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Abstract

In situ Raman spectroscopy measurements have been performed during the decomposition of NaAlH, in order to investigate the transition from
the four-coordinated complex anion, [AlH4]~, in NaAlH, to the six-coordinated complex anion, [AlH¢]*~, in Na3AlHs. Also, the local geometry
and the Al-H vibrations are analyzed theoretically by the first-principle calculations of the electronic structures. It is found that the Raman sift at
1765 cm™! for the Al-H stretching vibration in NaAlH, shifts towards the higher frequency side, 1801 cm™' upon melting. This Raman spectrum
for the liquid phase recovers to the original position when it is cooled down to room temperature before Na; AlHg start to appear. The Raman peak
around 1800 cm™" is still observed after the decomposition of NaAlH, occurs to precipitate Naz AlHq. However, this peak does not recover to its
original position by cooling, but still persists in the sample cooled down to room temperature. From these results, the intermediate transition state
during the decomposition of NaAlH, into NazAlHg is discussed. In addition, it is shown from a series of calculation that the highest frequency of
the Al-H vibration correlates with the shortest AI-H bond length in the MAIH,-type and its derivative complex hydrides.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction Uncatalyzed NaAlHy melts at 453 K [7], and then releases
hydrogen to form Na3AlHg by the following reaction,
Recently, special attention has been directed toward com-

plex hydrides, such as NaAlHy, LiNH, and LiBHy, because ~ NaAlHy <> 1(Na3AlHg) + 3Al+ Hp. (H
they are superior in both the gravimetric and volumetric den- ) ) ) )
sities of hydrogen to conventional hydrogen storage alloys. ~ Lhrough this reaction, the four-coordinated complex anion,

However, for these complex hydrides, there are still some  [AlH4]™, in NaAlHy transforms into the six-coordinated com-
problems in the reversibility of hydrogenation and dehydro- ~ Plexanion, [AIHg]*~, in Na3 AlHs. The process of this transition
genation reactions, and also in high decomposition temperatures Wil be important to the understanding of the alanate-type com-
and low reaction rates. Bogdanovi¢ and Schwickardi first plex hydride for hydrogen storage.

demonstrated that the doping of Ti catalyst enhances the Raman spectroscopy measurements have been carried out in
kinetic and reversibility of hydrogen absorption and desorp- order to investigate the Al-H vibrations in NaAlH4 and Na3 AlHg
tion reaction of NaAlHy [1]. Then, an extensive study has been  [8,9]. The Al-H symmetric and anti-symmetric stretching vibra-

made on the alanate systems experimentally and theoretically ~ tions appearat 1761 and 1682 cm™! for NaAlH, [8], and at 1556
[2-6]. and 1152cm™! for NazAlHg [9], respectively. In situ Raman

spectroscopy measurements have also been performed [2]. A

significant softening was observed in the tranlations and libra-

tions modes of [AlH4]™ anion during the heating up to 425 K.

* Corresponding author. On the other hand, the frequencies of the AI-H stretching and
E-mail address: hiroshi @numse.nagoya-u.ac.jp (H. Yukawa). bending vibration modes were nearly constant indicating that
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the [AIH4]™ anion is a stable unit up to the melting temperature.
In fact, the Al-H stretching mode was persisted in the surface
melted sample at the temperature slightly below the melting
point even after the signal from the NaAlHy4 lattice was lost [2].

The phase transition during reaction (1) has also been studied
by in situ X-ray diffraction measurements [10,11]. Gross et al.
reported that an unknown phase, X1, with a cubic symmetry starts
to precipitate just after NaAlH4 melts at 453 K [10]. However,
no such intermediate phase was observed in the experiments
performed by Balogh et al. [11]. On the other hand, the Raman
spectrum during the decomposition of NaAlH4 has not been
investigated.

There is a recent idea that the transformation of NaAlHy into
NazAlHg proceed through the formation of NaH-like and AlH3-
like local structure [10]. More recently, Fu et al. suggest from
their high-resolution inelastic neutron scattering measurements
that a volatile molecular aluminum hydride, such as AIHz may be
formed during the early stage of H, regeneration of a deplated,
catalyzed NaAlH, [12]. However, the details of the transition
state during the decomposition of NaAlH4 still remain unclear.

In this study, the transition from NaAlH4 to Na3 AlHg is inves-
tigated experimentally by using in situ Raman spectroscopy.
Also, for comparison, the Raman spectra for LiAlH4 and KAIH4
are measured at room temperature. In addition, the Raman spec-
trum and the Al-H vibrations as well as the local geometries of
the hydrides are investigated theoretically by the first-principal
calculation of the electronic structures.

