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Abstract
We have studied structural stability of cubic (Fm 3̄m) and tetragonal (P 4̄21 c) phases of NaBH4 in the P–T plane. Electronic density of states
and dielectric constants (∞ ), and phonon dispersion curves are also obtained. Well known disordering of [BH4 ]− tetrahedra in the cubic phase
is approximated by 2:2 ordering along [110]. The resulting transition temperature (Tc ) at 0 is 133 K, which is similar to the experimental value
(Tc = 190 K). The P–T phase diagram is compared with the recently reported experiment for low pressure range, where our result agrees with
the experiment qualitatively.
c 2006 Elsevier Ltd. All rights reserved.
PACS: 63.20.Dj; 64.70.Kb; 71.15.Mb
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1. Introduction
Alkali borohydrides MBH4 (M = alkali metal) have
attracted considerable attention for hydrogen storage [1],
because they have high hydrogen content (up to 18.4 wt% in
LiBH4 ). However there is one problem in practical applications.
It requires rather high temperatures to dissociate hydrogen
due to strong covalent and ionic bonds. To overcome such
limitations, a great deal of research has been conducted focused
on catalytic agents. For example Nix B catalyst shows greatly
enhanced catalytic activity and operational stability in the
hydrolysis reaction of NaBH4 [2] which is a promising system
for application in fuel cell technology. With the help of a
catalyst agent the exothermal reaction, NaBH4 + 2H2 O →
NaBO2 + 4H2 , can operate at ambient conditions. Furthermore
NaBO2 can be used to regenerate NaBH4 through a fuel
recovery reaction.
The structure of the low temperature phase of LiBH4
is orthorhombic with Pnma symmetry. Around T =
384 K [3] LiBH4 undergoes a structural transformation, but
there is controversy about the symmetry of the high temperature
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phase formed. While an old report [4] claims that it belongs
to the tetragonal type, a recent study [5] shows that the
symmetry is hexagonal (P63 mc). Recently both proved to be
incorrect by ab initio calculation [6], which proposed a new
stable phase of Cc symmetry. The theoretically found structure
was consistent with the experimental X-ray diffraction pattern.
Other MBH4 (M = Na, K, Rb, Cs) compounds show a similar
structural phase transition with respect to temperature. At high
temperature they crystallize into NaCl-type structures, in which
[BH4 ]− is octahedrally surrounded by M+ . H atoms in a
[BH4 ]− unit are tetrahedrally oriented about B and along all
cube diagonals. This gives a random distribution of [BH4 ]−
tetrahedron in two different configurations. At low temperature
for M = Na, K, they transform into the same tetragonal phase,
in which disordered [BH4 ] tetrahedra become ordered along
[001] at 190 K for Na [7], and 70 K for K [8,9]. For M = Rb,
Cs, they maintain the structure of the high temperature phase,
but specific heat anomalies have been observed at 27 K and
44 K respectively [8]. Recently light breaks in the slope of the
cell parameters are detected at 22 K and 35 K [9]. These results
suggest that there should be some kind of phase transition for
M = Rb, Cs.
Even though there are many investigations about the
structural transition of the technologically important hydrogen
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storage material NaBH4 , ambiguities still exist especially
about the pressure-induced transitions. The analysis of the
Raman spectra at room temperature showed the transition at
15 GPa [10], where the high pressure phase is suggested
to be either orthorhombic-like or monoclinic-like. Ab initio
calculations performed in Ref. [10] showed that cubic
NaBH4 (F 4̄3m) transforms to the monoclinic (P21 /c) at
19 GPa and subsequently to the orthorhombic (Pnma) at
33 GPa. However, X-ray diffraction experiments [11] reported
transitions of a cubic (Fm 3̄m) to a tetragonal (P 4̄21 c) at
6.3 GPa and further to an orthorhombic (Pnma) phase at
8.9 GPa. An experimental P–T phase diagram [12], which was
reported this year, showed a cubic–tetragonal transition within
a 0–2 GPa range.
In spite of many experimental works, the theoretical P–T
phase diagram of NaBH4 has not been reported yet. In this
work we report a P–T phase diagram of the technologically
important fuel cell material, NaBH4 , computed with firstprinciple method. Computational methods are presented in
Sections 2 and 3. Section 3 is devoted to free energy evaluation
of the disordered cubic phase. Section 4 contains our results for
electronic density of states and dielectric constants (∞ ), Born
effective charges, phonon dispersion curves, and P–T phase
diagram. Finally Section 5 contains the summary.
2. Calculation methods
The calculations were based on density functional theory (DFT) [13] and density functional perturbation theory (DFPT) [14]. We used Teter’s parametrization of
the exchange–correlation functional, which is based on
Ceperley–Alder’s local density approximation (LDA) [15]. The
present results have been obtained thanks to the use of the
ABINIT code [16,17], that is based on pseudopotentials and
planewaves. It relies on an efficient Fast Fourier Transform
algorithm [18] for the conversion of wavefunctions between
real and reciprocal space, on the adaptation to a fixed potential of the band-by-band conjugate gradient method [19] and
on a potential-based conjugate-gradient algorithm for the determination of the self-consistent potential [20]. Technical details
on the computation of responses to atomic displacements and
homogeneous electric fields can be found in Ref. [21], while
Ref. [22] presents the subsequent computation of dynamical
matrices, Born effective charges, dielectric permittivity tensors,
and interatomic force constants.
Pseudopotentials (PPs) that we used are of the Troullier–
Martins [23] type in fully non-local form and obtained from
the ABINIT home page. For Na and H, partial core corrections
are included. Each 3s, 2s2p, 1s orbital of Na, B, H is treated
as valence. Total number of valence electrons per NaBH4
is eight. PPs are tested by computing lattice constants of
tetragonal and cubic phases of NaBH4 and comparing with
other results. This is given by Table 1. Considering that LDA
underestimates lattice constants by 1–3%, our results agree with
the experimental values well. For the Brillouin zone sampling
we used 8 × 8 × 8 Monkhorst–Pack [24] meshes for both
phases. The plane wave kinetic energy cutoff of 47 Ha was

