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The hydrogenation of B16N16 cage has been studied using ab initio molecular orbital theory with
B3LYP/6-31G(d) method. The structure characters of the most stable B16N16Hn (n = 2–32) isomers are dis-
cussed in detail. The results show that the average binding energies of hydrogenated B16N16 cage are smaller
than that of B12N12 cage especially in high hydrogen coverage. The smaller angle distortion and shorter aver-
age B–N bond length of B16N16 are the main reason for the smaller average binding energy per H2 of B16N16Hn

comparing with B12N12Hn. Gibbs free energy calculation shows the reaction of B16N16 + 16H2 ? B16N16H32

will reverse at about 110 K, which is lower than the reversing temperature 320 K for the reaction of
B12N12 + 12H2 ? B12N12H24.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen is attractive as a fuel because its use creates neither air
pollution nor greenhouse-gas emissions [1–3]. The use of hydrogen
requires an effective, safe, and stable storage medium. However,
how to store hydrogen easily and cheaply is still one of the key
challenges in developing hydrogen economy [4,5]. Considerable
attentions have been focused on porous materials such as metal–or-
ganic frameworks (MOF’s), clathrates, carbon nanotubes, fullerenes
and organic hosts as possible materials for hydrogen storage [6–11].
Non-carbon nanosystem comprised of light elements such as boron
and nitrogen atoms also have been noticed [12,13].

Boron nitride nanostructures have a wide range of attractive
properties, such as high-temperature stability, a low dielectric con-
stant, large thermal conductivity, and oxidation resistance, leading
to a number of potential applications as a structural or electronic
material [14–16]. The heteropolar nature in the BN nanostructures
offers higher binding energy for hydrogen storage compared to the
carbon based materials [17]. It has been found experimentally that
at 10 MPa the BN nanotubes can store as much as 2.6 wt.% of
hydrogen and that collapsed BN nanotubes exhibit an even higher
storage capacity (4.2 wt.%) [18,19].

Hydrogen storage capacity and mechanism of BN nanotubes
and sheets have been well investigated [20–29]. The BN cages also
have received much attention since their potential advantages in
hydrogen storage due to their large surface area [30–36]. When
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only chemical adsorption being considered. One hundred percent
coverage can achieve 7.7 wt.% of hydrogen storage. It was found
that B12N12, B16N16 and B28N28 stand out as ‘‘magic” BN-fullerenes
[37–39]. The DFT investigation of hydrogenation of the small
B12N12 shows that B12N12 may be a proper candidate material for
hydrogen storage [40]. Considering that it is difficult to obtain un-
ique sized BnNn cage, it is necessary to explore the hydrogen stor-
age ability of larger BnNn cage and to conclude how the size of BnNn

cage affect its hydrogen storage ability. In this work, the chemi-
sorption behavior of hydrogen on B16N16 cage with different cover-
age is investigated based on DFT calculations. Also a comparison
with the results of B12N12 cage has be done, which might be a use-
ful guidance to the experimental studies of hydrogenation of BN
nanomaterials.
2. Computational details

All computations were performed at B3LYP/6-31G(d) level of
density functional theory with the Gaussian 03 program packages
[41]. The B3LYP/6-31G(d) method can give reasonable results for
BN cages [42] and their derivative [40,43]. The convergence criteria
for structure optimizations and energy calculations in this work
were set to default values in Gaussian 03 package. Namely, the en-
ergy convergence criteria in both SCF and electron density calcula-
tions is 1.0 � 10�6 hartree. In geometry optimizations, the cutoff
values for force and displacement are 0.00045 hartree/bohr and
0.0018 bohr, respectively. All isomers considered in this work have
been fully optimized without symmetry constrains. The frequency
calculations for these isomers were performed at B3LYP/6-31g(d)
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level to characterize the nature of the optimized structures and get
zero point energy (ZPE) corrections. All of the most stable isomers
reported are minima in their potential energy surfaces without
imaginary frequencies. The average binding energy (ABE) per H2

molecule is defined as 2/n{E(B16N16) + n/2E (H2)–E(B16N16Hn)} as
in Ref. [40], where E(X) means the total energy with ZPE correction
of species and n is the number of hydrogen atoms. In Tables 1 and
2, we list both the ABEs with and without ZPE correction for con-
sidered hydrogenated B16N16 cages. The ABE without ZPE correc-
tion is only used for comparing with the literature result for
hydrogenated B12N12 cages [40].
Fig. 1. Optimized geometries of the B16N16H2 clusters with B3LYP/6-31G(d) model
chemistry. Black, gray and white balls stand for N, B and H, respectively. (1) 1,2
addition (R46); (2) 1,2 addition (R661); (3) 1,2 addition (R662); (4) 1,3 addition (BB);
(5) 1,3 addition (NN); (6) 1,4 addition.
3. Results and discussion

