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Abstract

After the discovery of carbon nanotube in 1991 by lijima, they have been of great interest, both from a
fundamental point of view and for future applications. Most of the important features of these structures
are their electronic, mechanical, optical and chemical characteristics, which open a way to future
applications. These properties can even be measured on single nanotubes.

Different types of carbon nanotubes can be produced in various ways. The most common techniques
used nowadays are: arc discharge, laser ablation, chemical vapour deposition and flame synthesis.
Fundamental and practical nanotube researches have shown possible applications in the fields of energy
storage, molecular electronics, nanomechanic devices, and composite materials. Rea applications are
still under devel opment.

This report provides an overview of current nanotube technology, with a specia focus on synthesis and
energy storage in nanotubes and molecular electronics. CNTs have also proven to be good field emitters
and single molecule transistors. The characteristics of and the production techniques for these devices
are briefly presented.



List of abbreviations

CNT Carbon nanotube

SWCNT Single-walled carbon nanotube
MWCNT Multi-walled carbon nanotube
TEM Transmission electron microscopy
AFM Atomic force microscopy
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1.0 Introduction

Nanotubes are members of the fullerene structwmadily, which also includes buckyballs. Whereas
buckyballs are spherical in shape, a nanotubelisdrical, with at least one end typically cappeiivma
hemisphere of the buckyball structure. Their name@arived from their size, since the diameter of a
nanotube is on the order of a few nanometers (appedely 50,000 times smaller than the width of a
human hair), while they can be up to several méliens in length. Researchers at the University of
Cincinnati (UC) have developed a process to buitteenely long aligned carbon nanotube arrays.
They've been able to produce 18-mm-long carbontodes which might be spun into nanofibers. There
are two main types of nanotubes: single-walled nhées (SWNTs) and multi-walled nanotubes
(MWNTS).

The discovery of fullerenes by Harold Kroto of Sers$niversity in the UK and Richard Smalley and co-
workers at Rice University in the US stimulatedeagghers to explore carbon filaments further. Iddee
the realization that the ends of carbon nanotubest e fullerene-like "caps” explained the fact the
diameter of a carbon nanotube could only be asl&wa fullerene molecule.

The nature of the bonding of a nanotube is desgrilyeapplied quantum chemistry, specifically, abit
hybridization. The chemical bonding of nanotubes@mposed entirely of $ponds, similar to those of
graphite. This bonding structure, which is strontiem the spbonds found in diamond, provides the
molecules with their unique strength. Nanotubesinadlyy align themselves into "ropes" held together
Van der Waals forces. Under high pressure, nansto@e merge together, trading somelsmds for sp
bonds, giving great possibility for producing stgorunlimited-length wires through high-pressure
nanotube linking.

Theory suggests that carbon nanotubes have ayafieiseful properties, and experiments to testehe
redictions are just becoming possible.

Carbon nanotubes are unique nanostructures witharkale electronic and mechanical properties.
Interest from the research community first focusadheir exotic electronic properties, since nahesu
can be considered as prototypes for a one-dimealsgprantum wire. As other useful properties have
been discovered, particularly strength, interest g@wn in potential applications. Carbon nanotubes
could be used, for example, in nanometre-sizedrel@cs or to strengthen polymer materials.

An ideal nanotube can be thought of as a hexaguetalork of carbon atoms that has been rolled up to
make a seamless cylinder. Just a nanometre atinessylinder can be tens of microns long, and esuch

is "capped" with half of a fullerene molecule. Sexwall nanotubes can be thought of as the fundéathen
cylindrical structure, and these form the buildinigcks of both multi-wall nanotubes and the ordered
arrays of single-wall nanotubes called ropes. M#émgoretical studies have predicted the propertfes o
single-wall nanotubes.
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Figure 1.1 Geometry of Grephene sheet

Although lijima's first observations were of mulgall nanotubes, he observed single-wall carbon
nanotubes less than two years later, as did Ddetllodune and colleagues at IBM Almaden in California
In 1996 the Rice group, led by Smalley, synthesiz@adles of aligned single-wall carbon nanotubes fo
the first time. The bundles contained many nandwi¢h a narrow distribution of diameters, makihg i
possible to perform experiments relevant to oneedisional quantum physics. Several groups have now
measured some of these remarkable properties, wéggm to confirm many of the theoretical
predictions.

1.1 Fullerenes

In fact, what had been discovered was not justnglesinew molecule but an infinite class of new
molecules: the fullerenes. Each fullerene g, €70, Cgs, €tc. — possessed the essential characteristic of
being a pure carbon cage, each atom bonded to tihegs as in graphite. Unlike graphite, every
fullerene has exactly 12 pentagonal faces withrging number of hexagonal faces (e.g., buckyba&le-

— has 20).
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Fig. 1.2 Various forms of fullerenes

Some fullerenes, like &, were spheroidal in shape, and others, likg ®ere oblong like a rugby ball.
Dr. Richard Smalley recognized in 1990 that, impiple, a tubular fullerene should be possible peap
at each end, for
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example, by the two hemispheres @p,&onnected by a straight segment of tube, witly beixagonal
units in its structure. Millie Dresselhaus, uporatireg of this concept, dubbed these imagined object
“buckytubes.”

1.2 Carbon Nanotubes
1.21 Single wall carbon nanotube

A single wall carbon nanotube is a one-atom thitke$ of graphite (called graphene) rolled up into a
seamless cylinder with diameter of the order ofanameter. This results in a nanostructure where the
length-to-diameter ratio exceeds 10,000. Such dsittal carbon molecules have novel properties that
make them potentially useful in a wide variety pplcations in nanotechnology, electronics, optos
other fields of materials science. They exhibiraatdinary strength and unique electrical propsytnd

are efficient conductors of heat. Inorganic nanestubave also been synthesized.

