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We performed a study of the molecular adsorption of hy-
drogen on BN nanotubes. We present ab initio calcula-
tions for the linear optical response of single wall zigzag
BN(6,0) nanotubes as a function of the hydrogen adsorp-
tion on the exterior surface of the nanotube. The calcula-
tion of the linear optical response is performed by using
density functional theory with the use of plane waves and
pseudopotentials.

We consider four different nanotube-structures adsorbed
with different coverage of molecular hydrogen. We find
optimized atomic coordinates for such structures and cal-
culate binding energies for the molecule of hydrogen on
the nanotube. After having the linear response of the con-
sidered structures, we have calculated their energy loss
function spectra.

1 Introduction The adsorption of atomic or molecu-
lar adsorbates on nanotubes can relevantly influence their
physical properties, and thus enhance the potentiality to
technological applications. For instance, the adsorption
of atomic hydrogen[1,2] as well as molecular hydrogen
[3–7] on nanotubes has currently been studied mainly for
hydrogen-storage applications on fuel cells. On carbon
nanotubes molecular hydrogen can bind on the outer sur-
face by either physisorption or by chemisorption [5]. The
former case mainly depends on electrostatic and weak Van
der Waals interactions, hence it has weak binding energies
[3,4] and therefore small changes on the electron den-
sity. In the physisorption process, the hydrogen is weakly
bound due to a strong bonding between hydrogen atoms
and closed electronic shell. Some studies of molecular
hydrogen have been focused mainly on the different ad-
sorption sites on carbon nanotubes and their corresponding
binding energies. By a radial deformation of the nanotubes
or by co-adsorption of other atoms such binding energies
can be changed [4]. Similar studies have been done on
boron nitride (BN) nanotubes whose existence were pro-

posed by Rubio et al. [8] and synthesis were confirmed
by Chopra et al. [9]. Unlike the structurally similar carbon
nanotubes, the BN nanotubes are polar and noncentrosym-
metric. They have a wide band gap and they posses large
ionicity on the B-N bond.

Thus their physical properties show to be different from
that of carbon nanotubes. On the one hand, It has been
shown that atomic hydrogen can be adsorbed chemically
on the exterior surface on BN nanotubes up to 50% of cov-
erage [1]. On the other hand, studies of molecular hydro-
gen adsorbed on BN nanotubes show that deviations from
the sp2 bonding tend to increase the binding energy of the
hydrogen molecule [7]. Activated forms of BN nanotubes
have also been studied where the binding energy and the
specific surface area is increased by creating pore struc-
tures of various sizes and various atomic edges [6].

In the present paper we performed a study of the molec-
ular adsorption of hydrogen on BN nanotubes. We present
ab initio calculations for the linear optical response of sin-
gle wall BN nanotubes as a function of the hydrogen ad-
sorption on the exterior surface of the nanotube. We choose
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Figure 1 Scheme for the BN(6,0) nanotube with adsorption of
molecular hydrogen. The rectangle specifies the unit cell of the
nanotube.

the zigzag BN(6,0) nanotube for the study, since it has been
reported that the BN nanotubes forms preferentially with
zigzag orientation, and it has small diameter (of 4.74 Å)
which, in turn, has a small unit cell with 24 atoms. This al-
lows us to keep the calculation feasible since ab initio cal-
culations of optical properties of nanotubes demand heavy
computing resources.

Figure 1 shows the BN(6,0) nanotube with adsorption
of molecular hydrogen. The rectangle specifies the unit cell
of the nanotube. Into the unit cell there are four molecules
of hydrogen (H2). Here we consider the cases of adsorption
of n hydrogen molecules on the exterior nanotube surface
per unit cell. We will denote such cases as: nm, where n
can take the values 1,2,3 and 4.

2 Method of calculation
2.1 Ab initio calculations We have used an ab ini-

tio method in order to determine the BN-nanotube struc-
tures. The method is based on the framework of Kohn-
Sham density functional theory (DFT) within the local den-
sity approximation (LDA). The calculations have been ob-
tained thanks the use of the ABINIT code [10–12], that
is based on pseudopotentials and plane waves. The ionic-
core potential was replaced by a relativistic separable dual-
space Gaussian pseudopotential of Hartwigsen, Goedecker
and Hutter [13]. The plane-wave energy cutoff used was
of 30 Ha. A supercell geometry was formed in such a way
that there would be nanotubes aligned in a square array
with a distance between nanotubes of at least 11 Å. Spin-
orbit interaction is not considered in the calculation. In or-
der to reduce the computational effort we do not include
neither local-field [14,15] effects (LFE) nor excitonic ef-
fects [16]. The inclusion of the former effects only modify
the absorption spectrum for light polarized perpendicular
to the nanotube axis. Thus we only focus on the case where
the incident light is polarized along the nanotube axis, and
study the qualitative effects on the linear optical response
of nanotubes as a function of the adsorption of molecular
hydrogen.