3.1. The structural character and average binding energy of one
hydrogen molecule adsorption

There are three unique B–N bond types among the 48 B–N
bonds in the most sable B16N16 cage [44]; one is shared by a four-
and a six-membered ring (R46), and the other two by two six-mem-
bered rings (R66). Similar to B12N12 cluster, R46 (1.473 Å) is slightly
longer than R66 (1.458 and 1.456 Å) and they are all shorter than
the single bond in H3B–NH3 (1.668 Å), but longer than the double
bond in H2B@NH2 (1.393 Å) at B3LYP/6-31G(d). The average B–N
bond length of B16N16 (1.465 Å) is smaller than that of B12N12

(1.471 Å) [45]. The difference between R46 and R66 of B16N16

(0.015 and 0.017 Å) is smaller than that of B12N12 (0.047 Å), which
indicates that p electrons in B16N16 cage are more delocalized than
those in B12N12.

For the adsorption of one H2 molecule on B16N16 cage, we exam-
ined the various modes of adsorption which shown in Fig. 1.
Table 1
ABE (in kcal/mol) of B16N16H2 with and without ZPE correction at B3LYP/6-31G(d)
level and the results of B12N12H2 without ZPE correction from literature [40].

Isomer Adsorption
mode

B16N16H2 B16N16H2 (without ZPE
correction)

B12N12H2

1 1,2 addition
(R46)

2.63 8.72 9.38

2 1,2 addition
(R661)

�10.31 �4.14 8.64

3 1,2 addition
(R662)

�16.47 �10.83 –

4 1,3 addition
(BB)

�97.97 �98.19 �64.17

5 1,3 addition
(NN)

�78.31 �72.79 –

6 1,4 addition �14.42 �8.62 �6.50

Table 2
ABE (in kcal/mol) of B16N16Hn (n = 4, 6, 8, 10, 12, 14, 16, 20, 24, 28 and 32) with and
without ZPE correction at B3LYP/6-31G(d) level.

Isomer Formula Symmetry ABE ABE (without ZPE correction)

7 B16N16H4 C2v 7.96 14.77
8 B16N16H6 C1 6.85 13.58
9 B16N16H8 D2d 8.10 15.05
10 B16N16H10 C1 5.57 12.33
11 B16N16H12 C2 5.24 12.07
12 B16N16H14 C1 6.33 13.09
13 C1 4.21 10.97
14 B16N16H16 C2v 6.46 13.31
15 D2d 3.88 10.65
16 C2 3.63 10.30
17 B16N16H20 C2v 4.98 12.20
18 B16N16H24 C1 3.97 11.31
19 B16N16H28 Cs 3.20 10.62
20 B16N16H32 Td 1.95 9.60
Isomer 1 represents the R46 bond adsorption of the 1, 2 addition,
while isomer 2 and 3 represent two different R66 bond adsorptions
of the 1, 2 addition. Similar to B12N12H2 [40], we found that the iso-
mer 1 with R46 bond adsorption of the 1, 2 addition is the most
favorable. The ABEs in Table 1 show that the R46 bond adsorption
of 1, 2 addition (2.63 kcal/mol) is more favorable than the R66 bond
adsorption (�10.31 and �16.47 kcal/mol). The R46 bond adsorption
is slightly exothermic while both R66 adsorptions are endothermic.
Isomer 4 and 5 represent two different modes of the 1, 3 addition.
In isomer 4 two hydrogen atoms bind with two boron atoms while
in 5 with two nitrogen atoms. Isomer 4 can only be obtained with
symmetry constraint, otherwise it will be optimized to other struc-
tures. It is not a minimum on the potential energy surface since
having an imaginary frequency. The most stable structure of 1, 4
addition is shown as isomer 6.

