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Density functional theory (DFT) has been used to study the structural stability of possible intermediate

alanate structures, Na5Al3H14 and Na2AlH5, in the thermal decomposition of NaAlH4. Na5Al3H14

crystallizes in the space group P4=mnc with lattice constants a ¼ 6:769 A , c ¼ 10:289 A and c=a ¼ 1:52.

It is shown that both Na5Al3H14 and Na2AlH5 have the right thermodynamics and can fit in as an

intermediate state during the thermal decomposition process of NaAlH4. The heat of formation of

Na5Al3H14 is �60 kJ/mol H2, which is intermediate between that of NaAlH4 (�51 kJ/mol H2) and Na3AlH6

(�69.7 kJ/mol H2). An alternative decomposition pathway based on Na2AlH5 has also been discussed.

Frequency analysis showed that the least energetic Na2AlH5 structure has imaginary frequencies,

implying that it is unstable. The presence of soft phonon modes also shows that Na5Al3H14 is

mechanically metastable. These results are consistent with the notion that they are the intermediate

states that lead to the formation of AlH3. This facilitates the mass transport of aluminum atoms in the

decomposition pathway of NaAlH4.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Complex metal hydrides have generated much interest as
candidates for hydrogen storage due to their relatively high
weight percent of hydrogen and favorable thermodynamics like in
the case of NaAlH4 [1–10]. The different phases that are formed
during the thermal decomposition of NaAlH4 have already been
experimentally identified. However, the detailed transformation
chemistry of the thermal decomposition of NaAlH4 is not yet fully
understood. Based on experimental observations the putative
desorption pathway is as follows:

NaAlH4 2 1
3Na3AlH6 þ

2
3AlþH2 (1)

Na3AlH6 2 3NaHþ Alþ 3
2H2 (2)

It has, however, been noted that although Na3AlH6 is an
experimentally established intermediate phase the reaction does
not necessarily proceed via the above pathway (Eqs. (1) and (2))
[5] since it cannot explain how the long range mass transport of
metallic Al species takes place. It is possible that there are many
other sub-intermediate paths, with Na3AlH6 as an observable
intermediate product. It is now generally accepted that aluminum
hydride might play a key role in the mass transport of aluminum
ll rights reserved.

g).
atoms [5,11,12]. Fu et al. [11] have shown, using inelastic neutron
scattering, that indeed AlH3 species might be present during the
decomposition of titanium-doped NaAlH4. Gross et al. did an in
situ X-ray diffraction study of the decomposition of NaAlH4 and
found that there were some unidentified intermediate phases, X1

and X2, during the process of decomposition [5]. They were,
however, not able to determine the crystal structure of these
phases. In order to rationalize the fact that a surface catalyst
influences a bulk transition they suggested that a better way to
understand the thermal decomposition of NaAlH4 is to reformu-
late the reaction:

NaAlH4 2 1
3Na3AlH6 þ

2
3AlþH2 2 NaHþ Alþ 3

2H2 (3)

into

3ðNaHÞðAlH3Þ 2 ðNaHÞ3ðAlH3Þ þ 2ðAlH3Þ 2 3ðNaHÞ þ 3ðAlH3Þ

(4)

so that the phase transitions in Eq. (1) is caused by the molecular
movements of AlH3 and NaH species. The support for this model
of Gross is based on the fact that NaAlH4 can be indirectly
synthesized by mixing Na3AlH6 [13] or NaH [14] with AlH3 in
tetrahydrofuran. The mobile AlH3 species acts as the vessels
through which the Al is transported in the system. The key
question is how is AlH3 formed? In an attempt to answer
this question, Walters and Scogin [15] proposed the following
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reaction pathway:

NaAlH4 2 NaHþ AlH3 (5)

NaHþNaAlH4 2 ½Na2AlH5� (6)

NaHþ ½Na2AlH5� 2 Na3AlH6 (7)

Na3AlH623NaHþ AlH3 (8)

