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INTRODUCTION

Utilization of huge amounts of fossil fuels as energy source
creates a crucial danger to the environment. Therefore, scien-
tists have been investigating safer alternatives for a long time.
Hydrogen is one of the most important environment-friendly
energy source (or energy carrier) since it is clean, sustainable,
renewable and replaceable with fossil fuels1. Unfortunately,
there are several technical and scientific difficulties concerning
usage of hydrogen as a fuel2. The proper storage of hydrogen
is the most critical problem waiting for a solution. In general,
there are three possible ways for reversible hydrogen storage
in high volumetric and gravimetric amounts e.g., (a) physical
storage in high-pressure gas cylinders or in cryogenic tanks
as liquid hydrogen (conventional methods), (b) chemical
storage as metal and complex hydrides and (c) adsorption
on some solid materials having high surface area, such as
carbonaceous and non-carbonaceous nanosheets, nanotubes,
nanoporeous adsorbents and zeolites (physisorption)3-6. In the
beginning, carbon nanotubes (CNTs), which were discovered
by Iijima in 19917, had been considered very promising hydro-
gen storage materials due to initial experimental studies8-11.
However, more recent studies12-14 indicated that the hydrogen
uptake of these materials were much lower than the values
measured in the previous studies and it is widely accepted
that to be able to reach the DOE target of hydrogen storage
capacity by usage of pure carbon based materials is practically
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impossible due to their weak interaction with hydrogen15.
Therefore, the focus of hydrogen storage studies have diverted
on boron nitride (BN) nanocages16,17 and boron nitride nano-
tubes (BNNTs), discovered in 199518, which have stronger
interaction with hydrogen molecules compared to carbon
nanotubes due to their polar B-N bonds. As expected, several
experimental19,20 and theoretical studies showed that boron
nitride nanotubes have better hydrogen storage capability than
carbon nanotubes and they can store hydrogen up to 4.2 wt %
at ambient conditions (~10 MPa)21. Sun et al.22 computationally
predicted that while B36N36 nanocage structures can store up
to 18 hydrogen molecules (4 wt % gravimetric density), 15 of
the stored hydrogen escape from the cage according to
molecular dynamics calculations performed at 300 K, so they
concluded that the B36N36 cage may not be suitable as a practical
hydrogen storage material at room temperature. In a recent
article by Li et al.23, it was reported that a microporous/
mesoporous boron nitride material called HBBN-1 can store
hydrogen up to 5.6 wt % under somewhat moderate 3 MPa
pressure and more importantly it was shown that 84 % of adsor-
bed hydrogen can be released when lowering the hydrogen
partial pressure to nearly atmospheric conditions. Accordingly,
boron nitride nano structures can be considered as possible
candidates for hydrogen storage and they still worth to investi-
gate.

The purpose of the present work is to computationally
investigate stabilities of the complexes formed from the B12N12,
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B24N24, B36N36, B48N48 and B60N60 nanocages endohedrally
doped with hydrogen molecules by employing density func-
tional theory methods. In fact, determination of maximum
hydrogen storage capacity of these boron nitride nanocages is
out of our scope in this study since filling a nanocage with
large amount of hydrogen molecules will make the resultant
complex rather unstable. Our main aim is to show that the
nanocages under consideration form stable nH2@BmNm

complexes and their stability increases when more and more
hydrogen molecules enter to the structure as endohedral cavity
of nanocage increases. In other words, we intended to find a
relation between size of nanocage and number of hydrogen
molecules located inside nanocage forming the most stable
complex. In addition, the performance of the ωB97X-D,
PBE1PBE and B3LYP functionals for such weak-interaction
systems are to be discussed.

COMPUTATIONAL  METHODOLOGY

The BmNm nanocages (m = 12, 24, 36, 48, 60) were selected
as the hosts where hydrogen molecules were endohedrally
doped. All of these nanocages include only tetragonal and
hexagonal connections in their geometries, except for B60N60

nanocage that has only two octagonal connections in addition
to other two types of connections. The B12N12, B36N36 and B48N48

nanocages are the lowest energy conformers while the B24N24

nanocage lies 2.4 kcal/mol above the lowest energy confor-
mer24. The most stable conformer for B24N24 and B60N60 were
not chosen because they have octagonal and decagonal connec-
tions, respectively, making these nanocages relatively in
appropriate for hydrogen storage purpose because of hydrogen
escaping probability.