As shown in Table 1, it is obvious that ABEs of the 1, 3 addition
(isomer 4, 5) and 1, 4 addition (isomer 6) are all smaller than that
of R46 bond adsorption (isomer 1) and the ABEs of all adsorption
modes for B16N16 are smaller than that of B12N12. It’s worth noting
that the most favorable R46 bond adsorption for B16N16 and B12N12

have similar ABE (8.72 and 9.38 kcal/mol without ZPE correction),
while for R66 bond adsorptions, B16N16 has negative ABEs (�4.14
and �10.83 kcal/mol without ZPE correction), dramatically differ-
ent from the positive ABE of B12N12 (8.62 kcal/mol without ZPE
correction).

As we mentioned above, both R46 and R66 bonds of B16N16, dom-
inated by stronger delocalized p electrons, are shorter than that of
B12N12. The elongated bonds in B12N12 could induce high surface
potential energy that increases the surface reactivity [46]. The
destruction of delocalized p orbital in B16N16 by hydrogenation
would imply more energy loss than in B12N12. Additional, the local
curvature and topology of the cage surface have important impact
on the binding energy. An approximate linear relation between
adsorption energy and pyramidalization angle has been found for
various CNTs and BNNTs with different diameters. Correspond-
ingly, the reactivity of these CNT and BNNTs decreases with the
increase of tube diameter due to the reduction of surface curvature
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[47,48]. The p-orbital axis vectors (POAV) calculated by Zhu and
his coworkers show that the surface of B12N12 is more curved than
B16N16 [49], and correspondingly B12N12 undergoes more strain
than B16N16.

The boron and nitrogen atoms of B12N12 and B16N16 cages are all
sp2 hybridization. They are converted from sp2 to sp3 hybridization
with the H adsorbed on them [50]. Detailed inspection of the struc-
tures of B12N12 and B16N16 shows that the bond angles around bor-
on or nitrogen vertices are all deviated from the perfect sp2 angle
120�. To estimate the strain energy caused by this deviation, we
can define the angle distortion (AD) of a boron vertex and a nitro-
gen vertex of a B–N bond [51–53] by Eq. (1), where A is the BNB
angle around nitrogen vertex and B is NBN angle around boron ver-
tex. The AD of R46 in B12N12 (45.4�) is greater than that of R46 in
B16N16 (41.7�), which indicates that R46 of B12N12 is more easily
to be broken than that of B16N16. So it is not surprised why
B12N12H2 has slightly greater ABE than B16N16H2. The AD of R66

(28.1� and 28.4�) in B16N16 is much smaller than that of R46

(41.7�), which explains why the ABE of isomer 2 and 3 is much
smaller than that of isomer 1.

ADB—N ¼
X
j120

�
� Aj þ

X
j120

�
� Bj

� �
=2 ð1Þ
Fig. 2. Optimized geometries of the hydrogenated B16N16 clusters with B3LYP/6-
31G(d) model chemistry. Black, gray and white balls stand for N, B and H,
respectively. (7) 2H2-C2v; (8) 3H2-C1; (9) 4H2-D2d; (10) 5H2-C1; (11) 6H2-C2; (12)
7H2-C1; (13) 7H2-C1; (14) 8H2-C2v; (15) 8H2-D2d; (16) 8H2-C2.
3.2. The structural character and average binding energy of increasing
hydrogen coverage

To clarify the character of more hydrogen adsorption process in
detail, various isomers of the given hydrogen-covered B16N16Hn

(n = 4, 6, 8, 10, 12, 14, 16, 20, 24, 28 and 32) are examined. The struc-
tures of the most favorable and some less favorable isomers are
shown in Figs. 2 and 3, and their ABEs are summarized in Table 2.

In Fig. 2, it is obvious that for all most stable structures, hydro-
gen additions occur on R46 bonds. So it can be concluded that when
n 6 16, H atoms prefer to adsorb on the R46 bonds in pairs form,
which confirms well the result of previous section.

More detailed inspection of the isomer geometries in Fig. 2
shows that H atoms favor the four-member rings on B16N16. For
example, in the most favorable isomer of B16N16H4 (7) two H2 mol-
ecules adsorb on a four-membered ring; in the most favorable iso-
mer of B16N16H8 (9) four H2 molecules adsorb on two opposite
four-membered rings; in the most favorable isomer of B16N16H12

(11) six H2 molecules adsorb on three tandem four-membered
rings; and in the second most favorable isomer of B16N16H16 (15)
eight H2 molecules adsorb on four tandem four-membered rings.
In the most favorable isomer of B16N16H6 (8), B16N16H10 (10) and
the second most favorable isomer of B16N16H14 (13), the additional
one H2 molecule prefer to adsorb on the adjacent four-membered
ring. The structure charter of these adsorbed isomers also is found
in hydrogenated BN (0 0 0 1) surface recently [54].

