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bstract

Anelastic spectroscopy experiments on the dehydrogenation process of undoped and catalysed NaAlH4 revealed the formation of a highly
obile species during decomposition. This species, as indicated also by isotope effect measurements, was identified as a hydrogen containing

efect complex. In particular, the most likely defect complex may be of type AlH , in which fast local dynamics of H-vacancies can occur.
x

The formation of such defects begins at temperatures much lower in Ti-doped than in undoped samples. The catalyst atoms decrease the energy
arrier to be overcome by H to break the bond, thus enhancing the kinetics of the chemical reactions and decreasing the temperature at which the
ehydrogenation processes take place.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Sodium alanate NaAlH4 is one of the promising materials for
ydrogen storage [1] due to its high hydrogen weight capacity
nd low cost. Its dehydrogenation process is compatible with
obile hydrogen storage applications and occurs according to

he following chemical reactions [2]:

aAlH4 → 1
3 Na3AlH6 + 2

3 Al + H2(↑) (1)

a3AlH6 → 3NaH + Al + 3
2 H2(↑) (2)

he addition of a catalyst [2] like Ti makes the dehydrogena-
ion of NaAlH4 reversible and enhances the kinetics of the solid
tate hydrogenation and dehydrogenation processes. In spite of

he great number of theoretical and experimental studies carried
ut on this material, the mechanism of action and the occu-
ancy of the catalyst in the NaAlH4 system are still matter of
ebate. Some works suggest that Ti occupies the Na sites in

∗ Corresponding author. Tel.: +39 06 49914388; fax: +39 06 4957697.
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he bulk lattice [3,4] or on the surface [5], whilst the forma-
ion of TiAl3 [6] compound on the surface of the system is also
eported. Moreover transmission electron microscope observa-
ions revealed that in NaAlH4 doped with 2 mol% TiF3, the Ti
s initially distributed as TiF3 crystallites and, only in a minor
roportion, as dispersed Ti atoms incorporated into the alanate
hase [7].

At the present information is still lacking on the decomposi-
ion steps, but there is general agreement that a mobile species
hould be operative to rapidly readjust the symmetries dur-
ng the decomposition transformation. Recently we observed
8,9], by anelastic spectroscopy, the formation of a new species
ith a fast dynamics involving hydrogen, which appears during

he thermal decomposition of NaAlH4 and may help to under-
tand the microscopic mechanism governing this reaction. This
pecies has been identified in off-stoichiometric AlHx units, giv-
ng rise to fast H vacancy local dynamics. The formation of
uch stoichiometry defects starts at temperatures much lower

n Ti doped than in undoped samples, and concomitantly with
he decomposition reaction. The catalyst atoms decrease the
nergy barrier to be overcome by H to break the bond, thus
nhancing the kinetics of the chemical reactions and decreasing
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Fig. 1. Low-temperature dependence of the elastic energy loss. Sample Ti 2%
H-6 after a thermal treatment (TT) up to 360 K ((�) 1). Sample Ti 2% H-8 after
the following subsequent TT’s up to: 380 K ((�) 2); 400 K ((�) 3); 435 K ((�)
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he temperature at which the dehydrogenation processes take
lace.

The role of Ti as a trap for H has been corroborated by ab
nitio calculations in sodium alanates [10], which revealed that
ubstitutional Ti is a powerful hydrogen attractor. Indeed, theo-
etical studies [4,11], Raman scattering and ab initio calculations
12] in undoped NaAlH4 suggest that the enhanced absorption
nd desorption kinetics be due to the effectiveness of Ti in weak-
ning the strength of the covalent bond between Al and H atoms
hus allowing the hydrogen to desorb at a lower temperature.

. Experimental

Sodium aluminium hydride was obtained from Albemarle Corp. The alu-
inium metal was removed from the raw hydride via Soxlet extraction with

ry, oxygen-free tetrahydrofuran (THF) under a nitrogen atmosphere using the
tandard Schlenk technique. The final purification was accomplished through
ecrystallization from THF/pentane. NaAlD4 was synthesized from LiAlD4

Aldrich, 99.8% isotopic purity) and NaF as described in the literature [13].
odium aluminium hexahydride Na3AlH6 was synthesized and purified by the
ethod of Huot et al. [14]. Doping of all the powders was performed by the
echanical milling method [15–17] in which the hydride (deuteride) was com-

ined with 2 mol% TiF3 (Aldrich, purity 99%) and ball-milled under an argon
tmosphere in a stainless steel bowl using a Fritsch 6 planetary mill at 400 rpm
nd a grinding ball-to-powder ratio of 35:1.

