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Activated forms of boron nitride nanotubes are studied for potential applications to hydrogen storage with
the use of pseudopotential density functional method. The binding and diffusion energies of adsorbed hydrogen
are particularly calculated. The calculated binding energy of hydrogen on activated boron nitride nanotubes is
found to lie in the right range for room-temperature storage. It is also shown that diffusion through the active
sites enables hydrogen to access the inner surface of the nanotubes, which leads to the increase of the storage
capacity. Current study provides a tangible solution to increase the operating temperature and capacity of
hydrogen storage based on heteropolar nanomaterials such as boron nitride nanotubes.

DOI: 10.1103/PhysRevB.74.155424 PACS number�s�: 68.43.Bc, 81.07.De, 84.60.Ve

I. INTRODUCTION

Hydrogen is considered as an ideal and clean alternative
energy medium replacing current fossil fuels. Among many
technical and scientific challenges faced by full hydrogen
usage, the development of proper storage systems is one of
the most immanent problems awaiting solutions. Nanostruc-
tured form of materials has been a main focus in recent hy-
drogen storage research �Refs. 1 and 2, and references
therein�. Materials at nanoscales can have advantages over
their bulk counterparts with respect to molecular adsorptions
such as large specific surface area �SSA� and potentially high
binding energy. Nanotubes, nanohorns, and nanoclusters
have been tested as possible forms of materials that can en-
hance the capacity with proper release temperature.3–7 Unfor-
tunately, nanostructure by itself does not necessarily lead to
such expected consequences. Single-walled carbon nano-
tubes, for example, have been of great interest for their struc-
tures of large SSA and curvature. It is now believed that their
storage capacity at ambient conditions does not show a sig-
nificant improvement from that of activated carbons,8–11 not
to mention achieving the target set by the US DOE. A critical
flaw in carbon-based nanomaterials is the too weak binding
strength of hydrogen. For storage materials operating at near
room temperature, the binding energy of hydrogen should be
in the range of 0.2–0.5 eV, which is addressed by the van ’t
Hoff equation.12 It has been unclear of how to obtain the
optimal binding energy without degrading storage capacity
as observed in metal-decorated carbon materials. Changing
the chemistry or structure of chosen materials has been tested
to develop storage systems to meet the target. Recently, the
tubular form of boron nitride has been shown to store hydro-
gen at elevated temperatures compared with carbon nanotube
�CNT�.13–15 Although its SSA ��200 m2/g� was well below
that of CNT and activated carbons,14,15 it demonstrated a
possibility of designing materials with appropriate hydrogen
binding properties. Increasing the SSA and binding strength
is a next step toward optimizing the tubular structure of bo-
ron nitride. Adopting activation processes developed for car-
bons, for example, can provide a solution of increasing the
capacity and release temperatures of nanostructures.

In this paper, activated forms of boron nitride nanotubes
�aBNTs� are proposed to reach the optimal hydrogen binding

energy, which is a strong signature that the materials can be
a good candidate for room-temperature hydrogen storages.
The adsorption property of hydrogen is particularly studied
on the activated nanotubes through ab initio simulations. We
focus on pore structures with various chemicals at their edge
as a form of activation. Similar structures in glassy materials
have shown to be important for hydrogen adsorption and
diffusion.16 Creating such pore structures of various size and
with various atomic edges can be a possible way of activa-
tion of BNTs. Accessibility into inner space of the nanotubes
is also critical to increase the surface area and the binding
energy. The estimation of the diffusion barrier through large-
size pores can provide information of their optimal size.

