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A new class of Li-B sheets along with the related nanotubes, with Li2B5 primitive cell has been designed using first-principles
density functional theory. The dynamical stability of the proposed structures was confirmed by calculation of soft phonon modes,
and the calculated electronic structures show that all are metallic. The application of both the sheets and nanotubes tohydrogen
storage has been investigated and it has been found that bothof them can adsorb two H2 molecules around each Li atom with an
average binding energy of 0.152 - 0.194 eV/H2, leading to a gravimetric density of 10.6 wt%.

1 Introduction

Boron, the fifth element, next to carbon in the periodic table,
has numerous and inevitably complicated crystalline phases
due to its electron deficiency and thus the tendency to for-
m multicenter bonds. Consequently boron is considered as
the second element, along with carbon, that has multiple low-
dimensional allotropes. Indeed, as long ago as 1997, I. Bous-
tani1 suggested that small boron clusters might exhibit quasi-
planar structures. These structures were later confirmed exper-
imentally by Wang, Boldyrev and their co-workers2–4, who
also subsequently discovered the structural transition from
quasi-planar to double-ring tubular structures for small-sized
boron clusters. They were also the first to predict the exis-
tence of single-walled boron nanotubes (BNTs).5,6 In 2004,
Ciuparu7 successfully synthesized pure single-walled boron
nanotube structures with diameters on the order of 3 nm
and suggested existence of BNTs. Further theoretical stud-
ies showed that boron clusters Bn with n< 20, prefer to be
planar. For example, B12 has the largest gap, 2.0 eV, be-
tween the highest occupied and lowest unoccupied molecu-
lar orbitals and is therefore predicted to be very stable.8 When
n>20, for instance B20, double-ring tubular configurations can
form. These configurations can be considered as the embry-
onic forms of single-walled boron nanotubes.9 In 2007, on
the basis ofab initio calculations, a stable hollow cage with
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the formula B80 similar to the well-known carbon based C60

was predicted.10 This prediction has motivated growing in-
terest in seeking new nanostructures of boron such as boron
cage molecules,11–13boron sheets (BSs)14–16and BNTs17,18.
To date, the exact atomic structure of BSs has not been de-
termined from experiment, except in the form of indirect evi-
dence that the interlayer separation of multi-walled boronnan-
otubes is 32 nm,19 which suggests that the interlayer interac-
tion is likely of the van der Waals type rather than one involv-
ing covalent bonds. Nevertheless various crystalline structures
of buckled and unbuckled monolayer structures of boron in-
cluding theα-sheet14,20,21, β -sheet,14,20 γ-sheet,15 triangular
sheet and grapheme-like hexagonal sheets, have been predict-
ed from previousab initio computations. Much of this work
has been motivated by expectations that these structures may
have versatile applications in different fields of science and
technology, such as electronics, catalysis and energy storage.

Boron nanomaterials, due to their high surface area and
light weight, which is even lighter than carbon, have been
extensively investigated as potential hydrogen storage medi-
a.22–28Using density functional calculations, I. Cabriaet al.22

found that pure boron nanotubes and sheets cannot adsorb
molecular hydrogen as well as pure carbon nanomaterials. Al-
though studies of alkali-metal(AM)-coated boron fullerenes
showed that B80Na12 and B80K12 can store up most to 72
H2, while the binding energies are only 0.09 eV/H2.23 The
best theoretical results, obtained for Mg coated B80, yield-
ed a hydrogen capacity of up to 14.2 wt% with an average
binding energy of 0.2 eV/H2 when the GGA approximation
was used, and 0.5 eV/H2 with the LDA.25 Suleyman Er found
that a planar boron sheet can bind AM more strongly than can
graphene,26 leading to markedly increased hydrogen binding
energies and storage capacities. In particular, the Li-decorated
sheet can contain up to 10.7 wt% of molecular hydrogen with
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an average binding energy of 0.15 eV/H2.27 Subsequently,
Hui An explored the hydrogen storage capacity of the Li-
coated zigzag boron nanotubes, which can absorb up to 7.94
wt% hydrogen with an absorption binding energy of 0.12-0.2
eV/H2.28 A previous work of our group investigated a se-
ries of Li-decorated several novel boron sheets and nanotubes,
showed that for Li-decorated boron sheets, each Li atom can
adsorb a maximum of 4H2 molecules with 7.89 wt% and the
hydrogen gravimetric density increases to 12.31 wt% for Li-
decorated boron nanotubes.29 All these results indicate that
B-based materials can be considered as promising reversible
host materials for hydrogen storage.

