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Allotropic forms of 
carbon

• Diamond

• Graphite
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The C60 molecule: 
Buckminsterfullerene

• Resemble geodesic domes 
designed by Buckminster 
Fuller

• Also known as the 
buckyball or simply the 
fullerene

• Discovered in 1985 by Rice 
University professors: 
Smalley and Curl and U. 
Sussex professor Kroto. 
(Nobel prize in 1996)



Buckyball production

• Discovered when 
studying long chain 
carbon-nitrogen 
molecules. 

• Later discovered in 
abundant quantities in 
candle soot

• Carbon arc method

Introduction to Carbon Nanotubes 3.2 Synthesis of Carbon Nanotubes 49
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Fig. 3.12 Sketch of an electric arc reactor

different regions of the reactor: (1) the collaret, which
forms around the cathode; (2) the web-like deposits
found above the cathode; (3) the soot deposited all
around the reactor walls and bottom. On the other hand,
MWNTs are formed embedded in a hard deposit adher-
ent to the cathode, whenever catalysts are used or not.
The cathode deposits formed under the cathode. The
formation of collaret and web is not systematic and de-
pends on the experimental conditions as indicated in
Table 3.1, as opposed to cathode deposit and soot that
are systematically found.

Two graphite rods of few millimeters in diameter
constitute the electrodes between which a potential dif-
ference is applied. The dimensions of these electrodes
vary according to the authors. In certain cases, the cath-
ode has a greater diameter than the anode in order to
facilitate their alignment [3.32, 42]. Other authors uti-
lize electrodes of the same diameter [3.41]. The whole
device can be designed horizontally [3.33, 41] or verti-
cally [3.34, 36–38]. The advantage of the latter is the
symmetry brought by the verticality with respect to
gravity, which facilitates computer modeling (regarding
convection flows, for instance).

Two types of anodes can be utilized as soon as cata-
lysts need to be introduced: (1) graphite anodes in which
a coaxial hole is drilled several centimeters in length
and in which catalyst and graphite powders are mixed;
(2) graphite anodes in which the catalysts are homoge-

neously dispersed [3.43]. The former are by far the most
popular, due to their ease of fabrication.

The optimization of the process regarding the nano-
tube yield and quality is attempted by studying the
role of various parameters such as the type of doped
anode (homogeneous or heterogeneous catalyst disper-
sion), the nature as well as the concentration of catalysts,
the nature of the plasmagenic gas, the buffer gas pres-
sure, the arc current intensity, and the distance between
electrodes. Investigating the result of varying these
parameters on the type and amount of carbon nanostruc-
tures formed is, of course, the preliminary work that
has been done. Though electric arc reactors equipped
with the related facilities are few (see Fig. 3.12), inves-
tigating the missing link, i. e. the effect of varying the
parameters on the plasma characteristics (fields of con-
centration species and temperature), is likely to provide
a more comprehensive understanding of the phenomena
involved in nanotube formation. This has been recently
developed by atomic and molecular optical emission
spectroscopy [3.34, 36–39, 41].

Finally, mention has to be made of attempts to make
the electric arc within liquid media such as liquid ni-
trogen [3.44] or water [3.45, 46], the goal being easier
processing since they do not require pumping devices
or a closed volume and therefore are likely to allow
continuous synthesis. This adaptation has not, however,
reached the state of mass production.

Electric-Arc Method – Results
In view of the numerous results obtained with this
electric-arc technique, it appears clearly that both the
nanotube morphology and the nanotube production effi-
ciency strongly depend on the experimental conditions
and, in particular, on the nature of the catalysts. It is
worth noting that the products obtained do not consist
solely in carbon nanotubes but also in nontubular forms
of carbon such as nanoparticles, fullerene-like structures
including C60, poorly organized polyaromatic carbons,
nearly amorphous nanofibers, multiwall shells, single-
wall nanocapsules, and amorphous carbon as reported
in Table 3.1 [3.35,37,38]. In addition, catalyst remnants
are found all over the place, i. e. in the soot, collaret,
web, and cathode deposit in various concentration. Gen-
erally, at pressure value of about 600 mbar of helium,
for 80 A arc current and 1 mm electrode gap, the use of
Ni/Y as coupled catalysts favors more particularly the
synthesis of SWNTs [3.8, 33, 47]. For such conditions
providing high SWNT yields, SWNT concentrations are
higher in the collaret (in the range of 50–70 %), then
in the web (! 50% or less), then in the soot. On the
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Purification of C60

• Soot contains a mixture of C60, C70 
molecules, amorphous carbon, long chain 
carbon compounds, nanotubes, carbon fibers 
etc. 