Fig. 1.4 Single walled carbon nanotube

1.22 Multiwall carbon nanotube

Multi-walled nanotubes (MWNT) consist of multiplaylers of graphite rolled in on themselves to form a
tube shape. There are two models which can betosgelcribe the structures of multi-walled nanosube
In the Russian Doll model, sheets of graphite are arranged in conceeytinders, e.g. a (0,8) single-
walled nanotube (SWNT) within a larger (0,10) seglalled nanotube. In tHearchment model, a single
sheet of graphite is rolled in around itself, rebkng a scroll of parchment or a rolled up newspaphae
interlayer distance in multi-walled nanotubes zsel to the distance between graphene layers imiggap
approximately 3.3 A. The special place of doubldleda Carbon Nanotubes (DWNT) must be
emphasized here because they combine very simdgphulogy and properties as compared to SWNT,
while improving significantly their resistance tdhamicals. This is especially important when
functionalisation is required (this means graftoigghemical functions at the surface of the nanesiitbo
add new properties to the CNT. In the case of SWddl/alent functionalisation will break some C=C
double bonds, leaving "holes" in the structure loe nanotube and thus modifying both its mechanical
and electrical properties. In the case of DWNT ydhk outer wall is modified. DWNT synthesis on the
gram-scale was first proposed in 2003 by the CC¥&hnique, from the selective reduction of oxides
solid solutions in methane and hydrogen. Multi \WallNanotubes (MWNT) can be considered as a
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collection of concentric SWNTs with different diatees. The length and diameter of these
structures differ a lot from those of SWNTs and¢adirse, their properties are also very different.

Telescopically
Extended
Multiwall

Nanotube

1 ."I.‘. :ﬁ &

Fig. 1.5 Multiwalled carbon nanotueb
1.3 Buckytubes

In contrast, buckytubeagre fullerenes, and are thus molecules: perfetipyaanolecules of pure carbon
linked together in a hexagonally bonded networkoton the hollow cylinder as shown in. The tube is
seamless, with either open or capped ends. Theetiarof single-wall carbon nanotubes is 0.7 to 2 nm
(typically about 1.0 nm) — 100,000 times thinneartha human hair. Buckytube lengths are typically
hundreds of times their diameters.

2.0 Histor);Zl

A 2006 editorial written by Marc Monthioux and Viadr Kuznetsov in the journaflarbon has
described the interesting and often misstated rorafi the carbon nanotube. A large percentage of
academic and popular literature attributes theodisy of hollow, nanometer sized tubes composed of
graphitic carbon to Sumio lijima of NEC in 1991.

In 1952 Radushkevich and Lukyanovich publishedrdi@ages of 50 nanometer diameter tubes made of
carbon in the Sovielournal of Physical Chemistry. This discovery was largely unnoticed, the artighes
published in the Russian language, and Westermtsgie access to Soviet press was limited dutieg t
Cold War. It is likely that carbon nanotubes wereduced before this date, but the invention of the
transmission electron microscope allowed the dwesttalization of these structures.

Carbon nanotubes have been produced and obserded aivariety of conditions prior to 1991. A paper
by Oberlin, Endo, and Koyama published in 1976 rtyeshowed hollow carbon fibres with nanometer-
scale diameters using a vapour-growth techniquelitidahally, the authors show a TEM image of a
nanotube consisting of a single wall of grapheraget, Endo has referred to this image as a singleeav
nanotube.
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In 1981 a group of Soviet scientists published tésults of chemical and structural characterizatibn
carbon nanoparticles produced by a thermocatalytisproportionation of carbon monoxide. Using
TEM images and XRD patterns, the authors suggdsidtheir “Carbon multi-layer tubular crystals”
were formed by rolling graphene layers into cylirsdeAdditionally, they speculated that during nadji
graphene layers into a cylinder, many differenaiagements of graphene hexagonal nets are possible.
They suggested two possibilities of such arrangesneircular arrangement (armchair nanotube) and a
spiral, helical arrangement (chiral tube).

In 1987, Howard G. Tennent of Hyperion Catalysisswssued a U.S. patent for the production of
“cylindrical discrete carbon fibrils" with a "comsit diameter between about 3.5 and about
70 nanometers..., length 102 times the diameter,anduter region of multiple essentially continuous
layers of ordered carbon atoms and a distinct inaee...."

lijima’'s discovery of carbon nanotubes in the inbtd material of arc-burned graphite rods crealed t
buzz that is now associated with carbon nanotudasotube research accelerated greatly following the
independent discoveries by Bethune at IBM and &jiat NEC ofsingle-walled carbon nanotubes and
methods to specifically produce them by adding siteon-metal catalysts to the carbon in an arc
discharge. The arc discharge technique was wellvknio produce the famed Buckminster fullerene on a
preparative scalé? and these results appeared to extend the runcidestal discoveries relating to
fullerenes. The original observation of fulleremesnass spectrometry was not anticipated, anditbe f
mass-production technique by Kratschmer and Huffmas used for several years before realising that i
produced fullerenes.

The discovery of nanotubes remains a contentiaigejsespecially because several scientists invotved
the research could be likely candidates for theel&bize. Many believe that lijima's report in 199of
particular importance because it brought carborotudoes into the awareness of the scientific comtyguni
as a whole.

3.0 Synthesl§

3.1 Introduction

In this section, different techniques for nanotslgathesis and their current status are briefly ared.
First, the growth mechanism is explained, as ialmost general for all techniques. However, typical
conditions are stated at the sections of all tliferdint techniques. The largest interest is inribeest
methods for each technique and the possibilitiescafing up. Carbon nanotubes are generally pratuce
by three main techniques, arc discharge, lasetiabland chemical vapour deposition. Though scésti
are researching more economic ways to produce #tasgures. In arc discharge, a vapour is crelayed
an arc discharge between two carbon electrodesawxithithout catalyst. Nanotubes self-assemble from
the resulting carbon vapour. In the laser ablatechnique, a high-power laser beam impinges on a
volume of carbon —containing feedstock gas (methanearbon monoxide). At the moment, laser
ablation produces a small amount of clean nanotuklesreas arc discharge methods generally produce
large quantities of impure material. In generakmoical vapour deposition (CVD) results in MWNTSs or
poor quality SWNTs. The SWNTSs produced with CVD éavlarge diameter range, which can be poorly
controlled. But on the other hand, this method ésyveasy to scale up, what favours commercial
production.

3.2 Growth mechanism

The way in which nanotubes are formed is not eydctbwn. The growth mechanism is still a subject of
controversy, and more than one mechanism mighpbeative during the formation of CNTs. One of the
mechanisms consists out of three steps. Firstamer to the formation of nanotubes and fullere@&s

is formed on the surface of the metal catalystiglartFrom this metastable carbide particle, aiked|
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carbon is formed rapidly. Secondly there is a signaphitisation of its wall. This mechanism is based
on in-situ TEM observations.
The exact atmospheric conditions depend on thenitgel used, later on, these will be explained &mhe
technique as they are specific for a technique.altteal growth of the nanotube seems to be the fame
all techniques mentioned.

EXTRUSION OR ROOT GROWTH
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Figure 2.1: Visualisation of a possible carbon nartabe growth mechanism.

