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1 Introduction

located along the tube axis. Since a nanotube is an infinite
structure hydrogen pseudo atoms were used to complete
loose chemical bonds on the nanotube edge. A model of a
covalent cyclic cluster built in via ionic bonding in the framework of the semi-empirical quantum chemical MNDO
calculation procedure was applied [1]. Two possible positions of carbon and boron atoms in respect to a lithium atom
on the tube external surface in ВС3-tubulenes clusters are
shown in Figure 1.

The discovery of carbon NTs in the early nineties was followed by intensive investigation into their electronic structure
and energy spectrum parameters as well as physical and chemical properties. Along with studying of nanotube properties researchers started searching for ways to modify NTs
and fabricate structures having new mechanical, electronic
and other properties. Due to high surface activity, nanotubes
can be used as basis for fabricating various types of composites. In particular, it was found that introduction of metal
atoms between the tubulene layers leads to the formation of
nanotube based composite structures such as hollow alternating metallic supercells, nanotube conductors in semiconducting coating, etc., that possess new conducting, magnetic and electrical properties [1].
However, apart from carbon nanotubes, current research
focuses on theoretical and experimental investigation of noncarbon nanotubes, namely recently discovered boron-carbon
nanotubes of ВС3 type. Research conducted into the electron
structure and energy characteristics of this class of noncarbon structures showed that boron-carbon nanotubes
(BCNTs) as well as carbon nanotubes of “zigzag” type represent a class of narrow gap semiconductors [2-6] whereas the
study of BCNTs surface activity revealed that they display
better adsorption properties in respect to certain elements that
CNTs [7-12]. That is why one of the most interesting aspects
of BCNTs study is research into the interaction mechanism of
alkaline metal atoms with the BCNT external surface.
The present paper presents calculations of alkaline metal
atoms (AM) (Li, Na, K) adsorption on the boron-carbon
ВС3 nanotubes (6, 0) type external surface with the view of
exploring a possibility to fabricate boron-carbon nanotube
based metal-phase composites.
As geometrical models of the studied tubulenes we
selected clusters containing six hexagon boron-carbon cycles located on the tube perimeter and four elementary layers

а)

b)

FIGURE 1 ВС3 nanotube (6,0) with an absorbed lithium atom on the
nanotube surface: a) type A of C and B atoms positions; b) type B of C
and B atoms position

In order to eliminate the influence of boundary effects,
we modelled the process so that adsorbed atoms (Li, K, Na)
bound either to a carbon or boron atom located approximately in the middle of the boron-carbon nanotube cluster. The
adsorption process for alkaline metal atoms was modeled in
increments of 0,1 Å in the direction of the perpendicular to
the tube axis passing through the boron or carbon atom on
which the adsorption takes place. The geometrical parameters of the system were optimized in quantum-chemical calculations. As a result of calculations we obtained the potential energy curves of these processes. Analysis shows that
all the curves for the nanotubes reveal the presence of energy minimum that enabled us to conclude that atoms adsorbed on the ВС3 tubulene external surface formed stable
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adsorption complexes (Figures 2–5). Adsorption energy values were calculated as the difference between the total
energy value of non-interacting adsorbent model of a corresponding atom and a related adsorption complex, formula (1):
Еad = Еad.c. – (Еtub + EH, Cl, O, F).

(1)

Adsorption energy values Еаd for Li, K, Na atoms and
corresponding adsorption distances Rаd are shown in Table 1.

FIGURE 5 The potential energy curve of the alkaline metal atoms
adsorption [process on the boron-carbon nanotube B type (6, 0) external
surface (B atom)
TABLE 1 The adsorption energies Еаd for Li, K, Na atoms and
corresponding adsorption distances Rаd. Letters C and B denote
an approximation to boron and carbon atoms, respectively
Li
С
FIGURE 2 The energy curve of the alkaline metal atoms adsorption
process on the boron-carbon nanotube A type (6, 0) external surface (C
atom)