• HPLC was first used as a tool for 
separation. (Expensive method)



Separation of C60 from 
a mixture with C70

• DBU reacts with C70 and higher, and does 
not react with C60. In a 1,2,3-
trimethylbenzene solvent, reaction products 
separate out

Koichi Nagata, Eiji Dejima, Yasuharu Kikuchi, Masahiko Hashiguchi Kilogram-scale [60]Fullerene Separation 
from a Fullerene Mixture: Selective Complexation of Fullerenes with 1,8-Diazabicyclo[5.4.0]undec-7-ene 
(DBU) Chemistry Letters Vol. 34 2005, No. 2 p.178.



Separation of C60 from 
a mixture with C70

Yu Liu, Ying-Wei Yang and Yong Chen Thio[2-(benzoylamino)ethylamino]--CD fragment modified gold 
nanoparticles as recycling extractors for [60]fullerene Chemical Communications 2005, (33), 4208 - 4210

Au/CD

Inclusion
Product

Adamantol

50 mg Au/cyclodextrin purifies 
5 mg of C60



Properties of C60

• Unmodified fullerenes are 
insoluble in water, 
therefore limiting 
biological applications

• Fullerenol - a 
polyhydroxylated 
fullerene has excellent 
solubility in water



Guanine residue cleaved

• Molecule absorbs UV 
light probably creating 
oxygen singlets which 
cause oxidative damage 
with higher proclivity to 
guanine residues in DNA

• Specificity of the site can 
be further tuned using 
antisense / antigene 
strategies



Endohedral 
metallofullerenes

• Fullerenes with metals 
trapped inside them 

• Great value in nuclear 
medicine

166HoxC82(OH)y



Questions on 
Buckyballs?



So what’s a graphene 
sheet?
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Roll a graphene sheet, 
get a carbon nanotube Introduction to Carbon Nanotubes 3.1 Structure of Carbon Nanotubes 41
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Fig. 3.1 Sketch of the way to make a single-wall car-
bon nanotube, starting from a graphene sheet (adapted
from [3.12])

a)

b)

c)

Fig. 3.2a–c Sketch of three different SWNT structures as
examples for (a) a zig-zag-type nanotube, (b) an armchair-
type nanotube, (c) a helical nanotube (adapted from [3.13])

idence time, etc.). Experimental data are consistent with
these statements, since SWNTs wider than 2.5 nm are
scarcely reported in literature, whatever the preparation
method, while SWNT length can be in the micrometer
or the millimeter range. These features make single-wall
carbon nanotubes a unique example of single molecules
with huge aspect ratios.

Two important consequences derive from the SWNT
structure as described above:

1. All carbon atoms are involved in hexagonal aromatic
rings only and are therefore in equivalent position,
except at the nanotube tips where 6 ! 5 = 30 atoms
at each tip are involved in pentagonal rings (consid-
ering that adjacent pentagons are unlikely) – though
not more, not less, as a consequence of the Euler’s
rule that also governs the fullerene structure. In case
SWNTs are ideally perfect, their chemical reactiv-
ity will therefore be highly favored at the tube tips,
at the very location of the pentagonal rings.

2. Though carbon atoms are involved in aromatic rings,
the C=C bond angles are no longer planar as they
should ideally be. This means that the hybridization
of carbon atoms are no longer pure sp2 but get some
percentage of the sp3 character, in a proportion that
increases as the tube radius of curvature decreases.
For example, the effect is the same as for the C60
fullerene molecules, whose radius of curvature is
0.35 nm, and the subsequent sp3 character propor-
tion about 30%. On the one hand, this is supposed to
make the SWNT surface (though consisting of aro-
matic ring faces) a bit more reactive than regular,
planar graphene, relatively speaking. On the other
hand, this somehow induces a variable overlapping
of the bands of density of states, thereby inducing
a unique versatile electronic behavior (see Sect. 3.4).

As illustrated by Fig. 3.2, there are many ways to
roll a graphene into a single-wall nanotube, some of
the resulting nanotubes enabling symmetry mirrors both
parallel and perpendicular to the nanotube axis (such
as the SWNTs from Fig. 3.2a and 3.2b), some others
not (such as the SWNT from Fig. 3.2c). By correspon-
dence with the terms used for molecules, the latter are
commonly called “chiral” nanotubes. “Helical” should
be preferred, however, in order to respect the definition
of chirality, which makes all chiral molecules unable to
be superimposed on their own image in a mirror. The
various ways to roll graphene into tubes are therefore
mathematically defined by the vector of helicity Ch, and
the angle of helicity !, as follows (referring to Fig. 3.1):

OA = Ch = na1 +ma2

with

a1 = a
!

