Unit 2
Syllabus:  Introduction to basic building blocks namely atoms, molecules, self-assembly, carbon
nanotubes, nanocrystals, fullerenes, quantum dots, and quantum wires. Functional properties of nanomaterials such as physical, mechanical, electrical, magnetic, chemical and optical
properties. Size dependence of material at nano scale. Bulk vs nano properties of materials.
Atoms & molecules:
A matter is composed of atoms that are in constant motion.  Atoms interact with each other to form molecules. 
Atoms, molecules or other nanoscale structures such as clusters, interacting with each other to form nanoscale assemblies. 
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Nanoclusters:
What are nanoclusters? 
	Nanoclusters are mesoscopic particles (2to 50nm size) ranging from several atoms to thousands of atoms in size. These particles are of interest because they exhibit transition from atomic properties to bulk material properties. 
Nanoclusters constitute an “embryonic state” of nanocrystals. In other words, nanoclusters can be assembled to form nanocrystals. 
Elemental clusters are held together by various forces depending on the nature of the constituting atoms:
· Inert gas clusters are weakly held together by Van der waals interactions, e.g. (He)n
· Semiconductor clusters are held with strong directional covalent bonds, e.g. (Si)n
· Metallic are fairly strongly held together by delocalized non-directional bonding forces,  e.g. (Na)n
Depending on the number of atoms forming the cluster, the number of atoms that are exposed on the surface of the cluster is governed. The effect of cluster size on the total number of atoms and the number of atoms on the surface of the cluster is demonstrated in the following plots.
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Types of Nanoclusters

Van der Waals Nanoclusters
	Inert gas atoms form nanoclusters that are weakly bound by the Van der Waals forces. The long-range atomic attraction is due to the induced dipole forces and the binding energy per atom is less than 0.3 eV. Rare gases form Van der Waals clusters with icosahedral shapes as shown in following figure.
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Ionic Nanocluster
These clusters are formed from ions attracted by the electrostatic forces. NaCl is a typical example of an ionic nanocluster. The binding energy of the electrostatic bonds in ionic clusters is around 2 to 4 eV per atom. This is ten times as strong as the bond of a Van der Waals nanocluster. Following figure shows the crystal structure of NaCl.
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Metal Nanoclusters
Metal nanoclusters are more complicated in their bonding. Some metals bond primarily by the outer valence electrons. Others bond with the ‘d’ orbitals below the valence orbitals.  e.g. Fe, Co, and Ni. Because of the variation in bonds of metal clusters, the bond strength can vary from about 0.5 to 3 eV per atom.
Nanocrystals:
	Nanocrystals can be an inorganic entity in which there is a crystalline arrangement of constituent atoms or ions. Semiconductor quantum dots are also known as semiconductor nanocrystals. Nanocrystals are aggregates of anywhere from a few hundred to tens of thousands of atoms that combine into a crystalline form of matter. Starting from typically around ten nanometers in diameter, nanocrystals are larger than molecules but smaller than bulk solids and therefore frequently exhibit physical and chemical properties somewhere in between.
	Nanocrystals can be used to construct electronic and optoelectronic devices, optical switches, sensors and photovoltaic devices. 

Nanoparticles:
	Nanoparticles are constituted of several tens or hundreds of atoms or molecules and can have a variety of sizes and morphologies (amorphous, crystalline, spherical, needles, etc.). Some nanoparticles are already available commercially in the form of dry powders or liquid dispersions. The latter is obtained by combining nanoparticles with an aqueous or organic liquid to form a suspension or paste. It may be necessary to use chemical additives (surfactants, dispersants) to obtain a uniform and stable dispersion of particles. With further processing steps, nanostructured powders and dispersions can be used to fabricate coatings, components or devices that may or may not retain the nanostructure of the particulate raw materials. 

[bookmark: _Metal_Oxide_Nanopowders,_Compound_S]Metal Oxide Nanopowders, Compound Semiconductors and Alloys
Another commercially important class of nanoparticulate materials are metal oxide nanopowders, such as silica (SiO2), titania (TiO2), Zirconia (ZrO2), alumina (Al2O3) or iron oxide (Fe3O4, Fe3O3); compound semiconductors (e.g. cadmium telluride, CdTe, or gallium arsenide, GaAs); metals (especially precious metals such as Ag, Au) and alloys are finding increasing product application.


Nanoporous marterials:

	The presence of pores (holes) in a material can render itself all sorts of useful properties that the corresponding bulk material would not have. 

Nanoporous materials as a subset of nanostructured materials, possess unique surface, structural, and bulk properties responsible for their important uses in various fields such as ion exchange, separation, catalysis, sensor, biological molecular isolation and purifications. Nanoporous materials are also of scientific and technological importance because of their vast ability to adsorb and interact with atoms, ions and molecules on their large interior surfaces and in the nanometer sized pore space.

Pores are classified into two types: 
                   open pores which connect to the surface of the material, and 
                   closed pores which are isolated from the outside. 

In functional applications such as adsorption, catalysis and sensing, closed pores are not of any use. In applications such as the separation, catalysis, filtration or membranes, often penetrating open pores are required. Materials with closed pores are useful in sonic and thermal insulation, or light weight structural applications. Pores have various shapes and morphology such as cylindrical, spherical and slit types. 
The definition of pore size according to the International Union of Pure and Applied Chemistry (IUPAC) is that 
· micropores are smaller than 2 nm in diameter, 
· mesopores 2 to 50 nm and 
· macropores larger than 50 nm.
(Typically the diameter of an atom is 1 – 3 nm)
It is customary to use the term "nanoporous" for porous materials having diameters between 1 and 100 nm.
Typical example of nanoporous solids is Zeolite. Zeolites have pores smaller than 2 nm in diameter. The porosity in zeolites is not only of uniform size but also periodically arranged and thus exhibits long range ordering. Chemically, zeolites are alumino silicates with a crystalline structure.
 
What are the unique properties of nanoporous materials?

	Nanoporous materials have specifically a high surface to volume ratio, with a high surface area and large porosity and very ordered & uniform pore structure. They have surface properties, which can be used for functional applications such as catalysis, chromatography, separation, and sensing. 
Nanoporous materials possess a unique set of properties that the bulk correspondent materials do not have such as high specific area, fluid permeability and molecular sieving and shape-selective effects. 
Different nanoporous materials with varying pore size, porosity, pore size distribution and composition have different pore and surface properties that eventually determine their potential applications.

Applications of Nanoporous materials:
· As the regulatory limits on environmental emissions become more and more stringent, industries have become more active in developing separation technologies that could remove contaminants and pollutants from waste gas and water streams. Adsorbent materials and membranes like activated carbons, zeolites, silica gels, and activated alumina (typically nanoporous) are increasingly being applied for various environmental applications such as for the removal of SO2, NO and similar other emissions. 

