to increase the
attention to make more clear images for CNTs. Carbon nanotubes (CNTs) were
synthesized by chemical vapor deposition CVD, arc-discharge ADs, laser ablation
LAs [4], and flame method FM [5]. Many types of apparatus were used to identify
CNTs such scanning electron microscopy (SEM), transmission electron micros-
copy (TEM), helium ion microscopy (HIM), Raman microscopy, and X-ray family.
In this chapter, we focus on the characterization of carbon nanotubes by using a
specific technique that is used for this purpose, which depends on X-ray as a source
to show the carbonic composition. The orientation of atoms within the lattice
determines the peak intensity. Therefore, the X-ray behavior with materials is the
fingerprint for periodic atomic arrangements in a known material. The start point
with these aims to classify CNTs into two types depending on the number of sheets
as shown in Figure 2.
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' B Graphene Manoparticle
|
|
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Graphite Powder
Light black color

SWCNTs Powder
MWCNTs Powder Light black colar
100% black color

Figure 2.
Figure shows the classification of CN'Ts by the number of sheets.
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2.1 Graphite nanotubes (GNTs)

The graphite nanotubes refer to graphite materials that show a tubular structure
with nanometer dimensions, which are commonly known as multi-walled carbon
nanotubes (MWCNTs).

2.2 Graphene nanotubes (gNTs)

The second type refers to graphite structure which forms nanotubes and that
includes three types:

2.2.1 Single walled carbon nanotubes (SWCNT5)

There is one sheet of carbon atoms that forms SWCNTs, characterized by diam-
eter 0.5-1.5 nm [6].

2.2.2 Double walled carbon nanotubes (DWCNT5s)

Two sheets of carbon atoms are flopped with each ether to form DWCNTs, with
2.4-3.2 nm diameter [7].

2.3 Few walled carbon nanotubes (FWCNTs)

When the number of sheets is 2-6, the type is known as few walled carbon nano-
tubes FWCNTs. The diameter as we mentioned before was decided by the number
of sheets that forms it, which ranges between 4 and 9 nm [8].

3. How X-ray is produced?

X-rays are generated in an X-ray tube responsible to generate X-rays when an
electron beam is passed between a cathode part and an anode. Figure 3 includes the
essential components for an X-ray system when a stream of fast-moving accelerated
electrons is transferred from the cathode to the anode. The interaction of electrons
with atoms produces a great amount of energy [9] equal to 1% of the total energy
while 99% appear as heat when removed from the anode. When current is passed
through a conductive material, the material will heat due to the resistance in the

cathode Anode

Computerized system
X-ray tube

Power supply

Figure 3.
Figure for essential components of X-ray generator.
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wire causing excitation of the electrons and energy expansion. When the energy of
the electron expands, it will return to the wire to become heat again and becomes a

source of electrons [10]. The positive charge and negative charge will form a strong,
attractive force to accelerate the electrons, which could increase the forces of X-ray

by increasing the voltage applied to the anode.

4. Debye-Scherer equation and Bragg’s law

The X-rays are commonly generated by a cathode ray tube, occupied with a
specific filter to form monochromatic radiation, which concentrates toward the
sample. Figure 4 represents Bragg’s law (nA= 2d sin ©) referring to the specific case of
diffraction, which depends on the angles of scattering (©) coherent and incoherent
monochromatic light (A) from a crystal lattice consisting of n sheets. This equation
(d = (K*\)/(p*cos ) is commonly used to find partial size (d) for materials [11] when
the benefit from the behavior of incident and monochromatic light (A) with specific
angle (©) is decided from the nature of the construction material. The value of (d)
was calculated for the line broadening at half the maximum intensity (f = FWHM)),
while the shape factor (K) was typically equal to about 0.9, which changes with shape
of the crystallite. When X-rays are incident on an atom, they make the electronic
cloud move, as does any electromagnetic wave. The movement of these charges radi-
ate wave with the same frequency, blurred slightly due to [10] a variety of effects, and
this phenomenon is known as Rayleigh scattering (or elastic scattering). The scattered
waves can themselves be scattered, but this secondary scattering is negligible.

X-rays

Figure 4.
The typical equation to characterize the structure of the crystal.

5. X-ray diffraction analysis (XRD)

XRD analysis is a unique method to find qualitative properties such as crystal-
linity, types, fingerprints, and quantitative material [11]. Graphite and graphene
show great similarity in XRD with GNTs and joints, respectively, for the main
peaks [12-14] at ~24 and 43°. Most references shows these two peaks high degree of
similarity, especially at the first strong peak. Figure 5 shows the two peaks: the first
on the left is of very high intensity with less width compared with the second peak
at the right. The length and width of the peaks were commonly used to recognize
the nature of crystal size. Generally, for carbon nanotubes, the first peak at the right
refers to crystalline or amorphous nature; thus, the width increases with reducing
intensity or length, which refers to exist in amorphous crystal form [15].
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Typical XRD analysis for CN'Ts.
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Figure 6.

XRD patterns for synthesized MWCNTs with high and low ratios of SiO,.

Typically, the impurities influence Directly on the position of two peaks due to
low intensity of the peaks compared with the impurities. For example, MWCNTs
were prepared by chemical vapor deposition using 1-propanol as a source of carbon
at 700°C on the surface of silica as support for precipitation as shown in Figure 6.
The XRD analysis of synthesized MWCNTs is reported in Figure 6, showing the
effect of amorphous carbon and Si, Na, Fe, and Mg in the diagram of XRD which
removed or at least limited the appearance of the two characterized peaks of CNTs.
The elements which were mentioned causing a disappearance [16] for the carbon
tubular structure had spread between these components. Thus, XRD for the sample
was disappearing due to the higher intensity of many crystal structures [17] of the
element when reached 8000 units compared with low intensity of carbon with less
than 120 units.

Figure 7 shows two notes to be taken care of when using XRD to predict the
existence of CNTs: the first, the impurities inevitably caused shift for the two peaks
due to real connection between tubular structure and impurities. The second refers
to influence of interference, which causes removal of the second peak or complete
disappearance due to the high difference between importers and carbon material.
The last two points look like a photograph; picture was taken for wood including very
high Trees compared to grass and few small herbs, the result or the image should be
favored the trees.

The typical peak at ~26.0° represents the characteristic graphitic peak [18]
arising due to the tubular structure of the carbon atoms in the sample with (002)
planes. This peak shifted to more than 28.89 which affects [19] the ratios of impu-
rities in the sample. The typical peaks near 43.2 and 53.74° disappeared due to

113



Perspective of Carbon Nanotubes

250
Read color MWCNTs with high ratios of Si0,
'E 200 Read color MWCNTSs with low ratios of 5i0,
g 150
E
£
E 100
e
50
0
20 F21 30 s 35 40 45 50

Figure7.
XRD patterns for synthesized MWCNTS with high and low ratios of SiO, from 20 to 50°.

existing Si and Fe [19], which show strong peaks at ~42 and 52°, respectively, when
interfering with the weak peaks of CNTs.

51 MWCNTSs vs. SWCNTs

This part represents one of the most important section for the science of
nanomaterials generally and nanotubes particularly, which could be dependent on
to identification and discrimination between SWCNTs, DWCNTs, FWCNTs, and
MW(CNTs. The interest in this part refers to direct application for the two roles
of diffraction and the number of sheets that form the skeleton of tubular struc-
tures. This fact we referred to in the International Conference on Chemistry and
Applied Research in October 29-30, 2018 Prague, Czech Republic. The fact was
that there were many noises for SWCNTs as compared with MWCNTSs with the
two peaks, which enhance forming the noises to reduce the number of graphene
sheets, as following arrangement for CNT types. Thus, the ratios of noise can be
arranged as follows:

SWCNT > DWCNT > FWCNT > MWCNT

Figure 8 explains the behavior of CNTs when an increase in the number of inner
shells causes more intensity for the peaks with MWCNTs than SWCNTs which show
in pure and with mixture of composite. This fact was in agreement with a good

N
= N
¥ |."'\
8 a8
o sinf
afSingle-walled b/ Multi-walled
Carbon Nanotubes Carbon Nanotubes
Figure 8.

Figure shows the influence of number of layers with X-ray diffraction.
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deal of experimental research, such as studies by Mhamane et al., Tang et al., and
Chang et al. [20-22] for graphite and graphene, showing noise with graphene and
graphene oxide while reduced noise with graphite.

6. X-ray fluorescence (XRF)

The principles of this technique depend on removing the electron from lower
energy level, causing an unstable state for atoms; therefore, the electron in the
higher energy shell moves inside the atom. The value of the difference between
higher and lower levels was emitting as specific energy to identify the fluorescing
element and is proportional to the amount of element. Generally, the characteristic
peaks are labeled X-rays as K, L, M, and N refer to the shells they activated or (a),
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Figure 9.
A supposed mechanism for forming X-ray vadiation.
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Figure 10.
XRF spectrum for aluminum and magnesium that are mostly used as a catalyst for growth of CN'Ts.
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Figure 11.
XRF spectrum for silicon and iron that are mostly used as a support for catalyst CNT5.
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Figure 12.
XRF spectrum for nickel and molybdenum used as a catalyst for growth of CNTS.

(B), and (y) depend on the transitions of electrons from higher shells. However,
Ko2 means the transition of an electron from the L to the K shell, while Kp1 repre-
sents the transition of an electron from the M to the K shell of multiple orbits.
Figure 9 refers to the behavior of elementary information that makes possibili-
ties to quantify identification of metals, which are commonly used as a catalyst for
precipitation of carbon on the support of the catalyst to form CNTs. The advantage of
this technique is that it is rapid and it is easy to treat the sample without any complica-
tions and without being affected by chemical bonding. The disadvantages include
limited abilities to identify trace contents in addition to the high radiation that may
cause damage for tubular structure CNTs. Singhal et al. [23] reported the qualitative
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analysis when analyzing CNT-coated Al. The analysis showed three peaks at 20 which
are 32.5, 50.8, and 144.7° corresponding to C Ka, O Ka, and Al Ka spectral lines,
respectively, related to the presence of C, O, and Al elements in the composite. The
quantitative analysis for synthesized composite confirms that the percentage weight
of C, which corresponds to CNTs, was 3.95%. XRF can be used for studded catalyst
content in CNTs during the steps of purification, but in the same time, it cannot be
used to determine amorphous carbon content. [24]. Figures 10-12 show aluminum,
magnesium, silicon, iron, molybdenum, and nickel that are commonly used for
synthesized carbon nanotubes as a catalyst or support for precipitation.

7. Energy-dispersive X-ray spectroscopy (EDX)

The energy dispersive X-ray analysis EDX and EDA sometimes EDS or energy dis-
persive X-ray Microanalysis EDXMA. This technical method depends on the interaction
of X-ray radiation with a sample when convert to single that refers to the material in the
chemical area and thus is used for elemental characterization. The efficiency for char-
acterization can be related to the fundamental principle that each element has a unique
atomic structure allowing a unique set of peaks in its electromagnetic emission spectrum
[10]. Mostly, scanning electron microscopy (SEM) supplied with EDX is used to quali-
tatively and quantitatively analyze the elements present in the selected area of the SEM
image to estimate of CNTs’ metal contents and impurities. Together, the SEM and EDX
capabilities allow irradiation by a focused electron beam, imaging secondary or back-
scattered electrons and an energy analysis of X-rays. Typical SEM applications include
plan view and cross-sectional imaging for process development and failure analysis.
EDX applications include specific defect analysis or composition analysis. Figures 13 and
14 refer to EDX analysis for SWCNTs and MWCNTs made from Aldrich by chemical
vapor deposition with high purities. When using this technique should, analysis of large-
scale CNTs should be avoided since it may cause error in identification due to overlap of
peaks for CNTs with many elements such as Ti Kp, Mn Kp, and Fe Ka [25].

Figure 15 shows an EDX spectrum of MWCNTs synthesized by the CVD
technique from decomposition date palm seeds at 700°C on the boat of silicon as
supported for Mo, which was used to grow MWCNTs. The spectrum shows four
strong peaks, which represent carbon, silicon, Al, and Mo. The C refers to carbon
materials, which mostly refer to the growth of CNTs on Mo that covers the surface of
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Figure 13.
EDX spectrum for Aldrich SWCNTs which were synthesized by the CVD method.
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Figure 14.
EDX spectrum for Aldrich MWCNTs which were synthesized by the CVD method.
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Figure 15.
EDX spectrum for Aldrich MWCNTSs which were synthesized by the CVD method.

the silica boat. The O refers to the groups of oxide which are produced by a purifica-
tion process by using nitric acid (5 M). Figure 16: EDX spectrum for MWCNTs
synthesized by CVDs from decomposition date palm seeds at 700°C on the boat of
silica as supported for Mo, which used to growth CNTs Shows an EDX spectrum of
us received MWCNTSs when synthesized from propanol at 700°C by CVDs with used
silica as support and iron oxide as catalyst for growth CNTs. The EDXs in Figure 16,
with three strong peaks, represent silicon, and two for Fe. This indicates that the
growth of CNTs originated from Fe or Fe carbide particles on the silicon substrate.
The peak of C is short, which refers to low precipitation on the surfaces of the boat.
The most important thing when used EDX represented by the area which needs
to make quantitative and qualitative analysis due to heterogeneous distribution of
the elements in analyzing samples. We mention before the aims from analysis whom
responsible to decide the area of analysis. 9. X-ray photoelectron spectroscopy
(XPS) is a quantitative technique that deals with measures, empirical formula, and
chemical and electronic state with elemental composition in high sensitivity that
exists within a material [10]. The most important nature of XPS is that it shows not
only qualities of elements starting from lithium and above but also the nature of
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Figure 16.
EDX spectrum for MWCNTS prepared from propanol at 700°C by CVD with silica used as a support and iron
oxide as a catalyst.

local bonds for all the components in a mixture. XPS spectra are obtained by irradi-
ating thickness of analyzing material, arranges between 0 and 10 mm with a beam
of X-rays to measure the number and energy of escaped electrons in high vacuum
ambience. It mostly requires large amounts of sample to reach 5 mg to produce ideal
analysis that commonly produces ambiguous and interpreted peaks, which are
simplified by a specific computerized system. The XPS spectrum is represented by
plotting the binding energy (eV) between different atoms with intensity of energy
in the chemical environment of materials. The ideal detection limits for most of the
elements are in the parts per thousand range while parts per million (ppm) could
be made when special needs were provided such as concentration on the top surface
and very long collection time. The oxidation state represents the main criterion for
identifying [26-29] the elements due to influence with the local bonding environ-
ment for the atoms in molecules. In the case of carbon nanotubes, the binding
energy of Cls electron is 284.6 eV; when binding with other atoms, it will be
chemically shifted, which depends on the chemical state of neighboring atoms. For
example, the carbon in the polymer structure shows increasing binding energy as
follows [26-31]:

Carbide (- C,-) < Silicone (-Si-CH3) < Methylene/Methyl/Hydrocarbon
(-CH,—CH,— < CH;—CH,- < ~-CH = CH-) < Amine (- CH,~NH,) < Alcohol
(~C-OH) < Ketone (-C = O) < Organic Ester (-COOR)

The characterization peak of carbon nanotubes corresponding to C=C for graphene
layer for spectra at about 284 e V.

For example, the synthesized carbon nanotubes from natural petroleum gas
were tested with X-ray photoelectron spectroscopy. The nature of different groups
that were covalently linked to the nanotube surface is reported in Table 1, where
existence of C=C refers to nanotubes or graphene sheets. To have a more clear and
more specific explanation, we review different groups that are covalently linked to
the nanotube surface to improve C=C which refers to nanotubes by XPS analysis.
The carbon nanotubes (MWCNTs) were synthesized by the chemical flame deposi-
tion method by using liquefied petroleum gas as a source of carbon on the surface
of iron as supported for precipitation at 180°C. Figure 17 shows the photoemission
C1s peaks that were studies between 282 and 292 eV. A dominant peak is observed
at 284 or 285 eV of the sp” hybridized C=C bonds in extensive conjugated systems
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Functional Binding Energy

Group (eV)
hydrocarbon C-H, C-C 283.0
amine C-N 286.0
alcohol, ether  C-O-H, C-O-C 286.5
Clbound to C C-Cl 286.5
F bound to C C-F 2878
carbonyl C=0 288.0

Table 1.
Common values of band that predicted existence in CN'T5.

292 290 Z88 2865 284 =
binding energy / eV

Figure 17.
XPS C 15 spectra of synthesized MWCNT between 282 and 292 eV. Arrows show possible positions of
carbon peaks.
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Figure 18.
XPS of N-H spectra between 396 and 404 eV. Arrows show possible position of the N-H peak.

[26, 27], which mostly refers to graphene sheets in carbon nanotubes. The same
figure includes a peak at 285.0 eV, which is characteristic of sp3 hybridized C-C
bonds present at defective locations [28] and tubular structure asymmetry related
to C-H and C-C [29]. Two other photoemission peaks are observed at 286.3 and
288.8 eV. The first peak at 286.3 eV is attributed to carbon atoms bonded to oxygen
atoms C-O which bonded with C-N. The second peak at 288.8 eV is characteristic
of carbon atoms of carbonyl groups (C=0) [30]. Figure 18 shows N 1s 400.1 eV
spectra, which refer to N-H related to N-C=C groups [31].
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Figure 19.
XPS C 15 spectra of synthesized MWNT between 282 and 292 eV, Arrows show possible positions of carbon peaks.
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Figure 20.
XPS of N-H spectra between 396 and 404 eV,
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Figure 21.
XPS of S spectra between 155 and 175 eV,

Figure 19 shows the XPS spectra of the second sample with different peaks at
284.5, 285.0, 286.3, and 288.8 eV. The first peak at 284.5 eV corresponds to C=C for
graphene sheets [32] while the neighboring peak at 285.0 eV corresponds to C-C
and C-H. The second peak at 286.3 eV is related to C—~O/C-N [33]. The third peak
at 288.8 eV corresponds to C=0 [30]. Figure 20 shows the N 1 s spectra at 400.1 eV,
which refers to N-H related to N-C=C groups [31].

Figure 21 refers to two overlapping peaks together at 167.5 and 168.2 eV, which
correspond to S—H and S-O, respectively, while the strong peak at 164.7 eV sp2
indicates the S—C bond [34]. The second sample shows an existence of sulfur which
can be related to the oil that was used to prepare this sample only.
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8. Conclusion

Many techniques and methods are commonly used for characterizing and
analyzing nanomaterials such as SEM, TEM, HIM, Raman microscopy, UV-visible
reflection, and X-ray family. All of the techniques mentioned before and others
depend on reactant materials with electrons. X-ray led to many ways of getting
huge information about the composition of materials and the nature of construc-
tion. X-ray family is supplied mostly, nondestructively and fast, with the ability
to provide the basic structural information that is essential for identification.

In our chapter, X-ray families were used for quantification and qualification of
carbon nanotubes. XRD, XRF, EDX, and XPS were used in this chapter with many
synthesized CNTs to show the abilities for evaluating the purifies which are very
important in applications. We anticipate that the results of this study will help to
offer guidelines for understand CNTs structures by X-ray family to increase the
probabilities for benefit from CNTs.
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Chapter 8

Conductive Effect of Increased
Crystallinity of Single-Walled
Carbon Nanotubes as Field
Emitter

Norihiro Shimoi

Abstract

Carbon nanotubes (CNTs) exhibit chemical stability, thermal conductivity,
mechanical strength, and unique properties as a quasi-one-dimensional material
with nanoscale needle shape. Field-emission (FE) electron sources appear to be the
most promising industrial application for CNTs, and their deployment is
approaching practical utilization. So far, efforts to construct an FE cathode with
single-walled carbon nanotubes (SWCNTs) have only managed to average out the
large FE current fluctuations in a nonhomogeneous electron emitter plane and the
short emission lifetime because the crystal defects in the carbon network in CNTs
prevent the realization of a stable emission current. The utilization of CNTSs to
obtain an effective electronic device, one with stable emission and low FE current
fluctuations, relies on the high crystallization of CNTs, a task that can be fulfilled by
using highly crystalline SWCNTs (hc-SWCNTs). The author could succeed in
developing a model of the flow of electrons through the inside of the hc-SWCNTs
and SWCNTs with crystal defects to the outside using the fluctuations of the
tunneling current. Therefore, we expect that the hc-SWCNTs are used as field
emitters with stable emission and low power consumption for saving energy.

Keywords: single-walled carbon nanotube, high crystallization, field emission,
inelastic electron tunneling, current fluctuation

1. Introduction

In the development regime of electronic devices, carbon nanotubes (CNTs) are
expected to represent a promising material because of their unique physicochemical
properties—nanoscale needle shape, high chemical stability, thermal conductivity,
and mechanical strength—which represent advantages for the fabrication of field
emitters. The utilization of single-walled CNTs (SWCNTs) relies on their electronic
properties because they can be either metallic or semimetallic, depending on the
geometry of how a graphene sheet is rolled into a tube (i.e., diameter and chiral
angle) [1-3]. This controllability is considered to be effective for developing elec-
tronic devices based on SWCNTs [3-5]. SWCNTs also exhibit one-dimensional
confinement effects and can be used as coherent quantum wires [6-8], and the
Young’s modulus of SWCNTs is especially high when compared to that of other
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CNTs [9]. Owing to these properties, SWCNTs have been used in a wide range of
applications including field emitters [10], probes in scanning microscopes [11], gas-
storage materials [12], and electrode materials for secondary batteries [13], and they
have been studied in a wide range of applied research fields.

However, synthesized CNTs, including SWCNTs, have crystal defects in the
carbon network, and the unstable physicochemical properties make it difficult
to use CNTs in electronic devices which require high reliability. Tohji et al.
improved the purity and crystallinity of SWCNTs synthesized by arc discharge,
and they succeeded in obtaining highly pure SWCNTs [14]. Together with Iwata
and coworkers, they established a method to analyze, with high resolution, the
crystallinity of highly crystalline SWCNTs (hc-SWCNTs) [15]. Based on these
developments, a process for synthesizing hc-CNTs has been gradually established;
however, a technique to control the crystallinity of hc-SWCNTs has yet to be
demonstrated.