3
2

x+ a
2

y and a2 = a
!

3
2

x" a
2

y

where a = 2.46 Å

and

cos ! = 2n +m

2
!

n2 +m2 +nm
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Fig. 3.1 Sketch of the way to make a single-wall car-
bon nanotube, starting from a graphene sheet (adapted
from [3.12])

a)

b)

c)

Fig. 3.2a–c Sketch of three different SWNT structures as
examples for (a) a zig-zag-type nanotube, (b) an armchair-
type nanotube, (c) a helical nanotube (adapted from [3.13])

idence time, etc.). Experimental data are consistent with
these statements, since SWNTs wider than 2.5 nm are
scarcely reported in literature, whatever the preparation
method, while SWNT length can be in the micrometer
or the millimeter range. These features make single-wall
carbon nanotubes a unique example of single molecules
with huge aspect ratios.

Two important consequences derive from the SWNT
structure as described above:

1. All carbon atoms are involved in hexagonal aromatic
rings only and are therefore in equivalent position,
except at the nanotube tips where 6 ! 5 = 30 atoms
at each tip are involved in pentagonal rings (consid-
ering that adjacent pentagons are unlikely) – though
not more, not less, as a consequence of the Euler’s
rule that also governs the fullerene structure. In case
SWNTs are ideally perfect, their chemical reactiv-
ity will therefore be highly favored at the tube tips,
at the very location of the pentagonal rings.

2. Though carbon atoms are involved in aromatic rings,
the C=C bond angles are no longer planar as they
should ideally be. This means that the hybridization
of carbon atoms are no longer pure sp2 but get some
percentage of the sp3 character, in a proportion that
increases as the tube radius of curvature decreases.
For example, the effect is the same as for the C60
fullerene molecules, whose radius of curvature is
0.35 nm, and the subsequent sp3 character propor-
tion about 30%. On the one hand, this is supposed to
make the SWNT surface (though consisting of aro-
matic ring faces) a bit more reactive than regular,
planar graphene, relatively speaking. On the other
hand, this somehow induces a variable overlapping
of the bands of density of states, thereby inducing
a unique versatile electronic behavior (see Sect. 3.4).

As illustrated by Fig. 3.2, there are many ways to
roll a graphene into a single-wall nanotube, some of
the resulting nanotubes enabling symmetry mirrors both
parallel and perpendicular to the nanotube axis (such
as the SWNTs from Fig. 3.2a and 3.2b), some others
not (such as the SWNT from Fig. 3.2c). By correspon-
dence with the terms used for molecules, the latter are
commonly called “chiral” nanotubes. “Helical” should
be preferred, however, in order to respect the definition
of chirality, which makes all chiral molecules unable to
be superimposed on their own image in a mirror. The
various ways to roll graphene into tubes are therefore
mathematically defined by the vector of helicity Ch, and
the angle of helicity !, as follows (referring to Fig. 3.1):
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Different nanotubes
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from [3.12])

a)

b)

c)

Fig. 3.2a–c Sketch of three different SWNT structures as
examples for (a) a zig-zag-type nanotube, (b) an armchair-
type nanotube, (c) a helical nanotube (adapted from [3.13])

idence time, etc.). Experimental data are consistent with
these statements, since SWNTs wider than 2.5 nm are
scarcely reported in literature, whatever the preparation
method, while SWNT length can be in the micrometer
or the millimeter range. These features make single-wall
carbon nanotubes a unique example of single molecules
with huge aspect ratios.

Two important consequences derive from the SWNT
structure as described above:

1. All carbon atoms are involved in hexagonal aromatic
rings only and are therefore in equivalent position,
except at the nanotube tips where 6 ! 5 = 30 atoms
at each tip are involved in pentagonal rings (consid-
ering that adjacent pentagons are unlikely) – though
not more, not less, as a consequence of the Euler’s
rule that also governs the fullerene structure. In case
SWNTs are ideally perfect, their chemical reactiv-
ity will therefore be highly favored at the tube tips,
at the very location of the pentagonal rings.

2. Though carbon atoms are involved in aromatic rings,
the C=C bond angles are no longer planar as they
should ideally be. This means that the hybridization
of carbon atoms are no longer pure sp2 but get some
percentage of the sp3 character, in a proportion that
increases as the tube radius of curvature decreases.
For example, the effect is the same as for the C60
fullerene molecules, whose radius of curvature is
0.35 nm, and the subsequent sp3 character propor-
tion about 30%. On the one hand, this is supposed to
make the SWNT surface (though consisting of aro-
matic ring faces) a bit more reactive than regular,
planar graphene, relatively speaking. On the other
hand, this somehow induces a variable overlapping
of the bands of density of states, thereby inducing
a unique versatile electronic behavior (see Sect. 3.4).