· Nanoparticles and nanoporous materials possess large specific surface areas, and high sensitivity to slight changes in environments (temperature, atmosphere, humidity, and light). Therefore such materials are widely used as sensor and actuator materials. Gas sensors rely on the detection of electrical resistivity changes upon changes in gas concentration and their sensitivity is normally dependent on the surface area. Gas sensors based on nanoporous metal oxides such as SnO2, TiO2, Zr02, and ZnO are being developed and applied in detection of combustible gases, , ethanol, and hydrocarbons, humidity control devices, etc.

· Hydrogen storage is essential in hydrogen economy infrastructure. Currently there are no optimal systems for hydrogen storage. Hydrogen can be stored in gaseous, liquid or more recently in solid forms. Nanostructured materials such as carbon nanotubes show promise as an adsorbent. Despite many controversial reports in the literature, hydrogen storage in carbon nanotubes may one day become competitive and useful. 

· More efficient catalytic processes require improvement in catalytic activity and selectivity. Both aspects will rely on the tailor-design of catalytic materials with desired microstructure and active site dispersion. Nanoporous materials offer such possibilities in this regard with controlled, large and accessible surface area of catalyst. 

· To summarise, there are tremendous opportunities for nanoporous materials in the following areas:
(I) high efficiency filtration and separation membranes
(2) catalytic membranes for chemical processes
(3) porous electrodes for fuel cells
(4) high efficiency thermal insulators
(5) electrode materials for batteries
(6) porous electronic substrates for high speed electronics




Nanocapsules:
Definition:  Self-guiding, adaptive, multicomponent systems on the nanoscale for diagnostic and therapeutic prevention, or treatment of disease.
· Nanomedicine Concept of Regenerative Medicine “Fixing cells one cell at-a-time”:
       -  Conventional cancer therapies try to cut out the bad cells (surgery), 
          burn them out (radiation therapy), or poison the bad cells faster than the 
          good cells (chemotherapy)
       -  Conventional medicine removes diseased cells and does not attempt to 
          fix them
.
        Nanomedicine attempts to make smart decisions to either remove specific cells or repair them one cell-at-a-time (regenerative medicine). Single cell treatments is based on molecular biosensor information that controls subsequent drug delivery to that single cell. The biosensors act as feedback devices.

· What is Nanomedicine?
1. Nanomedicine uses “nano-tools” (e.g. smart nanoparticles) that are roughly 1000 times smaller than a cell. 
2. Nanomedicine is the treatment or repair (regenerative medicine, not just killing of diseased cells) of tissues and organs.
3. Nanomedicine typically combines use of molecular biosensors to provide for feedback control of treatment and repair.
4. The conventional medicine does not use feedback control. Drug used is targeted and adjusted appropriately for individual cell treatment at the proper dose for each cell (single cell medicine).




Carbon based Nanomaterials:
Atomic Structure and Hybridization;
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The electronic configuration of the carbon atom allows it to form a number of hybridized atomic orbitals. Carbon atoms in the elemental substances (e.g., diamond, graphite, & fullerenes) bond to each other covalently, by the process of sharing of electron pairs. The covalent bonds have directional properties. The nature of these bonds, govern the varied chemical properties and physical properties of the carbon allotropes. 
[bookmark: orb]Carbon, like many of the first-row elements of the Periodic Table (such as B, N, O, F), has atomic orbitals that can hybridize. Hybridization is the process of combining two or more atomic orbitals. Hybridization is possible in carbon, because the s-orbital and p-orbitals of carbon's second electronic shell (i.e. L shell) have very similar energies. As a result, carbon can form chemical bonds with different geometries. 
The shape of the carbon atomic orbitals are shown below in a stereo format.
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Hybridization of Carbon Atomic Orbitals: 
Definition: Hybridization is the process of combining two or more atomic orbitals (such as ‘s’ and ‘p’ orbitals or ‘px’ and py’ orbitals) to create new orbitals, that fulfill the geometric demands of the system.

Sigma and Pi (π) bonds:
· A covalent chemical bond is formed between two atoms when their orbitals overlap and share a pair of electrons. When the orbitals overlap along an axis between the nuclei of the atoms (internuclear axis), they form a sigma bond. For example bonding in hydrogen.
· For ‘p’ orbitals, sideways overlapping is also possible. This results in the formation of Pi bonds. 
End- to- end overlap gives sigma bonds whereas lateral overlap gives Pi bond.

Hybridization of Carbon in diamond:
· A three-dimensional network of sigma bonds connects the carbon atoms in diamond. There are no Pi bonds in diamond.
· Within diamond, one s-orbital and three p-orbitals undergo a SP3 hybridization. The SP3 hybridized orbital in diamond has a tetrahedral symmetry.
· This is the reason why each carbon atom within diamond has four nearest neighbors. 

How do the chemical bonds within diamond affect its properties?
Each carbon atom has four nearest neighbors to which it is bonded by sigma bonds, separated by a distance of 1.5445 0A and the bond angles are all 1090, typical of sp3 hybridization. The resultant interlocking network of covalent bonds makes the structure very rigid. The hardness of diamond can be attributed to its crystalline structure and the strength of the chemical bonds between its carbon atoms. Diamond, as it turns out, is the hardest material on earth. A three-dimensional network of sigma bonds connects the carbon atoms in diamond. Since the valence electrons in diamond are involved in the formation of sigma bonds and there are no delocalized Pi bonds, diamond has very poor electrical conductivity. The electrons within diamond are tightly held within the bonds between the carbon atoms. These electrons absorb light in the ultraviolet region but not in the visible region, so pure diamond appears clear to the human eye.

Hybridization of Carbon in graphite:
· Within graphite, one s-orbital and two p-orbitals undergo a SP2 hybridization.
· The SP2 hybridized orbital in graphite has a trigonal planar symmetry.

How do the chemical bonds within graphite affect its properties?
The electrical conductivity and softness of graphite can be related to graphite's crystalline structure. Crystalline graphite consists of parallel sheets of carbon atoms, each sheet containing hexagonal arrays of carbon atoms. Each carbon atom exhibits sp2 hybridization to form sigma bonds with three nearest neighbors, separated by 1.4210 0A in the layer. The carbon atoms in graphite are connected as a hexagonal network of sigma bonds with electrons from Pi bonds distributed above and below the plane of atoms. The bonds between the carbons within the layer are stronger than those in diamond. There is also distributed Pi bonding between the carbon atoms in the sheet. This delocalized Pi bonding is responsible for the electrical conductivity of graphite. The interaction of the loosely held electrons, in the Pi bonds, with light is responsible for its black color. The softness and lubricating nature of graphite arises from the weak bonding of the carbon sheets by weak Van der Waals forces. 

