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ABSTRACT

In this paper we review history, types, structure and different synthesis methods for carbon nanotubes (CNTS)
including arc discharge, laser ablation & chemical vapor deposition. CNTs are hollow carbon structures with one
or more walls, a small diameter on the nanometer scale and a large length in comparison. Because of their
remarkabl e electronic and mechanical properties, they are unique and exciting and offer tremendous opportunities
for the development of fundamentally new material systems. These cylindrical carbon molecules have novel
properties that make them potentially useful in many applications in nanotechnology. Their unique surface area,
stiffness, strength and resilience have led to much excitement in the field of pharmacy.
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INTRODUCTION

The word nanotube is derived from their size, beeathe diameter of a nanotube is on the order tdwa
nanometers (approximately 50,000 times smaller tthen width of a human hair) and can be up to sévera
micrometers in length. A nanotube (also known backytube) is a member of the fullerene structtaalily.

Carbon nanotubes (CNTs) are hollow carbon strustuith one or more walls, a small diameter on theometer
scale and a large length in comparison. They exlibiell-ordered arrangement of carbon atoms linkiedsp
bonds which renders them among the stiffest amhgést fibres knowhf. Carbon nanotubes possess many novel
properties (outstanding mechanical, electricalfrttad, and chemical properties: 100 times strongen tsteel, best
field emission emitters, can maintain current dgnaf more than 10-9 A/cmz, thermal conductivityngoarable to
that of diamond) which make them potentially uséfud wide variety of applicatiohge.g optics, nanoelectronics,
composite materials, conductive polymers, sensoc$,

ORIGINS OF FULLERENES

Carbon has been thoroughly studied and its pragsekinown and documented for many years. Readilybguny

with many different elements, carbon is found inimerable simple and complex molecular compounas/i¢us
to 1985, however, pure carbon was thought to ériginly two naturally occurring, solid forms: diant and
graphite. This all changed in 1985 and scientistseviorced to alter their perception of the natwatld with the
discovery of a third allotropic form of solid camahe buckminsterfullerene. Buckminsterfullererasthe more
affectionately named, “buckyball,” are symmetrichhll- shaped molecules consisting of sixty cartadoms
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arranged in an icosahedral geometric structuremiieg a soccer ball. Buckminster fullerenes arensmed
because of their resemblance to the geodesic doowuses created by famed architect R. BuckmirStdier’.

Figure 1: 3D Visualization of the Buckminster Fulleene Molecule

Buckyballs were discovered by accident in August@85 at Rice University in Houston Texas by Rich@malley
and Harry Krot. They vaporized a sample of graphite with anriséepulse of laser light and used a stream of
helium gas to carry the vaporized carbon into asnsagctrometer. The mass spectrum showed peaksponding

to clusters of carbon atoms, with a particularisosy peak corresponding to molecules composed ofaBbBon
atoms, Go. After this discovery, other related moleculesg(@C;0, C;6 and G,) composed of only carbon atoms
were also discovered and the buckyball were reeeghas a new allotrope of carbon. This new classadfon
molecules is called the fullerenes.

Fullerenes are large, closed-cage, carbon cluatgishave several special properties that were owotdf in any
other compound befofe Fullerenes consist of hexagons and pentagorisfdha a spherical shape. Herewith,
fullerenes were discovered and their stability lie gas phase was proven. The search for otherdn#e had
started.

DISCOVERY OF CARBON NANOTUBES:

Carbon nanotubes, originally discovered by lijimal991, are structures made up of thin sheets wfdme ring
carbons rolled up into the shape of a seamlesadafiand are often capped on at least one end dphearical
buckyball structure. These light, chemically stabj$inders conduct heat better than diamond andoaezof the
strongest materials in existeAc€ENTs amazing physical properties have astoundsearchers from nearly every
field of science, providing them with a promisingwtool full of potential.

Carbon nanotubes (CNTSs) are hollow carbon strustutith one or more walls, a small diameter on theameter
scale and a large length in comparison. The bonifingarbon nanotubes is spvith each atom joined to three
neighbours, as in graphite. The tubes can therdfereonsidered as rolled-up graphene sheets (grapbkean
individual graphite layer). This bonding structuwehich is stronger than the%ponds found in diamond, provides
the molecules with their unique strength. Undemhpgessure, nanotubes can merge together, tradimg sp
bonds for sp bonds, giving the possibility of producing stronglimited length wires through high-pressure

nanotube linking*.
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Figure 2: Structure of carbon nanotube

NANOTUBE GEOMETRY:

Carbon nanotubes (CNTs) are rolled up seamlesadans of graphene sheets, exhibiting many uniqusigdl,
mechanical and chemical properties which have giédaremendous interest in the past decade. Depgodirthe
number of graphene layers from which a single n#mmis composed, CNTs are classified as singleediadarbon
nanotubes (SWNTs) and multi-walled carbon nanot@#&NTs)*2

917



Kumkum Sarangdevotand B. S. Sonigara J. Chem. Pharm. Res., 2015, 7(6):916-933

Single -walled carbon nanotubes (SWNTS):

SWNTs were discoverétiin 1993.These are the stars of the nanotube wand,somewhat reclusive ones at that,
being much harder to make than the multi-walledetgr SWNTSs consisting of a single sheet of carbenzene
rings wrapped into the shape of a cylinder of 1rRdiameter and lengths ranging from as short asrd@p to 1
cm. They are almost always closed at each endfoesene cage. The caps closing a SWNT, overwhedigi are
one half of a buckyball molecule at each end. Atspnt, most SWNT’s are found in curled and curteahds
rather than straight lines. Variations in the angflehe graphite planes that make up the bulk sfngle-walled
nanotube form the basis of how they are classifiée way the graphene sheet wraps can be reprddeyte pair
of indices , m) called the chiral vector. The relationship betweeand m defines three categories of CNTSs.
“Zigzag” nanotubes are so named because the ahgleieh the garphene sheet is rolled up makesrélighto the
row of zigzag bonds in the hexagonal structure© orm= 0 and chiral angle equal t8)0“Armchair” nanotubes
are so named because the graphene sheet rollsampaatgle that is perpendicular to the bonds inhiiseagonal
lattice arm chairr{= m and chiral angle equal to 30The last classification, chiral nanotubes, Hasets aligned
along the cylinder at some chiral angle other thanchair or zigzag (other valuesroindm and chiral angles lie
between 0 and 3p
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Figure 3: SWNT lattice structure®

armchair zigzag chiral

Figure 4: Molecular modals of (a) armchair configuation, (b) zig-zag arrangement, andg) chiral conformation

