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Abstract. The reader is introduced to the crystallography, electronic structure,
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Introduction

Carbon nanotubes occupy a prominent place in contemporary materials research
due to their unique structural, electronic and chemical properties from both fundamental and applied viewpoint. They open possibilities for as broad array of
applications in varied fields as rarely any other synthetic material has enjoyed.
At the nano- and macroscale the carbon nanotubes behave as one-dimensional
material, at least regarding the mechanical and electronic properties. After being the focal point of materials science for a quarter century, however, still many
unresolved issues preclude their wide acceptance as a substitute for traditional
materials in electronics, composites, pharmacy and medicine. This review does
not aim to provide the newcomer to the field with comprehensive or concise
knowledge for all aspects of the nanotubes. Rather, it tries to elucidate selected
topics, considered important for applied research, which get little or no coverage
in the general available reviews.
2

Atomic Structure

The carbon nanotube (CNT) is a stable form of crystalline carbon shaped as a
tube of diameter ranging from 0.7 to 100 nm and length from a few nanometers
to a few microns and beyond to the mm range [1-3]. To visually grasp its structure, it is useful to imagine it as a two-dimensional graphene sheet rolled into a
tube. Graphene is a planar two-dimensional single crystal of sp2 -bonded carbon
1310–0157 c 2017 Heron Press Ltd.
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theoretical limit of 0.4 nm. Endo et al. [17] have reported that these nanotubes
were capped with a C20 dodecahedron. According to Kiang et al. [18] singlewalled 0.4 nm CNTs have three possible structures: chiral (4,2), zigzag (5,0)
and armchair (3,3) with diameters 0.414, 0.393 and 0.407 nm, respectively.
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resemble the less-ordered turbostratic form of graphite rather than the higherquality well-stacked Bernal form. Multiwalled nanotubes typically have outer
diameters in the range 50–100 nm.
In order to fit the TEM experimental data, Kiang et al. [18] have proposed an
empirical dependence of the intershell spacing on the MWCNT size
d = 0.344 + 0.1 exp(−Ch /2πβ) nm,
where the term Ch /2π is the radius of the tube and β ∼
= 2 nm. With increase of
the tube diameter the intershell distance decreases to 0.344 nm.
3

Electronic Band Structure

Saito et al. [21,22] have developed the zone theory of single-walled carbon
nanotubes and Alfosi [23] has provided graphical illustrations and interactive
demonstrations on the matter. As a consequence of the finite number of carbon
lattice positions along the perimeter, the first Brillouin zone (BZ) of a SWNT
is given by an irreducible set of equidistant lines in the reciprocal lattice space
(the so called cutting lines) whose spacing and length are related to the chiral
indices (n, m) of the nanotube [21-23]. The indices specify uniquely the geometry of the SWNT Bravais lattice, including the length of the unit cell along the
tube axis and number of graphene unit cells inside the SWNT unit cell. All the
points on the cutting lines belong to the SWNT BZ, thus it is a subset of points
belonging to the graphene BZ. (The latter is a hexagon rotated by 90◦ with respect to the Bravais Lattice, shown in the 2D graphics.) The spacing between
~1 | is inversely proportional to the SWNT diameter dt , while the
cutting lines |K
length of the lines is inversely proportional to the length T of the SWNT unit
~1 denotes a discrete unit vector along the tube circell along the tube axis. K
~
cumferential direction. K2 is a reciprocal lattice vector along the tube axis of a
(n, m) nanotube.
~1 = ((2n + m)b~1 + (2m + n)b~2 )/N dR
K
~2 = (mb~1 − nb~2 )/N,
K

(4)

where b~1 and b~2 are the reciprocal lattice vectors of two-dimensional graphene,
which have the following representation in x, y coordinates
 1  2π
b~1 = √ , 1
,
a
3

 1
 2π
b~2 = √ , −1
a
3

(5)

with a the graphene unit cell constant. N is the number of hexagons of the
graphite honeycomb lattice that lie within the nanotube unit cell
N = 2(n2 + m2 + nm)/dR .
112

(6)

phenea unit
cell constant.
N isconstant.
the number
hexagons
graphite
with
the graphene
unit cell
N isofthe
number of
of the
hexagons
of the graphite
ttice
that lielattice
withinthat
the lie
nanotube
unitnanotube
cell
honeycomb
within the
unit cell
+nm
)/d R2 +m
. 2 +nm )/d .
N =2(n
R

(6)

greatest
divisor
of (2n+m)
and
(n,m) for
nanotube.
Here
dR iscommon
the greatest
common
divisor
of (2m+n)
(2n+m) for
andan
(2m+n)
an (n,m) nanotube.
Carbon Nanotubes: A Review