All nH2@host complexes presented in this study include
non-covalent interactions between hydrogen molecules and
atoms of the nanocages (B and N atoms). It has been shown
that the ωB97X-D functional25 gives reasonable accuracy for
thermochemistry of the complexes including non-covalent
interactions26. In a review article by Grimme27, the performance
of ωB97X-D functional in calculation of non-covalent inter-
actions was evaluated as "extraordinarily well". In order to
check the validity of these assertion for our systems, the single
point second order Møller-Plesset Perturbation theory (MP2)
calculations were performed on the B24N24 nanocage and the
results confirmed the reliability of ωB97X-D (Table-1). Thus,
the ωB97X-D functional was employed as the optimization
method throughout the study together with 6-31G(d) basis set.
All of the complexes, host and hydrogen molecules were
initially optimized at ωB97X-D/6-31G(d) level. The electronic
energies of all species were refined with single point ωB97X-
D/6-31+G(d,p) calculations at the optimized geometries.

It is well-known that the B3LYP functional is the widely
accepted standard density functional theory method for a lot
of systems including nano structured material and its efficiency
in modeling exohedral and endohedral adsorption of several
alkaline earth cations in B12N12 nanocage has been demons-
trated in a recent computational study28. In addition, DFT-
PBE1PBE29 has been considered a suitable calculation method
for the systems having non-covalent interactions. In the present
study, the performances of these two methods are aimed to

compare with that of ωB97X-D. For that reason, additional
single point energy calculations on the optimized geometries
were also performed by using the B3LYP and PBE1PBE
functionals employing 6-31+G(d,p) basis set.

To determine stability of the nH2@host complexes, their
formation energies (stabilization energies) were calculated
from eqn. 1:

( )nH @host host H2 2
E E – E nE ∆ = +

  (1)

where EnH2@host, Ehost and are the electronic energies of the
complex, host and hydrogen molecules, respectively. A
negative value of formation energy (∆E ) indicates stability of
complex since hydrogen molecules prefer being inside
nanocage rather than being away from it. If there is an increase
in the ∆E value while hydrogen doping, this indicates stability
loss of nanocage, but decrease in the ∆E value shows that
nanocage becomes more and more stable due to accepting
hydrogen molecules.

All calculations were performed with Gaussian 09
computational chemistry suite30.

RESULTS AND DISCUSSION

The ωB97X-D/6-31G(d) level optimized geometries of
the B12N12, B24N24, B36N36, B48N48 and B60N60 nanocages, the
hosts for hydrogen molecules and the most stable nH2@host
complexes are depicted in Figs. 1 and 2, respectively. More-
over, the stability curves and the formation energies for
nH2@host complexes obtained from three different density
functional theory functionals are also given in Fig. 3 and
Table-1, respectively. Table-1 also includes stabilization
energies per hydrogen molecule, ∆E/nH2 (kcal/mol).

B N12 12 B N24 24 B N36 36

B N48 48 B N60 60

Fig. 1. Stable geometries of the host nanocages (BmNm, where m = 12, 24,
36 48, 60) optimized with the DFT-ωB97X-D method
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H @B N2 24 24 2H @B N2 36 36

4H @B N2 48 48 7H @B N2 60 60

Fig. 2. ωB97X-D optimized geometries of the most stable nH2@host
complexes

TABLE-1 
FORMATION ENERGIES, ∆Ea (kcal/mol) OBTAINED FROM 

THREE DIFFERENT DENSITY FUNCTIONAL 
THEORY FUNCTIONALS 

 ∆E (kcal/mol) 
Complex 

n ωB97X-D PBE1PBE B3LYP MP2 

1 46.9 54.8 65.1  
2 193.0 231.2 250.4  nH2B12N12 
3 337.5 402.2 431.8  
1 -0.7 6.8 11.3 0.7 
2 26.5 35.7 46.6 28.8 nH2B24N24 
3 74.1 81.9 100.2 77.9 
1 -6.8 -0.4 1.8  
2 -7.7 0.6 11.4  nH2B36N36 
3 5.6 24.2 33.7  
1 -5.4 -1.1 0.5  
2 -10.7 1.3 5.3  
3 -15.9 2.5 9.0  
4 -21.0 4.2 13.6  

