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A new class of Li-B sheets along with the related nanotubéh, kv,Bs primitive cell has been designed using first-principles
density functional theory. The dynamical stability of threposed structures was confirmed by calculation of soft phanodes,
and the calculated electronic structures show that all atalirc. The application of both the sheets and nanotubbgdoogen
storage has been investigated and it has been found thapbibiam can adsorb twoHnolecules around each Li atom with an
average binding energy of 0.152 - 0.194 eY/Kading to a gravimetric density of 10.6 wt%.

1 Introduction the formula By similar to the well-known carbon basedC
was predicted? This prediction has motivated growing in-
Boron, the fifth element, next to carbon in the periodic table terest in seeking new nanostructures of boron such as boror,
has numerous and inevitably complicated crystalline phasecage molecule$!~3boron sheets (BS&6and BNTS7:18
due to its electron deficiency and thus the tendency to forfo date, the exact atomic structure of BSs has not been de-
m multicenter bonds. Consequently boron is considered agrmined from experiment, except in the form of indirectevi
the second element, along with carbon, that has multiple lowdence that the interlayer separation of multi-walled baran-
dimensional allotropes. Indeed, as long ago as 1997, I.-Bousitubes is 32 nnt? which suggests that the interlayer interac-
tani* suggested that small boron clusters might exhibit quasition is likely of the van der Waals type rather than one involv
planar structures. These structures were later confirmggrex ing covalent bonds. Nevertheless various crystallinesires
imentally by Wang, Boldyrev and their co-workéré, who  of buckled and unbuckled monolayer structures of boron ir -
also subsequently discovered the structural transitiomfr cluding thea-sheet#202% B-sheet!420 y-sheet!® triangular
quasi-planar to double-ring tubular structures for sreieéd  sheet and grapheme-like hexagonal sheets, have beentpreair
boron clusters. They were also the first to predict the exised from previousab initio computations. Much of this work
tence of single-walled boron nanotubes (BN¥$)In 2004,  has been motivated by expectations that these structungs me.
Ciupary’ successfully synthesized pure single-walled bororhave versatile applications in different fields of science a
nanotube structures with diameters on the order of 3 nmechnology, such as electronics, catalysis and energggeor
and suggested existence of BNTs. Further theoretical stud-

les showed that boron clusters, Bith n< 20, prefer to be light weight, which is even lighter than carbon, have been

planar. For_ example, ﬁ_has the largest gap, 2'.0 eV, be- extensively investigated as potential hydrogen storagdi-me
tween the highest occupied and lowest unoccupied molecu:

22-28| jai i i ; 22
: . . a. Using density functional calculations, |. Cabeteal .
lar orbitals and is therefore predicted to be very st&ilhen g y

. . . . found that pure boron nanotubes and sheets cannot adsorh
n>20, for instance By, double-ring tubular configurations can .
. . . molecular hydrogen as well as pure carbon nanomaterials. Al
form. These configurations can be considered as the embr

onic forms of single-walled boron nanotub®én 2007, on ¥hough studies of alkali-metal(AM)-coated boron fullezen

. . . ... showed that BgNaj» and BsgK12 can store up most to 72
the basis ofab initio calculations, a stable hollow cage with Ha, while the binding energies are only 0.09 ey/## The

best theoretical results, obtained for Mg coateg, Biield-
ed a hydrogen capacity of up to 14.2 wt% with an average

Boron nanomaterials, due to their high surface area and
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an average binding energy of 0.15 e/ Subsequently, 3 Resultsand discussion

Hui An explored the hydrogen storage capacity of the Li-

coated zigzag boron nanotubes, which can absorb up to 7.981  Structure of Li,Bs sheets and nanotubes

wt% hydrogen with an absorption binding energy of 0.12-0.2

eV/H,.28 A previous work of our group investigated a se- The first new structure, shown in Fig. g is composed of
ries of Li-decorated several novel boron sheets and naasfub a ten-atom B planar ring decorated with one Li atom on eachk
showed that for Li-decorated boron sheets, each Li atom caside of the ring plane, which reduces to the chemical formula
adsorb a maximum of 4Hmolecules with 7.89 wt% and the Li;Bs. We refer to it as the LBs-1 sheet. There are four dif-
hydrogen gravimetric density increases to 12.31 wt% for Li-ferent B-B bond lengths (1.5%6 1.665A, 1.768A and 1.877
decorated boron nanotub&%All these results indicate that A) and three different B-Li bond lengths (2.184 2.394A,
B-based materials can be considered as promising re\mrsibB.Sos,&) in the structure. According to a previous report or.
host materials for hydrogen storage. BsH3 ( D3 symmetry group ) which gave the result that the B

