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Abstract
Structures of the so-called super-carbon nanotubes are proposed. These
structures are built from single walled carbon nanotubes connected by Y-like
junctions forming a ‘super’-sheet that is then rolled into a seamless cylinder.
Such a procedure can be repeated several times, generating a fractal
structure. This procedure is not limited to carbon nanotubes, and can be
easily modified for application to other systems. Tight binding total energy
and density of states calculations showed that the ‘super’-sheets and tubes
are stable and predicted to present metallic and semiconducting behaviour.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Carbon based materials present an enormous variety of forms
and properties. Among these structures are graphite, diamond,
fullerenes, and carbon nanotubes [1–3]. A single walled
carbon nanotube (SWNT) can be considered heuristically as
formed by rolling up a graphene sheet to make a seamless
cylinder. Due to the extreme mechanical and thermal
properties related to the strong carbon–carbon bonding, and
the interesting electronic properties related to the quantum
confined structure, they will play an important role in the
development of nanotechnology [4].

Junctions among SWNTs can be produced by introducing
pentagon–heptagon pair defects into the hexagonal network
inducing changes in the electronic properties [5]. Two
SWNTs can be welded by electron beam exposure at high
temperatures resulting in ‘X’-, ‘Y’-, or ‘T’-like stable
junctions induced by structural defects created during the
beam irradiation [6, 7]. This type of arrangement opens up
the possibility of creating carbon nanotube networks [8, 9].
Two-dimensional superstructures of honeycomb symmetry
have been proposed and shown to be interesting in terms
of superconductivity [10]. Furthermore, three-dimensional
nets using fullerene forms with seven- or eight-membered

rings have been predicted to present a variety of electronic
properties [11].

In this work we propose new structures generated from
a carbon network based on the honeycomb symmetry. The
starting structure, generically named the super-graphene (SG),
is heuristically constructed, replacing the carbon–carbon
bonds of the graphene architecture by SWNTs, and the carbon
atoms by Y-like junctions. From the super-graphene a new
tubular structure can be generated. We named this tubular
structure super-nanotube (ST) which represents a carbon
nanotube made of carbon nanotubes.

2. Construction of super-carbon nanotubes

The construction of a ST can be viewed as a process analogous
to the one used to generate SWNTs. The initial point is the
graphene sheet (figures 1(a) and (b)) which is rolled up to
construct a SWNT (figure 1(c)). For the ST case, the super-
graphene is initially built (figures 1(d) and (e)) connecting
SWNTs through the use of Y-junctions. Finally, the super-tube
is produced by wrapping the super-graphene sheet (figure 1(f)).
Similarly to a (n, m) SWNT [3], (N, M) ST with different
chiralities can be constructed. These superstructures (SG
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Figure 1. Schematic view of the process used to generate a SWNT,
(a)–(c), and a ST, (d)–(f). Representation of the (a) graphene sheet
and (b) super-graphene unit cells. The sheets (b) and (e) are then
rolled up to form a (c) SWNT and a (f) ST, respectively. The
parameters a, c, d1, and d2 characterize the superstructures. The
SWNT (c) is used to construct the ST shown in (f).

and ST) are characterized by the SWNT used to form their
sides, its length (parameters a and c; figure 1), and the
necessary junctions for joining consecutive tubes. The super-
tube construction is not limited to carbon nanotubes and to
the honeycomb symmetry, and represents a three-dimensional
network of nanotubes. It can be applied to other tubular
structures such as boron nitride nanotubes and to different
symmetries through the use of other junction types (X- or
T-junctions, for example). Due to the size and properties
of such tubes, many applications can be imagined for them,
from catalytic sites for reactions of large biomolecules to high
strength composites and actuators.

