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ABSTRACT
Using first principles theory based on density functional formulation we have studied the energetics and thermal stability of storing hydrogen
in B—N-based nanostructures. We show that hydrogen molecule enters through the hexagonal face of the B 36N3s cage and prefers to remain

inside the cage in molecular form. The energy barriers for the hydrogen molecule to enter into or escape from the cage are respectively 1.406

eV and 1.516 eV. As the concentration of hydrogen inside the cage increases, the cage expands and the bond length of the hydrogen molecule
contracts, resulting in significant energy cost. At zero temperature, up to 18 hydrogen molecules can be stored inside a B 36N3s cage corresponding
to a gravimetric density of 4 wt %. However, molecular dynamics simulation by using Nose algorithm at room temperature ( T = 300 K)
indicates that high weight percentage hydrogen storage cannot be achieved in B —N cage structures and thus these materials may not be good

for practical applications.

Hydrogen storage is considered to be the biggest challengeShiraishi and co-workers reported hydrogen gravimetric
in a new hydrogen economy because the storage mediundensity of only 0.3 wt %45 Kajiura et al'” measured the
must meet the requirements of high gravimetric and volu- hydrogen storage capacity of five types of commercially
metric density, fast kinetics, and favorable thermodynafnics.  available carbon materials with different nanostructures at
The current methods of storing hydrogen as compressed gasip to 8 MPa at room temperature. Using an apparatus where
or in the liquid form do not meet the industry requirements the error in the gravimetric density is less than 0.04 wt %,
because the energy densities are much lower than that inthey reported the highest storage capacity to be 0.43 wt %.
gasoline. Moreover, there are issues of safety and costRecent theoretical study indicates that high hydrogen content
involved in compressing hydrogen under high pressure orin the pure carbon nanotubes cannot be achieved through
liguefying it at cryogenic temperatures. Although storage of physical sorptioi® Doping transition metals can improve
hydrogen in solid-state materials offers an alternative, therethe absorption, but the large mass for the metal atoms can
are no current solid-state storage materials that meet thereduce the gravimetric density. Furthermore, doping is not
industry requirements. easily controlled in the experiment.

Hydrogen can be stored in solid materials either in atomic  Because of these shortcomings of carbon nanotubes, recent
or molecular form. In metal hydrides, hydrogen molecules efforts have been directed at non-carbon nanosystems
dissociate on the metal surface and reside in interstitial composed of light elements such as B and N-NB
positions in atomic form and can diffuse readily. In complex nanostructures are an analogue of the carbon ones and offer
light metal hydrides, on the other hand, hydrogen atoms aremany advantages. For example, carbon nanotubes are
held by strong covalent bonds and their dissociation requiresoxidized at 600°C in air while B—N nanotubes are stable
high temperatures. Storage of hydrogen in molecular form up to 1000°C. In addition to their heat resistance in air and
has an advantage in that molecular hydrogen has fast kineticsstructural stability, B-N nanotubes are semiconducting with
However, their bonding is very weak and desorption can take wide band gaps (5.5 eV) that is nearly independent of tube
place at low temperatures. Recently, considerable attentiondiameter or helicity. With the advancement in synthesis
has been focused on porous matefidfssuch as clathrates, techniques, many novel forms of-BN nanostructures such
zeolites, carbon nanotubes, and fullerenes as possible materias nanotube¥; 26 bamboo-like wire€ nanocages, and
als for hydrogen storage. Early experiments on carbon nanocapsulé&have been discovered. Furthermore, several
nanotubes have met with some controversy, and very authors have also studied the hydrogen uptake and revers-
different results for their hydrogen storage capacity have beenibility issues of B-N nanostructure€:2¢-20 |t has been found
reported. Tibbetts and co-workers claimed that any reportedexperimentally that at 10 MPa the-B\ nanotubes can store
capacity of higher than 1 wt % is due to experimental effor. as much as 2.6 wt % of hydrogen, while bulk-Bl powder
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can store only 0.2 wt %. This clearly shows that nanostruc- ontop square hexagon
tures provide added advantage in storing hydrogen. Although _
calculations at the semiempirical level have been performed
on the interaction of hydrogen with-BN cages?2° full