SWNTs with different chiral vectors have dissimilaoperties such as optical activity, mechanice¢rgjth and
electrical conductivity. SWNTSs exhibit importaneetric properties that are not shown by MWNTSs. Tast basic
building block of these systems is the electriceveind these are excellent condudfors

SWNTs were used in the development of the firsamblecular field-effect transistors (FETs) anddmolecular
logic gate using SWNT FETS.To create a logic gate, a p-FET and an n-FET egaired. Because SWNTSs are p-
FETs when exposed to air and n-FETs when unexpmserlygen, they were able to protect half of a SWhém
oxygen exposure, while exposing the rest to oxygéis results in a single SWNT that act as a NQjidgate with
both p- and n-type FETs within the same molecule.
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Multi Walled carbon nanotubes (MWNTSs):

MWNTSs consist of multiple layers of graphite rolléd on themselves to form a tube shape with anrlayer
spacing of 3.4 A. The outer diameter of MWNTs magge from 1 to 50 nm while the inner diameter isally of
several nanometers. Two models are used to destrmbstructures of MWNTSs such as tRessian Doll model
where the sheets of graphite are arranged in ctniceglinders,e.g., a (0, 8) SWNT within a larger (0, 10) SWNT
and in the parchment model, a single sheet of gephrolled in around itself. The interlayer diste in MWNTSs
is close to the distance between graphene layemaphite, approximately 3.4 (330 pth)

Table 1- Comparison between SWNT and MWNT

SI. SWNT MWNT
No.
1. Single layer of graphene. Multiple layer of graphene.
2. Catalyst is required for synthesis. Can be produced without catalyst.
3 Bulk synth_eS|s |s'(_:i|ff|cu|t as it requires propesntrol over growth and Bulk synthesis is easy.
atmospheric condition.
4. Purity is poor. Purity is high.
5. A chance of defect is more during functionalat A _chance_ of defect is less but once occurred |it's
difficult to improve.
6. Less accumulation in boc More accumulation in bod
7. Characterization and evaluation is easy. Iteag complex structure.
8. It can be easily twisted and are more pliable. t cahnot be easily twisted.
Figure 5: MWNT with multiple concentric tubes of graphene
PROPERTIES

Interest in CNTs has grown at a very rapid rateabee of their many exceptional properties, whicansthe
spectrum from mechanical robustness to novel @lgitttransport properties.

Mechanical properties

The small diameter of a carbon nanotube has anriamoeffect on the mechanical properties, compavit
traditional micron-size graphitic fibéfs Perhaps the most striking effect is the oppofyutd associate high
flexibility and high strength with high stiffness property that is absent in graphite fibers.

Tensile strength:
CNTs are the strongest and stiffest materials oilnga terms of tensile strength and elastic madukspectively.

The SWCNT is about 100 times stronger than steglpge-sixth of its weight. Its hollow center arfdcken-wire-
like structure makes it very light, being 1/6th thieight of copper, and about half the weight ofgihunt®, It is

extremely challenging to measure the tensile streafjCNTs. Tensile load testing was performed hyeal® on

SWCNT bundles and tensile strength values rangingif13 to 52 GPa were reported. ¥ual®® have also
conducted tensile testing of MWCNTSs. It was fouhdttonly the outermost layer breaks during theilupg@rocess
.The tensile strength corresponding to this layfe€WT ranges from 11 to 63 GPa. Nanotubes get #teéngth
from the strong carbon-to-carbon bonds that hodgbtiver its fullerene lattice. Each carbon is cavidyebonded to
three other carbons. This strong bonding mechantapled with the stability of the geometric sturet of

nanotubes, makes them remarkably stfbng

919



Kumkum Sarangdevotand B. S. Sonigara J. Chem. Pharm. Res., 2015, 7(6):916-933

Elagticity:

Knowledge of the Young’s modulus (E) of a matergathe first step towards its use as a structuezhent for
various applications. The Young's modulus is disecelated to the cohesion of the solid and theeefo the
chemical bonding of the constituent atoms. The Ypmmodulus of a CNT is related to the §mnd strength and
should equal that of a graphene sheet when theedkaris not too small to distort the C-C bonds idiicamtly??.
Lourie and Wagné? reported Young's modulus of 2.8-3.6 TPa, for SWAt 1.7-2.4 TPa for MWNT. Direct
tensile loading tests of SWNTand MWNT? have been performed by Yai al. The Young’s modulus obtained
ranges from 320 to 1470 GPa (mean: 1002 GPa) fadB®hd from 270 to 950 GPa for MWNWhen exposed to
great axial compressive forces, nanotubes have bleewn to bend, twist, kink, and finally buckle.€Ttubes,
however, do not break under the compressive loads.

This distinctive behavior is illustrated in FiguseWhen tested under great axial compression sitdegn found that
nanotubes appear to behave consistent with the Eutet. The Euler Limit specifies the point at vehi a straight
tube will buckle. Since the deformation in a nathetis elastic, the tube returns to its originalpghevhen the load is
removed.