Figure 3b Electron energy dispersion E(kz) of
The Brillouin zone of a (4,2)
Figure 3b Electron energy dispersion E(kz) of
Figure 3a The Brillouin zone of a (4,2)
a (4,2) carbon nanotube along the 1D (set of
cting carbon nanotube
a (4,2) carbon nanotube along the 1D (set of
semiconducting carbon nanotube
28) cutting lines. Due to the set rotation of
sed on the 2D graphene Brillouin
28) cutting lines. Due to the set rotation of
superimposed on the 2D graphene Brillouin
19.1° (cf. Figure 3a), the dispersion curves
e of the 1D cutting lines crosses
19.1° (cf. Figure 3a), the dispersion curves
zone. None of the 1D cutting lines crosses
appear in left–right mirror pairs. The Fermi
try K, K' points. Energy values
appear in left–right mirror pairs. The Fermi
the symmetry K, K' points. Energy values
level is set at 0 eV. All pairing valence–
nted by a contour map with the
level is set at 0 eV. All pairing valence–
are represented by a contour map with the
conduction bandconduction
curves areband
separated
by a
l at symmetry
points
K,
K'
set
at
curves are separated by a
Fermi level at symmetry points K, K' set at
finite energy gapfinite
[23].energy gap [23].
0 eV [23].

(a) of a (4,2)
Figure 3b Electron
energy
dispersion
E(kz)dispersion
of
Figure
3b(b)Electron
energy
E(kz) of
The Brillouin
zone
a (4,2) zone
Figure 3a
TheofBrillouin
a (4,2) carbon
along
along nanotube
the 1D (set
of the 1D (set of
semiconducting
cting carbon
nanotubecarbon nanotube a (4,2) carbon nanotube
cutting
Due to the
28) cutting lines.28)
Due
to thelines.
set rotation
of set rotation of
on the
2D graphene Brillouin
sed onsuperimposed
the 2D graphene
Brillouin
19.1°
(cf.
Figure
3a),
the
dispersion
curves
None oflines
the 1D
cutting lines crosses
19.1° (cf. Figure 3a), the dispersion curves
e of thezone.
1D cutting
crosses
appear
in left–right
mirror
pairs. The Fermi
K, K'values
points. Energy appear
values in left–right
mirror
pairs. The
Fermi
etry K,the
K' symmetry
points. Energy
levelAll
is set
at 0 valence–
eV. All pairing valence–
area represented
bywith
a contour
levelthe
is set at 0 eV.
pairing
ented by
contour map
the map with
conduction
band
curvesby
area separated by a
Fermi
level
at
symmetry
points
K,
K'
set
at
conduction band curves are separated
l at symmetry points K, K' set at
0 eV [23].
finite energy gapfinite
[23].energy gap [23].

(c) of a zig–zag
The Brillouin
zone
of Brillouin
a zig–zagzone
Figure 3d Electron
energy
dispersion
E(kz)dispersion E(kz)
Figure 3c
The
Figure
3d(d)Electron
energy
–metallic
carbon
nanotube
a zig–zag
(6,0)
carbon
nanotube
alongnanotube
the
(6,0)
semi–metallic
of carbon
a zig–zag
(6,0)
carbon
along the
Figure
3. (a)carbon
Brillouinnanotube
zone of aof(4,2)
semiconducting
nanotube
superimposed
on
the
2D
graphene
Brillouin
zone.
None
of
the
1D
cutting
lines
crosses
the
symmetry
on the
2D graphene Brillouin
1D (set
cutting
sed on superimposed
the 2D graphene
Brillouin
1D (set of) cutting
lines.of)The
Fermilines.
levelThe
is Fermi level is
points K, K 0 . Energy values are represented by a contour map with the Fermi level
zone.
Two
of
the
1D
cutting
lines
cross
the
set
at
0
eV.
A
valence
and
0
of the 1D cutting
lines cross
theK, K set atset
0 eV.
A valence
and
conduction
at symmetry
points
0 eVat[23];
(b) Electron
energy
dispersion
E(kz ) of a conduction
symmetry
K, K'
points.
Energy
areof 28)lines
lines
touch
at of
the K, K'
(4,2)
carbon
nanotube
along values
the 1D
(set
cuttingdispersion
lines. at
Duethe
to
the
K, K' points.
Energy
values
are
dispersion
touch
K,set
K'rotation
◦
19.1
(cf.
Figure
3a),
the
dispersion
curves
appear
in
left–right
mirror
pairs.
The
Fermi
represented
a contour
points
producing semi–metallic
d by a contour
mapbywith
the map with the
symmetry pointssymmetry
producing
semi–metallic
level is set at 0 eV. All pairing valence–conduction band curves are separated by a finite
Fermi
level
at
symmetry
points
K,
K'
set
at
zone
structure
[23].
at symmetry points
set(c)atBrillouin zone
zone
[23].
energy K,
gapK'
[23];
of structure
a zig–zag (6,0)
semi–metallic carbon nanotube
0 eV [23]. superimposed on the 2D graphene Brillouin zone. Two of the 1D cutting lines cross the

