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Abstract

Anelastic spectroscopy experiments (elastic modulus and energy dissipation) were carried out for the first time with Ti-doped and undopec
NaAlH4. We found that the various decomposition reactions taking place in the alanates are most sensitively monitored by the dynamic
Young modulus variations. We also found that, during one of the decomposition reactions occurring at higher temperature, a new point-defec
complex is formed, very likely involving hydrogen, which has fast dynamics and gives rise to a thermally activated relaxation process at
70K in the kHz range, with an activation energy of 0.126 eV. The occurrence of this process suggests that any model concerned with the
decomposition mechanism should take into account the hydrogen mobility in the crystal lattice.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction defect complex containing hydrogen, is formed during one
of the decomposition reactions.
Sodium aluminium complex hydrides have considerably
high hydrogen capacities, but their potential use as hydrogen
storage materials became more realisticwhenitwas filjind 2. Experimental
that small additions of Ti to NaAlklgreatly improves the ki-
netics of the hydrogen discharging reaction as well as the sub-  Sodium aluminium hydride was obtained from Albe-
sequent re-hydrogenation. Further kinetic enhancement wagnarle Corp. The aluminium metal was removed form the
subsequently attained by varying the doping metHads]. raw hydride via Soxlet extraction with dry, oxygen-free
The actual hydrogen cycling capacity of Ti-doped NaglH  tetrahydrofuran (THF) under a nitrogen atmosphere using
under conditions that are relevant to practical operation of a the standard Schlenk technique. The final purification was
PEM fuel cell, has been found to be 3.4-4.0 wif accomplished through recrystallization from THF/pentane.
We report the first elastic modulus and energy dissipation The doping was performed by the mechanical milling method
study of NaAlH; during its dehydrogenation reactions. We [2,3,7]in which the hydride was combined with 2 mol% 3iF
show that the formation and evolution of different phases (Aldrich, purity 99%) and ball-milled under an argon atmo-
are very sensitively monitored by the modulus variations, sphere in a stainless steel bowl using a Fritsch 6 planetary
and that a species having a very high mobility, likely a point mill at 400 rpm and a grinding ball-to-powder ratio of 35:1.
In order to obtain samples from the alanate powder for the
* Corresponding author. Tel.: +39 06 49914388; fax +39 06 4957697.  anelastic spectroscopy measurements, the alanate was mixed
E-mail address: rosario.cantelli@romal.infn.it (R. Cantelli). with pure KBr, finely ground and pressed in dies having
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rectangular form and dimensions of 40 m©6 mm. After
this procedure, in which KBr has the role of compactant,
solid prismatic bars were obtained with thickness varying, 17008,
according to the amount of material used, from 0.7 to 1.3 mm.
This method, introduced by us, was fruitfully used in a study 1680}
on organic moleculd8], and opened new perspectives to the
anelastic spectroscopy, as it allows measurements to be con-
ducted to systems which are not available as solid samples.
Two bars doped with 2%Ti, Ti2-1 and Ti2-2, and two undoped
bars, U-2 and U-3, were prepared for the present study. Some
bars made of pure KBr were also prepared for comparison.
As the alanate powder reacts with oxygen, all the operations
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practically due to the variation af?. The elastic energy dissi-
pation Coe_mCIe_qt' or the rec/l/pro/cal of the meCh/amFa/l/q_ua“ty Fig. 1. Temperature dependence of the elastic energy dissipation and fre-
factor,[9] is 07 (w, T) = E"/E’, whereE = E' +iE" is quency of Ti-doped NaAliiduring thermal cycles up to 436 K.

the stiffness elastic constant. The loss coeffici@nt was

measured from the decay of the free oscillations or from the ~ The cycle of Ti2-2 up to 436 K behaved qualitatively dif-
width of the resonance peak. ferently with respect to the previous ones. The monotonic

modulus decrease on heating was followed by a steep low-
ering starting at 340K, and at about 365K the modulus in-
verted its trend and slow hardening was measured up to the
3. Results and discussion maximum temperature reached; simultaneoulsly, the dissipa-
tion displayed a marked scattering indicating instability; on
Fig. 1 displays the vibration frequency of sample cooling back to room temperature theurve was constantly
Ti2-2 during thermal cyclings at progressively increasing above the cooling one and the sample remained hardened.
temperatures. On heating the sample from room temperature  The present data show that the modulus variations arise
(RT) to 322K, f decreases as usually expected gd! upon heating. Permanent modifications are apparent when
increases (result not shown), whilst on cooling back to room the samples reassume their initial temperature after thermal
temperature both théand Q1 curves form a hysteresis  cycling, and are closely connected with the evolution of the
loop which, however, practically close at RT. Also a decomposition reactions occurring in the alanates. Strong
previous cycle at 316K displayed similar features. When support for this assertion is also provided by the compari-
the maximum temperatures of the cycles were increasedson of the thermal cycles in the Ti doped and in the undoped
to 343 and 368K, the frequency curves did not close (and samples (results not shown in the figures). Indeed, itis clearly
so did dissipation) and the modulus softened irreversibly seen that the irreversibility behaviour of the elastic modulus
of 2 and 6.6%, respectively, indicating the occurrence of displayed by the latter samples is shifted to higher temper-
a permanent modification in the material; simultaneously, atures, because the chemical reactions are correspondingly
moderate gas evolution out of the sample was monitored shifted, as is known from literature.
by the Pirani gauge. Indeed, the modulus measurements are After cycling sample Ti2-2 to 343 or 368K the value of
very sensitive to detect phase transformations or to monitor the modulus is not recovere#ig. 1). Itis known that the first
the evolution of chemical reactions, as the presence or thedecomposition reaction occurring at the lowest temperatures
formation of different phase particles strongly affect the is:
mechanical propertie&ig. 1reports, for reference, also the 1 2
fheating ang C(E)oling cSrves Sf a KBr sample along a cycle NaAlHs — 3NasAlHe + 5AI + Ha(1) @)
up to 436 K, where is seen that this compound does not showlabelled here as the 114-316 formula unit transformation.
any modification upon cycling up to this temperature. Therefore, we ascribe the permanent modifications of the
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NaAlH, AR ' To check that the peak is due to a mechanism originat-
3| ot g 1o prepared i ing from the sodium aluminium hydride, rather than the
x 100 AT g P40 s, K compactant with which it is mixed, we prepared pure KBr
TR ™ "'-, .’ prismatic bars and submitted them to several hydrogen
ol o JRnd ‘3”* * - ¥ ] charging treatments, indnd in plasma atmospheres. In all
- [ Ker % s 4 PR cases the dissipation assumed values comparable with the
c i atf background.