does it enter into the cage? (2) What is the energy barrier
for hydrogen to enter into or escape from the cage? (3) Once
hydrogen enters into the cage structure, does it remain in
molecular or dissociated state? (4) What is the maximum
number of hydrogen molecules that can be stored inside a
cage before the cage breaks? (5) As more hydrogen
molecules are stored, how are the geometry and electronic
structure of the cage changed? (6) What is the effect of
temperature on the stability of the hydrogen storage material?
In this paper, we provide detailed study for these questions
by using BNz cage as an example.

Spin-polarized calculations of total energies and forces,

(©)

and optimizations of geometry were carried out using a plane- Figure 1. Starting and optimized structures of kteracting with

wave basis set with the projector augmented plane wavethe BN cage.

(PAW) method! as implemented in the Vienna ab initio
Simulation Package (VASP3.In the PAW approach, charge
and spin densities are decomposed into pseudodensities ar\§
compensation densities which account for the difference  cluster Ri(A) Ry(A) symmetry gap(eV) e(eV)

Table 1. Bond Lengths for B-N (Ry) and H-H (Ry),
ymmetry, HOMG-LUMO Gap and Formation Energy)(

between the pseudodensities and all-electron densities. Theg,,N,; 1.465 T, 5.35
pseudodensities consist of a smooth part expressed in a planei8Hy,@BssN3s  1.504  0.737 Cq 3.69  +35.583
wave representation and localized augmentation charges thaBH:@BssNss ~ 1.474  0.739 C 4.60 +7.11
account for the violation of norm conservation. The structure 7Hz@BseNss 1472 0.741 C1 4.77 +5.021
6H,@B3N3s  1.469 0.743 Cy 4.88 +2.855

optimization is symmetry unrestricted and uses a conjugate-

) . . 4H,@B 1.4 744 D 4. +1.672
gradient algorithm. The exchange-correlation PW91 func- +1z@BaeNss 68 07 : 2 67
ional i &3 We have used super-cells with 15 A vacuum SHAOBoNss 1467 0.746 “ ol rost
tionalis usea: asup 2H,@ByN3s  1.466  0.747 Dsg 4.95 +0.306
spaces along the y, andz directions for all the calculated  11,@B, N 1.465 0.749 Doy 4.88 0.0

structures. Thé point is used to represent the Brillouin zone
due to the large supercell. The energy cutoff was set to 400

eV and the Sconvergence In energy and force were ¥ have studied three different configurations. In configuration
and 1x 10°% eV/A, respectively. I, H, was located on the top of the B or N site on the cage
The accuracy of our computational method was tested by gy rface (see top panel in Figure 1a). It is found thatkh
computing the binding energy and bond length efdd well  \eakly bind on N sites with the physisorption energy of 0.11
as the geometry and binding energy of theNBs cage. The ey, |n the second configuration, we placed iitially in
calculated bond length and binding energy ofatie 0.749  the hollow site of a four-membered ring with one hydrogen
A and 4.536 eV, respectively, which are in good agreement atom inside the cage and the other outside the cage (see top
with the experimental values of 0.741 A and 4.533%V. panel in Figure 1b). After the structure optimization, we
For the BieN3 cage, there are 36 BN pairs distributed in 6 found that the four-membered ring is broken (see bottom
four-membered rings and 32 six-membered rings. The panel in Figure 1b), indicating that the four-membered ring
optimized structure is found to havg symmetry. The is too small for H to go through.
average binding energy per atom and the highest occupied The situation is different for the third configuration where
and lowest unoccupied (HOMELUMO) energy gap are  H, js placed in the hollow site of a six-membered ring (see
8.48 and 5.35 eV, respectively. The averageNBbond top panel in Figure 1c). Here we found that therhblecule
length is 1.465 A, and the average cage radius is 3.940 A.can go through the six-memberd ring from the outside. Using
In the four-membered rings, the average length of thé\B  elastic band metho#,the energy barrier is found to be 1.406
bond is 1.468 A, the average-BI—B angle is 77.59 degrees eV for H, insertion through the six-membered ring. This
and the average NB—N angle is 99.90 degrees. The results nsertion barrier is about 0.4 eV less than the value for H
agree well with previous ab initio calculatiofs. insertion in Go cage®” On the other hand, the energy barrier
We first discuss the interaction of a single kholecule for H, to escape from the cage is 1.516 eV, which is 0.24
with the BseN3s cage and determine if it binds associatetively eV less than the value fortescaping from the & cage?”
or dissociatively and if it remains on the outer surface of The main reason for these differences in the energy barriers
the cage or inside? In the latter case, we are interested inbetween B-N and Gy cage is that the size of the six-
knowing how it enters into the cage: through the square or membered ring in BNss cage is about 5.6% larger than the