There are several theories on the exact growth amsim for nanotubes. One theoryl3 postulates that
metal catalyst particles are floating or are sufgzbon graphite or another substrate. It presuimas t
the catalyst particles are spherical or pear-shaipedhich case the deposition will take place ayo
one half of the surface (this is the lower curvatside for the pear shaped particles). The carbon
diffuses along the concentration gradient and pretes on the opposite half, around and below the
bisecting diameter. However, it does not precipitsom the apex of the hemisphere, which accounts
for the hollow core that is characteristic of théd@ments. For supported metals, filaments camfor
either by ‘extrusion (also known as base growth)'which the nanotube grows upwards from the
metal particles that remain attached to the suiestoa the particles detach and move at the hedbdeof
growing nanotube, labelled ‘tip-growth’. Depending the size of the catalyst particles, SWNT or
MWNT are grown. In arc discharge, if no catalyspresent in the graphite, MWNT will be grown on
the C2-particles that are formed in the plasma.

3.3 Arc discharge

The carbon arc discharge method, initially usedpi@ducing C60 fullerenes, is the most common and
perhaps easiest way to produce carbon nanotubissasather simple to undertake. However, it is a
technique that produces a mixture of componentsraqdires separating nanotubes from the soot and
the catalytic metals present in the crude product.

This method creates nanotubes through arc-vapasisatf two carbon rods placed end to end,
separated by approximately 1mm, in an enclosureishasually filled with inert gas (helium, argoai)

low pressure (between 50 and 700 mbar). Recenstigations have shown that it is also possible to
create nanotubes with the arc method in liquidoggnl14. A direct current of 50 to 100 A driven by
approximately 20 V creates a high temperature diggh between the two electrodes. The discharge
vaporises one of the carbon rods and forms a srodllshaped deposit on the other rod. Producing
nanotubes in high yield depends on the uniformityhe plasma arc and the temperature of the deposit
form on the carbon electrodel5.
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Insight in the growth mechanism is increasing angasurements have shown that different diameter
distributions have been found depending on the uméxbf helium and argon. These mixtures have
different diffusions coefficients and thermal contuities. These properties affect the speed with
which the carbon and catalyst molecules diffuse eodl., affecting nanotube diameter in the arc
process. This implies that single-layer tubulesleate and grow on metal particles in different size
depending on the quenching rate in the plasma tasdggests that temperature and carbon and metal
catalyst densities affect the diameter distributbbnanotubes15.

3.3.1 Synthesis of SWNT

If SWNTs are preferable, the anode has to be dep#dmetal catalyst, such as Fe, Co, Ni, Y or Mo.
A lot of elements and mixtures of elements havenldested by various authors16 and it is noted that
the results vary a lot, even though they use tmeselements. This is not surprising as experimental
conditions differ. The quantity and quality of theanotubes obtained depend on various parameters
such as the metal concentration, inert gas pres&imd of gas, the current and system geometry.
Usually the diameter is in the range of 1.2 to 4. A couple of ways to improve the process of arc
discharge are stated below.

a) Inert gas

The most common problems with SWNT synthesis aaé ttie product contains a lot of metal catalyst,
SWNTs have defects and purification is hard to grenf On the other hand, an advantage is that the
diameter can slightly be controlled by changingrthal transfer and diffusion, and hence
condensation of atomic carbon and metals betweerpthsma and the vicinity of the cathode can
control nanotube diameter in the arc process. Was shown in an experiment in which different
mixtures of inert gases were usedl7.

It appeared that argon, with a lower thermal cotidilg and diffusion coefficient, gave SWNTs with

a smaller diameter of approximately 1.2 nm. A Imétaof the average nanotube diameter showed a
0.2 nm diameter decrease per 10 % increase in angbam ratio, when nickel/yttrium was used
(C/NI/Y was 94.8:4.2:1) as catalyst.

b) Optical plasma control

A second way of control is plasma control by chaggihe anode to cathode distance (ACD). The
ACD is adjusted in order to obtain strong visiblertices around the cathode. This enhances anode
vaporisation, which improves nanotubes formatiommBined with controlling the argon-helium
mixture, one can simultaneously control the ma@p&cand microscopic parameters of the nanotubes
formed18.

With a nickel and yttrium catalyst (C/Ni/Y is 9448:1) the optimum nanotube yield was found at a
pressure of 660 mbar for pure helium and 100 mbampfire argon. The nanotube diameter ranges
from 1.27 to 1.37 nanometre.

b) Catalyst

Knowing that chemical vapour deposition (CVD) cogidle SWNTs with a diameter of 0.6-1.2 nm,
researchers tried the same catalyst as used in @vRrc discharge. Not all of the catalysts used
appeared to result in nanotubes for both methods.tlere seemed to be a correlation of diameter of
SWNTs synthesised by CVD and arc discharge

As a result, the diameter can be controllably legeo a range of 0.6-1.2 nm with arc-dischargengysi
mixture of Co and Mo in high concentrations as lgataresulted in this result. These diameters are
considerably smaller than 1.2-1.4 nm16, which is thsual size gained from arcdischarge.

c) Improvement of oxidation resistance
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There is also progress in developing methods toron® the oxidation resistance of the SWNTSs,
which is a consequence of the defects presentnotaobes. A strong oxidation resistance is needed fo
the nanotubes if they have to be used for apptinatsuch as field emission displays. Recent relsders
indicated that a modified arc-discharge methodguaibowl-like cathode, decreases the defects aras gi
cleaner nanotubes, and thus improves the oxidatgistance.

a b
+4— Anode
Anode

/
K

¥~ Cathode

f

Cathode

Figure 3.3: Schematic drawings of the electrode seps for (a) the conventional and (b) the new arc
discharge electrodes

The Raman spectrum of the newly synthesised naestabows that the nanotubes formed are cleaner
and less defective compared with those synthesisedonventional methods. The anode rod
contained Ni and Y catalyst (C /Ni/Y is 94.8:4.2:No information is given about the diameter size.

3.4 Laser ablation

In 1995, Smalley's group25 at Rice University réporthe synthesis of carbon nanotubes by laser
vaporisation. The laser vaporisation apparatus lise&malley's group is shown in. A pulsed 26, or
continuous laser is used to vaporise a graphiggetan an oven at 1200 °C. The main difference betw
continuous and pulsed laser, is that the pulsest Bsmands a much higher light intensity (100 kWW2cm
compared with 12 kW/cm2). The oven is filled witeliom or argon gas in order to keep the pressure at
500 Torr. A very hot vapour plume forms, then exgsand cools rapidly. As the vaporised species, cool
small carbon molecules and atoms quickly condem$eri larger clusters, possibly including fulleesn
The catalysts also begin to condense, but morelglainfirst, and attach to carbon clusters and @név
their closing into cage structures.30 Catalysts exgn open cage structures when they attach to.them
From these initial clusters, tubular molecules giote single-wall carbon nanotubes until the cattly
particles become too large, or until conditionsénhawoled sufficiently that carbon no longer cariudié
through or over the surface of the catalyst pasiclt is also possible that the particles becdmerhuch
coated with a carbon layer that they cannot abswke and the nanotube stops growing. The SWNTs
formed in this case are bundled together by vaneals forces.