Fullerenes:
Fullerenes were discovered experimentally for the first time by a group of scientists at headed by the Nobel Laureate Richard Smalley Rice University, Houston, Texas, in September of 1985. The molecule was named after R. Buckminster Fuller, the inventor of geodesic domes, which conform to the same underlying structural formula.

What are fullerenes?
[bookmark: &lid=ALINK]A hollow, pure carbon molecule in which the atoms lie at the vertices of a polyhedron with 12 pentagonal faces and any number (other than one i.e. minimum two) of hexagonal faces. The fullerenes are closed hollow cages having carbon atoms interconnected as pentagonal and hexagonal rings. Each carbon atom on the cage surface is bonded to three carbon neighbours by sp2 hybridization. Hybridization of carbon atoms in fullurenes is generally of SP2 type, but quite often It can be between SP2 and SP3 type. The diameter of fullerene cages is about 7 – 15 0A.
The fullerenes can be considered, after graphite and diamond, to be the third well-defined allotrope of carbon. Fullerenes are famous for their novel super-conducting and magnetic properties. Fullerenes are claimed to have been observed in the soot produced by arcing graphite electrode.

What is a Buckminsterfullerene? 
Buckminsterfullerene (C60 or fullerene-60) or ‘bucky ball’ is the most famous member of the fullerenes family. It is a spheroidal molecule, resembling a soccer ball, consisting of 60 carbon atoms. Buckminsterfullerene is the most abundant cluster of carbon atoms found in carbon soot. It is also the smallest carbon molecule whose pentagonal faces are isolated from each other. 
Other fullerenes that have been produced in macroscopic amounts have 70, 76, 84, 90, and 96 carbon atoms, and much larger fullerenes have also been found, such as those that contain 180, 190, 240, and 540 carbon atoms.
Fullerenes are usually prepared by laser ablation of rotating graphite disc, or arc evaporation technique.
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Fullerenes have highest packing density of all known structures. They are impenetrable even to Helium atom.
Fullerenes can be readily dissolved in solvents like benzene, toluene or hexane.
Pure C60 fullerene is electrically insulator. However, C60 fullerene doped with alkali metals show a range of electrical conductivity. Many alkaline earth metal derivatives of fullerenes have been produced to obtain high quality superconductor. For example, K6C60 is an insulator whereas K3C60 is a superconductor at < 30K. Besides this, metal like mercury & alloys of thallium with fullerenes structure show efficient superconducting properties. Various metallic combination of fullerenes are found to show metallic behavior i.e. resistivity vs. temperature curve. This opens the possibility of using fullerenes as superconductors.
 C60 & C70 both have low vapour pressure. Hence they can be easily deposited on metallic substrate to produce thin film.
Transition metals such as Sc, Ti, V, Ni, Co, Zn can be caged in fullerene structure to produce materials with novel properties.




Caging of atoms within fullerenes:
In the face-centered cubic fullerene structure, 26% of the volume of the unit cell is empty, so alkali atoms can easily fit into the empty spaces between the molecular balls of the material. When C60 crystals and potassium metal are placed in a evacuated tube and heated to 400°C, potassium vapor diffuses into these empty spaces to form the compound K3C6O. The C60 crystal is an insulator, but when doped with an alkali atom it becomes electrically conducting. When C60 is doped with potassium to form K3C60, the potassium atoms become ionized to form K+ and their electrons become associated with the C60 molecule, which becomes a C603- triply negative ion. Thus each C60, has three extra electrons that are loosely bonded to the C60, and can move through the lattice making C60 electrically conducting.






Applications of fullerenes: 















Carbon Nanotubes: 
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[bookmark: disc]Discovery of Carbon nanotubes
Carbon nanotubes are fullerene-related structures which consist of graphene cylinders closed at either end with caps containing pentagonal rings. They were discovered in 1991 by the Japanese electron microscopist Sumio Iijima who was studying the material deposited on the cathode during the arc-evaporation synthesis of fullerenes.
Carbon nanotubes are cylindrical carbon molecules with novel properties that make them potentially useful in a wide variety of applications (e.g., nano-electronics, optics, etc.). They exhibit extraordinary strength and unique electrical properties, and are efficient conductors of heat. 
Apart from CNTs, other examples are nanotubes of boron nitride (BN), silica, transition metal oxides (e,g. VOx), sulfides (WS2, MoS2) and halides.



Carbon nanotubes are stronger than high-carbon steel, have electrical current density 1000 times greater than silver and copper, and have thermal conductivity nearly 20 times higher than copper. 

There are two main types of nanotubes: single-walled nanotubes (SWNTs) and multi-walled nanotubes (MWNTs).
Carbon nanotubes consists of either one cylindrical graphite sheet (single wall nanotube SWNT) or of several nested cylinders with an interlayer spacing of 0.34 - 0.36nm (multiwall nanotubes MWNT). The length of SWNTs and MWNTs are usually well over 1 mm and diameters range from 1 nm (for SWNT) to 50 nm (for MWNT). SWNT are usually closed at both ends by Fullerene like half spheres that contain both pentagons and hexagons.





[bookmark: History]Multiwalled carbon nanotubes, multiple concentric nanotubes precisely nested within one another, exhibit a striking telescoping property whereby an inner nanotube core may slide, almost without friction, within its outer nanotube shell thus creating an atomically perfect linear or rotational bearing. 
A major event in the development of carbon nanotubes was the synthesis of single-layer nanotubes in 1993. 
MWCNT was originally discovered as a by-product of synthesis of C60 as described above. The yield of MWCNT is 30 - 50 % in the electric arc-discharge method using pure carbon.  The standard arc-evaporation method produces only multilayered tubes. It was found that addition of metals such as cobalt to the graphite electrodes resulted in extremely fine tube with single-layer walls.
An alternative method of preparing single-walled nanotubes was described by Smalley's group in 1996. Like the original method of preparing C60, this involved the laser-vaporisation of graphite, and resulted in a high yield of single-walled tubes with unusually uniform diameters.
Nanotubes are composed entirely of sp² bonds, similar to those of graphite. This bonding structure, stronger than the sp³ bonds found in diamond, and thus provides the CNTs their unique strength. Nanotubes align themselves into "ropes" held together by Van der Waals forces.
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Several techniques have been developed to manufacture CNTs, including arc discharge, laser ablation, and CVD. CNTs can now be produced in large quantity, commercially.

Of these, the CVD method has shown the most promise in terms of its price/unit ratio.