In th ¢ i i two di ional st B bond distance was always 1.A%nd the experimental char-
n the present paper, two new quasi two dimensional Strucs ., 240 of B=B double bond lengths that vary between
tures composed of Li and B, as well as their correspondin

9574 and 1.59A, we can conclude that the sheet has both

nanotubes have been studied using first-principles densitydouble bonds and single bond&In addition, the nearest Li-
functional theory. The structural and electronic promsriof Li distance is 2 824 '

these structures are first investigated, and their hydretpen . .
9 ydrege In order to understand the stability of the;Bs-I sheet, we

age characteristics are subsequently explored. calculated the phonon spectra and performed dynamicistabil
ty simulations. The phonon spectra in Figbjl$how that all
their branches have positive frequencies and that no iraagin
phonon modes are to be found in the sheet. To further confirm
the dynamic stability, we carried out first-principles nmle

2 Computation method lar dynamics simulations with the NVT ensemble at 600 K
using time steps of 2 femtoseconds ir 3supercells. After
1 picosecond of simulation, we found that the bucklesgBbi

All geometries were assumed to be periodic, and geometr§heet had not been disrupted which means that the structure
optimizations and electronic structure calculations viberged ~ €an remain stable at 600 K for at least 1 picosecond.

on first principles calculations performed using the Vieaba The band structure of the 4Bs-1 sheet shown in Fig. Tj
initio Simulation Package (VASPY. The generalized gradient indicates that the curves for the spin-up bands are almest id
approximation (GGA) in the form of the PW81 functional tical to those for spin-down, which indicates that this stase

was used for the exchange and correlation interactionsi-Bin has little magnetic response. Both the band structure and th
ing energies of Kimolecules in similar systems obtained with total DOS show that the sheet is metallic. To understand the
the PW91 functional are within- 20 meV/H of those ob- interaction between the Li and B atoms, we carried out bad
tained with the PBE functional Therefore, we give only the er charge analyses which showed that 0.849 electrons éranst
PW091 results in the following. For all elements involveds th from every Li atom to the B atoms, indicating that the Li atoms
basis set was constructed according to projector augmentefe ionized and positively charged. This suggests the lpibssi
wave (PAW)2 methods with a kinetic energy cutoff of 500 eV. ity of molecular hydrogen adsorption via a polarization mec

In all these calculations, the Hellmann-Feynman force ammp anism. We also calculated the partial density of states DO
nent on each atom was less than 0.014¥ and the conver- shown in Fig. 14), from which we can see that there is obvi-
gence criteria for the total energy in the self-consistegitifi ous hybridization between the Li and B atoms. The Li atom
interaction was set to 1@ eV. The first Brillouin zone was donateselectrons to B, leading to partially filled Borbitals.
sampled on the basis of the Monkhorst-Pack special k-poinft the same time, the Lp orbitals split under the strong lig-
scheme with a grid spacing of 0.6 for the wave func- and field generated by the B atoms, thus making the B atom=
tions and 0.0~ for the density of states (DOS). Since the back-donate some electrons to thef_orbitals, resulting in
bonding is based on weak van der Waals (vdW) interactionsp-p ands-p hybridization between Li and B.

for calculating the hydrogen adsorption in the systems con- If we pull all the Li atoms in the LiBs-I sheet to one side of
sidered here, we included the dispersion correction bygusinthe boron sheet and then optimize the geometry, a new sheat
the empirical correction scheme of Grimme (DFT + [32), which we designate kBs-1l is formed. The energy of this