There are some striking, but not exact similarjtiasthe comparison of the spectral emission ofitegc
species in laser ablation of a composite graplatget with that of laser-irradiated C60 vapour.sThi
suggests that fullerenes are also produced by édation of catalyst-filled graphite, as is theeavhen

no catalysts are included in the target. Howewdsssequent laser pulses excite fullerenes to emih@g
adsorbs on catalyst particles and feeds SWNT growibwever, there is insufficient evidence to
conclude this with certainty.

Laser ablation is almost similar to arc dischagiece the optimum background gas and catalyst six i
the same as in the arc discharge process. Thist iggdue to very similar reaction conditions needed
and the reactions probably occur with the same am@sh.

3.5 Chemical vapour deposition



Chemical vapour deposition (CVD) synthesis is agkieby putting a carbon source in the gas phase and
using an energy source, such as a plasma or divelsisheated coil, to transfer energy to a gaseous
carbon molecule. Commonly used gaseous carbon eounclude methane, carbon monoxide and
acetylene. The energy source is used to “crack”ntiedecule into reactive atomic carbon. Then, the
carbon diffuses towards the substrate, which ideldeand coated with a catalyst (usually a first row
transition metal such as Ni, Fe or Co) where it bilhd. Carbon nanotubes will be formed if the pop
parameters are maintained. Excellent alignment8lwell as positional control on nanometre scale32,
can be achieved by using CVD. Control over the di@m as well as the growth rate of the nanotubas c
also be maintained. The appropriate metal catabstpreferentially grow single rather than multile
nanotubes.

CVD carbon nanotube synthesis is essentially asi@p-process consisting of a catalyst preparatem s
followed by the actual synthesis of the nanotublee Tatalyst is generally prepared by sputtering a
transition metal onto a substrate and then usitigerechemical etching or thermal annealing to irduc
catalyst particle nucleation. Thermal annealingiltssn cluster formation on the substrate, fromalh
the nanotubes will grow. The temperatures for yrghesis of nanotubes by CVD are generally within
the 650-900 oC range. Typical yields for CVD arpragimately 30%.

These are the basic principles of the CVD procesghe last decennia, different techniques for the
carbon nanotubes synthesis with CVD have been dged] such as plasma enhanced CVD, thermal
chemical CVD, alcohol catalytic CVD, vapour phasevgh, aero gel-supported CVD and laserassisted
CVD.

3.6 Flame synthesis

This method is based on the controlled flame eewviorent, that produces the temperature, forms the
carbon atoms from the inexpensive hydrocarbon faal$ forms small aerosol metal catalyst islands.

SWNTs are grown on these metal islands in the saamer as in laser ablation and arc discharge.

4.0 Properties

4.1 General propertié$
Table: 4.1 General properties of cabon nanotubes

Parameter Value
Average Diameter of SWNT's 1.2-1.4 nm
Distance from opposite Carbon Atoms (Line 1) 3288
Analogous Carbon Atom Separation (Line 2) 2.A56
Parallel Carbon Bond Separation (Line 3) 2.45 A
Carbon Bond Length (Line 4) 1.42 A
C-C Tight Bonding Overlap Energy ~25eV
Group Symmetry (10, 10) C5Vv
Lattice: Bundles of Ropes of Nanotubes: Trianguktice(2D)
Lattice Constant 17 A
Lattice Parameter:

(10, 10) Armchair 16.78 A

(17, 0) Zigzag 16.52 A

(12, 6) Chiral 16.52A
Density:

(20, 10) Armchair 1.33 g/cm3

(17, 0) zZigzag 1.34 g/cm3

(12, 6) Chiral 1.40 g/cm3
Interlayer Spacing:

(n, n) Armchair 3.38A

(n, 0) Zigzag 3.41 A

(2n, n) Chira 13.39 A
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Optical Properties
Fundamental Gap:

For (n, m); n-m is divisible by 3 [Metallic] 0OeVv

For (n, m); n-m is not divisible by 3 [Semi-Qlutting] ~0.5eV
Electrical Transport
Conductance Quantization nx (12.9 kW)-1
Resistivity 10-4 W-cm
Maximum Current Density 1013 A/m2
Thermal Transport
Thermal Conductivity(Room Temperature) ~ 2000rvK
Phonon Mean Free Path ~ 100 nm
Relaxation Time ~10-11s
Elastic Behavior
Young's Modulus (SWNT) ~1TPa
Young's Modulus (MWNT) 1.28 TPa
Maximum Tensile Strength ~30 GPa

4.2 Mechanicét!

NxY
]

S
-0\ .‘!‘l %

The carbon nanotubes are expected to have highestsf and axial strength as a result of the cadayben sp
bonding. The practical application of the nanotulgegiires the study of the elastic response, thlastic behavior
and buckling, yield strength and fracture. Effottave been applied to the experimental and theaigtic
investigation of these properties.

Carbon nanotubes are one of the strongest andsstifiaterials known, in terms of tensile strengtth a
elastic modulus respectively. This strength restritsn the covalent sp2 bonds formed between the
individual carbon atoms. In 2000, a multi-walledlbzn nanotube was tested to have a tensile strerfgth
63 GPd?? In comparison, high-carbon steel has a tensingth of approximately 1.2 GPa. CNTs have
very high elastic moduli, on the order of 1 TPASince carbon nanotubes have a low density fofid so
of 1.3-1.4 g/lem®® its specific strength of up to 48,462 kN-m/kg ke tbest of known materials,
compared to high-carbon steel's 154 kN-m/kg.

Under excessive tensile strain, the tubes will ugoelastic deformation, which means the defornmatio
is permanent. This deformation begins at strainappiroximately 5%* and can increase the maximum
strain the tube undergoes before fracture by rglgatrain energy.