Table 1
Calculated unit-cell dimensions (in Å), atom coordinates of NaBH4
Space
group

Unit-cell
dimension

Atom coordinates

Fm 3̄m

a = 5.9178

Na (4a): 0, 0, 0
B (4b): 1/2, 1/2, 1/2
H (32 f ): x, x, x with x = 0.3805
x = 0.3779a
x = 0.3901b
Na (2a): 3/4, 1/4, 3/4; B (2b): 3/4, 1/4, 1/4
H (8g): 1/4, −0.0113, −0.1268
H (8g): 1/4, −0.0182, −0.1303a

P 4̄21 c

a = 6.0609a
a = 6.1480b
a = 4.2165
c = 5.6865
a = 4.3452a
c = 5.8597a
a = 4.3320b
c = 5.8690b

H (8g): 1/4, −0.0193, −0.1308b

a Experimental values from Ref. [28].
b Experimental values from Ref. [26].

used. We confirmed these parameters provide convergence of
the total energy to within 0.1 meV/(formula unit), of the
pressure to 0.1 GPa, and of the phonon frequency to 2 cm−1 . In
calculating phonon frequency, we need to find a configuration
corresponding to minimum energy to avoid a negative value of
frequency. Ions are slightly relaxed until each ion force is less
than 10−5 Ha/a0 (a0 : bohr radius).
Thermodynamic functions are computed by quasi-harmonic
approximation. Helmholtz free energy F(T ), as a function of
temperature T , is given by: F(T ) = E KS + E ph (T ) − T ·
S(T ), where E KS is ground state Khon–Sham total energy and
E ph (T ), S(T ) are phonon contributions of vibration energy,
entropy. E ph (T ) and S(T ) are calculated using the formulae


