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The electronic properties and lattice dynamics of the sodium alanate phases have been studied by the density
functional calculations. The phases include NaAlH4 sspace group,I41/ad, Na3AlH 6 sspace group,P21/nd, and
NaH sspace group,Fm-3md. The electronic properties are discussed on the basis of the electronic band
structures, the atomic charges, the bond overlap population analysis, and the Born effective charges. The
phonon dispersion relations and phonon density of statessDOSd of the phases are calculated by a direct
force-constant method. Within the quasiharmonic approximation, the calculated thermodynamic functions in-
cluding the heat capacity, the vibrational enthalpy, and the vibrational entropy are in good agreement with
experimental values. Three decomposition reactions are studied based on the thermodynamic functions. The
reactions ares1d NaAlH4→ 1

3Na3AlH 6+ 2
3Al+H2, s2d 1

3Na3AlH 6→NaH+1
3Al+ 1

2H2, ands3d NaH→Na+1
2H2.

The reactionss1d, s2d, ands3d are predicted to take place at 285, 390, and 726 K, respectively, which are in
good agreement with the experiments353, 423, and 698 K, respectivelyd. The individual contributions to the
reactions including the enthalpy and entropy are investigated. We found that the enthalpy for the reaction is
almost constant, and the net entropy contributionsTDSd to the reaction is approximately equal to the entropy
contribution of the H2 gas moleculesproduced in that reactiond.

DOI: 10.1103/PhysRevB.71.024117 PACS numberssd: 63.20.2e, 71.15.Mb, 64.60.2i, 65.40.2b

I. INTRODUCTION

Hydrogen is the fuel for the proton exchange membrane
fuel cells. The operating temperature for this fuel cell is be-
low 100 °C.1 To meet the requirement of the fuel cell and
also from the practical point of view, hydrogen should be
stored under the desired condition such as at the room tem-
perature and atsor aroundd the standard pressure of 1 atm.
For the applications of hydrogen in the vehicles, the devel-
opment of the compact, light and affordable containment is
necessary. So far, there are very limited materials that can
achieve these goals. The complex sodium alanate of NaAlH4
is a promising candidate since the hydrogen storage in this
hydride is reversible under the moderate temperature and
pressureswith the help of catalystd.2 H is released from the
alanate via the following two steps:

NaAlH4 ⇒
3.7 wt. %

1
3Na3AlH 6 + 2

3Al + H2, s1d

1
3Na3AlH 6 ⇒

1.9 wt. %

NaH + 1
3Al + 1

2H2, s2d

where the first reaction releases 3.7 wt. % hydrogen and the
second reaction releases 1.9 wt. % hydrogen. Thus this ma-
terial has a total theoretical capacity of 5.6 wt. % hydrogen,
which is above the targets5 wt. %d of the International En-
ergy Agency.

The alanate of NaAlH4 has received considerable atten-
tion since the recent work by Bogdanović and Schwickardi,
who demonstrated that the catalyst could enhance the perfor-
mance of the alanate significantly.2 Currently, this alanate is
being considered as a promising candidate for the application
of the onboard vehicles because of its high hydrogen weight
capacity and low cost.7 Experimentally, there is a lot of work
about this alanate2–9 sonly the references related to our dis-

cussion are listed hered. However, the theoretical work about
this alanate is still limited. The geometric and electronic
structures of NaAlH4 were studied from the first
principles.10–13 To our knowledge, the lattice dynamics and
thermodynamic functions of the sodium alanate are rarely
studied theoretically. Very recently, the thermodynamics of
the lithium alanates was studied by a first-principles
method.14 In that paper the reaction enthalpies of LiAlH4 and
Li3AlH 6 at 298 K were calculated.

Of particular interest in this paper is to understand the
lattice dynamics of the sodium alanate phases. The phases
include NaAlH4, Na3AlH 6, and NaH. The vibrational prop-
erties such as the phonon dispersion relations and phonon
density of statessDOSd will be calculated based on a direct
force-constant method. Based on the integrated phonon
DOS, the thermodynamic functions will be derived within
the quasiharmonic approximationsQHAd. The functions in-
clude the heat capacity, the vibrational enthalpy and entropy,
and the free energy. Further, these thermodynamic functions
will be used to study the decomposition reactions in Eqs.s1d
ands2d. We think that the obtained information is useful for
us to get a better understanding of the vibrational properties
and the thermodynamic behavior in these phases. In addition,
the electronic properties of the phases will be discussed
based on the electronic structures.

The remainder of this paper is organized in three sections.
In Sec. II, the theoretical methods are introduced. Mainly,
two methods are used here. One is the density functional
method for the total energy and force-matrix calculations,
another is the direct force-constant method for phonon cal-
culations. In Secs. III A–III D, the results are presented and
discussed. Section III A is the geometric and electronic struc-
tures, and Born effective charge tensors of the alanate
phases. Section III B is the phonon dispersion relations and
phonon density of states of the phases. Section III C is the
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thermodynamic functions of the phases. Section III D is the
decomposition reactions in Eqs.s1d and s2d. In Sec. IV, the
concluding remarks are made.

II. THEORETICAL METHODS

The calculations were performed using the plane wave
basisVASP code,15,16 implementing the generalized gradient
approximationsGGAd of Perdew and Wang.17 The interac-
tion between the ion and the electron is described by the
projector augmented wave methodsPAWd18,19 with plane
waves up to a cutoff energy of 400 eV. The configurations Al
3s23p1, Na 2p63s1, and H 1s1 are treated as the valence
electrons. For the lattice dynamics calculations, we need to
do more than 1000 single point calculations for the large
supercells. In order to speed up the calculations, only Na 3s1

was treated as a valence electron. We found that the energy
difference between these two cases is negligible, for an ex-
ample of NaAlH4, the vibrational zero-point energy differ-
ence is only 0.1 meV per atom between the configurations of
the Na 2p63s1 and Na 3s1. Brillouin-zone integrations were
performed on the grid of Monkhost-Pack procedure.20 For
medium size cellss4.9534.95310.98 Å3 for NaAlH4, and
5.3535.3537.71 Å3 for Na3AlH 6d, 53532 and 43433
k-point meshes were used for NaAlH4 and Na3AlH 6, respec-
tively. The total energy convergences for both cases within
0.2 meV per atom were achievedscompared with the more
dense meshes of 73733 and 53534 for NaAlH4 and
Na3AlH 6, respectivelyd. For a large supercells,10 Å
3 ,10 Å3 ,10 Åd, a 23232 k-point mesh was used.
The total energy convergence within 0.05 meV per atom was
achievedscompared with a 43434 k-point meshd.

To calculate the phonon dispersion and phonon density of
states, we use a directab into force-constant approach, which
was implemented by Parlinski.21 In this method a specific
atom is displaced to induce the forces to act on the surround-
ing atoms, which are calculated via the Hellmann-Feynman
theorem. The forces are collected to form the force-constant
matrices and dynamical matrices. The dynamical matrices
are solved by the direct method based on the harmonic
approximation.21 In order to avoid the interaction between
the two images of the displaced atomsdue to the periodical
boundary conditiond, it is very necessary to use a relatively

large supercell for the calculations of the force matrices. We
try to use the supercell in such a way that it is closest to a
spherical shape. The supercells contain 96 and 80 atoms for
NaAlH4 and Na3AlH 6, respectively.