2. Experimental procedure

2.1. In situ Raman spectroscopy for purified NaAlH,

Powder of NaAlHy (90%) is purchased from Sigma—Aldrich Inc. The puri-
fied sample is prepared by the method mentioned in literature [1,13]. Namely,
about 10 g of NaAlHy is dissolved into about 100 ml of dehydrated THF (less
than 50 ppm H,O) and then it is stirred for 10.8 ks (3 h). The supernatant liquid
of the mixture is decanted using a syringe and concentrated in vacuo to the vol-
ume of ~20ml. Then, 80 ml of dehydrated pentane (less than 10 ppm H>O) is
added to the THF solution causing NaAlHy to separate from the solution as a
fine precipitate. The suspension is stirred for 3.6 ks (1 h) and the supernatant is
removed. The precipitate is washed two times with pentane and dried in vacuo
to obtain a fine colorless power of NaAlHy.

In a glove box filled with a purified argon gas (dew point below 183 K), the
sample is set on a gastight stage equipped with a heating unit. The temperature is
controlled by a thermocouple set on the heating stage. After the sample reached
to the measuring temperature, keep for 900 s or 1.8 ks, then the in situ Raman
spectroscopy measurements are performed at each isothermal condition with a
532 nm excitation laser using a 600 grooves/mm grating, focused at 2200 cm™".
The spectrum is measured in the range between 137 and 3822 cm™! | within the
accuracy of about +12cm™!,

2.2. Raman spectroscopy for MAIH,; (M = Li, Na, K)

KAIHy4 is prepared by mechanical ball milling. Powders of LiAlHy4
(95%), KH (dispersed in a mineral oil) and Al (99.95%) are purchased form
Sigma—Aldrich Inc. In a glove box, KH is washed several times with purified
hexane to separate KH from the oil, followed by the evaporation of the solvent.
Powders of KH and Al are mixed by a mole ratio of 1:1 to obtain an initial
mixture. About 300 mg of the mixture is put into a Cr-steel pot together with 20
pieces of steel balls with a diameter of 6.5 mm. Then, the pot is evacuated and
about 1.0 MPa of hydrogen is introduced. The sample is mechanically milled by
a planetary ball-milling apparatus (Fritsch P7) with 400 rpm for 72 ks (20 h) at

an ambient temperature. Subsequently, it is heat treated at 573 K for 72 ks (20 h)
under a hydrogen pressure of 1.2 MPa. The Raman spectroscopy measurements
for MAIH4 (M =Li, Na, K) are carried out at room temperature.

3. Calculation
3.1. Theoretical Raman spectrum for NaAlH,4

The theoretical Raman spectrum for NaAlH, is simulated
by using the Gaussian 03 [14]. The DFT calculation is per-
formed using B3LYP method as implemented in the package.
The 6-31+g(d,p) bases set is used in the calculation. The clus-
ter model used is [Nag(AlH4)9]™ which is constructed on the
basis of the crystal structure of NaAlH4 [15]. In this model, an
[AlH4]~ anion is located at the center and it is surrounded by
eight Na* cations and eight [AIH4]~ anions. The total charge of
the cluster is set to be — 1. Fixing the positions of the surrounding
ions, the local geometry of the central AlHy is optimized. The
theoretical Raman spectrum is examined for the AI-H vibration
of the central AlHy.

3.2. Analysis of the AlI-H vibration

The other calculations are also performed for NaAlHg4,
LiAlH4, KAIH4, NazAlHg and LizAlHg in order to analyze
the Al-H vibration at the highest frequency of the normal
mode. The plane wave pseudo potential method (program code
CASTEP [16]) is used in this study. The super cell is constructed
on the basis of the crystal structure of each hydride [17-20]
and employed in the calculation with the periodic boundary
condition of the crystal lattice. The norm-conserving pseudo
potentials are used and the cut-off energy is set to be 770eV
so that the total energy converges within 0.0001 eV per atom
for each calculation. The lattice parameters as well as the local
geometries are fully optimized by minimizing the total energy,
and the Al-H vibration mode at the I" point is analyzed from the
calculation.