Z
h̄ω
h̄ ωmax
ω coth
g(ω)dω,
(1)
E ph (T ) =
2 0
2k B T

Z ωmax
h̄ω
h̄ω
coth
S(T ) = k B
2k B T  2k B T
0
h̄ω
− ln 2 sinh
g(ω)dω.
(2)
2k B T
It requires the phonon density of states (DOS), g(ω), which
is obtained by integrating the number of phonon states in the
frequency range (ω, ω + dω) on a dense grid of q points in
the first Brillouin zone. Typical value of this grid should be
48 × 48 × 48 or larger. Dynamical matrices of the grid are
interpolated from the dynamical matrices of a coarse grid, each
of which consists of two parts, a short-range interatomic force
contribution and a long-range electrostatic term. This coarse
grid corresponds to the actual number of dynamical matrices to
be calculated. We used a 4×4×4 grid of q points for tetragonal
phase and 8 × 8 × 8 for cubic.
3. Free energy calculation
At room temperature NaBH4 crystallizes into a cubic (NaCltype) structure (α-NaBH4 ), in which each [BH4 ]− anion is
surrounded by six Na+ ions. Its space group is known to be
Fm 3̄m [25]. H atoms are tetrahedrally oriented about B and
along all cube diagonals. This gives a random distribution of
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Fig. 1. NaBH4 structures (yellow: Na, blue: B, red and green: H): (a) two different configurations (indicated by red and green colors) of [BH4 ]− in disFCC phase
(Fm 3̄m). View along near [11̄0] (cubic reference axis) of (b) FCC (F 4̄3m); only one kind of [BH4 ]− , (c) TET (P 4̄21 c); 1:1 ordering along [101], (d) FCCsc; 2:2
ordering along [110]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Phonon DOS of FCC, TET, and FCCsc. Only three energy windows (0–500, 1000–1300, 2200–2500 cm−1 ) are chosen, because there is no state outside
these intervals.

[BH4 ]− tetrahedra in two different configurations which are
tridendate and monodendate as shown in Fig. 1(a). We call
this kind of phase as disFCC which means disordered facecentered cubic (FCC). Another type of [BH4 ]− tetrahedra is
possible on the FCC lattice, the space group of which is F 4̄3m.
The structure is shown in Fig. 1(b). This phase has not been
observed experimentally. It is theoretically assumed. We call it
FCC. At T = 190 K α-NaBH4 undergoes a structural transition
to β-NaBH4 (tetragonal; P 4̄21 c). As shown in Fig. 1(c), where
it is denoted by TET, there is 1:1 ordering of two [BH4 ]−
configurations along [101]. The transition was reported as
order–disorder type [26]. As a theoretical model of disFCC
phase we consider a supercell structure as shown in Fig. 1(d),
which has 2:2 ordering along [110]. It is indicated by FCCsc.
Free energy is the sum of ground state total energy and
phonon contribution. We approximate the phonon contribution
of FCCsc as the one for FCC structure. The approximation is
checked by comparison of the phonon density of states (DOS)
of FCC and FCCsc, which is shown in Fig. 2. The phonon

DOS of FCCsc was calculated as the number of states for a
single q = (0, 0, 0), because the unit cell is so large that
one q point is enough. The phonon DOS of FCCsc is very
close to that of FCC compared to the TET case. Actually the
phonon contribution is very slight in free energy difference
of two phases compared to ground state total energy. As an
example of NaBH4 , energy differences of FCC and TET phases
are approximately 1 kJ/mol (∼10 meV) for phonon, 100 meV
for ground state energy. Therefore it is a valid approximation
to replace the phonon DOS of disFCC by one of FCC. The
important quantity is the ground state energy. We compute it
accurately for FCC and FCCsc, which are theoretical models
of disFCC structure.
To summarize Gibbs free energy of TET and disFCC as
a function of pressure P and temperature T , G(P, T ) is
expressed as follows
i
i
(V, T = 0) + P V + E ph
(V ) − T · S i (V ),
G i (P, T ) = E KS

(3)
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Fig. 3. Total and local DOS projected on each atom for (a) FCC and (b) TET. Fermi level is set at zero energy. Atomic radius used in projected DOS is 2.0, 1.3, and
1.0 for Na, B, and H in units of bohr radius.

