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Thermodynamical stability of calcium borohydride Ca(BHy),
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We have prepared pure Ca(BH,), without any solvent adducts and determined its structural parameters by
powder x-ray diffraction measurement. The crystal structure of Ca(BH,), is found to be orthorhombic with
space group Fddd (No. 70). Using this structural information, the first-principles calculations have been
performed to investigate the fundamental properties of Ca(BH,),. The interaction between Ca atoms and BHy
complexes has an ionic character while the internal bonding of BH, is essentially covalent. It is confirmed that
Ca(BHy), obeys the linear relationship between the heat of formation and the Pauling electronegativity of the
cation, which has been proposed in a previous study [Nakamori et al., Phys. Rev. B 74, 045126 (2006)].
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I. INTRODUCTION

Complex hydrides have attracted growing interest for hy-
drogen storage due to their high gravimetric densities of hy-
drogen. Examples include alanates,"* amides,>® and
borohydrides.'®!'” Among borohydrides, alkali borohydrides
such as LiBH, and NaBH, are well-known and their proper-
ties have been studied moderately. Although we can find
borohydrides composed of not only alkali metals but also
other types of metals in literature,'®!® little is known for the
latter compounds. In this context, we have recently investi-
gated the thermodynamical stability of several metal borohy-
drides, M(BH,), (M=Li, Na, K, Cu, Mg, Zn, Sc, Zr, and
Hf), both theoretically and experimentally.”” It has been
found that the stability of metal borohydrides shows a good
correlation with the electronegativity of cations M.

In this paper, we report our study on Ca(BH,),. Pure
Ca(BH,), without any solvent adducts is prepared and its
structural parameters are determined by powder x-ray dif-
fraction measurement. Using this structural information, the
first-principles calculations are carried out in order to inves-
tigate its fundamental properties. The correlation between the
stability of borohydrides and the cation electronegativity pro-
posed in the previous study is examined for Ca(BH,),.

II. METHODS

A. Experimental procedure

The starting material for sample preparation is
Ca(BH,),-2THF (Ref. 20) which has been purchased from
Aldrich Co. LTD (product No. 389986). Adduct-free
Ca(BH,), is obtained by drawing the THF off under vacuum
at 433 K for 1 h. The obtained sample is examined by Ra-
man spectroscopy (JASCO, NRS-3300, 532 nm-laser) and
powder x-ray diffractometry (Rigaku, RINT-TTR with
Cu K« radiation). The x-ray diffraction data is used to char-
acterize the crystal structure by the Rietveld method using a
computer program RIETAN.?!

B. Computational method

The first-principles calculations have been carried out for
Ca(BH,), using the ultrasoft pseudopotential method®? based
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on density functional theory.”* The generalized gradient

approximation® is adopted for the exchange-correlation en-
ergy. For Ca, the 3s and 3p semicore states are treated as
valence. The cutoff energies used in this study are 15 and
120 hartrees for the pseudowave functions and the charge
density, respectively. The k-point grids for the Brillouin zone
integration are generated so as to make the edge lengths of
the grid elements as close to the target value of 0.08 bohr™!
as possible. These computational conditions give good con-
vergence for the total energy within 1 meV/atom. The linear
response calculation based on density-functional perturbation
theory is used to obtain the dielectric properties.?>® The
phonon eigenmodes are obtained by solving the eigenvalue
problem for the dynamical matrix which is calculated by the
force-constant method.”’” The computational details can be
found in Ref. 14 and the references therein.

III. RESULTS AND DISCUSSION
A. Experiment

Figure 1 shows Raman spectra for prepared Ca(BH,), and
purchased Ca(BH,),-2THF. For comparison purposes,
the result measured for pure THF solvent is also indi-
cated. For the purchased sample, Raman modes caused by
the THF adduct are clearly observed at around 900 and
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FIG. 1. (Color online) Raman spectra for (a) prepared

Ca(BHy),, (b) purchased Ca(BH,),-2THF, and (c) THF solvent.
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FIG. 2. (Color online) Rietveld analysis pattern for Ca(BHy),.
The red (+) marks and the blue (upper) line are measured and
calculated intensity, respectively, and the purple (bottom) line is the
deviation of them. The positions of the Bragg reflections are shown
by black bars.