In the present paper, two new quasi two dimensional struc-
tures composed of Li and B, as well as their corresponding
nanotubes have been studied using first-principles density-
functional theory. The structural and electronic properties of
these structures are first investigated, and their hydrogenstor-
age characteristics are subsequently explored.

2 Computation method

All geometries were assumed to be periodic, and geometry
optimizations and electronic structure calculations werebased
on first principles calculations performed using the Viennaab
initio Simulation Package (VASP).30 The generalized gradient
approximation (GGA) in the form of the PW9131 functional
was used for the exchange and correlation interactions. Bind-
ing energies of H2 molecules in similar systems obtained with
the PW91 functional are within∼ 20 meV/H2 of those ob-
tained with the PBE functional.32 Therefore, we give only the
PW91 results in the following. For all elements involved, the
basis set was constructed according to projector augmented
wave (PAW)32 methods with a kinetic energy cutoff of 500 eV.
In all these calculations, the Hellmann-Feynman force compo-
nent on each atom was less than 0.01 eV·Å−1 and the conver-
gence criteria for the total energy in the self-consistent field
interaction was set to 10−4 eV. The first Brillouin zone was
sampled on the basis of the Monkhorst-Pack special k-point
scheme with a grid spacing of 0.04̊A−1 for the wave func-
tions and 0.02̊A−1 for the density of states (DOS). Since the
bonding is based on weak van der Waals (vdW) interactions,
for calculating the hydrogen adsorption in the systems con-
sidered here, we included the dispersion correction by using
the empirical correction scheme of Grimme (DFT + D2),34

as implemented by Buckoet al. for periodic systems.35 The
phonon dispersion along the high symmetry k-point was ob-
tained using the open source package Phonopy.36

3 Results and discussion

3.1 Structure of Li2B5 sheets and nanotubes

The first new structure, shown in Fig. 1(a), is composed of
a ten-atom B planar ring decorated with one Li atom on each
side of the ring plane, which reduces to the chemical formula
Li2B5. We refer to it as the Li2B5-I sheet. There are four dif-
ferent B-B bond lengths (1.555Å, 1.665Å, 1.768Å and 1.877
Å) and three different B-Li bond lengths (2.184Å, 2.394Å,
3.305Å) in the structure. According to a previous report on
B3H3 ( D3h symmetry group ) which gave the result that the B-
B bond distance was always 1.73Å and the experimental char-
acterization of B=B double bond lengths that vary between
1.57Å and 1.59Å, we can conclude that the sheet has both
double bonds and single bonds.37 In addition, the nearest Li-
Li distance is 2.824̊A.

In order to understand the stability of the Li2B5-I sheet, we
calculated the phonon spectra and performed dynamic stabili-
ty simulations. The phonon spectra in Fig. 1(b) show that all
their branches have positive frequencies and that no imaginary
phonon modes are to be found in the sheet. To further confirm
the dynamic stability, we carried out first-principles molecu-
lar dynamics simulations with the NVT ensemble at 600 K
using time steps of 2 femtoseconds in 3×3 supercells. After
1 picosecond of simulation, we found that the buckled Li2B5

sheet had not been disrupted which means that the structure
can remain stable at 600 K for at least 1 picosecond.