CNTs are not nearly as strong under compressiotaige of their hollow structure and high aspeab rat
they tend to undergo buckling when placed underpressive, torsional or bending stress.
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Table: 4.2 Young's modulus, tensile strength and ahsity of carbon nanotubes compared with some
other materials

Material Young's modulus GPa Tenisle strength GPa Density (g/cn?)
Single wall nanotube 1050 150

Multi wall nanotube 1200 150 2.6

Stee 1208 0.4 7.8

Epoxy 3.5 0.005 1.25

Wood 16 0.008 0.6

4.3 Electricaf®

Because of the symmetry and unique electronic tsireof graphene, the structure of a nanotube gityon
affects its electrical properties. For a givamm) nanotube, ih - mis a multiple of 3, then the nanotube is
metallic, otherwise the nanotube is a semicondudious all armchaimEm) nanotubes are metallic, and
nanotubes (5,0), (6,4), (9,1), etc. are semicomaigictn theory, metallic nanotubes can have antetat
current density more than 1,000 times greater thatals such as silver and copper.

Carbon nanotubes have some distinct electrical gotigs. One of the important properties of carbon
nanotube is that it can exhibit the characteristica metal or a semiconductor [6]. Specially, émergy
gap is determined by the rolling direction of narts.

_— armchair’

Fig. 4.3 Conducting property of CNT depends on geoetry of graphite sheet

In Figure 5.1, Ch is Mamada vector connecting twestallographical equivalent sites, and and are the
unit vectors of the unit cell. Ch= n+, wherenand eartegers. The nanotube is formed by connecting A
and A’ point. There is a simple rule to determihéhe nanotube acts as a metal or a semiconduttor:
(n+)/3 = integer, nanotube acts as a metal otherwiacts as a semiconductor. Due to the minissizie

of the nanotube, the electrical conductivity is swead by the four point probe method to determiee t
sheet resistance. The four point probe method messhie resistivity of any semiconductor matedl.

the same time, nanotubes have been studied to swaikehes and transistors, which would be much
smaller than the silicon chips currently used. Wiees made by nanotubes are capable of currents tha
are 100 times greater than metal wires, making todnes useful in the production of flat panels.
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4.4 Thermdf

All nanotubes are expected to be very good thewguoaluctors along the tube, exhibiting a property
known as "ballistic conduction,” but good insulatdaterally to the tube axis. It is predicted tbatbon
nanotubes will be able to transmit up to 6000 wa#s meter per kelvin at room temperature; compare
this to copper, a metal well-known for its goodrthal conductivity, which only transmits 385 W/m/K.
The temperature stability of carbon nanotubes tisnased to be up to 2800 degrees Celsius in vacuum
and about 750 degrees Celsius in air.

4.5 Opticaf!

Fluorescence occurs when a substance absorbs eeéeength of light and emits a different wavelength
in response. The Rice experiments, conducted byll&ysagroup and the photophysics research team of
chemist R. Bruce Weisman, found that nanotubesrbbdoand gave off light in the near-infrared
spectrum, which could prove useful in biomedical aanoelectronics applications.

4.6 Magnetié!

Physicists have shown that carbon nanotubes camm@emagnetized when they are placed in contact
with a magnetic material. Michael Coey of Trinityoll@ge in Dublin and colleagues believe the
mechanism relies on the transfer of spin — carbgdelectrons — from the magnetic substrate to the
nanotube.

It is widely believed that graphite and other foraiscarbon can have ferromagnetic properties, heit t
effects are so weak that physicists are not sutbefmagnetism is due to tiny amounts of iron-rich
impurities, or if it is an intrinsic property of éhcarbon. In 2002 Coey’'s group measured the magneti
properties of a meteorite sample and found that twb-thirds of the magnetization could be accodnte
for by magnetic minerals present in the sample. fEs¢, they argued, must come from the carbon. In
particular, they proposed that ferromagnetic naysiafs in the sample induced a magnetic momertan t
carbon via proximity effects.

The basic electrical properties of semiconductiadpen nanotubes change when they are placed iaside
magnetic field. The phenomenon is unique among knowaterials, and it could cause semiconducting
nanotubes to transform into metals in even strongegnetic fields.

Scientists found that the "band gap" of semicoridgchanotubes shrank steadily in the presence of a
strong magnetic force, said lead researcher Junidkono, an assistant professor of electrical and
computer engineering at Rice University. The redeawhich involved a multidisciplinary team of
electrical engineers, chemists and physicists,shegmfirm quantum mechanical theories offered more
than four decades ago, and it sheds new light ®itilque electrical properties of carbon nanotutiesg,
cylinders of carbon that measure just one-billiositl meter in diameter.

4.7 Field emission properties of carbon nanotgbes

Buckytubes are the best known field emitters of araterial. This is understandable, given their high
electrical conductivity, and the unbeatable shaspnef their tip (the sharper the tip, the more
concentrated will be an electric field, leadinditdd emission; this is the same reason lightemods are
sharp). The sharpness of the tip also means tbgteimit at especially low voltage, an important fac
building electrical devices that utilize this feeuBuckytubes can carry an astonishingly high emnirr
density, possibly as high as 1013 AfcrRurthermore, the current is extremely stable [B/Ai, et al.
Appl. Phys. Lett. 79 1172 (2001)].

An immediate application of this behaviour recegvconsiderable interest is in field-emission flarpl
displays. Instead of a single electron gun, as traditional cathode ray tube display, here thera i
separate electron gun (or many) for each pixehendisplay. The high current density, low turn-owl a
operating voltage, and steady, long-lived behavinake buckytubes attract field emitters to enahile t
application.
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Other applications utilising the field-emission d&eristics of buckytubes include: general cold-
cathode lighting sources, lightning arrestors, eledtron microscope sources.

4.8 Electron in carbon nanotdBe

The unique electronic properties of carbon nanawre due to the quantum confinement of electrons
normal to the nanotube axis. In the radial diregtelectrons are confined by the monolayer thickrads
the graphene sheet. Around the circumference oh#metube, periodic boundary conditions come into
play. For example, if a zigzag or armchair nanothhag 10 hexagons around its circumference, the 11th
hexagonal will coincide with the first. Going arauthe cylinder once introduces a phase differerice o
210

Because of this quantum confinement, electronsoo#npropagate along the nanotube axis, and so thei
wavevectors point in this direction. The resultimgmber of one-dimensional conduction and valence
bands effectively depends on the standing wavédsatkaset up around the circumference of the néeotu
These simple ideas can be used to calculate tperdisn relations of the one-dimensional bandschwhi
link wavevector to energy, from the well known disgon relation in a graphene sheet.

5.0 Application$?

Carbon nanotubes are one of the most promisingrialstéor the electronics, computer and aerospace
industries. There are numerous properties of canamotubes that make them attractive for applioatio

in neurobiology: small size, flexibility, strengthnertness, electrical conductivity and ease of
modification with biological compounds.