The application of hc-SWCNTs as field emitters is industrially promising and is
approaching practical utilization. We have carried out basic research to develop
field-emission (FE) devices using hc-SWCNTs [16] and succeeded, for the first
time in recorded history, in employing SWCNT field emitters as the cathode
of a planar lighting device [17]. These results suggest that hc-SWCNTs will be
indispensable for decreasing the driving voltage for FE, increasing the emission
lifetime, and improving the homogeneity of planar emission of planar lighting
devices [17].

In the chapter reported here, the effect of the increased crystallinity of SWCNTSs
on their electrical properties was examined by comparing hc-SWCNTs and
SWCNTs with crystal defects. In addition, field emitters were prepared from these
SWCNTs, and the effects of the increased crystallinity of hc-SWCNTs on their
electrical conductivity and FE current fluctuations were theoretically analyzed by
determining their FE properties.

2. Theoretical electron tunneling model of the increased conductivity of
hc-SWCNTs as field emitters

The Fowler-Nordheim (F-N) tunneling model shown in Figure 1 is an electron
tunneling model represented by Eq. (1). The F-N tunneling model is valid only
when electrons in the field emitter are passing into an energy barrier quantum
mechanically. We assume that electrons emit from SWCNTs to the outside in case
of the FE model discussed in this chapter, and we constructed an FE model includ-
ing F-N tunneling model by combining the model of inelastic and elastic tunneling
electrons passing through the inside of SWCNTs to the outside.

In the quantum electron-tunneling model, the states of the electrons before and
after tunneling through an energy barrier can be estimated by considering the energy

transfer. According to Laks and Mills [18], the current density J (76, t) in the current-

current correlation <f (5, t) *f (?, t) > can be expressed in the following form:

10 =[xy (.¢), )

where I(¢) is the quantum-mechanical tunneling-current operator and repre-
sents the current flow at time ¢. The normalization P of the wave function y (?, t) is

expressed as the probability density of electrons in a quantum barrier as follows:
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Figure 1.
Schematic diagram of Fowler-Nordheim (F-N) tunneling.
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where ¢ is the electric charge. The quantum-mechanical tunneling-current oper-
ator I(t) can thus be expressed as:

1(6) = ¥ [T CE ()CLD) + T, Cr ()CLe) (6)

beog

where T}, is the tunneling matrix element between state k of an electron in the
SWCNT and state ¢ of an electron in the vacuum through a tunneling energy

barrier, and C;’ (t)and CL(z) are the creation and annihilation operators, respec-

tively, of an electron before and after passing through an energy barrier. Using the
Wentzel-Kramers-Brillouin (WKB) approximation to calculate the electron wave
function, the tunneling matrix element can be expressed as [19-21]:

2 By By
| T, | % exp (—J dz|é,(z)|) exp (—J dz ), 7

where m* is the effective mass of the electron in the tunneling barrier, and 4, and
g, are the z components of the electron wave vectors in the barrier perpendicular to

the CNT surface:

3,(2)

* 2 2
6(z) = 2hm {V(z) “E+ 22* 4 , 8)

9)

1
V2m* 5 :
g’(Z) = hm |:V(Z) —E+ %éz + fla):| .

In Egs. (8) and (9), V(z) is the barrier potential, and z is the coordinate of the
axis perpendicular to the interfaces. The average of the current-current correlation
in the " state is expressed as follows:

(I'wi(0)) = % = (s

i*(r)i(0)‘a>. (10)

I(w)|” is the power spectrum of the current fluctuation of the tunneling current
for the field-emission mechanism:

o0

<f*(t)i(0)> exp (—iwt)dt. (11)

—00

o) = |

By substituting Egs. (6)-(9) into Eq. (11), we can finally obtain the following
expression for the power spectrum of the field-emission current fluctuations:

(w)]? ezﬂjdE X exp (— sz}é,(zn) exp (— sz ) (12)

22’
where A is the area of the field-emission site of the SWCNTs on a cathode, and
m is the effective mass of the electron that moves parallel to the emission site in the
source electrode from which tunneling electrons are injected into the barrier.

3,(2)
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Ballistic electrons are considered to pass through CNTs without crystal defects.
However, when electrons pass through CNTs with crystal defects, the ballistic
property is lost; an energy barrier is believed to inhibit the conduction of these
electrons. In accordance with the works of Fransen et al. [22] and Nilsson et al. [23]
on the electron tunneling model, we adopted an inelastic tunneling model through
an energy barrier having a rectangular waveform.

2.1 Power spectrum in the inelastic tunneling model

In the inelastic tunneling model, the energy states of electrons passing through
an energy barrier can be estimated by the energy transfer before and after electron
tunneling. The power spectrum with the flow of FE current for the inelastic
tunneling model was proposed by Kirtley et al. [24], Bardeen [25], and Watanabe
et al. [26] based on Egs. (12) and (13):

)~ [ 45, [ dBepu(Be) [ By, (5) Mg [(1 = )t = (1= g,
(13)

where p(E) is the state density of electrons in one-dimensional space, and nt
(h =1 (for left region) or r (for right region)) is the occupation number of electrons
within state i (i = k or q).

We attempted to obtain the direct-current (DC) component of the power spec-
trum of the inelastic electron tunneling model using a rectangular potential barrier
and Eq. (13). As mentioned above, the electrons passing through the CNTs without
crystal defects are ballistic [5]. The CNTs with crystal defects are reported to have an
energy bandgap that depends on the position of the defects, and electrons rarely pass
through CNTs without energy loss. In order to analyze the electrical conductivity of
SWCNTs, we attempted to obtain the tunneling matrix M, and the power spectrum
of inelastic electron tunneling when electrons inelastically pass through the local area
corresponding to crystal defects. The conductivity of electrons passing into SWCNTs
with crystal defects was explained employing the electron tunneling model below.

For M, of an energy barrier having a rectangular waveform, the state of wave
function transfers that in the right region (r) to the left region (1) of the energy
barrier or vice versa, ¢', is the wave function having wavenumber g localized in the
right region of the barrier called as wave-B, and ¢, is the wave function having
wavenumber k localized in the left region of the barrier called as wave-A. The Fermi
level of an SWCNT is represented by Er. When electrons pass through the rectan-
gular potential barrier from the left region to the right region, the wave function
shifts from state k to state ¢, and the tunneling matrix My, is given by:

hz L 1
My, = de{% Vo Vo, + V(z)eg v }, (14)

where V(z) is the potential height of the energy barrier having a rectangular
distribution on the z axis shown in Figure 2, and  is the effective mass of an electron.

The wave functions ¢ and ¢, localized in the left region (wave-A) and in the
right region (wave-B) are represented by:

S Le‘ik”x”lk
VS
, (15)

@ = ieiqux\l
1 \/g )(q
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Figure 2.
Image of a vectangular energy barrier having a potential height V(z).

where S is the area in which electrons pass through an SWCNT; and &y, ¢), and
x| are the components, along the direction perpendicular to the 2 axis, of the
wavenumber k, wavenumber ¢, and position x, respectively. The wave functions y
and y, have coefficients A,, B, and C,, D,, respectively, and are defined as:

T = (Aneikn lg—23| + Bjeiiknlziz”‘)
=, b,
o , . (16)
Zq = (Cneiqn‘z_zﬂ + Dne_lq”‘z_z”l)

)y ¥

&

n=i,

The energy transfer between waves-A and -B, %, is included with the
wavenumber in Eq. (16), and it corresponds to the energy loss of an electron
passing through the energy barrier from the left region to the right region:

hZ
ko =\ B = Val(n = 1b,7)

n
2
qn:\/%|Ez—Vn—ha)| (z<z,2>2,;m=17) (17)
P
q, = \/Zm |E; — V, + ho| (21 <2 <2;)
Using Egs. (16) and (17), M, can be rewritten as:
My ~ Spyjq |:<2h_2knqn - Vn) LA {An, By, Cy, Dy} |. (18)
n=l, by r m k. +q,

The power spectrum of inelastic electron tunneling, |I;,(®) |2, is obtained from
Egs. (13)-(18). The power spectrum at @ = 0 represents the magnitude of the direct

current of the power spectrum |I;, (w)[*

2.2 Power spectrum in F-N tunneling regime passing into an SWCNT with
crystal defect

The thickness of the rectangular energy barrier and the energy transfer which
means the energy difference between the left region and the right region are
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Figure 3.
Original model of field emission using an SWCNT emitter in F-N tunneling.

important factors in this simulation. Results of research on tunnel junction devices
indicate that the thickness of the rectangular potential barrier for inelastic electron
tunneling is only ~3 nm [20]. The energy loss caused by the tunneling of electrons
through the energy barrier depends on the bandgap associated with the crystal
defects [27]. The theoretical value of difference in the energy between waves A and
B is calculated by fitting to be 0.027 eV, which corresponds to a temperature of
313 K for the energy loss observed when the electrons pass through SWCNTSs with
crystal defects.

Eq. (12) should be transformed into a more suitable form for a field-emission
cathode using metallic SWCNTs. Field-emission measurements were carried
out in the F-N tunneling regime, and a further simplified form is expressed as
follows:

o) s g o2 41) x exp {22 (Gt ) b 19

where ¢g, shown in Figure 3, is the barrier-height potential that indicates the
difference between the vacuum-level energy and the energy at the bottom of the
Fermi level of metallic SWCNTSs; and E is the applied electric field on the SWCNTs
enhanced by the tip shape. The enhancement factor f of E can be calculated by the
surface-charge method of simulation using a three-dimensional SWCNT model that
protrudes from an indium-tin oxide (ITO) film [28-30]:

E = pEo, (20)

where Ej represents the real electric field between the cathode and anode.
Moreover, the area of the field-emission site A on the SWCNTs of the cathode
was estimated from a comparison between the simulated and measured bright
spots [30].
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3. Experimental methods

In this study, the SWCNTs synthesized by arc discharge were annealed at a high
temperature of approximately 1200 K in a low pressure of 10~ Pa to obtain
hc-SWCNTs. Figure 4 shows transmission electron microscope (TEM) images of
the SWCNTSs before and after annealing. As shown in Figure 4(a), we could find
that the crystallinity of the SWCNTs after annealing was significantly improved.

The SWCNTs obtained before and after annealing were dispersed in a liquid
medium with solvent including, to control the viscosity of the solution, surfactant
and an ITO precursor solution, to prepare a coating film. The agitated mixture was
sprayed on a silicon substrate to form an ITO film and sintered at approximately
700 K in a vacuum to remove any components in the organic solvents. In addition,
to facilitate FE, the ITO film with SWCNTs was scratched with a thin needle to
activate the film [16].

A diode structure fixed to the distance of 1.2 mm between a cathode of the ITO
film having SWCNTs and an anode of a phosphor plate was prepared for the FE
measurements; Figure 5 shows a schematic of the FE-measurement system.

Reference:
he-SWCNTs without he-SWCNTs

Figure 4.
TEM images with annealed and unannealed SWCNTs: (a) annealed he-SWCNTs; (b) nonannealed SWCNTs
with crystal defects.

Phosphor plate coated on
ITO electrode
Anode area: 100 |;n|m2 \ — Gap: 1.2 mm

/ \_ __Glass substrate
i . /

N7

Cathode: ITO film
with SWCNTs

H 3| Cathode: ITO film
Ll N 1| | with SWCNTs

Glass substrate |

k1 ]
1IIl __,_.--""'_H-.-H-'—’
Electrode to connect

ITO coating and earth

Figure 5.
Schematic diagram of the FE-measuvement system with a diode structure.
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The sample was set in a vacuum chamber of approx. 10~ * Pa. A supplied voltage
with a frequency of 60 Hz was applied across the cathode and the anode to measure
the FE characteristics.

4, Field-emission results and discussion
4.1 Field-emission characteristics of hc-SWCNT's

Tunneling electron microscopy and scanning electron microscopy were used to
obtain images of the dispersed hc-SWCNT bundles and the ITO film which was
subjected to activation treatment. As one can clearly see in the TEM image in
Figure 6(a), the hc-SWCNT bundles were well dispersed in the liquid medium.
Meanwhile, the SWCNT bundles shown in the SEM image in Figure 6(b) were
exposed in the scratched grooves on the activated ITO film and marked within the
white circles; the dispersed SWCNTs in a scratched area are also illustrated with the
red circles indicating the ends of the SWCNT bundles on the right. The number of
dispersed and exposed SWCNTs per unit area could be controlled via the density of
the SWCNTs. Table 1 shows the summary of the state of the exposed SWCNTs in
terms of (1) the number of SWCNTSs protruding from the grooved walls of the
scratched ITO film per unit area, (2) the mean diameter of the exposed SWCNT

(b) - ITO film
oA

Distance betwgen O Scratched T
r'_|_|::‘ig|'||::|1 ring SWCNTs area i

L 00 " e

s

50 pm

Figure 6.

(a) TEM image of dispersed hc-SWCNT bundles. (b) Left: SEM image of scratched ITO film having SWCNTs,
where the white civcles show the SWCNT bundles protruding from the grooved walls of the ITO film; right:
schematic diagram of scratched area including dispersed SWCNTSs, where the red circles show the tops of the
exposed SWCNTs in the scratched area.

hc-SWCNTs SWCNTs with
crystal defects

Number of SWCNTs exposed at grooved walls of ITO film after Approx. 21 per Approx. 26

activation 100 x 100 pm?

Average diameter of bundled SWCNTs (nm) Approx. 9 Approx. 10

Average distance between neighboring bundled SWCNTs (um)  Approx. 27 Approx. 21
Table 1.

State of homogeneity of dispersed he-SWCNTs and SWCNTs with crystal defects.
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bundles, and (3) the mean distance between neighboring SWCNT bundles for two
types of SWCNTs, i.e., SWCNTs with crystal defects and hc-SWCNTs. The states of
exposure of the two types of SWCNTs fabricated by our wet-coating process were
similar, and they were homogeneously dispersed in the films.

Figure 7 shows the relationship between the current density and electric field
for the SWCNTs, obtained using the system for FE measurements (Figure 5). The
threshold field decreased from 2.01 V pm ™" for the SWCNTs with crystal defects to
1.07 V pm ™ for the hc-SWCNTs. As shown in Table 1, the dispersion density of
SWCNTs and the mean diameter of SWCNT bundles in the films were similar for
the two types of the SWCNTSs. It means that the probability densities of SWCNTSs
that induced FE were similar for the two types of SWCNTs. Therefore, it can be
discussed and assumed that the above improvement in electrical properties was
caused by the increase in crystallinity of the SWCNTs.

Figure 8 shows the distribution of bright spots in the hc-SWCNTs and SWCNTs
with crystal defects. As can be seen in Figure 7, the threshold and the driving field
depended on the crystallinity of the SWCNTs. When the applied field was con-
trolled so that the current density was uniform, the densities of the high- and low-
brightness spots on the measured area were almost the same between the

1x10-2 ,
Cr},rstzllllzed
SWCHNTs SWCNTs with
o crystal defects
E )
(=] 4 g
< 1 =10 T A
— 1 )
z N
G N K~
c Wt
v @)
2 1x10%
c
w
c
=1
o
1 %106
0.5 1 1.5 2 2.5 |

Electric field / V um™

Figure 7.
Semilog plot of current density versus electric field for hc-SWCNTs and SWCNTSs with crystal defects.

(b)
P'-‘-'-nr;::-:%;-.;.-u

i

b N

250 pAcm™2 @ E=1.3 V um? 250 pAem™? @ E=2.5V um™
Figure 8.

Homeogeneity of emission sites homogeneity in (a) hc-SWCNTs and (b) SWCNTs with crystal defects. The
panels on the left show planar lighting, and the enlarged view of the circled regions in the panels on the right
show the distribution of spots of cathodes employing he-SWCNTs and SWCNTs with crystal defects.
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hc-SWCNTSs and the SWCNTs with crystal defects, respectively. Previous reports
showed that in the SWCNTs synthesized by arc discharge, SWCNTSs with metallic
and semiconductive properties coexisted [31]. Therefore, the high-brightness spots
can be attributed to the FE from metallic SWCNTs, and the low-brightness spots
can be attributed to the FE from semiconductive SWCNTs; these phenomena and
their origins are not discussed in this chapter. When the crystallinity of SWCNTs
increased, the chirality of the carbon sheets making up the SWCNTs did not
change, and the mixed ratio of metallic to semiconductive SWCNTSs remained
unchanged [32-37].

The results in Figure 6 and Table 1 indicate that the diameter, protruded length,
and dispersion density of the SWCNT bundles protruding from the grooved ITO
film were similar for the two types of the SWCNTs as FE electron sources. How-
ever, the difference in the plots of current density versus electric field of Figure 7 is
impossible to be analyzed only by the exposed uniformity of the dispersed SWCNTs
on the activated ITO film. Therefore, we surmised that the difference in the crys-
tallinity of SWCNTs caused the difference in electric properties of SWCNTs.
Fransen et al. and Nilsson et al. find that the interruption of carbon network of an
SWCNT with crystal defects originates a local energy band that affects the electrical
conductivity by scanning tunneling microscopy (STM) [22, 23]. On the basis of the
above results, an electric-physical model in an SWCNT was developed from the
inelastic electron tunneling model. Therefore, the energy difference originated by
the energy bandgap yielding from the interruption of carbon network in an SWCNT
with crystal defects is surmised to become an energy barrier which impedes the
electrons pass through the SWCNT.

Figure 9 shows the FE properties obtained by experiment in Figure 7 and
simulation. For the hc-SWCNTs, the results obtained by the experiment are
represented by red circles and those obtained by simulation using Eq. (12) at w = 0
of the F-N tunneling model without inelastic tunneling model are represented by
the yellow dashed line. Moreover, the experimental results of the SWCNTs with
crystal defects are represented by blue circles and those obtained by the following
method are represented by the dark-red dashed line. We can find the fitting

1 x10°3 Hi i
ghly grystallized )
SWCNTs SWCNTsi(Ith
" crystal defects
i /
g A
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< 1 x10 ﬁ_’f}’
S "i\\:?r
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Figure 9.
Fitting of simulation vesults to experimental current density-electrical field characteristics.
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hc-SWCNTs SWCNTs with crystal defects

Electron-emission site (a) 1.95 x 10~

Field-enhancement factor () 259,500

Effective mass of electron (m) 1.00mq (mg = 9.11 x 1073 kg)

Thickness of rectangular inelastic barrier — 2.9 nm

Energy bandgap after passing into the barrier — 0.148 eV

Energy difference between wave A and wave B — 0.025 eV
Table 2.

Homogeneity of dispersed hc-SWCNTs and SWCNTs with crystal defects.

between experiment and simulation is in good agreement. The simulation results
represented by the dark-red dashed line were obtained by combining the F-N
tunneling model of electrons emitted from the end of the SWCNT with the power
spectrum with inelastic tunneling model given by Egs. (7)-(12) at @ = 0. Table 2
shows the summary of the parameters employed in the theoretical calculations on
the basis of F-N tunneling and inelastic electron tunneling. The total electron
emission site area () and the field-enhancement factor () for FE are important
parameters in evaluating the FE characteristics. These two parameters were the
same for the two types of the SWCNTs.

The inelastic electron tunneling through the SWCNTSs with crystal defects, as
shown in Figure 10, is a phenomenon based on the energy loss associated with the
electron transfer in the SWCNTs. Although many researchers have reported that
CNTs exhibit ballistic electrical conductivity, such property has not been demon-
strated in any experiment that we know of. We can express successfully the first

e

ek, (E~10%V mm-)

Coulomb
field emitter made o Potential ;
SWCNT with crystal ¥ ,
defects i
Rectangular : X
Barrier

Inelastic electron tunnelling

Barrier

Vacuum

Figure 10.
Schematic of field-emission property of SWCNTs with crystal defects modeled as convoluted FN-tunneling with
inelastic tunneling.
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report of the development using an inelastic electron tunneling model for an
SWCNT with crystal defects based on the evaluation of FE properties. The
hc-SWCNTs are suitable materials for electronic devices to save energy because
the energy loss associated with electron transfer in the SWCNT is suppressed.

4.2 Current fluctuations of hc-SWCNTs as field emitters: theoretical
predictions versus experimental results

Figure 11 shows the relationship between the current density and electric field
for the SWCNTs obtained using the FE-measurement system shown in Figure 5.
The threshold field of the metallic SWCNTSs was 4.1 V pm ! at a line-current
density of 0.1 mA cm 2, as shown in Figure 11. Moreover, the planar lighting
observed at 2 mA cm ™ was homogeneous, as shown in the inset in Figure 11.

Figure 12(a) shows the stability of the FE current of metallic SWCNTSs when
different values of DC voltage were supplied for 50 s; Figure 12(b) shows the
power spectrum of the frequency based on the FE current fluctuations by Fourier
transform calculation. The current density obtained from the sample biased using
the DC power supply was measured as 1.2 mA cm ™ *at 6 kV, 2.0 mA cm ™ ? at 6.6 kV,
4.6 mA cm at7.1kV, and 10 mA cm 2 at 7.6 kV. The FE current fluctuations were
observed to be stable owing to the desorption of gases from the SWCNT surface
caused by annealing before the FE measurements. Some damped current distribu-
tions in the FE current were expected if the annealing of the sample was insuffi-
cient. However, Figure 12(a) shows no damping, and the SWCNT surfaces were
expected to be clean for the FE measurements. The spectrum of each FE current in
Figure 12(a) is normalized by the peak at 0 Hz, and it indicates that periodic
fluctuations were recorded. A peak appears at 50 Hz, as shown in Figure 12(b),
and it originated from the noise of the DC power supply, which represents the
frequency of the commercial power supply in the eastern region in Japan. It can
be seen that the stable DC current had alternating values, especially in the
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Figure 11.

Current density-electric field chavacteristics of metallic SWCNTS; the inset shows the case of planar emission.
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(a) FE currvent fluctuations and (b) power spectra of FE-current fluctuations obtained by Fourier transform.

e (elementary charge) 1.60 x 107 C
A (area of field-emission site) 6.48 x 10 %* m?
@5 (work function of bulk carbon) 4.3 eV

n(= %, h: Planck’s constant) 6.58 x 10 % eV s
P (enhancement factor) 2.56 x 103

m (free electron mass) 9.11 x 10 kg

A and p were obtained from the simulation reported in Ref. [28].