In order to construct the nanotube system, a BN layer
was simulated by a slab supercell approach with an inter-

layer distance of 8 Å. After having obtained the optimal
lattice constant, a = 2.485 Å, of the BN layer, the nano-
tubes were formed by rolling up the layer. In the calcu-
lation of such lattice constant, an energy cutoff of 100 Ha
and a k point grid of 100 × 100 × 2 were used. Then, the
underlying nanotube-structure was obtained through a full
relaxation of the atomic positions. The equilibrium struc-
tures were obtained by using a uniform k point grid, of
1 × 1 × 20, along the nanotube axis and, when the forces
acting on the atoms were less than 0.003 eV/ Å. The self
consistent electronic band structure calculations were then
carried out for the theoretically determined BN nanotube
structures.

2.2 Binding energy Having obtained the optimized
structures, we calculate the binding energy of the hydrogen
molecule through the relation

Eb = Etot[BNNT − H2] − Etot[BNNT ]
−n Etot[H2] (1)

where Etot[BNNT − H2] is the total energy of the BN
nanotube with n hydrogen molecules adsorbed on its sur-
face, Etot[BNNT ] is the total energy of the clean BN nan-
otube, and Etot[H2] is the total energy of the isolated hy-
drogen molecule.

2.3 Linear response On the evaluation of the lin-
ear response, we calculate the imaginary part of the di-
electric function. The calculations were done within the
independent particle approximation. We use the linear an-
alytical tetrahedron method to perform the Brilloin zone
integrations [17]. The linear response is normalized to a
unit cell volume Γ , which is not well-defined for nan-
otubes. Instead of using the volume of the supercell, which
is arbitrary, we used the effective unit cell volume of the
nanotube employed in reference [18]: Γ = π[(D/2 +
d/2)2 − (D/2 − d/2)2]T , where d is the nanotube wall
thickness that is set to the interlayer distance of hexagonal
BN, dh−BN = 3.281 Å. D and T are the diameter and the
lenght of the translational vector of the nanotube respec-
tively. We note that the use of a different unit cell volume
would affect the magnitude of the response coefficient but
not the positions of the different peaks of the spectrum.
The energy eigenvalues and matrix elements were calcu-
lated at 20 k points in the irreducible Brilloin zone that
were unifomly distributed along the nanotube axis. In the
calculations we used 152 conduction bands.

3 Results and discussion We have obtained op-
timized structures for BN(6,0) nanotubes with n adsorbed
molecules of hydrogen per unit cell. The respective binding
energies and binding distances of the hydrogen molecule
are tabulated in Table 1. The binding distance is the dis-
tance between the nanotube and the center of mass of the
hydrogen molecule. The hydrogen molecule adsorbs on top
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Table 1 Binding energy (Eb) and binding distance (Db) of the
hydrogen molecule for the cases of study: zigzag BN(6,0) nan-
otubes adsorbed with n molecules of hydrogen (nm) per unit cell.

BN(6,0) - nH2 Eb (meV) Db ( Å)

1m -39 2.36

2m -82 2.37

3m -125 2.36

4m -168 2.37

Energy (eV)

ε‖ 2

109876543

16

12

8

4

0

Figure 2 Imaginary part of the dielectric function of the clean
zigzag BN(6,0) nanotube with the electric field polarized parallel
to the nanotube axis.

of an hexagon of the nanotube forming an angle of 30o

degrees with respect to the axis of the nanotube just in
the way shown in Fig. 1. For the case of adsorption of
2 molecules of hydrogen, there can be two possibilities
of having the hydrogen molecules: each one in opposite
sides of the nanotube and one beside the other. The cor-
responding data of the former case is the one tabulated in
Table 1. The binding energy of the latter case differs in
1% from the former case and their binding distance are
equal. We can see from Table 1 that the binding energy de-
creases significantly as the molecular hydrogen adsorption
increases. This kind of behavior has also been reported on
the atomic adsorption of hydrogen on the zigzag BN(10,0)
nanotube [1]. The binding energy is negative meaning that
the adsorption is exothermic. In reference [7] an study of
the adsorption of molecular hydrogen is performed on a
BN(10,0) nanotube. The authors consider the adsorption
of just 1 molecule of hydrogen per two unit cells of the BN
nanotube. They fix the center of mass of the molecule and
get relaxed structures. Then they presented binding energy
curves as a function of the binding distance. They found
a minimum of the binding energy, for the case where the
hydrogen molecule is on top the hexagon center, at a bind-
ing distance of 3 Å. Comparing the cases of just one row
of molecules of hydrogen along the nanotube, the binding
distance (the binding energy) is less (greater) in the ad-
sorption of hydrogen on BN(6,0) nanotubes than that on
BN(10,0) nanotubes.

