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Chapter 1: General Introduction 

1.1 Carbon [1] 

Carbon has been considered as one of the most interesting and significant elements, 

not only because it is the fourth most abundant element in the universe by mass, after 

hydrogen, helium and oxygen, but also for its properties as a solid and subsequently as a 

material. Within the periodic table, it is represented by the symbol C and its atomic 

number is 6. It is also a non-metallic, tetravalent element that presents several allotropes 

(Figure 1).  

 

Figure 1. Some allotropic structures of carbon: (a,b) fullerenes (C60 and C70); (c) 

graphite; (d) carbon nanotube; (e) amorphous carbon; (f) nanodiamond [2]. 

What gives the abundant diversity of structural forms of solid carbon? Each carbon 
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atom has six electrons which occupy 1s
2
, 2s

2
 and 2p

2
 atomic orbitals. The 1s

2
 orbital 

contains two strongly bound electrons, and they are called core electrons. Four electrons 

occupy the 2s
2
2p

2
 orbitals, and they more weakly bound electrons are called valence 

electrons. In the crystalline phase the valence electrons give rise to 2s, 2px, 2py and 2pz 

orbitals which are important in forming covalent bonds in carbon materials. In carbon, 

three possible hybridizations occur: sp, sp
2
 and sp

3
. Within sp

3
 hybridization, four 

equivalent 2sp
3
 hybrid orbitals are tetrahedrally oriented around the atom (Figure 2a) 

and can form four equivalent σ bonds by an overlap with orbitals of other atoms. The 

carbon atom in methane (CH4) provides a simple example of sp
3
 hybridization through 

its tetragonal bonding to four nearest neighbor hydrogen atoms which have the 

maximum spatial separation from each other. In order to make elongated wavefunctions 

to these each direction, the 2s orbital and three 2p orbitals are mixed with each other 

resulting in the formation of an sp
3
 hybridization. 

Within sp
2
 hybridization (Figure 2b), three equivalent 2sp

2
 orbitals are formed and 

one unhybridized 2p orbital is left. They are coplanar and oriented at 120° to each other 

and form σ bonds by an overlap with orbitals of neighbouring atoms as e.g. in ethane 

(C2H4). The remaining p orbitals on each carbon atom form a π bond by the overlap 

with the π orbital from the neighbouring carbon atom. Such bonds formed between two 

carbon atoms are represented as the double bond (C=C). 

Within sp hybridization (Figure 2c), a linear combination of the 2s orbital and one 

of the 2p orbitals of a carbon atom is formed. For example, the acetylene is a simple 

carbon-based material showing sp hybridization. Linear σ bonds are formed by the 

overlap of the 2sp hydride orbitals of neighbouring atoms. Two π bonds are formed with 

the overlapping unhybridized π orbitals of the two carbon atoms. These bonds are 
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represented as the triple bond (C≡C), which is yielded by one σ bond and two π bonds. 

 

Figure 2. Three different hybridizations of carbon atom: (a) sp
3
; (b) sp

2
; (c) sp [3]. 

1.2 Diamond 

Thanks to their gorgeous appearance and outstanding properties, the diamond 

being an attractive material is a metastable carbon polymorph at room temperature and 

atmospheric pressure and exists in a cubic and hexagonal form shown in Fig. 3. In the 

most frequent cubic form, each carbon atom is linked with four other carbon atoms by 

four sp
3
 σ bonds in a tetrahedral array with a C–C bond length of 1.544 Å [4]. Its crystal 

structure is zinc blend type (fcc) with a diatomic basis, which is appropriately called the 

diamond cubic crystal structure. The second carbon atom is at position (¼, ¼, ¼) in the 

unit cell and the lattice constant is a0 = 3.567 Å (Fig. 3a). 

 

Figure 3. (a) Diamond in the cubic form and (b) the hexagonal Lonsdaleite [5]. 
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Figure 4. The structure of the 

graphite [8]. 