Table 3.
Parameters used in the theoretical calculations.

low-frequency domain of <100 Hz. Moreover, the spectrum distribution depends
on the FE current, and the contents of each spectrum increased with the DC power.

When the experimental results and the theoretical predictions explained in the
previous theoretical section are compared, the parameters that determined the
tunneling characteristics of the metallic hc-SWCNTSs used as field emitters are listed
in Table 3. The enhanced field E in Eq. (20) was determined from the surface
potential calculations with an SWCNT model. The area of the field-emission site, A,
at the SWCNT surface was calculated from the analysis that determined the FE
properties. Each SWCNT model protruded from the ITO wall, which included the
minimum area for calculating the electric field using the surface-charge method.
The potential parameter ¢5 was estimated as the work function value of bulk
carbon.

The power spectrum |I(w)|* obtained from Eq. (19) simplified by the WKB
approximation shows the dependence of the applied field on a cathode using hc-
SWCNTs, as shown in Figure 13. Each calculated spectrum was normalized, and it
can be seen that |I(w)|” increased with the applied voltage at low frequency. For the
metallic hc-SWCNTs, the experimental results are shown in Figure 12, and those
obtained by simulation are shown in Figure 13; the two sets of results are in good
agreement. From the above comment, the experimental results could be fitted well
by the composition of the inelastic tunneling model and the F-N tunneling model
employing the power spectrum of current fluctuation represented by Eq. (19).
These results shown in Figures 12 and 13 indicate that the electrons passing into a
barrier in the F-N model exhibited the electron flow fluctuation in the inelastic
tunneling model, and the shape of the power spectrum depended on the increased
component of current fluctuation obtained from FE.
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Figure 13.
Power spectrum obtained by simulation showing the dependence on applied voltage; E, represents the original
supplied electric field between the cathode and anode.

Field emission using metallic SWCNTs was modeled as a phenomenon based
on inelastic electron tunneling, and the calculated power spectra are shown in
Figure 13. Although many researchers have reported that field emitters exhibit F-N
tunneling with elastic electrical conductivity, the phenomenon has not been dem-
onstrated in any reported experimental work. This chapter presents successfully the
first report of the development of an inelastic electron-tunneling model with WKB
approximation for SWCNTs from the FE properties. Moreover, the FE current from
electron sources like SWCNTs contains time-depended fluctuations, and the I-V
characteristics of the FE electron sources were expressed as the power spectrum at
o = 0, which gives the magnitude of the current originating from the electrons
passing through the SWCNTs, in accordance with the inelastic electron-tunneling
model.

5. Conclusion

In this chapter, the author explained the conductive model of electrons flowing
in the vicinity of a crystal defect that acts as a rectangular energy barrier based on
inelastic electron tunneling model and the current fluctuation model for FE with he-
SWCNTSs employing the F-N tunneling phenomenon.

The author could succeed in developing a model of the flow of electrons through
the inside of an SWCNT to the outside using the fluctuations of the tunneling
current. The electron flow model for an SWCNT with crystal defects was obtained
by combining the F-N tunneling model with the power spectrum obtained using the
tunneling matrix. From the previous mentioned comment, we could give a brief
explanation of the effect of the increased crystallinity of SWCNTs on their electrical
conductivity and describe the development of an electron flow model through the
crystal defects of an SWCNT. Therefore, we expect that the hc-SWCNTs are used
as field emitters with stable emission and low power consumption for saving
energy.
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Chapter 9

Electron Transport in the
Assemblies of Multiwall Carbon
Nanotubes

Vladimir Samuilov, Jean Galibert and Nikolai Poklonski

Abstract

The assemblies (films) of carbon nanotubes (CNTs) possess very stable, repro-
ducible, and extraordinary electronic properties. These films have been considered
as attractive materials for various nanosensors and as electrodes of electrochemical
energy storage devices, like supercapacitors, with low equivalent series resistance
and highly developed internal surface. In order to develop CNT devices operating at
the room temperature, it was necessary to determine the assembled films’ properties,
such as the mechanism of conductivity, carrier concentration, and mobility. In this
study, we are focused on the assemblies (monolayers, arrays, and films) of multiwall
carbon nanotubes (MWCNT). We applied a wide temperature range resistance and
magnetoresistance as a tool to determine the transport characteristics of MWCNT
films. The measurements of the electrical transport (temperature dependence of
the resistance) in the assemblies of nanotubes were tested in the temperature range
T = 1.5-300 K, and the magnetoresistance measurements were carried out in pulsed
magnetic fields up to 35 tesla in the temperature range 1.5-300 K. The mechanisms
responsible for the transport in these systems, including weak localization, antilo-
calization, Luttinger liquid, Shubnikov-de Haas oscillations, and intertube coupling,
were observed.

Keywords: films of carbon nanotubes, MWCNT,
temperature dependence of resistance, magnetoresistance, localization

1. Introduction

Since their discovery [1], carbon nanotubes revealed remarkable properties,
which made them as an attractive material in broad domain of applications [2-4]. In
carbon nanotube electronics [5, 6], they were expected to be used as the components
of nanostructured field effect transistors [5, 7-9]. Their high anisotropic shape is
considered to be useful for low field emission displays. Carbon nanotubes exhibited
unique mechanical properties. Their huge elastic modulus (~1 TPa) [10, 11] and
their large surface area per volume made them good candidates, respectively, for
composite materials [12] and lithium ion storage [13], for sustainable energy sup-
plies, and for gas [14], chemical [15, 16], and bio- [17-21] sensors.

The electrical transport properties are the most important for a number of
applications of carbon nanotubes. Usually, single-tube samples are used for electri-
cal transport studies. The kinetic inductance of individual nanotubes contributes to
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the low-frequency impedance of fibers composed of SWCNTs (at cryogenic tem-
peratures and a constant electric bias) [22, 23]. Quantum transport properties have
been observed both in single-wall (SWCNT) [5, 9, 24-29] and multiwall nanotubes
(MWCNT) [3, 30-35].

Quantum interference effects, such as weak localization (WL), the Aharonov—
Bohm (AB) effect, the Al'tshuler—Aronov-Spivak (AAS) effect, and universal
conductance fluctuations (UCF), have previously been observed in multiwalled
carbon nanotubes [32]. Knowledge of phase-breaking effects in coherent transport
is very important for the study of these quantum interference phenomena. The
temperature (T) dependence of the phase coherence length, Lo, of MWCNTs has
been reported to follow a power law dependence of T~"%, a characteristic of one-
dimensional interference [36]. In the case of single-walled CNTs, the power law
dependence also shows a T~* dependence [28]. In addition, as further evidence
of low-dimensional transport, there are some experimental reports of Tomonaga-
Luttinger liquid behavior in CNTs [37].

From one point of view, for the array (assemblies) of nanotube samples, the
synergetic properties were expected only [38]. But, the transport in the arrays of
nanotubes was found to show single nanotube properties at low temperatures due
to the mostly conductive nanotubes responsible for the transport [25]. On the other
hand, for specific new applications, like chemical [15, 16] and bio- [17-21] sensors,
the synergetic properties of the arrays of nanotube samples are important [39].
They are based on their large surface area per volume and intertube coupling in
electrical transport in the arrays of nanotubes [40].

The examples of different morphologies of the samples of arrays of nanotubes
involve definitions of bundles (ropes) [32, 38, 41-43], mats [44, 45], networks
[46, 47], and films [48]. Some of them were manufactured using hardly controlled
deposition from an organic solvent dispersion of pristine nanotubes [49].

The Langmuir-Blodgett (LB) technique was found to be a method for deposit-
ing defect-free, molecularly ordered ultrathin films with controlled thickness and
orientation. Since pristine nanotubes are non-soluble in many kinds of organic sol-
vents, it is impossible to form LB films directly from nanotubes. The LB monolayer
of SWCNTs by dispersing them in a surfactant was obtained on a solid substrate in
[50-52]. However, due to their limited dispersibility, the concentration of nano-
tubes in the layer was quite low (<7%), and the control of the tube orientation was
not achieved by this method. The LB film of SWCNTs grafted by polyethylene
oxide (PEO) was realized [53]. However, due to the soft PEO film covering the top
surface of SWCNT cores, the low collapse pressure (~15 mN/m) was achieved. It
became clear that, for the formation of a monolayer of carbon nanotubes using the
LB technique, chemical modification of nanotubes is required.

The organic functionalization of carbon nanotubes has been realized [54-56].
But, to our knowledge, there was no experimental data on electrical and magneto-
transport properties’ characterization of dense monolayers manufactured using
LB assembling of functionalized nanotubes. This method is expected to be used
for obtaining the layers of very dense arrays of nanotubes for using them for new
applications in chemical and biosensors, controlled by electrical transport.

We utilized assembly of different carbon nanotubes in the layers:

* Pristine (non-modified) CNTs.
* Modified by organic chemical functionalization.

e Oxidized CNTs in the solution of sulfuric and nitric acids.
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We describe the methods of modification and assembly of CNTs and the
specificity of the electrical transport in the layers in respect to the technological
approach utilized.

2. Pristine MWCNT (no modification/functionalization)

The purified MWCNTSs were dissolved in chloroform/chlorobenzene mixture
with the concentration up to 107> mg/ml of visually non-scattered solution after
sonication. A droplet of this solution was spread on the water surface, and after
evaporation of the solvent, an array of MWCNT was collected on the substrate with
in-plane macroscopic finger-shaped electrodes. The resistance was measured as a
function of temperature and magnetic field in the Laboratoire National des Champs
Magnetiques Intenses de Toulouse in the range 1.8-300 K and up to 35 T. We review
here the most typical features of our results obtained on these non-functionalized
self-assembled arrays of MWCNT.

Between 4.2 and 70 K, the zero magnetic field resistance (Figure 1) exhibited a
behavior as R « Ry + AT %, where o = 0.38, while in the range 60-300 K, the resis-
tance behaved like R o< Ry’ + BT 3.

As a power law can fit the temperature dependence of the resistance, the forma-
tion of a Luttinger liquid in which the transport is managed by coherent backscat-
tering effects could be suggested [35]. Similar power law temperature dependence
with the same exponent was found earlier in SWCNT samples [25, 26].

With the magnetic field B perpendicular to the plane of our sample, a negative
magnetoresistance (NMR) is observed in the whole range of magnetic fields and
in the temperatures between 1.8 and 80 K, with a tendency to a saturation at high
magnetic fields.

Also, the magnetoresistance shows some oscillations in the magnetic field up to
30 T, at 1.8 K, as it can be seen in Figure 2. At higher temperatures these oscillations
tend to vanish. The oscillations can be attributed to the Shubnikov—de Haas (SdH)
oscillations. They are clearly seen without background subtraction.

A maximum occurs in the resistance at magnetic field B, when the Fermi
energy Er crosses a quantized energy level E, in the field. In graphene [57],

f:

o
6 = o
= a7
R ET .
%/{. [
1 0020304050607 %
1+ E4_
£ ' ET N
£ a7
= i 2
AN S I — —
= ! T2 5 ¢ ¢
- i 1k
1
o
1 | | |

SR

Figure 1.
Temperature dependence of the vesistance of an array of pristine MWCNT sample. In the insets, the
dependence R(T) is shown in the low and high temperature range.

145



Perspective of Carbon Nanotubes

0.00

M= A

RO
(HEH) =

S
-0.02 ]
-0.04 =3F

2+

-t

.08
0
1/R(T

Figure 2.

Transverse magnetoresistance at 1.8 K shows some oscillations in the magnetic field up to 30 T. In the inset the
magnetoresistance dependences at T = 4.2 K and at T = 77 K show no significant oscillations. The maxima of
resistance oscillations are labeled with n and plotted as a function of 1/B,, in a Landau plot in the second inset.

E,(B) = \/(Zneroz) [58] and B, = By/n, where By = Eg*/ (2evoh?) = hkg*/2e. Each
maximum is labeled with # and plotted as a function of 1/B,, in a Landau plot
(inset of Figure 2). The well-identified peaks (# = 1-6) define a straight line.
From the slope we determine kr and #; = Afep*l4m ~ 1.9 x 10 cm ™2, which is
consistent with the experiment [59].

At this stage of our investigation in these samples, we intend to suggest some
explanation of the behavior of the NMR. The transverse NMR has been observed
at low magnetic field with a superposition of some aperiodic oscillations consistent
with the universal conductance fluctuations (UCF) [3, 30]. From a classical point
of view, the interference term leading to UCF originates from adding the prob-
ability amplitudes of all paths that connect the source and drain. The NMR at low
field is caused by interference contributions due to closed electron trajectories,
which add up constructively at zero magnetic field; that could be considered as the
definition of WL [60]. A correct treatment would need the use of the digamma
functions [61, 62].

While WL is expected to decay slower with the temperature than UCF, a study
of the NMR at different temperatures will allow us to discriminate from these two
processes. If not, it will signify that the fluctuations could be due to the band struc-
ture of the ensemble of nanotubes and might be caused by magnetic depopulation
of a one-dimensional sub-band, a phenomenon which, in extended thin films, gives
rise to SdH oscillations [60].

It must be noticed that the MWCNT in our samples were not arranged as a film
but rather form a “carpet” which, under some conditions, should be considered as
a2DEG. In the MWCNT films, the NMR was observed also at low magnetic fields
[48], followed by a positive magnetoresistance (PMR), till 12 T. It was argued that
the NMR may come from (i) quantum interference [63, 64], (ii) thermal fluctua-
tion-induced tunneling [65], or (iii) Landau levels in disordered graphite [66]. In
our case, as the NMR was observed till 25 T and at low temperature, the hypotheses
(i) and (ii) can be rejected. As far as the Landau levels, or SdH oscillations [3], could
be considered, we notice that the oscillations observed in our experiments appear to
be mainly periodic in 1/B (in contradiction with which was observed in [3, 30]) and
might be related to the SdH oscillations.

As aresult, in this section, we report the experiments on temperature and
magnetic field dependence of the resistance of self-assembled assemblies of pristine
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MW(CNT, in which we attribute the NMR in terms of WL and interpreted the oscil-
lations in terms of SdH behavior.

3. Chemically functionalized multiwall carbon nanotubes

The electrical transport properties are the most important for a number of
applications of carbon nanotubes. Usually, single-tube samples are used for electri-
cal transport studies. Quantum transport properties have been obtained both in
single-wall (SWCNT) [5, 9, 24-28] and multiwall nanotubes (MWCNT) [3, 30-35].
For the nanotube array samples, only mean values of the characteristic parameters
were expected [38]. But, in some cases, the transport in the arrays of nanotubes was
found to show single nanotube properties at low temperatures due to the mostly
conductive nanotubes responsible for the transport [25]. On the other hand, for the
specific applications, like chemical [15, 16] and bio- [17-21] sensors, the synergetic
properties of the arrays of nanotube samples are important. They are based on their
large surface area per volume and intertube coupling in electrical transport in the
arrays of nanotubes [40].

We have shown experimentally that chemically functionalized multiwall carbon
nanotubes could be assembled into 2D layers (dense arrays) covering large surfaces
with in-plane electrodes for electrical and magnetotransport testing.

In contrast to the standard morphologies of the samples of arrays of nanotubes
involving definitions of bundles (ropes), mats, networks, etc., based on hardly con-
trolled deposition from an organic solvent dispersion of pristine nanotubes, we use
the LB technique for chemically functionalized multiwall carbon nanotubes. The
method we propose offers a radical departure from the existing methodology due
to the possibility of covering large surfaces with dense and defect-free, molecularly
thin films of carbon nanotubes.

The electrical and magnetotransport properties in the assembled monolayers of
carbon nanotubes have been tested.

The organic functionalization of carbon nanotubes had been realized [54-56,
67-69]. But, to our knowledge, up to now, the experimental data on electrical and
magnetotransport properties’ characterization of dense monolayers manufactured
using LB assembling of functionalized nanotubes is very limited. This method
is expected to be used for obtaining the layers of very dense arrays of nanotubes
for utilizing them for new applications in chemical and biosensors, controlled by
electrical transport.

The MWCNTs produced by chemical vapor decomposition (CVD) with catalyst
5% Fe-Co/CaCOj; were utilized.

Organic functionalization of MWCNTs was based on the scheme described in [69].

The purified MWCNTSs were suspended in N,N-dimethylformamide [DMF]
HCON(CH,); together with excess p-anisaldehyde (4-methoxybenzaldehyde)
CH;0C¢H,CHO and 3-methylhippuric acid [m-toluric acid, N-(3-methyl-benzoyl)
glycine] CH;CsH,CONHCH,CO,H.

Heterogeneous mixture was heated at 130°C for 3 days. The scheme of the
reaction is described in Figure 3. After the reaction was stopped, the organic phase
was separated from unreacted material by centrifugation and washing five times
with chloroform (CHCl;) and vacuum drying. The obtained dark solid phase was
easily soluble in CHCI; up to a few mg/ml without sonication. The functional-
ized nanotubes were tested by HRTEM (Figure 4) and FTIR (Figure 5) methods.
Due to the distinct layer on the surface of the nanotubes, observed by HRTEM
(Figure 4), which is responsible for the absorption peaks in 14001500 cm ™
and 1800-1900 cm ™ on FTIR spectra (Figures 5 and 6), we conclude that the
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Figure 3.

The scheme of the reaction of organic functionalization of MWCNTS. The purified MWCNTS were

suspended in N,N-dimethylformamide [DMF] HCON(CH;), together with excess p-anisaldehyde
(4-methoxybenzaldehyde) CH;0CgH ,CHO and 3-methylhippuric acid [m-toluric acid, N-(3-methyl-benzoyl)
glycine] CH,CsH,CONHCH,CO,H. Heterogeneous mixture was heated at 130°C for 3 days.

Figure 4.
High-resolution TEM image of organically functionalized MWCNT. The nanotubes are covered with the thin
ovganic layer (shown with the arrows).
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FTIR spectra of MWCNTS: no functionalization (a); with functionalization (b).
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Figure 6.
FTIR spectrum 3-methylhippuric acid, condensed phase. Adapted from the Sigma-Aldrich catalog: https://
www.sigmaaldrich.com/spectra/ftir/FTIR005396.PDF.

Figure 7.
Functionalized nanotubes self-assembled in dense arrays (monolayers), covering without empty space the whole
surfaces of the finger-shaped electrode device.

functionalization procedure described in [69] for single-wall carbon nanotubes
works for MWCNTs. An important feature of FTIR spectrum of MWCNT is the
absence of -COOH group peak near 3350 cm ™. This fact has proven covalent
bonding of 3-methylhippuric acid and p-anisaldehyde with MWCNTSs, and not just
physical adsorption of the surfactant.

The deposition of the layers (arrays) of nanotubes on the surface of the devices
with the electrodes was done by using the cell, imitating the LB trough. Once a
droplet of the solution of functionalized nanotubes in chloroform was spread on
the water surface, a droplet of diblock copolymer PS-PMMA solution was added in
order to create surface pressure of ~9 mN/m. Functionalized nanotubes were self-
assembled in dense arrays (monolayers), covering without empty space the whole
surfaces of the finger-shaped electrode devices, when the monolayer was picked up
from the water surface (Figure 7). The same layer of MWCNTs on the substrate at
higher magnification with SEM is shown in Figure 8.

Utilizing LB method for functionalized nanotubes has shown reliable and repro-
ducible p-A isotherms. Based on this, we expect to use LB method for covering large
surfaces with dense and defect-free, molecularly ordered ultrathin films of carbon
nanotubes with controlled thickness and orientation.

149



Perspective of Carbon Nanotubes

Figure 8.
SEM images of the dense arrays (monolayers) of functionalized MWCNTS, covering surfaces of the substrate.
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Figure 9.
The temperature dependence of the resistance of the functionalized MWCNT sample. In the inset, dependence

is the same in the logR vs. logT scale. The linear dependence in the double log scale in the range 10-300 K gives a
power law with an exponent —0.22 for the temperature dependence.

The electrical and magnetotransport properties of the layers (arrays) of multi-
wall carbon nanotubes have been tested in the temperature range 1.8-300 K and in
magnetic fieldsup to 35 T.

The nanotube samples on the electrodes with “finger-shape” geometry
(Figure 7) have shown low resistance (<1 kOhm at room temperature) and a
“weak” temperature dependence of the resistance in the shape of power law in the
temperature range T = 4.2-300 K.

The temperature dependences of the resistance in linear and log-log scales for
arrays of the functionalized nanotubes are presented in Figure 9. It is interesting
to point out that the temperature dependences of the resistance are represented by
the power law with the exponent —0.22. While a power law can fit the temperature
dependence of the resistance in MWCNT, a behavior suggestive of the formation
of a Luttinger liquid, in which the transport is managed by coherent backscattering
effects, can be considered [35]. Similar power law temperature dependence with the
same value of the exponent was found earlier in SWCNT “bundle” samples depos-
ited on the top of the contacting electrodes [25, 26].

The saturation at low temperatures is noticeable on R(T) dependence of function-
alized nanotubes. This could be explained in the framework of Coulomb blockade and
tunneling between tubes through thin organic layers, covering MWCNT surfaces.

The magnetoresistance measurements were carried out in pulsed magnetic
fields up to 35 T in the temperature range 1.8-80 K (Figure 10). The magnetic field
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Figure 10.

The magnetoresistance of the functionalized MWCNT sample is carried out in pulsed magnetic fields up to
35 T in the temperature range 1.8-80 K.

orientation in relation to the current direction was considered “normal” to the
current direction.

With the magnetic field B perpendicular to the plane of the sample, NMR was
observed in the whole range of available magnetic fields between 1.8 and 80 K in
the arrays of functionalized nanotubes (Figure 10). As already reported in section
2, the NMR was believed to be observed due to the interference contributions of the
closed electron trajectories, which add up constructively at zero magnetic field; that
could be considered as the definition of WL [60]. A correct treatment should be
based on the use of the digamma function [61, 62].