We define the super-graphene made by connecting (n, m)

SWNTs as SG@(n, m). The unit cell of the SGs presents
a hexagonal symmetry having the lattice vectors (0, a) and
(
√

3a/2, a/2) (figure 1(d)). A super-nanotube is represented
as [N, M]@(n, m) which has an (N, M) structure and is
formed from (n, m) SWNTs. Two metallic ((6, 0) and (3,
3)) and one semiconducting SWNT ((8, 0)) were used here
to create SGs and STs. These tubes were connected using
proper junctions constructed using 5- and 7- [12] and 5-
and 8-membered rings [13] for metallic and semiconducting
SWNTs, respectively. However, different combinations can
be used through different types of SWNTs depending on the
junction type [12]. For instance, a hybrid SG made of (6,
0) and (3, 3) SWNTs (SG@(6, 0) (3, 3)) can be generated
using a mixed junction which connects them. The first
property of the STs which we can point out is the presence
of large pores on the sidewalls. The size of these pores
is comparable to the typical size of proteins (∼5–20 nm).
This property might make possible the use of STs as cavities

Figure 2. Atomistic views of a super-carbon nanotube [6, 0]@
(6, 0). On the right the super-tube contains two deoxyhaemoglobin
molecules which resemble, on a different size scale, carbon
nanopeapods [18].

and reservoirs, protein delivery, and allow crystallographic
studies of the properties of large biomolecules which are
difficult to crystallize. Atomistic views of a ST are shown
in figure 2. Furthermore, electromechanical actuation should
be very efficient for the STs, mainly along the axial direction,
since they present a large surface area for collecting charges
(doping) and a preferential alignment of the SWNTs along that
direction due to the hexagonal symmetry.

3. Methodology

Due to the size of the structures analysed here (∼300–4500
atoms in the unit cell) which precludes the use of first principles
methods, we applied a tight binding approach to determine the
structural stability and the electronic properties of the SGs and
STs. We have used the tight binding model by Porezag et al
[14] implemented in the Trocadero program [15]. This model
includes explicitly the non-orthogonality of the s–p basis, in
which the hopping matrix elements are obtained directly from
density functional theory calculations using the same basis set
but disregarding three-centre contributions to the Hamiltonian.
This method has been successfully applied to the prediction of
allotropic forms of carbon [16] and has been proven to combine
accuracy and reduced computational effort, especially for large
systems. The use of the� point for the Brillouin-zone sampling
has been shown to be sufficient for the total energy convergence
for the superstructures considered here. The geometries used
in tight binding calculations were obtained by relaxing the
structures (both atomic positions and cell parameters) using the
universal force field [17] which includes van der Waals, bond
stretch, bond angle bend, and torsional rotation terms. We have
used the following relaxation convergence criteria: maximum
atom force of 0.5 kcal mol−1 Å−1, energy differences of
0.001 kcal mol−1, maximum atomic displacement of 0.015 Å,
and root mean square displacement of 0.003 Å.

4. Results

Table 1 presents the energetic properties and the size
dimensions of the superstructures considered in this work.
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Table 1. Total energy per atom with respect to graphene (ET),
number of atoms in the unit cell (Na ), and the size of
super-graphenes and super-tubes.

Structure ET (eV) Na Size (nm)

SG@(8, 0) 0.267 504 a = 4.276
0.249 888 a = 7.205

SG@(6, 0) 0.504 364 a = 3.982
0.461 508 a = 5.457
0.441 724 a = 7.640
0.431 868 a = 9.098

SG@(3, 3) 0.546 444 a = 5.427
0.541 768 a = 9.214

[4, 0]@(8, 0) 0.335 4032 c = 7.690,
d1 = d2 = 5.80

[4, 4]@(8, 0) 0.293 4032 c = 4.278,
d1 = d2 = 10.03

[6, 0]@(6, 0) 0.508 4368 c = 6.950,
d1 = 8.15, d2 = 7.65

[6, 6]@(6, 0) 0.493 4368 c = 3.991,
d1 = d2 = 13.76

(8, 0) 0.215 32 c = 0.422
(6, 0) 0.393 24 c = 0.420
(3, 3) 0.524 12 c = 0.243
C60 0.477 60 —