As will be discussed in the later section, the lattices of
NaAlH4, Na3AlH 6, and NaH belong to the ionicspolard crys-
tals. For the polar crystals the infrared optical modes at theG
point are normally split into the longitudinal opticalsLOd
modes and transversal opticalsTOd modessso-called LO/TO
splittingd due to the long-range Coulomb interactionscaused
by the displacement of atomsd. As pointed out by Kunc and
Martin,22 the LO/TO splitting at theG point cannot be di-
rectly calculated by the direct approach, and only the TO
mode is obtained without further approximation. One solu-
tion is to use an elongated supercell to recover this mode.
However, this is unrealistic for the current system because
the elongated cells are beyond our computational capability
sparticularly for NaAlH4 and Na3AlH 6d. Alternatively, a
nonanalytical dynamical matrix can be taken into account
approximately. The following matrix is responsible for the
LO/TO splitting:

DDij ,absq → 0d =
4pe2

«VÎMiMj

sq ·Zi
pdasq ·Zj

pdb

uqu2
, s3d

where q is the wave vector,« is the optical macroscopic
dielectric function,V is the volume of the primitive unit cell,
Mi andZ i

p are the mass and the Born effective charge tensor
for the ith atom, respectively, anda andb are the Cartesian
indices. In our calculations, the value of« is obtained from
the average of three lattice directionssthere are almost iso-
tropic for the current latticesd, i.e., «= 1

3s«100+«010+«001d. In
practice, the imaginary part of the dielectric constant is ob-

TABLE I. Calculated dielectric constants for NaAlH4, Na3AlH 6,
and NaH along three directions of the polarization. Dielectric con-
stant« for each material is obtained from the average of these three
directions, i.e.,«= 1

3s«100+«010+«001d. Here, 100, 010, and 001 rep-
resent the polarized directions inx, y, andz, respectively. For NaH,
the dielectric constants in three directions are the samesisotropicd,
i.e., «100=«010=«001. For NaAlH4, «100=«010 s<«001d. For
Na3AlH 6, «100<«010<«001.

«100 «010 «001 «

NaAlH4 3.22 3.22 3.28 3.24

Na3AlH 6 3.11 3.10 3.13 3.11

NaH 3.09 3.09 3.09 3.09

FIG. 1. Crystal structures of NaAlH4 srightd and Na3AlH 6 sleftd.
The biggest ball represents aluminum atom, the smaller black ball is
sodium atom, and the smallest ball is H atom. The space groups for
NaAlH4 and Na3AlH 6 are I41/a and P21/n, respectively. Wyckoff
coordinates for NaAlH4 are Al s0,0.25,0.125d, Na s0,0.25,0.625d,
and H s0.235,0.391,0.044d. Wyckoff coordinates for Na3AlH 6 are
Al s0,0,0d, Na1 s0.5,0,0.5d, Na2 s0.243,−0.045,−0.2465d, H1

s0.317,−0.049,0.215d, H2 s0.225,0.172,−0.044d, and H3

s−0.097,0.265,0.065d.
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tained from the electronic structure, using the joint density of
states between the valence and conduction bands and the
optical matrix overlap.23 From the Kramers-Kronig relations,
the real part of the dielectric constant can be obtained. Since
the imaginary part is related to the band gap, and the real
band gaps for these materials are unknownsDFT usually
underestimates the gapd, the band-gap correctionssalso
called scissor operatord are not applied in our calculations.
The calculated dielectric constants for NaAlH4, Na3AlH 6,
and NaH are compiled in Table I. The Born effective charges
are obtained from the Berry phase calculations. This matrix
only affects the LO modes at theG point. More discussion
about this term can be found in the references.21,24–26

III. RESULTS AND DISCUSSION

A. Geometric and electronic structures, and Born effective
charge tensors

In this section, the geometric and electronic structures,
and the Born effective charges for NaAlH4, Na3AlH 6, and
NaH will be presented. For clarity, this section is split into
two sections I and II. Section III A 1 is about the geometric
and electronic structures, and Sec. III A 2 is about the Born
effective charge tensors.

1. Geometric and electronic structures

The geometric structures of NaAlH4 and Na3AlH 6 are
shown in Fig. 1, where the lattice parameters are compiled in
Table II. It shows that the calculated results agree well with
the experimental data. When the zero-point energies are in-
cluded, Table II shows the lattices are expanded a bit, which
refines the results a bit. The lattice of NaHsspace group,
Fm-3md is a face-centered-cubicsfccd structure, which is the

FIG. 2. Electronic band structures and total density of states
sDOSd for NaAlH4 sad, Na3AlH 6 sbd, and NaHscd along some high
symmetry directions in the first Brillouin zone. The symbol ofEbg

denotes the direct band gap. The energies below −8 eV are omitted
in the figures.

TABLE II. Comparison between the calculated and measured
lattice parameters for NaAlH4, Na3AlH 6, and NaH. The second col-
umn is also the calculated results, in which the zero-pointsZPd
energies of the lattices are considered. The lattices are expanded a
bit due to the ZP motions.

Parameters CalculatedsÅd CalculatedsÅda MeasuredsÅd

NaAlH4 sspace groupI41/ad
a 4.979 5.044 5.027b

c 11.103 11.330 11.371

Na3AlH 6 sspace groupP21/nd
a 5.349 5.416 5.454b

b 5.533 5.606 5.547

c 7.707 7.833 7.811

b 89.86 89.80 89.83

NaH sspace groupFm-3md
a 4.820 4.887 4.882c

aCalculated results including the zero-point energy of the lattices.
bExperiment in Ref. 6, where the temperature is above room tem-
perature.
cExperiment in Ref. 27, the value is derived from the density of
1.37 g/cm3.
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same as that of NaClshydrogen replacing chlorined.
The electronic structures discussed here include the elec-

tronic band structures, the total charges, and the bond over-
lap population analysis.

The calculated band structures and the corresponding
electronic density of statessDOSd for NaAlH4, Na3AlH 6, and
NaH are presented in Figs. 2sad–2scd, respectively. For
NaAlH4, the current band dispersion relations and the total
DOS are similar to other calculations.10,11 For NaH, the cur-
rent band dispersion relations are similar to those of the re-
lated lattice of LiH.28 For Na3AlH 6, its band dispersion rela-
tions are somewhat similar to those of NaAlH4, e.g., the
minimum direct band gaps for both lattices are located at the
G point, and the dispersion relations at the highest occupied
statessmore or less at the lowest unoccupied statesd are simi-
lar for both lattices. This indicates that the lattices of NaAlH4
and Na3AlH 6 belong to the same class of crystals. The direct
band gaps are denoted as theEbg in the figures. Note that the
real band gaps may be larger than these values due to the
well-known underestimation by the density functional
theory. The band gaps for NaAlH4, Na3AlH 6, and NaH are
4.8, 2.7, and 4.9 eV, respectively, indicating these lattices are
strongly ionic crystals.

To get a better understanding of the electronic properties
in the lattices, we have calculated the atomic charges and the
bond overlap population values based on the Mulliken
charge analysis.29,30,32 It should be noted that the absolute
values of the atomic charges based on the Mulliken analysis
cannot be uniquely defined, since they are very sensitive to
the atomic basis set.31 However, the consideration of these
relative valuessas well as the magnitudesd can provide us
useful information.32 The calculated charges for the atoms in
NaAlH4, Na3AlH 6, and NaH are compiled in Table III. It
shows that the total charge of a H atom in these lattices is
greater than 1.0 electron. In other words, H looks like an
anion. This situation is similar to that of H in metals, where
the H atom always accepts electrons from metals.33,34 While
this is different from that of H in oxides, where the H do-
nates electrons to oxygen ion. However, this does not mean

these lattices are metals. Actually, the partial DOS shows that
the H band in the lattices is very different from that of H in
metals. For H in these lattices, the whole valence bands are
strongly dominated by the H atom, and the intensity of the H
band is close to that of the sodium valence bandsnot plotted
here, see Ref. 11d. While for H in metalssexcept alkali met-
alsd, the main position of the H band usually is below the
valence band of the host metalssrelative to the Fermi leveld.
Notice that the calculated electric charges for Na atoms in
NaAlH4 and Na3AlH 6 are greater than the nominal ionic
charges of +1. This may be an artifact by the Mulliken popu-
lation analysis in the current study. We can rely on these
values only relatively.