Figure 6: Elastic buckling mechanisms of SWNT

Table 2- The Physical Properties of Carbon Nanotulse

Equilibrium Structure

Average Diameter of SWNT's 1.2-1.4nm
Distance from opposite Carbon Atoms (Line 1) 2.83A
Analogous Carbon Atom Separation (Line 2) 2.456 A
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, 1\
Lattice: Bundles of Ropes of Nanotubes Triangular Lattice (2D
Lattice Constant 17 A
Lattice Parameter:

(10, 10) Armchair 16.78 A

(17, 0) Zigzag 16.52 A

(12, 6) Chiral 16.52 A

Density:

(10, 10) Armchair 1.33 g/lcm3

(17, 0) Zigzag 1.34 g/cm3

(12, 6) Chiral 1.40 g/cm3

Interlayer Spacing:

(n, n) Armchair 3.38A

(n, 0) Zigzag 3.41A

(2n, n) Chiral 3.39A

Optical Properties

Fundamental Gap:

For (n, m); n-m is divisible by 3 [Metallic] OeVv
For (n, m); n-m is not divisible by 3 [Semi-conduag ~0.5eV

Electrical Transport
Conductance Quantization (12.9DK)-1
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Resistivity 10-4 O -cm
Maximum Current Density 1013 A/m2
Thermal Transport

Thermal Conductivity 2600 W/m/K
Phonon Mean Free Path ~01Om
Relaxation Time ~10-11s
Elastic Behavior

Young's Modulus (SWNT) ~1TPa
Young's Modulus (MWNT) ~1.2Ba
Maximum Tensile Strength ~ 16Pa

Electrical Properties:

Rolling up a graphene sheet on a nano-meter sealetamatic consequences on the electrical pregértiCNTs
are regarded as molecular wires whose electromipgoties are largely determined by extended mcdeauibits.
The chirality and diameter of a CNT is extremelyortant, because it influences its properties.léatecal terms,
chirality and diameter determine whether a CNT Wwihave as a metal or a semiconductor. Dependintphen
specific realization, the nanotube may be a trieedimensional metal or a semiconductor with a®gpr metallic
behaviour, CNTs can have conductivity up to eigimes higher than that of copper. If a nanotubeolked up
evenly, like a sheet of paper with the top anddmtedges lined up, then it acts like a metallicdrartor, efficiently
carrying electricity. If a nanotube is rolled ukew, like a misbuttoned shirt, then its electrigpedperties change to
those of silicon- like semiconductor where curreah be switched on and &ff Because of the symmetry and
unique electronic structure of graphene, the atrecbf a nanotube strongly affects its electricaperties. For a
given (n,m) nanotube, if n = m, the nanotube isaflief if n — m is a multiple of 3, then the nanotube is
semiconducting with a very small band gap, othesviiiee nanotube is a moderate semiconductor. Thasnathair
(n = m) nanotubes are metallic, and nanotubes ,(§9}1), etc. are semiconducting. However, thise rbkas
exceptions, because curvature effects in small eiemcarbon nanotubes can strongly influence @tattr
properties. Thus, a (5,0) SWNT that should be sendacting in fact is metallic according to the cédtions.
Likewise, vice versa- zigzag and chiral SWCNTs wsthall diameters that should be metallic have dirgap
(armchair nanotubes remain metallic).

A flat sheet of graphite is considered to be a semeital. It possesses properties of both metalssandconductors
like copper wire and silicon chips, respectively.its metallic form, electrons freely move in theest, while in its
silicon state, electron movement is retarded. Sinoanotube is in essence a rolled up sheet ohigeajt possesses
many of these same characteristics. When the sefthe sheet are mated together at an angle tloatsabach side
to match evenly, the quantum mechanical wave fanstwill similarly match. This evenly matched caopfiation
limits the types of wave functions the electrors atowed to exhibit and thus affects the motiomhef electrons. In
certain cases, if a particular defect is presetiténhoneycomb structure of the tube lattice, It gduse a part of the
tube to conduct electricity while a different seatiof the tube will act as a semiconductor. Thigmmenon is
referred to in electronics as a Shottky Barried @na common, necessary component in many eléctdenices®.

When the structure of an SWNT is perfectly aligniedpther words the ends of the graphite sheet magcin a
straight line, the tube takes on the charactesistica ballistic conductor. A ballistic conductarseres that each
electron that enters one end exits the conductitreabpposite end. This highly efficient systemgesses very little
resistance. Only superconducting materials haisteege values lower than ballistic conductbrs

Thermal properties:

All nanotubes are expected to be very good thewoabuctors along the tube, exhibiting a propertgvkm as
"ballistic conduction”, but good insulators latéyato the tube axis. Nanotubes are extremely stablérigh
temperatures. Because of their small size, quastifiests are important, and the low-temperatureifipdweat and
thermal conductivity show direct evidence of 1-Dagtization of the phonon band structure. Modelifighe low-
temperature specific heat allows for determinatibthe on-tube phonon velocity, the splitting obpbn subbands
on a single tube, and the interaction between theighg tubes in a bundle. Theoretical work presliatroom-
temperature thermal conductivity that is largemtiggaphite or diamond. Measurements show a roorpeesure
thermal conductivity over 200 W/m K for bulk samplef single-walled nanotubes (SWNTSs), and over 300t
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K for individual multiwalled nanotubes (MWNTS). Afidn of nanotubes to epoxy resin cans double tieenal
conductivity for a loading of only 1%, showing tha&notube composite materials may be useful fomthke
management applicaticfi<CNTs can withstand 2880 in a vacuum and up to 7%D at normal atmospheric
pressures. It is these thermal characteristicsedisas other factors that make nanotubes so wibdtio serve as
electrical conductors. Typical metallic conductorelt at temperatures between 8DGnd 1006C?. In graphite,
phonons dominate the specific heat abov& RY, whereas in SWNTs and MWNTSs,the phonon contrilputio
dominates at all temperatutés

PRODUCTION OF MULTI-WALLED AND SINGLE-WALLED NANOTU BES

Producing nanotubes for research purposes, artkifuture for industrial applications, is performadiumerous
ways; most of which rely on the heating of graphitea sufficient temperature that a plasma stateashed. The
vaporized carbon atoms produced in the plasma cmeda the form of soot, which is then collected anocessed
to extract the desired fullerene products. Theetnethods most commonly used are Arc Discharigemical vapor
deposition (CVD), and laser vaporization.

A. Arc Discharge Method'®*?
In 1991, lijima reported the preparation of a ngpetof finite carbon structures consisting of nedile tubes. The
tubes were produced using an arc-discharge evamoraethod similar to that used for the fulleregetkesis.

In this method, nanotubes are produced throughvaporization of two carbon rods placed end to eritth &
distance of 1mm in an environment of inert gas saghelium, argon at pressure between 50 to 700.r@aabon
rods are evaporated by a direct current of 50 t0 afps driven by 20V which will create high tempera
discharge between two electrodes. Due to this, @amolil get evaporated and rod shaped tubes willdygosited on
cathode. Bulk production of CNTs depends on unifgriof plasma arc and temperature of deposition.