II. COMPUTATIONAL DETAILS

For emulating the local chemistry and structure of pores
typically observed in activated carbons, we generate pores in
BNTs by removing boron and nitrogen atoms, and then satu-
rate or substitute neighboring atoms by hydrogen, carbon, or
oxygen. The saturation is only done for hydrogen by attach-
ing it to neighboring boron and nitrogen atoms. These atoms
are commonly observed to make chemical bonding with bo-
ron and nitrogen, and advantageous to storage capacity be-
cause they are also light elements. We choose a �10,0�
zigzag-type tube for the study, and the overall binding prop-
erties of hydrogen is believed to be insensitive to the tube
types because of the physisorption nature of the binding.
Figure 1 shows a schematic view of an �10,0� boron nitride
nanotube activated by such processes. The active sites with
oxygen are believed to be similar to the oxygenated edges
structures in activated carbons. They also resemble the pore
structures found in B2O3 �Ref. 16� or macrocyclic polyether
molecules known as crown ethers.17–19 In this configuration,
boron or nitrogen atoms neighboring the vacancy are substi-
tuted by oxygen to form boron-oxygen- or nitrogen-oxygen-
bonded edge structures in the vacancy. For example, the ac-
tive sites illustrated in Fig. 1�a� are generated by removing
three boron and one nitrogen atoms and then by substituting
the neighboring nitrogen atoms by oxygen. The B-O bonds
form the edge of the pore, which looks similar to those found
in B2O3. The size of pores can be controlled by changing the
number of B and N atoms being removed.
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In order to investigate the binding of hydrogen on acti-
vated BNTs, a hydrogen molecule is put on top of the active
sites and a series of total energy calculations are performed
with the use of the pseudopotential density functional
method.20,21 Exchange-correlation of electrons is treated
within the scheme of the generalized gradient approximation
�GGA� developed by Perdew, Burke, and Ernzerhof.22 We
note that the physisorption energy with GGA �or with local
density approximation �LDA�� usually have large error bars.
A recent quantum Monte Carlo calculation23 shows that the
binding energy of hydrogen in carbon materials is in between
the GGA and the LDA values. In previous studies, the bind-
ing energy calculated with the same computational scheme
agrees reasonably well with experiment,13,24 and the results
presented here can be understood as a reference within a
given frame of computational methods. For comparison, the
LDA is also used to check the consistency of the trend ob-
tained with GGA. Atomic orbitals with double zeta polariza-
tion are used to expand single-particle wave functions21 with
a cutoff energy of 80 Ry for real space mesh construction.
Binding energy curves are obtained by performing succes-
sive calculations of total energy at varying distance between
the hydrogen molecule and the adsorbent. Full relaxations of
atomic positions are carried out with the center of mass of
hydrogen being fixed until their Hellmann-Feynman forces
are less than 0.01 eV/Å.

III. RESULTS AND DISCUSSIONS

The bond length of B-O and N-O bonds in activated
BNTs are found to be about 1.38 and 1.46 Å, respectively.
The B-O bond length is close to that in B2O3while the N
-O bond length is larger than both single- and double-bonded
N-O. For nonpassivated edges or for the passivation with
hydrogen or carbon, there is a substantial reconstruction in
the active sites. For double-vacancy pores without edge pas-

sivation, B-B and N-N bonds are formed with a bond length
of about 1.75 and 1.48 Å, respectively. And they lead to the
formation of pentagon-octagon-pentagon �5-8-5� defect
structure in the tube as observed in CNT and graphite with
double-vacancy defects.25 Similar defect structures are also
observed for carbon-edged double-vacancy pores in the
BNT. The C-C bond length, in this case, is about 1.40 Å,
which is shorter than B-N bond length by about 4% leading
to radial deformations of the tube. On the other hand, the
bond length of hydrogen molecule does not change upon
adsorption. It is interesting to note that there is a small
charge transfer from nanotube to hydrogen of about
0.04 electron/H2. This implies that the hydrogen adsorption
on the activated nanotubes may not be of simple van der
Waals type.