AlH3 2 Alþ 3H (9)

2H 2 H2 (10)

In this reaction pathway, the initial concentration of NaH is
limited to low level by the reactions in Eq. (7), which acts as a sink
by consuming the NaH. The build up of NaH is enhanced in step 8.
The metastable AlH3 formed in step 9 quickly decomposes into Al
and hydrogen atoms (which combine to form hydrogen mole-
cules). In this way we can understand how Al is transported
through the system. It is still unclear whether the Na2AlH5 formed
is an amorphous structure or has a well-defined crystal structure.
We discuss the likely structure of Na2AlH5 at a later stage in this
paper. This pathway nicely explains the mass transport of Al atom
by using AlH3 as the mobile species. However, the most likely
decomposition scenario of Na2AlH5 is

2Na2AlH5 2 NaAlH4 þ Na3AlH6 (11)

which is analogous to the disproportionation of K2ErF5 [16] as
follows:

2K2ErF5 2 KErF4 þ K3ErF6 (12)

With this in mind, Eq. (11) calls for a re-examination of reactions
(6), (7) from a thermodynamics perspective.

A second and pragmatic approach to understanding the
dynamical details of thermal decomposition of NaAlH4 is to look
at the reactions involving NaF–AlF3 system, which is similar to the
NaH–AlH3 system. It is worth noting that both a-Na3AlH6 and
a-Na3AlF6 have similar crystal structure (monoclinic symmetry,
space group P21=n) and undergo a pressure induced phase
transformation to a cubic b-phase (space group Fm3̄m), b-Na3AlH6

and b-Na3AlF6, respectively. Similarly, both a-AlH3 and a-AlF3 [17]
have a rhombohedral structure (space group R3̄c) and both
undergo a pressure induce phase transformation to a cubic phase
(space group Pm3̄m). In the sodium fluoride systems NaF–AlF3,
NaF, AlF3, Na3AlF6 and Na5Al3F14 [18] exists as stable phases while
NaAlF4 is metastable. In particular NaF, Na3AlF6 and Na5Al3F14

occur in nature as villiamunite, cryolite and chiolite, respectively.
Another important pointer to the similarity of the crystal
structures of alanates and alarides (alumino-fluorides) is that
both K2NaAlH6 [19] and K2NaAlF6 (elpasolite) have cubic
symmetry (space group Fm3̄m). Of particular interest is the
existence of Na5Al3F14, which is yet to be explored in the
NaH–AlH3 system.

In this work we have examined the two possible pathways:
Na2AlH5 and Na5Al3H14. This paper is divided as follows: Section 2
deals with the computational methodology deployed, Section 3
dwells on results and discussion with emphasis on the possible
crystal structures of Na5Al3H14 and Na2AlH5, and decomposition
pathways of NaAlH4 using Na2AlH5 and Na5Al3H14 as possible
intermediate states. Section 4 gives a summary of what is
discussed herein.
2. Computational methodology