%
Hellum almosphere, @0
400 mbar (0
graphite anode '5/%}
z\asma %
~— (eposit 04

. graphite cathode %
,b(\ . — fopumps
(=) DC current source

Single wall nanotubes

Figure 7: Experimental set-up of an arc discharge pparatus

1.Production of SWNTSs:

In the production of SWNTs anode is dipped withetahcatalyst such as Fe, Co, Ni, Y, or Mo. It proes SWNTs
with a diameter of 1.2 to 1.4nm. Efficiency of SWidAoduction by arc discharge method is improvedhwit

a) Inert Gas

Argon with a lower diffusion coefficient and therineonductivity has given nanotube with smaller déhen

(1.2nm) and 0.2nm diameter decrease with 10% isergmargon: helium ratio, when Nickel and Yttriisrused as
a catalyst (4.2: 1).

b) Optical Plasma Control
As the distance between anode and cathode incremsede vaporization increases, due to which strasiple
vortices around cathode is occurred. With a nicketl yttrium catalyst (C/Ni/Y is 94.8:4.2:1) the iopam
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nanotubes were produced at a pressure of 660 rabg@ufe helium and 100 mbar for pure argon. Theotdres
diameter ranges from 1.27 t01.37 nanometer.

c) Catalyst
By changing metal catalyst, nanotubes with a diameft0.6 to 1.2nm are produced. Catalysts use@€arand Mo.

d) Open Air Synthesis with Welding Arc Torch

This method is specifically used for SWNTs withgtde rod containing metal catalyst. Ni and Y (@ at %) are
fixed at side wall of water cooled, steel basedtetele, torch arc aimed at the edge of target antlis deposited
on substrate behind the target. The arch is opkedt200 amps current and shielding Ar gas floviredugh torch to
enhance arc jet formation. This method is very emment and inexpensive with Ni:Y(3.6: 0.8). Nanasiproduced
by this method are of diameter of 1.32nm.

2. Production of MWNTSs

MWNTSs are produced with the use of pure graphiteweith an inner diameter 1-3nm and outer diametariO
(approx.). Since catalyst is not used in this psed@ere is no need for a heavy acidic purificatem MWNTSs can
be formed with a less number of defects. Diffemapthods used to synthesize are,

a) Synthesis in Liquid Nitrogéh
MWNTs are formed by generating arc-discharge initicnitrogen. For which low pressure and expensiegt gas
are not needed. Yield is about 70% of reaction pcad

b) Magnetic Field Synthesfs

MWNTs formed by this method are defect free andinghigh purity. In this arc- discharge is conteallby a
magnetic field around the arc plasma. Extremelyepgnaphite rods (purity > 99.999 %) are used astreldes.
Highly pure MWNTSs (purity > 95 %) are obtained vath further purification, which disorders walls iVNTSs.

c) Plasma Rotating Arc Discharge

The centrifugal force caused by the rotation geesraurbulence and accelerates the carbon vappempgicular to
the anode and the rotation distributes the micscldirges uniformly and generates stable plasmasegoently, it
increases the plasma volume and raises the plasmgetature. At the rotation speed of 5000 rpmetdyof 60 %
was found at a temperature 18@5without the use of a catalyst. The yield can berdased up to 90% after
purification if the rotation speed is increased #raltemperature is enlarged.

B. Laser Ablation Method*:

In 1996, Smalley and co-workers produced high ¢ie(d70%) of SWNTs by laser-ablation (vaporizatiar)
graphite rods with small amounts of Ni and Co @122 A pulsed or continuous laser is used which valperize

a graphite target in an oven at 1200The oven is filled with helium or argon gas imler to keep the pressure at
500 torr. Since the optimum background gas andysitmixture is the same as in the arc dischargeqgss, this
method is almost similar to arc discharge. Thishoétis very expensive so it is mainly used for SVENIaser
vaporization results in higher yield of SWNTs withrrower size distribution than those producedrindéscharge
process. Catalyst used for SWNTs is Ni: Y (4.2t %

Nd Y
e Waler Cooled

Laser

~ Graphite
Targe!

e

Figure 8: Laser ablation method
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Different methods used to synthesize are,

a) Ultra Fast Pulses from a Free Electron Laser (FEL) Method:

In this method the pulse width is ~ 400 fs. Theet#n rate of the pulse is increased from 10 61Z% MHz. The
intensity of the laser bundle is ~5 x 1011 wicw jet of preheated argon gas is located neardtating graphite
target. In that argon gas deflects the ablaticha®@ay from incident beam direction, clearing carbont from front
of target. If this system is upgraded with full peva yield of 45gm/ hr can be achieved. Catalystius Ni, Co or
Ni, Y.

b) Continuous Wave Laser-Powder Method:

This method, CO2 laser is used in an argon stréaser ablation of mixture of graphite and catalystvder is
carried out, due to which thermal conductivity lessire significantly reduced. The catalyst useéxi:i€o (1:1) and
yield is 5 gm/hr. MWNTSs can be also produced witingpgraphite.

C. Chemical Vapors Deposition Methotf™*>

Carbon filaments and fibers have been producedényrtal decomposition (or chemical vapor decompsjtof
hydrocarbons in the presence of a catalyst sineel®60s. A similar approach was used for the firae by
Yacamar? et al. in 1993 and in 1994 lvaridwand co-workerso grow MWNTSs.

Chemical vapour deposition (CVD) synthesis is aghieby putting a carbon source in the gas phaseaising an
energy source, such as plasma or a resistivelyetieeil, to transfer energy to a gaseous carborecuots.
Commonly used gaseous carbon sources include negtharbon monoxide and acetylene. The energy sasirce
used to “crack” the molecule into reactive atomachon. Then, the carbon diffuses towards the satiestwhich is
heated and coated with a catalyst (usually a fost transition metal such as Ni, Fe or Co) wherwilt bind.
Carbon nanotubes will be formed if the proper patams are maintained. Excellent alignment, as agfpositional
control on nanometer scale, can be achieved by WD. Control over the diameter, as well as theaagh rate of
the nanotubes can also be maintained. The apptepratal catalyst can preferentially grow singléhea than
multi-walled nanotubes.