symmetry points K, K 0 . Energy values are represented by a contour map with the Fermi
level at symmetry points K, K 0 set at 0 eV [23]; (d) Electron energy dispersion E(kz )
Figure
3c
The
Brillouin
zone of
a zig–zag
Figure
3d
Electron
energy
of
aof
zig–zag
(6,0) carbon
nanotube
along the
(set of)
cutting
lines.
The Fermi
level
The Brillouin zone
a zig–zag
Figure
3d1DElectron
energy
dispersion
E(kisz)dispersion E(kz)
set
at
0
eV.
A
valence
and
conduction
dispersion
lines
touch
at
the
symmetry
points
K,
(6,0)
semi–metallic
carbon nanotube a zig–zag (6,0)
of carbon
a zig–zag
(6,0) carbon
along the
0
–metallic
carbon
nanotube
nanotube
alongnanotube
the
K
producing semi–metallic zoneof
structure [23].

superimposed on the 2D graphene Brillouin
1D (set of) cutting lines. The Fermi level is
sed on the 2D graphene Brillouin
1D (set of) cutting lines. The Fermi level is
zone. Two of the 1D cutting lines cross the
set at 0 eV. A valence and conduction
of the 1D cutting
lines
cross
the common
setdivisor
at 0 of
eV.(2n
A+valence
and+conduction
Here
d
is
the
greatest
m)
and (2m
n) for
an (n,
R
symmetry K, K' points. Energy values are
dispersion
lines
touch
atm)
the K, K'
K, K' points. Energy
values
are
dispersion
lines
touch
at
the K, K'
nanotube.
represented by a contour map with the
symmetry points producing semi–metallic
d by a contour map
with the number of cutting
symmetry
points
semi–metallic
The irreducible
lines is equal
to producing
the number of
graphene unit
Fermi level at symmetry points K, K' set at
zone structure [23].
cells inside
the cutting
l at symmetry points
K, K'the
setSWNT
at unit cell.
zoneUsually
structure
[23]. lines are indexed by the
0 eV [23]. azimuthal band quantum number µ as 0, 1, . . . , N − 1. The index µ is cyclically
periodic in ±N . For achiral SWNTs, i.e. (n, 0) and (n, n), N = 2n. The n-th
cutting line (counted from 1, bottom to top in the figures) always crosses the

113

(6)

P. Sveshtarov
symmetry Γ point of the underlying graphene Brillouin zone. The cutting lines
of an armchair (n, n) SWNT are parallel to a set of two opposite hexagonal sides
of the graphene BZ, and the 2n-th cutting line overlays the side wall. These walls
contain the symmetry K, K 0 points where the graphene valence and conduction
band conical surfaces of the electron energy dispersion touch at their tip [25].
The cutting lines of a zigzag (n, 0) SWNT are horizontal, running perpendicular
to a set of two opposite side walls of the graphene BZ. In the general case of
a chiral (n, m) SWNT the cutting lines slope angle equals the chiral one and
two cutting lines do cross the K, K 0 points only for selected (n, m) pairs as
described below.
The electron energy zones are derived from those of graphene by the zone–
folding theory (ZF) of Saito and Dresselhaus [21,22] with neglect of the curvature effects valid for large diameter tubes. The ZF band structure of a SWNT
is obtained starting from the tight–binding electronic dispersion relation of
graphene for π-orbitals [25].
The periodic boundary condition for a carbon nanotube gives N discrete energy
~1 ). In the axial direction,
values in the circumferential direction (given by K
~
given by the K2 vector, the energy dispersion is continuous for each circumfer~1 vector in the one-dimensional Brillouin zone. The N pairs of energy
ential K
dispersion curves given by Eq. (7) correspond to the cross sections of the twodimensional energy dispersion surface of graphene with vertical panes running
through each cutting line:


v,c
~ 1 + kz K
~2 /|K
~2 | ,
Eµ (kz ) = E2D
µK
µ = 0, 1, . . . , N − 1 ,
(7)
where kz is the axial quantum number (z being the axial direction in the reciprocal lattice space), which is continuous inside a given cutting line. The irreducible number of bands is equal to the irreducible number of cutting lines with
E v and E c corresponding to the valence π and conduction π ∗ energy bands,
respectively.
When a cutting line crosses the graphene BZ special symmetry points K and K 0 ,
given by the condition mod(n − m, 3) = 0, the SWNT conduction and valence
energy bands touch at the Fermi level (energy set at 0 eV in the figures), so the
SWNT is semi-metallic; otherwise the SWNT is semiconducting. For conducting SWNTs the electronic density of states (DOS) is nonzero at the Fermi level,
whereas for semiconducting, it is zero (a gap along the energy axis occurs at and
around the Fermi level). For large diameter SWNTs the width of this stateless
gap is inversely proportional to the nanotube diameter, given by Kataura et al.
[26] and Liu et al. [27] as the approximate relation
Eg = 2aCC γ/dt ,