We found some interesting exceptions that the structures of the
most favorable isomers of B16N16H14 (12) and B16N16H16 (14) are
different from that of other B16N16Hn (n < 14). The ABE of 12
(6.33 kcal/mol) for B16N16H14 is greater than the corresponding iso-
mer 13 (4.21 kcal/mol), and 14 (6.46 kcal/mol) for B16N16H16 are
more stable than the corresponding isomer 15 (3.88 kcal/mol). 13
and 15 are based on the most stable structure for B16N16Hn with
n < 14. 12 and 14 have flat structure in which all H atoms adsorb
on the R46 bonds locating at circumference of the flat cage and
the two opposite six-membered rings locating at the centre keep
uncovered. Furthermore, some broken B–N bonds occur on the
hydrogenated four-membered rings. The distance of B and N atom
on the broken B–N bond is about 2.80 Å.

Fig. 4 shows some selected orbital of B16N16H16 (14). It is
evident that the atoms on the non-hydrogenated six-membered
rings form a typical conjugative p orbital as in benzene. So, the
non-hydrogenated six-membered rings should be the main factor
to stabilize the 12 and 14. Moreover, we maybe expect that the
non-hydrogenated six-membered ring is also favored when
increasing hydrogen coverage. This point of view is confirmed by
the B16N16H20 (17) and B16N16H24 (18) as shown in Fig. 3.

For increasing hydrogen coverage, we confined our consider-
ation to B16N16Hn (n = 20, 24, 28 and 32). The most favorable
isomer of B16N16H20 (17) is also a flat structure with two planar
six-membered rings retaining non-hydrogenated; the most favor-
able isomer of B16N16H24 (18) can be seen a structure originated
from 17 by adding two H2 molecules on one uncovered six-mem-
bered ring, in which a planar six-membered ring and a R66 bond
keep non-hydrogenated. The most favorable isomer of B16N16H28

(19) is derived from 18 by adding another two H2 molecules on
the uncovered six-membered ring and keeping two R66 bonds
non-hydrogenated. The structure of B16N16H32 (20), i.e. 100% cov-
erage, like B16N16, keeps Td symmetry.

The ABE of B16N16Hn as a function of the number of the ad-
sorbed H atoms is presented in Fig. 5. The gravimetry hydrogen



Fig. 3. Optimized geometries with B3LYP/6-31G(d) model chemistry of the hydrogenated B16N16 clusters. Black, gray and white balls stand for N, B and H, respectively. (17)
10H2-C2v; (18) 12H2-C1; (19) 14H2-Cs; (20) 16H2-Td.

Fig. 4. The molecule orbital (MO) profiles of B16N16H16 (14) in Fig. 2.

Fig. 5. ABE and hydrogen storage capacity of the B16N16Hn (n = 2, 4, 6, 8, 10, 12, 14,
16, 20, 24, 28 and 32) at B3LYP/6-31G(d) level.

Fig. 6. ABE without ZPE correction of the B16N16Hn and B12N12Hn with different
coverage degree at B3LYP/6-31G(d) level, where 2 and 4 represent the number of H
atoms of low coverage. The data of B12N12Hn is from literature [40].
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storage expressed in wt.% of B16N16Hn is also given in Fig. 5. As
shown in Table 2 and Fig. 5, it is obvious that all these hydroge-
nated isomers of B16N16 have exothermic ABE, with the largest
ABE 8.10 kcal/mol of B16N16H8. When n P 16, the ABE of
B16N16Hn decrease gradually and seem to have a linear relationship
with the number of H atoms.