The band structure of the Li2B5-I sheet shown in Fig. 1(c)
indicates that the curves for the spin-up bands are almost iden-
tical to those for spin-down, which indicates that this structure
has little magnetic response. Both the band structure and the
total DOS show that the sheet is metallic. To understand the
interaction between the Li and B atoms, we carried out bad-
er charge analyses which showed that 0.849 electrons transfer
from every Li atom to the B atoms, indicating that the Li atoms
are ionized and positively charged. This suggests the possibil-
ity of molecular hydrogen adsorption via a polarization mech-
anism. We also calculated the partial density of states (PDOS)
shown in Fig. 1(d), from which we can see that there is obvi-
ous hybridization between the Li and B atoms. The Li atom
donatess electrons to B, leading to partially filled Bp orbitals.
At the same time, the Lip orbitals split under the strong lig-
and field generated by the B atoms, thus making the B atoms
back-donate some electrons to the Lip orbitals, resulting in
p-p ands-p hybridization between Li and B.

If we pull all the Li atoms in the Li2B5-I sheet to one side of
the boron sheet and then optimize the geometry, a new sheet
which we designate Li2B5-II is formed. The energy of this
structure is 0.03 eV/atom higher than that of the Li2B5-I sheet,
but the calculated phonon dispersion plots shown in Fig. 2(b)
suggest that this sheet is stable. In addition, molecular dy-
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namics simulations show that at a temperature of 600 K the
structure still retains its original form after a 1 picosecond sim-
ulation. The band structure and DOS picture in Fig.2(c) show
that this structure is metallic as was the Li2B5-I sheet.

By rolling up the Li2B5-II sheet along different axes, we can
obtain a series of nanotubes, varying in diameter in the range
4.48-19.59Å. In what follows, the nanotubes are labeled as
(n,0) (n=5,···,10) along theb1 vector and (0,m) (m=5,···,10)
along theb2 vector ( n, m are the numbers of unit cells along
the b1 or b2 vectors respectively as shown in Fig.2a). After
optimizing the geometries of these tubes by minimization of
the total energy, we calculated the energies per atom and com-
pared these values to the corresponding values for the original
sheet in order to explore the stability of the nanotubes. See
Fig. 3. Here,∆E=Eatom(sheet)-Eatom(nanotube). The results
show that all these nanotubes are more stable than the sheet
and that the cohesive energies per atom for the two nanotube
types first decrease with the diameter, and then as the diam-
eter further increases, begin to drop and approach that of the
sheet. The calculated electronic properties indicate thatall the
nanotubes are metallic. Several selected typical structures and
their corresponding band structures and DOSs are shown in
Fig. 4 and Fig. 5, from which, we can see that all the Li
atoms in the cross section form regular polygons and that the
B atoms form nanotubes approximating circular cylinders.

3.2 Hydrogen molecule adsorption

We choose a unit cell from the Li2B5-I sheet to study the
interaction of H2 molecules with our model and set the in-
terlayer distance to be 20̊A which is sufficient to mini-
mize any artificial interlayer interactions. Here, we define
the hydrogen adsorption energy (Ead) asEad={E[(H2)m−n@
Li2B5]+nE[(H2)]-E[(H2)m@ Li2B5]}/n, where E[(H2)m@
Li2B5] is the total energy of Li2B5-I sheet complex withm
hydrogen molecules, andE[H2] is the energy of an isolated
hydrogen molecule.

First of all, we placed the H2 molecule at several differen-
t locations. After relaxing these structures to minimize the
energy, it was found that the first H2 molecule on each Li
atom preferred to tilt towards the Li atom and occupied the
side right above the Li atom, with a binding energy of 0.221
eV/H2 (seen in Fig. 6a). The H-H distance in the adsorbed H2

molecule was found to be 0.757̊A, which is larger than that
observed in a free H2 molecule optimized at the same level
(0.749Å). In the case of (H2)4@Li2B5 (in Fig. 6b), the sec-
ond hydrogen was almost on top of the other Li atom, with
a interaction energy per hydrogen molecule of 0.165 eV. The
H-H bond distances in this case were found to be 0.755Å and
0.759Å. When we added a third hydrogen near each Li atom,
after relaxing, the hydrogen was found to lie farther away than
the second, with a binding energy of only 0.064 eV. This bind-

ing energy is out of the ideal hydrogen storage binding range
(0.10 - 0.2 eV), so the sheet can only adsorb two hydrogen
molecules around each Li atom, resulting in a maximum hy-
drogen capacity of up to 10.6 wt%. It is larger than 9.22 wt%
obtained by Qiang Sunet. al.38 recently, and almost the same
as the best result of those previous studies obtained by coating
Li atom on boron sheet (10.7 wt %) as we known.27