or Eg ∼
= 0.9/dt ,

(8)

where aCC is the distance and γ – the interaction energy between nearest neighbours (2.95 eV), Eg is in eV, aCC and dt in nm.
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Due to the π-orbitals interaction in the multi-walled tubes, their electron band
structure is metallic. Defect-free nanotubes conduct electric current by ballistic
(scatter-free) transport [29]. Electrical conduction can take place within each of
the individual shells. However, if a multiwalled nanotube is contacted on the
outside, the electric current is conducted through its outermost shell only [30].
Where conduction occurs through this outer shell, the band gap approaches 0 eV
due to the relatively large diameter and the nanotube acts as a metallic conductor.

density of states (DOS) computed from the tight-binding
hair (n,n) SWNTs. The spikes in the electronic DOS are
s) and originate from the different values of the azimuthal
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phene unit cells
insidestrength
the along
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is dangling
alwaysbonds
2n
and mechanical
the axis.cell,
Therewhich
are very few
in the structure, thus making the nanotubes chemically inert, and substances are
physically adsorbed onto the graphene walls rather than react with them. Pristine
MWCNTs exhibit extreme hydrophobicity – the contact angle is 164 ± 2◦ [31],
176◦ for vertically aligned and 144◦ for entangled MWCNTs [32]. However, by
applying a voltage as low as 1.3 V, the extreme water repellant surface can be
switched to a superhydrophilic one [33]. As carbon nanotubes are completely
covalently bonded, they can be excellent electrical conductors which do not suffer from electromigration, which is a limiting factor for metals [34]. This opens
up a possibility for application as conducting interconnects carrying currents of
density as high as 108 A/cm2 in microelectronic ICs.
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Defects in Carbon Nanotubes

Charlier [5] has provided a clarifying review on defects in SWNTs. The defective structures can be classified into four groups: topological (introduction of
ring sizes other than hexagons), rehybridization (ability of a carbon atom to hybridize between sp2 and sp3 ), vacancies and dislocations and doping with other
elements than carbon.
A peculiar structural feature near the ends of all tubes originates from the cap at
the tip. Its formation necessitates the incorporation of topological defects such
as pentagons in the hexagonal carbon lattice. In view of the large aspect ratio
of nanotubes (100–1000), the electronic properties of the main body of the tube
will remain unaffected [5]. These topological changes in the atomic structure
near the end of closed carbon nanotubes create sharp resonant states in the DOS
close to the Fermi energy region, affecting locally the electronic properties as
discussed by Carroll et al. [35], De Vita et al. [36] and Ajayan et al. [37].
Important physical phenomena, such as field emission from nanotube tips [36]
and enhanced oxidation reaction at the tips [37], should be related to the presence
of such states.
5

Intramolecular Junctions and Doping

Carbon nanotube intramolecular junctions, formed by combining one or multiple topologic pentagon–heptagon (5/7) defects in the hexagonal structure between two nanotube segments of different helicity (different electronic properties/conductivity type), have also been theoretically proposed by several research
groups [37-43] for their potential in the creation of nanoelectronic devices.
These carbon–based nanostructures could function as molecular size metal–
semiconductor, metal–metal, or semiconductor–semiconductor nanojunctions.
Both the existence of such atomic level structures and the measurement of their
respective electronic properties have been resolved experimentally by Chico et
al. [41] and Yao et al. [42]. Charlier [5] has provided a 3D drawing of a junction of two different nanotubes (8,0) and (7,1)) forming a metal–semiconductor
molecular diode and a plot of the density of states. In the tight-binding πelectron approximation, the (8,0) nanotube has a 1.2 eV gap, and the (7,1) tube is
a (semi) metal. A device consisting of such joined semiconducting and metallic
nanotube by means of structural modification via a 5/7 defect pair incorporated
in the hexagonal network, can be considered as a nanoelectronic analog of a
Shottky diode [37-43].
Using scanning tunneling spectroscopy Carrol et al. [44] and Czerw et al. [45]
have observed changes in the electronic structure of carbon nanotubes due to
the introduction of boron and nitrogen in the lattice. Both boron- and nitrogendoped tubes are metallic with no apparent band gap, in contrast to undoped tubes
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with varying electronic character. In the case of B doping of a (10,10) nanotube,
B atoms are bonded to three C atoms, and in the case of N doping of the same
structure, N atoms are bonded to only two C atoms producing a three–vacancy
complex of missing bonds positioned at the apeces of a equilateral triangle [5].
However, in both cases, the local density of states (LDOS) exhibits strongly
localized acceptor states (p-doping) or donor states (n-doping) near the Fermi
level [5]. First–principles calculations of Carroll et al. [44] have shown that the
changes in the LDOS of boron-doped tubes [44] must be interpreted as caused
by BC3 islands and not as isolated substitional species. Pyridine-like structures
with N atoms in a (10,10) nanotube are responsible for the metallic behavior and
the electron donor states observed near the Fermi level in the LDOS of nitrogendoped tubes [45].
6