Carbon nanotubes and their derivatives can be aseslibstrates/scaffolds for neural cell growth. The
chemical properties of carbon nanotubes can bemgdically varied by attaching different functional
groups; manipulation of the charge carried by fiometlized carbon nanotubes can be used to cotigol t
outgrowth and branching pattern of neuronal praees$he ease with which carbon nanotubes can be
patterned makes them attractive for studying thgamization of neural networks and the electrical
conductivity of nanotubes can provide a mechansmanitor or stimulate neurons through the sulestrat
itself. However, it is important to recognize thedrbon nanotubes themselves can affect neuronal
function, most likely by interaction with ion chagis.

The use of carbon nanotubes in neurobiology isoming application that has the potential to depel
new methods and technigues to advance the stuggupbscience.

Carbon nanotubes are a relatively novel materiathvhave extreme parameters due to their very high
aspect ratio (allowing high tensile strength, eleat and thermal conductivities). Whilst the Nargi$
instruments do not currently allow for informati@bout the morphology of the nanopatrticles to be
extracted, a sphere-equivalent size does allowerdiftiation between nanotubes of different sizes.

5.1 The space elevator comes closer to r&lity

Stronger than steel

Both U.S. and Japanese firms, among others, argimgnup production of carbon nanotubes, with tons
of this now exotic matter soon to be available. afTquantity of material is going to be around well
before five years time. It's not going to take Igrge said.

Given the far stronger-than-steel ribbon of carlmamotubes, a space elevator could be up within a
decade. "There's no real serious stumbling blo¢kisy" Edwards explained.

"The making of carbon nanotubes is moving very kjlicaid Hayam Benaroya, a professor in the
Department of Mechanical and Aerospace EngineeasinButgers in Piscataway, New Jersey. "We're
moving from the scientific stage of just developthgm to actual commercial entities producing them
ton-like quantities," he said.

"Perhaps within our lifetimes we might actually seal designs of skyhooks and space tethers, these
kinds of things. They may be feasible at reasonatie,” Benaroya said.

Reel world high-wire act
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Getting the first space elevator off the groundidally, would use two space shuttle flights. Twetains

of cable and reel would be kicked up to geosynabwsraltitude by an upper stage motor. The cable is
then snaked to Earth and attached to an ocean-basbdr station, situated within the equatorialifitac
That platform would be similar to the structuredi$ar the Sea Launch expendable rocket program.
Once secure, a platform-based free-electron laggers is used to beam energy to photocell-laden
"climbers". These are automated devices that hdaritial ribbon skyward. Each climber adds mand a
more ribbon to the first, thereby increasing thble'a overall strength. Some two-and-a-half yeatwsr)
and using nearly 300 climbers, a first space etevatpable of supporting over 20-tons (20,000-
kilograms) is ready for service.

Using a laser beam to boost the climbers into spadeable, said Harold Bennett, president of B&nne
Optical Research, Inc. of Ridgecrest, Californid.ybu do it right, you can take out 96 percenttio#
effect of the atmosphere on the laser beam thrawlgiptive optics,"” he said. The strength of thequlls
laser beam is less than the intensity of the Smubjrsls, airplanes, or human eyes wouldn't be tdtede
said.

Building the impossible

The elevator to space concept does entail aggeesesearch work. As example, Edwards said he is
looking into the environmental impacts stemmingfrelevator operations. Being studied too is impact
of lightning, wind and clouds on an Earth-to-speable system. Space elevators for use on othedsyjorl
like Mars and the Moon are receiving attention afi.w

One thing to keep in mind. Building the impossiisielone here on Earth routinely, Edwards said.

Take for instance the $13.5 billion Millennium Tawenvisioned for Hong Kong Harbor. This incredible
skyscraper would be 170 stories tall. Elevatorfizafithin its walls is estimated at 100,000 peopkr
day.

Edwards also points to the Gibraltar Bridge projéctvould span the Straits of Gibraltar, linkingein
and Morocco at a projected cost of $20 billion. Dhielge would use towers, twice as high as the dt@rl
tallest skyscraper. Roughly 1,000,000 miles (1,800 kilometers) of wire cables would be utilizedhe
project.

Fig. 5.1 High strength CNT that is very useful forspace elevator
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5.2  SupercapacitBt

A supercapacitor or ultracapacitor is an electraghal capacitor that has an unusually high energy
density when compared to common capacitors. They#fparticular interest in automotive applications
for electric (including hybrid electric) vehicleadias supplementary storage for battery electhacles.
Supercapacitors that can deliver a strong surgeeatrical power could be manufactured from carbon
nanotubes using a technique developed by researcheat ucC Davis.
Supercapacitors are electrical storage devicescdratdeliver a huge amount of energy in a shoré.tim
Hybrid-electric and fuel-cell powered vehicles nesath a surge of energy to start, more than can be
provided by regular batteries. Supercapacitors adse needed in a wide range of electronic and
engineering applications, wherever a large, rapidgof energy is required.

Fig.5.2:(Left) TEM Micrographs of multi wall coaxial nandtes with various inner and outer diameters,
di and do, and numbers of cylindrical shells N régb by llijima in 1991: (A) N =5, do = 6.7nm; (B)
=2, do =5.5nm; and (C) N =7, di = 2.3nm, do 5nén. (Right) SEM micrograph of a film of vertically
aligned CNTs with estimated density of 107tubes/mm2

A matrix of vertically aligned carbon nanotube (ONAas been investigated as a DLC electrode (see
Fig.5.2 right). Our analysis shows that this comfegion can provide a combination of high power
density (more than four orders of magnitude grethign fuel cells) and energy density (comparabla-to

lon batteries). The significant enhancement inableievable DLC power density derives from the high
conductivity obtainable with CNTs, which in the linof a few microns in length present ballistic
conduction. The energy density improvement of antrtabe enhanced electrode” is due to the higher
effective surface area obtainable with a struchased on vertically aligned nanotubes over activate
carbon.

The electrochemical properties of these nanotubgtreldes were studied by cyclic voltammetry in 1.0M
H2SOsaqueous solution. The typical cyclic voltammogrd@¥s) are

shown in Fig.6.3, 6.4, 6.5 and 6.6. These CVs @atufeless voltammograms and no Faradic peaks can
be observed between 0 to 0.9 V (vs. SCE). Thidtraag also been observed for the singlewalledararb
nanotubes.