The bond overlap populationsBOPd can provide useful
information about the bonding property between atoms. A
high BOP value indicates a strong covalent bond, while a
low BOP value indicates an ionic interaction. The calculated
BOP values for the lattices are compiled in Table IV. It
shows that all of the HuAl bonds are highly covalent, and
the covalent HuAl bonds in NaAlH4 are stronger than those
in Na3AlH 6. The BOP values for the HuNa bonds are
small, indicating that these are ionic bonds. It can be seen
from the table that the interactions between the two H atoms
are quite weak.

2. Born effective charge tensors

For the ionic crystal, as mentioned in the methodological
section that the Coulomb interaction affects the LO/TO split-
tings at theG point. This interaction is directly related to the
Born effective charge tensors, e.g., a finite dipole moment of
p is created by the displacementsDud of the ith atom,

p = Zi,a,b
p 3 Du, s4d

whereZi,a,b
p is the Born effective charge tensor, andDu is the

displacement of theith atom in the unit cell. According to the
polarization theory,35,36 the total difference in polarization

TABLE III. Calculated total charges and ionic charges of the
atoms in NaAlH4, Na3AlH 6, and NaH.

Elements Total chargesed Ionic chargeselectricd sed

NaAlH4 sspace groupI41/ad
H 1.49 −0.49

Al 2.50 0.50

Na 5.55 1.45

Na3AlH 6 sspace groupP21/nd
H1 1.50 −0.50

H2 1.51 −0.51

Al 2.91 0.09

Na1 6.29 0.71

Na2 5.90 1.10

NaH sspace groupFm-3md
H 1.51 −0.51

Na 6.49 0.51

TABLE IV. Calculated bond overlap population values between
the two atoms in NaAlH4, Na3AlH 6, and NaH.

Bond Bond lengthsÅd Bond order population

NaAlH4 sspace groupI41/ad
HuAl 1.631 0.88

HuNa 2.395–2.404 −0.10–−0.08

HuH 2.631–2.882a −0.07–−0.02

Na3AlH 6 sspace groupP21/nd
HuAl 1.764 0.64

HuAl 1.776 0.65

HuAl 1.784 0.62

HuNa 2.283 −0.02

HuNa 2.299–2.307 0.07–0.21

HuH 2.488–2.531 −0.10–−0.09

NaH sspace groupFm-3md
HuNa 2.410 0.39

HuH 3.409 −0.05

aWithin or between the two tetrahedrons of AlH4.
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between the distorted and undistorted structures is

DP = DPe + DPion, s5d

whereDPe is the electronic contribution obtained from the
Berry-phase polarization approach,36 and DPion is the ionic
contribution by

DPion =
ueuziDu

V
, s6d

wherezi is the valence atomic number of theith atom,V is
the volume of the unit cell, andDu is the displacement of the
ith atom in the unit cell. OnceDP is known, the Born effec-
tive charge tensor for theb component can be obtained from
the formula,

Zi,a,b
p =

V

ueu
sDPda

Du
, s7d

where a denotes the direction of the polarization. In the
Berry-phase calculations, we chose the displacement of
0.05 Å, and used a set of strings of 6-k points sparallel to
some chosen reciprocal lattice vectorsd to calculate the elec-
tronic polarization. With these settings we found the results
are well converged.

The calculated Born effective charge tensors for NaH,
NaAlH4, and Na3AlH 6 are compiled in Table V. For NaH,
the Born effective charge tensors are isotropic and diagonal
due to the high symmetry ofFm-3m, i.e., Zij

p =Zpdi j for each
atom. For NaAlH4 swith I41/a symmetryd, there are three
nonequivalent atoms in the unit cell including Al, Na, and H
atoms. For Al and Na atoms, the effective charges are diag-
onal in the Cartesian frame withZxx

p =Zyy
p ÞZzz

p . For H in
NaAlH4, the effective charge is off-diagonal, and there are
some symmetry operations in some planes, e.g.,Zxy

p =Zyx
p ,

Zxz
p =Zzx

p , andZyz
p =Zzy

p . For Na3AlH 6 sP21/n, can be consid-
ered as a monoclinic celld, there are six nonequivalent atoms

in the unit cell, which are labelled as Al, Na1, Na2, H1, H2,
and H3 in the table. The Born effective charge tensors for
these elements are off-diagonal due to the low symmetry. As
a whole, the magnitudes of the effective charges in Na3AlH 6
are close to those in NaAlH4.

It can be seen from Table V that the dynamics charges for
these lattices are close to the nominal ionic chargess+1 for
Na and −1 for Hd except for Al. For Al, its dynamics charges
are 1.64–2.08, which are smaller than the nominal charge of
+3. These indicate that the LO/TO splittings at theG point
may be not very pronounced.26 For NaH, the situation is
different and there is a large LO/TO splitting as will be dis-
cussed later.

B. Phonon dispersion relations and phonon density of states

For NaAlH4, the calculated phonon dispersion relations
along several lines of high symmetry in the first Brillouin
zone are presented in Fig. 3. As discussed in the preceding
section that NaAlH4 belongs to an ionic crystal, therefore the
LO/TO splittings at theG point should occur. This phenom-
ena are found and denoted as the small arrows in Fig. 3.
Since there are 12 atoms in the primitive cell, there are three
acoustic modes and thirty-three optical modes, which are
shown in Fig. 3.

The frequencies at theG point in Fig. 3 are summarized in
Table VI. According to the symmetry analysisscrystal point
group:C4hd, the optical modes at theG point can be classified
into the following symmetry species:

Gopt = 3AgsRd + 4AusId + 5BgsRd + 5EgsRd + 4EusId + 3Bu,

s8d

where the notations ofR andI mean Raman active mode and
infrared active mode, respectively. The mode ofBu is a
Raman- and infrared-inactive silent mode. Among these
modes,EgsRd andEusId are doubly degeneratesperpendicular

TABLE V. Calculated Born effective charges for NaH, NaAlH4, and Na3AlH 6. The space groups for NaH, NaAlH4, and Na3AlH 6 are
Fm-3m, I41/a, andP21/n, respectively.

Positiona Zxx
* Zyy

* Zzz
* Zxy

* Zxz
* Zyx

* Zyz
* Zzx

* Zzy
*

NaH

Na 0.96 0.96 0.96 0 0 0 0 0 0

H −0.96 −0.96 −0.96 0 0 0 0 0 0

NaAlH4

Al 4a 1.64 1.64 2.01 0 0 0 0 0 0

Na 4b 1.20 1.20 1.09 0 0 0 0 0 0

H 16f −0.74 −0.68 −0.78 −0.06 0.07 −0.06 0.12 0.07 0.12

Na3AlH 6

Al 2a 2.04 2.08 2.04 −0.01 −0.05 −0.01 0.02 0.03 0.08

Na1 2d 1.05 1.06 1.05 0 0.08 0.05 −0.03 −0.05 0.03

Na2 4e 1.05 1.04 1.07 0.04 −0.01 0.01 0.05 0.02 0.05

H1 4e −1.03 −0.70 −0.87 0.06 −0.23 0.05 0.07 −0.24 0.03

H2 4e −0.89 −0.84 −0.88 −0.14 0.16 −0.13 0.18 0.17 0.15

H3 4e −0.69 −1.07 −0.87 0.09 0.06 0.08 −0.22 0.07 −0.22

aWyckoff position. For Wyckoff coordinates, please see the caption of Fig. 1.
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to thez directiond. When assigning the experimental Raman
values to these species, we have noticed that a few modes in
the experiment are missing, e.g., the calculated results in
Table VI show that the values ofEgs4d and Bgs4d are
5.439 THz and 5.633 THz, respectively. However, only one
peak of 5.216 THz was observed in the experiment.8 The
reason for the absence is not clear. Probably, the peaks of
these modes are too weak to be observed or they were not
activated under the conditions of the experimentssuch as the
temperature of 25 °Cd. In this particular case, we assign one
experimental value to two calculated modessthe two values
are close to each otherd, which are indicated as the asterisks

in Table VI. Table VI shows that the calculated Raman fre-
quencies are in good agreement with the experimental values
within 5% error, which is typical when the direct method is
used.