Method to produce MWNTs:
Arc Discharge Method:
This process was originally developed to produce fullerenes. Nanotubes can be synthesized using a carbon arc. To produce multi-wall nanotubes, both the electrodes should be of graphite. A potential of 20-25 V is applied across carbon electrodes of 5-20 micron diameter and separated by 1 mm distance at 500 torr pressure of flowing helium. Carbon atoms are ejected from the positive electrode and form nanotubes on the negative electrode. As the tubes form, the length of the positive electrode decreases, and a carbon deposit forms on the negative electrode. The deposits on the cathode consist of impurities such fullerenes and amorphous carbon and thus need purification.  To produce single-walled nanotubes, a small amount of cobalt, nickel, or iron is incorporated as a catalyst in the central region of the positive electrode. If no catalysts are used, the tubes are nested or multi-walled types (MWNT), which are nanotubes within nanotubes. The carbon arc method can produce single-walled nanotubes of diameters 1-5 nm with a length of 1 micrometer.

Process variables of Arc Discharge Method:
Electrodes: graphite,    Dia. of electrodes:  5 to 20 mm
Gap between the electrodes:  ~ 1mm 
Current:  50 to 100 amperes                   Voltage:  20 to 25 volts 
Approx. temperature: 3000 0C                 Helium gas pressure:  100 to 500 torr
Yield if CNTs:    30 to 50%
Impurities:  nanoparticles, fullerenes, amorphous carbon. This demands purification.



Method to produce SWNTs:
Laser Ablation Method:
SWCNT is synthesized by almost the same method as that for the synthesis of MWCNT. Remarkable difference lies in the fact that the metallic catalyst is indispensable to the synthesis of SWCNT. Although laser-ablation method with pure carbon as the target only gives fullerenes, SWCNT can be obtained at high yield by mixing Co-Ni into the target carbon. A quartz tube containing argon gas at around 500 torr pressure and a graphite target are heated to 1200°C. Contained in the tube, but somewhat outside the furnace, is a water-cooled copper collector. The graphite target contains small amounts of cobalt and nickel that act as catalytic nucleation sites for the formation of the tubes. An intense pulsed laser beam is incident on the target, evaporating carbon from the graphite. A pulsed or a continuous laser beam is used. The argon then sweeps the carbon atoms from the high temperature zone to the colder copper collector on which they condense into nanotubes. Tubes 10-20 nm in diameter and 100 micron long can be made by this method. Nanotubes produced by Laser ablation have higher purity (up to 90%) than those produced by arc discharge method.
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Method to produce SWNTs  & MWNTs:
The chemical vapor deposition method involves decomposing a hydrocarbon gas such as methane (CH4) at 1100°C. It generally involves reacting a carbon-containing gas (such as methane, acetylene, ethylene, ethanol, etc.) with a metal catalyst particle (usually cobalt, nickel, iron or a combination of these such as cobalt / iron or cobalt / molybdenium) at temperatures around 700 to 900°C. The catalyst is sprayed over the substrate and the carbon containing gas is passed over the substrate. As the gas decomposes, carbon atoms are produced that then condense on a cooler substrate that may contain various catalysts such as iron. This method produced tubes with open ends, which does not occur when other methods are used. This procedure allows continuous fabrication, and may be the most favorable method for scale up and production.

Operating parameters of CVD method:
Temperature:                 700 - 900 0C
Pressure:                        1 atmosphere
Substrate:                       Silica, mica, quartz or alumina
Source of carbon:           carbon monoxide, methane, acetylene, ethylene, ethanol
Catalyst:                          cobalt, nickel, iron
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Purification of Nanotubes; 

Isolation of MWCNT:
In the isolation process of MWCNT, nanoparticles and graphite pieces should be first removed. It is considerably difficult, to execute the isolation of MWCNT. The main reason for this comes from that the usual separation methods, such as filtration and centrifuge, are effective to remove the big pieces of graphite but not so effective to remove nanoparticles. Therefore, a method to leave only MWCNT by burning nanoparticles under oxidizing atmosphere after removal of big pieces of graphite has been proposed. This method utilizes the property that nanoparticles burn out faster than MWCNT. The reaction with oxygen starts from the edge of nanoparticles and then proceeds to their centres. Compared with nanoparticle, it takes more time for MWCNT to be completely burnt out, since MWCNT is much longer than nanoparticle. Therefore, completion of burning after appropriate burning time gives only MWCNT.

Chiral angle and CNT Properties
The structure of a SWNT can be conceptualized by wrapping a one-atom-thick layer of graphite (called graphene) into a seamless cylinder. The way the graphene sheet is wrapped is represented by a pair of indices (n,m) called the chiral vector. The integers n and m denote the number of unit vectors along two directions in the honeycomb crystal lattice of graphene. 
If m=0, the nanotubes are called "zigzag". 
If n=m, the nanotubes are called "armchair". 
Otherwise, they are called "chiral".
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	Nanotubes form different types, which can be described by the chiral vector (n, m), where n and m are integers of the vector equation R = na1 + ma2 .The chiral vector is determined by the diagram given below. Imagine that the nanotube is unraveled into a planar sheet. Draw two lines (the blue lines) along the tube axis where the separation takes place. In other words, if you cut along the two blue lines and then match their ends together in a cylinder, you get the nanotube that you started with. Now, find any point on one of the blue lines that intersects one of the carbon atoms (point A). Next, draw the Armchair line (the thin yellow line), which travels across each hexagon, separating them into two equal halves. Now that you have the armchair line drawn, find a point along the other tube axis that intersects a carbon atom nearest to the Armchair line (point B). Now connect A and B with our chiral vector, R (red arrow). The wrapping angle [image: phi]; (not shown) is formed between R and the Armchair line. If R lies along the Armchair line (θ=0°), then it is called an "Armchair" nanotube. If θ=30°, then the tube is of the "zigzag" type. Otherwise, if 0°<θ<30° then it is a "chiral" tube. The vector a1 lies along the "zigzag" line. The other vector a2 has a different magnitude than a1, but its direction is a reflection of a1 over the Armchair line. When added together, they equal the chiral vector R. The values of n and m determine the chirality, or "twist" of the nanotube. The chirality in turn affects the conductance of the nanotube, it's density, it's lattice structure, and other properties. A SWNT is considered metallic if the value n - m is divisible by three. Otherwise, the nanotube is semiconducting. Consequently, when tubes are formed with random values of n and m, we would expect that two-thirds of nanotubes would be semi-conducting, while the other third would be metallic, which happens to be the case.
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· STM can determine the chirality of the structure and TEM, STM, AFM can determine the diameter.