Fig. 4. (a) Born effective charge (Z ∗ ) of Na and (b) high-frequency dielectric constants (∞ ) as a function of pressure. Effective charge of BH4 is equal to minus
the Na charge and B has nearly zero charge.
i
where i is a phase index (i = TET or disFCC) and E KS
is the ground state Kohn–Sham total energy for a phase i.
i /∂ V . E i and S i are
Pressure P is computed as P = −∂ E KS
ph
energy and entropy caused by phonons. For i = TET every
quantity is given by calculation. For i = disFCC phonon terms
are computed from FCC results, the ground state energy is
approximated by the energy of FCC or FCCsc. The resulting
equations are
disFCC
FCC
E ph
= E ph
,

S disFCC = S FCC + ln 2,
disFCC
FCC
E KS
= E KS

or

Additional ln 2 in
disorder [27].

FCCsc
E KS
.

(4)

S disFCC

is excess entropy due to

4. Results and discussions
In the following we present electronic DOS (4.1), dielectric
constants and Born effective charges (4.2), and phonon
spectrum (4.3) of FCC and TET phases. Finally the P–T phase
diagram (4.4) is given.
4.1. Electronic DOS
In Fig. 3 total and site-projected DOS of FCC and TET
are shown. There is an energy gap of 6.0 eV between valence

and conduction bands, which is similar to 6.5 eV by GGA
calculation [28]. The valence band (VB) is split into two bands.
The lower band near −6.0 eV is mainly contributed by B-s
states and the upper band (−2.0 eV to E F ) by bonding states
of B and H. The H-s electrons are tightly bond to the B-p
states, and sp3 hybridization occurs within the BH4 complex.
Contribution by Na in VB is very small, which shows that Na is
ionized to Na+ . So NaBH4 has a characteristic of ionic bonding
between Na+ and [BH4 ]− . The results of FCC and TET are
roughly the same, but TET has more narrow peaks. This is
because two BH4 tetrahedra inside TET unit cell have rotational
discrepancy of 90◦ (see Fig. 1(c)), which lowers symmetry.
4.2. Dielectric constants and Born effective charges
Born effective charges (Z ∗ ) and high-frequency dielectric
constants (∞ ) of NaBH4 are shown in Fig. 4 for FCC and
TET as a function of pressure. The values of Z ∗ are +1 for Na,
−0.25 for H, and nearly zero for B. From this each Z ∗ of Na,
BH4 has the value of +1 and −1 respectively. This is consistent
with previous electronic DOS analysis. To the best of our
knowledge there is no experimental and theoretical data for ∞ .
However we can compare indirectly with sodium halides (NaF,
NaCl, NaBr, NaI), because bonding characteristics of NaBH4
and sodium halides are very similar. In Table 2 ∞ of sodium
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Fig. 5. Phonon band structure and DOS of FCC phase at (a) 0 GPa, (b) 27 GPa.

Fig. 6. Phonon band structure and DOS of TET phase at (a) 0 GPa, (b) 27 GPa.
Table 2
High-frequency dielectric constants (∞ ) and anion radii of alkali halides

∞ a
Anionic radius (Å)b

NaF

NaCl

NaBr

NaI

1.74
1.19

2.34
1.67

2.59
1.82

2.93
2.06

a Ref. [29].
b Ref. [30].