The total and partial phonon DOS for NaAlH4 are pre-
sented in Fig. 4, in which Fig. 4sad is the total phonon DOS,
and Figs. 4sbd–4sdd are the partial phonon DOS for the Na,

FIG. 3. Calculated phonon dispersion curves for NaAlH4 sspace
group,I41/ad along several lines of high symmetry in the first Bril-
louin zone. The arrows show the LO/TO splittings.

TABLE VI. Frequency modes at theG point of the Brillouin zone for NaAlH4. The units are in THz.

Modes Calculated Measureda Modes Calculated Measureda Modes Calculated Measureda

Raman

Egs1d 49.956 50.365* Bgs1d 51.484 50.356* Ags1d 53.333 53.033

Egs2d 24.004 24.343 Bgs2d 25.135 25.392 Ags2d 22.046 22.934*

Egs3d 16.389 15.319 Bgs3d 23.303 22.934* Ags3d 12.752 12.561

Egs4d 5.439 5.216* Bgs4d 5.633 5.216*

Egs5d 3.457 3.208 Bgs5d 3.658 3.478

Infrared

Eus1d 50.582sTOd Augs1d 49.596sTOd
51.483sLOd 51.225sLOd

Eus2d 20.791sTOd Augs2d 25.640sTOd
22.046sLOd 26.285sLOd

Eus3d 9.692sTOd Augs3d 16.871sTOd
10.875sTOd 21.440sLOd

Eus4d 4.730sTOd Augs4d 4.268sTOd
6.115sTOd 4.575sLOd

Silent

Bus1d 53.344 Bus2d 24.764 Bus3d 14.409

aRaman data from Ref. 8.

FIG. 4. Calculated total and partial phonon density of states
sDOSd in NaAlH4. sad is the total phonon DOS, andsbd, scd, andsdd
are the partial phonon DOS for Na, Al, and H atoms, respectively.
The partial DOS is plotted along three directions of thex, y, andz.
For Na and Al atoms, the phonon DOS long thex andy directions
are identicalsdegenerated.
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Al, and H atoms, respectively. The partial phonon DOS is
plotted along three directions of thex, y, andz. For Na and
Al atoms, the vibrational modes along thex andy directions
are identical, and the modes along thez are slightly different
from those of thex and y directions. Since the mass of H
atom is much smaller than that of Na or Al atom, Fig. 4
shows that the high frequency modessabove 10 THzd are
dominated by H atom, and the low frequency modessbelow
10 THzd are dominated by Na and Al atoms. The figure
shows that the partial phonon DOS between Na and Al atoms
does not differ much because the mass of Na atom is close to
that of Al atom. One obvious difference between Na and Al
atoms is that only Al atom gives the high frequency modes
with the frequencies between 48 and 54 THzssee the inset in
Fig. 4d. The examination of these frequenciessfor Al atomd
reveals that the vibrations are composed of the antisymmet-
ric and symmetric stretching modes of the HuAl bonds.
Qualitatively, this can be understood in terms of the bond
overlap population. The bond overlap population analysis
shows that the HuAl bond is highly covalent and the
HuNa bond is ionic. Therefore it is natural that only the
vibrations between the H and Al atoms are coupled. As a
result, Al atom also participates in the high frequency modes.

For Na3AlH 6, the calculated total and partial phonon DOS
are presented in Fig. 5, in which Fig. 5sad is the total phonon
DOS, and Fig. 5sbd–5sdd are the partial phonon DOS for Na,
Al, and H atoms, respectively. The partial phonon DOS also
is plotted along three directions of thex, y, andz. For Na and
Al atom, the vibrational modes along the directions of thex,
y, and z are almost identical although their intensities are
slightly different. For H atom, the vibrational modes are an-
isotropic due to the low symmetry. Due to the same reason as
the NaAlH4, the high frequency modes in Na3AlH 6 are
dominated by H atom, and the low frequency modes are
dominated by Na and Al atoms. Comparison of the H fre-
quency modes between the NaAlH4 and Na3AlH 6 shows that
there are some obvious differences. For H vibrations in
NaAlH4, the frequency modes are separated by a big gap
from 26.8 to 48.9 THzfsee Fig. 4sddg. While for H vibra-
tions in Na3AlH 6, there is not such a big gapfsee Fig. 5sddg.
On the other hand, the high frequency modes above the gap
sin NaAlH4d are from 48.9 to 54.1 THz, which are greater
than the highest frequencys45.8 THzd in Na3AlH 6. All of the
high frequencies are found to be composed of the stretching
modes of the HuAl bonds. Again, the differences can be
understood qualitatively in terms of the bond overlap popu-
lation. The bond overlap population analysis shows that the
covalent HuAl bond in NaAlH4 is stronger than that in
Na3AlH 6. Therefore the potential energy wellssPEWd for H
vibrations in NaAlH4 are steeper than those for H vibrations
in Na3AlH 6, and consequently the high frequency modes in
NaAlH4 are shifted to the higher modes. As a result, the
frequency gap is created. This steeper PEW also is the reason
that the frequency modes above the gap in NaAlH4 are
greater than the highest frequency in Na3AlH 6.

For NaH, the calculated phonon dispersion relations and
the corresponding phonon DOS are presented in Fig. 6. The
dotted line represents the results without considering the
Born effective charges. It can be seen from the figure that
there is a giant LO/TO splitting at theG point between the

T1usTOd andT1usLOd modes. This is different from those of
NaAlH4 and Na3AlH 6, where the splittings are not signifi-
cant. The phonon DOS shows that the highest frequency for
H vibrations in NaH is 26.7 THz, which is much smaller
than that for H vibrations in NaAlH4 s54.1 THzd or Na3AlH 6

s45.8 THzd. Again, these differences can be understood
qualitatively in terms of the bond overlap population. As
discussed in this section the HuAl bond is highly covalent
and the HuNa bond is ionic. Therefore the potential energy
wells sPEWd for H vibrations in NaH should be much shal-
lower than those for H vibrations in NaAlH4 and Na3AlH 6
sin the stretching modes of the HuAl bondsd, and conse-
quently the frequency modes in NaH are much lower than
those in NaAlH4 and Na3AlH 6. Due to this shallower PEW,
H atom in NaH can displace a longer distance than that in
NaAlH4 or Na3AlH 6. According to Eq.s4d, a larger displace-
mentsDud will cause a larger dipole momentsBorn effective
charges for H atom in these lattices are almost the same, see
Table Vd. The larger forces in NaH are parallel to the dis-
placement. As a result, the giant LO/TO splitting at theG
point is created in NaH. Due to the ionicsweakd interaction
between the H and Na atoms in NaH, there is almost no
vibrational coupling between the two atoms. As a result, the
high frequency modes of H atom are almost completely
separated from the low frequency modes of Na atom.