The adsorption energies and some other corresponding pa-
rameters are summarized in Table 1. To elucidate the numeri-
cal results presented above, we now turn to electronic structure
analyses. It is interesting to note that the amount of chargeon
the Li atoms remains almost constant during the addition of
the first H2 molecules, but there are 0.03 negative electrons
on each H2 molecule. In order to balance the total number
of electrons, the electrons on the B atoms must redistributes-
lightly. However the configuration of the sheet is not changed
much, except that the Li-Li distance is stretched from 2.824
Å to 2.856Å, and the two B-B bonds change from 1.768Å
and 1.877Å to 1.764Å and 1.881Å. Fig. 7 gives the PDOS
of all H, Li and B atoms in the sheet after adsorbing one H2

molecule on each Li. The PDOS in Fig. 7(a) indicates that
H 2p orbitals take part in the hybridization. There is a sharp
peak in the H 2p orbital at -7.79 eV overlapping with Li 2p
(2s) orbitals for the case of one H2 molecule adsorbed on each
Li, and a small peak of the H 2s orbital around -6.8 eV over-
lapping with Li and B 2p (2s) orbitals. At the same time, the
sharp peak of the Li 2p(2s) orbitals have moved from -7.38
eV to -7.79 eV compared with that in the pure sheet as shown
in Fig. 1(d) and the peak around -1.48 eV has been broadened
as well as those of the B orbitals. Fig. 7(b) shows that as one
more hydrogen molecule is adsorbed around each Li atom, the
sharp peak of the Hs orbitals splits as well as the 2p orbitals
which broadens the hybridized part, so that not only the peak-
s located at -7.78 eV and -6.69 eV overlap with the Li 2p/2s
orbitals. Some small peaks around -3.18 eV and the Fermi
surface also hybridize with the Li 2s(2p) orbitals, indicating
that hybridization is strengthened, consistent with the bader
analysis that an additional 0.06 electrons are transferredto the
hydrogen molecules. These results show that the binding of
the attached H2 molecules comes from not only the polariza-
tion mechanism but also from orbital hybridization, implying
that all the substrate material including the B atoms takes part
in the hydrogen adsorption.

To explore the hydrogen storage properties of these nan-
otubes, we choose (0,5), (0,6), and (0,7) nanotubes as samples
to study. With the (0,5) nanotube for example, we added ad-
ditional H2 molecules close to the Li atoms one by one, and
found that H2 molecules adsorbed nearby Li atoms in one unit
cell are likely to reside in different places outside the space
between the Li atoms as can be seen in Fig. 8. The calculat-
ed results show that the maximum number of H2 molecules
can be adsorbed per Li atom is two, as same as that for the
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sheet. In the case of adsorption of one hydrogen molecule on
each Li atom, the average distance between H2 molecules and
Li atoms is 1.947Å with the adsorption energy of 0.222 eV.
When there are two hydrogen molecules being adsorbed by
each Li atom, the distance between H2 and Li atom changes
from 2.020Å to 2.327Å. The binding energy of the second
hydrogen reduced to 0.165 eV. In summary, all these three
nanotubes can capture two H2 molecules around each Li atom
with binding energies in the range 0.152-0.194 eV/H2, and the
hydrogen capacity is 10.6 wt% , which achieved the U. S. De-
partment of Energy target for the ideal hydrogen storage ma-
terial; namely, that the gravimetric density of hydrogen should
reach 9 wt% by the year 2015.