the hexagonal face. To find answers to these questions we
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Figure 2. Stability of the cage structure as more Holecules are embedded inside the cage.
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corresponding size in the g€ cage. In the equilibrium eV within the accuracy of our calculation. This is because
configuration, the encapsulated Fesides at the center of there is no change in the bond lengths in both the H
the cage, resulting iD,q symmetry for the complex (see  molecule and the cage, suggesting that the cavitysiNg
bottom panel in Figure 1c). It is interesting to note that the cage is too big for any interaction between theriblecule
formation energy, which is defined as the energy difference and the cage. However, when the seconddistored, the

between H@B3sN3s and the separatedsfss and H, is 0.0 formation energy increases t¢0.306 eV, as the cage
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Figure 6. The geometry of BsN3s before and after chemisorption
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expands while the bond length ot ldhrinks. This tendency
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keeps on going up to = 18 H, molecules. The BN bond

DOS (arb. units)

DOS (arb. units)

length increases to 1.504 A and the bbnd decreases to
0.737 A. This amounts to about 2.7% expansion in BN bond
length and 1.6% contraction in the,Hond length.

In Table 1 we present the calculated energy costs in storing
H. molecules. When the number of Irholecules increases
to 19, one of the bonds in the cage is broken, but all the H
molecules still remain inside the cage. When anothgisH
embedded, five BN bonds break and two Hmolecules
fly out of the cage. When the number of ihcreases to 36,
the B—N cage is totally broken. This process is depicted in
Figure 2. Our results indicate that the maximum number of
hydrogen stored in 8Ng cage is 18, which corresponds to
a gravimetric density of 4 wt %.

In Figure 3 we show the changes in the formation energy
and HOMO-LUMO gap as a function of the numbaer)(of
H, molecules stored in the cage. The corresponding changes
in bond length are given in Figure 4. We see that storage of
H,in B—N cage costs energy. The required energy increases
asn?, while the HOMO-LUMO gap decreases as. The
B—N bond length increases exponentially withwhile the
H—H bond length decreases exponentially witiWhen the
change in bond length exceeds a critical limit, the cage breaks
and H molecules are released from the cage. This is shown
in Figure 2.

The bonding features of the complex can be seen from
the charge density distribution in gld@BseN3s plotted in
Figure 5. Due to the large difference in the electronegativity
between B and N, the bonding in the-Bl cage is ionic.
However, the bonding between H atoms remains covalent
due to the shrinking of the hydrogen molecular bond. When
the cage breaks, some of the hiolecules dissociate and
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bind to the cage while others fly away as molecular hydrogen Maciej Gutowski in Pacific Northwest National Laboratory
(see Figures 2c and 2d). for useful discussions.
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