In addition to the NMR at high fields for functionalized nanotubes, we can see a
positive magnetoresistance at low fields (inset in Figure 10). The positive magne-
toresistance increases quadratically and saturates at fields above B = 2 T. The weak
antilocalization effect [70-72] in multiwall carbon nanotubes [73] appears to be
responsible for the positive magnetoresistance. It is attributed to the spin-dephasing
process, arising from the local interfacial fields as a genuine property of the curved
multiwall tubes [73].

We have reported the experimental observation of the electrical transport
properties of assembled (layers) arrays of non-functionalized and functionalized
MWCNTs. The negative magnetoresistance as a characteristic of weak localiza-
tion state was observed. In addition to the negative magnetoresistance at high
fields for functionalized nanotubes, we observed positive magnetoresistance at
low fields.

4, Oxidized carbon nanotubes

This technology introduces the formation of oxidized multiwalled carbon
nanotubes. Oxidized MWCNTSs become hydrophilic and soluble in water. In order
to assemble uniform monolayers of MWCNTs on large surfaces we have developed,
the so-called “inverted” Langmuir-Blodgett technique, the essence of which is
clear from Figure 11. The method consists of the following major technology steps.
MWCNT oxidation can be carried out by means of oxidizing liquids such as sulfuric
and nitric acids.

MWCNT is dispersed in acid solution (3:1 = H,SO4:HNO3) and ultra-sonicated
for a few hours in a water bath at the elevated temperatures. The solution was stirred
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Figure 11.
Schematics of the inverted Langmuir—Blodgett technique for the monolayers of MWCNT assembly.

very well simultaneously. The mixture is filtered by using 0.1-micron polyvinyli-
dene fluoride (PVDF) filter. The filtered oxidized MWCNT is extensively washed
with distilled water until pH became neutral. The powder was dried in the oven.

This method generates oxygenated functional groups (-OH, -C=0, and -COOH).

Hydroxyl (-OH) groups are not highly reactive, but they readily form hydrogen
bonds and contribute to making molecules soluble in water.

Carbonyl (-C=0) groups have one oxygen atom double-bonded to a carbon atom
(symbolized as C=0). Like hydroxyl groups, carbonyl groups contribute to making
CNTs water-soluble.

The carboxyl group (symbolized as -COOH) has both a carbonyl and a hydroxyl
group attached to the same carbon atom, resulting in new properties— it can be
ionized—releasing the H from the hydroxyl group as a free proton (H"), with the
remaining O carrying a negative charge.

MWCNT monolayers were prepared by dispersion in deionized water at the
concentration of 0.04-0.05 mg/ml. The surfactant hexadecylamine is dissolved
in chloroform to prepare the spreading solution at the concentration of 1 mg/ml
and spread onto the surface of the oxidized MWCNT solution in the LB trough.
The floating monolayer of highly polarized surfactant molecule, having positively
charged hydrophilic ends, makes monolayers with negatively charged oxidized car-
bon nanotubes through electrostatic interaction. The hybrid monolayer compressed
in the LB trough at a rate of a few mm/min. Surface pressure-area (p-A) isotherm

.3 )
G203 04 0nF s 07 .0
Rl

R (kihm]
lon R/

/ R

|
0 = L0 5 MK 2500 300
TR

Figure 12.

The temperature dependence of the reszstance of the oxidized MWCNT sample. In the insets, low temperature
range dependence in the InR vs. T~* scale shows localization regime of conductivity. The linear dependence in
the double In scale high temperature range gives a power law temperature dependence.
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Figure 13.
SEM image of a few micrometer-thick oxidized MWCNT membrane.

curves of the hybrid monolayers are recorded during the compression. The hybrid
monolayers were deposited by vertical dipping on a clean hydrophilic surface. After
deposition, the surface of the transferred film was dried in a flow of N, gas.

The electrical transport properties of the monolayers (arrays) of the oxidized
multiwall carbon nanotubes have been tested in the temperature range 4.2-300 K
and represented in Figure 12.

The oxidized MWCNTs can be assembled in the freestanding layers of arbitrary
thickness, utilizing vacuum filtering technique. The resulting MWCNT membranes
are very stable and can be further utilized for sensor and energy storage applica-
tions. Figure 13 shows the SEM image of a few micrometer-thick membrane.

5. Nano-catalysis

The common catalysis-oriented goals are to understand and predict the proper-
ties of nanosized materials and control how they facilitate chemical reactivity.
Another critically important issue deals with the manufacture of nanoscale com-
ponents from the bottom up and finally to integrate nanoscale components into
macroscopic scale objects and catalysts for real-world uses.

We have shown a very strong catalytic activity of an outer surface of MWCNT,
modified by acid oxidation. Nanocrystals of NaF were formed on the surface of
MWCNT (Figure 14). We have also observed metal nanocrystal “decoration” on the
surface of MWCNTs.

For example, electrolytic water splitting represents the most environmentally
friendly alternative to generate hydrogen gas. However, the kinetics of the oxygen
evolution reaction (OER) are slow and require a catalyst. Most catalysts to date
have been limited to transition metal oxides or noble metals—both of which
are expensive and unsustainable. The OER activity rationalized by the oxygen-
containing functional groups on the surface of oxidized MWCNTs alters the
electronic distribution of the surrounding carbon atoms at the MWCNT surfaces,
thereby facilitating the adsorption of water oxidation intermediates. This opens
the door to new applications of surface-oxidized MWCNTs for catalyzing a class
of important anodic reactions in water splitting and fuel cells. Further improve-
ments of the activity of the surface-oxidized carbon nanomaterials may enable
the fine-tuning of the structure and compositions of hybrid carbon materials for
specific applications.
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Figure 14.
Nanocrystals of NaF formed on the surface of oxidized MWCNT (top panel). Mass spectrum of NaF
nanocrystals “decovated” MWCNTS (bottom panel); M/Z is the ratio of ion mass to its charge.

6. Carbon nanotube assembling and physical cross-linking

We have developed a novel physical method of stable linkage between neigh-
boring carbon nanotubes in 2D layers (dense arrays), by intertube bridging using
Ar*-ion beam (Figure 15).

The carbon nanotube layer has modified using ion beam irradiation. It intro-
duces stable link formation between neighboring carbon nanotubes, in other words,
bridging or physical cross-linking.

The intertube bridging (cross-linking) of MWCNTs and SWCNTs in the arrays
was observed under the Ar*-ion irradiation. This method can be utilized for the
improvement of the electrical and thermal conductivity properties of carbon
nanotube layers for electron transport heat transfer applications.

Figure 15.

( »3 The image of the initial (unprocessed) array of multiwall carbon nanotubes. (b) The image of a “short-
time” processing regime: 6 kV, 60 s. Just the ends of the tubes attacked by Ar*-ion irradiation. (c) The image of
a “long-time” processing vegime: 6 kV; 10 min. The continuous cross-linked network of the MW carbon after the
Ar*-ion irradiation is observed.

154



Electron Transport in the Assemblies of Multiwall Carbon Nanotubes
DOI: http://dx.doi.org/10.5772/intechopen.89937

7. Nanosensor applications of carbon nanotube films

In this chapter we would like to point out an example of application of films
of MWCNT as a new icing condition resistive sensor that we have developed.

These sensors are based on the adsorption of a molecular thin layer of water on the
surface of carbon nanotubes and on the detection of the first-order phase transi-
tion of water molecules into ice. This transition is very well detected as a result of
non-monotonous dependence of the resistance of the sensor vs. temperature in the
vicinity of the freezing point due to a virtual “field effect transistor.” Electronic
transport in carbon nanotube films, assembled into the resistive films, was found to
be extremely sensitive to the adsorption of polar H,0O molecules.

Modern sensors of icing conditions (optical or piezo devices) are based on the
detection of the actual (significantly thick) layers of ice formed on the surfaces.
The accumulation of the ice layer is a fast process, and detection of the massive ice
formation is too late for the safety of the aircrafts.

We have developed a method of assembling MWCNT films of arbitrary thickness
for sensor applications. This method involves oxidation of carbon nanotubes and
does have several major advantages over the conventional methods of carbon nano-
tube assembling via their functionalization. The assembled carbon nanotube films
are dense, homogeneous, and strong on the macro level, but internally they consist
of disordered structure of self-assembled carbon nanotubes, forming conductive
medium, as it is seen in Figure 16. Besides they are hydrophilic and adsorb water mol-
ecules strongly. Based on our experience of multiwall CNT characterization [22, 74],
we were able to study them at fixed values of humidity and temperature variation.

Standard sensors of relative humidity based on multiwall carbon nanotubes
were developed earlier [75, 76].

We have found that the adsorption of the water vapor at the temperatures close
to freezing conditions generates a specific non-monotonous dependence of the
resistance of the sensor vs. temperature.

The intensive precipitation of the water vapor, when the temperature is decreas-
ing, results in the increase of the resistance of the nanosensor, due to the “field
effect” created by the adsorbed polar water molecules on the surface of slightly
charged CNT tubes. A further decrease of the temperature passing the freezing
point results in the sudden drop of the resistance (“lambda-point”-type curve at the
phase transitions of the first order) (see the insert in Figure 17) due to the water
transition to nonpolar ice crystal. As a result, the “field effect” disappears, and the
resistance of the carbon nanotubes decreases again.

Figure 16.
SEM image of the morphology of multiwall carbon nanotube film.
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Figure 17.
Temperature dependence of the vesistance of the MWCNT layer in the presence of water vapors. Note, the
maximum of the vesistance was found to be located in the neavest proximity of the water freezing point at T = 0°C.

In order to verify, if the positions of the peaks correspond to the humidity (dew
point or frost point), we did temperature scans at different controllable values of
the humidity. The dependences of the resistance of the CNT sensor measured at
fast temperature scan at different humidity levels and temperature variations from
approx +50°C down to —50°C are plotted in Figure 18. The temperature depen-
dences of the resistance of the CNT sensors measured at the slow temperature scan
(<£0.01°C/s in the cryo-cell of our own design) are shown in Figure 19. As can be
seen in Figures 18 and 19, if the temperature drops down, a significant resistance
increase takes place, followed by the maximum point of the resistance and sudden
resistance drop due to the ice formation.

There is a significant difference in the observation of the dew points and the
frost points using CNT sensors. If we observe Tyey, which is higher than the freez-
ing point, we observe significant resistance increase due to condensation. Then the
saturation occurs and, at the freezing point, is characterized by a sudden resistance
decrease. In the meantime, if we observe frost points instead, while the temperature
decreases, the condensation corresponds to the frost point.
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Figure 18.
The vesistance of the CNT sensor vs. temperature at different humidity levels at the fast temperature scan of ~1°C/s.
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Figure 19.

Temperature dependences of the vesistance of the CNT sensors measured at the slow temperature scan <0.01°C/s
in the cryo-cell of our own design.

8. Coating carbon nanotubes with diamond-like carbon films

A commercial plasma CVD setup was used to deposit a diamond-like carbon
(DLC) film over the CNT matrix (Figure 20).

We found out that thin (~50 nm thick) DLC films have significantly improved
mechanical properties.

DLC coating on the CNT layers has a high degree of wettability. We also deter-
mined that it is adding significant reinforcement to the MWCNT matrix.

Figure 20.
SEM pictures of the DLC film deposited on the top of the MWCNT layer.

9. Conclusions

Several methods of assembling MWCNTSs into monolayers and freestanding
films of arbitrary thickness have been developed.

We have studied assemblies of pristine (non-modified) CNTs, CNTs modified
by organic chemical functionalization, and the oxidized CNTs.

We have experimentally tested the electrical transport properties of assembled
layers (films) of non-functionalized, functionalized, and oxidized MWCNTs.

The temperature dependence of the resistance and magnetoresistance of the
self-assembled arrays of MWCNT, tested in the wide temperature range, were con-
sidered as a tool to determine the transport characteristics of the films, important
for further applications.
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The negative magnetoresistance as a characteristic of weak localization state was
observed. In addition to the negative magnetoresistance at high fields for function-
alized nanotubes, we observed positive magnetoresistance at low fields.

The layers of MWCNTSs have been considered as attractive materials for various
nanosensors and as the electrodes of electrochemical energy storage devices. We
have shown an example of application of films of MWCNT as an icing condition
resistive sensor. A very strong catalytic activity of an outer surface of MWCNT,
modified by oxidation, has been pointed out as well.

We have developed a novel method of stable physical linkage between the neighbor-
ing carbon nanotubes in 2D layers (dense arrays) by intertube bridging using Ar*-ion
beam and the method of MWCNT coating with diamond-like carbon films as well.
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Chapter 10

Surface Functionalization of
Carbon Nanotubes for Energy
Applications

Mohamed R. Berber, Inas H. Hafez and Mohamad Y. Mustafa

Abstract

Carbon nanotubes (CNTs) are receiving a great deal of attention as a catalyst
support for different energy applications, due to their high surface area and high con-
ductivity. Recent literature studies have shown that the application of CNTs mainly
depends on their surface functionalization process. Typically, pristine CNTs (as pro-
duced) have no functional groups, which is usually considered as an obstacle to their
widespread application. In this chapter, we highlight the different techniques used to
functionalize the surface of CNTs, including physical and chemical functionalization
processes. We show the advantages and the drawbacks of the different functionaliza-
tion processes. Additionally, we explain in detail the different techniques used to
characterize the CNTs before and after functionalization processes. Furthermore,
we focus on polymer wrapping techniques of CNTs to create active nanocomposite
materials for energy applications, in particular the applications in the agriculture
field to fight pollution and make farming activity easier and more efficient.

Keywords: physical functionalization, chemical functionalization, carbon
nanotubes, polymers, fuel cells, energy applications for agriculture engineering

1. Introduction

The birth of nanoscience has emerged new pathways for developing new
materials with new target properties for different energy applications. Among these
promising materials are the carbon nanotubes (CNTs).

CNTs have been discovered by Ijima in 1991 [1]. They are made of graphene
sheets which are rolled up to form nanostructured tubes (Figure1). CNTs are
receiving a great deal of attention for energy applications due to their high elec-
trical conductivity, low density, large specific surface area, high chemical and
thermal stability, as well as their remarkable mechanical properties [2]. CNTs
are synthesized by various techniques, including chemical vapor deposition [3]
(Figure 2a) and arc-discharge method [4] (Figure 2b). The as-produced (pristine)
CNTs possess a hydrophobic nature due to the high interaction forces (van der
Waals force and bundling) between the nanotubes (formation of aggregates). The
presence of these aggregates in addition to the low solubility of CNTs shows major
drawbacks for engineering useful materials based on CNTs. Thus, a functionaliza-
tion process is required to overcome the CNT bundle structure which is usually
obstacle their real world applications.
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Figure 1.
CNT construction from graphene sheets.

Figure 2.
Schematic illustration of (a) CVD method for preparation of CNTs and (b) arc-discharge method for
preparation of CNTS.
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Figure 3.
Oxidation process of CN'Ts under harsh conditions.

Surface functionalization of CNTs is a promising technique to overcome their
bundle structure and to offer a step forward for their real field application. In this
chapter, we highlight the current research progress of CNT functionalization. We
show the advantages and the drawbacks of the different functionalization processes.
Additionally, we present and explain in details the different techniques used to char-
acterize the CNTs. Moreover, we focus on fuel cell and supercapacitor applications of
polymer functionalized CNTs. Finally, we show the future prospective of CNTs.

2. Chemical functionalization of CNTs
2.1 Activation of CNT surface via oxidation processes

CNTs are usually functionalized through a harsh oxidation process using harsh
materials (e.g., nitric acid and/or sulfuric acid, permanganate using a phase transfer
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catalyst, or hydrofluoric acid) under ultrasonic treatment conditions [5-7]. The
oxidation-functionalization process usually produces small CNT fragments with side-
walls containing different oxygen functional groups (e.g., hydroxyl, carbonyl, and
carboxylic acids) [8] that will be able to create covalent bonding with other groups
(e.g., polymeric reagents, metal oxides, amino acids, and enzymes) (see Figure 3) [9].

A novel chemical activation process for CNTs is the oxidation through a silaniza-
tion process. This method introduces different organo-functional groups attached
to the surface of CNTs, improving the CNT chemical compatibility with specific
polymers for producing new CNT-based composites. As an example, oxygen-
functionalized CNTs were coupled with 3-methacryloxypropyltrimethoxysilane as
an organo-functional silane agent to get double-bond-functionalized CNTs that will
be used for copolymerization with vinyl monomers. The produced CNT material
has been explored to achieve an improvement for CNT compatibility with other
polymers and also to improve their solubility [10].

2.2 Photo-irradiation functionalization of CNTs

Photo-irradiation technique was also used to generate active species (such as
nitrene) on the surface of CNTs [11]. Osmylation, for example, is one of the pro-
cesses in which CNTs were photoactivated through a UV light irradiation process.
Typically, CNTs are exposed to osmium tetroxide (OsO,) under a UV light irradia-
tion (see Figure 4). As a result, a photoinduced cycloaddition process of OsOy to the
C—C bonds of CNTs was observed, leading to surface-functionalized CNTs, which
facilitate the formation of an intermediate charge-transfer complex for further uses
and applications [12].

2.3 Electrochemical activation of CNT surface

In a clean, nondestructive, and a controlled process, the surface of CNTs is
functionalized using electrochemistry. Typically, a constant potential is applied
toa CNT electrode which is immersed in a solution that contains a suitable active
reagent in order to produce radical species. These radical species show a tendency to
react or to polymerize, providing a surface-functionalized CNT [13].

In addition of being simple, electrochemical activation process is quite efficient
in that they allow for an accurate control over the extent of film deposition thickness
through the choice of suitable electrochemical conditions, i.e., duration of deposition
and the magnitude of the applied potential. Moreover, by utilizing reagents containing
appropriate substituents, the surface properties of the coated CNTs can be tailored [13].
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Figure 4.
Schematic illustration of cycloaddition osmylation process of CNTs using osmium tetroxide.
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Using this technology, Zhang et al. [13] have electrochemically grafted CNTs
in large quantities at room temperature using ionic liquids (see Figure 5). In their
work, CNTs were considerably untangled in the ionic liquid to greatly increase the
effective surface area of the electrode. Then, N-succinimidyl acrylate (a model
monomer) was dissolved in the supporting ionic liquid and was electrochemically
grafted onto CNTs. As an application example, glucose oxidase was covalently
anchored on the N-succinimidyl acrylate/CNTs assembly, and accordingly the
electrocatalytic oxidation of glucose in this assembly was investigated, showing
an improvement.

In another study by Bahr et al., CNTs were functionalized via electrochemical
reduction process of aryl diazonium salts. In this study, different diazonium salts
were used in order to provide conducive materials for further elaboration after
attachment to the CNTs [14].

2.4 Characterization of oxidized CNTs

To identify the surface functional groups of the oxidized CNTs, Fourier
Transform Infrared spectroscopic analysis was applied (see Figure 6). The oxidized
CNTs have showed the OH functionality at around 1380 cm™ (bending deforma-
tion) and around 3500 cm™! (stretching). The C=0 (stretching) was observed
at 1160 cm ™, while the C = O functionality of COOH group was observed at
1730 cm ™. Such absorption spectroscopic investigations have provided a strong
evidence of the surface functionalization of CNTs [15].

Raman spectroscopy is also considered as a powerful technique to provide
information concerning CNT purity. The Raman spectra of Figure 7 have showed
three bands at around 1340-1350, 1550-1600, and 2600-2700 cm . These bands
are assigned for structural defects of CNTs (D band), graphitized carbon atoms
of CNTs, and a secondary D band (2D band), respectively. To detect the changes
occurred in the structure of CNTs after functionalization process, the ratio of D and
G band (Ip/Ig) was applied in order to determine the purity factor. As a result of
the oxidation process of CNTs, the Ip/Ig has increased. The increasing ratio mainly
depends on the oxidation parameters [16].

X-ray photoelectron spectroscopy (XPS) is a surface characterization tool to
identify the surface functional groups [15]. For CNTs, it is used to detect the surface
changes resulting from the oxidation process. Figure 8 shows the XPS spectra of
C1s of pristine CNTs (top spectrum) and oxidized CNTs (bottom spectrum). As
seen, the spectra have revealed six peaks related to carbon satellite peaks, carbon-
ates groups due to carbon dioxide adsorption, carbonyl groups of carboxylic acid
groups and lactone, hydroxyl groups of phenolic and alcoholic moieties, sp® hybrid-
ized carbon. As a result of chemical oxidation of CNTs, the ratio of these carbon
functional groups has changed. As reported, longer oxidation times usually lead to
higher oxygen content in the oxidized form of CNTs.
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Figures.
Schematic illustration of electrochemical functionalization of CNTS using ionic liquids and monomer grafting.
Reproduced with a permission from Ref. [13].

168



Surface Functionalization of Carbon Nanotubes for Energy Applications
DOI: http://dx.doi.org/10.5772/intechopen.84479

(T L L [
A 264 14T -]
Pristine
=
=
&
&
=
4000 3500 '
Wavenumber.f:m

Figure 6.
Fourier Transform Infrared spectra of pristine CNTs (top spectrum) and oxidized/purified CNTs (bottom
spectrum). Reproduced with a permission from Ref. [15].
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Figure7.
Raman spectra of pristine CNTS (top spectrum) and oxidized CN'Ts (bottom spectrum). Reproduced with a
permission from Ref. [16].

The XPS of oxygen atoms (O1s spectrum) was also an important result to
provide information about the surface functionalization of CNTs. As seen from
Figure 9, four peaks related to adsorbed water, carboxylic acid groups, hydroxyl
groups, and carbonyl moieties were emerged. The ratio of these peaks has changed
as a result of oxidation-functionalization process of CNTs. Hence, XPS is a power-
ful technique to confirm the different functionalities produced by oxidation of
CNTs [17].
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Figure 8.

XPS of Cis spectrum of pristine CNTs (top spectrum) and oxidized/purified CNTs (bottom spectrum,).
Reproduced with a permission from Ref. [15].
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Figure 9.

XPS of O1s spectrum of pristine CNTs (top spectrum,) and oxidized/purified CNTs (bottom spectrum).
Reproduced with a permission from Reference.
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3. Physical functionalization of CNTs

The noncovalent functionalization of CNTs has received a great deal of attention
because the properties of CNTs can be tailored while maintaining their intrinsic
properties. Physical functionalization of CNTs is a process in which CNTs are
noncovalently activated through a 7t-7 interaction between 7 bonds of
sp’-hybridized carbon atoms of CNTs and the 7 bonds of macromolecules, surfac-
tants, or functional polymers that are used to activate the surface, forming supra-
molecular complexes. This hybrid technique usually keeps the original electronic
structure and properties of CNTs.