4. Results and discussion
4.1. In situ Raman spectroscopy measurement

In situ Raman spectroscopy measurements are conducted by
heating NaAlH4 under an argon gas atmosphere. The results
of the Raman spectra are shown in Fig. 1. The Raman spec-
trum obtained at room temperature shown in Fig. 1(a) is in
good agreement with the previous results [2,8]. The spectrum
is divided mainly into three frequency regions around 500, 800
and 1700cm™'. As shown in Fig. 1(a—c-1), the peaks around
500 cm™~! shift towards lower frequency side and became weaker
with increasing the temperature. On the other hand, the peaks
around 800 and 1700 cm~! are scarcely changed during the heat-
ing up to 458 K. These results are in good agreement with the
previous work [2].

When the sample is heated and kept at 458 K for 1.8 ks,
the peaks around 500 cm™! disappears as shown in Fig. 1(c-
2). Simultaneously, the main peak at 1765 cm™" shifts toward
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Fig. 1. In situ Raman spectra of NaAlH4 measured at each isothermal condi-
tion under argon gas atmosphere. Typical measurements except for (c-2) are
performed 900 s after the temperature reached to each condition. (a) R.T., (b)
453K, (c-1)458 K, (c-2) 458 K after 1.8 ks, (d) S03 K, (e) S08 K, (f) down to R.T.
from 508 K, (h) down to R.T. from 458 K (c-2). Reported Raman frequencies
and relative intensities for Naz AlHg is drawn in (g) [9].

higher frequency side. At the same time, the peak at 1686 cm™!
becomes unclear. All the peaks recover to their original position
after the sample is cooled down to room temperature from this
condition, as shown in Fig. 1(h). It is stressed that the Raman
spectrum shown in Fig. 1(c-2) is somewhat different from the
one reported by Majzob et al. for the surface melted single crys-
tal of NaAlH4, where the Raman frequency of the main peak
for Al-H stretching vibration scarcely changed even after the
NaAlH4 lattice was lost [2].

On the other hand, when the sample is heated to 503 K, new
peaks appear at 1562, 1114 and 987 cm™" as shown in Fig. 1(d).
These peaks are in good agreement with the reported Raman
frequencies for Na3 AlHg as shown in Fig. 1(g) [9]. According to
the previous study, these new peaks correspond to the stretching
and bending vibration of H in Na3 AlHg, respectively [9]. Above
503 K, there is no significant change in the Raman spectrum,
although the relative intensity of the peak around 1800 cm™!
decreases with increasing temperature as shown in Fig. 1(e).
The peaks around 800cm™! are still visible at 503 K but they
diminish at 508 K.

Fig. 1(f) shows the Raman spectrum for the sample cooled
down from 508 K to room temperature. A relatively large peak
appears at 840 cm~!. However, the frequencies for all the other
peaks are nearly the same as those obtained from the sample at

T T T T T
LiAlH,
=
)
>
7
S NaAlH
‘_a: 4
1779
my KAIH,
790
1 1 1 1 1
500 1000 1500 2000 2500 3000

Raman shift (cm'l)

Fig.2. Raman spectra for MAIH4 (M =Li, Na, K) measured at room temperature
under argon gas atmosphere.

508 K shown in Fig. 1(e). It is important to note that the peak
around 1800 cm™! still remains.

4.2. Raman spectrum for MAIH4 (M = Li, Na, K)

The Raman spectra for MAIHy; (M=Li, Na, K) at
room temperature are shown in Fig. 2. The Raman spec-
trum for LiAlH4 is in good agreement with the previous
work [21]. The Al-H stretching and the Al-H-M bend-
ing vibrations are clearly observed for each spectrum. The
main peak appears at the highest frequency changes in the
order, LiAlHs (1836cm™!)>KAIHs (1779 cm™!)>NaAlHy
(1762 cm~ 1), which is different from the order of elements (Li,
Na, K) in the periodic table. A similar trend is also seen for the
second peak existing around 1700 cm ™!

4.3. Theoretical Raman spectrum for NaAlH 4

Fig. 3 shows the calculated Raman spectrum for NaAlH4
obtained by using the Gaussian 03. The cluster model shown
in the inset of the figure is employed in the calculation. Here,
the scaling factor of 0.9613 [22] is used to correct the calcu-
lated frequencies of the Al-H vibration. As shown in Fig. 3, the
experimental Raman spectrum for NaAlH4 at room temperature
shown in Fig. 1(a) is well reproduced by the simulation. For
example, the measured peaks at 1762 cm™! and 1683 cm™! cor-
respond to the Al-H symmetric and anti-symmetric stretching
modes, respectively. Also, the peaks appeared around 800 cm ™!
attribute to the AlI-H-Na bending vibration modes. In addi-
tion, the peaks around 500 cm™! correspond to the libration of
[AIH4]~ anion.