Rehybridization and Reactivity

If a graphene sheet is rolled up into a curved structure like a carbon nanotube or
fullerene, the orbital structure of carbon is altered, because the bond length between carbon atoms decreases and the bond angle changes. σ- and π-orbitals are
no longer perpendicular to each other as in graphene. Overlap of the π-orbitals
is introduced. As a consequence the parts of the π-orbitals inside and outside of
a nanotube rearrange, in a way, that the outer contribution is much larger than
the inner one [46]. These rehybridized states have new wavefunctions where
the modified π-orbital wavefunction consists out of σ- as well as s-orbitals, and
in addition, are chiral angle dependent. The degree of rehybridization is highly
curvature dependent, so that it is even possible to increase the reactivity alone
by bending a carbon nanotube as suggested by Ouyang et al. [47].
The two main sources of reactivity in SWCNTs are (i) the curvature induced
strain arising from the non-planar geometry of sp2 carbons and (ii) the misalignment of the π orbitals [48]. The former is more pronounced at the capping
fullerene hemispheres while the latter effects mainly the side walls. Alternative
ways to functionalyze carbon nanotubes are by substitution reactions such as
replacement of carbon atoms from the tube wall by boron or nitrogen [49].
Rao et al. [51] discussed functionalizing nanotubes by covalent bonding with
chemical groups. First some carbon atoms at the wall reactive sites were oxidized joining –F, –OH and –COOH groups and substitution reactions were used
afterwards to convert these ‘bridgeheads’ to more reactive groups. The first
reaction step is usually some aggressive treatment, e.g. (i) oxidation in refluxing concentrated HNO3 (yields carboxyl groups) [51-53], (ii) ozone treatment
[54,55], (iii) ball milling in reactive atmosphere [56] or together with solid KOH
(hydroxyl groups) [57], (iv) HF reaction (–F groups) [58,59]. Then in the second
step the bridgeheads are converted to more reactive groups, and as a third step
organic synthesis reactions are applied to build the desired functionality onto the
anchor sp3 carbon in the nanotube wall [60].
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Table 1. Comparison of mechanical properties of carbon nanotubes [64]
Type of CNT
SWNT (exper.)
Armchair SWNT (theor.)
Zigzag SWNT (theor.)
Chiral SWNT (theor.)
MWNT (exper.)

8

Young modulus, Tensile strength, Elongation at break,
TPa
GPa
%
1–5
0.94
0.94
0.92
0.2–0.8–0.95

13–53
126.2
94.5

16
23.1
15.6–17.5

11–63–150

Obtaining Carbon Nanotubes

Carbon nanotubes can be synthesized by both well established and novel methods, described in reviews by Szabó et al. [65], Endo et al. [66] and Eatemadi et
al. [67]. The following techniques are used successfully on a large scale to produce both single- and multi-walled CNTs with varying throughput and yield. It
is important to be able to control the diameter, chirality, the number of shells of
a MWCNT, and the purity, since all these parameters influence CNT properties
[66], but neither technique has achieved a satisfactory degree of control. They
may be classified in four groups:
•
•
•
•
•
8.1

Carbon arc or arc discharge;
Laser ablation or pulsed laser evaporation (PLV);
High pressure carbon monoxide conversion (HiPCO);
Chemical Vapour Deposition (CVD);
Plasma Enhanced Chemical Vapour Deposition (PECVD).
Carbon Arc

The carbon arc is created by dense currents flowing between subtended graphite
anode and cathode in gaseous helium or argon. It evaporates carbon atoms at
temperatures in excess of 3000◦ C. Aggregates similar to fullerene (C60 ) are
formed in the discharge plasma which condense either on the cathode or on a
substrate downstream the reactor tube. Crystallization nuclei form initially at
the substrate where thin grass–like carbon filaments of diameter 20–100 nm and
length 1–100 µm grow. A variant of the arc method uses anode doped with
several % of Co, Fe or Ni to provide better catalyst seed control. The arc discharge technique uses higher substrate temperatures (above 1700◦ C) for CNT
synthesis, which reduces the structural defect density in comparison with other
methods [67].
The end product is soot and a mixture of fullerenes, nanofibres and nanotubes.
Carbon nanotubes are produced by controlling the growth conditions via: (i)
the gas pressure in the discharge chamber and (ii) the arc current. According to
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Collins [68] this method provides yield up to 30% by weight and produces both
single- and multi-walled nanotubes with lengths of up to 50 micrometers with
few structural defects.
Separation and purification is done by oxidation, which removes the amorphous
carbon. Subsequent strong acid treatment removes the catalyst particles and
adjoining chemical functional groups to the CNTs [69,70].
8.2

