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Abstract

Our recent analysis using the first-principles calculations for LiBH4 [K. Miwa, N. Ohba, S. Towata, Y. Nakamori, S. Orimo, Phys. Rev.
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69 (2004) 245120], which is rather stable and desorbs hydrogen only at elevated temperatures, reveals that the charge com
i+ cations is a key feature for the stability of the internal bonding [BH4]− anions. Considering this character, we have proposed the p
ubstitution of more electronegative elements for Li to lower the dehydriding temperature. The effect of the cation substitution is
heoretically. We select copper as a substituent element, since the ionic radii of Cu+ and Li+ are almost the same but the electronegativit
u is larger than that of Li. Assuming the same crystal structure as orthorhombic LiBH4, the calculations on (Li1−xCux)BH4 are performe

or x = 0.25, 0.5, 0.75, and 1. It is confirmed that the heat of formation increases with increasing the Cu contentx. The optimumx is predicted
o be aroundx = 0.3 for practical applications.

2005 Published by Elsevier B.V.

ACS: 71.20.Ps; 61.66.Fn; 77.22.-d; 63.20.Dj
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. Introduction

Lithium borohydride, LiBH4, is a potential hydrogen
torage material[1] because of its extremely high hydrogen
ontent of 18.5 mass%. The structure of LiBH4 is orthorhom-
ic at ambient conditions and the compound undergoes a
hase transition to a hexagonal structure at high temperature
∼381 K) [2]. The dehydriding reaction is caused by the
ecomposition of LiBH4 into LiH and B, where 13.5 mass%
ydrogen is released. This material is, however, rather stable
nd desorbs hydrogen only at elevated temperatures, above

he melting point of about 540 K. For practical applications,
he destabilization of LiBH4 to decrease the dehydriding tem-
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perature is an important research direction. To this end
understanding of the basic material properties is of grea
terest. Recently, we have studied the fundamental prop
including the structural, electronic, dielectric, and vibratio
properties using the first-principle calculations[3]. From
these analyses, it is expected that the charge compen
by Li+ is a key feature for the stability of the internal bond
of [BH4]− anions, and so the suppression of the ch
transfer by the partial substitution of more electronega
elements for Li is effective to lower the dehydrid
temperature.

In this study, the effect of the cation substitution
been examined for LiBH4, theoretically. We select copp
as a substituent element. The ionic radii of Li+ and Cu+
are 0.59 and 0.60̊A for four coordination and 0.76 an
0.77Å for six coordination, respectively. Considering th
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similarities of the ionic radii, Cu is expected to be a good
substituent element for Li. On the other hand, the Pauling’s
electronegativity of Cu is 1.9 which is larger than 1.0 of
Li.

2. Method

The present calculations have been performed using
the ultrasoft pseudopotential method[4] based on density
functional theory[5]. The generalized gradient approxima-
tion [6] is used for the exchange-correlation energy. The
computational details can be found in[3] and the references
therein.

3. Results and discussion

The calculations on (Li1−xCux)BH4 are performed for
x = 0.25, 0.5, 0.75, and 1. Although a synthesis of CuBH4
has been reported by Klingen[7], no structural information
is available. Therefore, assuming the same crystal structure
as orthorhombic LiBH4 [8], Li atoms in the unit cell which
contains four formula units are replaced by Cu atoms. For
x = 0.5, two Li atoms to be replaced are chosen so as to
m i–Li
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Fig. 1. Densities of states for (Li1−xCux)BH4 (x = 0, 0.5, and 1). The ver-
tical dashed lines indicate the top of valence states. For clear comparison,
the origins of the energies are shifted by−4 and−1 eV for x = 0 and 0.5,
respectively.

Fig. 1shows the densities of state for (Li1−xCux)BH4 (x =
0, 0.5, and 1). The electronic structures are non-metallic. The
occupied states of LiBH4 are composed of B-2s, B-2p, and H-
1s orbitals[3]. A boron atom constructs sp3 hybrids and forms
covalent bonds with surrounding four H atoms. A deficient
electron to form these bonds is compensated by a Li+ cation.
Similar characters are found for Cu-substituted LiBH4 except
for the existence of Cu-3d states, which appear in the middle
of the energy gap of LiBH4 and are located at the top of the
valence states. The occupied states constructed from B-2s, B-
2p, and H-1s orbitals are distributed over an energy interval
of about 7 eV, which are almost the same as those of LiBH4.
The size of energy gaps decreases with increasing the Cu
contentx.