All the produced powders cannot be sintered at high temperature; therefore,
o obtain the prismatic bars suitable for the measurement of the complex dynamic

odulus, two different methods were followed. In the case of the Na3AlH6

ample doped with 2% TiF3 (labelled Ti 2% H-1hexa) and the NaAlD4 sample
oped with 2% TiF3 (labelled Ti 2% D-1), the alanate was mixed in a 1:1 volume
atio with pure KBr powder, which acts as a compactant, and then pressed. For
he two Ti doped NaAlH4 samples (labelled Ti 2% H-6 and Ti 2% H-8) and
he undoped NaAlH4 sample (labelled UH-2), the alanate powder was pressed
lone. After pressing, all the samples were self-sustained bars 40 mm long,
mm wide and 0.7–1.5 mm thick. As the alanate powder reacts with oxygen
nd water vapor, all operations were accomplished in a glove bag in flowing
itrogen atmosphere.

Anelastic spectroscopy measurements are conducted suspending the bars on
hin wires located at the nodal lines of flexural vibration modes and electrostat-
cally exciting the corresponding mechanical resonances of the samples. The
ample vibration produces an alternate stress which interacts with the local lat-
ice distortions introduced by the mobile entities and perturbs their site energies
n such a way that the sites that are energetically favoured in the first half period
ecome unfavoured in the second half. The system then looks for the equilibrium
edistribution among the perturbed levels. At the temperature at which the relax-
tion rate τ−1 of the species is equal to the angular vibration frequency ω (ωτ = 1)
he stimulated atomic migration is able to follow, by thermal activation, the sam-
le vibration, and the coefficient of elastic energy dissipation Q−1 reaches its
aximum value. The energy dissipation (or reciprocal of the mechanical qual-

ty factor Q) is measured from the decay of the free oscillations or from the
idth of the resonance peak. The measurement of the dynamic Young modulus
′ is simultaneously obtained from the angular vibration frequency ω2 = kE′/ρ,
here ρ is the mass density, and k a numerical factor depending on the sample
eometry [18]. The independent and concomitant measurements of Q−1 and E′
llow the complex modulus E = E′ + iE′′ to be derived, being Q−1 = E′′/E′. For a
ingle relaxation time, τ, Q−1 is given by

−1 = gv0(λ1 − λ2)2 cn1n2

kT
E′ (ωτ)α

1 + (ωτ)2α
(3)

here c is the molar concentration of the jumping atoms and n1 and n2 their

quilibrium fractions in sites 1 and 2; λ1 and λ2 are the elastic dipoles [18] of
he defects in their two configurations; g is a factor of the order of 1/2 depend-
ng on the geometry of the jump and the type of sample vibration, ν0 the unit
ell volume, τ a parameter equal to 1 for a single-time Debye process, and k
he Boltzmann constant. For classical processes is τ = τ0 eW/kT, being W is the

s
a
a

); 413 K ((�) 5); 436 K ((♦) 6). Sample Ti 2% H-5 (mixed with KBr) after TT
p to 436 K ((×) 7). Sample UH-2 after TT at 447 K of 480 min as described in
ef. [9] ((+) 8).

ctivation energy. As τ is temperature dependent for thermally activated pro-
esses, the relaxation condition (ωτ = 1) is satisfied at low temperatures for fast
rocesses and at high temperatures for slow processes.

. Results

The elastic energy loss of the as received NaAlH4 doped
ith 2% mol of TiF3 measured below room temperature shows
smooth background which rises with increasing tempera-

ure. The sample was then progressively heated to temperatures
etween 360 and 436 K, to follow the evolution of the anelastic
pectrum with progression of the chemical reactions. After each
hermal treatment, Q−1 was measured in the temperature range
etween 300 and 60 K. After a thermal treatment (TT) at 380 K
broad peak centered around 70 K for a vibration frequency of
kHz was observed. After increasing the TT to 435 K, the peak
eight increase proceeds. Instead, a subsequent heating to a tem-
erature lower than that of the previous TT (413 K), in which
ecomposition did not proceed as indicated by the modulus [8,9]
isibly reduces the peak height. This result indicates regression
f the concentration of the mobile species produced by decom-
osition. After a further increase of the ageing temperature, the
eak height keeps increasing again.