Pulsed laser evaporation

This technique is used to obtain mostly single-walled nanotubes by pulsed evaporation of a target carbon source containing 0.5 at.% Ni and/or Co. The target
is placed in a quartz reactor tube through which inert gas is flown. A resistive
type furnace outside the tube maintains the target and the gas at 1200◦ C. The
flow of inert gas carries the nanotubes downstream. SWNTs condense from the
vapours in the laser torch and deposit at a collector placed outside the reactor
hot zone. The SWNT yield reaches 67% of the total deposition. Ando et al. [71]
have described several variants of laser ablation. Figure 7 shows pulsed laser
evaporation reactor for SWNTs [71]. The growth mechanism of SWNTs in a
laser ablation process has been discussed by Scott et al. [72].
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Figure 7. Laser reactor for CNT synthesis. A YAG or CO2 laser evaporates a carbon target containing catalytic metals. The SWNT diameter depends on the furnace temperature
and catalyst (Ni+Y large, Rh+Pd small) [71] (reproduced with permission).

Figure 7 Laser reactor for CNT synthesis. A
YAG or CO2 laser evaporates a carbon target
containing catalytic metals. The SWNT
diameter depends on the furnace temperature
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posing the gas can be 10 times less energy-consuming than graphite vaporization. The process is also continuous and low cost. The fumes created by the
torch contain SWNTs, metallic and carbon nanoparticles and amorphous carbon
[73,74].
8.3

High pressure carbon monoxide conversion

This method was introduced by Nikolaev et al. [75] and employed to produce
SWCNTs by continuously flowing CO gas (the carbon precursor) and the catalyst precursor Fe(CO)5 through a heated tubular reactor at high pressure. The
average diameter of HiPCO–grown SWCNTs is approximately 1.1 nm and the
yield reaches 70% as reported by Smaley et al. [75,76]. CNTs made by this
method generally have excellent structural integrity, although the production
rates are still relatively low.
However, Teo et al. [77] have pointed out in their review that the main technological drawback of both the carbon arc and pulsed laser evaporation is that neither
method is able to produce CNTs directly on a surface where they will be used
later in a device, which means that they first must be synthesized separately and
then deposited onto the substrate by methods other than growth, which is neither
trivial, nor amenable to a high degree of control.
8.4

Chemical vapour deposition (CVD)

CVD is a parent of a family of processes where deposition of a solid material
on a surface is caused by reactions with precursor gases in the chamber and
the surface of a heated substrate. Thermal CVD [65,77,78], Hot Filament CVD
(HFCVD) [79,80] and Plasma-Enhanced CVD (PECVD) [77,81-85], have found
application in CVD synthesis.
The growth process of CNTs is based on decomposition of carbon-containing
gases at an activated nanosized catalyst. The substrate is coated with catalyst
particles either prior to the deposition step, or the catalyst is obtained form a
previously deposited continuous film into its activated nanosized form as a separate step of the same process.
Both multi-walled and single-walled nanotubes can be grown by CVD [86]:
— The multi-walled nanotubes usually use acetylene gas as carbon source
and growth temperature of 600–900◦ C;
— The single-walled nanotubes require methane or carbon monoxide as carbon source and substantially higher growth temperature (900–1200◦ C).
Of the various means for nanotube synthesis, CVD shows the most promise
for industrial-scale deposition, because of its price/unit ratio, and because CVD
is capable of growing nanotubes directly on a desired substrate, whereas the
nanotubes must be collected in the other growth techniques. The growth sites
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can be patterned by microelectronic lithography techniques. The catalyst nature
can be controlled by careful deposition and pre-growth processing as shown by
Neupane et al. [87]. In 2007 Kumar and Ando [88] demonstrated a highly
efficient CVD technique for growing carbon nanotubes from camphor. Smalley
et al. [89] group at Rice University have developed methods to produce large,
pure amounts of particular types of nanotubes. In their approach long fibers are
grown from many small seeds cut from a single nanotube; all of the resulting
fibers were found to be of the same diameter as the original nanotube and are
expected to be of the same chiral type as the original nanotube [89].
8.4.1

