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The role of Ti in improving the thermodynamics of hydrogen desorption in crystalline sodium
alanatesNaAlH4d has been investigated by using the density functional theory. The total energy
calculations reveal that Ti prefers to occupy the Na site over that of the Al site when the atomic
energies are used as the reference. However, the use of the cohesive energies of Al, Na, and Ti leads
to the Al site being the least unfavorable one. Irrespective of whether Ti occupies the Na or the Al
site, the energy necessary to remove a hydrogen atom from Ti substituted sodium alanate is
significantly lowered from that of the pure alanate. The understanding gained here may help in
designing hydrogen storage materials suitable for industrial applications. ©2005 American Institute
of Physics. fDOI: 10.1063/1.1953882g

Interaction of hydrogen in matter has been a topic of
interest for more than a century. While the early interest in
hydrogen was motivated by the deleterious effects1 it has on
the mechanical stability of materials, the recent interest
stems from the hope that hydrogen may be used in clean and
renewable energy production processes as well as an energy
carrier.2 It is generally accepted3 that the biggest hurdle in
achieving successful hydrogen-based economy lies in our
ability to find a safe, efficient, and cost-effective means for
storing hydrogen. In respect to that, a great deal of attention
has been paid to the study of complex alkali alanates
sMAlH 4,M=Li,Nad sRef. 4d mainly due to their high hydro-
gen content. In these compounds, however, the hydrogen at-
oms are held by strong ionic and covalent bonds resulting in
higher dissociation temperatures and slower hydrogen
absorption/desorption kinetics than those ones desired for
practical applications. Such limitations were demonstrated to
be overcome by the addition of Ti-based catalysts.5 This im-
portant finding has led to a great deal of excitement. How-
ever, a full understanding of how and why Ti accomplishes
this task is still lacking.

A number of experiments involving x-ray Diffraction,
neutron and Raman scattering, and electron spectroscopy
have yielded conflicting results. While some of them suggest
that Ti occupies the Na sites in the bulk lattice,6,7 others
report the presence of Ti on the surface in the form of amor-
phous Ti–Al alloys.8–10A recent experimental result has even
suggested that Ti must diffuse in the bulk during the
absorption/desorption cycling.11 The role of Ti in lowering
the hydrogen desorption is also unclear. Some studies have
found that the improvement of the hydrogen cycling kinetics
is due to surface-localized catalytic species,12,13 while others
speculate about the effect of Ti in the bulk.6 The energetics
of the preferential sites for Ti have been investigated
theoretically.14,15 However, no calculations are available that
determine the energy needed to remove a hydrogen atom
from pure, as well as Ti doped, sodium alanate. Thus, theo-
retical studies are still required in order to fully understand

the role of Ti in lowering the hydrogen desorption tempera-
ture. It is necessary, for instance, to clarify the effect of Ti on
the different contributions for the hydrogen binding energy
and what is important in the design and synthesis of new
light metal hydrides suitable for hydrogen storage.

In this letter, we provide a theoretical study of the role of
Ti in diminishing the hydrogen binding energy in the crys-
talline sodium alanatesNaAlH4d. This effect is one of the
main contributions which causes a decrease in the hydrogen
desorption temperature. Using the state-of-the-art theoretical
calculations, we show that Ti weakens the strength of the
covalent bond between Al and H atoms, thus allowing the
hydrogen to desorb at a lower temperature. Such bond weak-
ening is shown by evaluating the electron localization func-
tion sELFd sRef. 16d, as well as the electronic density of
statessDOSd for both the intrinsic crystal and when a Na
atom is replaced by a Ti. This result is further established by
calculating the energies needed to remove a hydrogen atom
from both the NaAlH4 and Ti-doped NaAlH4. We have found
that it is 4.0 eV for the former and 1.9 eV for the latter. In
the following, we provide the details of our theoretical cal-
culations and a discussion of our results.