Properties of CNTs



[bookmark: Mechanical]Mechanical properties:
Mechanical Strength
[bookmark: Strength][image: http://mmptdpublic.jsc.nasa.gov/jscnano/TStrgth.jpg]
· The chart compares the tensile strength of SWNTs with some common high-strength materials.

Carbon nanotubes are one of the strongest materials known to man, both in terms of tensile strength and elastic modulus. This strength results from the strong C – C type covalent sp2 bonds formed between the individual carbon atoms. A typical SWNT has a tensile strength of 63 GPa. In comparison, high-carbon steel has a tensile strength of approximately 1.2 GPa. The CNT is 100 times stronger than steel and yet 6 times lighter. Since carbon nanotubes have relatively low density, the strength to weight ratio is very high and therefore truly exceptional. The strength to weight ratio for CNT is greater than 500 times than that for aluminium, steel or titanium. 
CNTs also have very high elastic modulus or Young’s modulus, of the order of 1 TPa as against 70 GPa for aluminium and around 700 GPa for a carbon fiber. 
CNTs are not as strong under compression as in tension. Due to their hollow structure, they tend to undergo buckling, when placed under compressive, torsional or bending stress.
Comparative Data on Mechanical Properties of Carbon Nanotubes:
	Material
	Young's modulus (GPa)
	Tensile Strength (GPa)
	Density (g/cm3)

	Single wall nanotube
	1054
	150
	- 

	Multi wall nanotube
	1200
	150
	2.6

	Steel
	208
	0.4
	7.8

	Epoxy
	3.5
	0.005
	1.25

	Wood
	16
	0.008
	0.6




Electrical properties
Due to the symmetry and unique electronic structure of graphene, the structure of a nanotube strongly affects its electrical properties. Nanotubes can be either electrically conductive or semiconductive, depending on their helicity or chirality.
       -  Thus the Armchair geometry shows metallic behavior
 -   Zig-zag geometry shows semiconducting behavior 
           The conductivity of CNTs varies depending on their chirality
· For n ± 3 = m, metallic behavior results i.e. conductive
· For other n and m combinations, semiconducting behavior is shown. 
· The chirality of a SWNT can be determined by Raman spectroscopy. 
The electrical conductivity of CNTs is six orders of magnitude higher than copper. Thus they have very high current carrying capacity.

Thermal properties
All nanotubes are expected to be very good thermal conductors along the tube axis, exhibiting a property known as "ballistic conduction," but good insulators laterally to the tube axis i.e. in the transverse direction.
The thermal conductivity of CNTs is around 3000 W/mK in axial direction with small values in the radial direction.

Physico-chemical properties
· CNTs have high specific area (several hundreds of sq. m. per gram)
· They have cavities enabling molecules storage inside the carbon nanotube 
· Chemical treatment on carbon nanotubes, enables to fix other molecules to carbon nanotubes.
Characterization of Carbon Nanotubes
[image: ]
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Proposed future applications of Carbon Nanotubes:

Size and Confinement Effects:
Introduction
Many properties of solids depend on the size range over which they are measured. At the macro- or large-scale range ordinarily studied in traditional fields of physics such as mechanics, electricity and magnetism, and optics, the sizes of the objects under study range from millimeters to kilometers. The properties that we associate with these materials are averaged properties, such as the density and elastic moduli in mechanics, the resistivity and magnetization in electricity and magnetism. When measurements are made in the micrometer or nanometer range, many properties of materials change. 

Fraction of Surface Atoms:
Consider a homogeneous solid material of compact shape (let us say spherical) and macroscopic dimensions (let us say mm). Most of its properties will be related to its chemical composition and crystal structure. This is what is traditionally studied in the physics and chemistry of solids. For an object of this size, the surface atoms comprise a negligible proportion of the total number of atoms and will therefore play a negligible role in the bulk properties of the material. (The surface atoms will nevertheless play a predominant role in properties involving exchanges at the interface between the object and the surrounding medium, such as chemical reactivity (and catalysis) and crystal growth.)
When the size of the object is reduced to the nanometric range, i.e., < 10 nm, the proportion of surface atoms is no longer negligible. For instance, at 5 nm (around 8,000 atoms), this proportion is about 20%, whilst at 2 nm (around 500 atoms), it stands at 50%. This proportion can be estimated for the transition metals by the relation
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where R is the radius in nm. This empirical law gives a proportion of surface atoms of 100% for a size of 1 nm. A large fraction of the atoms located at the surface of the object, modify its properties. 
There are two ways of approaching the properties of nanoscale objects: the bottom-up approach and the top-down approach. In the first, one assembles atoms and molecules into objects whose properties vary discretely with the number of constituent entities (i.e. with number of atoms or molecules forming that object), and then increases the size of the object until this discretization gives way in the limit to continuous variation. The relevant parameter becomes the size rather than the exact number of atoms contained in the object.
In the second case, one considers the evolution of the properties of a sample as its size is reduced down from macroscopic toward nanometric lengths. When the size or dimension of a material is continuously reduced from a large or macroscopic size, such as a meter or a centimeter, to a very small size, the properties remain the same at first, there after small changes begin to occur, until finally when the size drops below 100 nm, dramatic changes in properties can occur.
	If one dimension is reduced to the nano range while the other two dimensions remain large, then we obtain a structure known as a quantum well. If two dimensions are so reduced and one remains large, the resulting structure is referred to as a quantum wire. The extreme case of this process of size reduction in which all three dimensions reach the low nanometer range is called a quantum dot. The word quantum is associated with these three types of nanostructures because the changes in properties arise from the quantum-mechanical nature of physics in the domain of the ultra small. The following figure illustrates these processes of diminishing the size for the case of rectilinear geometry.
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                     Figure:  Progressive generation of nanostructures
Quantum Structures  
As discussed above, when the size or dimension of a material is continuously reduced from a large or macroscopic size to a very small size, the properties remain the same at first, then changes begin to occur, until finally when the size drops below 100nm. Below 100nm size dramatic changes in properties can occur.

· Quantum structures are those in which the movement of electrons is confined or restricted. The changes in the material properties arise from quantum confinement.

	If a bulk metal is made thinner and thinner, until the electrons can move only   
           in two dimensions (instead of 3), then

· It is “2D quantum  confinement” and a ‘Quantum well’ forms
· Next level is (1D) quantum  confinement called as ‘quantum wire’ , 
· Ultimately ( 0 D) quantum  confinement and is called as ‘quantum dot’

· Structures in which electrons are confined to move (such as in quantum well, quantum wires, and quantum dots) have led to new electrical and optical properties.
· Materials used to produce quantum structures are:
· Group III-V compound semiconductors. These materials are compounds of elements from the third group and element from the fifth group of the periodic table. 
· Gallium arsenide (GaAs) and aluminum arsenide (AlAs) have been the two most widely used III-V compound semiconductors. 
· The examples of applications of quantum structures in daily life are 
1. laser and detector structures in CD players or cash registers, 
2. high-frequency modulators in cellular phones and 
3. telecommunication applications. 