C. Thermodynamic functions

The thermodynamic functions include the heat capacity
sCv and Cpd, the vibrational entropysSsTdd, the internal en-

FIG. 5. Calculated total and partial phonon density of states
sDOSd of Na3AlH 6. sad is the total phonon DOS, andsbd, scd, and
sdd are the partial phonon DOS for Na1, Al, and H1 atoms, respec-
tively. For Na2, its frequency region is the same as that for Na1, and
the difference between the Na1 and Na2 is that they have different
intensities. This is also true for the H1, H2, and H3. The partial DOS
is plotted along three directions of thex, y, andz.
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ergysEsTdd and the free energy. The heat capacity ofCv at the
constant volume is calculated by

Cv = rkBE
0

`

dvgsvdS "v

kBT
D2 expS "v

kBT
D

FexpS "v

kBT
D − 1G2 , s9d

where gsvd is the phonon DOS of the unit cell,r is the
number of degrees of freedom in the unit cell," is the Planck
constant,kB is the Boltzmann constant, andT is the tempera-
ture. The low temperature limit ofCv is

lim
T→0

Cv = 0. s10d

Within the harmonic phonons the heat capacity at the con-
stant volumesCvd and at the constant pressuresCpd are
equal. In our calculations, the lattice expansion is taken into
account, therefore theCp can be approximately estimated by

Cp = Cv + a2VBT, s11d

wherea is the thermal expansivityf=s1/Vds]V/]Tdg, V is the
volume, andB is the bulk modulus of the system. According
to the third law of thermodynamics, the entropy of a perfect
lattice at theT=0 is equal to zero. The vibrational entropy at
elevated temperature is described by

SsTd = rkBE
0

`

gsvdHS "v

2kBT
DFcothS "v

2kBT
D − 1G

− InF1 − expS− "v

kBT
DGJdv. s12d

The internal energy of the unit cell including the zero-point
sZPd energy is calculated by

FIG. 6. Calculated phonon dispersion relations and phonon den-
sity of statessDOSd for NaH sspace groupFm-3md. The dispersions
are along some high symmetry directions in the first Brillouin zone.
The dotted line represents the results without considering the Born
effective charges. The frequencies of theT1usTOd andT1usLOd sin-
frared optical modesd are 14.938 and 26.749 THz, respectively. The
right-hand side is the total phonon DOS.

FIG. 7. Calculated Helmholtz free energyFsTd as a function of
cell volume for NaAlH4 fin sadg, Na3AlH 6 fin sbdg, and NaHfin scdg
in the temperature range from 0 to 600 K. Dotted lines connect the
energy minima at different temperatures. The energies are calcu-
lated with respect to the elements in their standard states.sHere, for
a fcc Al lattice, Etot=−3.705 eV/atom. For a bcc Na lattice,Etot

=−1.308 eV/atom. For a H2 molecule,Etot=−6.781 eV per H2.d
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EsTd =
1

2
rE

0

`

"vgsvdcothS "v

2kBT
Ddv. s13d

In the low temperature limit the internal energy is equal to
the ZP energy,

Ezp= lim
T→0

EsTd =
1

2
rE

0

`

"vgsvddv. s14d

Using these thermodynamic functions, we can obtain the en-
thalpysHsTdd, the Helmholtz free energysFsTdd, and the Gibbs
free energysGsTdd of the unit cell,

HsTd = Eelec+ EsTd + pV, s15d

FsTd = Eelec+ EsTd − TSsTd, s16d

GsTd = HsTd − TSsTd, s17d

whereEelec is the electronic energy of the unit cell obtained
from the first-principles total-energy calculations, andp is

the pressure. For solid-state materials at the standard pres-
sure of 1 atm, usually the value ofpV term is quite small,
e.g.,pV=4.6310−5 eV for NaAlH4 at 300 K, which is neg-
ligibly small.

To obtain the above thermodynamic functions, in practice,
we use the quasiharmonic approximationsQHAd, i.e., the
phonons are harmonic, but they are volume dependent. In
detail, the lattice volumes are expanded or compressed in our
calculations. For each volume, the cell shape and the atomic
coordinates are fully optimized until the forces are less than
0.0001 eV/Å sduring the optimizations, the space-group
symmetries for these materials were observed to be un-
changedd. After that, the phonons as well as the free energy
FsTd are computed. The equilibrium volume at the tempera-
ture T can be obtained by minimizing the free energy. The
calculated volume-temperature curves for NaAlH4, Na3AlH 6,
and NaH in the temperature range from 0 to 600 K are
shown in Figs. 7sad–7scd, respectively. For NaAlH4, Fig. 7sad
shows that the curves look strange as the temperatureT
ù500 K. This may be due to the low melting point for
NaAlH4 fonly 453 K sRef. 6dg. Usually, the QHA is not valid

FIG. 8. Calculated and measured thermodynamic functions of NaAlH4 sspace groupI41/ad as a function of temperature. The functions
include the molar heat capacities ofCp and Cv, the entropy ofSsTd−Ss0d, the vibrational enthalpy ofHsTd−Hs0d, and the free energy of
sGsTd−Hs0dd /T. The symbols ofSs0d andHs0d mean that the entropy and the enthalpy at 0 K, respectively. The measured datasin Ref. 5d are
available in the temperature range from 10 to 300 K. Units here are KsJd/mol.

DECOMPOSITION REACTIONS FOR NaAlH4,… PHYSICAL REVIEW B 71, 024117s2005d

024117-9



any more as the temperature is close to the melting point of
lattice.37

By fitting the free energy curvessin Fig. 7d to the third
order Birch-Murnaghan equation of state,38 we can obtain
the temperature-dependent equilibrium volume, bulk moduli
B0, and thermal expansivitya f=s1/Vds]V/]Tdg, which are
compiled in Table VII. Table VII shows that these materials
have low bulk moduli, indicating that they are quite soft, and
can be easily compressed. It can be seen from the table that
NaH has the largest thermal expansivity among these mate-
rials salthough they have the same magnituded.

For NaAlH4, the calculated and measured thermodynamic
functions as a function of temperature are presented in Fig.
8. The functions include the molar heat capacities at the con-
stant pressuresCpd and at the constant volumesCvd, the en-
tropy of SsTd−Ss0d, the enthalpy ofHsTd−Hs0d, and the free
energy ofsGsTd−Hs0ddT. The symbols ofSs0d andHs0d corre-
spond to the entropy and the enthalpy at 0 K, respectively.
The experimental data are available in the temperature range
from 10 and 300 K.5 Figure 8 shows that all of the calculated
thermodynamic functions are in good agreement with the
corresponding experimental data. This indicates that the
QHA is valid for this lattice in this temperature range
s0–300 Kd. It is noted that the melting point of NaAlH4 is
quite low sonly 453 Kd.6 As discussed in the preceding sec-
tion, the QHA may be not valid as the temperature is close to
the melting point. Thus the calculated thermodynamic func-
tions may be less reliable as the temperature is close to
453 K.

For Na3AlH 6, the calculated and measured thermody-
namic functions as a function of temperature are presented in
Fig. 9. The functions also include the molar heat capacities
of Cp andCv, the entropy ofSsTd−Ss0d, the enthalpy ofHsTd
−Hs0d, and the free energy ofsGsTd−Hs0dd /T. The symbols of
Ss0d andHs0d also mean that the entropy and the enthalpy at
0 K, respectively. The measured data are available in the

temperature range from 10 and 300 K.5 Figure 9 shows that
all of the calculated thermodynamic functions are in good
agreement with the corresponding experimental data, indicat-
ing that the QHA is also valid for this lattice in the tempera-
ture range of our interest.

To make sure that the QHA also is valid for the lattice of
NaH sspace group,Fm-3md, we compare the calculated en-
tropy of NaH with the experimental result, which is pre-
sented in Fig. 10. Figure 10 shows that the calculated result
is in good agreement with the experimental data.

D. Three decomposition reactions for NaAlH4, Na3AlH 6,
and NaH

In the preceding section, it shows that all of the calculated
thermodynamic functions of the lattices are in good agree-
ment with experimental values. In this section, these func-
tions are used to study the chemical reactions in Eqs.s1d and
s2d.