2800-3000 cm™'. Other major peaks are found from
2200 to 2500 cm™!, which can be assigned to internal B-H
stretching vibrations of BH, complexes.?® On the other hand,
Raman modes originated from the THF adduct disappear for
the prepared sample, keeping the Raman peaks around
2200-2500 cm™'. This indicates that our purification process
successfully removes the THF adduct from the purchase
sample. Raman spectra observed at around 1000— 1400 cm™!
for prepared Ca(BH,), are due to internal B-H bending vi-
brations of BH4,28 which overlap with those of the THF ad-
duct in Ca(BH,),-2THF.

The Rietveld analysis pattern for prepared Ca(BH,), is
shown in Fig. 2. The main peak positions are in good agree-
ment with the previous study.?’ The major feature of this
pattern can be interpreted as space group Fddd (No. 70) and
the calculated pattern fairly reproduces the measured one.*°
Because the intensity of unassigned peaks is very weak, the
prepared sample is thought to be almost a single phase of
Ca(BH,),. The structural parameters obtained by the Ri-
etveld analysis are given in Table I. The B-H bond lengths
and the H-B-H bond angles are dgy=1.11-1.13 A and
Ou.p.u=102—119°, respectively. The crystal structure of
Ca(BH,), is shown in Fig. 3. As described below, the inter-
action between Ca atoms and BH, complexes has an ionic
character. Each metal cation Ca’* is surrounded by six octa-
hedrally coordinated [BH,]™ anions and each [BH,]™ has
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FIG. 3. (Color online) Crystal structure of Ca(BH,),. Red
(large), green (middle), and blue (small) spheres represent Ca, B,
and H atoms, respectively.

three Ca?* neighbors. Therefore this structure satisfies the
electrostatic valence rule.’!

B. Theoretical predictions
1. Structural property

The structural optimization is performed on Ca(BHj,),
starting from the experimental geometry, where the atomic
positions and the lattice vectors are fully relaxed. Table I also
shows the calculated structural parameters. The agreement
between the calculated lattice constants and the measured
ones is very good. The calculation predicts a nearly ideal
tetrahedral shape for BH,; complexes with dpy
=1.23-1.24 A and 6y =106—113°. These values are in
fairly good agreement with the experimental result men-
tioned above though the experimental B-H bond lengths are
somewhat shorter than the predicted ones. This is probably
caused by the experimental difficulty in identifying H posi-
tions due to their weak x-ray scattering power.

2. Electronic property

Figure 4 depicts the total and partial densities of states for
Ca(BH,),. The electronic structure is nonmetallic with a cal-
culated gap of 4.9 eV. The valence states split into two peaks
whose positions and widths are quite similar to those of

TABLE 1. Structural parameters of Ca(BHy),. Space group: Fddd (No. 70). The atomic displacement
parameters in the experimental results are B=2.0, 3.3, 3.8, and 3.8 A2 for Ca, B, H1, and H2, respectively.

Atom parameters

Lattice
parameters (A) Position X y b4
a=8.791(1) Ca 8a 0 0 0 Expt.
b=13.137(1) B 16f 0 0.227(4) 0
¢=7.500(1) H1 32h -0.102(16) 0.274(9) 0.037(23)
H2 32h 0.009(21) 0.176(7) 0.117(16)
a=28.802 Ca 8a 0 0 0 Calc.
b=13.244 B 16f 0 0.2197 0
c=7473 HI 32h -0.1133 0.2734 0.0132
H2 32h 0.0020 0.1661 0.1360
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FIG. 4. (Color online) Total and partial densities of states (DOS)
for Ca(BH,),. The shaded-blue (light) parts indicate the partial
DOS for B and H atoms, and the red (dark) parts for the Ca atoms.
The origin of energy is set to be the top of valence states.

LiBH,."* The valence states are mainly composed of B and
H orbitals and the contribution of Ca orbitals is hardly seen.
This supports an ionic picture for the interaction between Ca
and BH,.

The valence charge contour plot is shown in Fig. 5(a),
where the contributions of the lower eight states composed
of Ca semicore states are excluded. The valence charge den-
sity around Ca atoms is considerably low. The charge density
is strongly localized around [BH,]™ anions and there are no
overlaps between them. In order to visualize the effect of the
charge transfer, we also consider the difference between the
valence charge density and the superposition of the pseudo-
atomic charge densities, which is given in Fig. 5(b). The
positive regions, in which more electrons are accumulated,
are clearly localized around [BH4]|™ anions. However, the
negative regions spread over interstitials and no remarkable
concentrated regions can be found. This is probably due to a
delocalized nature of Ca4s orbitals and might indicate the
limitation of the charge density analysis for extended ele-
ments.