Quantum Well:

· What is a quantum well?
· Engineering of less than three-dimensional semiconductors began during early 1970s, when groups at Bell Laboratory and IBM made the first two-dimensional “quantum wells”. 
· A quantum well is a potential well that confines ( i.e. restricts) the particles movement (i.e. the electrons or holes) to two dimensions, which were originally free to move in three dimensions,  and thus forcing them to occupy a planar geometry.
· In a quantum well, one dimension is reduced to the nano level while the other two dimensions remain large.
· Thus in a quantum well there is a thin layer which can confine particles (electrons or holes) in the dimension perpendicular to the layer surface, while the movement in the other dimensions is not restricted.
· Within the quantum well, the energy of electrons residing is lower than the energy of those residing elsewhere.  
How a quantum well is formed?
· If a given semiconductor material with a small energy gap (band gap) is sandwiched between the semiconductor materials with a larger band gap, a quantum well is formed between the barriers.
· For example a Quantum well is formed in semiconductors by having a material, like gallium arsenide sandwiched between two layers of a material with a wider band gap, like aluminium arsenide. (other examples are: GaAs quantum well embedded in AlGaAs, or InGaAs in GaAs.) 
		These structures can be grown by molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD) with control of the layer thickness down to monolayers. The overall thickness of a quantum well is typically about 5-20 nanometers. Both electrons and holes can be confined in semiconductor quantum wells.
· Once an electron is captured into the well, the probability for the electron to escape from the well is limited. The restriction on the movement of the electron in a planer geometry affects the energy of the electron as compared to a "free" electron in the three-dimensional case. The energy of an electron confined in the quantum well structure is said to be quantized. Because of their quasi-two dimensional nature, electrons in quantum wells have a sharper density of states than bulk materials.
	
 [image: ]

Applications of Quantum wells:
Quantum wells are widely used in diode lasers. They are also used to make HEMTs (High Electron Mobility Transistors), which are used in low-noise electronics. Quantum well infrared photodetectors are also based on quantum wells, and are used for infrared imaging.

Quantum Wires:
· Fundamentally new features are expected when electrons are further confined into quantum wires, so that their only degree of free motion is along the length dimension of the wire. Quantum wires, confine the motion of electrons or holes in two spatial directions and allow free propagation in the third. In a quantum wire the two dimensions are so reduced that one dimension remains large.
· Energy quantization effects become even more dominant than in two dimensions. 
	
Quantum Dots:
· A quantum dot is a semiconductor nanostructure that confines the motion of electrons, holes, or excitons (pairs of conduction band electrons and valence band holes) in all three spatial directions.
· A quantum dot can have anything from a single electron to a collection of several thousand electrons. 
· Typical dimensions of the QDs are between nanometers to a few microns. Small quantum dots, such as colloidal semiconductor nanocrystals, can be as small as 2 to 10 nanometers. The size & shape of the quantum dot and number of electrons can be controlled. 
· Just as in an atom, in case of quantum dots also the energy levels are quantized due to the confinement of electrons. In the quantum wells and quantum wires, the density of states is continuous. However in the Quantum Dots the density of states is discrete. Thus a quantum dot has a discrete or quantized energy spectrum.
· Common examples of QDs are CdS, CdSe, ZnS, PbS, PbSe, PbTe, CuCl…semiconductors.

Manufacture of Quantum Dots:
· Quantum dots can be manufactured by a number of processes ranging from colloidal synthesis to chemical vapour deposition (CVD). The cheapest and simplest method is colloidal synthesis. Electrochemical techniques and CVD can also be used to create ordered arrays of quantum dots on a substrate material.

     Applications of quantum dots:
· Being zero dimensional, quantum dots have a sharper density of states than higher-dimensional structures. As a result, they have superior transport and optical properties, and are used in optoelectronic devices such as diode lasers, amplifiers, IR Photodetectors and biological sensors.
· They are also used in solid-state quantum computation. 

Quantum dots as light emitting devices (LEDs)
· QDs are nanocrystals with extraordinary optical properties
		-	The light emitted can be tuned to desired wavelength by 				altering the particle size i.e. dot size
		-	QDs absorb light and quickly re-emit but in a different color
		-	Colors from blue to Infra Red are produced

· Quantum dots are tiny nanocrystals that glow when stimulated by an external source such as ultraviolet (UV) light. How many atoms are involved in a quantum dot, determines their size and the size of the quantum dot determines the colour of light emitted. 
· When energy is applied to an atom, electrons are energised and move to a higher level. When the electron returns to it’s lower and stable state, this additional energy is emitted as light corresponding to a particular frequency. 	Quantum dots work in much the same way but a quantum dot crystal acts as one very large atom. The energy source used to stimulate a quantum dot is commonly ultraviolet light. The frequency or colour of light given off is not related to the material used in the quantum dot, but by the size of the quantum dot.
· Large size quantum dots produce light with a long wavelength and small quantum dots produce light with small wavelengths. In terms of colour in the visible spectrum, this means large quantum dots produce red light and small quantum dots produce blue light – sizes in between account for all the other colours in the spectrum. Larger quantum dots have more energy levels which are more closely spaced. This allows the quantum dot to absorb light photons containing less energy, i.e. those closer to the red end of the spectrum. 
      Quantum dots of the same material, but with different sizes, can emit light of 
      different colors
[image: ]
                     Fluorescence induced by exposure to ultraviolet light in vials 
                  containing various sized Cadmium selenide (CdSe) quantum dots.


Preparation of quantum nanostructures:
Two main types of nanofabrication processes are:
 “Bottom up”
· Building something by assembling smaller components (like building a car engine).
· Self-assembly of atoms and molecules, as in chemical and biological systems. It is a process that is widespread in biology where, for example, catalysts called enzymes assemble amino acids to construct living tissues that form and support the organs of the body. The process is known as Self assembly.

“Top-down” 
· Building something by starting with a larger component and carving away material (like a sculpture). It starts with a large-scale object or pattern and gradually reduces its dimension or dimensions. In nanoelectronics the technique is called as lithography. It involves patterning and etching away material, to build integrated circuits.
[bookmark: Fabrication]In Lithogruphy a radiation is made to pass through a template or mask on to a surface coated with a radiation-sensitive resist; the resist is then removed and the surface is chemically treated to produce the nanostructure. A typical resist material is the polymer polymethyl methacrylate (i.e. PMMA or acrylic). 
The lithographic process is illustrated by starting with a square quantum well located on a substrate, as shown in following figure. The final product to be produced from a material such as GaAs quantum well is either a quantum wire or a quantum dot, as shown in this figure.  