3.1 Small molecule anchoring of CNTs

Through a nondestructive hybrid formulation process, CNTs were functional-
ized by a simple technique in which CNTs were assembled with a variety of small
molecules. This technique has enabled a convenient process to efficiently assemble
a wide variety of nanoscale particles on the surfaces of CNTs and accordingly
has led to the construction of different nanoscale hetero structures with new
functionalities [18].

In a study by Li et al. [18], pristine CNTs were assembled with aminopyrene
molecules using the well-known n-n stacking process [19] between the pyrenyl
groups of aminopyrene and the sp® carbon rings of the CNTs (see Figure 10). The
resulting CNT hybrid was then used to adsorb different nanoparticle precursors
through an electrostatic interaction under appropriate conditions. This unique
approach has showed a wide variety of nanoparticles decorated on the surface of
CNTs with high efficiency and specificity for different applications.

In a similar study, Li et al. [20] have achieved noncovalently amino-function-
alized CNTs by the adsorption of amino ethanol on CNTs surface. The prepared
epoxy composite of the noncovalently functionalized CNTs has showed promis-
ing mechanical properties while persevering the electrical properties of pristine
CNTs.

CNTs were also physically functionalized with cytochrome to construct a new
bioanalytical platform for building biosensors. The sensitivity of the resulting
biosensor toward glucose has showed a high reproducibility and a successful deter-
mination of glucose in commercial beverages [21].

The amino molecules of tetrazine compounds were also attached on CNT sur-
face by a noncovalent process. The amino groups of the functionalized CNTs have
generated chemical bonds with the epoxide groups in the epoxy matrices, resulting
in a homogenous dispersion of the CNTs. The electrical conductivity of the amino-
functionalized CNTs/epoxide composites was significantly higher than that of the
pristine CNTs/epoxide composites at the same CNT content [22].

Small molecule
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Figure 10.
Schematic illustration of small molecule anchoring onto CNT5.
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3.2 Polymer anchoring of CNTs

Polymer functionalization of CNTs is generally introduced to enhance the
CNT solubility and dispersion as well as synthesize new CNT composites with
advanced properties. The conventional techniques used for the polymer func-
tionalization of CNTs are the covalent attachment processes (grafting from or
grafting onto). In “grafting from” technique, the polymer is added to the CNT
surface through an in situ polymerization process of the previously attached
monomers on the surface of CNTs in the presence of an initiator, while in “graft-
ing onto” technique, the hole polymer is covalently added to CNTs through
the surface functional groups which were previously introduced onto the CNT
structure [23]. These conventional polymer functionalization techniques have
been reported to be not suitable for preparing controlled and pure CNT polymer
composites where the residual catalysts and the impurities removal from the
reaction medium are problematic issues. Hence, advanced polymer function-
alization techniques of CNTs are still required to cover the sensitive and broad
application of CNTs [24].

Noncovalent functionalization of CNTs by polymer wrapping is a feasible
technique to disperse CNTs, causing no changes in the electronic properties of
CNTs. One of the advantages of this technique is the possibility to remove the
unbound polymer while leaving the stacked polymer layer on the CNT surface
[25]. Figure 11 shows a schematic illustration of polymer wrapping of CNTs using
n-conjugated polymer where a n-x stacking occurs.

Polymers such as polyvinyl alcohol and polymethyl methacrylate [26, 27] have
been reported to disperse CNTs through a wrapping mechanism. The results of
these studies have showed the importance of the CH-=n interaction bonding for the
dispersion of the nonaromatic polymers [27].

Polybenzimidazole (PBI, Figure 12) is one of the most promising polymers for
CNT wrapping, especially for fuel cell applications since it possesses remarkable
conducting properties [28]. Using PBI, we fabricated a novel electrocatalyst assem-
bly with CNTs, for high-temperature fuel cells. The obtained PBI/CNT assembly
has showed a good dispersibility (see Figure 13) and a high utilization efficiency of
the loaded metal catalyst compared to the pristine CNTs (see Figure 14).
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Figure 11.
Schematic illustration of polymer coating of CNT5.
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H
PBI

Figure 12.
The structure of polybenzimidazole polymer (PBI).

. -
Figure 13.

(a) Photo image of CNT solution before polymer coating (left) and after polymer coating (right) and (b) TEM
image of polymer-coated CNTs. Reprinted with a permission from Ref. [28].

Figure 14.
TEM image of pristine CNTs loaded with metal catalyst (left) and polymer/CNT composite loaded with metal
catalyst (vight), reprinted with a permission from Ref. [29].
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As reported in the literature, the stability of the formed polymer/CNT hybrid
depends on the polymer structure [25]. The literature studies have correlated the
relation between the binding strength and the length of the oligomers [30].

3.3 Applications of polymer-wrapped CNTs in fuel cells

Polymer-based fuel cell is considered as one of the best sources to realize a green
energy source for many applications. It consists of two carbon-based electrodes and
a conducting polymer membrane (see Figure 15). The carbon-based electrodes are
usually composed of a carbon material decorated with a platinum metal catalyst.
CNTs are considered as a good supporting material for fuel cell electrocatalysts
because they possess a high electrical conductivity and a good electrochemical
durability compared to other carbon-supporting materials like, for example, carbon
black. The durability and cost of electrodes are the two major roadblocks to com-
mercialize the polymer-based fuel cells. To overcome these obstacles, novel electro-
catalysts with high efficiency are required.

For this target, we described a new approach to grow homogeneously platinum
nanoparticles in a controllable size manner on a polymer (polybenzimidazole,
PyPBI)-wrapped CNT hybrid (see Figure 16). A fuel cell employing this polymer-
wrapped CNTs composite has exhibited eight times higher mass activity than the
current state-of-the-art CNT fuel cells (see Figure 17) [31]. With the decrease of
platinum nanosize on the polymer-wrapped CNTs, further enhancement in plati-
num mass activity is observed.

Figure 15.
Schematic illustration of polymer-based fuel cell and its components. Polymer-wrapped CNTs were used as
anode and cathode electrodes.

174



Surface Functionalization of Carbon Nanotubes for Energy Applications
DOI: http://dx.doi.org/10.5772/intechopen.84479

el

Figure 16.
Schematic illustration of polymer wrapping and platinum deposition on CNTs. The figure shows how the
authors have controlled the deposition of the platinum nanoparticles. Reprinted with a permission from

Ref. [31].

From the stability point of view, the assembled platinum-/polymer-wrapped
CNT nanocomposite has showed a remarkable durability even at very small plati-
num nanosize (see Figure 18), thanks to the PyPBI functional polymer which
offered a strong binding sites (the nitrogen atoms of the imidazole units of PyPBI)
for the platinum nanoparticles. Thus, polymer wrapping technique of CNTs has
offered an effective solution to use efficiently the pristine CNTs in fuel cells, keep-
ing their high electrical properties and their stability.

=] o o
i - @

o
B

Potential (IR free) (V)

p b SN

=

0 2000 4000 &000 8000 10000
Pt mass activity (mAMgm)

Figure 17.
Potential curves as a function of platinum (Pt) mass activity. Reprinted with a permission from Ref. [31].

175



Perspective of Carbon Nanotubes

08
S 08 \
0.4
0.2 \
i 0 -
0 1000 2000 3000 4000 5000 i 200040 40000 60000
Bkarss Actrvity (mAimge) Numbsr of Cyches

Figure 18.
Durability potential curve test using MEA10 (small platinum nanosize). The polarization curves were

measured after every 1000 cycles. For convenience, the data were plotted every 10,000 cycles (c). Plots of the cell
voltage at 200 mA mgPt-1 for the MEA50 and MEA1o.

3.4 Fuel cell-based tractors

The agricultural sector needs to decrease its use of fossil fuels in order to dimin-
ish the global warming and to lower environmental impact. Figure 19 shows a
schematic illustration of the new fuel cell tractor built by New Holland company
(http://www.newholland.com/Pages/index.html). The figure shows also the photo
image of the fuel cell tack used in the tractor. The volume and the design of the fuel
cell stack depend on the required power from the tractor.

Figure 19.

Schematic illustration of fuel cell tractor built by New Holland (photo courtesy of New Holland). The fuel cell
stack depends on the required power.
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The current research of fuel cell tractors focuses on serving the farmer to find
better, smarter, and faster ways to make the fuel cell technology simple, accessible,
and easy to use. Also let farmers free from the cost of purchased fossil fuel and
allow them to achieve fuel autonomy.

The new fuel cell tractors offer greater reliability than the fossil-based tractors
because the use of fewer moving parts and also the replacement of the hydraulic
and the mechanical systems with electrical parts.

3.5 Applications of polymer-wrapped CNTs in supercapacitor

CNTs are being tested as electrodes in supercapacitors because of their remark-
able electrical and mechanical properties as well as their high specific surface area.
In order to provide high-performance supercapacitor-based devices with potential
applications, CNTs need to be perfectly functionalized to maintain their intrinsic
properties mentioned above. The introduction of conducting polymers on the sur-
face of CNTs is envisioned to increase the specific capacitance of the supercapaci-
tors. Hence, a suitable engineering process is required to achieve this target, keeping
the stability of the supercapacitor [32].

It has been reported that CNT composites with conducting polymers like
polyaniline or polypyrrole show a high specific capacitance and a high conductiv-
ity, leading to a high power density because the entangled mesoporous network of
CNTs in the polymer composite can adapt to the volume change avoiding shrink-
age. Accordingly, a more stable capacitance with cycling is obtained [33]. Another
important advantage of the polymer/CNT composite is the remarkable volumetric
energy coming from the high density of conducting polymer/CNT composite that
facilitates the accessibility of the electrode/electrolyte interface, allowing a quick
charge propagation in the composite material and an efficient reversible storage of
energy in the conducting polymer/CNT composite during subsequent charging/
discharging cycles [34].

4. Drawbacks of chemical and physical functionalization of CNTs

As reported in the literature, covalent functionalization usually demolishes the
CNT electrical properties due to the transformation of the sp*-hybridized carbon
atoms to sp’-hybridized atoms in the CNT framework. Thus, it is not the appropriate
technique to activate the structure of CNTs for electronic device applications [35].

While the physical functionalization keeps the electronic properties of the
CNTs, this technique suffers from a major drawback which is the stability of the
produced assembly. Typically, the molecules adsorbed on the surface of CNTs
can more or less be desorbed depending on the conformation and/or the size of
the attached molecules when for example the solvent is changed or the CNTs are
filtered ,and then redispersed in another medium. Hence, there is a need for an
advanced process to overcome the current drawbacks of the chemical and physical
functionalization processes of CNTs.

5. A bridge method between physical and chemical activation processes
In a recent study, a new functionalization process of CNTs was introduced to
gather the advantages of both covalent and noncovalent activation techniques,

avoiding their principal drawbacks. This process is based on a controlled polymer-
ization of hydrophobic molecules onto CNTs dispersed in micelles. This approach
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Figure 20.

Sc%ematic illustration of the covalent/noncovalent functionalization of CNTS. (1) The CNTs dispersed in
micelles, (2) dispersion of porphyrins on the CNT surfaces, (3) crosslinking of porphyrin around the CNT5,
and (4) purification of CNT5 via filtration and extensive washing to remove the surfactants, reagents, and
unbound porphyrin moieties. Reproduced with a permission from Ref. [36].

permits to obtain CNT hybrids exhibiting high stability while preserving their
n-conjugated system responsible for their outstanding optical and electrical proper-
ties. The obtained CNT hybrids can be purified, manipulated, and dispersed in
various solvents without losing their functionality (see Figure 20) [36].

6. Conclusion and outlook

It is important to note that CNTs are now in the way of commercial produc-
tion in large quantities. Also, the literature has reported many purification and
functionalization processes, which maintain the original and intrinsic properties of
CNTs, in addition to providing many interesting properties based on hybridization
and complexation processes with other functional materials including polymers.
Despite all these efforts, structural details of functional CNTs especially in the
atomic level still remain to be demonstrated. In this chapter, we have highlighted the
different functionalization process of CNTs including chemical, photo-irradiation,
electrochemical, and physical activation processes. In addition, we have highlighted
the different characterization tools used to characterize the functionalized CNTs
and have indicated the drawbacks of the functionalization processes of CNTs,
showing a bridge method to avoid these roadblocks that prevent the wide applica-
tions of CNTs. Finally, we have paid attention to the CNT energy applications,
especially in fuel cells and supercapacitors.

To date, further work is still required to understand how the amount of the
functional groups, their type, and their distribution affect the efficiency of the
CNTs in its target application.

From the application point of view, CNT-based fuel cells are the future engine
for the transport sector, which currently depends on the fossil fuel that causes
many environmental problems. A special focus is on hydrogen- and biodiesel-based
vehicles used in the agriculture field to fight pollution and make farming activity
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easier and more efficient. This pioneering spirit led us to look always forward in the
research of fuel cells, anticipating the evolution of farming by designing effective
farm vehicles.
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Chapter 11

Vibration Characteristics of
Single-Walled Carbon Nanotubes
Based on Nonlocal Elasticity
Theory Using Wave Propagation

Approach (WPA) Including
Chirality

Mugamal Hussain and Muhammad Nawaz Naeem

Abstract

This chapter deals with the vibrational properties of single-walled carbon
nanotubes (SWCNTs), based on nonlocalized theory of elasticity (NLT). The
nanotube pilot control with nonlinear parameters was derived from Euler’s beam
theory. The wave propagation (WPA) approach was used to derive the frequency
equation describing the natural frequencies of vibration in SWCNTs. Complex
exponentials depend on the boundary conditions given at the edges of the carbon
nanotubes used. Vibration frequency spectra were obtained and evaluated for
different physical parameters such as diameter ratio for single chiral carbon
nanotubes and flexural strength for chiral SWCNT. The results show that the
natural frequencies are significantly reduced by increasing the nonlocal parameters,
but by increasing the ratio of the diameter length (aspect ratio), the natural
frequency increases. The frequency of SWCNTs is calculated with the help of
MATLAB computer software. These results are compared to previously known
numerical simulations.

Keywords: nonlocal, wave propagation approach, vibration, MATLAB

1. Introduction

Vibrational properties of CNTs play important critical roles in controlling the
performance of various scientific and engineering fields and stability of CNT-based
devices, superconductivity, and material strength analysis. New technologies and
innovative improvements such as nano-probe, wood mirror, nano-electronic
devices, chemical release, and drug release have been proposed. The important
application of the current investigation of rotating FG-CNT is in nano-engineering
structure as nano-components like sensors and actuators. The use of carbon
nanotubes (CNTs) has been practiced in a variety of fields such as field emission,
construction, electronics, and fashion [1]. CNT'’s free vibration surveys have been
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tested in relation to their physical properties and behavior. Much of the work was
done with high rate of elasticity and characterization, a very effective Young mod-
ule [2], and the bond strength between carbon atoms [3]. In the past 15 years,
researchers have used different models such as the ring [4], the beam [5], the shell
[6], and other continuous models [2, 7] to capture the object anew. Due to their
attractive applications, dynamic features such as buckling, stability, and vibration
are explored in a theoretical way and avoid potential risks for future use. Therefore,
a new model is needed to capture the nanoscale structure. Researchers [8-12] have
conducted investigations of higher-order elasticity theories. Other nonclassical the-
ories of elasticity have attracted the attention of researchers such as the theory of
stress [13, 14], theories of stress [15, 16], and nonlocal theory [17, 18].

In NLT, the pressure applied at a certain point depends on the stress at all points,
which is quite different from conventional theory. Wang et al. [19] and Yang et al.
[20] presented a survey of SWCNT based on nonlocal Timoshenko beam theory
(TBM). CNT analysis has been explained by some researchers [21-25]. Bocko and
Lengvarsky studied the vibration frequencies of CNTs for different termination
conditions and mode shapes using nonlocal elastic theory. Chawis et al. [26] ana-
lyzes vibrational behavior of SWCNT's with small-scale effects using nonlocal the-
ory. Recently, some researchers have investigated the vibrational behavior of
SWCNTs [27-29].

In addition, many researchers investigated the vibrational behavior of the above
structures using different types of theories. The method chosen for studying nano-
scale systems is the NLT (WPA) wave propagation method, which allows the study
of fundamental frequencies of SWCNT's through combinations of different param-
eters. The beam model (BM) [30] is used to calculate the associated frequencies and
shapes of MWCNT. Bocko and Lengvarsky [31] investigate the bending free vibra-
tion of SWCNTs with four different boundary conditions. A continuum approach is
used for the computation of natural frequency based on nonlocal theory of bending
beam. The natural frequencies are given for several nano-parameters with two
different diameters of nanotubes and continuously changed length. It is concluded
that when tube length increases, the frequency decreases the nonlocal parameter
and diameter. Chawis et al. [26] reported SWCNT vibration based on nonlocal
theory to access the scale length. With the addition of nonlocal parameter in Euler
beam theory, the governing equation is derived.

NLT-based are another option of robust research techniques of CNTs within the
acceptable error range compared to previously used BMs and the subsequent other
approaches [2-5, 21, 25, 32-34]. For solving ordinary differential equations (ODEs),
Fourier variable separation method is used. According to the current model, the
basic natural frequencies of chiral SWCNTs are calculated and obtained for various
physical parameters such as the aspect ratio (length-to-diameter ratios) of SWCNTs
with different nonlocal parameters and the effect of bending stiffness (rigidity) on
the vibration frequencies of SWCNT. This is also our motivation for doing the
present work.

2. Governing equation of motion

In classical theory, the physical mass acts as a local action. In conventional
theory, the stress produced at a point is influenced by stress at the point. According
to Eringen [35], in nonlocal theory, the stress applied at a given point depends on
the stress at all points [1], which is quite different from conventional theory. Under
this assumption, the nonlocal relationship based on homogeneous isotropic beams
can be expressed as
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defined as the material constant and lattice spacing length or internal characteristic
length.
Equation (1) can be written as

sz is termed as the small-scale effect, where @ and ; are

Exx — p - vax (2)

where ¢, 0y, and E are, respectively, the normal pressure, normal stress, and
modulus of the child. In general, the parameter is called a nonlocal parameter,
and in classical theory, this parameter is used to investigate the vibration,
pinching, and bending problems of the beam [36, 37]. According to Euler’s
theory [36] equation can be written as

s 0

a(x)Pﬁ + Ew]

s
576 55| =0 ®
where o and J are the mass per unit length and moment of inertia of CNT,
respectively. By using the Fourier method of variable separation, the two leading
differential equation systems are normalized (ODE). In this system, an equation
involving the space variable x and other equations is connected to the time variable

S(x,z) = B(x)T(t) (4)
0 0 @
p S PITO + 2 [B] 3T =0 ®
a ﬁ(x)ﬁ+E]T(t)ﬁ=0 (6)
PP dx”
EJT(¢) ﬁ = —app(x) dZ—T 7)
at PP
For harmonic response
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Here f(x) denotes the mode shape (eigenshape).
For parameter y

4+ _ apa’
=g

(12)
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where the general solution of fourth-order ODEs is
PB(x) = yesinux + yocospx + yssinux + y scoshux (13)

where y4, 75, 73 and y, are the unknown constants.
Equation (11) becomes

B (x) — u*plx) =0 (14)

3. Application of WPA

For the solution of CNT problem, an analytical technique wave propagation
approach is evoked. A simple approach called the propagation waveform (WPA)
was developed by Zhang et al. [38]. Thus, a simple and effective technique is
applied as the wave propagation method [34, 39, 40] used for problem-solving in
the form of differential equations. Prior to this, many techniques have been
sequentially used to study the vibration of CNTs [41-43]. Previously, the current
approach was used continuously to study the vibration of carbon nanotubes [27, 29,
44-47].

Blx) = e (15)

where g,, denoted the wave number in axial direction and used for support
conditions of SWCNTs [29]. @ = 2nf is the angular frequency.

f(x) = g emn® (16)
After putting these values in Eq. (14), we get
g e — et = 0 (17)
wt=q*, (18)
By using Eq. (12), we can write as

apw®

£ =q", (19)

4. Nonlocal boundary conditions

In the article, the vibration of chiral SWCNTs with CC boundary conditions was
investigated. In addition, the network interpretive directives (m, n) for chiral CNTs
can be expressed as (m, n) for n m correspondingly as shown in Figure 1. General
boundary conditions C=C and C=F are considered for the system; then it is used
in order to find the frequency equation of SWCNTSs and eigenfrequencies of differ-
ent indices for chiral SWCNTs such as (12, 5), (22, 7), and (25, 10).

Support conditions in the form of frequency.

From Eq. (19)

2 4
For clamped — clamped, a}]/:;) - ((27’12—;1)77> (20)
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Figure 1.
(a) Graphene sheet. (b) SWCNT.

where g, = 2"“ ~ (CC boundary condition).
2 ((2n-Dr\*
For clamped — free a};;u = <( " 5T )ﬂ> (21)
where g, = 2" Ut (CF boundary condition).

5. Results and discussion

The fundamental natural frequencies (FNF) f (Hz) of SWCNTSs obtained from
nonlocal theory (NLT) based on wave propagation approach (WPA) with C-C and
C-F boundary conditions are presented. A comparison of nondimensionalized nat-
ural frequencies A =wR+/p/E of SWCNT is presented in Table 1. It is noted that
from Table 1, the frequency value of present model have the small values as the
values followed by the Alibeigloo and Shaban [48] shows a frequency difference
between these studies. It can be seen that the error percentage is negligible, hence
showing high rate of convergence. The results of nondimensional frequency are
computed for two different values of z = 1, 2 with circumferential wave number
(m =0,1,2,3,4,5) as shown in Table 1.