For comparison the values for C60, and (8, 0), (6, 0), (3, 3)
SWNTs are also shown. As expected (due to the presence
of junctions) in relation to their corresponding SWNTs the
superstructures have a higher total energy per atom. The use
for instance of a supra-molecular synthetic approach (using
tubes already formed) makes this aspect less limiting. The
values indicate that the superstructures are stable and, in some
cases, even more stable than the C60. As expected, increasing
the side of the hexagon (a value) in the SGs, an increase
in the stability can be observed, due to the decrease in the
contribution of the structural deformation presented in the
junction region to the total energy of the structure. We can see
that the superstructures made by (8, 0) SWNTs are more stable
than the ones constructed using (6, 0) and (3, 3) tubes. This
can be associated with the lower strain energy (E tube

T − E sheet
T )

presented by (8, 0) SWNTs and to the use of pentagon–octagon
pair defects which reduces the structural deformation. The STs
[4, 0]@(8, 0) and [4, 4]@(8, 0) were generated from SG@(8,
0) with a = 4.276 nm, while the [6, 0]@(6, 0) and [6, 6]@(6, 0)
were from SG@(6, 0) with a = 3.982 nm. An elliptical cross
section (d1/d2 � 1.06) was obtained for the [6, 0]@(6, 0) while
a circular one was found for the other super-tubes considered
here. This is associated with distortions of the SWNT diameter
close to the junction. These distortions are larger for SWNTs
with small diameters (e.g. (6, 0)), causing an internal stress
in the ST structure. The stress is released by producing a
non-circular cross section. Increasing the ST diameter or
considering larger SWNTs (e.g. (8,0)) for the construction of
STs will cause d1/d2 = 1. The strain energy necessary to form
the tube from the parent sheet is about 100 times smaller for
the STs in comparison to the (8, 0) and (6, 0) SWNTs. This
aspect can be associated with the high flexibility presented by
SWNTs [19] which allows the bending of the super-graphene
sheet to form the super-tube with a small energy cost.

Figure 3 presents the electronic density of states (DOS) of
some of the SGs considered in this work. For comparison the
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Figure 3. Electronic density of states (DOS) of the super-graphenes.
In all DOS plots the Fermi level is positioned at zero energy and the
DOS unit is number of states per eV normalized by the total number
of states.

DOS of the graphene and SWNTs are also shown. The general
profile of the SGs DOS is very different from the graphene
one (figure 3(a)) but is dictated by the DOS of the infinite
SWNTs which are used to construct them (figures 3(b)–(d)).
The detailed DOS structure, however, depends on (n, m), as
well as the nanotube lengths. In figures 3(b) and (c) one can see
that the SGs considered here can exhibit a metallic behaviour,
like the (n, m) used to build them. Interestingly, many peaks
can be observed, showing the appearance of many electronic
bands close to the Fermi level. The DOS for the SG is more
spiky, exhibiting sharp peaks at energies where the DOS for the
SWNT is smooth, which would lead to important differences
in their optical properties [20]. Furthermore, on increasing the
unit cell size, i.e., by increasing the length of the SWNT which
composes the SG, some changes are observed in the DOS
(compare thick solid lines on figures 3(b) and (c)). These DOS
changes suggest the presence of quantization effects along the
nanotube length due to the formation of the new super-periodic
structure. The role of the junctions is shown in figure 3(c), and
it is basically to add a background into the DOS of the tube
contribution to the total DOS of the SG. In the limit a → ∞
the junction contribution is expected to be almost zero in the
DOS of the SGs. While the semiconducting behaviour of the
(8, 0) SWNT is preserved in the SG@(8, 0) (figure 3(d)), new
peaks appear and the bandgap is lowered.