nH2B48N48 

5 -18.2 5.8 18.4  
1 -5.0 -1.7 1.5  
2 -9.9 -3.5 2.9  
3 -15.9 -5.4 4.5  
4 -20.8 -6.5 7.4  
5 -25.5 -7.3 9.8  
6 -29.5 -7.2 13.6  
7 -32.3 -3.5 25.8  

nH2B60N60 

8 -27.8 4.1 33.7  
a ( )nH @host host H2 2

E E – E nE ∆ = +
 

 where nH @host2
E , hostE and are the 

electronic energies of the complex, host and hydrogen molecules, 
respectively 

 
As mentioned in computational methodology part, the

MP2/6-31+G(d,p) level single point energy calculations were
performed on the nH2@B24N24 complex geometries optimized
at ωB97X-D/6-31G(d) level to check the reliability of the

ωB97X-D method. Table-1 indicates that the stabilization
energies of the nH2@B24N24 complexes predicted by ωB97X-
D are rather close to the MP2 results while the PBE1PBE and
B3LYP results are considerably away from them. These results
as well as the previous studies26,27 are accepted as the indication
of better performance of ωB97X-D for non-covalent inter-
action cases. Therefore, the ωB97X-D results were treated as
the best results and the performances of B3LYP and PBE1PBE
methods were evaluated accordingly.

We first discuss the stability of the complexes. It is seen
from Fig. 3a, incorporation of even only one hydrogen mole-
cule into the B12N12 nanocage creates an unstable complex, as
expected, because of being the smallest nano structure under
study. Addition of the second and third hydrogen molecules
inside this nanocage increases the hydrogen molecule-
nanocage atom repulsive interaction and destabilizes the
complex much further. Each hydrogen molecule addition into
B12N12, creates rather huge destabilization, one can consider
that the B12N12 nanocage may not be suitable for endohedral
hydrogen doping, at all. The B24N24 nanocage has larger
endohedral cavity than B12N12, so it is possible to form stable
hydrogen molecule containing complexes. Indeed, the results
of ωB97X-D indicate that the complex is slightly energetically
favorable when it is accommodating one hydrogen molecule
(Fig. 3b). Further hydrogen molecule additions destabilize the
complexes but their instabilities are not as high as those encap-
sulated by B12N12.

The B36N36 complexes are energetically favorable up to
third hydrogen molecule addition. One- and two-hydrogen
molecule insertions create the stable complexes whereas the
addition of one more hydrogen molecule destabilizes the
complex (Fig. 3c). The stabilization energies of H2@B36N36

and 2H2@B36N36 are -6.8 and -7.7 kcal/mol, respectively. Sun
et al.22 claimed that the stability of H2@B36N36 and 2H2@B36N36

complexes are 0.0 and 7.1 kcal/mol, respectively, leading to
destabilization of the complex upon second hydrogen doping.
These results totally contradict with our ωB97X-D results while
they are rather similar to the results of PBE1PBE. Recent
computational studies31,32 reveal that the PW91 functional, like
PBE1PBE, is unable in the correct prediction of weak inter-
molecular interactions. Thus, the contradicting results of
ωB97X-D and PW91 can be explained by lack of efficiency
of PW91 in prediction of non-covalent interaction. Addition-
ally, it is important to point out that 2H2@B36N36 having lower
energy than H2@B36N36 implies the H2-H2 interaction being
attractive and decrease overall potential energy of the system.
However, addition of one more H2 to the 2H2@B36N36 system
that makes the H2 molecules closer to each other will increases
the potential energy since the H2-H2 interaction becomes
repulsive. Hence, the most stable complex for a specific
nanocage will be the complex containing maximum number
of hydrogen molecules where the H2-H2 interaction is still
attractive.