In order to analyze the effect of nonlocal parameter and bending rigidity on the
vibration of chiral SWCNTs for different scales, the effects of nonlocal parameters
on natural frequencies are illustrated in Figures 2-5. The natural frequencies are
reduced by increasing nonlocal parameters (p = 0.5, 1, 1.5, 2). The results for the

m n=1 n=2

Alibeigloo and Shaban [48] Present Alibeigloo and Shaban [48] Present
0 0.97087 0.97063 0.99351 0.99289
1 0.59721 0.59698 0.88357 0.88301
2 0.34025 0.34019 0.68072 0.68013
3 0.20145 0.20099 0.50059 0.5003
4 0.12886 0.12872 0.36918 0.36897
5 0.09105 0.9087 0.27671 0.27662

Table 1.

Comparison of nondimensional frequencies A = wR+\/p/E (L/R = 1, n = 1).
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Figure 2.

FNFs versus aspect ratio for CC chiral SWCNTs (a) (12, 5), (b) (22, 7), and (c) (25, 10) with different
nonlocal parameter p.

chiral clamped SWCNT with the indices (12, 5), (22, 7), and (25, 10) are shown in
Figure 2. For the effect of nonlocal parameters with chiral index C=C(=12, 5) at
L/d(=1~10), the first 10 frequencies at p = 0.5 are 0.2773, 1.1094, 2.4961, 4.4376,
6.9337, 9.9846, 13.501, 17.7503, 22.4653, and 27.7349. When p = 2, then the fre-
quency peaks are 0.1387, 0.5547, 1.2481, 2.2188, 3.4669, 4.9923, 6.7951, 8.8752,
11.2326, and 13.8675. Now, for C=C(=22, 7), with the same parameters, the first 10
frequencies at p = 0.5 and 2 are 2.6958, 10.7833, 26.2624, 43.1331, 67.3955, 97.0496,
132.0953, 172.5326, 218.3616, and 269.5822 and 1.3472, 5.3886, 12.1244, 21.5566,
33.6788, 48.4975, 66.0105, 86.2178, 109.1808, and 134.7152, respectively. Now, for
C=C(=25, 10), with the same parameters, the first 10 frequencies at p = 0.5 and 2
are 4.9142, 19.6569, 44.2280, 78.6276, 122.8556, 176.9120, 240.7969, 314.5103,
398.0521, and 491.4223 and 2.4571, 9.8284, 22.1140, 39.3138, 61.4278, 88.4560,
120.3985, 15.2551, 199.0260, and 245.7112, respectively. It can be seen that FNF is
reduced by increasing nonlocal parameters (p = 0.5, 1, 1.5, 2). To illustrate the effect
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FNFs versus aspect ratio for CF chiral SWCNTs (a) (12, 5), (b) (22, 7), and (c) (25, 10) with different
nonlocal parameter p.

of different nonlocal parameters on natural frequencies for chiral SWCNTs with
indices (12, 5), (22, 7), and (25, 10) based on NLT as shown in Figures 2 and 3. It is
remarkable that from Figures 2-5, the FNF values of the chiral CC tubes are
certainly higher than the chiral CF values of the SWCNTs.

Figures 4 and 5 show the FNFs against aspect ratio with varying bending
strength index (EI). They refer to instances when EI changes from 5.1122e° to
7.2629e “nm with nonlocal parameters p = 1. These figures show the natural fre-
quency behavior of the calculated SWCNT system under bending rigidity (EI)
parameters. It is considered that with the increase of the bending rigidity
(EI = 5.1122¢° to 7.2617¢° nm), the fundamental natural frequencies increase, and
with the increase of aspect ratio, the frequencies also increase as C=C = (12, 5) f
(Hz): 0.1961-0.2337 [C—F (12, 5) f (Hz): 0.1660-0.1978)] and G—C = (22,7) f
(Hz): 1.9062-2.2719 [CF (22, 7) f (Hz):1.7406-2.0745)] and C=C = (25, 10) f (Hz):
3.4749-4.1415 [C==F (25, 10) f (Hz):3.2077-3.8230)] at L/d = 1. The fundamental
natural frequencies at L/d = 10 are as C=C = (12, 5) f (Hz): 27.7349-23.3737 [C=F
(12, 5) f (Hz:16.5992-19.7835)] and CC = (22, 7) f (Hz): 190.6234-227.1912 [C==F
(22, 7) f (Hz):174.0556-207.4452)] and C=C = (25, 10) f (Hz): 347.4881-414.1476

189



Perspective of Carbon Nanotubes

400 - - : . &0 T T T T :
sl #—(12,3) i S #(12,5)
+(22,7) (22T |
sl —— (25, 10) 1 | i (25, 10) £
— _'.' Lol
E =0k / igg: L F
- i-. - ko i
g g
= / I '
8 200 - . g A0 P,
o A & ]
£ 1w . ’ | £t y ]
TE 'y " [ ’ *
2 o} VA 2 mf [
z A z _ "
0E .-"i'/ ' | X /‘ ¥ |
& 2 : ’ .
ob = e 0v—evov—a—"" . ol =t et
1 1 1 1 1 1 1 1 1 L
1] F 4 -1 8 10 1] 2 4 B ] 10
aspact rafig, Lid aspact raio, Lid
(a) (k)
Figure 4.

FNFs with aspect ratio for CC chival SWCNTs (12, 5), (22, 7), and (25, 10) with nonlocal parameter p = 1
and bending rigidity (a) EI = 5.1122¢°nm and (b) EI = 7.2629¢ °nm.
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FNFs with aspect ratio for CF chiral SWCNTs (12, 5), (22, 7), and (25, 10) with nonlocal parameter p = 1
and bending rigidity (a) EI = 5.1122¢%nm and (b) EI = 7.2629¢ nm.

[C=F (25, 10) f (Hz): 320.7685-382.3023)]. These relate to the case where EI varies
from 5.1122¢° to 7.2617¢”° nm and the nonlocal parameter p = 1. A trend of increas-
ing frequencies of indices with bending rigidity is as (25, 10) > (22, 7) > (12, 5).

The tendency to increase the frequency of indices with bending stiffness is
(25,10) > (22,7) > (12, 5). Figure 5 shows that FNF, calculated by NLT, is based on
WPA, with (12, 5), (22, 7), and (25, 10) CF chiral SWCNT, respectively. It was
observed that FNF increased with increasing EI (hardness) and its value increased
with increasing L/d. From our results, we can easily conclude that the climbing
frequencies for bending the hardness of the curves (12, 5), (22, 7), and (25, 10) are
as follows: (12, 5) < (22,7) < (25, 10).
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6. Conclusion

In this study, the influence of boundary conditions on the vibration of single-
walled carbon nanotubes was analyzed in chiral fashion with indices (12, 5), (22, 7),
and (25, 10), respectively. An attempt of nonlocal elasticity theory models has been
employed to study the vibration characteristics of SWCNTs analytically, and the
WPA is exploited to develop the ODE of the vibrations of the SWCNTs. The
influences of different boundary conditions and bending rigidity of chiral SWCNTs
against aspect ratio have investigated. As can be seen from these, by increasing the
aspect ratio of the carbon nanotube, fundamental natural frequency increases. In
addition, as can be seen, increasing the bending rigidity results in the increase of the
fundamental frequencies. The frequencies of CC end condition are higher than CF
end condition for all computations in this chapter.
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Chapter12

Cytotoxicity Evaluation of Carbon
Nanotubes for Biomedical and
Tissue Engineering Applications

Narsimha Mamidi

Abstract

Carbon nanotubes (CNTs) are one of the most studied allotropes of carbon
nanomaterials. The exceptional chemical and physical properties of CNTs make them
potential candidates for several applications such as electrical, gene therapy, biosen-
sors, and drug delivery applications. However, the toxicity of CNTs has been a major
concern for their use in tissue engineering and biomedical applications. In this chapter,
we present an overview of carbon nanotubes in biomedical and tissue engineering
applications. We discussed various factors including impurities, length, agglomera-
tion, and size of CNTs that cause toxicity of CNTs. Further, other toxic methods are
also examined, and possible ways to overcome these challenges have been discussed.

Keywords: carbon nanotubes (CNTs), biomedical and tissue engineering,
cytotoxicity, agglomeration, size, length

1. Introduction

Amalgamation of nanotechnology with biomedical and tissue engineering offers
an admirable opportunity for developing great nanomaterials that would signifi-
cantly improve treatment and diagnosis of diseases [1]. It is also anticipated that
the development and use of nanomaterials at industrial scale would be the driving
forces for the emerging industries and economies. Carbon nanotubes are novel car-
bon nanomaterials, and they have attracted a wide range of applications due to their
inimitable properties. Particularly, CNTs have the potential to modernize biomedi-
cal and tissue engineering because of their impeccable chemical, electrical, thermal,
structural, and mechanical properties, which have made them as an area of great
research interest [1]. CNTs exhibit semiconducting, metallic, and superconducting
electron transport properties, and they also display high elastic modulus compared
to all other nanomaterials. Numerous research studies have been conducted on the
applications of CNTs in the biomedical and tissue engineering fields. Most specifi-
cally, CNTs have been used in a variety of applications such as diagnostic tools,
biosensors, nanofluidic systems, radiation oncology, quantum dots, drug delivery,
nanorobots, and nanosensors [2-4]. However, low dispersibility, toxicity, and solu-
bility of unfunctionalized multi-walled carbon nanotubes (MWCNTs) have been
the main concern for their potential use in biomedical and tissue engineering appli-
cations. Therefore, the interaction of CNTs with biological systems is very complex
and unpredictable. Biological properties, performance, and behavior of CNTs have
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Figure 1.

(a and b) Structures of carbon nanotubes and schematic representation of the issues addressed in this chapter.

to be thoroughly understood. It is reported that CNTs exhibit different levels of
toxicity based on their manufacturing method, shape, surface-area-to-volume ratio,
concentration, size, composition, functional groups, applied dosages, and extent of
oxidation [5-8]. In addition, CNTSs have the ability to damage the cell membrane and
DNA due to their high hydrophobicity. CNTs can also extend their toxicity through
protein synthesis, oxidative stress, mitochondrial activities, modifications, apopto-
sis, necrosis, as well as intramolecular metabolic paths [8].

This chapter discusses the critical roles of CNTs in biomedical and tissue
engineering applications. It explains synthetic methods and recent advances in the
application of CNTs in bioimaging, drug delivery, biosensing, and tissue engineer-
ing applications. In the end, this chapter also encapsulates the surface chemistry,
shape, size, and the route of synthesis of CNTs which can affect their toxicity levels
(Figure 1). At the end the mechanism responsible for CNS toxicity and potential
remedies to overcome their drawbacks has also been discussed.

2. Synthesis of carbon nanotubes

CNTs exist approximately 1 nm in diameter and 1-100 pm in length and formed
by cylinder-shaped graphite layers [8]. CNTs are mainly divided into two types:
single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs). SWCNTs are formed by a single layer of graphene, and MWCNTSs
are formed by multiple layers of graphene (Figure 1a and b). In addition, a variety
of nanomaterials are reported including fullerenes, nanohorns, carbon nanobuds,
carbon nanoporous, carbon nanopeapods, and carbon nano-onions [2, 8, 9]. Mainly
three different techniques are used to fabricate CNTs such as the arc discharge tech-
nique, the chemical vapor deposition (CVD), and the laser ablation technique [2].
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Figure 2.

Different covalent functionalization strategies of CNTS: (1) cycloaddition with dichlorocarbene, (2)
photoinduced production of veactive nitrenes, (3) 1,3 dipolar cycloaddition of azomethine ylides, (4)
fluorination of nanotubes and defunctionalization followed by derivatization reactions, and (5) 1,3 dipolar
cycloaddition of nitrile amines.

First time in 1991, Ijima used the arc discharge technique to fabricate MWCNTs; later,
metal catalyst was used in the same technique to provide the first SWCNTs [10, 11].
After that, the laser ablation technique was used by Thess to produce aligned SWCNTSs
[12]. Yacaman developed the catalytic growth of MWCNTSs using CVD technique [12].
Further, cobalt (Co) catalyzed low-pressure chemical vapor deposition which was
used on silicon oxide as a silicon substrate to produce Co-MWCNT: films and used as
sensors to detect carbon dioxide (CO,) [13].

Pristine or unfunctionalized CNTs are highly hydrophobic and insoluble in an aque-
ous solution and organic solvents that cause great limitation for their tissue engineering
and biomedical applications. Therefore, it is important to functionalize CNTs to make
them hydrophilic and amalgamate into numerous organic solvents and biological sys-
tems [4]. Three main methods have been reported to modify CNT structures, namely,
(a) the covalent functionalization (Figure 2), (b) the noncovalent adsorption of many
biomolecules, and (c) the endohedral filling of their inner empty cavity [14].

3. CNTs in biomedical applications

CNTs show numerous unique properties that make them promising carbon nanoma-
terials for a wide range of biomedical applications. For this, the surface of CNTs can be
functionalized with suitably biocompatible moieties. These moieties can interact with cell
membrane receptors that can guide their cell internalization. These receptor-mediated
methods can support in drug loading, inflammation, and minimizing toxicity [15].
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3.1 Drug and gene delivery

CNTs have been used in several drug delivery systems for the treatment of many
diseases. Anticancer drug-loaded CNTs have attracted much attention mainly in
two strategies such as selective targeting and controlled release of drugs [15, 16].

It is reported that CNT-based anticancer drug was developed that could control

the multidrug-resistant cancer cells without affecting cell cycles and proliferation
[17]. Further, an anticancer drug, tamoxifen-loaded peptide-modified SWCNT,
was developed that showed a high level of antitumor effect and proficient tumor
targeting. SWCNTs successfully delivered acetylcholine (Ach) into the mice brain
to control Alzheimer’s disease [18]. Anticancer drug-appended MWCNTSs have been
used for effective breast cancer treatment and intranuclear drug delivery [19].

In addition, functionalized CNTs have shown other advantages through covalent
conjugation methods. For instance, functionalized SWCNTs with ester and amide
enabled to sustain drug delivery and improved the solubility in aqueous and organic
solvents [20]. Liposomes were covalently attached to MWCNTs that facilitated the
delivery of large doses of the drug [21]. Peptide-based MWCNTs were also devel-
oped to deliver therapeutics into the target mitochondria to treat genetic disorders
[22]. Some other functionalized MWCNTs have been used in the central nerve sys-
tem (CNS) through neural tissue cell interactions [23]. On the other hand, nonco-
valent functionalized CNTs have been used in a wide range of medical applications
that release the drugs in tumor environments at low pH and kill the cancer cells
[24]. Polyethyleneimines bearing noncovalent functionalized SWCNTSs were devel-
oped for effective gene delivery [25]. In addition, biomolecules including genes,
DNA and siRNA, also can be loaded into CNTs. CNTs were functionalized with
poly(lactic-co-glycolic) (PLGA) to deliver proapoptotic protein caspase-3 (CP3)
into osteocarcinoma cells [26]. CNTs have also been used in in vivo gene silenc-
ing without any toxicity and induction of immune response. Polyethylenimine-
functionalized CNTs successfully delivered siRNA into the HeLa-S3 cells [27].

3.2 Biomedical imaging

Biomedical imaging is a powerful tool that can provide high-resolution imaging
of cells, organs, tissues, and even the complete body of animals or humans. Due to
unique physicochemical properties, CNTs have been used in different biomedical
imaging technologies [28]. There are three major methods such as fluorescence
emission, photoacoustic imaging, and magnetic resonance imaging that can be
executed on CNTs to detect the nanotubes in live cells [29]. It is reported that
CNTs can be directed using external magnetic source toward a specific organ [30].
Surface modification, as well as the addition of elements to CNT structure, can
provide a new perspective of the analysis of their performance. For example, by
assembling different nanoparticles including quantum dots, gold nanoparticles,
upconversion nanoparticles, iron oxide nanoparticles, PET imaging nanoprobes
into CNTs enhancing their properties and wider of their applications [31]. Thus,
biomedical imaging is a potential and easy platform to accomplish imaging of living
cells in tissue engineering and biomedical engineering.

3.3 CNT-based biosensor

CNTs are highly effective sensing elements for biosensors due to their excellent
electrical, tensile, and electrochemical properties; high surface area; and high exposure
sensitivity to various biomolecules [32]. Specifically, their high surface-area-to-volume
ratio has made them a potent tool to acquire fast biological species detection and
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Schematic illustration of CNT-based biosensors.

CNT-based biosensors which are frequently used in ultrasensitive biosensing applica-
tions [32]. In addition, enzyme biosensors are also one of the most important and
commonly used biosensors (Figure 3). For example, durable and stable tyrosinase
biosensor was developed from functionalized MWCNTs, 1-butyl-3-methylimidazolium
chloride (IL), and tyrosinase (Tyr) within a dihexadecyl phosphate (DHP) film, and
improved response signal was observed [33]. 3a-Hydroxysteroid dehydrogenase was
incorporated into CNTs/IL/NAD+ composite electrode to develop a biosensor that
detected androsterone. Further, CNT-based enzyme biosensors were also used in the
detection of glucose in the blood, and it is one of the potential applications of enzyme
biosensors [34]. DNA biosensors are other famous CN'T-based biosensors, and they
have been used in medical diagnostics, forensic science, and several other applications.
Single-stranded DNA (ssDNA) or double-stranded DNA (dsDNA) is the major sensing
element of DNA biosensors (Figure 3). It is reported that ssDNA is highly adsorptive to
CNTs rather than dsDNA. For example, SWCNT-FET-based electronic DNA biosensor
was developed and used in chip-on system applications [35]. Ultrasensitive DNA bio-
sensor was developed to control DNA methyltransferase (DNA MTase) from MWCNT
signal amplification and fluorescence polarization detection [36]. In addition, a glassy
carbon-based sensitive DNA biosensor was fabricated to detect DNA sequencing using
polydopamine (PDA), MWCNTs, and gold nanoparticles [36]. Thus, the inimitable
properties of CNTs have made them a powerful tool for biosensing applications.

4. Tissue engineering applications

Tissue engineering is a new approach to fabricate artificial tissues for graft
replacement and tissue models for in vitro diseases and drug discovery [37].
Maintaining proper electrical, mechanical, and biological properties of CN'T-
based biomaterials is a challenge in tissue engineering [38]. For example, CNTs
have been used in a variety of tissue engineering applications such as enhancing
electrical and mechanical properties of scaffolds, tracking of cells, sensing the cell

201



Perspective of Carbon Nanotubes

microenvironments, and delivery of appropriate chemical and biological agents
[39]. Development of CNTs bearing scaffolds for in vitro nerve generation opened
a new route for neural tissue engineering. In fact, CNT-based scaffolds have been
used to improve cardiac tissue growth, bone, and neural growth [40]. In cardiac
and nerve growth, SWCNTs greatly improved the electrical properties of scaffolds,
whereas in bone growth, SWCNTs enhanced the attraction of calcium cations [41].
Some scaffolds were developed and used for bone formation via functionalization
of MWCNTs with fibroblast growth factors [42]. In addition, MWCNT-gelatin
nanofiber scaffolds were used for myoblast (C,Cy,) growth, and MWCNTs have
improved tensile properties of the fiber scaffolds [43]. Thus, CNTs are used as a
potential component for many biomaterials in tissue engineering applications.

5. Toxicity of CNTs

Many toxicological investigations of CNTs have been done both in vivo and
in vitro; however, they are inconsistent to each other due to the variabilities in the
type of functionalization, the synthetic method, and the dose of CNTs. In addition,
a different type of cell viable indicator dye also contributed different cytotoxicity
results. Some of the common indicator dyes are alamarBlue, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), Coomassie Brilliant Blue, neutral
blue, and water-soluble tetrazolium salt (WST-1) [44]. Several factors that con-
tribute to the toxicity of CNTs include metal impurities, diameter, length, type of
carbon nanotubes, surface functionalization, and existence of dispersant [36].

Toxicological effect of CNTs has been studied; particularly, commercial and
acid-purified MWCNTs and SWCNTs have shown a significant effect on toxic-
ity levels. This study explained that commercial CNTs showed increased reactive
oxygen species (ROS) that enhanced oxidative stress and decrease mitochondrial
membrane potential. In contrast, acid-purified SWCNTs with less metal impurity
showed less toxicity effect [45]. However, MWCNTs exhibited some toxicity at high
concentration due to metal impurities [46]. Further, iron-contaminated MWCNTs
presented improved CD8+ levels and CD4+/CD8+ ratio of peripheral T cell in mice
models as well as increased ROS [46].

The length of CNTs also showed a great impact on the toxicity of CNTs, and
smaller CNTs are less toxic than long CNTs. Smaller CNTs can easily penetrate into cell
membrane as well as the success of their cellular internalization, whereas long CNTs
cause biopersistence or retaining [47]. Another study demonstrated that short CNTs
were cleared from the pleural cavity, whereas long CNTs were retained [48]. Similarly,
the retention of long CNTs (825 nm) has exhibited induced inflammation than small
CNTs (220 nm) [48]. In addition, long MWCNTs (5-15 pm of length and 20-60 nm
of diameter) showed more genotoxicity in alveolar carcinoma epithelial cells (A549)
than smaller MWCNTSs (1-2 pm of length and 60-100 nm of diameter) [49].

Based on the structural characteristic, carbon nanotubes are divided into SWCNTs
and MWCNTs. These CNTs differ in length, structure, and chemical surface.
SWCNTs have a smaller diameter (0.6-2.4 nm), whereas MWCNTs have a larger
diameter (2.5-100 nm) [6]. SWCNTSs have a higher surface area that helps to form a
bundle of CNTs. MWCNTs have a lower tendency to form a bundle due to lower sur-
face area and their side walls [44]. Similarly, smaller size and length of SWCNTs form
less aggregation of 5-30 pm that can easily phagocytosed, whereas longer MWCNTs
generate larger aggregation around 300 pm, which cannot be phagocytosed [50].

The fibrous surface of MWCNTs and SWCNTSs showed different mechanisms in the
plasma membrane. MWCNTSs caused toxicity due to the plasma membrane damage
and aberrant phagocytosis, while SWCNTs initiated oxidative damage to cells [51]. As
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Figure 4.
Schematic representation of toxic factors of CNT5. It shows size, impurities, shape, and functionalization which
are the magjor factors to cause CNT toxicity.

aresult, based on the various characteristics (size, aggregation, and surface state) of
SWCNTs and MWCNTs, they exhibit a different level of toxicity.