Geometry optimizations of Na5Al3H14 and Na2AlH5 were done
using projector augmented [20] plane-wave implementation in
VASP [21]. The Kohn–Sham groundstate is self-consistently
determined in an iteration matrix diagonalization scheme of band
by band. The calculations used the generalized gradient approx-
imation of Perdew and Wang [22–24](GGA-PW91) to represent
electronic-correlation effects for a particular ionic configuration.
For all volumes considered the structures were fully optimized
using force as well as stress minimization. The ions involved are
steadily relaxed towards equilibrium until the Hellman–Feynman
forces are minimized to less than 0.02 eV/Å with conjugate
gradient algorithm during all relaxation runs. Once the optimized
relaxed structure was found, a further local optimization was done
by locally relaxing the structure until the Hellman–Feynman
forces on the ions were less than 0.005 eV/Å using quasi-Newton
algorithm. A convergence of 0.001 meV/atom was placed as a
criterion on the self-consistent convergence of the total energy.
In all calculations a well-converged plane wave cutoff of 600 eV
was used. Brillouin zone integrations were performed using
4� 4� 4 k-points for Na5Al3H14 structures and 6� 6� 6 k-points
for Na2AlH5 structures as per the Monkhorst–Pack grid procedure
[25]. The reference configurations for valence electrons used are
Hð1s1Þ, Nað3s1Þ and Alð3s23p1Þ. Two different symmetry con-
strained approaches were used to determine the equilibrium
lattice parameters of the structures considered. In the first case for
a fixed cell volume of each structure the cell shape and atomic
coordinates were fully optimized until the forces were less that
0.02 eV/Å per atom. The structure with the lowest energy was
determined by plotting a total energy versus cell-volume curves,
equation of state (EoS), for all the structures considered. The
obtained energies were fitted to a Murnaghan EoS [26] in order to
get the equilibrium volume and minimum energy. The final
structure was then determined by optimizing the lattice para-
meters and atomic positions at this equilibrium volume until
the forces on the ions were less than 0.005 eV/Å per atom. In
the second instance all the three lattice parameters (cell
volume, lattice constants and atomic positions) were simulta-
neously relaxed with high accuracy.

To obtain the thermodynamic functions, and to check the
mechanical stability for these crystals, the harmonic phonons
were calculated by a direct ab initio force constant approach
implemented by Parlinski [27]. In this method a specific atom is
displaced to induce the forces on the surrounding atoms, which
are calculated via the Hellmann–Feynman theorem (output from
VASP code). The forces are collected to construct the force-
constant matrices. Harmonic phonons were obtained from the
diagonalization of the dynamical matrices. The internal energy
(EðTÞ) was evaluated from the integral of phonon density of state
(DOS) as follows:

EðTÞ ¼
1

2
r

Z 1
0

_ogðoÞ coth
_o

2kBT

� �
do (13)

where gðoÞ is the phonon DOS, r is the number of degrees of
freedom in the unit cell, _ is the Planck constant, kB is the
Boltzmann constant and T is temperature. Similar integrals can be
applied to calculate the zero-point (ZP) energy, entropy (SðTÞ) and
free energy (FðTÞ) [28]. To obtain Gibbs free energy for H2 gas at
elevated temperatures, the free energy at atmospheric pressure is
calculated by combining calculated and measured data as

Gðp0¼1 atm;TÞðH2Þ ¼ EelecðH2Þ þ EzpðH2Þ þ 4GðTÞðH2Þ (14)

where EelecðH2Þ is the electronic energy of a H2 molecule obtained
from the total-energy calculations, EzpðH2Þ is the ZP energy of
a H2 molecule obtained from the phonon calculations. 4GðTÞðH2Þ is
the temperature-dependent Gibbs free energy with respect to that
at 0 K, which can be obtained from the tabulated thermo-
chemical data [29].
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Table 1
Optimized internal coordinates of Na5Al3H14

Atom Site Symmetry x y z

Na1 2b 4/m 0 0 0.5

Na2 8g 2 0.2851 0.7851 0.25

Al1 2a 4/m 0 0 0

Al2 4c 2/m 0 0.5 0

H1 4e 4 0 0 0.1694

H2 8h m 0.7522 0.0731 0

H3 16i l 0.3207 0.0420 0.6175

Table 2
The interatomic distances and coordination numbers of Na5Al3H14

Neighbors Distance (Å) Coordination

Na–Al (planar) 3.377 8

Na–Na 3.408 8

Al–Al 3.377 4

Na–H 2.221 8
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3. Results and discussion

3.1. Structure

The crystal structure of Na5Al3H14 was explored by examining
structures of the form M05M3F14 (where M0 is a monovalent atom
and M is a trivalent atom). The structures fall into four space
groups (P4=mnc, I4, P21=n and P42212). The structures include
Na5Al3F14 (P4=mnc), Na5Cr3F14 (P21=n), Na5Ga3F14 (P21=n), and
Na5Fe3F14(P21=n) and its high temperature phase Na5Fe3F14