In order to study these chemical reactions, one needs to
know the Gibbs free energy of a H2 gas molecule at the
standard pressure of 1 atm. For a gas molecule, the vibra-
tions cannot be treated directly from the phonon calculations
because the phonon approach always considers the system as
a solid, and thus neglects the translational and rotational vi-
brational modes. The Gibbs free energy of a H2 gas molecule
is calculated by

GsTdsH2d = EelecsH2d + EzpsH2d + pV+ DGsTdsH2d, s18d

where EelecsH2d is the electronic energy of a H2 molecule
obtained from the total-energy calculations,EzpsH2d is the
zero-point energy of a H2 molecule obtained from the pho-
non calculations,p and V are the pressures1 atmd and the
molar volumesof the H2 ideal gasd, respectively, and the last
term DGsTdsH2d is the temperature-dependent Gibbs free en-
ergy with respect to the temperature of 0 K. As a common

TABLE VII. Temperature-dependent volume, bulk moduliB0, and thermal expansivityaf=s1/Vds]V/]Tdg for NaAlH4, Na3AlH 6, and
NaH in the temperature range from 0 to 600 K. The volume and bulk moduli are obtained by fitting the free energy curvessin Fig. 7d to the
third order Birch-Murnaghan equation of state.

TemperaturesKd 0 K 100 K 200 K 300 K 400 K 500 K 600 K

NaAlH4

Equilibrium volumesÅ3d 72.1 72.6 73.4 74.5 75.9 77.6*a 79.6*

Bulk moduli B0 sGPad 19.2 17.6 14.2 12.0 9.5 7.0* 4.5*

Thermal expansivityas310−4/Kd 0.0 0.42 0.83 1.25 1.66 2.08* 2.50*

Na3AlH 6

Equilibrium volumesÅ3d 118.9 119.3 120.2 121.4 122.7 124.1 125.5

Bulk moduli B0 sGPad 29.6 28.8 27.4 26.2 25.1 24.3 23.9

Thermal expansivityas310−4/Kd 0.0 0.53 0.85 1.02 1.09 1.12 1.15

NaH

Equilibrium volumesÅ3d 29.2 29.4 29.8 30.4 31.2 32.0 33.0

Bulk moduli B0 sGPad 23.4 23.2 22.2 21.0 19.5 17.5 14.8

Thermal expansivityas310−4/Kd 0.0 0.95 1.67 2.21 2.64 3.01 3.39

aThe symbols ofp indicate that these values are less reliable because the free energy curves above the temperature 400 K in Fig. 7sad are not
suitable for the fitting of the Birch-Murnaghan equation of state.
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procedure,39 the DGsTdsH2d can be calculated by

DGsTdsH2d = fHsTdsH2d − Hs0dsH2dg − T 3 fSsTdsH2d

− Ss0dsH2dg, s19d

whereHsTdsH2d andHs0dsH2d are the enthalpies of the H2 at
theT and 0 K, respectively, andSsTdsH2d andSs0dsH2d are the
entropies of the H2 at theT and 0 K, respectively. Inputting
the thermochemical data41 to Eq. s19d, we can obtain the
values ofDGsTdsH2d, which are compiled in Table VIII.

For the fcc Al lattice, its free energy is calculated by the
same procedure as that of the H2,

GsTdsAl d = EelecsAl d + EzpsAl d + DGsTdsAl d, s20d

whereEelecsAl d selectronic energyd, andEzpsAl d szero-point
energyd are obtained from the total-energy, and phonon cal-
culations, respectively.DGsTdsAl d is the temperature-
dependent Gibbs free energy with respect to the temperature
of 0 K, which can be obtained from the tabulated data.40

To study the reaction in Eq.s1d, one needs to calculate the
temperature-dependent Gibbs free energy differencesDGd
between NaAlH4 and a sum ofs 1

3Na3AlH 6+ 2
3Al+H2d. For

convenience, we denotea=NaAlH4 and b= s 1
3Na3AlH 6

+ 2
3Al+H2d. The symbol ofDGb−a indicates that the Gibbs

free energy difference between thea and theb, i.e., DGb−a
=Gb−Ga. A positive value ofDGb−a means that thea is more
stable than theb, a negative value ofDGb−a means that thea
is less stable than theb, and a zero value ofDGb−a means
that the phase transitionsor the chemical reactiond is just
going to occur. The calculated Gibbs free energy difference
of DGb−a is plotted as a solid line in Fig. 11. The dotted line
is the free energy of NaAlH4, which is chosen as the zero
reference. Figure 11 shows that the reaction is predicted to
take place at the temperature of 285 K, which is in agree-
ment with the recent experimental value of 353 K.9 Given
1 eV<11 600 K, then the error of 73 K is equivalent to
6 meV. This is rather small and therefore our predication is
good. As discussed in the preceding section, the thermody-
namic functions of NaAlH4 may be less reliable as the tem-
perature is close to the melting point of 453 K because of the

FIG. 9. Calculated and measured thermodynamic functions of Na3AlH 6 sspace groupP21/nd as a function of temperature. The functions
include the molar heat capacities ofCp andCv, the entropy ofSsTd−Ss0d, the enthalpy ofHsTd−Hs0d, and the free energy ofsGsTd−Hs0dd /T.
The symbols ofSs0d andHs0d mean that the entropy and the enthalpy at 0 K, respectively.Ss0d=0. The measured datasin Ref. 5d are available
in the temperature range from 10 to 300 K. Units are KsJd/mol.
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invalid QHA.37 Therefore the free energy of NaAlH4 may be
less reliable as the temperature is close to 453 K. Thus the
discussion of this reaction is mainly focused on the tempera-
ture range from 0 and 400 K. Note that this problem should
not affect the predicted transition temperature of 285 K be-
cause in the preceding section we have shown that all of the
calculated thermodynamic functions for NaAlH4 are in good
agreement with the experiment in the temperature range
from 10 to 300 K. To check the individual contributions to
the free energy, in Fig. 11 the enthalpy difference ofDHb−a
and the entropy contribution difference ofTDSb−a are plotted
as dots and a dashed line, respectively. The values ofDHb−a
are almost constantsand positived in the whole temperature
range, indicating that this reaction are endothermic. At the
T=353 K, the calculated value ofDHb−a at the pressure of
1 atm is 0.312 eV, which is in good agreement with the ex-
perimental value of 0.383 eV at 7 atm.7 It can seen from the
figure that the values ofTDSb−a are always positive, indicat-
ing that the entropy contribution in theb is always larger
than that in thea sas theT.0 Kd. Therefore it can be con-
cluded that the entropy contribution is the essential reason

for the reaction to take place. The entropy contribution of
TDSH2

for a H2 gas molecule is plotted as a dashed-dotted
line in Fig. 11. It shows that theTDSH2

is almost equal to the
TDSb−a as theT,100 K, and theTDSH2

is slightly larger
than theTDSb−a as the 100 KøT,300 K. This indicates
that the net entropy contribution to the reaction is approxi-
mately equal to the entropy contribution of a H2 gas mol-
ecule. This also indicates that the entropy contributions from
the solids are almost zero as theT,100 K, and are negative
as theTù100 K.

To study the reaction in Eq.s2d, also for convenience, we
denotec= 1

3Na3AlH 6 and d= sNaH+1
3Al+ 1

2H2d. The symbol
of DGd−c indicates that the Gibbs free energy difference be-
tween thec and thed, i.e.,DGd−c=Gd−Gc. The temperature-
dependent Gibbs free energy difference ofDGd−c is plotted
as a solid line in Fig. 12. The free energy of Na3AlH 6 is
chosen as the zero referencesdenoted as a dotted lined. Fig-
ure 12 shows that the calculated transition temperature for
the reaction is 390 K, which is in good agreement with the
experimental value of 423 K.6 To check the individual con-
tributions to the reaction, the enthalpy difference ofDHd−c
sdenoted as dotsd and the entropy contribution difference of
TDSd−c sdenoted as a dashed lined are presented in Fig. 12.
The values ofDHb−a are almost constantsand positived in the
whole temperature range, indicating that this reaction are en-
dothermic. At theT=500 K, the calculated value ofDHb−a at
the pressure of 1 atm is 0.275 eV, which is in agreement
with the experimental value of 0.162 eV.4 Similar to the first
reaction, the entropy contribution also is the essential reason
for this reaction to take place. The entropy contribution of
1
2TDSH2

for the 1
2H2 molecule is plotted as a dashed-dotted

line in Fig. 12. It shows that the12TDSH2
is almost equal to

the TDSd−c as theT,200 K, and the1
2TDSH2

is slightly
larger than theTDSd−c in the temperature range from
200 to 400 K. This indicates that the net entropy contribu-
tion to the reaction is approximately equal to the entropy
contribution of1

2H2 gas molecule. This also indicates that the
entropy contributions from the solids are almost zero as the
T,200 K, and are negative as theTù200 K.