The 70 K peak could be stimulated also in the undoped
aAlH4, even though thermal treatments to higher tempera-

ures for long times (447 K for 4 h) were required (Fig. 1) to
ake it detectable over the background dissipation. The maxi-
um height obtained (after TT at 447 K for 8 h) for the peak in

he undoped sample is however much lower than those obtained
or the Ti-doped sample (for a comparison see Fig. 1). This fact
mplies that the concentration of the relaxing species is much
ower in undoped samples than in catalyzed specimen.
The peak is caused by a thermally activated process [8], as it
hifts towards higher temperature at for a vibration mode with
higher frequency (Fig. 2). It is very broad with respect to
single Debye process, indicating strong elastic interactions
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Fig. 2. The elastic energy loss of the thermally treated Ti-doped alanate (sym-
bols) and best fits (solid lines) obtained by means of the model with Gaussian
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istribution functions of the activation energy and relaxation time. For compar-
son the corresponding Debye curve is reported (dotted line).

r/and multiple jumping type of the mobile entity. Indeed the
eak can be fitted [8] considering a Gaussian distribution for
oth the activation energy and the relaxation time. The best fit
alues of the mean activation energy and the pre-exponential
actor are Ea = 0.126 eV and τ0 = 7 × 10−14 s [8], while the
tandard deviation of the distribution are σ(E) = 0.022 eV and
(τ0) = 3 × 10−15 s. The order of magnitude of τ0 is typical of
oint defect relaxation.

In order to ascertain whether the mobile species giving rise
o the anelastic peak involves hydrogen, we performed measure-

ents on deuterated samples. The NaAlD4 sample doped with
i was thermally treated from the as-prepared state with subse-

uent cycles up to 323, 345, 368 and 441 K. Only after the last
reatment (441 K for 100 min) the deuterated sample exhibited
he peak. A comparison with the peak in the Ti-doped NaAlH4
Fig. 3) displays an isotope shift of 7 K (at practically the same

ig. 3. Elastic energy loss of Ti doped NaAlH4 after a thermal treatment at 436 K
�) and of Ti doped NaAlD4 after a thermal treatment at 441 K ((©) 1.1 kHz). A
inear background has been subtracted. The heights of the two peaks measured
t 1.1 kHz have been normalized. Lines are the best fit considering a Gaussian
istribution for both the activation energy and the relaxation time. The vertical
ines mark the position of the maxima of the peaks in the hydrogenated and
euterated samples.
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requency), which is well above the experimental uncertainty of
he temperature measurement (0.1 K). This result shows that the
elaxation at low temperature is caused by the dynamics of a
omplex containing hydrogen.

In the deuterium containing sample we fitted the experimental
ata (Fig. 3), after subtraction of a linear background, consid-
ring a Gaussian distribution for both the activation energy and
he relaxation time, similarly to the case of NaAlH4. The best fit
alues of the mean and of the standard deviation of the energy
istribution are ĒD = 0.136 eV and σ(ED) = 0.025 eV [9], to be
ompared with ĒH = 0.126 eV and σ (EH) = 0.022 eV, obtained
or hydrogen. For the mean and the standard deviation of the
elaxation time distribution we fixed the values obtained from
he hydrogenated sample.

. Discussion

The peak at 70 K cannot be ascribed to a stoichiometric phase
roduced by the chemical reactions; in fact, the Q−1 spectra of
aAlH4, Na3AlH6, Al and NaH show only a smooth increase
f the dissipation with increasing T (Fig. 4). Moreover, the peak
annot be due to reorientation of H in Ti complexes as it is
resent also in the Ti-free samples. The possibility of a H relax-
tion in Al should be ruled out, as the solubility of H in bulk
l is extremely low (H/Al = 10−6 to 10−8 at 660 ◦C) and the

ntense peak observed cannot be thought to be produced by
efects present at ppm levels. Finally the relaxation cannot be
ue to the compression of the powder to obtain the consolidated
amples, because the compressed NaAlH4 powders do not show
he peak.

