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bstract
Thermal properties of AlH3-etherate and its desolvation reaction into AlH3 were experimentally investigated under heating and isothermal
rocesses. AlH3-ehterate was desolvated to �-AlH3 which immediately transformed into �-AlH3 in the heating process. The results under the
sothermal process provide appropriate conditions to effectively obtain �- and �-AlH3 by restraining the occurrence of the dehydriding reaction
nto metallic Al.

2007 Elsevier B.V. All rights reserved.

ic pro

2

[
d
a
f
t
3
e

d
K
3
R
m
u
q
w
fi
t

3

eywords: Hydrogen absorbing materials; Chemical synthesis; Thermodynam

. Introduction

Due to a high hydrogen density (10.1 mass%) and a low dehy-
riding temperature (370–470 K), aluminum trihydride (AlH3,
lane) has recently been regarded as a candidate for hydrogen
torage materials [1–3]. AlH3, with some variations in its crys-
al structures (�-, �′-, �-, �-, �-, �-, �-AlH3), can be prepared
y the desolvation reaction after the chemical reaction between
iAlH4 and AlCl3 in ether [4]. In the chemical reaction, AlH3-
therate is formed as an intermediate product according to the
eaction below [2,5,6]:

3LiAlH4 + AlCl3
ether−→4AlH3 · n

[
(C2H5)2O

] + 3LiCl (1)

n the desolvation reaction of AlH3-etherate into AlH3, the crys-
al structures of AlH3 are determined. Although experimental
tudies on desolvation reactions are believed to be important
or optimizing sample preparation conditions, detailed informa-
ion on these reactions has not been provided so far. In this study,
herefore, we investigate the thermal properties of AlH -etherate
3
nd its desolvation reaction into AlH3, under both heating and
sothermal processes.
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. Experimental

AlH3-etherate was prepared based on the method described in the literature
4]. A 1.0 M ether solution of AlCl3 (3.333 g of AlCl3 and 25 mL of ether; pow-
ered AlCl3 with 99.999% purity was purchased from Aldrich) was prepared,
nd subsequently 100 mL of 1.0 M ether solution of LiAlH4 (solution purchased
rom Aldrich) was added to the AlCl3 solution. The mixed solution was filtered
o remove the LiCl precipitate. The filtrate was evacuated and then heated up to
33 K for 4 h. The final product (AlH3-etherate) was washed by ether to remove
xcess LiAlH4, and finally it was evacuated to dryness at 300 K.

The samples were systematically examined by ex situ and in situ pow-
er X-ray diffraction measurements (XRD, PANalytical X’PERT-Pro with Cu
� radiation, a semiconductor detector for high-speed measurement within
min, and a special chamber with a furnace for in situ measurements),
aman spectroscopy (Nicolet Almega-HD with color-CCD, 532-nm laser), ther-
ogravimetry and differential thermal analysis (TG-DTA, Rigaku TG8120,

sing high-purity helium (>99.99995%) with a flow rate of 150 cm3/min) and
uadrupole mass spectroscopy (QM, Anelva MQA200TS, directly connected
ith the TG-DTA setups). The samples were always handled in glove boxes
lled with purified helium/argon (less than 0.5 ppm oxygen and dew point lower

han 200 K).

. Results and discussion

.1. Formation of AlH3-etherate by chemical reaction
The XRD profile and Raman spectrum of our sample are
hown in Fig. 1(a) and (b), respectively. As shown in Fig. 1(a),
ur sample was actually identified as AlH3-etherate by referring
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Fig. 1. (a) Powder X-ray diffraction profile and (b) Raman spectrum of our
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Fig. 2. Results of (a) thermogravimetry, (b) quadrupole mass spectroscopy and
(c) differential thermal analysis of AlH3-etherate, under helium flow with a
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ample (top). Raman spectra of �-AlH3, (C2H5)2O and LiAlH4are also shown
or references. Raman spectrum of �-AlH3 was observed for the first time, and
hose of (C2H5)2O and LiAlH4 are in good agreement with literatures [7,8].