As illustrated by Fig. 3.2, there are many ways to
roll a graphene into a single-wall nanotube, some of
the resulting nanotubes enabling symmetry mirrors both
parallel and perpendicular to the nanotube axis (such
as the SWNTs from Fig. 3.2a and 3.2b), some others
not (such as the SWNT from Fig. 3.2c). By correspon-
dence with the terms used for molecules, the latter are
commonly called “chiral” nanotubes. “Helical” should
be preferred, however, in order to respect the definition
of chirality, which makes all chiral molecules unable to
be superimposed on their own image in a mirror. The
various ways to roll graphene into tubes are therefore
mathematically defined by the vector of helicity Ch, and
the angle of helicity !, as follows (referring to Fig. 3.1):
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a. Zig-zag (9,0), 
helicity = 0 deg

b. Armchair (5,5), 
helicity = 30 deg

c. Helical (10,5), 
helicity = 19.1 deg

Chiral or helical??

42 Part A Nanostructures, Micro/Nanofabrication, and Micro/Nanodevices

where n and m are the integers of the vector OA consid-
ering the unit vectors a1 and a2.

The vector of helicity Ch(= OA) is perpendicular to
the tube axis, while the angle of helicity ! is taken with
respect to the so-called zig-zag axis, i. e., the vector of
helicity that makes nanotubes of the “zig-zag” type (see
below). The diameter D of the corresponding nanotube
is related to Ch by the relation:

D = |Ch|
"

= aCC
!

3(n2 +m2 +nm)

"
,

where

1.41 Å
(graphite)

! aC=C ! 1.44 Å .
(C60)

The C"C bond length is actually elongated by the cur-
vature imposed, taking the average value for the C60
fullerene molecule as a reasonable upper limit, and the
value for flat graphenes in genuine graphite as the lower
limit (corresponding to an infinite radius of curvature).
Since Ch, !, and D are all expressed as a function
of the integers n and m, they are sufficient to define
any SWNT specifically, by noting them (n, m). Ob-
taining the values of n and m for a given SWNT is
simple by counting the number of hexagons that sep-
arate the extremities of the Ch vector following the
unit vector a1 first, then a2 [3.12]. In the example of
Fig. 3.1, the SWNT that will be obtained by rolling
the graphene so that the two shaded aromatic cycles
superimpose exactly is a (4,2) chiral nanotube. Simi-
larly, SWNTs from Fig. 3.2a to 3.2c are (9,0), (5,5), and
(10,5) nanotubes respectively, thereby providing exam-
ples of zig-zag–type SWNT (with an angle of helicity
= 0#), armchair-type SWNT (with an angle of helicity
of 30#) and a chiral SWNT, respectively. This also illus-
trates why the term “chiral” is sometimes inappropriate
and should preferably be replaced by “helical”. Arm-
chair (n, n) nanotubes, though definitely achiral from

a) b)

4 nm 4 nm

Fig. 3.4a,b High resolution transmis-
sion electron microscopy images of
a SWNT rope (a) longitudinal view.
At the top of the image an isolated
single SWNT also appears. (b) cross
section view (from [3.14])

Fig. 3.3 Image of two neighboring chiral SWNTs within
a SWNT bundle as seen by high resolution scanning tunnel-
ing microscopy (by courtesy of Prof. Yazdani, University
of Illinois at Urbana, USA)

a standpoint of symmetry, exhibit a “chiral angle” dif-
ferent from 0. “Zig-zag” and “armchair” qualifications
for achiral nanotubes refer to the way carbon atoms
are displayed at the edge of the nanotube cross sec-
tion (Fig. 3.2a and 3.2b). Generally speaking, it is clear
from Figs. 3.1 and 3.2a that having the vector of helicity
perpendicular to any of the three overall C=C bond di-
rections will provide zig-zag–type SWNTs, noted (n,0),
while having the vector of helicity parallel to one of the
three C=C bond directions will provide armchair-type
SWNTs, noted (n, n). On the other hand, because of
the sixfold symmetry of the graphene sheet, the angle
of helicity ! for the chiral (n, m) nanotubes is such as
0 < ! < 30#. Figure 3.3 provides two examples of what
chiral SWNTs look like, as seen by means of atomic
force microscopy.