Rectangular-shaped cyclic voltammograms over a watege of scan rates is the ultimate goal in
electrochemical double-layer capacitors. This ba&ras very important for practical applications.
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Figure 5.3 Cyclic voltammogram of samplel, in 1.BI2ISO4 aqueous solution. Sample 1: carbon
nanotubes were grown directly on the graphite shidestrate covered with activated carbon. Scan rate
100mV/s.

Figure 5.4 Cyclic voltammogram of sample 1, in 1.BIISO4 aqueous solution. Sample 1: carbon
nanotubes were grown directly on the graphite shigestrate covered with activated carbon. Scan rate

25mV/s.
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Figure 5.5 Cyclic voltammogram of sample 2, in 1.BIISO4 aqueous solution. Sample 2: carbon
nanotubes were grown directly on the graphite si8setn rate: 100mV/s

Figure 5.6 Cyclic voltammogram of sample 2, in 1.BIISO4 aqueous solution. Sample 2: carbon
nanotubes were grown directly on the graphite si8s=ztn rate: 25mV/s

In Fig.5.3, 5.4, 5.5 and 5.6, These carbon nanodldxerodes can retain the rectangular shape ofUpVvs

to a high scan rate (100mV/s). This means the ehargl discharge processes are very fast at the
interface between the nanotube electrode and elgtetrsolution. The featureless CVs and high speéds
charge and discharge suggest a possible applicafighis kind of multi-walled carbon nanotubes to
supercapacitor. The material is stable on cyclimgl @mo significant difference can be seen after
continuous cycles over 30 cycles.

The results in Fig.5.3, 5.4, 5.5 and 5.6, show that electrochemical capacitance of the electrode
increases obviously when carbon nanotubes are gomathe substrates. The mass of carbon nanotubes
grown on the substrate is obtained from the diffeeeof total weight of the electrode before andratte
growth of carbon nanotubes. The capacitance isiledéd from the CV curves, with C[it/AV, where i
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is the current. The increases of the effective ciégace per unit weight of carbon nanotubes
can be calculated, for example, at the scan ra@bwoiV/s, are 98.6 F/g and 140 F/g for sample 1 and
sample 2, respectively.

5.3 Hydrogen Stora§é

Another property of carbon nanotubes is their gbib quickly adsorb high densities of hydrogemaam
temperature and atmospheric pressure. The resgargp at the National Renewable Energy Laboratory
already confirms that SWNTs are capable of stohggrogen at densities of more than 63kg/m”3.
Researchers have found that the interaction ofdggir and SWNT is between the Van der Waals force
of the SWMT and the chemical bonds of the hydrogetecule (as opposed to being due to hydrogen
dissociation).

Hydrogen is the cleanest, sustainable and renewaisdegy carrier, and a hydrogen energy system is
expected to progressively replace the existingilfssls in the future, the latter are being deptevery

fast and causes severe environmental problemsaiticplar, one potential use of hydrogen lies in
powering zero-emission vehicles via a proton exgeamembrane fuel cell to reduce atmosphere
pollution. To achieve this goal feasible onboardifogen storage systems have to be developed. The
recent discovery of the high and reversible hydnogf@rage capacity of carbon nanotubes makes such a
system very promising. In this overview, theordtmadictions and experimental results on the hgdro
uptake of carbon nanotubes and nanofibers are stimedaand we point out that, in order to accekerat
the development of carbon nanotubes and nanofdsesspractical hydrogen storage medium in fuet cell
driven vehicles, many efforts have to be made pooguce and verify the results both theoreticafig a
experimentally, and to investigate their volumetapacity, cycling characteristics and release Wieha

Due to its high surface area and abundant poremalyorous carbon is considered as good adsorbent.
For conventional porous carbon, the hydrogen uptakeo-portional to its surface area and pore mau
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Figure 5.7 Temperature and pressure-dependent behar of hydrogen storage

Due to its high surface area and abundant poremalyorous carbon is considered as good adsorbent.
For conventional porous carbon, the hydrogen uptakeo-portional to its surface area and pore m&u

5.4 Memory devicg

Because of its ability to store information asregi electronic charge, nanotubes have the poteotize
used in the design of memory devices. A singletedads discrete, and thus needs less energy er ood
change the state of the memory. Such a design vatsidtake advantage of the high mobility of SWMT,
which is ten times greater than that of silicon.
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Figure 5.89 Nanotube single-electron memory cell.he dark blocks at the top and the bottom are
the source and drain and the vertical dark line isyxanotube.

5.5 Carbon nanotube in Atomic force microsc8py

The carbon atoms of a single (graphene) sheetagfhife form a planar honeycomb lattice, in which
each atom is connected via a strong chemical bordrée neighboring atoms. Because of these strong
bonds, the basal-plane elastic modulus of grapsit;ne of the largest of any known material. Fas th
reason, CNTs are expected to be the ultimate higingth fibers. SWNTs are stiffer than steel, aral
very resistant to damage from physical forces.s$tng on the tip of a nanotube will cause it todydyut
without damage to the tip. When the force is reaib\the tip returns to its original state. Thieparty
makes CNTSs very useful as probe tips for very higgelution scanning probe microscopy.

Quantifying these effects has been rather diffjcaitd an exact numerical value has not been agreed
upon. Using an atomic force microscope (AFM), tin@nchored ends of a freestanding nanotube can be
pushed out of their equilibrium position and thecéorequired to push the nanotube can be measured.
The current Young’'s modulus value of SWNTSs is akibdteraPascal, but this value has been disputed,
and a value as high as 1.8 Tpa has been repo@dter values significantly higher than that hawsoal
been reported. The differences probably ariseutiiradifferent experimental measurement techniques.
Others have shown theoretically that the Young'sduhas depends on the size and chirality of the
SWNTs, ranging from 1.22 Tpa to 1.26 Tpa. Theyehaalculated a value of 1.09 Tpa for a generic
nanotube. However, when working with different MW others have noted that the modulus
measurements of MWNTs using AFM techniques do trohgly depend on the diameter. Instead, they
argue that the modulus of the MWNTSs correlatesheoamount of disorder in the nanotube walls. Not
surprisingly, when MWNTSs break, the outermost layeneak first.

2The mechanical properties of SiC nanorods and MWMEse measured by use of atomic force
microscopy (AFM). The MWNTs were pinned at one eidmolybdenum disulfide surfaces by
depositing pads of silicon oxide through a shalloask Fig. 33. In this method, the AFM tip can be
moved perpendicular to the tube and record thedaterce arising from the elastic displacementhaf
beam by the tip. Large displacements can lead ¢&limg, plastic deformation or fracture of the nare

and thereby determine its strength.