Eаd, eV
Rаd, Å

14,21
1,4

Eаd, eV
Rаd, Å

14,63
2,3

K
В

С
Type А
15,97 23,73
1,4
1,7
Type B
14,28
18,7
2,6
1,6

Na
В

С

В

23,13
1,6

20,33
1,6

19,94
1,8

17,77
1,6

15,4
2,1

14,98
2,1

The charge distribution over the metal atoms indicates
that electron transfer to boron and carbon atoms located on
the nanotube external surface takes place, which increases
the number of majority charge carriers in tubulenes; as a
result ВС3 nanotubes, which we had previously classified
as narrow-gap semiconductor, begin to take on metallic properties (the occurrence of surface conductivity is attributed
to electrons from metal atoms).
2 Regular binding of alkaline metal atoms to the
ВС3nanotubes (6,0) type B surface
FIGURE 3 The potential energy curve of the alkaline metal atoms
adsorption process on the boron-carbon nanotube A type (6, 0) external
surface (B atom)

On performing calculations of single alkaline metal atoms
adsorption on the boron-carbon nanotube external surface that
has shown that interaction between metal atoms and ВС3
tubulenes is possible, it seemed interesting to study the
possibility of alkaline metal atoms regular binding (modification) to this type of tubulene to find out whether metalphase boron-carbon based composites can be fabricated. We
chose ВС3 nanotubes (6,0) type B that interact with alkaline
metal atoms located over carbon or boron atoms on the ВС3
tubulene external surface as shown in Figure 6. In the selected
positions the distance between metal atoms is taken to be 4.2
Å. It is known that lattice parameters for alkaline metals are
3.5 Å (for Li) and 4.2 Å (for Na) [13], that is, they are in good
agreement with the values we obtained for interatomic
distances Li-Li, Na-Na or K - K. Thus, alkaline metal atoms
that bind to the external nanotube surface can be considered
one-dimensional metallic cells (further called a superlattice
on boron-carbon nanotube external surface), and the distances
between the atoms can be called superlattice constants.

FIGURE 4 The potential energy curve of the alkaline metal atoms
adsorption process on the boron-carbon nanotube B type (6, 0) external
surface (C atom)
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FIGURE 7 One-electron energy spectra of ВС3-tubulenes (6, 0)
FIGURE 6 Extended elementary cell (6, 0) modified by Li atom

TABLE 2 Energy characteristics of modified boron-carbon tubulenes type B
(6, 0); Q - charges on alkaline metal atoms;  Eg – bandgap (eV)

To study the electron energy structure of the described
nanosystems a ВС3 - type (6,0) tubulene cluster consisting
of ninety-six nanotube atoms and nine alkaline metal atoms
located above the tubulene surface and forming superlattices
either of rectangular or rhombic type was selected. Calculations were performed by applying the procedure described
in the previous section. Bond length between the boron and
carbon atoms were taken to be equal to 1.44 Å, and the distance between the metal atoms and tubulene surface atoms
corresponded to the values obtained in the study of single Li,
K, Na adsorption. Calculations allowed us to build one-electron spectra of the nanocomposites under study and then
compare the values with the ones obtained for the energy
spectrum of pure - ВС3 tubulene (Figure 7). The values of
the bandgap ΔEg are seen in Table 2. Figure 7 shows that the
band gap structure in boron-carbon nanotubes modified by
Li atoms when compared to pure ВС3 tubulenes does not
change within a predetermined degree of accuracy. In ВС3
tubulenes modified by K atoms the band gap value approaches zero that reveals the presence of metallic conductivity. Nanotubes modified by Na atoms have a slight increase in the band gap, but, nevertheless, the structure can be
classified as a narrow-gap semiconductor. Analysis of the
charge reveals that likewise in the case of single atom
adsorption electron density is transferred from alkaline
metal atoms on the ВС3 tubulene surface atoms (Table 2).

Q
BCNT
BCNT +9Li
BCNT +9K
BCNT +9Na

0,96
0,96
0,92

Eg, эВ
0,14
0,2
0,01
0,15

3 Conclusions
Calculations reveal that surface modification of boroncarbon nanotubes with alkaline metal atoms (Li, K, Na)
leads to metallization of the tube external surface. The optimum adsorption distance was found and adsorption energy
values were calculated. It can be assumed that a regular
adsorption process on the external nanotube surface will
cause the "metal - metal" transition. It means that by introducing, for example, metal atoms between the layers of multi-walled tubulenes alternating hollow metal superlattices
can be fabricated as well as other nanotube based composite
structures having novel conductive, magnetic and electrical
properties. Surface modification of boron-carbon nanotubes
with metal atoms does not change their conductivity , but
leads to the formation of free charge carriers on the tube
surface, thereby ensuring the emergence of transition “narrow-gap semiconductor – metal” in the obtained metalphase boron-carbon nanotube based composites.
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