Planar graphenes in graphite have " electrons, which
are satisfied by the stacking of graphenes that allows
van der Waals forces to develop. Similar reasons make
fullerenes gather and order into fullerite crystals and
SWNTs into SWNT ropes (Fig. 3.4a). Spontaneously,
SWNTs in ropes tend to arrange into an hexagonal array,
which corresponds to the highest compactness achiev-
able (Fig. 3.4b). This feature brings new periodicities
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Nanotube ropes

• Unsatisfied π electrons leads to spontaneous assembly 
into ropes

• Individual SWNT visible in a) at top
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where n and m are the integers of the vector OA consid-
ering the unit vectors a1 and a2.

The vector of helicity Ch(= OA) is perpendicular to
the tube axis, while the angle of helicity ! is taken with
respect to the so-called zig-zag axis, i. e., the vector of
helicity that makes nanotubes of the “zig-zag” type (see
below). The diameter D of the corresponding nanotube
is related to Ch by the relation:
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vature imposed, taking the average value for the C60
fullerene molecule as a reasonable upper limit, and the
value for flat graphenes in genuine graphite as the lower
limit (corresponding to an infinite radius of curvature).
Since Ch, !, and D are all expressed as a function
of the integers n and m, they are sufficient to define
any SWNT specifically, by noting them (n, m). Ob-
taining the values of n and m for a given SWNT is
simple by counting the number of hexagons that sep-
arate the extremities of the Ch vector following the
unit vector a1 first, then a2 [3.12]. In the example of
Fig. 3.1, the SWNT that will be obtained by rolling
the graphene so that the two shaded aromatic cycles
superimpose exactly is a (4,2) chiral nanotube. Simi-
larly, SWNTs from Fig. 3.2a to 3.2c are (9,0), (5,5), and
(10,5) nanotubes respectively, thereby providing exam-
ples of zig-zag–type SWNT (with an angle of helicity
= 0#), armchair-type SWNT (with an angle of helicity
of 30#) and a chiral SWNT, respectively. This also illus-
trates why the term “chiral” is sometimes inappropriate
and should preferably be replaced by “helical”. Arm-
chair (n, n) nanotubes, though definitely achiral from
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Fig. 3.4a,b High resolution transmis-
sion electron microscopy images of
a SWNT rope (a) longitudinal view.
At the top of the image an isolated
single SWNT also appears. (b) cross
section view (from [3.14])

Fig. 3.3 Image of two neighboring chiral SWNTs within
a SWNT bundle as seen by high resolution scanning tunnel-
ing microscopy (by courtesy of Prof. Yazdani, University
of Illinois at Urbana, USA)

a standpoint of symmetry, exhibit a “chiral angle” dif-
ferent from 0. “Zig-zag” and “armchair” qualifications
for achiral nanotubes refer to the way carbon atoms
are displayed at the edge of the nanotube cross sec-
tion (Fig. 3.2a and 3.2b). Generally speaking, it is clear
from Figs. 3.1 and 3.2a that having the vector of helicity
perpendicular to any of the three overall C=C bond di-
rections will provide zig-zag–type SWNTs, noted (n,0),
while having the vector of helicity parallel to one of the
three C=C bond directions will provide armchair-type
SWNTs, noted (n, n). On the other hand, because of
the sixfold symmetry of the graphene sheet, the angle
of helicity ! for the chiral (n, m) nanotubes is such as
0 < ! < 30#. Figure 3.3 provides two examples of what
chiral SWNTs look like, as seen by means of atomic
force microscopy.

Planar graphenes in graphite have " electrons, which
are satisfied by the stacking of graphenes that allows
van der Waals forces to develop. Similar reasons make
fullerenes gather and order into fullerite crystals and
SWNTs into SWNT ropes (Fig. 3.4a). Spontaneously,
SWNTs in ropes tend to arrange into an hexagonal array,
which corresponds to the highest compactness achiev-
able (Fig. 3.4b). This feature brings new periodicities
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MWNTs

Introduction to Carbon Nanotubes 3.1 Structure of Carbon Nanotubes 43

with respect to graphite or turbostratic polyaromatic
carbon crystals. Turbostatic structure corresponds to
graphenes which are stacked with random rotations
or translations instead of being piled up following se-
quential ABAB positions, as in graphite structure. This
implies that no lattice atom plane exists anymore other
than the graphene planes themselves (corresponding
to the (001) atom plane family). These new peri-
odicities make diffraction patterns specific and quite
different from that of other sp2-carbon-based crystals,
although hk reflections, which account for the hexa-
gonal symmetry of graphene plane, are still present.
On the other hand, 00l reflections, which account for
the stacking sequence of graphenes in regular, “mul-
tilayered” polyaromatic crystals that does not exist in
SWNT ropes, are absent. Such a hexagonal packing
of SWNTs within the ropes requires that SWNTs ex-
hibit similar diameters, which is the common case
for SWNTs prepared by the electric arc or the laser
vaporization processes. SWNTs prepared these ways
are actually about 1.35 nm wide (diameter value for
a (10,10) tube, among others), for reasons still un-
clear but related to the growth mechanisms specific
to the conditions provided by these techniques (see
Sect. 3.3).