 

The physical properties of diamond are dependent upon its structure. Diamond is a 

wide-gap semiconductor (5.47 eV), the hardest material in nature and has the highest 

atomic density. In addition, it has a quite low electrical conductivity and they were 

known as the best thermal conductors (~25 W·cm
-1

·K
-1

) before the discovery of CNTs. 

The hexagonal diamond (Lonsdaleite) has a wurtzite crystal structure and a C–C bond 

length of 1.52 Å [6]. The gravimetric density of both types of diamond is 3.52 g·cm
-3

. 

1.3 Graphite 

Another polymorph of carbon is graphite, whose crystal structure is distinctly 

different from that of diamond. In graphite the atoms are arranged in layers of a 

honeycomb network in which the carbon atoms are bonded with sp
2
 σ bonds and a 

delocalized π bond. The weak interlayer bonding of graphite originates from the small 

overlap of the π-orbitals between atoms of adjacent layers and not to Van der Waals 

bonding [7]. Because of these weak inter-planar bonds, inter-planar cleavage is facile, 

which leads to the excellent lubricate properties of graphite. In addition, the electrical 

conductivity is relatively high in crystallographic directions parallel to the hexagonal 

sheets. 

 Graphite is commonly used as heating 

element for electric furnaces, electrode for arc 

welding, for high temperature crucibles, in casting 

molds for metal alloys and ceramics, for high 

temperature refractories and insulations in rocket 

nozzles, in chemical reactor vessels, for electrical 

contacts, brushes and resistors, as electrodes in the 
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batteries and in air purification devices [9]. 

1.4 Fullerenes 

Experimental and theoretical works have shown that the most stable form of 

carbon clusters form linear chains [10] up to about 10 atoms. For clusters that have 10 

to 30 carbon atoms, the ring is the most stable structure [11]. Carbon clusters between 

30 and 40 carbon atoms are unlikely and clusters above 40 atoms form cage structures, 

such as C60 (Figure 5), whose structure was identified by Kroto et al. in 1985 for the 

first time [12]. The carbon atoms are located at the 60 vertices of a truncated 

icosahedron that has 90 edges and 32 faces of which 12 are pentagons and 20 hexagons, 

consistent with Euler’s theorem for polyhedra: 

f + v = e + 2 

where f, v and e are the number of faces, vertices, and edges of the polyhedra. The 

average distance of the nearest neighbouring C–C bond is 1.44 Å, almost equal to that 

in graphite. Each carbon atom is triangularly bonded to three other carbon atoms in an 

sp
2
-derived bonding configuration. The curvature of the trigonal bonds in C60 leads to 

some admixture of sp
3
 bonding, characteristic for tetrahedrally bonded diamond, but 

absent in graphite [13]. 

 

Figure 5. A series of fullerenes (C20, C24, C28, C36, C50, C60 and C70). 

(1) 

C20 C24 C28 C36 

C50 C60 C70 
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1.5 Carbon Nanotube 

1.5.1 Discovery 

Nowadays, as one of the most extraordinary carbon materials, carbon nanotubes 

(CNTs), one allotrope of carbon with cylindrical nanostructure, had made a great impact 

on the most areas of science and engineering due to their unprecedented physical and 

chemical properties since their discovery by Iijima [14] around 22 years ago. In 1991, 

some tiny tubes of pure carbon had been found in the soot when Iijima tried to fabricate 

high yield of C60 fullerenes with arc discharge. These tubular materials were hollow 

with many layers-tubes inside tubes and their ends were sealed with some conical caps. 

 

Figure 6. (a) High resolution transmission electron microscopy (HRTEM) images of the 

first observed MWCNTs by Iijima in 1991 [14] and (b) the individual SWCNT of my 

own sample. 

These are the multi-walled carbon nanotubes (MWCNTs) we called right now (Figure 

6a). Then in 1993, single-walled carbon nanotubes (SWCNTs) (Figure 6b) came out 

with the help of using the cobalt as the catalyst in an arc discharge system [15]. From 

that time, the family of CNTs had come into our sight officially. In addition, no previous 

(a) (b) 
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