For small displacements the nanotube can be detbmiteout damage. In the latter regime, the bending
force was measured versus displacement along thiened length. These data are used in the equation
of the deflected nanotubes considering them asowolhomogeneous cylindrical cantilevers. The
integration of this equation yields the appliedc#orin terms of the Young’s modulus and the
displacement of the nanotube. The estimated Youmgdulus was 1.26 TPa. It was found that nanotube
buckle elastically at large deflection angles 008 for length of 1 mm. The bending strength is rokedi

as the force per unit area at the buckling poicabee the stiffness drops substantially at thiatpdihe
average bending strength was 14:2 _ 8:0 GPa, suiadiyasmaller than for SiC nanorods. The touglsnes
refers to the elastic energy stored by the matdérmdbre failure. The estimate for a 30 nm diameter
nanotube was 100 keV, which is an order of mageitlatiger than the strain energy storage in SiC
nanorods. Therefore, the ability of nanotubes astetally sustain loads at large deflection anglesbles



19
them to store or absorb considerable energy usedV Aps to apply tensile load to MWNTs and
measured breaking strength of MWNTSs between 1168n@Pa and Young’s modulus between 270 and
950 GPa.

AFM Tip

<

MWNT

Substrate

S S S S S S

Fig. 5.9. Schematic representation of the MWNT bendg with an AFM tip
5.6 Molecular Electronié&d

The idea of building electronic circuits out of thgsential building blocks of materials - moleculéms
seen a revival the past five years, and is a keyoment of nanotechnology. In any electronic cirduut
particularly as dimensions shrink to the nanosdhake jnterconnections between switches and othereac
devices become increasingly important. Their gdomeelectrical conductivity, and ability to be
precisely derived, make CNTs the ideal candidatestlie connections in molecular electronics. In
addition, they have been demonstrated as swittleesselves.

5.7 Thermal Materiald

The record-setting anisotropic thermal conductiafyCNTs is enabling many applications where heat
needs to move from one place to another. Such aficafon is found in electronics, particularly
advanced computing, where uncooled chips now relytireach over 10C.

The technology for creating aligned structures @ldons of CNTs [D.Walters, et al., Chem. Physt.Let
338 14 (2001)] is a step toward realizing incredibfficient heat conduits. In addition, compositeshwi
CNTs have been shown to dramatically increase thelik thermal conductivity, even at very small
loadings.

5.8 Biomedicaf!

The exploration of CNTs in biomedical applicatiogagust underway, but has significant potentiahc®i

a large part of the human body consists of carltois, generally though of as a very biocompatible
material. Cells have been shown to grow on CNa@ghey appear to have no toxic effect. The cels al
do not adhere to the CNTSs, potentially giving tisepplications such as coatings for prosthetissyall

as anti-fouling coatings for ships.

The ability to functionalize (chemically modify) eéhsidewalls of CNTs also leads to biomedical
applications such as vascular stents, and neuatigrand regeneration. It has also been shownathat
single strand of DNA can be bonded to a nanotulbécwcan then be successfully inserted into a cell.

5.9  Air and water filtratiof

Many researchers and corporations have alreadyiafmae CNT based air and water filtration devic#s.
has been reported that these filters can not dolgklthe smallest particles but also kill most leaiet
This is another area where CNTs have already bemmercialized and products are on the market now.
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5.9.1 Other applicatiofs

The special nature of carbon combines with the ocutée perfection of single-wall CNTs to endow them
with exceptional material properties, such as Maigh electrical and thermal conductivity, strength,
stiffness, and toughness. No other element in gregic table bonds to itself in an extended nekwor
with the strength of the carbon-carbon bond. THea#ddized pi-electron donated by each atom is foee
move about the entire structure, rather than remain its donor atom, giving rise to the first know
molecule with metallic-type electrical conductivifyurthermore, the high-frequency carbon-carbordbon
vibrations provide an intrinsic thermal conductpitigher than even diamond.

In most materials, however, the actual observednahfproperties - strength, electrical conducyivétc.

are degraded very substantially by the occurrefcefects in their structure. For example, higlesgith
steel typically fails at only about 1% of its thetical breaking strength. CNTs, however, achievaes
very close to their theoretical limits becausehefit molecular perfection of structure.

This aspect is part of the unique story of CNTNTE are an example of true nanotechnology: they are
only about a nanometer in diameter, but are moésctilat can be manipulated chemically and physicall
in very useful ways. They open an incredible ran§epplications in materials science, electronics,
chemical processing, energy management, and many fi¢lds.

Carbon nanotubes have prompted intense reseaectvihe variety of disciplines ranging from biolotgy
physics. A complete enumeration of all possibleliappons

There is a wealth of other potential applicatioos €NTs, such as solar collection; nanoporousr§ijte
catalyst supports; and coatings of all sorts. Tlaeeealmost certainly many unanticipated applicetifor
this remarkable material that will come to lighttire years ahead, and which may prove to be thé mos
important and valuable ones of all. Many reseanstare looking into conductive and or water proof
paper made with CNTs. CNTs have also been showbgorb Infrared light and may have applications
in the I/R Optics Industry.

6.0 Conclusions

This carbon modification is intermediate in itsusture between the graphite and fullerenes. However
many properties of carbon nanotubes have nothimgnuan with neither graphite nor fullerenes. It
permits the consideration and study of nanotubesawiginal substance, having the unique physiodl
chemical characteristics.

The investigations of carbon nanotubes are of antiat basic and applied interest. The basic istetiee
this object is caused firstly by its unusual stnoetand physical and chemical properties varied ave
wide range, depending on their chirality. Manyluége properties serve up till now as a subjeattehse
investigations directed to the determination of netgresting peculiarities in behaviour of nanotlre
one specified situation or another. There are wiliting for their solution the problems relating the
statement of the growth mechanism for carbon n&m@stun various experimental conditions, to the
nature of their magnetic properties, to the degvéeelectron localization in pure and intercalated
nanotubes, etc. The problem of applied usage aftoaes is closely adjacent to the problem of stuglyi
their basic properties. The solution to the fornmeits turn depends on the nanotube productionepric
exceeding notably at the moment that for gold, Whapparently excludes a possibility of large scale
application of this material.

Nevertheless such properties of nanotubes as ditya size, good conductivity, high emission
characteristics, good chemical stability in thesprece of considerable porosity and ability to jpnious
chemical radicals permit us to hope for effectipplecations of nanotubes in such fields as meagurin
engineering, electronics and nanotechnologies, wantechnologies etc. In the case of successful
solution to these problems we shall witness toranee impressive example of the effective influeate
basic research on the scientific and technologieaklopment.
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