3.1.2 Multiwall Nanotubes

Building multiwall carbon nanotubes is a little bit more
complex, since it has to deal with the various ways
graphenes can be displayed and mutually arranged
within a filament morphology. Considering the usual
textural versatility of polyaromatic solids, a similar ver-
satility can be expected. Likewise, diffraction patterns
no longer differentiate from that of anisotropic poly-
aromatic solids. The easiest MWNT to imagine is the
concentric type (c-MWNT), in which SWNTs with
regularly increasing diameters are coaxially displayed
according to a Russian-doll model into a multiwall nano-
tube (Fig. 3.5). Such nanotubes are generally formed
either by the electric-arc technique (without need of
any catalyst) or by catalyst-enhanced thermal cracking
of gaseous hydrocarbons or CO disproportionation (see
Sect. 3.2). The number of walls (or number of coaxial
tubes) can be anything, starting from two, with no up-
per limit. The intertube distance is approximately that
of the intergraphene distance in turbostratic, polyaro-
matic solids, i. e. 0.34 nm (as opposed to 0.335 nm in
genuine graphite), since the increasing radius of cur-
vature imposed on the concentric graphenes prevents
the carbon atoms from being displayed as in graphite,

i. e., each of the carbon atoms from a graphene fac-
ing alternatively either a ring center or a carbon atom
from the neighboring graphene. But two cases allow
such a nanotube to reach – totally or partially – the
3-D crystal periodicity of graphite. One is to consider
a high number of concentric graphenes, i. e. concen-
tric graphenes with long radius of curvature. In that
case, the shift of the relative positions of carbon atoms
from superimposed graphenes is so small with respect
to that in graphite that some commensurability is pos-
sible. It may result in MWNTs with the association of
both structures, i. e. turbostratic in the core and graphitic
in the outer part [3.15]. The other case occurs for c-
MWNTs exhibiting faceted morphologies, originating
either from the synthesis process or more likely from

4 nm

Fig. 3.5 High resolution transmission electron microscopy
image (longitudinal view) of a concentric multiwall carbon
nanotube (c-MWNT) prepared by electric arc. In insert,
sketch of the Russian-doll-like display of graphenes
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subsequent heat-treatments at high temperatures (e.g.,
2,500 !C) in inert atmospheres. Obviously, facets allow
graphenes to get back a flat arrangement of atoms –
except at the junction between neighboring facets – in
which the specific stacking sequence of graphite can
develop.

Another frequent inner texture for multiwall car-
bon nanotubes is the so-called herringbone texture
(h-MWNTs), in which graphenes make an angle with
respect to the nanotube axis (Fig. 3.6). The angle value
varies upon the processing conditions (e.g., the catalyst
morphology or the atmosphere composition), from 0 (in
which case the texture turns into that of a c-MWNT)
to 90! (in that case, the filament is no longer a tube,
see below), and the inner diameter varies so that the
tubular feature can be lost [3.19], justifying that the
latter can be called nanofibers rather than nanotubes.
h-MWNTs are exclusively obtained by processes in-
volving catalysts, generally catalyst-enhanced thermal
cracking of hydrocarbons or CO disproportionation.

a) b)

10 nm10 nm

Fig. 3.6a,b One of the earliest high resolution transmission elec-
tron microscopy image of a herringbone (and bamboo) multi-wall
nanotube (bh-MWNT, longitudinal view) prepared by CO dispro-
portionation on Fe-Co catalyst. (a) as-grown. The nanotube surface
is made of free graphene edges. (b) after 2,900 !C heat-treatment.
Both the herringbone and the bamboo textures have become obvi-
ous. Graphene edges from the surface have buckled with neighbors
(arrow), closing the access to the intergraphene spacing (adapted
from [3.16])

One unresolved question is whether the herringbone
texture, which actually describes the texture projection
rather than the overall three-dimensional texture, origi-
nates from the scroll-like spiral arrangement of a single
graphene ribbon or from the stacking of independent
truncated-cone-like graphenes. Although the former is
more likely for energetic reasons since providing a min-
imal and constant amount of transitorily unsatisfied
bonds during the nanotube growth (similar to the well-
known growth mechanism from a screw dislocation), the
question is still debated.