as implemented by Bucke al. for periodic systems® The  structure is 0.03 eV/atom higher than that of theBg-I sheet,
phonon dispersion along the high symmetry k-point was obbut the calculated phonon dispersion plots shown in Fif) 2(
tained using the open source package Phoripy. suggest that this sheet is stable. In addition, molecular dy
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namics simulations show that at a temperature of 600 K théng energy is out of the ideal hydrogen storage binding range
structure still retains its original form after a 1 picosedsim-  (0.10 - 0.2 eV), so the sheet can only adsorb two hydrogei:
ulation. The band structure and DOS picture in Figeahow  molecules around each Li atom, resulting in a maximum hy-
that this structure is metallic as was theR4-1 sheet. drogen capacity of up to 10.6 wt%. Itis larger than 9.22 wt%
By rolling up the LbBs-II sheet along different axes, we can obtained by Qiang Suet. al.*8 recently, and almost the same
obtain a series of nanotubes, varying in diameter in theerangas the best result of those previous studies obtained bingoat
4.48-19.59. In what follows, the nanotubes are labeled asLi atom on boron sheet (10.7 wt %) as we kno#n.
(n,0) (n=5;--,10) along theb; vector and (0,m) (m=5;,10) The adsorption energies and some other corresponding pu-
along theb, vector (n, m are the numbers of unit cells along rameters are summarized in Table 1. To elucidate the numer.-
the by or b, vectors respectively as shown in Fig)2 After  cal results presented above, we now turn to electronictstreic
optimizing the geometries of these tubes by minimization ofanalyses. It is interesting to note that the amount of change
the total energy, we calculated the energies per atom ane corthe Li atoms remains almost constant during the addition ¢!
pared these values to the corresponding values for thenatigi the first H molecules, but there are 0.03 negative electrons
sheet in order to explore the stability of the nanotubes. Seen each H molecule. In order to balance the total number
Fig. 3. Here AE=Eaom(sheet)Eaom(nanotube). The results of electrons, the electrons on the B atoms must redistribute
show that all these nanotubes are more stable than the shaigfhtly. However the configuration of the sheet is not chahge
and that the cohesive energies per atom for the two nanotuliauch, except that the Li-Li distance is stretched from 2.824
types first decrease with the diameter, and then as the diank to 2.856A, and the two B-B bonds change from 1.788
eter further increases, begin to drop and approach thaeof thand 1.877A to 1.764A and 1.881A. Fig. 7 gives the PDOS
sheet. The calculated electronic properties indicatedaihéite  of all H, Li and B atoms in the sheet after adsorbing one H
nanotubes are metallic. Several selected typical stres@md  molecule on each Li. The PDOS in Fig. aJ (ndicates that
their corresponding band structures and DOSs are shown i 2p orbitals take part in the hybridization. There is a sharp
Fig. 4 and Fig. 5, from which, we can see that all the Lipeak in the H P orbital at -7.79 eV overlapping with Li2
atoms in the cross section form regular polygons and that thgzs) orbitals for the case of onesHnolecule adsorbed on each
B atoms form nanotubes approximating circular cylinders. L, and a small peak of the Hsdrbital around -6.8 eV over-
lapping with Li and B 2 (29) orbitals. At the same time, the
sharp peak of the Li @2s) orbitals have moved from -7.38
eV to -7.79 eV compared with that in the pure sheet as shovui,
We choose a unit cell from the 4Bs-I sheet to study the inFig. 1(d) and the peak around -1.48 eV has been broaden >«
interaction of B molecules with our model and set the in- as well as those of the B orbitals. Fig.by6hows that as one
terlayer distance to be 28, which is sufficient to mini- more hydrogen molecule is adsorbed around each Li atom, thz
mize any artificial interlayer interactions. Here, we definesharp peak of the 4 orbitals splits as well as thepDrbitals
the hydrogen adsorption energys) asEaq={E[(H2)m n@ which broadens the hybridized part, so that not only the peak
Li»Bs]+nE[(H2)]-E[(H2)m@ LizBs]}/n, where E[(H2)n@ S located at -7.78 eV and -6.69 eV overlap with the piZ
Li»Bs] is the total energy of LiBs-1 sheet complex wittm orbitals. Some small peaks around -3.18 eV and the Ferm.

hydrogen molecules, arf[H,] is the energy of an isolated surface also hybridize with the Lis@2p) orbitals, indicating
hydrogen molecule. that hybridization is strengthened, consistent with thdeba

First of all, we placed the Himolecule at several differen- analysis that an additional 0.06 electrons are transfeoréte
t locations. After relaxing these structures to minimize th hydrogen molecules. These results show that the binding ~f
energy, it was found that the firstoHnolecule on each Li  the attached Himolecules comes from not only the polariza-
atom preferred to tilt towards the Li atom and occupied thetion mechanism but also from orbital hybridization, impigi
side right above the Li atom, with a binding energy of 0.221that all the substrate material including the B atoms takes p
eV/H, (seen in Fig. 8). The H-H distance in the adsorbed H in the hydrogen adsorption.
molecule was found to be 0.7%Y, which is larger than that To explore the hydrogen storage properties of these nan
observed in a free fHimolecule optimized at the same level otubes, we choose (0,5), (0,6), and (0,7) nanotubes as sampi
(0.749,&). In the case of (H);@Li»Bs (in Fig. €b), the sec- to study. With the (0,5) nanotube for example, we added ad-
ond hydrogen was almost on top of the other Li atom, withditional H, molecules close to the Li atoms one by one, and
a interaction energy per hydrogen molecule of 0.165 eV. Thdound that B molecules adsorbed nearby Li atoms in one unit
H-H bond distances in this case were found to be 0&3&d  cell are likely to reside in different places outside thecgpa
0.759A. When we added a third hydrogen near each Li atompetween the Li atoms as can be seen in Fig. 8. The calcula.-
after relaxing, the hydrogen was found to lie farther awanth ed results show that the maximum number of iHolecules
the second, with a binding energy of only 0.064 eV. This bind-can be adsorbed per Li atom is two, as same as that for th<

3.2 Hydrogen molecule adsor ption

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-15 |3
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sheet. In the case of adsorption of one hydrogen molecule o4 Galeev T. R.; Chen Q.; Guo J. G.; Bai H.; Miao C. Q.;
each Li atom, the average distance betwegmidlecules and Lu H. G.; Sergeeva A. P,; Li S. D.; Boldyrev A. Phys.
Li atoms is 1.947A with the adsorption energy of 0.222 eV. Chem. Chem. Phys. 2011, 13, 11575.