Deposition mechanism of CVD

Nanotube growth on catalyst particles is similar to a traditional gas–solid interaction in thin film deposition on substrates. Growth proceeds according to the
following sequence of steps and one or more of these steps may be rate controlling, dependent on the particular thermodynamic and kinetic factors in each
system:
(1) Diffusion of precursor(s) or derived species from the main stream through
a thin boundary layer to the substrate.
(2) Adsorption of species onto the surface.
(3) Surface reactions leading to growth.
(4) Desorption of reaction product species.
(5) Out-diffusion of species through the boundary layer into the bulk stream.
In contrast to many CVD processes used in the semiconductor industry, CNT
growth does not need precursor dissociation in the gas phase. This was discussed by Meyyappan et al. [90] for growth by thermal CVD, where the growth
temperature is maintained below the pyrolysis temperature of the precursor gas
to minimize gas phase dissociation. The precursor dissociates only at the surface
of the catalyst particle producing the carbon (mono- or diatomic (C2 ) species)
needed for nanotube growth. The latter are adsorbed, migrate and diffuse into
the catalytic nanoparticle to a nucleation site. The nanotube is built by carbon
crystallization from a supersaturated phase out of the catalyst surface. As long
as the catalyst particles are supplied with carbon, the growth process continues.
The catalyst particle may get attached either on top or stay at the bottom of the
nanotube, hence two growth mechanisms determine the nanotube morphology
[91]
CNTs grown by CVD contain impurities, such as graphitic compounds, amorphous carbon (a:C), fullerenes and unreacted metal particles. Since high purity
is desired, a purification step, detailed in Endo et al. [66], is required. High
temperature heat treatment in oxidizing atmosphere removes the amorphous and
disordered graphitic phases and CNTs of high defect density. Acid treatment in
HNO3 and/or HCl and ultrasonication removes the catalytic particles.
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The major advantage of CVD is that it allows control over the morphology and
structure of the produced CNTs and can provide alignment, such as producing
small freestanding SWCNTs instead of the mixtures of carbon phases obtained
by the arc discharge and laser ablation method. In addition, CNTs can be produced directly on substrates without any further purification, unless removal of
the catalyst particle is required. Proposed variants of CVD can produce CNTs
of high purity and yield between 20–100%. Even though the growth community
has vast experience in CVD from the microelectronic industry, the main problem with CVD, as stated in Teo et al. [77], remains scalability to large–volume
productuion and reproducibility.
8.5

Plasma enhanced chemical vapour deposition (PECVD)

Meyyappan et al. [90], Bell et al. [81, 82] and Kumar [93] have provided discussion on the PECVD growth mechanism of nanotubes. The plasma may be
created in a DC, low frequency (LF) (100–200 kHz), radio frequency (RF) (industrial standard 13.56 MHz) or microwave (industrial standard 2.45 GHz) gas
discharge. In the PECVD techniques the substrate surface gets exposed to ion
bombardment which helps to create the nanoparticles out of the continuous catalyst film of transition metals [92-94]. Pre-growth treatment of the Ni film with
NH3 has been used to etch and break it down into small particles as described
in [96-98]. Bower et al. [99] has shown the effect of the electric field on the
alignment of nanotubes unambiguously in a microwave plasma of acetylene and
ammonia. Initially when the plasma was on, their MWCNTs were vertical; when
growth was continued with plasma off (in a thermal CVD mode), the nanotubes
became curly or randomly oriented.
In low temperature plasmas bombardment of the surface by positive ions may
provide the activation energy for decomposition in step (3) or enhance the desorption in step (4). In thermal CVD the hydrocarbon precursor dissociates catalytically at the particle surface, since in a normal CVD process the gas temperature is kept below that for gas phase pyrolysis. This was confirmed by mass
spectroscopy by Franklin et al. [100] and modelling by Meyyappan et al. [101].
Merkulov et al. [97] point out that in PECVD the activation energy for breakdown into reactive species and their subsequent interaction with other species to
form a deposit on the surface is provided by the high kinetic energy of electrons
in the plasma; thus significant dissociation occurs in the gaseous phase. Due
to the charged species dynamics, RF plasma in the pressure range below a few
Torr imparts most of the electric field energy to electrons, which results in much
higher ionization degree and reactivity than DC or LF plasmas. Meyyappan’s et
al. analysis [90] of CH4 +H2 plasma shows dissociation of 95% of the methane
into various CHx (x = 0, . . . , 3) radicals and hydrogen into atomic state and
formation of C di- and tri-atomic radicals and stable compounds such as C2 H2 ,
C2 H4 and C3 H8 . The latter hydrocarbons dissociate at lower temperatures on
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transition metals than methane. Similar anlysis of C2 H2 +NH3 plasma by Bell
et al. [81,82] has found neutral molecules of H2 , NH3 , H2 O, HCN and N2 with
the corresponding base peak at 2, 17, 18, 27 and 28 amu (amu stands for atomic
+
+
+
+
mass unit) and ions of NH+
2 , NH3 , NH4 , C2 H2 and HCN with the corresponding base peak at 16, 17, 18, 26 and 27 amu. The higher concentration of
plasma-generated atomic hydrogen facilitates the etching of a:C, which results
in overall higher quality nanotubes as compared to thermal CVD. Electron and
ion bombardment also heats the substrate, which reduces the table heater power
for maintaining the desired substrate temperature.
Bell et al. [82] and Meyyappan et al. [90] provide a model analysis and evidence that the entire height of the growing CNTs is submerged inside the plasma
sheath where strong electric field exists normal to the substrate surface. This observation and the assumption that tensile stress at the carbon/catalyst interface
enhances local growth rate forms the basis of Merkulov’s et al. [102] proposed
mechanism explaining the growth stability of well-aligned tip-grown CNTs. Under unperturbed uniform carbon supply (and growth rate thereof) the electrostatic force F creates uniform tensile stress across the entire particle/CNT interface regardless whether the particle is located at the tip or base. As growth
proceeds, the CNTs may bend at the nanotube catalyst interface if spatial fluctuations occur in the carbon precipitation; this would produce non-uniform stresses
at the particle/CNT interface. When the particle is at the tip, the electrostatic
force F produces compressive force at the CNT/particle interface where the
growth rate is higher; on the side with lower growth rate the stress at the interface is tensile. This opposite behaviour favours subsequent carbon precipitation
at the interface with tensile stress (and lower growth rate). The end result is a
stable, negative feedback that works to equalize the time-averaged growth rate
everywhere, thus maintaining the tube vertical orientation. When the catalyst
particle is at the base, the stress at the interface with the higher growth rate is
tensile; this acts to further increase the rate at the same location, causing further bending of the structure. This is essentially an unstable positive feedback
system.
8.6