Another common feature is the occurrence, at a vari-
able frequency, of a limited amount of graphenes
oriented perpendicular to the nanotube axis, thus form-
ing the so-called “bamboo” texture. It cannot be a texture
by its own but affects in a variable extent either
c-MWNT (bc-MWNT) or h-MWNT (bh-MWNT) tex-
tures (Figs. 3.6 and 3.7). The question may be addressed
whether such filaments, though hollowed, should still
be called nanotubes, since the inner cavity is no longer
opened all along the filament as it is for a genuine tube.
They therefore are sometimes referred as “nanofibers”
in literature.

Nanofilaments that definitely cannot be called
nanotubes are those built from graphenes oriented per-
pendicular to the filament axis and stacked as piled-up
plates. Although they actually correspond to h-MWNTs
with the graphene/MWNT axis angle = 90!, the oc-
currence of inner cavity is no longer possible, and
such filaments are therefore most often referred to as
“platelet-nanofibers” in literature [3.19].

a)

b)

5 nm

50 nm

Fig. 3.7a,b Transmission electron microscopy images
from bamboo-multi-wall nanotubes (longitudinal views).
(a) low magnification of a bamboo-herringbone multi-wall
nanotube (bh-MWNT) showing the nearly periodic feature
of the texture, which is very frequent. (from [3.17]); (b) high
resolution image of a bamboo-concentric multi-wall nano-
tube (bc-MWNT) (modified from [3.18])
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by its own but affects in a variable extent either
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tures (Figs. 3.6 and 3.7). The question may be addressed
whether such filaments, though hollowed, should still
be called nanotubes, since the inner cavity is no longer
opened all along the filament as it is for a genuine tube.
They therefore are sometimes referred as “nanofibers”
in literature.

Nanofilaments that definitely cannot be called
nanotubes are those built from graphenes oriented per-
pendicular to the filament axis and stacked as piled-up
plates. Although they actually correspond to h-MWNTs
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Nanotube production
Sumio Iijima of NEC 
Corporation reported the 
discovery of carbon 
nanotubes in 1991 with 
these high-resolution 
electron micrographs, 
showing cylindrical 
molecules with (left to 
right) five, two and seven 
concentric walls. The 
samples were created by a 
direct-current arc discharge 
between carbon electrodes 
immersed in argon, a 
technique that had been 
used to mass-produce the 
already known fullerene 
molecules.
From Iijima 1991.



Nanotube Production

Laser ablation method



Nanotube Production
01/24/2006 04:41 PMFigure 6. Catalytic metal (nickel-cobalt) cluster
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Figure 6. Catalytic metal (nickel-cobalt) cluster is able to eat essentially any carbon material it encounters and feed the digested carbon
bits to the growing end of a nanotube. The vertical axis shows the cohesive energy per atom for the different forms of carbon consumed
in nanotube growth.The energy cost for curving a graphene sheet into a cylinder of a tube with a rollup vector (10,10) is known to be

only 0.045 electron-volts (eV) (or 0.08 eVnm2/d2 for a tube of any diameter d). Therefore the carbon atoms in such a tube, neglecting
the ends, have 99.4 percent of the cohesive energy that they would have in perfect crystalline graphite. This is far better than C60,

which is a major feedstock and has a cohesive energy that is only 92 percent that of graphite. It is also far better than any form of
"amorphous" carbon that the live growing end might encounter. If feeding a cheap hydrocarbon such as ethylene to the nanotube ever
becomes possible, buckyropes will grow, and grow inexpensively, in industrial laboratories.

Aaron Cox

Nickel Cobalt cluster



Mechanical Properties
01/24/2006 04:42 PMFigure 7. Graphite is a very brittle material
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Figure 7. Graphite is a very brittle material; a pencil lead snaps easily rather than bending. In contrast, on a scale a million times
smaller, the graphene walls of a carbon nanotube display remarkable resilience, both in the microscopic evidence from experiments with
multiwall and single-wall tubes (top and middle) and in a computer simulation with a single-wall tube (bottom).

Images reprinted from Iijima et al. 1996, with permission of the American Institute of Physics.

01/24/2006 04:42 PMFigure 8. In torsion
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Figure 8. In torsion, the carbon nanotube first flattens in a straight axis spiral (left) and eventually is twisted in a loop. In these images
from computer simulations, areas of higher stress are highlighted by color changes from blue to green to yellow and finally red. A
transmission-electron-microscope image of twisted regions of a collapsed nanotube supports the notion of a nanotube as a flexible
cylinder.