[image: ]
       Figure: (a) Gallium arsenide quantum well on a substrate; 
                    (b) quantum wire and quantum dot formed by lithography

The steps to be followed in this process are outlined in the figure below.
The first step of the lithographic procedure is to place a radiation-sensitive resist on the surface of the sample substrate, as shown in Fig. a. The sample is then irradiated by an electron beam in the region where the nanostructure will be located, as shown in Fig. b. This can be done by using either a radiation mask that contains the nanostructure pattern, as shown, or a scanning electron beam that strikes the surface only in the desired region. The radiation (i.e. the electron beam) chemically modifies the exposed area of the resist so that it becomes soluble in a developer. The next step in the process is the application of the developer to remove the irradiated portions of the resist. The fourth step (Fig. d) is the insertion of an etching mask into the hole in the resist, and the fifth step (Fig. e) consists of lifting off the remaining parts of the resist. In the sixth step the areas of the quantum well not covered by the etching mask are chemically etched away to produce quantum structure shown in Fig. f covered by the etching mask. Finally the etching mask is removed, if necessary, to provide the desired quantum structure (Fig. g), which might be the quantum wire or quantum dot. 

[image: ]
	Figure: Steps in the formation of a quantum wire or quantum dot by 
                        electron- beam lithography:  (a) initial quantum well on a 
                        substrate, and covered by a resist; (b) radiation with sample 
                        shielded by template; (c) configuration after dissolving 
                        irradiated portion of resist by developer; (d) disposition after 
                        addition of etching mask; (e) arrangement after removal of 
                        remainder of resist; (f) configuration after etching away the 
                        unwanted quantum-well material; (9) final nanostructure 
                        on substrate after removal of etching mask.





Quantum size effect in metal or semiconductor nanoparticles:


[image: ]

Nanocrystalline particles represent a state of matter in the transition region between bulk solid and single molecule. As a consequence, their physical and chemical properties gradually change from solid state to molecular behaviour with decreasing particle size. The reasons for this behaviour can be summarised as two basic phenomena.
First, as we have already discussed, in case of nanoclusters and nanoparticles owing to their small dimensions, the surface-to-volume ratio increases, and the number of surface atoms may be equal to or higher than those located in the crystalline lattice core, and the surface properties are no longer negligible. In the absence of any other molecules adsorbed onto the surface of the nanocrystallites, the surface atoms are highly unsaturated and their electronic contribution to the behaviour of the particles is totally different from that of the inner atoms. This leads to different mechanical and electronic transport properties, which account for the catalytic properties of the nanocrystalline particles.

The second phenomenon, which only occurs in metal and semiconductor nanoparticles, is totally an electronic effect. The band structure gradually evolves with increasing particle size, i. e., molecular orbital convert into delocalised band states. 
Figure above, shows the size quantization effect responsible for the transition between a bulk metal or semiconductor, and cluster species. In a metal, the quasi-continuous density of states in the valence and the conduction bands splits into discrete electronic levels, the spacing between these levels and the band gap increasing with decreasing particle size. Metal particles consisting of 50 to 100 atoms with a diameter between 1 and 2 nm start to loose their metallic behaviour and tend to become semiconductors.
In the case of semiconductors, the phenomenon is slightly different, since a band gap already exists in the bulk state. However, this band gap also increases when the particle size is decreased and the energy bands gradually convert into discrete molecular electronic levels. If the particle size is less than the De Broglie wavelength of the electrons, the charge carriers may be treated quantum mechanically as "particles in a box", where the size of the box is given by the dimensions of the particles or the crystallites. Particles that show this size quantization effect are called Q-particles or quantum dots. In semiconductors, the quantization effect that enhances the optical gap is routinely observed for clusters ranging from 1 nm to almost 10 nm.



Self assembly:
“Bottom up”
· Building something by assembling smaller components (like building a car engine).
· Self-assembly of atoms and molecules, as in chemical and biological systems.

Limitations of top-down approach are:
· The practical limit for optical lithography is around 0.1 microns (100 nm).
· To define smaller features, one has to use electron beams, or e-beams, (which have smaller wavelengths) can be used. Feature sizes smaller than 20 nm can be patterned.

Bottom-up process:
Definition:   Self-assembly is a branch of nanotechnology in which objects, devices, and systems form structures without any external driving force or an agency like pressure. Such a monolayer is formed when a substrate is exposed to a solution containing the surfactant. 

· Self-Assembly (SA) is the spontaneous organization of molecules or                      objects into well-defined aggregates via non-covalent interactions (or                     forces) 
· A self assembled monolayer (SAM) is an organized layer of molecules in which one end of the molecule, i.e. the “head group” shows a special affinity for a substrate.
· SAMs are organic assemblies that are formed spontaneously by the adsorption of molecular constituents from solution or gas phase onto a substrate.
· Self-assembled monolayers (SAMs) can be prepared using different types of molecules and different substrates. Widespread examples are alkylsiloxane monolayers and alkanethiolate monolayers.
· Growth of nanowires from vapor or Self-assembled monolayers (SAM) from solution, in which a single layer of closely-packed molecules sticks to a surface in an orderly and closely-packed fashion. 




· Interactions between substrate and adsorbate: 
· Physisorption - the enthalpies of interactions are rather low (∆H < 10 kcal/mol, typically from van der Waals forces)
· Chemisorption - the formation of covalent bonds, more stable than their physisorbed counterparts (∆H > 10 kcal/mol)
· Other forms: hydrogen bonding, donor–acceptor and ion pairing, etc.


Self assembly Process:
Metal substrates for use in SAMs can be produced through physical vapor deposition technique, electrodeposition or electroless deposition. The SAMs are prepared by dipping substrate such as a evaporated gold film (of about 500 – 2000 0A) into a milli molar solution of the surfactant such as the alkane thiol in ethanol for 12 to 72 hours at room temperature and dried with nitrogen. The solution containing the surfactant (i.e. alkane thiol) is normally made in Hexane or Ethanol.    
 The process of formation of monolayer involves two stages: During the first stage the surfactant is rapidly pinned on the gold- coated surface. Whereas during the second stage reorganization of the surfactant molecules occurs. The second stage may last for several hours. It takes usually 12 – 72 hrs for complete self-assembly. The assembly is held together by the bonds between the sulfur head groups and the gold surface as well as van der Waals interactions between neighboring hydrocarbon chains.
The crucial dimension in SAMs is the thickness perpendicular to the plane of the monolayer: this dimension, and the composition along this axis, can be controlled very simply at the scale of 0.1 nm by controlling the structures of the molecules making up the monolayer. 
The preferred crystal face for alkanethiolate SAM preparation on gold substrates is the (111) direction, which can be obtained either by using single crystal substrates or by evaporation of thin Au films on flat supports, typically glass or silicon. A schematic outline of the SAM preparation procedure on such gold substrates is given in following Figures. 
[image: ]
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The Assembly Process

Figure 3b: Schematic representation of the self-assembly process. Initially alkanethiols come
down onto the gold surface. As more alkanethiols come to the surface, the layer begins to
organize and pack into an ordered monolayer. This self-assembly process occurs over minutes to
hours
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a. Carbon Allotropes
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Carbon Allotropes…cont.