Howeyver, further cluster calculation with the Gaussian 03
is difficult for NazAlHg. This is because the crystal symmetry
around Al in Na3 AlHg is lower than that in NaAlH4. Therefore,
the optimization of the positions of H atoms around Al, which
is an important process in calculating the theoretical Raman
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Fig. 3. Calculate Raman spectrum for NaAlHy. The inset is the cluster model
used in the calculation.

spectrum, results in the unreal arrangements in use of a finite
size of cluster model.

4.4. Al-H stretching vibration at the highest frequency

Then, further analysis of the Al-H vibration mode is per-
formed using the plane wave pseudo potential method with the
periodic boundary condition of the crystal lattice. For compar-
ison, the calculations are also conducted for the other series of
alanate hydrides, LiAlH4, KAIH4 and Liz AlHg. Here, the scal-

ing factor of 0.97 is used to estimate the frequency number from
the calculation.

In this study, we focus on the Al-H stretching vibration at the
highest frequency of the normal mode, and the results are shown
in the parentheses in Fig. 4. The calculated frequency for each
hydride is in good agreement with experiments. For example, the
frequency changes in the order, LiAlH4 (1861 cm™!)>KAIH,
(1800cm™')>NaAlH; (1753cm™!), in consistent with the
experimental results shown in Fig. 2. It is noted that the fre-
quencies for the AlH-type hydrides (1590 cm™! for Liz AlHg
and 1505 cm™! for Na3zAlHg) are much lower than those for the
AlHy-type hydrides.

Fig. 4 shows the schematic illustration of the [AlH4]™ and
[AIHg]*~ complex anion in each hydride. The Al-H vibration
modes at the highest frequency and the corresponding Al-H
interionic distances for each hydride are shown in the figure. For
NaAlHy, as shown in Fig. 4(b), all the Al-H bonds have the same
interionic distance of 0.1622 nm. This is due to the fact that the
symmetry of the crystal structure of NaAlHy4 is high around Al
so the four H atoms around Al are equivalent in it. Therefore, all
the four H atoms around Al vibrate in a symmetric and harmonic
stretching mode at the highest frequency of 1753 cm ™! as shown
in Fig. 4(b).

On the other hand, for LiAlH4 and KAIHy4, the Al-H dis-
tances in the hydrides vary to some extent. This is because the
crystal lattice is distorted around Al due to the low symmetry of
the crystal structure for these hydrides. In this case, the hydro-
gen atom with shorter AlI-H bond tends to vibrate primarily at

Li AIH, (1861 cm’™)

Li, AIH (1590 cm™!)
= 43

NaAIH, (1753 cm™)

KAIH, (1800 em™)

-1
Na3A1H6 (1505 ¢cm )

Fig. 4. Schematic illustration of the Al-H vibration mode in the complex anions in: (a) LiAlH4 (1861 cm_l), (b) NaAlH4 (1753 cm™! ), (c) KAIH4 (1800 cm™! ), (d)
LizAlHg (1590 cm™!) and (e) Na3AlHg (1505 cm™!). The Al-H bond distances (nm) and the highest frequency of the normal mode are also shown in the figure.
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Fig. 5. Correlation between the highest frequency of the normal mode and the
shortest bond distance in the hydrides.

the highest frequency. For example, in case of LiAlH4, three H
atoms with the shorter Al-H distances of 0.1604 and 1.608 nm
mainly vibrate with the highest frequency, 1861 cm™!, in a har-
monic stretching mode as shown in Fig. 4(a). Similarly, in case
of KAIHy4, only one H atom with the shortest Al-H distance of
0.1609 vibrates at 1800 cm™".

For LizAlHg and Na3AlHg, the Al-H interionic distances
are significantly longer than those for the AlHy-type alanate
hydrides. All the six H atoms around Al vibrate in a symmetric
and harmonic stretching mode at the highest frequency, as shown
in Fig. 4(d and e).

Fig. 5 shows the correlation between the shortest Al-H inte-
rionic distance and the highest frequency of the normal mode
of the Al-H stretching vibration for each hydride. There is
a tendency that the highest frequency number increases with
decreasing the shortest Al-H interionic distance in the hydride.
Similar results are also reported for BD4-type complex deu-
terides, where the frequency of the B-D stretching vibration
correlates with the B-D bond length in alkali borodeuterides
MBD4 (M =Na, K, Rb, Cs) [23].