Left and middle images courtesy of Boris Yakobson, adapted from Yakobson, Brabec and Bernholc 1996b; micrograph from Chopra et al.
1995.

01/24/2006 04:43 PMFigure 10. Carbon nanotubes
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Figure 10. Carbon nanotubes undergo a series of abrupt changes in shape under axial compression (a–d). Each shape switch seen in computer
simulations corresponds to a singularity in the strain energy (above) and is accompanied by an acoustic "crunch" followed by thermal relaxation.

Adapted from Yakobson, Brabec and Bernholc 1996a.

E : Between 1 
and 4 TPa!



“Fracture” of a SWNT
01/24/2006 04:44 PMFigure 11. A sequence of snapshots
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Figure 11. A sequence of snapshots from a computer simulation show a zigzag (13,0) nanotube progressing through stages of fracture
resulting from the application of tension. A highly strained wall (top) gives rise to a fracture precursor, which rapidly spreads into a
larger area. The monoatomic chains degenerate into a single one (bottom), pulled from both ends in a process similar to unraveling of a
sweater.

From Yakobson et al. 1997.

Simulation Data only.

01/24/2006 04:45 PMFigure 13. In a continuous solid material
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Figure 13. In a continuous solid material, a microcrack becomes a stress concentrator—a tiny lever increasing the average stress to a
much higher level near the sharp tips (left). In a composite of weakly coupled nanotubes, a failure of one of them results in relatively
little overload of the neighbors, so that initial crack is blocked (right).

Aaron Cox Bundles of nanotubes will 
probably follow “weakest 

link” mechanics, not 
fracture mechanics



Electrical Properties01/24/2006 04:46 PMFigure 14. Energies available
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Figure 14. Energies available for electrons of different momentum (ka) for an armchair (10,10) carbon nanotube suggest the nature of
conductivity in the material. Four band lines are nondegenerate, and another 18 are doubly degenerate, which adds up to 4 + (2 x 18)
= 40 states, in accord with the 40 atoms in the unit cell of a (10,10) nanotube. The crossing point is exactly at the Fermi level. The
presence of allowed states in the vicinity of this point is responsible for the nanotubes' metallic conductivity.

Courtesy of Dan Colbert, Rice University.

Energies available for different 
electrons in a (10,10) SWNT



Electrical properties
• Armchair (n,n) tubes are 

metallic

• Zigzag tubes (3n,0) are 
almost metallic (small 
bandgap inversely 
proportional to tube 
diameter, tends to zero 
for planar graphite)

• Everything else is 
semiconducting

01/24/2006 04:47 PMFigure 15. In the four-probe technique
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Figure 15. In the four-probe technique developed by NEC, metal leads are lithographically deposited across a nanotube. This eliminates
uncertainty about resistance at the contact points and provides more accurate resistivity of the nanotube itself.

From Ebbesen et al. 1996.



Electrical Properties

• SWNTs show resistive heating - MWNTs 
do not

• SWNTs are the first known molecules that 
are also metals



Electrical Properties
01/24/2006 04:47 PMFigure 16. Quantum-molecular wire
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Figure 16. Quantum-molecular wire—a 1-nanometer-diameter nanotube on a silicon/ silicon dioxide substrate with two metal electrodes
—exhibits conductivity in a stepwise fashion. The device is similar to a transistor with the bias voltage applied between the platinum
wires, and the gate varying the electrostatic potential of the nanotube. The tiny size of the nanotube permits just a few quantum energy
levels for the electrons (above), so that only at a certain gate voltage does the state fit into the bias window, allowing electrons to
smoothly tunnel through.

Adapted from Tans et al. 1997.

• The SWNT as a 
Field Effect 
Transistor



Applications

• Structural elements: Composites (require 
volume production) 

• Shock absorbers

• Heat conduction

• Carbon - boron nitride nanowires

• Mechanical crash-proof probes

• Electron gun for phosphor displays



Applications

Electromechanical Amplifier 
Chemical Physics Letters, Vol. 265, Nos. 3-5, page 353, February 7, 1997.
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Discussion assignment

• Bring one recent (2008 or newer) paper on the 
application of carbon nanostructures in 
electronics, biomedical, environmental applications 
and be prepared to discuss what 
electromechanical / chemical / biological properties 
are used in the development of the application.

• Due Wednesday 28th Jan, 2009.

• Use PubMed.com to look for your articles



Questions?