CVD carbon nanotube synthesis is essentially ast@p-process consisting of a catalyst preparatem fellowed
by the actual synthesis of the nanotube. The ct@ygenerally prepared by sputtering a transitietal onto a
substrate and then using either chemical etchineymal annealing to induce catalyst particle eattbn. Thermal
annealing results in cluster formation on the galst from which the nanotubes will grow. Ammoniaytbe used
as the etchant. The temperatures for the syntbésianotubes by CVD are generally within the 65@°@0range.
Typical yields for CVD are approximately 30%. Theme the basic principles of the CVD process. I ldwst
decennia, different techniques for the carbon narest synthesis with CVD have been developed, ssigiaama
enhanced CVD, thermal chemical CVD, alcohol cai@l@VvD, vapour phase growth, aero gel-supported GVD
laser assisted CVD.

a)Plasma enhanced chemical vapour deposition:

The plasma enhanced CVD method generates a glahadge in a chamber or a reaction furnace by a high
frequency voltage applied to both electrodes. FEigarshows a schematic diagram of a typical plasia® C
apparatus with a parallel plate electrode structure

A substrate is placed on the grounded electroderder to form a uniform film, the reaction gassigoplied from

the opposite plate. Catalytic metal, such as FerdiCo are used on for example a Si,,S#@Dglass substrate using
thermal CVD or sputtering. After nanoscopic finetaigarticles are formed, carbon nanotubes wilgjimavn on the
metal particles on the substrate by glow dischaygeerated from high frequency power. A carbon doimntg
reaction gas, such ask;, CH,, GH,4, GHg, CO is supplied to the chamber during the disaharg

The catalyst has a strong effect on the nanotulzenetier, growth rate, wall thickness, morphology and
microstructure. Ni seems to be the most suitableqmetal catalyst for the growth of aligned multiled carbon
nanotubes (MWNTS). The diameter of the MWNTSs isragipnately 15 nm. The highest yield of carbon nabet
achieved was about 50% and was obtained at relative temperatures (below 3%D).

b)Thermal chemical vapour deposition:

In this method Fe, Ni, Co or an alloy of the thadalytic metals is initially deposited on a suatdr After the
substrate is etched in a diluted HF solution wisilled water, the specimen is placed in a qubdat. The boat is
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positioned in a CVD reaction furnace, and nanorsitrted catalytic metal particles are formed afteradditional
etching of the catalytic metal film using Nigas at a temperature of 750 to 1W50As carbon nanotubes are grown
on these fine catalytic metal particles in CVD #$wsis, forming these fine catalytic metal partidkeshe most

important process. Figure 10 shows a schematicatiagf thermal CVD apparatus in the synthesis cbaa
nanotubes.

When growing carbon nanotubes on a Fe catalytit iy thermal CVD, the diameter range of the canbamotubes
depends on the thickness of the catalytic film.uBing a thickness of 13nm, the diameter distributies between
30 and 40 nm. When a thickness of 27 nm is useddithameter range is between 100 and 200 nm. Thmrar
nanotubes formed are multiwalled.

_ Hot filament

Figure 9: Schematic diagram of plasma CVD apparatus
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Figure 10: Schematic diagram of thermal CVD apparatis

c)Alcohol catalytic chemical vapour deposition:

Alcohol catalytic CVD (ACCVD) is a technique thatheing intensively developed for the possibilityasge-scale
production of high quality single wall nanotubes SV at low cost. In this technique, evaporated ladts
methanol and ethanol, are being utilised over iamd cobalt catalytic metal particles supported vzéolite.
Generation is possible is possible at a relatiley minimum temperature of about 380 It seems that hydroxyl
radicals, who come from reacting alcohol on catalgietal particles, remove carbon atoms with damgghonds,
which are obstacles in creating high-purity SWNTise diameter of the SWNTSs is about 1.rfigure 11 shows the
ACCVD experimental apparatus.

The lower reaction temperature and the high-pdegtures of this ACCVD technique guarantee an pasgibility
to scale production up at low cost. Furthermore, rémction temperature, which is lower than°6Q@nsures that

this technique is easily applicable for the dirgwth of SWNTs on semiconductor devices alreadiepzed with
aluminum.
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rotagy pomp

Pirani gauge

manometer
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Figure 11: ACCVD experimental apparatus
d)Vapour phase growth:
Vapour phase growth is a synthesis method of canamotubes, directly supplying reaction gas andlyiit metal
in the chamber without a substrate. Figure 12 shewashematic diagram of a vapour phase growth apmarTwo
furnaces are placed in the reaction chamber. Fememds used as catalyst. In the first furnace, nsgion of
catalytic carbon is maintained at a relatively Itemperature. Fine catalytic particles are formed wahen they
reach the second furnace, decomposed carbons soehal and diffused to the catalytic metal paricléere, they
are synthesised as carbon nanotubes. The dianféter carbon nanotubes by using vapour phase grarettin the
range of 2—4 nm for SWNTs and between 70 and 10€onfWNTSs.

1o Fumace ~ 2ndfumace
Mass flow
controlle

Cold  Parfin
Tap  Bubbler

Figure 12: Schematic diagram of a vapour phase graWw apparatus

e)Aero gel-supported chemical vapour deposition:

In this method SWNTs are synthesised by disintégradf carbon monoxide on an aero gel-supportedée/
catalyst. There are many important factors thacaffhe yield and quality of SWNTSs, including theface area of
the supporting material, reaction temperature asdlihg gas. Because of the high surface area,dtusipy and

ultra-light density of the aero gels, the produtyivf the catalyst is much higher than in othertimoels. After a

simple acidic treatment and a oxidation proces$ Ipigrity (>99%) SWNTs can be obtained. When usii@ &

feeding gas the yield of the nanotubes is lowerthatoverall purity of the materials is very goddhe optimal

reaction temperature is approximately 60

f) Laser-assisted thermal chemical vapour deposition:

In laser-assisted thermal CVD (LCVD) a medium pgveemtinuous wave CQaser, which was perpendicularly
directed onto a substrate, pyrolyses sensitiseduneix of Fe(CQ)vapour and acetylene in a flow reactor. The
carbon nanotubes are formed by the catalysing raatiothe very small iron particled=igure 13 shows the
experimental set-up for laser-assisted CVD.