o background j

The analysis of the peak in terms of a Debye process indi-
cated that the experimental curve is remarkably broader than
a single Debye process. This means either that the relaxing
complexes are strongly interacting, or that they perform dif-
ferent types of jumps having close relaxation rates; this fact
implies a distribution of the activation energy, and of the
pre-exponential factorp, of the Arrhenius relaxation time.
The bestfit to the data, performed with Gaussian distributions
of E andtg, gave the following mean values for the relaxation
parameters and the respective widths:
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Fig. 2. Low temperature dependence of the elastic energy loss function of:
NaAlH4-Ti2%, sample Ti2-1 as preparee) (NaAlH;-Ti2%, sample Ti2-2
after cycling up to 436 K: £) 1.1 kHz; @) 4.8 kHz. NaAlH;-Ti2%, sample
Ti2-2 after subsequent ageing of 1 h at 415K) 1.1 kHz; () 4.8 kHz. KBr

as preparedo.

E=0126eV  ofE)=0.022eV

modulus and its softening, after cycling up to 343 and 368K g = 7 x 10 1*s o(t0) =3 x 107155
to the evolution of reactiofi).

We also observed that, after heating to a temperature notimportant information is obtained from the prefactor; in fact,
exceeding that of the previous cycle, the modulus and dissi-its value is typical of point defect relaxation, and thus may
pation heating curves are retraced on cooling; this constitutesprovide the key to the interpretation of the nature of the re-
strong indication that the chemical reaction does not proceedlaxing entity. Preliminarly, we suggest that, in view of the
appreciably in this case. fast dynamics of the mobile species causing the peak, as well

In the 7th cycle Fig. 1) the sample was heated to 436K, as of the observation of Houtgassing during the reactions,
and it is known[10] that at this temperature the 316 prod- hydrogen is very likely involved in the point-defect complex
uct from reaction(1) is transformed to NaH, according to  causing the detected relaxation.
equation: To ascribe the peak to a possible physical mechanism, we
consider that the peak cannot be ascribed to the products of
reaction(1), like NagAlH g or aggregated Al, as it manifests
itself only after the onset of reactidi2). Rather, the peak
Therefore, the marked instability and the modulus harden- mechanism should involve one of the possible point-defects
ing measured during cycling to 436 K is clearly linked to the or point defect complexes produced by the decomposition
evolution of decompositio2). We point out that the phe- reaction(2), and they may be: (i) a stoichiometry defect
nomena observed in sample Ti2-2 are strictly due to intrinsic of NagAlHg. Indeed, if one or more of the six H atoms are
properties of the alanates, and are not due to KBr, whosemissing, jumping is possible for the remaining H atoms,
modulus and dissipation curves are reproducible on heatingand in other words H vacancy dynamics may take place;
and coolingFig. 2 displays the coefficient of elastic energy (ii) the relaxation of H in the NaH compound produced
dissipation, from room temperature to 4 K of the Ti-doped by the decomposition reactiof?); (iii) the reorientation
sample Ti2-1 after preparation, which shows a monotonic de- of H around Ti, or a Ti—Al complex, or a vacancy which
crease with decreasing temperature without any visible pro-acts as an attracting cluster for H after the transformation
cess. The dissipation of a pure KBr sample, to be consideredat 150°C.
as the background dissipation, is also drawrrig. 2. Af- The present results clearly indicate that new models in-
ter cycling to 436 K, the low temperature measurement was volving the H mobility should be considered to understand
repeated at two different frequencies, and the result is alsothe catalytically enhanced kinetics.
shown inFig. 2 Surprisingly, a well developed peak appeared
at about 70 K which shifts to higher temperature at the higher
frequency, indicating that the peak is caused by a thermally 4. Conclusions
activated relaxation process. The peak is caused by a species

NagAlHg — 3NaH+ Al + 3Hx(1) (2)

which was absent before the T.T. at 436 K; this entity is very
mobile, as it performs about % 10° jumps/s at 70K, cor-
responding to a relaxation rate of aboutt1§1 at room
temperature.

The complex elastic modulus in alanates have been
measured for the first time. The dynamic Young modulus
clearly reflects the evolution of the decomposition reactions
as a function of temperature and time. Moreover, the elastic
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