For all the above reasons the peak should be caused by a defect
resent in one of the crystal structures involved in the chemical
eactions. One can exclude a defect of NaH as XRD measure-
ents [19] do not reveal a significant amount of sodium hydride

fter ageing at 380 K for a short time, while the peak is already

resent in the anelastic spectra. Therefore the most likely defect
omplex involving hydrogen may be of type AlHx, which forms
uring the tetra- to hexa-hydride transformation. Precisely, the
elaxation peak may be due to the H vacancy dynamics within

ig. 4. The elastic energy loss of pure NaAlH4, Na3AlH6, NaH and Al, com-
ared with the Q−1 of thermally treated alanate, showing the relaxation peak at
0 K. The dissipation of aluminum has been divided by a factor of 3.
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he AlHx groups, which would allow the remaining H atoms to
eorient around Al.

The peak height increases with increase of the ageing tem-
erature, as more off-stoichiometry AlHx units are formed with
rogression of decomposition. When an annealing of the sample
s made at a temperature lower than that of the previous TT, the
eak height decreases (Fig. 1); this indicates that the intersti-
ial hydrogen population previously injected in the lattice under
on-equilibrium conditions, looking for equilibrium, partially
igrates back to the bond sites thus reducing the concentration

f the AlHx defects. This result also shows that: (i) the bond is
he deepest trap for H; (ii) hydrogen becomes mobile on a long-
ange scale at about 410 K or less. We propose, therefore, that
he structural transformation is driven by hydrogen more than by
he heavier Na or Al atoms. Obviously, for the transformation
o proceed we expect also small displacements of Na and Al,
ven though some excess Al atoms remain dispersed and slowly
luster in form of crystals in the lattice [6,7].

The negligible height of the 70 K peak in the Ti-free sample
s readily explained by the fact that the decomposition tem-
eratures are shifted to higher values in the undoped powders.
onsequently, the energy barrier that hydrogen must overcome

o break the Al–H bond is expected to be lower in the cat-
lyzed sample. It means that the strength of the chemical bonds
s decreased by the Ti atoms, resulting in a decrease of the
emperature at which the decomposition takes place.

The formation of hydrogen vacancies, and hence the presence
f AlHx complexes, during the dehydrogenation and rehydro-
enation reactions was first proposed by anelastic spectroscopy
xperiments [8,9] and subsequently suggested by a recent den-
ity functional theory study [11]. The formation of AlH3 was
lso hypothesized to explain decomposition and reformation of
odium alanate [20,21]. DFT calculations [22] identified hydro-
en vacancies and interstistials as the predominant defect species
ith low formation energies and high mobility, as indicated
y the calculated low energies for propagation. Furthermore,
nergy barriers obtained from neutron scattering in Na3AlH6
ere found [23] in good agreement with the calculated values

or local H-vacancy diffusion within the AlH5 units.
The presently proposed model of the formation of AlHx off-

toichiometry defects to explain the low temperature relaxation
eak, seems the most likely, also in view of the subsequent the-
retical and experimental studies mentioned above. However,
he possibility that the peak might be due to the relaxation of
ydrogen around another type of defect, for instance an impurity
cting as trapping centre for hydrogen, cannot be ruled out. In
his case, a thermal treatment under “quasi equilibrium” condi-
ions would decrease the peak height (Fig. 1), as hydrogen would

igrate back to fill the hypothesized AlHx defects formed during

ecomposition. In the framework of this picture, the presence of
he relaxation process itself would imply AlHx formation, and
he bond would result to be, again, the deepest trap.

[
[
[
[
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. Conclusions

The formation of a new species and its evolution during
he decomposition reactions in Ti-doped and undoped sodium
lanates was reported. This species, which gives rise to a ther-
ally activated relaxation peak around 70 K at 1 kHz, is a

oint-defect complex with fast local dynamics, which accord-
ng to the observed deuterium isotope shift involves hydrogen.
his defect was identified as a AlHx unit, which forms during

he tetra- to hexa-hydride transformation. A comparison of the
esults obtained in undoped and Ti doped NaAlH4 indicates that
he strength of the chemical Al–H bonds is decreased by the Ti
toms, resulting in a decrease of the temperature at which the
ecomposition takes place.
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