o the XRD profile reported in Ref. [4]. As shown in Fig. 1(b), the
odes of Raman spectrum were detected for �-AlH3, (C2H5)2O,

nd LiAlH4 (residual phase), and these indicated that the Al H
onding in the AlH3-etherate prepared in this study was quite
imilar to that in �-AlH3. We consider that this structure deter-
ination is valid for the bulk structure because the same spectra

hown in Fig. 1(b) were also observed in the samples that were
rushed into less than a few micron meters. Although other ether-
tes such as �-AlH3-etherate were not obtained in our studies, it
as not been clarified yet whether �-AlH3-etherate is the starting
aterial for the various crystal structures.

.2. Desolvation and dehydriding reactions under heating
rocess

Fig. 2(a) and (b) shows the results of TG and QM, respec-
ively, after heating. The desolvation reaction of AlH3-etherate
ccurred in the temperature range 350–405 K, and subsequently
he dehydriding reaction started from approximately 405 K. The
eight losses in the desolvation and dehydriding reactions were

pproximately 31.5 mass% and 6.5 mass%, respectively. These
esults indicate the molecular formula of the AlH3-etherate to
e AlH3·0.19(C2H5)2O.

In the DTA profile shown in Fig. 2(c), the following three

eaks, which are derived from the thermal decomposition reac-
ions of AlH3-etherate, are observed: a broad endothermic peak
rom 350 K, a subsequent exothermic peak, and a large endother-
ic peak from 405 K. Two more peaks observed at higher

f

(
t

eating rate of 5 K/min.

emperatures are due to the residual LiAlH4: a small, sharp
xothermic peak at 440 K and a small, broad endothermic peak
round 470–520 K. Weight losses were not detected, therefore
he amount of residual LiAlH4 was considered to be fairly
mall.

In order to clarify the origin of the thermal decomposi-
ion reactions of AlH3-etherate, ex situ measurements of XRD
nd Raman spectrum were carried out on the samples that
ere heated up to 350 K, 373 K, 405 K, and 445 K (shown as

emperatures A–D in Fig. 2). As shown in the XRD profiles
Fig. 3(a)), �-AlH3 and metallic Al were detected at 405 K
temperature C) and 445 K (temperature D), respectively. The
aman spectra corresponding to the XRD profiles (without

he metallic Al) are shown in Fig. 3(b). At 373 K (tempera-
ure B), only the CH modes of ether around 3000 cm−1 were
eakened, indicating that AlH3-etherate was partially desol-
ated into �-AlH3. At 405 K (temperature C), two modes were
bserved in the range 500–800 cm−1 and were attributed to �-
lH3 [9].
On the basis of the experimental results described above, the

teps in the thermal decomposition reactions of AlH3-etherate
re summarized as follows: (I) AlH3-ehterate is desolvated to
orm �-AlH3 (probably due to the similarity in the Al H bonding
haracter between them) by an endothermic reaction starting
t 350 K, (II) �-AlH3 immediately transforms into �-AlH3 in
n exothermic reaction above 373 K, and (III) the dehydriding
eaction of �-AlH3 proceeds along with an endothermic reaction
or 405–440 K.
By referring to the enthalpy change for reaction III
9.0 ± 2.3 kJ/mol [4]), the enthalpy change for the entire reac-
ion, as shown in Eq. (2), is calculated to be approximately
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Fig. 3. (a) Powder X-ray diffraction profiles and (b) Raman spectra of the sam-
ples that were heated up to the temperatures of 350 K, 373 K, 405 K, 445 K (ex
situ measurements), corresponding to A–D in Fig. 2, respectively. Dotted line
at 373 K (temperature B) is Raman spectrum observed at another point of same
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ample. Raman spectrum at 405 K (temperature C) is in good agreement with
hat of �-AlH3 [9]. No Raman peak was observed at 445 K (temperature D, not
hown) because the sample decomposed into the metallic Al.