When there are two hydrogen molecules being adsorbed bys Boustani I.; Quandt AEurophys. Lett. 1997, 39, 527.
each Li atom, the distance betweep &hd Li atom changes g Boustani I.; Rubio A.; Alonso J. APhil. Chem. Phys.
from 2.020A to 2.327A. The binding energy of the second Lett. 1999, 311, 21.

hydrogen reduced to 0.165 eV. In summary, all these three7 cijuparu D.; Klie R. F.; Zhu Y.; Pfefferle LJ. Phys. Chem.
nanotubes can capture twe Fholecules around each Li atom B 2004, 108, 3967.

with binding energies in the range 0.152-0.194 e)//&hd the 8 Alexandrova A. N.; Boldyrev A. I.; Zhai H. J.; Wang L.
hydrogen capacity is 10.6 wt% , which achieved the U. S. De- S.. Coord. Chem. Rev. 2006, 250, 2811: Zubarev D. Y.:
partment of Energy target for the ideal hydrogen storage ma- Boldyrev A. 1., J. Comput.Chem. 2007, 28, 251; Huang

terial; namely, that the gravimetric density of hydrogeowdt W.; Sergeeva A. P.; Zhai H. J.; Averkiev B. B.; Wang L.
reach 9 wt% by the year 2015. S.; Boldyrev A. I.,Nat. Chem. 2010, 2, 202.

9 Kiran B.; Bulusu S.; Zhai H. J.; Yoo S.; Zeng X. C; Wang
4 Conclusions L. S.,Proc. Natl. Acad. Sci. USA 2005, 102, 961.

10 Szwacki N. G.; Sadrzadeh A.; Yakobson B Hhys. Rev.

In summary, we have studied a quasi two dimensional planar Létt. 2007, 98, 166804.

sheet with the formula kBs, and have verified its structural 11 Wang X.,Phys. Rev. B 2010, 82, 153409.

stability through both calculation of the phonon frequesci 12 Zhao J.; Wang L.; Li F.; Chen ZJ, Phys. Chem. A 2010,
and simulation of the molecular dynamics. The band struc- 114, 9969.
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Table1 The distance between Li and H atody(_p, in ,5\), the bond length of Bl molecules@y_ in A), the distance between the nearest Li
atoms €l i_.;j in A) in the sheet and the hydrogen adsorption enelgy (n eV/Hy) for the (Hh),@Li2Bs-1, (H2)4@Li2Bs-1 configurations
depicted in Fig. 6.

system dui—n, dH-—n dui-ti Ead
LioBs- 0.749 2.824
(H2)@LiyBs-I 1.973 0.757 2.856 0.221

(H2)s@LiBs-1  2.018-2.085 0.755-0.759 2.926 0.165
(H2)s@LizBs-1  1.968-3.233 0.750-0.756 2.925 0.064

6| Journal Name, 2010, [vol]l 1-15 This journal is © The Royal Society of Chemistry [year]
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Table2 The hydrogen adsorption energi€s in eV/H,) and average hydrogen adsorption enerdiggd in eV/H,) of nanotubes with
different numbers of adsorbed,iholecules around each Li atom.

Ead
=T n=2 Fa
(0,5) 0.222 0.165 0.194
(0,6) 0.204 0.133 0.168
(0,7) 0.193 0.111 0.152

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-15 |7
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Fig. 2 (a) Top and side views of the optimized geometries gBg-11 3 x3 supercells.l) The phonon spectra of thedBs-11 sheet. €)
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respectively.
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Fig. 5 Side view of the geometric structures, as well as computed buctures and DOS of nanotubaj (5,0) and b) (6,0) respectively.
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Fig. 6 Top and side views ofd) 2H, and @) 4H, molecules bound to a £Bs-I cell. The H atoms bound as hydrogen molecules are shown ir.
white.
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Fig. 7PDOS of all H atoms, Li atoms and B atoms &) (H2).@Li»Bs-1 and ) (H2)4@Li2Bs-1.
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Fig. 8 Optimized configurations of (0,5) nanotube wit) 6ne andlf) two H, molecules adsorbed onto each Li atom.
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