After the second reactionfin Eq. s2dg, only NaH contains
hydrogen. It is interesting to study the decomposition of
NaH. The reaction is as follows:

FIG. 10. Calculated and measured entropies of NaH lattice as a
function of temperature. Experimental data for NaH are available
from the temperature above 298 Ksin Ref. 41d. The units here are
J mol−1 K−1. 1 J mol−1=0.010 364 meV.

TABLE VIII. Temperature-dependent Gibbs free energy ofDGsTdsH2d for a H2 gas molecule with respect to the temperature of 0 K.
DGsTdsH2d is obtained from Eq.s19d, in which the enthalpy and entropy are taken from the thermochemical table at the pressure of 1 atmsin
Ref. 41d. In the experiment, the value ofHs298dsH2d is unknownsas a reference energyd. Temperature-dependent entropy contributions of the
TSsTd term for a H2 gas molecule are also listed in the table, where theSsTd represents the absolute entropy of the H2 at the temperature of
T somitting contribution from nuclear spind. For an ideal gas, the hydrogen atom chemical potential ofDmsTdsHd= 1

2DGsTdsH2d. Units are in
eV.

T TSsTdsH2d DGsTdsH2d T TSsTdsH2d DGsTdsH2d

100 K 0.1058 eV −0.0728 eV 600 K 0.9388 eV −0.7597 eV

200 K 0.2473 eV −0.1882 eV 700 K 1.1281 eV −0.9186 eV

300 K 0.4066 eV −0.3182 eV 800 K 1.3220 eV −1.0818 eV

400 K 0.5767 eV −0.4582 eV 900 K 1.5200 eV −1.2489 eV

500 K 0.7547 eV −0.6059 eV 1000 K 1.7216 eV −1.4194 eV
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NaH ——→
698 K

Na + 1
2H2, DH = 0.591 eV, s21d

where 698 K is the experimental transition temperature for
this reaction andDH=0.591 eV is the experimental reaction
enthalpy.42 To study this reaction, one needs to be careful in
the sodium structure because the melting point of the Na
lattice is quite lowsonly 371 Kd, and the QHA may not be
valid as the temperature is close to the melting point.37 In the
temperature range from 298 to 1170 K, the thermodynamic
functions for both the solid and liquid sodium can be ob-
tained from the thermochemical table.41 For the temperature
T,298 K, the thermodynamic functions of the solid were
calculated on the basis of the QHA. To study this reaction,
also for convenience, we denotee=NaH and f =Na+1

2H2.
We have also calculated the Gibbs free energy difference
sDGf−ed, the enthalpy differencesDHf−ed and the entropy
contribution differencesTDSf−ed between thee and thef snot
plottedd. The calculated results show that the reaction is pre-
dicted to take place at 726 K, which is in good agreement
with the experimental value of 698 K. The calculated value
of DHf−e is equal to 0.48 eV at theT=0 K, and the values
vary from 0.48 to 0.54 eV as theT.0 K, which are in
agreement with the experimental value of 0.59 eV. The cal-
culations also confirm that the entropy contribution is the
essential reason for the reaction to take place. The calculated
results also indicate that the net entropy contribution to the
reaction is approximately equal to the entropy contribution
of 1

2H2 gas molecule.

IV. CONCLUDING REMARKS

The electronic properties and lattice dynamics of the so-
dium alanate phases have been studied by the first-principles
method. The phases include NaAlH4, Na3AlH 6, and NaH.
The space groups for NaAlH4, Na3AlH 6, and NaH areI41/a,
P21/n, andFm-3m, respectively.

The electronic properties of the phases are discussed on
the basis of the electronic band structures, the atomic
charges, the bond overlap population analysis, and the Born
effective charge tensors. The following points have been
demonstrated:

sid The calculated band gaps for NaAlH4, Na3AlH 6, and
NaH are 4.8, 2.7, and 4.9 eV, respectively, indicating these
lattices are strongly ionic crystals. The electronic band dis-
persion relations of Na3AlH 6 are somewhat similar to those
of NaAlH4, e.g., the minimum direct band gaps for both
lattices are located at theG point, and the dispersion relations
at the highest occupied statessmore or less at the lowest
unoccupied statesd are similar for both lattices. This indicates
that the lattices of NaAlH4 and Na3AlH 6 belong to the same
class of crystals.

sii d Based on the Mulliken charge analysis, the total
charge of a H atom in these lattices is larger than 1.0 elec-
tron. This situation is similar to that of H in metals, where
the H atom always accepts electrons from metalssin particu-
lar for transition metalsd. However, this does not mean these
lattices are metals. The partial DOS shows that the H band in

FIG. 11. Temperature-dependent energy differences between
NaAlH4 and a sum ofs 1

3Na3AlH 6+ 2
3Al+H2d. For convenience, we

suppose a=NaAlH4 and b= s 1
3Na3AlH 6+ 2

3Al+H2d. Symbol of
DGb−a indicates that the Gibbs free energy difference between thea
and theb, i.e., DGb−a=Gb−Ga. The energy differences include the
Gibbs free energy difference ofDGb−a sdenoted as a solid lined, the
entropy contribution difference ofTDSb−a sas a dashed lined, and
the enthalpy difference ofDHb−a sas dotsd. The entropy contribution
of TDSH2

for a H2 molecule is plotted as a dashed-dotted line. The
energies of NaAlH4 are always chosen as the zero referencesas a
dotted lined. The mark of p represents the measured enthalpy
s0.383 eVd of DHb−a sin Ref. 7d. These curves may be less reliable
as the temperature is close to 453 Kssee the text for detaild.

FIG. 12. Temperature-dependent energy differences between
s 1
3Na3AlH 6d and a sum ofsNaH+1

3Al+ 1
2H2d. For convenience, we

denotec= 1
3Na3AlH 6 and d= sNaH+1

3Al+ 1
2H2d. Symbol of DGd−c

indicates that the Gibbs free energy difference between thec and
the d, i.e., DGd−c=Gd−Gc. The energy differences include the
Gibbs free energy difference ofDGd−c sdenoted as a solid lined, the
entropy contribution difference ofTDSd−c sdenoted as a dashed
lined, and the enthalpy difference ofDHd−c sdenoted as dotsd. The
entropy contribution of12TDSH2

for 1
2H2 molecules is plotted as a

dashed-dotted line. The energies of Na3AlH 6 are always chosen as
the zero referencesdenoted as a dotted lined. The calculated and
measuredsin Ref. 6d transition temperatures for this reaction are
390 and 423 K, respectively.
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the lattices is very different from that of H in metals. For H
in these lattices, the whole valence bands are strongly domi-
nated by the H atom. While for H in metalssexcept alkali
metalsd, the main position of the H band usually is below the
valence band of the host metalssrelative to the Fermi leveld.

siii d The bond overlap population analysis indicates that
the HuAl bonds are covalent, and the covalent HuAl
bonds in NaAlH4 are stronger than those in Na3AlH 6. On the
other hand, the HuNa bonds are ionic. The interactions
between the HuH atoms are found to be very weak.

sivd The values of the dynamics charges in the lattices are
close to the nominal ionic chargess+1 for Na and −1 for Hd
except for the Al atom. For the Al atom, its dynamics charges
are 1.64–2.08, which are smaller than the nominal charge of
+3.