halides as well as ionic radii of anions are given. The calculated
∞ of NaBH4 is 2.68 for P = 0 GPa, which is mostly close
to the NaBr case. It is known that LDA overestimates ∞ by
10% [31]. Regarding this error, ∞ = 2.68 − 0.27 = 2.41.
It lies between those of NaCl and NaBr. If we assume that
polarizabilities of [BH4 ] and halogen elements are similar, ∞
is mainly dependent on the size of anion. We can guess that
the radius of [BH4 ]− is between the radii of Cl− and Br− . The
actual radius of [BH4 ] can be computed as the sum of a B–H
distance and a radius of H, which is 2.31a0 +1a0 = 1.75 Å. The
radius of [BH4 ]− would be a little larger than 1.75 Å, which
is close to the Br− case. It is consistent with the prediction
by ∞ . As to comparing lattice constants of NaCl-type crystal
structures, the calculated unit cell size of FCC-NaBH4 (a =
5.92 Å) is very similar to that of NaBr (NaF: 4.62, NaCl:
5.64, NaBr: 5.97, NaI: 6.47). Pressure derivative of ∞ is to
be positive [32], which is consistent with our results.

Table 3
Phonon frequencies (in cm−1 ) of cubic and tetragonal NaBH4 by our
calculation and Raman experiments
ω

Cubic

Tetragonal

ν1
ν2
ν4

2385 (2332a )
1098 (1121a )
1251 (1277a )

2394 (2341b )
1267 (1280b )
1120 (1148b )

a Ref. [10].
b Ref. [33].

4.3. Phonon spectrum
In Figs. 5 and 6, phonon band structure and DOS of FCC and
TET phases are shown for P = 0, 27 GPa. There is no negative
frequency, which means all structures are dynamically stable.
Raman spectrum of NaBH4 has been studied in Refs. [33]
and [10]. Dominant modes were reported to be B–H stretching
mode ν1 and B–H bending modes ν2 , ν4 . As shown in Table 3
our calculated phonon frequencies agree well with Raman
experimental results.
4.4. Phase diagram
i
To get the phase diagram, we have calculated E KS
(i =
FCC, TET) for 12 unit cell volumes, which correspond to 12
pressure values ranging from 0 to 27 GPa with compression.
i (V ) and entropy S i (V ) of phonons
For each volume energy E ph
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Fig. 7. P–T phase diagram of NaBH4 . (a) Phase boundaries are drawn by joining transition points. To obtain the transition points two approximations (FCC and
FCCsc) for disFCC are used. (b) Phase boundary for low pressure range together with experimental result of Ref. [12].

were calculated. Then Gibbs free energies as a function of
temperature for given 12 pressures are obtained by Eq. (3). The
resulting phase diagram is shown in Fig. 7. For all pressures
considered here, disFCC (TET) phase is more stable at high
(low) temperature. Transition temperature (Tc ) is different
depending on the approximation of E KS for disFCC (FCC
or FCCsc) as explained in Eq. (4). At P = 0 GPa, Tc is
784 K using FCC and 133 K using FCCsc. Tc of FCCsc
is lower than that of FCC, because E KS per NaBH4 is 45.3
meV lower for FCCsc. The experimental value of Tc is
190 K [7]. The discrepancy originates from that we neglect
disordering of BH4 (FCC) or consider 2:2 ordering along
[110] (FCCsc). In Fig. 7(b) we compare with experimental
P–T phase diagram [12] (only 0 ≤ P ≤ 2 GPa is available).
Compression increases the cubic-to-tetragonal transformation
temperature. Even at room temperature (T = 293 K) the
tetragonal phase begins to form at 2.3 GPa in our result and
4.6 GPa in Ref. [12]. In spite of the approximation used, our
result qualitatively agrees well with the experiment.
5. Summary
In this paper we have shown the P–T phase diagram
of NaBH4 together with electronic density of states and
dielectric constants (∞ ), and phonon dispersion curves. Well
known disordering of [BH4 ]− tetrahedra in the cubic phase
is approximated by 2:2 ordering along [110]. Our calculated
temperature of cubic–tetragonal transition at 0 GPa is 133 K,
which agrees reasonably with the experimental value (Tc =
190 K). Also the phase diagram qualitatively agrees well
with the recently reported experiment for low pressure range.
Phonon frequencies are in good accordance with results of
Raman experiments. Calculated ∞ is 2.68, which is shown to
be quite reasonable.
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