The surface structure of CNTs can be modified by functionalization by introduc-
ing several functional groups. The functionalization enhances solubility, biocompat-
ibility, dispersibility, and agglomeration of CNTs. The functionalization may be either
covalent bonding or noncovalent binding [52]. Functionalization enables conjugation
of various groups with CNTs that help in cell receptor binding as well as cellular
processing and elimination. The use of biomolecules (proteins and antibodies) in con-
jugation strengthens the specific binding of CNTs to targeted biomolecules. In fact,
functionalized MWCNTs with 220 kDa lectin protein exhibited apoptosis and reduced
toxicity in J774A macrophage [53]. On the other hand, functionalized SWCNTs-
COOH showed higher toxicity in the HUVEC cell line than pristine SWCNTs [54].

The degree of toxicity of CNTs has a great influence on the type of physicochemi-
cal properties, size, shape, impurities, and functionalization of CNTs (Figure 4)
[55]. Further, CNT-based polymer nanocomposites also developed and cytotoxicity
was assessed with human cells. For instance, unfunctionalized MWCNTs were rein-
forced with ultrahigh molecular weight polyethylene (UMWPE), and biocompat-
ibility was evaluated with human fibroblasts [5]. The results revealed that MWCNTSs
exhibited a positive influence on fibroblast cells. Therefore, several studies reported
that cell membrane injury, oxidative stress, and genotoxicity are the possible mecha-
nisms of CNT toxicity [36].

6. Conclusions

Carbon nanotubes are a new class of carbon nanomaterials that have a potential
in biomedical and tissue engineering applications including drug delivery, bio-
sensors, biomedical imaging, and artificial tissue scaffolds. In order to decrease
cytotoxicity and increase biocompatibility and physicochemical properties, CNTs
can be functionalized with various biomolecules either covalently or noncovalently.

203



Perspective of Carbon Nanotubes

Several investigations have made to study the relationship between physical and
cytotoxicity properties of short-walled or multi-walled nanotubes. In vitro and

in vivo biocompatibility of MWCNTs and SWCNTs have been effectively influ-
enced by their functionalization, diameter, and length. It is also clear that the
synthesis method and metal impurities of CNTs can influence the cell viability and
interaction of CNTs with cells. Although many investigations have been conducted
for the toxicological characterizations of CNTs in biomedical and tissue engineer-
ing, however, a complete understanding of internalization, cellular uptake, and
gene expression changes linked with CNTs has still remained elusive. This under-
standing would be required for the future use of CNTs in biomedical and tissue
engineering applications.
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Chapter13

Quality Control and Risk
Management of Carbon
Nanomaterials
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Abstract

Our atmosphere contains a substantial number of nanoparticles in which some
are unintentionally produced, whereas others are intentionally produced engineered
nanoparticle. Among all ENPs, the single-walled and multi-walled carbon nanotubes,
spherical fullerenes, and dendrimers are attracting attention for biomedical applica-
tions, such as biosensor design, drug delivery, tumor therapy, and tissue engineering.
Because of the inert nature of pristine carbon nanotubes (CNTs), it needs to be
functionalized to make it reactive with other organic and inorganic materials. The
functionalization leads to the addition of functional groups, e.g., C||O, C=0O, =OH,
and ==COOH, to CNTs, which make them dispersible in solvents and suitable for
numerous applications. Functionalized CNTs and their composite need to be tested
for biocompatibility before real-time applications. Various toxicity mechanisms have
been suggested for CNTs, including interference of transmembrane electron transfer,
interruption/penetration of the cell envelope, oxidation of cell elements, and formu-
lation of secondary products such as dissolved heavy metal ions or reactive oxygen
species (ROS). Numerous studies have insinuated that well-functionalized CNTs are
innoxious to animal cells, while raw CNTs or CNTs without functionalization mani-
fest toxicity to cells at even modest dosage.

Keywords: nanotoxicology, carbon nanotubes, in vitro toxicity, in vivo toxicity

1. Introduction

In the past several years, a significant number of studies have been made to
study the toxic effects of carbon nanotubes (CNTs). There are variations in the elu-
cidations of these reports, and they mainly depend on the type of nanomaterials as
well as functionalization methods. Properly functionalized carbon nanotubes were
shown nontoxic to animals conducted by various groups [1-4], whereas raw carbon
nanotubes were shown to be toxic to mice lungs in an in vivo study [5-8]. The latest
research revealed that non-functionalized, long MWCNTs might be carcinogenic
to mice [9]. Pristine nanotubes are indicated to cause oxidative stress and decrease
cell viability [10, 11]; however, there is some sign that leftover catalyst particles also
contribute to this effect [12]. The cytotoxicity can be decreased to zero via func-
tionalization with a covalently attached polar functional group [13]. Likewise, the
toxicity of noncovalently functionalized carbon nanotubes depends on the variety
of the functional group. Cells were viable upon internalization of individually
encapsulated DNA-wrapped SWCNT complex [14].

209 IntechOpen



Perspective of Carbon Nanotubes

Therefore, the toxicity of carbon nanotube depends on the type of functional-
ization, aggregation behavior, and the presence of metal catalyst particle leftovers
during synthesis.

2. An overview of carbon nanotube research

Manufacturing fundamental elements with great strength to weight ratio using
carbon nanotube composite is the contemporary focus of the researchers. One of the
likely utilizations of polymer nanocomposite is the CNT-augmented ultrafine fiber
via electrospinning [15, 16], which has been known since the 1930s. Today, polymer
fibers with nanometer diameter can be produced inexpensively using electrospin-
ning technology. With <100 nm diameter, these fibers are being studied for drug
delivery methods, energy storage, and improved functional garments [17-19]. These
applications require improved (i) fiber strength, (ii) thermal conductivity, and
(iii) electrical conductivity. Incorporating carbon nanotubes (CNTs) within elec-
trospun fibers offers the probability of simultaneously improving all these three
properties [20-22]. Xie et al. (2005) reviewed the dispersion and alignment of CNTs
in the polymer matrix [23]. They found that the serious challenge is the development
of means and ways to promote and increase the dispersion and alignment of CNTs
in the matrix. Enhanced dispersion of CNTs in the polymer matrix will foster and
extend the applications and developments of polymer/CNT nanocomposites.

Though the optical apprehension techniques are probably the most conventional
in biology and life sciences, electrochemical or electronic detection techniques have
also been adopted in biosensors/biochips due to their great sensitivity, high specific-
ity, and low cost. Those techniques comprise of voltammetric techniques (cyclic
voltammetry and differential pulse voltammetry), chronocoulometry, electro-
chemical impedance spectroscopy, and electronic detection based on electric field
[24]. The sensors developed from CNTs have shown the ability to detect a range of
analytes such as particular DNA sequences [25] as cancer biomarkers [26] and larger
entities such as viruses [27]. These sensor devices have also been used to monitor
enzymatic activities and study the behavior of potential drug molecules [28].

The apprehension of the analytes befalls with great specificity and sensitivity
in a rationally precise time. Both SWCNT and MWCNT can be altered and conju-
gated to a bioactive unit and biological varieties including carbohydrates, amino
acids and peptides, nucleic acid, and proteins, for various biological applications.
Those biological applications are plausible only because the carbon nanotubes own
some anomalous properties like the one-dimensional arrangement, large aspect
ratio, outstanding mechanical characteristics, and chemical inertness [29]. The
carbohydrate-functionalized carbon nanotubes have previously been used for the
identification of pathogenic microorganisms, namely, [30, 31]. In the advancement
of energy production and storage, nanotubes exhibit exceptional potential in super-
capacitors [32], Li-ion batteries [33], solar cells [34], and fuel cells [35]. Energy
applications could become the broadest application realm in the gross application
of carbon nanotubes. For the advancement of Li-ion batteries’ performance, MnO,
and LiFePO, are being used as a cathode while MWCNTs and graphene as an anode.
In the realm of the fuel cell, proton-exchange membrane fuel cells (PEMFCs),
CNTs have been widely studied [36].

In a PEMFC, the conversion of chemical energy to electrical energy occurs via
a direct electrochemical reaction, and its efficiency is directly dependent on the
catalysts used [37]. The catalysts should have high endurance, low cost, and higher
activities in oxygen reduction and/or fuel oxidation reaction [38]. Shortly, the most
regularly used catalysts in the PEMFCs are metal NPs, mainly Pt and/or Pt-based
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alloys, because of high oxygen reduction and/or fuel oxidation reaction due to
high Surface area : volume ratio and better Fermi levels for redox reactions [39].
Nonetheless, metal NPs are generally unstable and lose their catalytic activity due to
their irreversible aggregation during the electrochemical processes.

Consequently, appropriate methods are obliged to fix and restrict these metal
NPs from aggregation, e.g., carbon nanotubes (CNTs) are the most extensively
adopted provision in modern development. Though the evolution of PEMFCs is
under commercialization process, obstructions including how the CNTs influence
the catalytic action of the metal/CNTs and high material cost continue. The evolution
of numerous profoundly dynamic catalysts with the economical price for fuel cell
commercialization would be one of the notable researches in this domain. Because of
the enhanced production and intended use of CNTs in consumer commodities, there
is a necessity for evaluation of the implied toxicity of these nanoparticles.

3. Toxicity studies of carbon nanotubes in vivo

In vivo toxicity knowledge impersonated a vital role in risk evaluation. Those
techniques can be applied to determine acute toxicity, chronic toxicity, developmen-
tal toxicity, genotoxicity, and reproductive toxicity. In vivo study is indispensable in
the fields of medicine including cancer therapy. Several animal trials are performed
to highlight the possible serious impressions of newly formed medicines and chemi-
cal substances on the human. In some trials, researchers attempt to simulate situa-
tions concerning humans (e.g., arthritis, cystic fibrosis, and cancer) in animals, to
assess the capabilities of new medicines in treatment. To inscribe the potential side
effects of CNTs on human health and environment, animal models have been used
to investigate the toxicity of CNTs. Non-functionalized CNTs were instilled intratra-
cheally (IT) into animals, exhibited as pulmonary toxicity including inflammation
and fibrotic responses due to the collection of raw CNTs in the lung airways [5].

These outcomes suggest that aerosol vulnerability of untreated CNTs in the
workplace should be shunned to preserve human health. Notwithstanding, intratra-
cheal instillation of functionalized soluble CNTs has little inference to the toxicology
profile. In the latest pilot study, asbestos-like pathogenicity was observed by Poland
et al. [9] when the mesothelial lining of the body cavity of mice was exposed to large
MWCNTs of 80-160 nm diameter and 10-50 nm length [9]. Yet the assumption of
this finding for probable negative effects of CNTs on human health is inadequate.

It should be heeded that the MWCNT materials utilized in this research were just
sonicated in bovine serum albumin (BSA) without surface functionalization.

Furthermore, no noticeable toxic result was observed for smaller and tinier
MWCNTs of 1-20 nm length and 10-14 nm diameter, appreciating that the toxicology
characterizations of CNTs may vary between CNTs of varying sizes. It is deserv-
ing asserting that functionalized SWCNTs utilized in biomedical research have a
length of 50-300 nm and diameter of 1-2 nm, which is completely distinct from the
geometry of MWCNTs adopted by Poland et al. [9]. Gambhir and colleague applied
covalently and noncovalently PEGylated SWCNTs to investigate the in vivo toxicity
[3]. The PEGylated SWCNTs (-3 mg kg ™) were intravenously infused into mice
and inspected over 4 months. Systolic blood pressure, total blood counts, and serum
chemistry are registered every month. Necropsy and tissue histology analyses were
executed at the completion of 4 months. The blood chemistry and histological investi-
gations were normal. Those experiments insinuate that functionalized biocompatible
SWCNTs may be secured for in vivo biological reinforcements. An added investiga-
tion revealed related outcomes, confirming that PEGylated SWCNTs are gradually
eliminated from the body after systemic administration in mouse models, without
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manifesting apparent toxicity in the system [40]. Yang et al. acknowledged that
SWCNTs dangled in Tween-80 manifested lesser toxicities to the experimented mice
at a high dose of —40 mg kg ™", following intravenous inoculation for 3 months [41].
Toxicity may be due to the oxidative stress engendered by SWCNTs assembled in the
liver and lungs of mice [42]. The toxicity published was dose-dependent and appeared
to be less acceptable at lower doses. A current article by the same group unveiled that
covalently PEGylated SWCNTs displayed an ultra-long blood dissemination half-life
in rodents. Though the long-term toxicity of altered SWCNTs is still to be investigated,
no critical toxicity has been recorded too at a higher dose of 24 mg kg™".

4. Respiratory toxicity

A guinea pig was inoculated intratracheally with the soot of CNT. Breathing rate,
tidal capacity, pulmonary obstruction, bronchoalveolar fluid, and protein content
were estimated. The authors admitted that working with soot-carrying CNT was
probably not a health jeopardy, but they did not present their pathological investiga-
tion [43]. Research in mice is conducted by Lam et al. [5], and they authenticated
that SWCNT could be toxic if they entered the lungs; Warheit et al. [6] conveyed a
related investigation in rats, reporting the granuloma development apparently due
to the collection of CNT. Muller et al. analyzed carbon black, MWCNT, and asbestos
influences, implanted in the trachea of rodents. Scholars demonstrated dose-
dependent inflammation, and granuloma production, increased considerably with
MWCNT than with carbon black than asbestos. The early granulomatous reaction,
abnormal acute inflammatory response, and progressive fibrosis were observed
upon exposure of SWCNT in mice. Pharyngeal aspiration was used alternately of
the intratracheal instillation used in the earlier investigations and rendered aerosol-
ization of fine SWNCT particles. Another contemporary study insinuates shifts in
deposition prototype and pulmonary response when SWCNT is uniformly dispersed
in the suspension antecedent to pharyngeal aspiration [44]. Current research insinu-
ates MWCNT immigration to the subpleural and associated pleural mononuclear
cells and subpleural fibrosis in mice upon inhalation [45] and further admonition,
and decent security models are prescribed when manipulating CNT. Research by
[46] confirms the earlier reports; they characterized in vitro and in vivo stimula-
tion of collagen deposition, lung fibroblast propagation, and metalloproteinase
intensified expression without inflammation when dispersed SWCNT was applied.
Following inhalation, the different variety of nanoparticles may enter the central
nervous system (CNS) [47] by a method called transcytosis [48]. The investiga-
tion unveiled that sniffed gold nanoparticles aggregate in the olfactory tubercle of
rats and enter the cerebral cortex, lung, and the distinct organs such as the tongue,
esophagus, kidney, spleen, aorta, septum, heart, and blood [49]. Those remarks
vindicate that nanoparticles can infiltrate into the CNS via the olfactory venation if
they are being in high doses in the air. Those nanoparticles may impact not only on
the respiratory tract and neighboring organs but disseminated to remote organs.

5. Bio-distribution of carbon nanotubes

Knowledge of bio-distribution of CNTs following systemic inoculation inside
animals is a pretty serious concern. Numerous investigators investigated in vivo
bio-distribution and pharmacokinetic investigations in the preceding several years.
Scientist adopted various CNT materials, different surface functionalization methods,
and various tracking methodologies. Consequently, they got unsteady and seldom
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ambiguous results. Singh et al. and Lacerda et al. utilized radiolabeled (In-DTPA)
SWCNTs and MWCNTs to describe bio-distribution [50, 51]. Exceptionally, follow-
ing intravenous inoculation of CNTs into mice, no uptake in the reticuloendothelial
system (RES) such as the liver and spleen was witnessed. But, quick urinal removal

of CNTs was witnessed. More than ninety five percent of CNTs were removed within

3 hours. Those results are comparable to the in vivo response of minute particles yet
distinct from that prognosticated of maximum nanoparticles with sizes exceeding the
glomerular filtration threshold. To defend their conclusions, the researchers stated
that the short diameters of CNTs were eliminated in urine notwithstanding they

were large in length. However, this theory is unsettled. For example, for the protein
bio-distribution and elimination function of quantum dots (QDs), published by Choi
etal., it is observed that the 6 nm maximum size of spherical QDs including coatings
was obliged to fast urinal elimination. Nevertheless, the QDs are much shorter than the
diameter of SWCNT bundles (10-40 nm) or MWCNTs (20-80 nm) [51] practiced in
those bio-distribution investigations. Therefore, the inscribed fast urinal excretion of
CNTs requires validation. Various other labs have also assessed the bio-distribution of
radiolabeled CNTs in rodents. Wang et al. noticed delayed urinal elimination and weak
RES uptake in their primary research. But, consecutive articles by the same associa-
tion utilizing *C-taurine-functionalized CNTs recorded steadfast liver accumulation
of CNTs following intravenous inoculation [52]. Research carried out by McDevitt

et al., utilizing antibody-conjugated radiolabeled CNTs functionalized by 1,3-dipolar
cycloaddition, also confirmed delayed urinal excretion and high CNT uptake in the
liver and spleen [53]. The bio-distribution investigations of radiolabeled, PEGylated
SWCNTs unveiled uptake of SWCNT in RES organs without active clearance [54]. A
substantial quantity of CNTs is persisting, even after 15 days. The radiolabel system is
a proper technique to identify the bio-distribution of material but may commence to
inaccurate outcomes, if excess-free radioisotopes in the radiolabeled CNT specimens
are not separated effectively. The free radioisotopes are tiny particles that could be
quickly excreted in urine following intravenous inoculation. Moreover, radiolabels
could be undeviatingly released from CNTs in vivo and be regularly eliminated in the
free form. Consequently, radiolabeling is not an excellent approach to investigate the
elimination and long-term predestination of CNTs. The expert has discovered that
photoluminescence is the inherent characteristics of CNTs. Cherukuri et al. used single
semiconducting SWCNTs which show NIR photoluminescence, to trace nanotubes in
rabbits [55]. Without obtaining complete bio-distribution data, the expert could not
testify SWCNT photoluminescence signals in every organ besides the liver. Yang et al.
carried out the research to comprehend the bio-distribution of *C-fortified unfunc-
tionalized SWCNTSs over a month utilizing isotope ratio mass spectroscopy [56].

The event conferred unusual nanotube uptake in the liver, lung, and spleen without
notable elimination within 28 days. Raman spectroscopy has been applied to analyze
the long-term predestination of PEGylated nanotubes in rodents. It was reported that
most of the PEGylated SWCNTSs were assembled in the liver and spleen following
intravenous inoculation but gradually eliminated through the biliary pathway toward
the feces within months. A low SWCNT Raman signal was also identified in the mouse
kidney and bladder. It is unveiled that little portion of SWCNTs with short lengths was
eliminated into the urine.

6. Toxicity of carbon nanotubes in vitro
In vitro, toxicological investigations are a highly significant means for nanotoxicol-

ogy, corresponding to in vivo investigations because of moderate expense, lessening
ethical anxieties, and diminishing the number of laboratory animals needed for trial.
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7. CNT toxicity investigations in animal cell lines

The subject of carbon nanotube toxicity is still unresolved even in cell culture
experiments. Inhibition of HEK 293 cell proliferation following exposure to
SWCNTs [10], MWCNTs, inducing cell cycle arrest and increasing apoptosis/
necrosis of human skin fibroblasts were examined by different research groups [57].
Nevertheless, it is worth stating that functionalized CNTs were not used in those
investigations. Bottini et al. observed T-lymphocyte apoptosis evoked by oxidized
MW(CNTs [58]. Because simple oxidation, used in these studies, is not enough to
disperse carbon nanotubes in saline and cell culture media since it is not a kind of
biocompatible functionalization. Sayes et al. indicated that toxicity of CNTs was
also dependent on the density of functionalization. Inconsiderable toxicity was
observed for those functionalized with the high density of phenyl-SO3X groups
[13]. These results are understandable because CNTs without proper functionaliza-
tion carry a highly hydrophobic surface. Consequently, they may aggregate in the
cell culture medium. The aggregation of CNT channels to binding of several biolog-
ical species, including proteins, via hydrophobic interactions, provokes cell toxicity.
Khalid et al. reported no toxicity of functionalized MWCNT to Saos cell lines up
to the tested concentration of 1000 pg/mL [59]. Other factors like surfactants may
also play a role in the noted toxicity of CNT in vitro. Extra surfactants, present in
the CNT suspensions, are known to be highly toxic to cells [60]. The metal catalyst,
used during the synthesis of CNTs, should also be examined as an important factor
when the toxicity of carbon nanotubes is analyzed [61]. Furthermore, proper
analytical methods must be hired in toxicity analysis to prevent interference of
carbon nanotubes with the test reagents [62]. Davoren et al. reported concentra-
tion-dependent cytotoxicity of SWCNT on a lung carcinoma cell line (A549) [63].
Another study, led by Sharma, unveiled that SWCNT induced oxidative stress in rat
lung cells [64]. Herzog et al. reported the same oxidative stress linked to alterations
in primary bronchial epithelial cells and A549 cells, but the study also revealed that
the reaction is strongly dependent on the dispersion medium used [65]. Pulskamp
used two cells lines (human A549 and rat macrophages NR8383) and tested with
CNTs and revealed, as oxidative stress was provoked to these cell lines. However,
when purified SWCNT corresponded with commercial CNT, it is unveiled that
all the biological consequences are associated with the metal traces. There is a
complicated result between WST (2-(4-iodopheny1)-3-(4-nitropheny1)-5-(2,4-
disulfopheny1)-2H-tetrazolium, monosodium salt) and MTT (344, 5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide) viability assays. These dyes depend
on the mitochondrial dehydrogenase activity [66]. The modifications can only be
described based on associations of CNT with non-soluble formazan crystals in
MTT. That is why suitable assay methods and well-characterized materials are the
most important requirements for in vitro toxicity assays of carbon nanotubes.