(P42212), Na5W3O9F5, Ca5Te3O14, NaNd4Sb3O14 and Na4Lu(WNb2)
O9F5, which are all in the P21=n space group. To the best of our
knowledge all structures of the form M05M3F14 should fall into one
of these four space groups. This gives us the confidence that all the
relevant space group geometric modifications of the structure
have been taken into account. Among the phases considered the
P4=mnc takes the lowest energy, see Fig. 1. Thus, using density
functional theory (DFT), Na5Al3H14 is found to crystallize in the
same space group as Na5Al3F14.

The lowest energy structure of Na5Al3H14 is that which
crystallizes in the space group P4=mnc with two formula units
per unit cell. The DFT calculated lattice parameters are a ¼ 6:769
and c ¼ 10:289 A. A summary of the optimized internal coordi-
nates is presented in Table 1 while the bondlengths and
coordinations are presented in Table 2.

Fig. 2 shows how the Na5Al3H14 crystal looks like when viewed
towards the (10 0) and (0 0 1) planes.

The structure can be thought of as a slightly distorted
perovskite but that is where the similarity ends since the
octahedrons in perovskite share corners infinitely in all three
dimensions whereas the AlH6’s in this structure share corners
infinitely in only two dimensions. Thus the structure forms layers
of AlH6’s octahedra as shown in Fig. 2. There are two types of AlH6

octahedra whose symmetries are different, which form shifted
independent ½Al3H14�

5n�
n layers perpendicular to the c-axis, Fig. 3.

Within the unit cell, a third of the octahedra share four corners
and the remaining share only two. The sharing of cis two vertices
of an octahedra can lead to either a zigzag chain or cyclic
molecules. The doubly bridged and tetra-bridged octahedra form
a linear chain due to sharing of trans vertices and at the same time
are involved in a cyclic network of eight octahedra due to sharing
of cis vertices, Fig. 3.
Fig. 1. (Color online) The total energy E (eV) for different lattice volumes of

Na5Al3H14 in different structural modifications and inset is a closer look at the

450–500 region, showing clear energetic difference between the P4=mnc and

P21=n modifications.
In the first Al(1)H6 octahedron there are four bridging
hydrogen atoms and in the second one, Al(2)H6, there are two
bridging hydrogen atoms, Fig. 3. The Al(2)H6 octahedra is tilted by
45:69� away from the ideal octahedral structure in perovskite. The

Al–H distances are as follows. For the first type, Al(1)H6, dbridge
Al12H ¼

1:745 A and dterminal
Al12H ¼ 1:746 A whereas for the second type,

Al(2)H6, dbridge
Al22H ¼ 1:774 A and dterminal

Al22H ¼ 1:737 A. Interestingly, in

the case of Al(1)H6 the two dAl2H distances are almost equal
whereas for Al(2)H6 there is a clear difference. This difference
emanates from differing crystalline field the two moieties are
subjected to. For Al(1)H6 the Al atom is completely shielded from
direct interaction with Na atoms by the H anions while in the case
of Al(2)H6 all the terminal H atoms are off planar and hence there
is a subtle direct interaction between Na and Al. Within the layers
some sodium cations occupy the cavities between the octahedra
while the others are in the spaces between the octahedral layers.
These two distinct sodium sites give rise to the following
coordinations with respect to hydrogen atoms as nearest
neighbors. Na(1) (axis symmetry 4/m) is 8-fold coordinated
whereas Na(2) (local symmetry 2) is 10-fold coordinated. For
Na(1) all the Na(1)–H distances are 2.502 Å while for Na(2) the
Na(2)–H distances vary from 2.221 to 3.528 Å. By comparison in
Na3AlH6, Na(1) is 6-fold coordinated and Na(2) is 8-fold

coordinated. Further, in Na3AlH6 there are two dAl2H distances

of 1.783 and 1.773 Å, respectively. In the case of AlH3, dAl2H ¼

1:720 A. This suggests that the Al–H bonding in AlH3 is stronger
than that in Na3AlH6 and Na5Al3H14.