Nucleation and nanoscale growth mechanism of carbon nanotubes

Tanemura et al. [103] showed by electron diffraction that nanotubes grown by
the tip-growth mechanism had a single-crystalline Co3 C nanoparticle at the tip
when Co catalyst was employed, but a Ni nanoparticle when Ni catalyst was
used to deposit vertically aligned CNTs on catalyst-coated W wire in a PECVD
system. They suggest that the growth mechanism (tip or base) depends also
on the bonding strength between the substrate and the catalyst particles and the
catalyst itself. They provide example by comparing their results of tip-growth
with Bower’s et al. [99], where the latter observed base growth mechanism
in CNT growth on Co catalyst on Si substrate from the same C2 H2 +NH3 gas
source.
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Gohier et al. [105] synthesized SWNTs, DWNTs and FWNTs on a SiO2 substrate by highly ionized plasma in PECVD process. Well oriented and isolated
FWNTs were
low temperature
as 600◦ CRao
and studied
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growthproposed
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ongrown
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findings,
et al.
[109]
kinetics. It was shown that nuclleation time and growth rate of base–grown
FWNTs was
correlated with stages:
the number of their walls. Base growth mechanism
CNT
nucleation
was active when the number of walls was from 1 to 7, and tip growth mechanism was active for higher numbers. They observed progressive decrease of the
wall number from the base to the tip on some FWNTs, resembling “stair-like”
structure, suggesting the latter growth mode to be due to possible layer-by-layer
growth mechanism.
Gohier et al. [106] further investigated the growth of carbon nanotubes by
PECVD using cobalt, nickel and iron catalyst particles of different sizes. Strong
correlation was found between the catalyst particle size and the growth mode, for
the same substrate. SWCNTs and FWCNTs with typically less than 7 walls were
grown from their base from small metal particles, contrary to large MWCNT
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silicon provides very strong interaction with the catalyst via the formation of a
metallic silicide [107,108]. It was proposed that the selection of a growth mechanism is also influenced by two possible carbon diffusion pathways involved
in carbon structuring into CNTs: bulk and surface diffusion into the catalytic
nanoparticle and a competing combination of these.

Rao et al. [109] have observed in-situ the CNT growth inside a HRTEM appa-

t al. [109] proposed
sequence
ratus with a heatthe
stage.following
Nucleation began
with formationof
of asuccessive
graphene embryo

that was bound between opposite step-edges on the nickel catalyst surface. The
embryo grew larger as the step-edges migrated along the surface, leading to the
formation of a curved carbon cap when the steps flowed across the edges of adjacent facets. Further motion of the steps away from the catalyst tip with attached
rims of the carbon cap generated the wall of the nanotube. Their Density Functional Theory calculations show that step flow occurs by surface self diffusion
of the nickel atoms via a step–edge attachment–detachment mechanism. Since
the cap formed first in the sequence of stages involved in growth, they suggested
that it defined the chirality of the nanotube.
Based on the above findings, Rao et al. [109] proposed the following sequence
of successive CNT nucleation stages:
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(1) Formation of steps on the catalyst surface via carbon adsorption (or precipitation of carbon at pre-existing steps);
(2) Growth of a graphene embryo constrained by steps with opposite signs;
(3) Introduction of curvature into the graphene embryo and formation of the
nanotube cap by step flow over adjacent facets on the catalyst tip;
(4) Elongation of the cap and growth of the nanotube by step flow away from
the catalyst tip.
Their observations and proposed theory confirmed that the active catalyst seed
was in solid crystalline form under their high vacuum low growth rate conditions, thus excluding any action of solid-liquid-solid growth mechanism.
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