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The pressure-induced phase transformations in pure Lidtde been studied using in situ Raman spectroscopy

up to 7 GPa. The analyses of Raman spectra reveal a phase transition at approximately 3 GPa from the
ambient pressure monoclinicLiAIH 4 phase P2,/c) to a high pressure phasg-LiAlH 4, reported recently

to be monoclinic with space groug,/b) having a distorted [Allf]~ tetrahedron. The AtH stretching mode

softens and shifts dramatically to lower frequencies beyond the phase transformation pressure. The high pressure
p-LiAIH 4 phase was pressure quenchable and can be recovered at lower presdéu2eSRa). The AtH

stretching mode in the quenched state further shifts to lower frequencies, suggesting a weakening of the
Al—H bond.

I. Introduction of the development of catalyzed alanates can be found in Gross
et al.8 and some outstanding issues about the reaction mech-

The group of complex alkali aluminohydrides (so-called anisms of decomposition have been elucidated in Balema and

alanates) with the general formula MA{HM = Li, Na) are g
. . ) . Balema’

particularly attractive as potential candidates for hydrogen . . )

storage due to their high theoretical hydrogen weight content Solid-state addition of catalysts (usually Ti-based) to alanates

(LIAIH 4, for example, has 10.5 wt % hydrogen). Bogdanovic Vi@ high energy ball milling is now the preferred mode of
et al22 discovered that addition of suitable catalysts (Ti-based) SYnthesizing catalyzed alanates despite some loss of hydrogen

to NaAlH, enhanced the hydriding kinetics and reduced the content. The reduction in particle size and the availability of
decomposition temperature, as well as promoted reversibility. Incréased surface area for catalyst action are expected to aid in
This pioneering work led to the development of a class of th€ hydriding kinetics of the complex hydrides. Although
hydrogen storage materials called catalyzed alanates, and recerftMerous reports can be found in the literature about addition
research has focused on the selection and effective addition ofof various catalysts to alkali aluminohydrides and the subsequent
catalysts to alanates. Similar to NaAlHmprovements in the

improvements in hydriding/dehydriding properties, the mechan-
hydriding properties of catalyzed LiAlFand LkAIH s have been ochemical solid-state transformations in the hydride accompany-
reportec®~® In general, the dehydrogenation reactions of MAIH

ing ball milling are still not well understootiHigh energy ball
(M = Li, Na) are given belof’ milling is a dynamic mixing process where colliding ceramic
or hardened steel balls in a confined volume crush and mix the
_ catalyst and the hydride, resulting in solid-state transformations.
SMAIH, = MoAIH + 2A1 + 3H, (1) The local stresses developed due to the collision of balls can
3 result in the solid (getting crushed) experiencing pressures up
MaAIHg — 3MH + Al + 5 H, (2 to several gigapascals (reported to be as much as 6°Gpa
These stresses may indeed produce structural transfornidtions
in the ball milled material or even result in the formation of
new compounds if the ball milling is carried out in the presence
of a catalyst.

The stability of pure and catalyzed LiAlHafter ball milling
has been studied by many research&r$ However, these early
studies focused on the mechanochemical activation and decom-

* Corresponding author. E-mail: dchandra@unr.edu. Phone: (775) 784- POsition of LiAlH4 during b‘?" milling and d_id not report the
4960. Fax: (775) 784-4316. effect on the dehydrogenation characteristics of LipAtlie to

Both LiH and NaH are not considered available for practical
purposes due to the relatively high thermal stability of these
compounds. For pure LiAll the decomposition temperatures
for steps 1 and 2 are given to be 15075 and 186-220 °C,
with release of 5.3 and 2.6 wt %o,Hespectively. An overview
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TABLE 1: High Pressure (Room Temperature and High Temperature) Phase Transformation of LiAIH2

phase transformations reference
o-LiAIH ,
2.6 GP: ; 33.8 GP. . ; 8
monoclinic 2,/c) ———  B-LAH, ==2 y-LiAIH , Vajeeston et &
a=4.8174p = 7.8020 tetragonal k4,/a) orthorhombic Pnmag

c=7.82144=112.228

aliAH, — 2235%Pa ) ialH, Talyzin and Sundquidt

monoclinic @2,/c) "™

o-LiAIH , ﬁ. B-LiAH this work
monoclinic P2,/c) P

wLiAH, 76 [B-LiAH,  _7cPa y-LiAIH Bulychev et al®
monoclinic 62 Ig) 2507%00°¢ tetragonal __soo'c Orthorhombic Pnma