4 Conclusions

In summary, we have studied a quasi two dimensional planar
sheet with the formula Li2B5, and have verified its structural
stability through both calculation of the phonon frequencies
and simulation of the molecular dynamics. The band struc-
ture calculation shows that this structure is metallic. From this
sheet we obtained another sheet Li2B5-II which can be rolled
up to give a series of nanotubes, all of which are metallic. The
hydrogen adsorption capacity of the sheet and these nanotubes
has been explored. The results show that the sheet as well as
the nanotubes can adsorb two H2 molecules on each Li atom,
leading to a gravimetric density of 10.6 wt%. Both the polar-
ization mechanism and orbital hybridization contribute tothe
adsorption of H2 molecules. The adsorption energy is suitable
for hydrogen storage applications at room temperature.
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22 Cabria I.; López M. J.; Alonso J. A.,Nanotechnology

2006, 17, 778.
23 Li Y.-C.; Zhou G.; Li J.; Gu B.-L.; Duan W.-H.,J. Phys.

Chem. C 2008, 112, 19268.
24 Wu G.-F.; Wang J.-L.; Zhang X.-Y.; Zhu L.-Y.,J. Phys.

Chem. C 2009, 113, 7052.
25 Li M.; Li Y.-F.; Zhou Z. ; Shen P.-W.; Chen Z.-F.,Nano

Lett. 2009, 9, 1944.
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Table 1 The distance between Li and H atom (dLi−H2 in Å), the bond length of H2 molecules(dH−H in Å), the distance between the nearest Li
atoms (dLi−Li in Å) in the sheet and the hydrogen adsorption energy (Ead in eV/H2) for the (H2)2@Li2B5-I, (H2)4@Li2B5-I configurations
depicted in Fig. 6.

system dLi−H2 dH−H dLi−Li Ead

Li2B5-I 0.749 2.824
(H2)2@Li2B5-I 1.973 0.757 2.856 0.221
(H2)4@Li2B5-I 2.018-2.085 0.755-0.759 2.926 0.165
(H2)6@Li2B5-I 1.968-3.233 0.750-0.756 2.925 0.064
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Table 2 The hydrogen adsorption energies (Ead in eV/H2) and average hydrogen adsorption energies (Eaad in eV/H2) of nanotubes with
different numbers of adsorbed H2 molecules around each Li atom.

Ead Eaadn=1 n=2
(0,5) 0.222 0.165 0.194
(0,6) 0.204 0.133 0.168
(0,7) 0.193 0.111 0.152
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(a)     (b) 

(c)     (d) 

 

 !"# 

 !"$

Fig. 1 (a) Top and side views of the optimized geometries of Li2B5-I 3×3 supercells. (b) The phonon spectra of the Li2B5-I sheet. (c)
Calculated band structure along with the density of states (DOS). The Fermi energy is set as zero. , Y and X correspond to the (0, 0, 0), (0, 0.5,
0) and (0.5, 0, 0) k-points, respectively, in the first Brillouin zone. (d) The partial density of states (PDOS) of all the Li and B atomsin Li2B5-I
sheet.
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(a)    (b) 

(c)     (d) 

 

 !"# 

 !"$ 

Fig. 2 (a) Top and side views of the optimized geometries of Li2B5-II 3×3 supercells. (b) The phonon spectra of the Li2B5-II sheet. (c)
Calculated band structure along with the density of states (DOS). The k-point lines are the same as those in Figure 1.
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Fig. 3 The total energies per atom of the tubes as a function of the nanotube diameter relative to the Li2B5-II sheet.
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Fig. 4 Side views of the geometric structures, as well as the computed band structures and DOS of nanotubes (a) (0,5) and (b) (0,8)
respectively.
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Fig. 5 Side view of the geometric structures, as well as computed band structures and DOS of nanotubes (a) (5,0) and (b) (6,0) respectively.

12 | 1–15

Page 12 of 15Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



(a) (b)

 

Fig. 6 Top and side views of (a) 2H2 and (b) 4H2 molecules bound to a Li2B5-I cell. The H atoms bound as hydrogen molecules are shown in
white.

1–15 | 13

Page 13 of 15 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

      (a) 

 

      (b) 

 

Fig. 7 PDOS of all H atoms, Li atoms and B atoms in (a) (H2)2@Li2B5-I and (b) (H2)4@Li2B5-I.
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Fig. 8 Optimized configurations of (0,5) nanotube with (a) one and (b) two H2 molecules adsorbed onto each Li atom.
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