The stability of the nH2@B48N48 complexes increases until
five hydrogen molecules doped inside the nanocage. The most
stable B48N48 complex is 4H2@B48N48 whose stabilization
energy is predicted as 21.0 kcal/mol. Similarly, the B60N60

nanocage that has the largest internal cavity among the studied
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Fig. 3. Stability curves for nH2@host complexes obtained from B3LYP,
PBE1PBE and ωB97X-D functionals

structures can accommodate seven hydrogen molecules and
the resulting complex, 7H2@B60N60, becomes the most stable
one with stabilization energy of -32.3 kcal/mol. As a result,
the ωB97X-D method predicted that the H2@B24N24,
2H2@B36N36, 4H2@B48N48 and 7H2@B60N60 complexes are the
most stable hydrogen-boron nitride complexes. According to
these estimations, we built up a relation between nanocage
size and the number of hydrogen molecules doped inside the
most stable complex of each nanocage, shown in Fig. 4. The
best equation that fits the data was also determined as:

n = 0.0025 m2 – 0.0369 m + 0.2 (2)

where n is the number of hydrogen molecules in the most
stable complex of each nanocage and m is the number of (boron
nitride) unit in the nanocage. Eqn. 2 implies that more stable
nH2@BmNm complexes will form as the size of nanocage
increases due to growth in internal cavity which can accommo-
date hydrogen molecules.
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Fig. 4. Relation between nanocage size and the number of hydrogen
molecules doped inside the most stable complex of each nanocage
obtained from the DFT-ωB97X-D results

Fig. 3 clearly shows that the ωB97X-D functional gives
the lowest stabilization energy curves compared to B3LYP
and PBE1PBE for all the host molecules. The B3LYP hybrid
functional erroneously predicts that none of the boron nitride
nanocage studies here can form a stable nH2@BmNm complex,
even the largest nanocage, B60N60. Actually, this is an expected
result since B3LYP does not include non-covalent interactions
at all. Hence, this density functional theory functional seems
to be an inappropriate one for especially endohedral hydrogen
doping systems where non-covalent interactions are extremely
important. Furthermore, the PBE1PBE functional predicted
that (i) any number of hydrogen molecules will not fit in B12N12

and B24N24 resulting stable complexes, (ii) like B36N36, the
B48N48 nanocage can enclose only single hydrogen molecule
(iii) the most stable complex that can be constituted by B60N60

is 4H2@B60N60. These results indicate that the overall perfor-
mance of PBE1PBE is better than B3LYP, but worse than
ωB97X-D for the endohedral hydrogen doped boron nitride
nanocage systems.
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Conclusion

In this study, we have investigated stabilities of the
nH2@BmNm complexes (m = 12, 24, 36, 48, 60) by employing
several density functional theory methods. Our main purpose
was to determine the most stable nH2@BmNm complexes for
each nanocage structure and to find out number of hydrogen
molecules doped inside the most stable complex of each nano-
cage being how dependent to size of nanocage. In addition,
we aimed to determine what density functional theory func-
tional being the most appropriate for the nH2@BmNm systems
involving non-covalent interactions. Our findings can be
summarized as follows:

(a) There is no stable complex for the smallest nanocage,
B12N12. 1, 2, 4 and 7 hydrogen molecules can endohedrally be
doped in the B24N24, B36N36, B48N48 and B60N60 nanocages,
respectively, by making the resultant complexes energetically
the most favorable for the corresponding nanocage.

(b) The variation of number of hydrogen molecules doped
inside the most stable complex of each nanocage with nano-
cage size obeys the quadratic equation given as eqn. 2.

(c) The ωB97X-D functional has the best performance
among the employed B3LYP, PBE1PBE and ωB97X-D methods
in accurate modeling of the systems involving H2 doping in
boron nitride nanocages. PBE1PBE most probably over-
estimates repulsion of hydrogen molecules doped in nano-
cages. B3LYP is inappropriate for calculations of these systems
since it produced rather poor results.

In conclusion, we can safely say that boron nitride nano
materials still maintain their positions among of the most
important hydrogen storage materials.
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