It appears that the Al(2)H6 is a perfect octahedra with
yH2Al2H ¼ 90:0�, where one H is a bridge atom and the other H
is a terminal atom, whereas the Al(1)H6 seems to be a distorted
octahedra with yH2Al2H ¼ 92:08�. By comparison, the octahedra in
AlH3 and Na3AlH6 appear to be more distorted with yH2Al2H ¼

92:35� and yH�Al�H ¼ 90:67�, respectively. The Na5Al3H14 struc-
ture can be best summed up as being made up of alternating
layers of corner-sharing AlH6 octahedra and distorted edge
sharing NaH5�

6 octahedra.
The crystal structure of Na2AlH5 was examined by exploring

structures of the form M002MF5 (where M00 is a monovalent atom and
M is a trivalent atom). Among the structures considered include:
K2AlF5 (P4=mmm), K2ErF5 (Pc21n), K2FeF5 (Pbcn), Rb2CrF5 (Pnma),
Tl2AlF5 (C2221), (NH4)2MnF5, K2SmF5 [30] and K2FeF5 (Pbam).

Among these structures the K2FeF5 (Pbam)-type has the lowest
energy. However, a refined optimization followed by vibrational
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Fig. 2. (Color online) Projections of the Na5Al3H14 structure. Na atoms are represented by small spheres. The polyhedra represents the AlH6 moiety.

Fig. 3. (Color online) The two types of AlH6 octahedra, Al(1)H6 and Al(2)H6, in

Na5Al3H14 crystal structure.
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analysis at the gamma point showed that the structure is
unstable. The instability emanates from the frustrated rotation
of the AlH6 octahedron. However, since we were able to identify
only eight possible prototype structures the results on the
possible structures of Na2AlH5 are not conclusive. For the eight
prototype structures of Na2AlH5 considered, the structure with
the lowest energy (K2FeF5(Pbam)-type) adopts a zigzag conforma-
tion of ½AlH6�

2n�
n , see Fig. 4. In between the zigzag chains, the

Naþ ions provide the electrostatic stabilization of the lattice.

3.2. Heats of formation/reaction

The heat of formation DHf from the VASP enthalpies of the
constituent elements in their standard states were determined as
per the following definition:

DHf ¼ HSolid �
X

a

Hisolated (15)

where a is the different atoms constituting the solid.
Table 3 presents the values of the heats of formation of NaAlH4,

Na3AlH6, Na2AlH5 and Na5Al3H14. The heat of formation of
Na5Al3H14 from its constituent elements falls in between that of
NaAlH4 and Na3AlH6.

The heat of formation of Na5Al3H14 is similar to that of quasi
stationary state of Na2AlH5 and falls in between that of NaAlH4

and Na3AlH6, which implies that both are possible reaction
intermediates in the thermal decomposition of NaAlH4. The
energetics of NaAlH4 decomposition via the Na2AlH5 route are
as follows:

NaAlH4 ! NaHþ AlH3 36:7 kJ=mol AlH3 (16)

NaHþNaAlH4 ! ½Na2AlH5� � 5 kJ=mol (17)

NaHþ ½Na2AlH5� ! Na3AlH6 � 14 kJ=mol (18)

Na3AlH6 ! 3NaHþ AlH3 55 kJ=mol AlH3 (19)

Fig. 5 shows the overall energy cost involved in the Na2AlH5

pathway.
It can be seen that Na3AlH6 has a local minima in this pathway

while the position of Na2AlH5 is near a local maxima. This
therefore suggests that Na2AlH5 is a metastable intermediate and
quickly reacts with NaH to form Na3AlH6 as was suggested in
Ref. [15]. This explains why Na2AlH5 is not seen in experiments.