By using a reactant gas mixture of iron pentacaybeapour, ethylene and acetylene both single- anthwalled

carbon nanotubes are produced. Silica is usedlestrate. The diameters of the SWNTs range front®2Z.5 nm.
The diameter range of the MWNTSs is 30 to 80 nm.
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Figure 13: Experimental set-ups for laser-assiste@VD

g)CoMoCat process:

In this method, SWNTs are grown by CO disproposi@n at 700 — 95C. The technique is based on a unique
Co-Mo catalyst formulation that inhibits the sinbgr of Co particles and therefore inhibits the fation of
undesired forms of carbon that lower the selegtivduring the SWNT reaction, cobalt is progressivetduced
from the oxidic state to the metallic form. Simak@usly Molybdenum is converted to the carbidierfo€o acts as
the active species in the activation of CO, while tole of the Mo is possibly dual. It would st&®lCo as a well-
dispersed C8 avoiding its reduction and would act as a carbiok ® moderate the growth of carbon inhibiting the
formation of undesirable forms of carbon.

It is found that one of the critical conditions fan effective reactor operation is that the spadecity has to be
high enough to keep the CO conversion as low asilples Figure 14 shows a fluidised bed reactoraf@oMoCat
process. The most important advantage of fluidissdireactors is that they permit continuous additiod removal
of solid particles from the reactor, without stappthe operation.

This method can be scaled-up without losses in SWddAIity. By varying the operation conditions, SW8\dan be
produced with different diameter ranges. The CoMatasalyst has a high selectivity towards SWNTsnely 80 —
90 %.

In Table 3 several diameter ranges at differenpenatures are given.

Table 3- Diameter range versus temperature

Temperature(°C) | Diameter range
75C 0.9-1.0¢
850 0.9-1.25
950 1.00-1.40

gas out

[

| product out

J CO, traps

recycled CO

4—— make-up CO
reciculating pump

Figure 14: Schematic diagram of a CoMoCat apparatus
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h)High pressure CO disproportionation process:

The High pressure CO disproportionation proces® () is a technique for catalytic production of SV¢Nn a
continuous-flow gas phase using CO as the carbedsteck and Fe(C@has the ironcontaining catalyst precursor.
SWNTs are produced by flowing CO, mixed with a draahount of Fe(CQ)through a heated reactdtigure 15
shows the layout of CO flow-tube reactor. Size draineter distribution of the nanotubes can be rbugblected
by controlling the pressure of CO. This procegzraanising for bulk production of carbon nanotubes.

Nanotubes as small as 0.7 nm in diameter, whicheapected to be the smallest achievable chemicaple
SWNTs 48, have been produced by this method. Theage diameter of HiPco SWNTSs is approximatelyriil
The yield that could be achieved is approximaté&l$e7 The highest yields and narrowest tubes carrdduped at
the highest accessible temperature and pressurblTWaterial with 97% purity can be produced atsai&up to
450 mg/h with this process.

Table 4: A summary of the major production methodsand their efficiency’

Method Arc discharge method Chemlcal_ . Laser ablation (vaporization
vapour deposition
Who Ebbesen and Ajayan, NEC, Japan | Endo, Shinshu University, Smalley, Rice, 1995

1992 Nagano, Japan

Connect two graphite rods to a powlePlace substrate in oven, heat to ®00| Blast graphite with intense laser pulses; lise
supply, place them a few millimetrgsand slowly add a carbon-bearing gashe laser pulses rather than electricity to

How apart, and throw the switch. At 100such as methane. As gas decomposesgénerate carbon gas from which the NTs fofm;
amps, carbon vaporises and formdrees up carbon atoms, whightry various conditions until hit on one that
hotplasma recombincin the form of NT: produce prodigious amounts of SWN

;’éﬁ’fa' 30 to 90% 20 to 100 % Up to 70%

Short tubes with diameters of 0.6|-Long tubes with diameters Long bundles of tubes (5-20

SWNT 1.4 nm ranging from 0.6-4 nm nMrg:rons), with individual diameter from 1-2
Short tubes with inner diameter of L'Lon tubes with diameter ranain Not very much interest in this technique, as it
MWNT 3 nm and outer diameter of 9 995 too expensive, but MWNT synthesis |is

approximately 10 nm from 10-240 nm possible.

Can easily produce SWNT, MWNTS.
SWNTs have few structural defect
Production | MWNTs without catalyst, not tod
expensive, open air synthesis
Possible

2

Easiest to scale up 1o Ir]dusmf‘Primarily SWNTSs, with good diameter contrpl

‘production; long length, simple : . .
process, SWNT diameter controllable,gﬂgefew defects. The reaction product is quite

quite pure

Tubes tend to be short with randorrN.l.S are usually MWNTs and ofte Costly technique, because it requires
Conclusion | sizes and directions; often needs a Iortlddled with defeycts expensive lasers and high power requirement,

of purification but is improving

=

Application of CNTSs:

CNTs have very interesting physicochemical propsrtsuch as ordered structure with high asped, naitra-light
weight, high mechanical strength, high electrigaiauctivity, high thermal conductivity, metallic eemi-metallic
behavior and high surface area. The combinationthedge characteristics make CNTs unique materidls the
potential for diverse applications.

1. CNTs in medical application: In a recent report, business opportunities for samotured materials in
biotechnology and medicine were estimated to keebrder of 180 billion US$ in 2015.

CNTsin Drug Delivery:

Drug delivery has been a major area of focus feeaechers aiming to improve the efficacy of theutipe
molecules. Researchers are trying to overcome suetacles these include poor drug distribution ameells,
unwanted damage to healthy tissue, toxicity, ac# k& the ability to select a particular cell tyfmr treatment.

However, researchers have found that CNTs poskesshiracteristics to serve as a model drug dglisgstem,
avoiding common barriers typical of traditional grdelivery methods. CNTs have the potential toycdrugs in the
organism as they are hollow and much smaller tharbtood cells.