In order to study the electronic structure and total ener-
gies, we constructed a 23231 supercell consisting of 96
atomssNa16Al16H64d. To model Ti substituted at the Na and
Al sites, we have used thesNa15TidAl16H64 and Na16

sAl15TidH64 supercells, respectively. The hydrogen vacancies
are modeled by the Na16Al16H63 andsNa15TidAl16H63 super-
cells. The calculations were carried out within the framework
of generalized gradient approximationsGGAd to density
functional theorysDFTd sRef. 17d using projector augmented
plane wavesPAWd method,18 as implemented inVASP code.19

We used a cutoff energy of 500 eV for the plane-wave basis.
In all calculations, self-consistency was achieved with a tol-
erance in the total energy of 0.1 meV. The DOS were calcu-
lated by means of the modified tetrahedron method of Blöchl
et al.20 and the ELF were calculated according to Ref. 16.
The geometry optimization has been donesionic coordinates
andc/a ratiod by minimizing the Hellmann–Feynman forces
on the atoms and stresses on the supercell. The structures areadElectronic mail: rajeev.ahuja@fysik.uu.se

APPLIED PHYSICS LETTERS86, 251913s2005d

0003-6951/2005/86~25!/251913/3/$22.50 © 2005 American Institute of Physics86, 251913-1
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.172.48.59 On: Wed, 15 Apr 2015 17:00:00

http://dx.doi.org/10.1063/1.1953882
http://dx.doi.org/10.1063/1.1953882


fully optimized without any symmetry constraint. The calcu-
lated lattice constantsa=4.95 Å andc=10.89 Å, as well as
the Na–Al and Al–H distances of 3.50 Å and 1.64 Å in pure
sodium alanate, compare very well with the corresponding
experimental values of 4.98 Å, 11.15 Å, 3.52 Å, and 1.63 Å,
respectively.

We first investigate the energetics of preferential sites for
Ti atoms. It is done by evaluating the cohesive energy of the
Na16Al16H64, sNa15TidAl16H64 and Na16sAl15TidH64 super-
cells. Such energy is defined as the total energy of the system
minus the sum of individual energies of atoms. By setting the
cohesive energy of pure alanate to zero, we found the values
of −1.47 eV and −0.54 eV when Ti occupies the Na and Al
sites, respectively. The negative signs mean that the Ti-doped
sNaAlH4d is more stable than the pure one. It should be
pointed out that such a stability analysis is made by taking
the isolated Ti, Na, and Al atoms as a reference. Further-
more, the Ti atoms prefer to replace the Na atoms, and this
energy is 0.93 eV lower than that when Ti replaces the Al
atoms. These results are in agreement with the calculations
of Iniguezet al.15sad However, we should also point out that
different conclusions can be reached about the site prefer-
ence of Ti if one uses the cohesive energies of Na, Al, and Ti
as a reference, as has been done by Lovviket al.15sbd How-
ever, the energies necessary to remove hydrogen following
Ti doping are less, irrespective of whether Ti occupies the Na
or the Al site. In addition, it is necessary to perform the
surface total energy calculations before concluding if Ti
would prefer to occupy the bulk sites. Such a study is in
progress and the results will be reported in due course.

Next, we discuss the effect of Ti doping on the electronic
structure of sodium alanate. We do this by comparing the
ELF as well as the electronic DOS for Na16Al16H64 and
sNa15TidAl16H64 supercells. The ELF has been recognized as
a powerful tool to visualize different types of bonding in
solids and molecules.16,21,22According to its definition, the
ELF can assume values in the range of 0–1, where 1 corre-
sponds to perfect localization and 0.5 to the case of uniform
gas. In Fig. 1sad, we display the two-dimensional distribution
of ELF on s001d plane, where the color bar runs from the
lowest sdark blued to the highestsredd values. One can ob-
serve the high ELF within the AlH4

− unit which confirms the
expected covalent boding between H and Al atoms. The very
low values of the ELF between AlH4

− and Na+ reflect its ionic
bonding. When Ti replaces a Na atom, the ELF profile
changesfsee Fig. 1sbdg. One can see a more or less uniform
distribution of ELF in the interstitial region between the Ti
and AlH4 unit swith values in between 0.3 and 0.6d. This is a
typical picture of the metalliclike bonding.22 Such nature of
Ti–AlH 4 bond is because the ionization potential of Ti
s6.83 eVd is higher than that of Nas5.13 eVd, so it is ener-
getically less favorable for Ti to transfer its electron to AlH4
as Na did. As a consequence, the nature of the Al–H bond is
also changed. One can observe that the ELF in the interstitial
region between Al and Hsthe ones that are nearest neighbors
of Ti atomd is clearly diminished. This shows the weakening
of the strength of covalent bonding between them. Indeed,
the bonding shows metallic character and the hydrogen at-
oms nearest to Ti have weaker binding energy. They can,
therefore, be desorbed at lower temperatures. Another conse-
quence of this ELF profile modification is the distortion ob-
tained for the AlH4 tetrahedral structure. Here, we have

found that the Al–H bond length varies between 1.63 Å and
1.70 Å.