On the other hand, supposing that Na5Al3H14 exists and is an
intermediate in the decomposition pathway of NaAlH4 then one
route of forming AlH3 is via the reaction

5NaAlH4 ! Na5Al3H14 þ 2AlH3 (20)

This is similar to the disproportionation of the metastable NaAlF4

upon heating:

5NaAlF4 ! Na5Al3F14 þ 2AlF3 (21)

which takes place at the temperature range of 700–900 K [31].
The Na5Al3H14 then quickly disproportionates via two possible

routes

Na5Al3H14 ! 5NaHþ 3AlH3 (22)

or

Na5Al3H14 !
5
3Na3AlH6 þ

4
3AlH3 (23)

Considering the two possible pathways, we can see that route
(22) is the back-reaction of the formation of Na5Al3H14 from NaH
and AlH3 educts. Further, it does not account for the formation
of the experimentally observed Na3AlH6 phase. In addition, in
pathway (22) NaH is formed right at the onset of the decomposi-
tion reaction. This contradicts the experimental works of Gross
et al. [5] in which it was shown that the NaAlH4, Na3AlH6 and NaH
are interdependent. This means that low concentrations of NaH



ARTICLE IN PRESS

Fig. 4. (a) (Color online) Projections of the Na2AlH5 structure. (b) The zigzag nature of the AlH6 octahedra units in Na2AlH5 with the Na atoms removed.

Table 3
Heats of formation for the various complex sodium alanates

Reactants Hf (kJ/mol H2)

Naþ Alþ 2H2 ! NaAlH4 �51:0

5Naþ 3Alþ 7H2 ! Na5Al3H14 �60:0

2Naþ Alþ 5
2 H2 ! Na2AlH5 �60:4

3Naþ Alþ 3H2 ! Na3AlH6 �69:7

Fig. 5. The energetics of the Na2AlH5 pathway.

Table 4
Heats of reaction for the various complex sodium alanates

Reactants Hr (kJ/mol AlH3)

5NaAlH4 ! Na5Al3H14 þ 2AlH3 23.9

Na5Al3H14 ! 5NaHþ 3AlH3 44.8

Na5Al3H14 !
5
3 Na3AlH6 þ

4
3 AlH3 27.6

Na3AlH6 ! 3NaHþ AlH3 55.0
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have to be maintained during the thermal decomposition process
until most of the NaAlH4 is used up. Pathway (22) clearly
violates this requirement, which leaves the reaction of Eq. (23)
as the preferred pathway. The energy cost for disproportio-
nation of Na5Al3H14 into Na3AlH6 and AlH3, reaction (23), is
27.6 kJ/mol AlH3. We discuss this later.

With Na5Al3H14 as the intermediate, the possible reaction
pathway is as follows:

5NaAlH4 2 Na5Al3H14 þ 2AlH3 (24)

Na5Al3H14 2 5
3Na3AlH6 þ

4
3AlH3 (25)

Na3AlH6 2 3NaHþ AlH3 (26)

AlH3 2 Alþ 3
2H2 (27)

The heats of reaction of the process in Eqs. (24) and (25) are
given in Table 4. These energies are consistent with the trend in
the thermal decomposition pathway of NaAlH4.
It is interesting to note that the heats of reaction of NaAlH4 to
form Na3AlH6 and that to form Na5Al3H14 are very close.

5NaAlH4 2 Na5Al3H14 þ 2AlH3 23:9 kJ=mol (28)

3NaAlH4 2 Na3AlH6 þ 2AlH3 25:4 kJ=mol (29)

This suggests that these two processes are competitively similar.
However, a better understanding of the two reactions entails
computation of Gibbs free energy of formation (product minus
reactant, DG). The temperature dependent Gibbs free energy can
be calculated from

G ¼ U þ pV � TS (30)

¼ Eelec þ ET þ pV � TS (31)

where Eelec is the electronic energy and ET is the internal energy,
which is evaluated as follows:

EðTÞ ¼
1

2
_r

Z 1
0

coth
_w

2kBT

� �
ogðoÞdo (32)

where gðoÞ is the phonon DOS of the unit cell, r is the number of
degrees of freedom in the unit cell, kB is Boltzmann constant, T is
the temperature and _ is Planck’s constant. The vibrational
entropy of the system, SðTÞ, is given by

SðTÞ ¼ rkB

Z o1

0
gðoÞ _

2kBT

� �
coth

_
2kBT

� �
� 1

� ��

� ln 1� exp �
_o
kBT

� �� ��
do (33)

Referring to Eq. (31), usually in the case of solid-state materials
the pV term contribution at atmospheric pressure is negligible e.g.
for NaAlH4 the value of this term at 300 K is pV ¼ 4:6� 10�5 eV.
Therefore, we can as well approximate G as

G ¼ Eelec þ ET � TS (34)

where H is the enthalpy of the reaction. The above thermo-
dynamic functions are obtained by using the harmonic approx-
imation.



ARTICLE IN PRESS

Fig. 6. (Color online) Calculated Gibbs free energy of reactions NaAlH4 !
1
5 Na5Al3H14 þ

2
5 Alþ 3

5 H2 and NaAlH4 !
1
3 Na3AlH6 þ

2
3 Alþ H2. The reference

energies are those of NaAlH4 (denoted by the dotted lines).

Fig. 7. (Color online) Calculated entropy difference for the reactions NaAlH4 !
1
5 Na5Al3H14 þ

2
5 Alþ 3

5 H2 and NaAlH4 !
1
3 Na3AlH6 þ

2
3 Alþ H2.

Table 5
Heats of reaction

Reactants Hr (kJ/mol AlH3)

NaHþ AlH3 ! NaAlH4 �36:7

3NaHþ AlH3 ! Na3AlH6 �55:1

5NaHþ 3AlH3 ! Na5Al3H14 �44:8
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Strictly speaking, reactions (28) and (29) refer to molecular
AlH3, which decomposes into aluminum and hydrogen as shown
in reaction (26). To calculate the Gibbs free energies for the two
reactions we assume that AlH3 dissociate into aluminum and
hydrogen. Thus the two reactions can be rewritten as

NaAlH4 !
1
5Na5Al3H14 þ

2
5Alþ 3

5H2 (35)

NaAlH4 !
1
3Na3AlH6 þ

2
3AlþH2 (36)

Fig. 6 shows the calculated Gibbs free energy difference for
reactions (35) and (36).

The figure shows that before the decomposition of NaAlH4, the
product of ð15 Na5Al3H14 þ

2
5 Alþ 3

5 H2) is more stable than that of
ð13 Na3AlH6 þ

2
3 AlþH2Þ. Even more interesting, there is a coex-

istent point between these two reactions. This implies that
reactions (35) and (36) can be switched. Hence, if we neglect
the effect of soft modes (in Na5Al3H14), then indeed Na5Al3H14

may be considered as an intermediate state.
Fig. 7 shows the entropy difference (product minus reactant)

for the two reactions.
The entropy differences are always positive. This shows that it

is the entropy contribution that is the driving force for reactions
(35) and (36). The entropy difference for reaction (36) increases at
a faster rate than that for reaction (35), which explains why as the
temperature increases reaction (36) becomes favored.

Na5Al3H14 can be synthesized through ball milling of NaH and
AlH3 (amorphous). There are three possible structures that can
result from this approach as presented in Table 5 together with
their reaction enthalpies.

What one can see in Table 5 is that the three routes have
distinct morphological changes that entails bond breaking and
formation. Therefore the end product (NaAlH4; Na3AlH6 or
Na5Al3H14) might depend on the state/phase of AlH3 used. AlH3 is
a covalent binary hydride, with polymeric (AlH3)n forms.
Although there are at least seven (a;a0;b; g; d; e; z) known non-
solvated phases of AlH3 [32] but only the a;a0;b and g phases are
well documented. In calculating the enthalpies of reaction in
Table 5 we used the energy of b-AlH3 polymorph, which was
shown by Ke et al. [33] to be the most stable phase of AlH3. One
can deduce in Table 5 that the heat of formation of Na5Al3H14 from
the component hydrides, the process 5NaHþ 3AlH3 ! Na5Al3H14,
is �44.8 kJ/mol AlH3, which falls between that leading to the
formation of NaAlH4 and Na3AlH6.