Wu W et al*®postulated that delivery of antibiotic amphoteri&irby means of CNTs would reduce the amount of

antibiotic necessary resulting in improved poteneguced toxicity. One major obstacle in traditiodalivery of
this drug is that it has a low solubility and cauisgembrane leakage in eukaryotic cell.
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Barroug Aet al*" studied that cisplatin incorporated oxidized SWNigs/e showed slow release of cisplatin in
aqueous environment. The released cisplatin had b#ective in terminating the growth of human lucancer
cells, while the SWNTSs alone did not show anticaraativity.

Cristina Ret al®® have created an alginate polymeric film embedditl ®WNT, and have studied the release of
bovine serum albumin from this SWNT-incorporatedypter. Their results indicate that the proteingaskd from
the MWNT polymer construct maintained their biokgi function, and that it shows potential for dgjivery
applications.

CNTsin cancer therapy:

CNTs are tubular materials with nanometer-sizedthdtars and axial symmetry, giving them unique pribge that
can be exploited in the diagnosis and treatmegtoter. They can be functionalized (i.e., surfaggreered) with
certain functional groups in order to manipulateitiphysical or biological properties. In addititmthe ability of
CNTs to act as carriers for a wide range of tharipemolecules, their large surface area and piisgilbo
manipulate their surfaces and physical dimensiae lbeen exploited for use in the photothermalrdeson of
cancer cells.

Yinghuai Zet al*® have recently developed a new approach to Borartrbie Capture Therapy in the treatment of
cancer using substituted Carborane-Appended Watebte single-wall carbon nanotubes. Substituted31TP
carborane cages were successfully attached tadéevalls of SWNTSs via nitrene cycloaddition. Thecdpitations
of these C2B10 carborane cages, with the appenddTS intact, were accomplished by the reaction widium
hydroxide in refluxing ethanol. During base refltixe three-membered ring formed by the nitrene SWINT was
opened to produce water-soluble SWNTs in whichsitle walls were functionalized by both substitutétb-C2B9
carborane units and ethoxide moieties.

Zhuang Let al*® have been conducted on in vivo biodistribution &mghly efficient tumor targeting of carbon
nanotubes in mice for cancer therapy. Investigatame being done on the biodistribution of radigelied SWNTs

in mice by in vivo positron emission tomography TPEex vivo biodistribution and Raman spectroscdpyas
found that SWNTSs that are functionalized with pHudjpids bearing polyethylene glycol (PEG) are sisipgly
stablein vivo. The effect of PEG chain length on the biodisttitou and circulation of the SWNTs was studied.
Effectively PEGylated SWNTs exhibited relativelynfp blood circulation times and low uptake by the
reticuloendothelial system (RES). Efficient targgtiof integrin positive tumor in mice was achieweith SWNTs
coated with PEG chains linked to an arginine—glgeamspartic acid (RGD) peptide. A high tumor accwatioth was
attributed to the multivalent effect of the SWNTSs.

Panchapakesan*Bconducted an experiment to kill the malignantscel putting the carbon nanotubes in water to
make them absorb it. Then, an 800 nanometer lasghat at the SWNTs which cause them to actualbjoebe
because of the water that they absorb. These watkercules heat up to about 26@vhen they are hit with the laser
that has an intensity of approximately 50 to 100 fuW. At this temperature, the water evaporates aneldps an
extreme pressure which in turn causes the SWNExpode. These “micro explosion” kill all of thmalignant
cells that surround the explosion.

Dhar Set al*? have developed “longboat” anticancer system inickhthe chemotherapeutic agent cisplatin is
attached from one end to the folic acid derivatind from the opposite end to a SWNT via an amiae li

CNTsin Gene Delivery:

CNTs solubility & biocompatibility can be improved bytathing various functional groups to the sidewalls
nanotubes. These attachments of functional grougderfunctionalized CNTs (f-CNTs) which can be ufmdthe

delivery of proteins & genes. The basic premisgefe delivery is to insert a gene into a cell agtivate it through
transcription and translation, thereby producingratein as the end result. Functionalized CNTs leeang

intensively explored in advanced biotechnologigalleations ranging from molecular biosensors tituta growth

substrates.

Singh Ret a® studied the capability of ammonium-functionalizédgge-walled CNTs to penetrate human and

murine cells and facilitate the delivery of plasritllA leading to expression of marker genes. Thagistl about
the interactions of three types of f-CNTs, ammoniumctionalized single-walled and multiwalled canbo
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nanotubes (SWNT-NH; MWNT-NH;"), and lysine-functionalized single-walled carbcemotubes (SWNT-Lys-
NHs"), with plasmid DNA. Nanotube-DNA complexes werealgmed by scanning electron microscopy, surface
plasmon resonance, PicoGreen dye exclusion, arrdsggel shift assay. The results indicate thahadle types of
cationic carbon nanotubes are able to condense @NArying degrees, indicating that both nanotuliéase area
and charge density are critical parameters thatrohéte the interaction and electrostatic complexmfdion
between f-CNTs with DNA.

Pan Bet al* were fabricated polyamidoamine dendrimer modifiadtawalled carbon nanotubes (dMNTs), and it
characterized by high-resolution transmission ebecimicroscopy, atomic force microscopy, x-ray mebdéctron
spectroscopy, Raman spectroscopy, Fourier transfiofnared spectroscopy and thermogravimetric amglys
revealing the presence of dendrimer capped onutface of carbon nanotubes. Compared with the csitgsoof
CNT-NH,—asODN and dendrimer—-asODN, no. 5 generation ofiriteer-modified MNT—asODN composites
exhibit maximal transfection efficiencies and intidn effects on tumor cells. The intracellular gemansport and
uptake via dMNTSs should be generic for the mammatill lines.

Nunes Aet al*® have studied capability of different cationic pulr-grafted multiwalled carbon nanotubes
(MWNTS) (polymerg-MWNTS) to efficiently complex and transfer plasnitddNA (pCMV-BGal) in vitro without
promoting cytotoxicity. In this study CarboxylatddWNT is chemically conjugated to the cationic pobms
polyethylenimine (PEI), polyallylamine (PAA), orraixture of the two polymers. Gel migration studmmfirm
pDNA binding to polymeg-MWNT with different affinities, highest for PE}-MWNT and PEI/PAAg-CNT
constructs. They concluded that polynge"WNTs might be considered in the future as a wéestool for efficient
gene transfer in cancer cells in vitro.