Recent calculations have shown that the inclusion of
local-field effects (LFE) are crucial to fully interpret the

4m
3m
2m
1m

clean

Energy (eV)

ε‖ 2

65.554.54

20

16

12

8

4

0

Figure 3 Imaginary part of the dielectric function of the zigzag
BN(6,0) nanotube as a function of the number n of adsorbed hy-
drogen molecules (nm) per unit cell. The electric field is polar-
ized parallel to the nanotube axis.

experimental absorption spectra of nanotubes [14,15], and
nanowires [19,20]. In these kind of systems it is important
to take into account the induced microscopic components
in the response to the external field. As a result a so-called
depolarization effect takes place for perpendicular polar-
ization of the field to the nanostructure surface. This effect
suppress the absorption of the light at lower energies. In
the present paper, we thus focus only on the optical re-
sponse with the field polarized along the nanotube axis.
The optical absorption for such a case is unaltered with the
inclusion of LFE on the calculation. In Fig. 2 we plot the
imaginary part of the dielectric function of the clean zigzag
BN(6,0) nanotube for light polarized parallel to the nan-
otube axis. The spectrum shows structures at 4.28, 4.52,
4.77 and 5.77 eV. Similar spectra are reported in refer-
ences [15] and [18], where the calculations were done in
the framework of time-dependent density-functional the-
ory and by using the full-potential projected augmented
wave method respectively. On reference [15], the spectrum
of the BN(6,0) nanotube for the parallel polarization of the
electric field shows the structures near 4.28, 4.52 eV as a
small shoulders. Here those shoulders appear enhanced. In
particular, the structure at 4.52 eV appears as a peak.

In Fig. 3 we plot the imaginary part of the dielectric
function of the zigzag BN(6,0) nanotube for electric fields
polarized parallel to the nanotube axis and as a function of
the number n of hydrogen molecules per unit cell. We can
see from Fig. 3 that as the coverage of molecular hydro-
gen on the surface of the nanotube is increased, the struc-
ture found at around 4.52 eV of the spectrum for the lin-
ear response is slightly decreased but keeps at the same
frequency. Meanwhile the structures found at around 4.77
(5.77) eV shifts downwards (upwards) by 0.09 (0.06) eV
and slightly increases its magnitude, when the adsorption
coverage is of 4 hydrogen molecules per unit cell.

We have also calculated the spectrum for the electron
energy loss function (EELS) that is related through the
momentum-dependentdielectric function as: Im[1/ε(ω, q)],

phys. stat. sol. (c) 5, No. 8 (2008) 2597
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Figure 4 EELS spectra of the clean zigzag BN(6,0) nanotube
with the electric field polarized parallel to the nanotube axis.

being q the momentum transfer. Here we show spectra for
EELS with momentum transfer q → 0. Figure 4 shows
the EELS spectrum of the clean zigzag BN(6,0) nanotube
for electric fields polarized parallel to the nanotube axis.
The experimental data [21] are also plotted. They were
obtained by performing measurements on multiwalled BN
nanotubes for momentum transfer q = 0.1 Å−1 [21]. The
spectrum shows a structure at around 7.57 eV, which is
related to a collective π plasmon oscillation. The position
of such a structure on the calculated spectrum depends on
the radius and chirality of the nanotubes. We have shifted
upwards the calculated spectra by 0.65 eV in order to have
coincidence of the peak-structure found on the calculated
spectrum with that of the experiment. Such difference in
energy between the calculated spectrum and the experi-
mental data is related to the well known underestimation
of the band gap of DFT-LDA calculations. Despite of the
fact that the experimental data was gotten on multiwalled
nanotubes, we find that the calculated spectrum shows
qualitatively good agreement with the experimental data.

In Fig. 5 we have plotted spectra for EELS of the zigzag
BN(6,0) nanotube for electric fields polarized parallel to
the nanotube axis and as a function of the number n of hy-
drogen molecules per unit cell. From Fig. 5 we can see that
the structure at around 7.7 eV in the spectrum of clean BN
nanotubes and corresponding to parallel polarized electric
fields, shifts downwards and its intensity reduces as the
adsorption coverage of molecular hydrogen is increased.
Such structure becomes a double peak for a coverage of 4
molecules per unit cell.

4 Conclusions We have performed an study of the
adsorption of molecular hydrogen on single walled zigzag
BN(6,0) nanotubes. Molecular hydrogen can bind on the
outer surface of BN nanotubes with weak binding ener-
gies. The greater the coverage of molecular hydrogen on
the surface of the nanotube, the lower their binding energy.
Their values range from -39 meV for the nanotube with 1
adsorbed hydrogen molecule per unit cell to -168 meV for
the nanotube with 4 adsorbed molecules of hydrogen per
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Figure 5 EELS spectra of the zigzag BN(6,0) nanotube as a
function of the number n of adsorbed hydrogen molecules (nm)
per unit cell. The electric field is polarized parallel to the nan-
otube axis.

unit cell. The binding distance showed to be either 2.36 or
2.37 Å. Both the linear optical response and the energy loss
function spectrum of BN(6,0) nanotubes is influenced as
the adsorption of molecules of hydrogen on the nanotube
increases. Thus the present study takes insight on the be-
havior of the linear optical response of BN nanotubes as a
function of molecular hydrogen.
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