3. Dielectric property

The dielectric properties are summarized in Table II,
which are required to describe the dipole-dipole interactions
induced by atomic displacements in the lattice dynamics.
The Born effective charge tensor is also useful to consider
the bonding characters of materials. The macroscopic high-
frequency dielectric permittivity tensor is diagonal because
of the orthorhombic symmetry and have small anisotropy.
For Ca, the Born effective charge tensor also becomes diag-
onal due to the site symmetry and their values are fairly close
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FIG. 5. (Color online) Charge contour plots for Ca(BH,), in the
(100) plane. Red squares, green circles, and blue triangles indicate
the positions of Ca, B, and H atoms projected on the plane, respec-
tively. (a) The valence charge density excluding the contributions of
Ca semicore states. The contour spacing is 0.02 e/bohr?. (b) The
difference between the valence charge density and the superposition
of pseudoatomic charge densities, pgifr=pPya— Paom- Lhe contour
spacing is 0.004 e/bohr® and the dashed contours correspond to
negative values. The contours are omitted for py;>>0.06 e/bohr>.

to the ideal one of +2. According to the acoustic sum rule,
BH, complexes are thought to be ionized as [BH,]™' anions.
For B and H, the absolute values of the diagonal elements
are small. Since the diagonal elements of Z are considerably
smaller than its nominal charge of +3, the internal bonding
of [BH,]™ is expected to be primarily covalent.

4. Vibrational property

The I'-phonon frequencies are given in Table III. There
are 63 optical I"-phonon modes because the unit cell contains
two formula units. The irreducible representation of them is
TA+9B ,+8By,+9B3,+7A,+8B,+7By,+8B3,; all gerade
modes are Raman active, A, mode is inactive, and other un-
gerade modes are infrared active. The infrared active modes

TABLE II. Dielectric properties of Ca(BH,),. Macroscopic high-frequency dielectric permittivity tensors ., and Born effective charge

tensor, Z".

XX yy 2 Xy vz X Xz zy yx
& 2.77 2.72 2.62 0 0 0 0 0 0
Zew 2.43 2.32 2.08 0 0 0 0 0 0
Zy 0.24 0.22 0.22 0 0 +0.01 +0.08 0 0
Zi -0.53 -0.27 -0.21 +0.21 +0.01 +0.21 +0.13 +0.06 +0.20
Zio -0.20 -0.42 -0.42 0.00 +0.17 +0.13 +0.14 +0.15 +0.03

155122-3



MIWA et al. PHYSICAL REVIEW B 74, 155122 (2006)
TABLE III. Optical I'-phonon frequencies of Ca(BHy),.
Frequencies
Modes (cm™)
A 211 492 1068 1189 1269 2283 2368
B, 97 156 257 298 521 1032 1164 2311 2382
By, 162 245 479 1059 1191 1265 2285 2376
B3, 43 101 291 339 529 1025 1166 2319 2373
A, 254 386 1068 1187 1268 2281 2377
By, (TO) 173 216 292 488 1011 1157 2290 2388
(LO) 181 243 328 496 1013 1174 2318 2388
B>, (TO) 206 406 1056 1178 1266 2281 2355
(LO) 296 412 1061 1184 1271 2291 2375
B3, (TO) 117 181 295 514 1015 1163 2308 2367
(LO) 128 226 340 524 1018 1186 2310 2402

are divided into the transverse optical (TO) modes and the
longitudinal optical (LO) modes due to the dipole-dipole in-
teraction. There are no soft modes, which suggest that
the orthorhombic structure determined experimentally is at
least metastable, not unstable. As shown in Fig. 6, the
I"-phonon frequencies are classified into three groups. Ana-
lyzing the eigenvectors, we confirm that eigenmodes in the
regions 1000—1300 cm™' and 2250-2400 cm™' originate
from internal B-H bending and stretching vibrations of
[BH,]™ anions, respectively. These frequencies are in good
agreement with the Raman spectroscopy measurement for
prepared Ca(BH,),. The eigenmodes with low frequencies
(<550 cm™") include librational ones which involve the dis-
placements of both Ca>* and [BH,]".