8. CNT toxicity investigations in bacteria and yeast cells

As an option to animal cell lines, bacteria and yeast can be a relevant model
for studying how single-celled microorganisms react to the environmental
stressors such as CNTs [67]. Copious toxicity mechanisms have been suggested
for CNT including interruption/penetration of the cell envelope, oxidation of
cell ingredients, the arrest of transmembrane electron transfer, and generation
of secondary products such as reactive oxygen species (ROS) or dissolved heavy
metal ions [68]. Toxicity of a CNT is depending on its structure along with its
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geometry and surface functionalization. Various researches have shown that
adequately functionalized, serum-stable CNTs are innoxious to animal cells,
whereas CNTs without functionalization seemed critically toxic to human or
animal cell lines at the moderate dosage [2]. The SWCNT displays a potent
antimicrobial response for both suspended and deposited bacteria and inter-
rupts the accumulation of bacterial films. The immediate interaction among the
SWCNT and bacteria is apparently the central cause to induce cell death [68].
Well-dispersed individual SWCNT is more toxic than agglomerates due to greater
physical puncturing of bacterial membranes and impairs the cell integrity [69].
The CNT bacteria interplay is determined by surface functionalization and
length of CNT. It may govern the toxic effect also. A negatively charged or neutral
SWCNT functionalized with -OH or -COOH aggregates more efficiently with
bacteria and diminishes bacteria viability as contrasted to the positively charged
SWCNTs functionalized with -NH, [70]. Likewise, longer SWCNTs exhibited
concentration and time-dependent toxicity to bacteria, whereas short SWCNTs
were limited toxically as they aggregate themselves [71]. The purity of SWCNTs
may also influence bacterial toxicity. Pure SWCNTSs were observed to be less toxic
than SWCNTs with higher metal content due to glutathione oxidation following
contact [72]. Additionally, greater ionic strength suspensions, such as phosphate
buffered saline (PBS) or brain heart infusion broth, also lessen SWCNT toxicity
due to decreased intensity of interactions between SWCNT and cells, compared
to low ionic strength suspensions (deionized water or saline). Likewise, a film
with natural organic matter (NOM) limits SWCNT toxicity, notwithstand-

ing diminished aggregation [73]. Other studies unveiled that SWCNT reduces
enzyme activity and microbial biomass at concentration 300 mg kg ™" and above
[74]. As it is clear that SWCNT provokes bacterial death, a surface coating with
SWCNT would decrease biofilm expansion in both real and industrial settings
[75]. The MWCNT appears to be runty toxic to bacteria as contrasted to SWCNT
[76]. The decreased toxicity may be due to minor interactions among bacteria
and MWCNT. The limited interaction might be due to the greater rigidity and
presumably inferior van der Waal’s forces at the MWCNT surface. Thin MWCNT
with less diameter exhibits greater toxicity to bacteria corresponding to larger
ones [77]. When the consequence of the length of MWCNT was estimated,
shorter MWCNTSs were extra toxic to Pseudomonas fluorescens compared to long
MWCNT [78]. When MWCNTs are uncapped, debundled, and dispersed in
solution, the toxicity to bacteria raised [79]. The purity of CNT has also been
vindicated to influence the toxicity in microorganisms. Furthermore, when

the toxicity within pristine and purified MWCNT was studied in two bacterial
strains (Escherichia coli and Cupriavidus metallidurans), no variation in toxicity of
MWCNT was perceived between the two forms [80]. Heating refinement of CNTs
presumably has the inadequate capability to modify the surface corresponding
to acid processing, consequently sustaining toxicity of the raw form. However,
in both the investigations, gum arabic (GA, 0.25 wt%) was used to suspend
CNTs, which might have altered the surface, influencing toxicity. Meanwhile in
soil toxicity assay, MWCNT, reduced microbial biomass and enzyme activity at
concentration 5000 mg kg™ [81]. In a separate research, the conidia of the fungi
Paecilomyces fumosoroseus were incubated for 865 hours with 0.2 mg L™" raw and/
or carboxylated MWCNT. Mycelium growth on solid medium was witnessed fol-
lowing incubation. Association among the fungi and CNTs had no notable effect
on germination and biomass production, but the loss of biomass was witnessed
following exposure to raw MWCNT for 865 hours [82]. Mechanical impacts of
CNT, as observed in bacteria, might have caused the effects.
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9. Ecotoxicity of carbon nanotubes

As the production and widespread application of CNTs in industrial and
customer products are progressing, the release of this nanomaterial into the envi-
ronment too will scale up. Many scientific reviews have evaluated the sources,
behavior, fate, and the mechanisms of toxicity of carbon nanomaterial. Maximum
of these assessments apprehended that additional research is obligatory in the field
of nano-ecotoxicology (Table1).
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Abbreviations: LOEC: Least observable effect concentration, EC 50: Effective concentration 50, NOEC: No observed
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Table 1.
Summary of the studies related to eco-toxicity of the CNTs on different organisms [82-98].
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10. Conclusions

Toxicity of carbon nanomaterials is an essential concern in the modern world
for the scientific community, environmentalists, and governments. The chances of
exposure to the environment are more like the application of carbon nanomaterial
which is increasing every day. Some research shows the different toxicity patterns
for the materials when it is exposed to living cells in vitro or in vivo, whereas other
studies say that the adequately functionalized bearing carboxylic or hydroxyl group
and serum-stable CNTs are safe for living cells. I want to conclude my discussion
by highlighting the factors involved in toxicity and the toxicity mechanism. The
toxicity of the nanomaterials depends on many factors including functionaliza-
tion, catalyst, size, shape, dimensions, dispersion, and methods used for detecting
toxicity. The pristine carbon nanotubes are more damaging to the cells than the
functionalized one. The covalently functionalized CNTs are more compatible for
the cells than non-covalent functionalization. The catalyst used during the produc-
tion of the nanotubes like platinum or iron also contributes to the toxicity of the
cells. Hence it is imperative to differentiate the toxicity of carbon nanotubes and
catalyst. Dispersion in the high ionic strength solvent like PBS makes the CNTs
more compatible with living cells compared to the less ionic strength solvent like
deionized water. Hence it is always recommended to prepare the solution in PBS
or other high ionic strength solvents for better compatibility and less toxicity.

The short and broken CNTs with a small diameter are observed to be damaging

to bacterial cells because of physical puncturing. In vivo studies help us to under-
stand the acute toxicity, chronic toxicity, developmental toxicity, genotoxicity,

and reproductive toxicity of CNTs in laboratory animals. No critical acute toxicity,
chronic toxicity, developmental toxicity, genotoxicity, and reproductive toxicity are
observed following intravenous or intratracheal instillation of CNTs. Adequately
functionalized CNTs are biocompatible and promptly eliminated through urine

or biliary pathway following intravenous inoculation. Pharmacokinetic studies

of CNTs show very less or no uptake of CNTs to the reticuloendothelial systems
including the liver, lung, and spleen. Various mechanisms are also listed to study the
toxicity of the CNTs to the living cells which includes oxidation of cell components,
arrest of electron transport chain, reactive oxygen species, and physical puncturing
of the cell. Further studies need to be conducted in the field of eco-toxicity of CNTs
and validation of the toxicological data for the safety of aquatic and aerial animals.
These studies shall help the public regulatory organization to frame a rule for ensur-
ing the safety of this modern engineered nanoparticle.
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Chapter 14

Advantages and Limitations of
CNT-Polymer Composites in
Medicine and Dentistry

Neevaja Turagam and Durga Prasad Mudrakola

Abstract

The past two decades have seen great technological advancements in the fields
of optics, biochemistry, and physics allowing the fundamentals of our own human
biology to be understood and controlled. At the forefront of this great understanding
lies a tiny structure made of carbon called nanotube. Many studies have demonstrated
that peptides, medicinal molecules, and nucleic acids, when bonded to carbon
nanotubes, are delivered considerably more safely and effectively into cells than by
traditional methods. Two types of carbon nanotubes have been researched for use
in biomedical applications. The first is SWNT, single walled and second MWNT,
multi-walled nanotube. Shell structures can be used for delivering anticancer drugs to
tumors in various parts of the human body. In dentistry, the carbon nanotubes along
with polymers prevent shrinkage and dimensional changes in resin and help in better
fit at bone implant interface as well as in delivering well-fitting dentures. Evolution
of gene therapy, cancer treatments, and innovative new answers for life-threatening
diseases on the horizon, the science of nanomedicine has become an ever growing
field that has an incredible ability to bypass barriers previously thought unavoidable.

Keywords: MWNT, SWNT, peptides, nanodentistry, nanomedicine, nanocomposites

1. Introduction

Carbon is an important element to various sciences, from physics, chemistry, and
materials science to life science, but conventional carbon formulation in the micron
scale may not be the optimal implant material [1]. Then the nanomaterial’s such as the
carbon nanotubes (CNTs), with unique electrical, mechanical, and surface proper-
ties, have captured the attention and aroused the interest of many scientists, since
CNTs were discovered by lijima in 1991 and up to now appear well suited as a bioma-
terial [2-7]. CNTs are substances with cylindrical structure of about 1 nm diameter
and 1-10 m length, consisting of only carbon atoms. In general, CNTs contain single-
wall carbon nanotubes (SWCNTs) and multiwall carbon nanotubes (MWCNTSs).

SWCNTs are viewed microscopically as rolled-up structures of single sheets of
graphene and individual carbon structures, approximately 1 nm in diameter and
up to a millimeter or more in length, and MWCNTs are similar to hollow graphite
fibers, except that they have a much higher degree of structural perfection, which
are having a diameter of 10-200 nm [8-11]. Lu and Tsai investigated the load
transfer efficiency in double-walled carbon nanotubes (DWCNTs, a hollow cylin-
drical structure, which contains two concentric graphene layers) using multiscale
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finite element modeling, and the results showed that increasing of CNTs’ length can
effectively improve the load transfer efficiency in the outermost layers, while the
DWCNTs with incremental covalent exhibit increasing load transfer efficiency in
the inner layer. Besides, compared with single walled, the double walled nanotubes
have decreased potential of load transfer efficiency [12].

Several studies proved increase mechanical properties of CNTs-based reinforced
composites by the adding of carbon nanotubes (Figure 1). CNTs reinforced com-
posites have been investigated thoroughly for numerous aspects of life and biomedi-
cal applications. The review introduced fabrication of CNTs reinforced composites,
CNTs reinforced with ceramic and metal matrix composites their biocompatibility
(invivo), cell experiments (in vitro) and mechanical properties.

1.1 Early thinking

The late Nobel prize winning physicist Richard P. Feynman in 1959 speculated
the potential of nano size devices as early as 1959. In his historic lecture in 1959, he
concluded saying, “this is a development which I think cannot be avoided” [13].

1.2 Nanomaterials in dentistry

Inspite of the better understanding and use of chemistry and materials, recent
developments in physical properties, no material has been found to be ideal for any
kind of dental application [14]. Silver amalgam, as a dental restorative material has been
used for more than a century, but for the toxicity and esthetics which has been of major
concern for many many years [15-20]. In contrast the composite restorative materials
have very good esthetics, and are very technique sensitive [21]. Nature has arranged
complex biominerals in the best possible way from the micro to the nano-scale and no
one can yet combine biological and physical properties to get ideal structures [22].

1.3 Access to nanodentistry

The practical applications in dentistry has various approaches [23, 24]. Broadly,
two key approaches in nanotechnology are present for creating smaller or better
materials. One being the top-down and the other is bottom-up. Top-down approach
is based on solid-state processing of materials. The “top-down” approaches are used
to fabricate functional structures at micro and nanoscales such as chemical vapor

(L = :'._:_ LY : -L i1 T Crystal Wiy

CNTH

- Amorphous

Interphase polvmer —

= Yoid =AUl
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Figure 1.
CNTs-based reinforced composites
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deposition (CVD), monolithic processing, wet and plasma etching [25]. These

approaches are used in electronics industry as well as for coatings of medical implants

and stent using chemical vapour deposition technology for increased blood flow [26].
The “bottom-up” approach entangles the fabrication of materials via edifice

up particles by harvesting atomic elements. Bottom-up processing is based on

extremely organized chemical synthesis and growth of materials [27] which occurs

in repairing of cells, tissues or organ systems and protein synthesis as well.
Nanodentistry will make possible the maintenance of near-perfect oral health

through the use of nanomaterials, biotechnology, including tissue engineering,

and nanorobotics. Oral health and disease trends may change the focus on specific

diagnostic and treatment modalities [28, 29].

1.3.1 Hypersensitivity cure

Dentin hypersensitivity is due to changes in pressure transmitted hydrodynami-
cally to the pulp. Hence, teeth having hypersensitivity have eight times increased
surface density of dentinal tubules and tubules with diameters twice as large than
nonsensitive teeth. Dental nanorobots could precisely and selectively obstruct
selected tubules in minutes using native biological materials.

1.3.2 Local anesthesia

A colloidal suspension with millions of active analgesic micron-size dental
robots will be introduced in the gums of the patient. On coming in contact with
the surface of tooth or mucosa, the ambulating nanorobots enter the pulp via the
gingival sulcus, lamina propria, and dentinal tubules. Once introduced in the pulp,
the dentist commands analgesic dental robots to stop all sensitivity and reactions in
any specific tooth that needs treatment. The dentist orders the nanorobots to restore
all sensation, after finishing all the oral treatments to relinquish control of nerve
traffic, and to egress from the tooth by similar pathways used for ingress.

1.3.3 Orthodontic treatment

Orthodontic nanorobots could directly stimulate and manipulate the periodon-
tal tissues, leading to rapid and painless tooth straightening, rotating, and vertical
repositioning in few hours. Nanotechnology derived orthodontic wire is a new
and advanced stainless steel wire which has the following properties (a) ultra-high
strength (b) good deformability (c) corrosion resistance (d) good surface finish.

1.3.4 Nanoimpression

The introduction of Nanofillers into Polyvinylsiloxanes yields a siloxane impres-
sion material with properties superior to conventional impression materials.

Advantages (a) Better flow (b) Improved hydrophilic properties leading to fewer
voids at margin and better model pouring (c) Enhanced detail precision.

* Nanosolutions: These are unique, dispersible nanoparticles with superior
properties that can be produced from nanosolutions. This can be made use of
dentin bonding agents (AdperTM) because of better dentin bond strength and
better performance.

* Nanorobotic dentifrice [dentifrobots]: subocclusal nanorobotic dentifrice present
in tooth paste or mouthwash could monitor all supragingival and subgingival
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surfaces, metabolizing the organic matter which is trapped into odorless and
harmless vapors required for continuous calculus debridement. These invisibly
small dentifrobots [1-10 pm], crawling at 1-10 pm/s are purely mechanical devices
which are inexpensive. They would safely get deactivated themselves when swal-
lowed and would be programmed with strict occlusal avoidance protocol.

* Dental durability and cosmetics: durability of the tooth along with aesthetics
may be improved by replacing layers of upper enamel with pure sapphire and
diamond embedded carbon nanotubes as they are more fracture resistant as
nanostructured composites.

* Photosensitizers and carriers: quantum dots can be used as photosensitizers
and carriers as they are bound to bind to the antibody present on the surface of
the target cell. They can give rise to reactive oxygen species and when stimu-
lated by UV light and thus will be lethal to the target cell.

* Diagnosis of oral cancer.

2. Nanoelectromechanical systems (NEMS)

They transform biochemical to electrical signals. NEMS biosensors exhibit
specificity and sensitivity to detect the presence of abnormal cells at molecular level.

Oral fluid nanosensor test (OFNASET) used for multiplex detection of salivary
biomarkers for oral cancer.

Optical Nano Biosensor - The nanobiosensor is a unique fiberoptics-based
tool which allows the minimally invasive analysis of intracellular components
(Cytochrome C1).

2.1 Treatment of oral cancer

Nanotechnology in field of cancer therapeutics has offered highly specific
tools in the form of multifunctional Dendrimers. Nanoshells are miniscule beads
with metallic outer layers designed to produce intense heat by absorbing specific
wavelengths of radiations that can be used for selective destruction of cancer cells
leaving aside intact, adjacent normal cell [30].
2.2 Nanocomposites

Nanocomposites are produced by homogeneously distributed nanoparticles in res-
ins or coatings. Nanofillers used includes an aluminosilicate powder with mean particle
size of 80 nm and a 1:4 M ratio of alumina to silica and a refractive index of 1.508 [31].
2.3 Advantages

* Increased hardness.

* Increased flexural strength, translucency.

* 50% reduction in filling shrinkage.

* excellent handling properties.
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2.4 Challenges faced by nanodentistry
* Precise positioning and assembly of molecular scale virus in humans [31].
* Economical nanorobot mass production technique.
* Biocompatibility.

* Simultaneous coordination of activities of large numbers of independent
micron-scale robots.

* Social issues of public acceptance, ethics, regulation.
2.5 Nanomaterials used for dental tissue regeneration

Pulp stem cells are purified in the lab and grown in sheets on scaffolds composed
of nanofibers of biodegradable collagen type I or fibronectin used for pulp regener-
ation [32, 33]. Self-assembling polypeptide hydrogels have been used for pulp tissue
regeneration with the formation of a nanofiber mesh for supporting the growing
cells [34]. Puramatrix proven to enhance cell growth contains amino acids repeats
of alanine, arginine and aspartate [35]. Natural silk based nanomaterials are being
used for various tissue regeneration applications [36]. Injectable self-assembly
collagen I scaffold containing exfoliated teeth stem cells led to the formation of pulp
like tissue and functional odontoblasts [37]. Collagen type I is found in the form of
nanofibers in dentin (~80-90% of organic matrix) and bone with abundant fibrous
protein [38]. Odontogenic differentiation and mineralization was promoted in the
presence of type I collagen scaffolds [39, 40].

2.6 Nanomedicine

Nanomedicine is the application of nanotechnology (the engineering of tiny
machines) to the prevention and treatment of disease in the human body. This
evolving discipline has the potential to dramatically change medical science.

2.7 Current status of nanomedicine
2.7.1 Diagnostics

Nanorobots are expected to circulate in the vascular system and send out signals
when imbalances appear in the circulatory and lymphatic system. To monitor brain
activity fixed nanomachines could be inserted in the nervous system of the human
body. Latest nanomedical heart trackers are present in the major hospitals to accu-
rately track and treat the heart beat and its downfalls as needed in the body [41].
The present and potential diagnostic uses is large being fullerene-based sensors,
imaging (cellular, etc.), monitoring, lab on a chip, nanosensors, scanning probe
microscopy, protein microarrays intracellular devices, intracellular biocomputers
and intracellular sensors/reporters, endoscopic robots and microscopes.

2.7.2 Protein and peptide delivery
Protein and peptide molecules form the functional units of cells. Their molecular

derangements lead to many illnesses. Targeted or controlled delivery of these molecules
using nano particles and dendrimers is an emerging field called nano bio pharmaceutics.
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2.7.3 Drugs dispersion and drug delivery

Drug delivery is based on developing nanoscale molecules to improve drug bioavail-
ability. Nanomedicine based tools and devices are being developed for imaging. By the
use of nanoparticle contrast agents, images such as ultrasound and magnetic resonance
imaging (MRI) have improved distribution and contrast [42]. Triggered response is
one way for drug molecules to be used more efficiently. The strength of drug delivery
systems is their ability to alter the bio distribution and pharmacokinetics of the drug.
Drugs are placed in the body and only activate on encountering a particular signal. For
example, a drug with poor solubility will be replaced by a drug delivery system where
both hydrophilic and hydrophobic environments exist thus improving its solubility.

2.7.4 Oncology

The small size of nanoparticles enhances their use in oncology. Quantum dots
(nanoparticles with quantum confinement properties, such as size-tunable light
emission), when used in conjunction with MRI, produces exceptional images of
tumor sites [43]. Diagnosis of cancer at early stages can be detected from a few drops
of the patient’s blood by using sensor test chips containing thousands of nanowires,
able to detect proteins and other biomarkers left behind by cancer cells [44]. Prof.
Jennifer West has demonstrated the use of 120 nm diameter nanoshells coated with
gold to kill cancer tumors in mice. By irradiating the area of the tumor with an infra-
red laser, which passes through flesh without heating it, the gold is heated sufficiently
to cause death of the cancer cells [45].

2.7.5 Surgery

With the help of gold-coated nano shells, infrared laser and flesh welder blood-
less surgery can be done with greater efficiency [46].

2.7.6 Nanomaterials for brachythevapy
BrachySil™ (Sivida, Australia) delivers 32P, clinical trial.
2.7.7 Drug delivery across

The blood-brain barrier/more effective treatment of brain tumors, Alzheimer’s,
Parkinson’s in development.

2.7.8 Nanovectors for gene therapy

Non-viral gene delivery systems.
2.7.9 Cell repair machines

Direct cell and tissue repair can be done using molecular machines, however by
using drugs and surgery only tissues can repair themselves. Access to cells by insert-
ing needles into cells by molecular machines without killing them is possible [47].

2.7.10 Ethics and nanomedicine

Currently the most significant concerns involve risk assessment, risk man-
agement and risk communication of ENMs in clinical trials [48]. Implanting a
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computing chip in humans raises many ethical concerns. The chip can diagnose
diseases and can also analyze our DNA to determine the diseases to which one
may be susceptible to in later stages. Ethical issues concerning a patient’s right-to
know, right-not-to-know and the duty-to-know arise [49]. Increase in the cur-
rent level of accuracy and efficiency of diagnostic and therapeutic procedures
by augmenting the targeting and distribution by nanoparticles, the dangers of
nanotoxicity becomes a paramount next step in better understanding of their
medical needs [50].

2.7.11 Adverse reactions

Multiwalled carbon nanotubes led to asbestos like effects on the mesothelium
due to high doses of intracavitary injection in rodents. Whether the inhalation of
MWCNT will translocate to sensitive mesothelial sites has not been answered yet
[51]. It will also be important to know their adverse effects, if any, in pediatric,
geriatric and differing pathophysiological conditions like pregnancy, lactation,
congestive heart failure, uremia, etc. (Figure 1).

3. Conclusions

Nanomedicine and nanodentistry will have an impact on many medical
applications. The usefulness of these are not only therapeutic but also diagnostic.
Development of applications of nanomedicine and nanodentistry is very complex
and needs an integrated approach of all stakeholders. Future applications of nano-
dentistry will include nanorobotics, carbon nanotubes, nanocomposites whereas
nanomedicine will include activity monitors, biochips, insulin pumps, needle less
injectors, medical flow sensors and blood pressure, glucose monitoring devices
and drug injecting systems. What nanomedicine and nanodentistry will be able to
achieve in the future is beyond current imagination. However, it will be a tough task
to handle the ethical issues which will be arising with the same pace.
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