4.5. Raman spectrum of liquid NaAlH4 and intermediate
transition state

Asshownin Fig. 1(c-2), when the sample is heated and kept at
458 K, just above the melting point, the highest Raman peak for
the Al-H stretching vibration shifts toward the higher frequency
side. Simultaneously, the signal from the lattice disappears. This
change in the Raman spectrum can be attributable to the melting
of NaAlHy. In fact, as shown in Fig. 1(h), the Raman spectrum
is completely recovers when the sample is cooled down to room
temperature from this condition before Na3 AlHg appears.

On the other hand, the Raman peak at 1800 cm~! observed
at 508 K shown in Fig. 1(e) may not correspond to the lig-
uid state of NaAlH4. This is because, as shown in Fig. 1(f),
the peak at 1800 cm™! still persists in the sample cooled down
to room temperature from 508 K. It is likely that a new inter-
mediate state which is stable even at room temperature seems

to appear during the decomposition of NaAlH4. As mentioned
before, NaAlH4 decomposes to form NazAlH4 through reac-
tion (1). Through this reaction, the tetrahedral complex anion,
[AlH4]~, in NaAlHy transforms into the octahedral complex
anion, [AIHg]?~, in Naz AlHg. As the coordination numbers and
geometries are quite different from each other between these
polyhedra, it is reasonable to consider the intermediate state
during the transition from NaAlH, to Naz AlHg.

As explained before, [AIH4]~ anion is considered to be a
stable unit even after the NaAlHy lattice is lost [2]. Therefore,
one may speculate that Na* cation interacts with [AlH4]~ anion
in the liquid NaAlH4 without any constrain from the crystal
lattice. This will modify the local structure of [AlH4]™ anion.
The positions of the peak at 1800 cm™! are very similar between
Fig. 1(c-2 and e), suggesting a similar local structure of [AIH4]~
exist both in the liquid NaAlH4 and in the sample cooled down to
room temperature from 508 K. In other words, the intermediate
state appeared during the decomposition is seemed to be com-
posed of essentially the similar local structure of the modified
[AlH4]~ anion exist in the liquid phase.

Recently, Gross et al. proposed that the transformation of
NaAlHy4 into Na3AlHg proceed through the formation of NaH-
like and AlHj3-like local structure [10]. In fact, NaAlH4 can
be synthesized indirectly by mixing NazAlHg or NaH with
AlH3 in THF solution [24,25]. Fu et al. reported from their
high-resolution inelastic neutron scattering measurements that
a volatile molecular aluminum hydride forms during the early
stage of Hp regeneration of NaAlHy4 [12]. They suggested the for-
mation of AlH3 (and oligomers (AlH3),) play an important role
in the hydrogen absorption and desorption reactions of NaAlH.

Assuming that Na* interacts one of four H™ in [AlH4]~ and
a local structure of (NaH—AIH3) appears in the liquid NaAlHy4,
the distorted AIH3 species may be one possibility to explain the
change in the Raman spectrum upon melting. It is noted here that
the AlH3 species might be favorable in view of the geometrical
transition from the four-coordinated [AIH4]™ anion to the six-
coordinated [A1H6]3_ anion. This is because AlH3 polymers
tend to form a structure containing octahedral AlHg unit in it.
In fact, a-AlH3 is known to have a trigonal crystal structure
(space group R3c) and is composed of the corner-sharing AlHg
octahedra [26,27]. Similarly, y-AlH3 is reported to contain the
edge-sharing AlHg octahedral unit [28].

However, the origin of the Raman spectrum at 1800 cm ™! still
remains unclear. Additional experiments will be needed to the
understanding of the transition state during the decomposition
of NaAlHy.

5. Summery

The transition from the four-coordinated complex anion,
[AIH4]™, in NaAlH4 to the six-coordinated complex anion,
[AlHg]?~, in Na3AlHg is investigated experimentally by using
in situ Raman spectroscopy. Also, the Al-H vibration is ana-
lyzed theoretically by using the Gaussian 03 and the CASTEP
programs.

It is found that the Raman peak for the Al-H stretching vibra-
tion of NaAlHy shifts toward the higher frequency side upon
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melting. This Raman spectrum recovers to the original position
by cooling the sample to room temperature before NaAlHy start
to decompose. However, once the decomposition of NaAlH4
takes place and NazAlHg start to appear, the Raman peak at
1800cm™! does not recover by cooling but it persists even
in the sample cooled down to room temperature. From these
results, the intermediate transition state during the decomposi-
tion of NaAlHy into Na3zAlHg is discussed. Also, from a series
of calculations, it is shown that the highest frequency at the nor-
mal mode of the Al-H stretching vibration correlates with the
shortest AI-H bond length in the MAIH4-type and its derivative
complex hydrides.
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