Figure 4 presents the DOS of the super-tubes considered
in this work. Figures 4(a) and (b) show the DOS for
semiconducting and metallic super-tubes, respectively. As
mentioned before, many types of network are possible
depending on the kind of junction used to build them.
In the present work we limited ourselves to discussing
the cases where the ‘super-’nanotube structures and the
‘normal’ nanotube structures share the main electronic features
(metallic/semiconducting). Despite the general electronic
profile being defined by the SWNT which forms the ST, both
STs chiralities (through [N, M]) and constituents (through
(n, m)) lead to evident differences in the DOS. Similarly to
the SG case, many spikes appear in the DOS of STs when
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Figure 4. Electronic density of states of the super-tubes considered
in this work.

compared to the DOS for the infinite SWNTs. Furthermore, the
ST, as well as the SG structure, presents properties which are
different from those of its constituents as shown in figure 4(a).
In this case the STs present a smaller bandgap (∼0.2–0.4 eV)
in comparison to its equivalent SWNT value (∼1.0 eV). The
more asymmetrical valence and conduction bands of ST in
comparison with the case of the SWNT is a consequence of
the presence of the junctions lowering the symmetry of the ST
in comparison with their related SWNTs. These results are
suggestive of many possibilities for the electronic structure of
these superstructures, obtained by changing [N, M], (n, m),
nanotube lengths, junctions or even mixing different (n, m)

SWNTs within the same ST. In the present work we limited
ourselves to the study of achiral structures due to computational
costs but the results for the chiral ones are expected to be
similar.

Besides the electronic features, the mechanical properties
of STs are also expected to show interesting aspects. Since they
are constructed with SWNTs, high flexibility for bending and
high tensile strength are expected. The arrangement of SWNTs
in networks through the use of junctions can significantly
change the mechanical properties in comparison with those
of the isolated SWNTs. For example, during an axial tensile
straining in a ST based on the honeycomb architecture, a
change in the angles of the junction can occur before the
SWNTs begin to be stretched, leading to a higher value of
the ultimate tensile strength. Studies along this direction are
in progress. Furthermore, the large separation between the
SWNTs would make difficult the formation of ST bundles,
unlike in the SWNT case.

The procedure for constructing a ST can be generalized
to produce higher order STs. In this sense a SWNT can be
considered as the ST of the lowest order (ST(0)), being the
building block for the next order (ST(1)). A ST of order k
can be recursively made of STs of the previous order k − 1
(ST(k−1) → ST(k)) since the initial step of the generation rule
is known: ST(0) → ST(1). This aspect is illustrated in figure 5.

The methods of synthesis of the superstructures are the
key remaining and currently challenging issues. Progress
in synthesis of one specified type of SWNT is also needed

(a)

(d) (c)

(b)

Figure 5. Schematic view of the fractal generation of higher order
STs. In (a) the cross section of a SWNT is shown where the bonds
are represented by small circles. (b) The ST(1) cross section is
shown. (c) The ST(2) is constructed from ST(1), (d) ST(3) from ST(2),
and so on.

to allow the production of the pure ST. Baughman et al
have proposed a strategy based on topochemical reactions
which can lead to the synthesis of specific SWNTs [21].
Recent advances in the controlled fabrication of hierarchically
branched nanotubes have been made using porous templates
and could help in the production of structures of greater
topological complexity [22]. Another approach for the
production of STs would be to grow SWNTs inside templates
with the super-nanotube structure, similar to the growth of
0.4 nm SWNTs [23] and Y-junctions [24], or to explore
the ability of biological macromolecules to assemble into a
wide variety of complex functional structures and coat carbon
nanotubes [25]. Complex DNA structures have been already
produced using such ability [26]. Also, Huang et al have
recently demonstrated that nanotube networks can be built by
sequential controlled placement [27]. These results represent a
significant advance towards super-carbon nanotube realization.

5. Conclusion

In summary, new carbon structures forming networks are
proposed. They are based on the graphene architecture
where the carbon bonds are replaced by single walled carbon
nanotubes, and the carbon atoms by Y-like junctions of
three single walled carbon nanotubes (super-graphene). A
super-carbon nanotube can be formed from this network
by wrapping it in a similar way to what has been done
for usual carbon nanotubes. These super-tubes can present
either metallic or semiconducting behaviour, be prototypes
for electromechanical actuators, and serve as hosts for large
biomolecules. The richness of their electronic structure shows
here a concept for forming a periodic superstructure from
basic nanoscopic components. We hope the present study will
stimulate further experimental studies for synthesizing such
structures.
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