5. Heat of formation

The heat of formation for the following reaction is con-
sidered, namely, the formation of Ca(BH,), from the ele-
ments:

1 1
ECa +B+2H, — ECa(BH4)2. (1)

We normalize the heat of formation by the number of BH,
complexes in the formula unit. For the normalized heat of

Phonon DOS (arb. unit)
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FIG. 6. Phonon density of states for Ca(BH,),. The contribution
of the I'-phonon modes indicated by vertical bars is only taken into
account and the Gaussian broadening with a width of 30 cm™' is
used. The result of Raman spectroscopy measurement for prepared
Ca(BH,), is reshown by a dotted line for comparison purposes.

formation AH, we have proposed the linear relationship in
the previous study,"

AH =248.7yp - 390.8. 2)

where yp is the the Pauling electronegativity of a cation.

The cohesive energies and the zero-point energies (ZPE)
for Ca(BH,), and related materials are given in Table IV. For
Ca(BH,),, the ZPE is estimated from only the I'-phonon
eigenmodes. Since the unit cell contains four BH, com-
plexes, the eigenmodes at I' point involve the effect of the
interaction between BH, complexes. The I'-phonon frequen-
cies higher than 1000 cm™" are fairly in good agreement with
those of a free [BH,]™ anion,?® indicating that the interaction
between BH, complexes is weak. This justifies the ZPE cal-
culation using only the I'-phonon frequencies for Ca(BHy),.
For fcc-Ca, the calculated lattice constant is obtained as a
=5.529 A which agrees well with the experimental value of
a=5.58 A and the ZPE is calculated using the supercell con-
taining 32 atoms.

From Table IV, the normalized heat of formation is pre-
dicted to be AH=-151 kJ/mol BH, with the ZPE correction.
Since xp=1.0 for Ca, Eq. (2) gives —142 kJ/mol BH, which
agrees well with the predicted value in the present study.
Ca(BH,), also obeys the linear relationship between AH and
xp- In addition, the ZPE contribution to AH is 37 kJ/mol

TABLE IV. Cohesive energies E.y, (eV/atom) and zero-point
energies Ezpp (meV/atom) for Ca(BH,), and related materials. Note
that the zero-point energies are not included in E_,.

Ecoh EZPE

Ca(BH,), 3.302 192
Ca 1.845 20

B* 6.201 126
H,? 2272 135
CaH, 2.694 117
CaBg 5.987 109

4Reference 14.
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BH, for Ca(BH,),. This is close to the approximated value
of 33 kJ/mol BH, adopted for Eq. (2), which has been esti-
mated using the molecular approximation for a [BH,]™ an-
ion.

The actual hydrogen desorption reaction for Ca(BH,),
will be accompanied with the formation of CaH, and/or
CaBg whose cohesive energies and the zero-point energies
are also listed in Table IV. Considering possible combina-
tions of the products, the hydrogen desorption reaction for
Ca(BH,), is expected to be

Ca(BH,), — %CaHz + %CaBﬁ + 13—0H2, (3)
with the enthalpy change of 32 kJ/mol H,. The theoretical
gravimetric density of the effective hydrogen is 9.6 mass%.
The thermogravimetric analysis for prepared Ca(BH,),
shows that the total mass loss up to 800 K is 9.2 mass%,
which supports the overall reaction of Eq. (3). However, this
measurement also suggests the existence of an unknown in-
termediate compound for the reaction of Eq. (3). More de-
tailed investigations are required to determine the reaction
pathways and the energetics for the hydrogen desorption re-
action of Ca(BHy,),.

PHYSICAL REVIEW B 74, 155122 (2006)

IV. SUMMARY

In summary, we have prepared adduct-free Ca(BH,), and
determined its structural parameters experimentally. Using
this structural information, the first-principles calculations
have been performed to investigate the fundamental proper-
ties of Ca(BH,),. The linear correlation between the heat of
formation and the Pauling electronegativity of the cation,
which has been proposed in the previous study, is also held
for Ca(BH,),. The hydrogen desorption reaction is predicted
to be Ca(BH,), — %CaH2+ %CaB6+ %Hz, which is supported
by the thermogravimetric analysis. However, this measure-
ment also suggests the existence of an unknown intermediate
compound and more detailed investigations are required for
this reaction.
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