kJ/mol:

AlH3 · 0.19 [(C2H5)2O] (s)
→ Al (s) + 3
2 H2 (g) + 0.19 (C2H5)2O (g) (2)

he standard formation enthalpy of the gas phase of ether is
252.2 ± 0.79 kJ/mol [10]. Therefore, the formation enthalpy

d
3
o
i

Fig. 5. Powder X-ray diffraction profiles (in situ measurements) at (a) 349 K
ig. 4. Results of isothermal thermogravimetry at the temperatures of 331 K,
41 K, 349 K, and 360 K, under helium flow.

f AlH3·0.19[(C2H5)2O] is roughly estimated to be −54 kJ/mol.
y a comparison with the formation enthalpy of �-AlH3

−1.5 ± 0.8 kJ/mol [4]), it is suggested that �-AlH3 is largely
tabilized by ether.

.3. Desolvation and dehydriding reactions under
sothermal process

Fig. 4 shows the isothermal TG profiles at 331 K, 341 K,
49 K, and 360 K. There are two different slopes correspond-
ng to the rapid desolvation of ether and the slow desorption of
ydrogen (which were also detected in the results of QM (not
hown)). The initial rapid weight losses were caused by ether
esolvation, which amounted to 22–25 mass% within 40 min,
h, and 6 h at 360 K, 349 K, and 341 K, respectively. These

osses were smaller than the value of 31.5 mass% that was mea-
ured in the heating process (Fig. 2) because gradual desolvation
nd hydrogen desorption occurred during the time interval of
ach measurement.

Because the high temperature caused the desolvation reac-
ion to proceed rapidly and since a short time is desirable for the
reparation of AlH3, the detailed decomposition process was

irectly observed by in situ XRD measurements at 349 K and
60 K in order to clarify the appropriate conditions. The results
f the in situ XRD measurements at 349 K and 360 K are shown
n Fig. 5(a) and (b), respectively, and their peak intensities are

and (b) 360 K. These measurements were carried out under vacuum.
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ig. 6. Time dependences of the peak intensities of in situ powder X-ray diffrac-
ion profiles shown in figure. The 2θ of each peak is around 27.6◦, 31.0◦, and
8.5◦ for �-, �-AlH3, and metallic Al, respectively.

epicted in Fig. 6(a) and (b). At 349 K, �-AlH3 was the domi-
ant phase until 1.5 h, and subsequently it started to transform
nto �-AlH3. On the other hand, at 360 K, �-AlH3 appeared
nd immediately disappeared within a short time; �-AlH3 then
ecame the dominant phase after around 1 h. The intensities
f the metallic Al increased at both the temperatures, probably
ndicating that the dehydriding reaction occurred continuously.
he results can provide the appropriate conditions to effectively
btain �- and �-AlH3 by restraining the occurrence of the dehy-
riding reaction, for example, heating up to 349 K for 1.5 h and
60 K for 1 h in order to obtain �- and �-AlH3, respectively.
. Conclusions

The thermal properties of AlH3-etherate and its desolva-
ion reaction into AlH3 were experimentally investigated under

[
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eating and isothermal processes. �-AlH3-ehterate with the
olecular formula AlH3·0.19(C2H5)2O was formed; no other

therates (such as �-AlH3-etherate) were obtained in our stud-
es. The steps in the decomposition reactions of �-AlH3-ehterate
an be summarized as follows: (I) AlH3-ehterate is desol-
ated to form �-AlH3 by an endothermic reaction starting at
50 K, (II) �-AlH3 immediately transforms into �-AlH3 in
n exothermic reaction above 373 K, and (III) the dehydrid-
ng reaction of �-AlH3 proceeds along with an endothermic
eaction for 405–440 K. The results of the isothermal measure-
ents provided appropriate conditions to effectively obtain �-

nd �-AlH3 by restraining the occurrence of the dehydriding
eaction.
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