T
T lesθH–B–H (◦) for (Li1−xCux)BH4

c dB–H θH–B–H

6.588 1.23–1.24 108–111
6.635 1.23–1.27 107–112
6.708 1.23–1.26 107–114
6.640 1.23–1.28 105–114
6.452 1.25–1.27 108–110
ake the Li–Cu interatomic distance shorter than the L
nd Cu–Cu distances. The lattice constants and atomic

ions are fully relaxed.
The results of the structural optimization are summar

n Table 1. The experimental data of the lattice consta
or LiBH4 area = 7.179Å, b = 4.437Å, and c = 6.803Å
2]. The deviation of the calculated lattice constants f
he experimental values is 2,−1, and−3%, respectively
he calculation predicts a nearly ideal tetrahedral shap
H4 complexes in LiBH4, where the bond lengths are alm
onstant and the bond angles are close to the ideal v
H–B–H = 109.5◦. This contradicts the experimental res
1,2] that BH4 complexes are strongly distorted. Althou
ore detailed investigation is required, we expect tha
iscrepancies may be caused by the experimental dif

ies in identifying hydrogen positions due to their weak
ay scattering power. For (Li1−xCux)BH4, the shape of BH4
omplexes also retains a nearly ideal tetrahedral geom
he changes in lattice constants from the theoretical va
f LiBH4 is typically ±2%; the largest one is−8% for a in
uBH4.

able 1
he lattice constant,a, b, andc (Å), bond lengthsdB–H (Å), and bond ang

x a b

0 7.343 4.399
0.25 7.152 4.420
0.5 6.844 4.415
0.75 6.711 4.449
1 6.758 4.468
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Fig. 2. Heat of formation of (Li1−xCux)BH4. The points represent the cal-
culated values. The solid curve in the lower panel is obtained by assuming
the linear relation between�H0 andx.

The calculated heats of formation are shown inFig. 2.
The upper panel gives the heats of formation�H0 when
(Li1−xCux)BH4 is produced from the elements, Li, Cu, B,
and H2. As the Cu contentx increases,�H0 increases lin-
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early and becomes positive atx � 0.8. The heats of for-
mation �H given in the lower panel is more closely re-
lated to hydriding/dehydriding reactions in which LiH is
taken into account as a decomposed product. The variation
of �H is also monotonous and the range is from−75 to
26 kJ/mol H2. Consideringx = 0.3, �H = −39 kJ/mol H2
(�H0 = −121 kJ/mol) and the effective hydrogen content
is 8.6 mass%, which are encouraging for practical applica-
tions.

The phonon frequencies forx = 0, 0.5, and 1 are given
in Fig. 3. The eigenmodes located at the region higher than
2000 cm−1 correspond to the internal B–H stretching vibra-
tions of BH4 complexes[3]. The frequencies of these modes
decrease with increasing the Cu content, indicating that the
Cu substitution for Li destabilizes the internal bonding of
BH4 complexes. Forx = 1, two weak soft modes of 97i
and 65i cm−1 are found. The eigendisplacements of these
soft modes correspond with nearly rigid rotations of BH4
complexes. When the soft modes are frozen,�H is lowered
by 5 kJ/mol H2. The phonon calculation forx = 0.5 gives no
soft modes, which suggests that the assumed orthorhombic
structure is at least metastable forx ≤ 0.5, not unstable.
Note that the contributions of the zero-point energies are
neglected for the results shown inFig. 2, which raise�H

by 19 and 18 kJ/mol H2 for LiBH4 and (Li0.5Cu0.5)BH4,
respectively. The amount of these contributions is insensitive
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ig. 3. Phonon densities of states for (Li1−xCux)BH4 (x = 0, 0.5, and 1)
he contribution of the optical�-phonon modes is only taken into accou
he straight lines indicate the calculated values and the solid curves
he results of the Gaussian broadening with a width of 30 cm−1.
o x, and so,�H–x curve for x ≤ 0.5 most likely move
pward rigidly when the zero-point energies are taken
onsideration.

. Conclusions

From recent theoretical analyses for LiBH4, we have pro
osed the partial substitution of more electronegative
ents for Li to lower the dehydriding temperature. This i

s examined theoretically in the case of Cu as a substi
lement. The optimum Cu content is predicted to be ar
= 0.3. A similar idea has been successfully applied
iNH2 [9].
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