Figure 2 shows the binding energy curves of hydrogen on
the active sites of BNT with various types of passivation.
Hydrogen, carbon, and oxygen atoms were tested for the
passivation as described above. The pore was created by re-
moving a single B-N bond from the tube with four neighbor-
ing B and N atoms passivated by the chosen atoms �Fig.
1�b��. As Fig. 2 shows, the most active pore with respect to
hydrogen binding is the one passivated by oxygen, giving a
binding energy of about 22 kJ/mol. The pores passivated by
hydrogen have the smallest binding energy of about
11 kJ/mol, but it is still significantly larger than that on
graphite or pure carbon nanotubes of about 6 kJ/mol.26–28

The pores without passivation or passivated by carbon have
also relatively large binding energies of about 15 kJ/mol.
Both types of pores undergo a reconstruction to 5-8-5 struc-
tural defects as mentioned above. The calculated results in-
dicate that such substantial structural defects can also en-
hance the binding energy.13 The strong binding of hydrogen
on oxygen-passivated pores is probably due to an extended
charge distribution of lone-pair electrons in B-O and N-O
bonds compared to those formed by H or C with B and N.
Similar effects were also observed in boron oxides, where
large binding energies were obtained on top of pores that

FIG. 1. �Color online� An illustrative view of a �10,0� BNT
activated with oxygen-edged vacancies. �a� Top view of the acti-
vated nanotube with quadruple vacancies with six oxygen atoms at
the edge and �b� side view of the tube with a double-vacancy pas-
sivated by four oxygen atoms. A similar chemical activation is also
tested for carbon, which substitutes for boron or nitrogen atoms
neighboring the vacancy. For testing hydrogen saturation, hydrogen
atoms are attached to the boron and nitrogen atoms neighboring the
vacancy instead of substituting those atoms. In order to calculated
the binding energy of hydrogen molecule on the active sites, hydro-
gen molecules �denoted by green circles� are put �a� inside the tube
or �b� on top of the pore. Red, blue, and dark yellow circles denote
oxygen, boron, and nitrogen atoms, respectively.

FIG. 2. �Color online� The hydrogen binding energy curves on
an activated �10,0� BNT with various types of passivation of vacan-
cies that are generated by removing boron-nitrogen pairs from the
tube. The largest binding energy is obtained for oxygen-passivated
vacancy pores �filled triangles�. Carbon and hydrogen passivations
are denoted by filled circles and squares, respectively. The binding
energy curve without any passivation �filled diamond� is also plot-
ted for comparison.
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have oxygen in the edge.16 Calculated binding energies are
so significant that the desorption temperature �or operating
temperature of hydrogen storages� could reach as high as
about 210 K as estimated from the van’t Hoff equation,12

which is a significant improvement from both pure BNT and
CNT.13 From previous calculations of hydrogen binding on
similar structured materials, it was shown that the energy
depends on the size of the pores on which the hydrogen is
adsorbed. The optimal pore size was estimated to be about
6.5 Å.16,19

The binding of hydrogen on BNT is in nature a physisorp-
tion type, and it is expected that the binding energy is sensi-
tive to the contact area of hydrogen with the BNT. The large
contact area, in other words, means an enhanced overlap of
electron charge distribution between hydrogen and the atoms
at the pores, which results in bigger exchange-correlation
energies and thus in larger binding energies. The size of
pores can thus be a controlling parameter of the contact area
as the number of atoms in contact with hydrogen apart by the
van der Waals distance changes at varying pore size. A ca-
veat is that this argument should be understood within cur-
rent DFT calculation schemes. Single, double, and quadruple
vacancies are generated and then the neighboring atoms are
substituted by oxygen. Hydrogen adsorption is simulated in a
similar way as described above. Figure 3 shows the calcu-
lated binding energy curves of hydrogen on the oxygen-edge
pores. It was found that the binding energy is the maximum
for the double-vacancy pore that reaches as much as
22 kJ/mol. As the pore size increases, the binding energy is
a little reduced, and the binding distance decreases to 1.5 Å
for the quadruple-vacancy pore.

We can expect that hydrogen can diffuse into the nano-
tubes if the pore size is sufficiently larger than the size of
hydrogen molecule. In order to study the hydrogen diffusion
into the tube, the simulation of hydrogen binding is carried
out for quadruple-vacancy pores while decreasing further the
distance between the tube and hydrogen molecule. Figure 4
shows the results of the simulation, where the negative dis-
tances indicate the hydrogen molecule lying inside the tube.
The diffusion barrier is estimated to be about 30 kJ/mol for
the quadruple-vacancy pore. The barrier height is strongly
correlated with the pore size. The diameter of the pore in this