In Figs. 2sad–2shd, we show the total and partial DOS for
both the Na16Al16H64 and sNa15TidAl16H64 supercells. The
pristine sodium alanate is an insulator characterized by a
band gap of nearly 5.0 eV. The uppermost region of the va-
lence bandsVBd is mainly composed by hybridization be-
tween H 1s and Al 3p statesfsee Figs. 2scd and 2sddg, which
is consistent with the covalent bond within the AlH4

− unit.
The bottom of the conduction band just above the Fermi
level is formed primarily by Nas and p antibonding states
fsee Fig. 2sbdg. This is consistent with the ionic bonding
between Na and AlH4 unit discussed above. As Ti replaces
the Na site, Ti state appears in energy gap reducing the band
gap and these states originates from Tid statesfsee Fig.
2sfdg. This is consistent with the above finding that the bond
between the Ti and AlH4 unit is not ionic. The effect on the
Al–H bond can be seen in Figs. 2sgd and 2shd. Here, we have
plotted the partial DOS for the Al and H atoms belonging to

FIG. 1. sColor onlined .The two-dimensional distribution of ELF ons001d
plane for bothsad Na16Al16H64 and sbd TiNa15Al16H64 supercells. The color
bar runs from the lowestsdark blued to the highestsredd values.
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AlH 4 unit that is nearest neighbor of the Ti atom. One can
see that the uppermost region of the VB is still formed prin-
cipally by hybridized H 1s and Al 3p states, however the
DOS shape is clearly modified, which is a consequence of
the electronic redistribution induced by Ti doping.

The change of Al–H bonding from covalent to metallic
character resulting from Ti substitution permits the hydrogen
to desorb at a lower temperature. This picture can be further
established by calculating the energy needed to remove a
hydrogen atom from Na16Al16H64 and sNa15TidAl16H64 su-
percells. We have, therefore, computed the cohesive energies
of Na16Al16H63 andsNa15TidAl16H63 supercells in which one
of the hydrogen atoms bound to Ti and its equivalent atom
bound to Na were, respectively, removed. The supercells
again were fully optimized as discussed previously. The en-
ergies needed to remove a H atom from Na16Al16H64 and
sNa15TidAl16H64 supercells are, respectively, 4.0 eV and
1.9 eV. This confirms that Ti doping does weaken the Al–H
bond.

In summary, we have investigated theoretically the effect
of Ti doping on the hydrogen bonding in crystalline sodium
alanate within the framework of GGA to DFT and using the
PAW method. The calculated ELF and the electronic DOS
give the same conclusion. The pristine sodium alanate is an

insulator where the hydrogen is bonded to Al covalently and
Na and AlH4 units are bound ionically. As Ti replaces the Na
site, the strength of the covalent bond between Al–H is
weakened and this is what results in a lower hydrogen bind-
ing energy. As a consequence, they can be desorbed at a
lower temperature. The reason why Ti weakens the Al–H
bond strength is that the ionization potential of Tis6.83 eVd
is higher than that of Nas5.13 eVd. Thus, the bonding be-
tween Ti and AlH4 unit is weaker than that between Na and
AlH 4 as it is energetically less favorable for Ti to transfer its
electron to AlH4 as Na did. Thus, one can lower the desorp-
tion temperature by weakening the Al–H bond. This result is
further confirmed by calculating the energy needed to re-
move one hydrogen atom from both the intrinsic and Ti-
doped sodium alanate. We have found that it costs 4.0 eV for
the former, whereas it costs only 1.9 eV for the latter.

One of the authorssP.J.d would like to acknowledge sup-
port from the Department of Energy Contract No. DE-FG05–
96ER45579. The authors are also grateful to VR and STINT,
Sweden for financial support. They also thank Dr. Sa Li for a
critical reading of the manuscript and for many useful dis-
cussions.
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