3. Fullerene, C

60

, sp2 bonding

4. Nanotubes, sp2 bonding
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What are fullerenes? (continued…)
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Fullerene Crystal
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Buckminsterfullerene Uses

Buckminsterfullerene Uses

• Due to their extremely resilient and sturdy nature bucky balls are 

debated for use in combat armor

• Bucky balls have been shown to be impervious to lasers, 

allowing for defenses from future warfare

• Bucky balls have also been shown to be useful at fighting the 

HIV virus that leads to AIDS

• Researchers Kenyan and Wudl found that water soluble 

derivates of C

60

inhibit the HIV-1 protease, the enzyme 

responsible for the development of the virus

• Elements can be bonded with the bucky ball to create more 

diverse materials including superconductors and insulators

• Can be used to fashion nanotubes
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Allotropic forms of Carbon

Curl, Kroto, Smalley 1985

Iijima 1991

graphene

(From R. Smalley´s web image gallery)
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Introduction to Carbon Nanotubes

Carbon nanotubes, also known as tubular fullerenes can
be thought of as rolled up sheets of graphite.
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* History of carbon nanotubes

- In 1970s, Morinobu Endo prepared the first carbon
filament of nanometer dimensions

- Richard E. Smalley (Nobel Prize winning in 1996)
discovered the buckyball (C,) and other
fullerenes (1985)

- In 1991, Sumio lijima had been using TEM to
analyze new type of finite carbon structure, that is
composed of needle-like tubes
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Discovery

They were discovered in 1991 

by the Japanese electron 

microscopist Sumio Iijima who 

was studying the material 

deposited on the cathode 

during the arc-evaporation 

synthesis of fullerenes. He 

found that the central core of 

the cathodic deposit contained 

a variety of closed graphitic 

structures including 

nanoparticles and nanotubes, 

of a type which had never 

previously been observed
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A. Macroscopic view of the NT material

B. Tangled mass of thick strands (many NTs in each)

c. view of one rope. SWNTs are hexagonally ordered.
D. High magnification of the rope.
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Why Study Carbon Nanotubes?

• 1nm in diameter, up to 1cm in length, aspect ratio of 10

7

• 1 defect in 10

12

C atoms => ballistic conduction  

• High melting point ~3800

o

C 

• High young’s modulus 1TPa (10

3

times diamond)

• High electronic current carrying capacity (10

9

A/cm

2

) ~10

3

times higher than that of the noble metals

• Thermal conductivity 6600W/mK at room temperature is 

twice the maximum known bulk thermal conductor, 

isotropically pure diamond = 3320W/mK

Despite 18,000 publications, no large scale 

commercial applications of nanotubes 

Li , Yu, Rutherglen, Burke, Nano Lett., 

4

2003 (2004)

Fan, Goldsmith, Collins, Nature Materials, 

4

, 906 (2005)
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Classification of CNs:

single layer



Single-wall Carbon nanotubes (SWNTs,1993)

-

one graphite sheet seamlessly wrapped-up to form a cylinder

-

typical radius 1nm, length up to mm

(From R. Smalley´s web image gallery)

(From Dresselhaus et al., Physics World 1998)

(10,10) tube
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Classification of CNs: 

ropes



Ropes: bundles of SWNTs

-

triangular array of individual SWNTs

-

ten to several hundreds tubes

-

typically, in a rope tubes of different diameters and chiralities

(From R. Smalley´s web image gallery)

(From Delaney et al., Science 1998)
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Classification of CNs: 

many layers



Multiwall nanotubes

(Iijima 1991)

-

russian doll structure, several inner shells

-

typical radius of outermost shell > 10 nm

(From Iijima, Nature 1991)

(Copyright: A. Rochefort, Nano-CERCA, Univ. Montreal)
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Methods of Synthesis

1.Arc Discharge

2.Pulsed Laser Ablation

3.Chemical Vapor Deposition

4.HiPco Process
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The machine

Carbon arc-discharge apparatus at Penn State University
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Figure 512 Experimental arrangement for synthesizing carbon nanotubes by laser evapora-

tion.
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The laser ablation apparatus
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The Dresden nanotube apparatus |
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Chemical Vapor Deposition (CVD) Reactor
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Thermal CVD Apparatus Diagram
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Chemical Vapor Deposition
How it works

= Acetylene gas decomposes
into Carbon and Hydrogen
Gasses

= Through complex CHEMICAL
reactions, (under specific
conditions) Multi-walled
nanotubes are formed.
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HiPco Process

•

High Temperature and Pressure

•

Fe(CO)

5

and CO/CH

4

gas continuously 

passed through furnace

•

Enhanced Purification Method

6,9

Characteristics:
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HiPco Results

•

Rate of heating very important

•

Higher yields are obtained for:

- *Faster heating rates

- Higher pressures

- Higher temperatures

•

90% SWNTs with diameters down to .7nm produced

•

*Control of CNT size by controlling the catalyst size

6,9
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Figure 1: Van der Waals clusters are thought to form icosahedral shapes as shown here for
different numbers of atoms. [1]
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Figure 5.11. Tiusiraton of some possible structures of carbon nanofubes, depending en o
sraphite sheets are rolled: (a)annchair structure; () zigzag strueture (c)chiral siructure.




image41.png




image42.png




image43.jpeg
100

Tensie Strength of Engineering Materials
GPa, log scale

Cabon  Graphite  Aramid  Stainiess
Namotubes  Fibers  (Keviar)  Steel




image5.png
Figure 2: The Crystal Structure of NaCl.
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SEM Image of Single-Walled Carbon Nanotubes
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TEM Image of Single-Walled Carbon Nanotubes
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AFM of Carbon Nanotube and 

DNA Molecules

Bockrath, et al., Nano Lett., 

2

, 187 (2002).
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‘ Atomic Structure

Atoms are made up of a central core nucld , which consists
‘mainly of positively charged protons and neutral neutrons,
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