calculation is about 5 Å, which is smaller than the optimal
pore size for hydrogen diffusion as estimated from B2O3and
crown ethers.16,19 Using the Arrhenius equation,29 the aver-
age tunneling time through the pores is also estimated to be
roughly in the order of ��s at room temperature. The slight
larger and almost flat binding energy curve of hydrogen in-
side the tube indicates that the inner space of the tube can
hold hydrogen efficiently. Once hydrogen molecules diffuse
into the tube, it can move back to outer region or diffuse
along the tube. The inset of Fig. 4 shows the energy profile
of hydrogen diffusion along the tube axis. The position of
hydrogen along the tube is given relative to the center of the
pore. There is a smaller diffusion barrier of about 2 kJ/mol,
which is low enough for thermal diffusion at room tempera-
ture. The current simulation indicates that activating BNTs
with such pore structures can make a full use of available
surface area for hydrogen adsorption with higher binding
energies.

A practical issue to address is how to make BNT into such
activated forms. For carbon nanotubes, for instance, the
chemical activation considered here may be achieved rela-
tively easily. Recent high resolution transmission electron
microscopy images show that vacancies are created and re-
main stable in graphite.25 Structural defects including vacan-
cies in carbon nanotube and graphite are generated by high-
energy ion or electron bombardment, or during chemical
processes.30–33 Oxygen molecules react with such defects in
graphite, which leads to the formation of oxidized pits. Di-
rect substitution of carbon by oxygen is also possible by wet
chemistry applied to nanotubes.34 Little is known about oxi-
dization of BNTs, but similar methods used in CNTs can be
applied for oxygenating BNTs. The formation energy of such

FIG. 3. �Color online� The hydrogen binding energy curves on
an activated �10,0� boron nitride nanotube with different size of
vacancy pores of single, double, and quadrupole vacancies. All of
them are passivated by oxygen. The subscript n in On denotes the
number of oxygen atoms used for the passivation.

FIG. 4. �Color online� The binding energy curve of hydrogen on
top of and also through a pore that has six oxygens in its edge. The
solid line is a guide to eye. The distance of 0 Å means that hydro-
gen is located right at the center of the pore. The negative binding
distance indicates that hydrogen is inside the tube that has a diam-
eter of about 8 Å. The energy barrier for hydrogen diffusion is
estimated to be about 30 kJ/mol. A slight larger binding energy of
hydrogen inside the tube is due to the enhanced contact area. The
activated BNTs act as double-welled potentials for hydrogen ad-
sorption. The inset shows the energy variation of hydrogen binding
on the inner surface of the tube �in kJ/mol unit�. The distance along
the tube axis �in Å unit� is given in reference to the center of the
pore. This energy corrugation provides an estimate of hydrogen
diffusion-energy along the inside of the tube.
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active pores can be estimated from the total energy calcula-
tions even though more accurate computation needs detailed
information of true chemical reactions. For double-vacancy
pores, for example, the formation energy can be given as

Ef = ET�aBNT� + ET�B3N3� − 2ET�O2� − ET�BNT� , �1�

where ET�¯� denotes the total energy of the system �¯�.
For B3N3 cluster in Eq. �1�, a hexagonal form similar to
borazin less six hydrogen atoms is considered as a reference
configuration. It is found that an energy of about 6 eV �or
8 eV if spin-polarization effect of O2 is included� is required
to create one double-vacancy pore with oxygen edge. Being
an upper bound for the true formation energy, this estimation
suggests that the activation should occur in highly nonequi-
librium conditions as expected.

IV. SUMMARY

It is shown through ab initio computational simulations
that activated BNTs can be good hydrogen storage media

operating at room temperature. The most efficient activation
among the configurations considered here is the pore struc-
ture with oxygen edge. For pores of appropriate size, it is
found that hydrogen can diffuse inside the tube, which leads
to an increase of available adsorption sites for hydrogen and
hence the storage capacity. This study demonstrates that in-
troducing sufficient oxidized pores in BNTs is an effective
method of activating BNTs, making them a strong candidate
for hydrogen storages operating at elevated temperatures.
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