To compare with hydrogenated B12N12, we present the ABEs of
hydrogenated B12N12Hn and B16N16Hn without ZPE correction as a
function of hydrogen coverage with low, 25%, 50%, 100% in Fig. 6,
where low coverage represents conditions when n = 2 and n = 4.
As in Fig. 5, the gravimetry hydrogen storage ratio in wt.% is also
given. The ABEs of both B12N12Hn and B16N16Hn increase in low
hydrogen coverage and achieve a peak, and then decrease with
large coverage. It is obvious that the ABEs of B16N16Hn are smaller
than that of B12N12Hn especially in high-coverage condition, i.e. the
ABEs of B16N16Hn descend more quickly than that of B12N12Hn

when hydrogen coverage becoming greater.
It is interesting to compare the stability of B12N12H24 and

B16N16H32 based on the energy of per HBNH unit. B12N12H24 is
more stable than B16N16H32 by 2.0 kcal/mol. In respect that
B16N16 is more stable than B12N12, it is not surprising that the
ABE of B12N12H24 is much greater than that of B16N16H32. The rel-
ative stability of B12N12H24 and B16N16H32 is also can be under-
stood based on their angle distortions. In B12N12H24 and
B16N16H32, both boron and nitrogen atoms have sp3 hybridization.
We define the angle distortion (AD) of every boron or nitrogen ver-
tex in Eq. (2), where C is BNB and HNB, or NBN and HBN angles
around nitrogen or boron vertex, and the reference angle 109.5�
is perfect bond angle for sp3 hybridization. The calculated average



Fig. 7. Gibbs energy of the reactions of B16N16 + 16H2 ? B16N16H32 and
B12N12 + 12H2?B12N12H24 with different temperature at B3LYP/6-31G(d) level.
The data of the latter is from literature [40].
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angle distortion of B12N12H24 is 46.4�, which is smaller than 48.4�
of B16N16H32. The larger average angle distortion of B16N16H32 indi-
cates it is more strained than B12N12H24.

ADvertex ¼
X
j109:5

�
� Cj ð2Þ
3.3. Thermodynamic stability of the B16N16H32 molecule

We have calculated the Gibbs free energy change of B16N16 (Td

symmetry) + 16H2 ? B16N16H32 (Td symmetry) starting at 10 K
and in the range 100–800 K at increments of 100 K to compare
with the reaction of B12N12 (Th symmetry) + 12H2 ? B12N12H24

(Th symmetry) in the same temperature range. As shown in
Fig. 7. It is found that the change tendency of Gibbs-free-energy
of them is consistent and two reactions are all spontaneous process
at low temperature. For B12N12, it becomes reverse above 320 K,
while for B16N16, the reaction would be reverse above about
110 K. This means B16N16H32 tends to release all hydrogen atoms
at lower temperature than B12N12H24.

In addition, we have searched the transition structure of the
reaction of B16N16 + H2 ? B16N16H2, and found that the activation
barriers of hydrogen adsorption and decompose processes are
33.53 and 42.25 kcal/mol (without ZPE correction), respectively.
They are slightly larger than that of the reaction
B12N12 + H2 ? B12N12H2 (31.03 and 40.04 kcal/mol without ZPE
correction) [40]. Therefore, both for B12N12 and B16N16, a proper
activator should be considered to reduce their activation barriers,
thus they can be used as hydrogen storage nanomaterials.

The main IR active frequency of the N–H and B–H stretching
mode of B16N16H32 is at 3536 cm�1 (T2 symmetry) and
2498 cm�1 (T2 symmetry), respectively. For B12N12H24, the fre-
quency is at 3541 cm�1 (Tu symmetry) and 2518 cm�1 (Tu symme-
try), respectively. They are quite close in the value.

4. Conclusions

In summary, the hydrogenation process of B16N16 cage has been
studied using ab initio molecular orbital theory with B3LYP/6-
31G(d) method and compared with the result of hydrogenation
of B12N12 cage. The structure characters of the most stable
B16N16Hn isomers are discussed in detail. The results show that
the average binding energies of hydrogenated B16N16 are smaller
than that of hydrogenated B12N12, especially in high coverage.
More delocalized electronic structure is the main reason for why
the ABEs of B16N16Hn are smaller than that of B12N12Hn. This result
also gives a prediction that hydrogenated larger boron nitride
cages will have smaller binding energy.

Calculation of the Gibbs free energy of reaction of
B16N16 + 16H2 ? B16N16H32 as a function of temperature shows
that this reaction will reverse just above about 110 K, which is low-
er than the reversing temperature 320 K for the reaction of
B12N12 + 12H2 ? B12N12H24.
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