Strictly speaking, the state of AlH3 in the thermal decomposi-
tions of NaAlH4 should be molecular. However, in computing
enthalpies of reactions and formations throughout this work the
formation enthalpy of crystalline AlH3 was used for the sake of
consistency with Tables (4) and (5). Since the most important
quantity here is the energy difference this should not affect the
overall energy cost even if the enthalpy values of molecular AlH3

were to be used.

4. Conclusion

A thermodynamics approach to understanding the reaction
pathway of the thermal decomposition of NaAlH4 has been
undertaken. The ground state crystal structures of possible
intermediates in this reaction pathway, Na2AlH5 and Na5Al3H14,
have been explored. Na5Al3H14 is found to crystallize in the space
group P4=mnc with lattice constants a ¼ 6:769 A, c ¼ 10:289 A
and c=a ¼ 1:52. It can be thought of as being made up of a
distorted and two-dimensional perovskite like network of
AlH3�

6 and Naþ units in which both linear and zigzag chains
of AlH3�

6 octahedra exists. The structure is similar to that of
Na5Al3F14 with the F replaced by H. The decomposition mechan-
ism proceeds as follows:

5NaAlH4 2 Na5Al3H14 þ 2AlH3 23:9 kJ=mol AlH3 (37)

Na5Al3H14 2 5
3Na3AlH6 þ

4
3AlH3 27:6 kJ=mol AlH3 (38)

Na3AlH6 2 3NaHþ AlH3 55 kJ=mol AlH3 (39)

AlH3 2 Alþ 3
2H2 (40)
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For the case whereby Na2AlH5 is an intermediate state the
decomposition process is as follows:

NaAlH4 ! NaHþ AlH3 36:7 kJ=mol AlH3 (41)

NaHþ NaAlH4 ! ½Na2AlH5� � 5 kJ=mol (42)

NaHþ ½Na2AlH5� ! Na3AlH6 � 14 kJ=mol (43)

Na3AlH6 ! 3NaHþ AlH3 55 kJ=mol AlH3 (44)

The lowest energy structure of Na2AlH5 considered was found to
have negative frequencies during vibrational analysis and was
therefore taken to be a quasi-stationary state. Based on the
relative energies it can be argued that maybe Na2AlH5 is an
intermediate state but is not observed because it is a quasi-
stationary state. These results are consistent with the notion that
AlH3 is an intermediate state during the thermal decomposition
process of NaAlH4. The fact that neither Na2AlH5 nor Na5Al3H14

are observed in experiments can be due to the fact that, if they
occur during the thermal decomposition of NaAlH4 then, they are
quasi-stationary states. In particular the inclusion of Na5Al3H14 in
the decomposition pathway of NaAlH4 nicely explains how the
lattice structure of NaAlH4 is disrupted and the mobile alane
species are formed.
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[30] R.I. Bochkova, Y.N. Saf’yanov, É.A. Kuz’min, N.V. Belov, Sov. Phys. Dokl. 18
(1974) 575.

[31] M. Bruno, O. Herstad, J.L. Holm, J. Therm. Anal. Calorimetry 56 (1999) 51–57.
[32] J. Graetz, M. James Reilly, J. Alloys Compd. 424 (2006) 262–265.
[33] X. Ke, A. Kuwabara, I. Tanaka, Phys. Rev. B 71 (18) (2005) 184107.


	An ab initio study of possible pathways in the thermal decomposition of NaAlH4
	Introduction
	Computational methodology
	Results and discussion
	Structure
	Heats of formation/reaction

	Conclusion
	Acknowledgments
	References