The phonon dispersion relations and phonon density of
states of the lattices are calculated by using a direct force-
constant method. The phonons are harmonic. The following
points have been demonstrated:

sid Since the mass of H atom is much smaller than that of
Na or Al atom, the high frequency modes in the lattices are
dominated by H atom, and the low frequency modes are

dominated by Na and Al atoms. For NaAlH4 and Na3AlH 6,
Al atoms participate in the high frequency modes due to the
vibrational coupling between the H and Al atoms. For NaH,
the high frequency modes of H atom are almost completely
separated from the low frequency modes of Na atom.

sii d The calculated Raman frequencies of NaAlH4 are in
good agreement with experimental values within 5% error.

siii d For H vibrations in NaAlH4, there is a big gap be-
tween the high and low frequency modessof H atomd. While
for H vibrations in Na3AlH 6, there is not such a big gap.
Qualitatively, this difference can be understood in terms of
the bond overlap population analysis.

sivd For NaH, there is a giant LO/TO splitting between
T1usTOd and T1usLOd modes at theG point. While for
NaAlH4 and Na3AlH 6, the LO/TO splittings are not
significant.

The thermodynamic functions are obtained from the inte-
grated phonon DOS within the quasiharmonic approxima-
tion. The functions include the heat capacitysCv andCpd, the
vibrational enthalpysHsTdd, the entropysSsTdd, and the Gibbs
free energy. All of the calculated thermodynamic functions
of the lattices are in good agreement with experimental val-
ues.

Three decomposition reactions are studied on the basis of
the thermodynamic functions. The reactions includes1d
NaAlH4→ 1

3Na3AlH 6+ 2
3Al+H2, s2d 1

3Na3AlH 6→NaH+1
3Al

+ 1
2H2, and s3d NaH→Na+1

2H2. The following points have
been obtained:

sid The reactionss1d, s2d, and s3d are predicted to take
place at 285 K, 390 K, and 726 K, respectively, which are in
good agreement with the experimental valuess353 K,
423 K, and 698 K, respectivelyd. The errors in our case are
within 100 K.

sii d The calculated values of the enthalpies for the reac-
tions are almost constant, and positive in the whole tempera-
ture range. This means that the reactions are endothermic.
The calculations confirm that the entropy contribution is the
essential reason for the reactions to take place.

siii d Concerning the entropy contributionsTDSd to the re-
actions, we found an interesting result, i.e., the net entropy
contribution to the reaction is approximately equal to the
entropy contribution of the H2 gas molecule produced in that
reaction. For the first reaction, the entropy contribution
sTDSb−ad is approximately equal to that of a H2 gas molecule
sTDSH2

d. For the second or third reaction, the entropy con-
tribution sTDSd−c or TDSf−ed is approximately equal to that of
1
2H2 gas molecules 1

2TDSH2
d. It is interesting to see whether

TABLE IX. Calculated zero-pointsZPd energies for NaAlH4 sspace groupI41/ad, Na3AlH 6 sspace groupP21/nd, NaH sspace group
Fm-3md, and a H2 dimer at their equilibrium positions.

Units NaAlH4 Na3AlH 6 NaH H2

eV per formal cellseV/f.u.d 0.800 1.167 0.157 0.284

eV per hydrogen atomseV/H atomda 0.200 0.195 0.157 0.142

aThe values are roughly estimated by omitting the contributions from the Na and Al atoms. In general, the ZP energy contributions from Na
and Al atoms are quite small because the frequency modes for these two atoms are quite low. For example, the majority of the frequency
region for the Al atom in NaAlH4 is almost the same as that for the Al in the fcc Al lattice. For Al in the fcc lattice, the ZP energy is only
0.034 eV/atom.

FIG. 13. Calculated formation energy of NaAlH4 as a function
of cell volume at the temperatureT=0 K. The dashed line repre-
sents the results without considering the zero-point energy. The
solid line represents the results including the zero-point energy. The
formation energy is calculated with respect to the element in the
standard state. The bulk moduli with and without the ZP energy are
also given.
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this phenomenon can be applied to other reactions. Let us
take another example, the reaction for the metastable AlH3

sspace groupR3̄cd is as follows:

AlH 3 = Al + 3
2H2. s22d

The calculated heat capacitiessCpd of AlH 3 are in good
agreement with the measured data43 as well as the other
calculated results44 snot plotted hered. This indicates that
the QHA is valid for this material. Interestingly, the cal-
culated results also show that the net entropy contribution
to the reaction is approximately equal to the entropy con-
tribution of the 3

2H2 gas moleculesnot plottedd. According
to this rule, in principle, the transition temperature for this
kind of reactionsproduct contains H2 gasd can be roughly
predicted if the reaction enthalpy at theT=0 is known.
The enthalpy at theT=0 can be easily obtained from the
total energy calculations, and the enthalpy can be roughly
considered to be constant according to the above investi-
gation. At the moment, this rule was found to be not valid
if the reactant contains another very light element such as
Li in LiAlH 4 ssee Table V in Ref. 14d.

Since these lattices contain hydrogen atoms, and the hy-
drogen mass is quite light, the quantum-mechanical effect
ssuch as the zero-point energyd may play a certain role in the
properties of the lattices. In the current study, the following
points have been demonstrated:

sid The calculated zero-pointsZPd energies for NaAlH4,
Na3AlH 6, NaH, and a H2 dimer are compiled in Table IX.
Omitting the contributions from the Na and Al atoms, we can
see that the ZP energies for the H atom in NaAlH4 and
Na3AlH 6 are larger than that for the H in the H2. This is
understandable since the highly covalent HuAl bond leads
to the high frequency modes for the H in these lattices. For
the H atom in NaH, the ZP energy is almost the same as that
in the H2.

sii d The ZP energy slightly expands the lattice constant.
Figure 13 shows that the calculated formation energy of
NaAlH4 as a function of cell volume. The solid and dashed
lines represent the results with and without considering the
zero-point energy, respectively. It shows that the zero-point
motion can slightly expand the lattice constantsalso see
Table IId.

siii d The ZP energy affects the formation energy. For
NaAlH4 at the equilibrium site, Fig. 13 shows that the for-
mation energy difference with and without the ZP energy is
0.17 eV. For NaH, the ZP energy less affects the formation
energy because the ZP energy in NaH is almost the same as
that in the H2 ssee Table IXd.

sivd The ZP energy slightly affects the reaction enthalpy.
The reaction enthalpies with and without the zero-point en-
ergies for the reactions in Eqs.s1d, s2d, and s21d, at theT
=0 K are compiled in Table X. For NaAlH4 and Na3AlH 6,
Table X shows that the enthalpies with the ZP energy are
slightly smaller than those without the ZP energy. Inversely,
for NaH the enthalpy with the ZP energy is slightly larger
than that without the ZP energy. The reason is that the
HuAl bonds in NaAlH4 and Na3AlH 6 are much more co-
valent than the HuNa sionicd bond in NaH, which causes
larger ZP energies in NaAlH4 and Na3AlH 6 than that in NaH
salso see Table IX for the ZP energiesd.

svd The ZP energy slightly affects the shape of the poten-
tial energy well. Figure 13 shows that the bulk modulus de-
creases a bit if the zero-point energy is included.

In principle, it is possible to study the reactions under the
condition of the doped catalyst in this way. In order to do
that, above all, the exact sites of the doped atoms should be
located. We can imagine that the computational demand for
the doped system will be great because the symmetries in-
cluding the point group and the space group will be partially
or completely broken.
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