2. CNTs in biological imaging:In addition to applications for drug delivery atrdatment, the intrinsic optical
properties of SWNTs make them useful as opticabgso Owing to their quasi 1-D nature, SWNTs extshibng
resonance Raman scattering, high optical absorgtignphotoluminescence in the near-infrared (NHRge, all of
which have been utilized for imaging in biologisgstems in vitro and in vivo.

Weisman Ret al*® have utilized near infrared (NIR) fluorescence nmcopy to image SWNTSs in phagocytic cells.
They used SWNTSs at varying concentrations to tithelkr ex vivo uptake in mouse peritoneal macrophagts.
NIR fluorescence imaging revealed that there wasglifference in population growth, adhesion, morplggl and
confluence between the control and the culturesaiming SWNTs. Detectable emission was seen onlgeiits
incubated with SWCNTSs.

Cherukuri Pet al*” have used in vivo NIR imaging to assess the biguatibility of SWNTSs in an intact organism,
Drosophila melanogaster. This study suggests tleetafeness of SWNTs as NIR probes for studyingviiddial
nanotubes in tissue specimens or inside livingmsyas during the course of tissue regeneration.

Zavaleta Cet al*indicates the use of Raman imaging for real-timenitocing of SWNTs for disease (tumor)
targeting and localization. Specifically diseasegeéing SWNTs (RGD-SWNT, arginine—glycine—aspagid)
were examined for localization in diseased (tunmige as against plain SWNT. The images showed hehig
accumulation of RGD-SWNTSs in the tumor compareth&non-functionalized SWNT mouse group, and there
significantly less accumulation in the liver andesm.

De La Zerda Aet al*® used RGD-SWNTSs to target tumors in mice, and detnaied that an eight fold greater PA
signal was seen in these compared to non-targedédTS. The results suggest that SWNT-enhanced nagine
deep tissue PA imaging at high spatial resolutim lze obtained for imaging nanotherapeutics irbtay. The PA
techniques can also help understand several iidriastors of tissues and cells, for example vesmizétion and
oxygen saturation in diseased tissues and tisggieemTing constructs.

CNTs in lithium—ion batteries: For the fabrication of light-weight and efficielatteries, lithium is one of the best
elements due to its unique properties (it has dlnes$t electronegativity and electrons are easihatied from Li).
However, due to the high reactivity of Li, the neiga Li electrode reacts easily and thus the mistado longer
efficient. However, it is possible to intercalateiens within graphite-like structures so that can migrate from a
graphitic anode to the cathode (usually LiGpONiO,, and LiMnpO,4). The electrodes are normally separated by
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polyolefin. The theoretical Li storage capacity graphite is 372 mAh/g (Lig}, and the charge and discharge
phenomena in these batteries are based on thieteicalation and de-intercalation.

Charge
LiCoO, +y C <——> Lip.x + CoG+ LikC,
Discharge

Charge
y C +xLi + xe¢ <—> LixC,
Discharge

Like graphite, nanotubes can store ions of lithium commonly used material in certain batteriedikdrgraphite,
however, nanotubes may be able to hold the lithioms both inside and outside due to its tubularcstré. It has
been speculated that a higher Li capacity may lairdd in carbon nanotubes if all the interstisigés (inter-shell
van der Waals spaces, inter-tube channels, and @éones) are accessible for Li intercalation.

Che GLet al*® also demonstrated that aligned CNT arrays carsbd in the anode fabrication within LiC batteries
and that the intercalation capacity (490 mAh/qg) ldes that of standard carbon. In 1990, Sony wasfitke
company to commercialize such batteries, and aeptethis technology is used in portable computeshile
phones, digital cameras, etc.

4. Hydrogen Storage: The area of hydrogen storage in carbon nanotubesmins active and controversial.
Materials with high hydrogen storage capacities degirable for energy storage applications. Meyalrides and
cryo-adsorption are the two commonly used meanstdoe hydrogen, typically at high pressure andtw |
temperature. Extraordinarily high and reversiblelfogen adsorption in SWNT containing materials graphite
nanofibers (GNFs) has been reported. Because af ¢igendrical and hollow geometry, and nanometesis
diameters, it has been predicted that the carbowtobes can store liquid and gas in the inner ctimemugh a
capillary effect. An even higher hydrogen uptakp, ta 14—20wt%, at 20-480 under ambient pressure was
reported in alkali-metal intercalated carbon nahe8ii. H, storage in CNTs may be advantageous in the fatmita
of fuel cells mainly for powering electric vehicles

5. CNTs as BiosensorsCarbon nanotubes have been used as biosensovsiirety of ways. There has been much
interest in using ‘bulk’ quantities of nanotubes rimacroscopic electrodes to replace, or complemexisting
electrode materials such as glassy carbon or precietals.

Muguruma Het al®*Carbon nanotube—plasma polymer-based amperométsensors for ultrasensitive glucose
detection have been fabricated. Two amperometrayrea biosensors were fabricated. A mixture of theyme
glucose oxidase (GOD) and a CNT film was sandwiclwétl 10-nm-thick acetonitrile plasma-polymerizdunt
films (PPFs). In order to facilitate the electroetieal communication between the CNT layer and GONTs were
treated with oxygen plasma. The device with singédled CNTs showed a sensitivity higher than thiatnailti
walled CNTs. The glucose biosensor showed ultréthetys (a sensitivity of 40 pA mM-1 cm-2, a corgedlon
coefficient of 0.992, a linear response range 6£5.—1.9 mM, a detection limit of 6.2 pM at S/N =+.8V vs
Ag/AgCl), and a rapid response (<4 seconds in liegc®5% of maximum response).

Timur S et al®®A microbial biosensor based on carbon nanotube (Chi®dified electrodes was developed.
Pseudomonas putida DSM 50026 cells were used asidloglical component and the measurement was baised
the respiratory activity of the cells estimatedhirelectrochemical measurements. The effects ofpgHemperature
were also examined. The study found that whole Refputida biosensors using Os-redox polymers cbaldood
alternatives for the analysis of different subsisasuch as glucose as well as xenobiotics in thenale of oxygen
with high sensitivity because of the fast electamilection efficiency between the Os-redox polynaerd the
bacterial cells.
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