! a=6.75,c=8.081 a=511b=9.21
c=4.29
V_LiA"-I ¢ Bastide et af®
a-LiAIH , — monoclinic

monoclinic P2,/c) 3552286§ﬂb==950573§

20nly the experimental lattice parameters are given from Hauback®®T ke calculated lattice parameters of the predicted room temperature
high pressure phases can be found in Vajeestoné€tTdle transformation pressures and temperatures from BulycheVehrad. Bastide et &P
are from ex situ experiments. The experimental conditions at which Bastid&eadtederved their high pressure, high temperature phase transition
was not clear. All lattice parameters are given in angstroms.

ball milling. In a recent systematically conducted study, Recently, the prediction of Vajeeston et'&kas tested by
Andreasen et df found that the dehydrogenation of ball milled  Talyzin and Sundquidt by performing high pressure in situ
LiAIH 4 exhibited significantly faster kinetics than unmilled Raman spectroscopy in which they found a slow reversible phase
LiAIH 4. In addition to the reduction in particle size, it is expected transition between 2.2 and 3.5 GPa. To avoid nomenclature
that some pressure-induced changes ir-HAlbonding could confusion, in this study, in accordance with Vajeeston é¢ al.
also have a role in the faster dehydrogenation kinetics of the and Talyzin and Sundqui&t,the high pressure, room temper-
milled LiAlH 4. Therefore, a detailed study on the effect of ature phase is designated G4.iAlH 4 in a departure from
pressure on the bonding and structure of LiAlld highly Bulychev et al® and Bastide et & In their high pressure
desirable. The interest in high pressure phase transformationgdiamond anvil cell (DAC) experiments, Talyzin and Sunddgist

of LiAIH 4 has also been renewed by a theoretical prediction of used 4:1 methanol/ethanol as their pressure transmitting medium;
a high pressure phase at room temperature by VajeestoAfet al. however, it has been previously shown by Haubenstock and
At approximately 2.6 GPa, they predicted a transformation from Mestef® that there is some reactivity of LiAlHwith alcohols

an ambient pressure-LiAIH 4 (P2:/c, Z = 4) phase to a high  that involve partial substitution of H by arOR functional
pressurel-LIAIH 4 (141/a, Z = 4) phase with a large volume  group, where R is the alkyl group. The following reactions of
collapse ¢17%). If such a large volume collapse can be alcohols with LiAlH, have been suggestéd:

determined experimentally (from lattice parameters) and if the

high pressure phase can be retained at ambient pressure by a LiAIH , + XROH== LiAIH ,_,(OR), + xH, 3)

rapid reduction in pressure (pressure quenching) or other
chemical means, then this would lead to a new dense hydrogen

. ) ; . i In the presence of a small amount of alcohol, the alkoxide
storage material with gravimetric as well as volumetric ef-

- derivative on the product side can partially dissociate with the
ficiency. presence of one, two, or three-AH bonds. Thus, an intense
The earliest high pressure studies on LiAlby Bulychevet  Al—H stretching (even bending) mode can still be observed.
all®and Bastide et & were ex situ experiments using a belt- However, the presence of other Raman signatures du®©to
type apparatus that involved the application of both high pressure CH; can still be weak or superimposed with some modes from
and temperature. The results from these studies are summarizethe sample spectra. The effect of alcohol pressure media on the
in Table 1 along with the crystal structure parameters of the all Raman spectra may not be dramatic in the high frequency region
the known high pressure (room temperature and high temper-due to the above reasoning. However, the effect of the above
ature) phases of LiAlld The important conclusion from these  reaction may be more on the low frequency librational and
previous studies was the change in coordination number®f Al translational modes, affecting their intensity as well as frequency
from 4 to 6 in the high pressure phase due to the formation of due to the partial substitutions in the molecular unit. The
[AlH g3~ octahedra. Bureau et #l.also stated that the high translational and librational modes are also of interest to
pressure, high temperature phase possessed irregulag]}AlH  understand the effect of pressure on the rigid [AtHunit. Also,
octahedra similar to the regular octahedral arrangementin Li - Talyzin and Sundqui&t have pointed out that they were unable
AlH¢. Balema et al® also suggested that ball milling of LiAIH to follow the low frequency lattice translational and librational
in the presence of Ti-based catalysts could lead to a rearrangemodes as a function of pressure. As the first part of a systematic
ment of the tetrahedral [All}~ ion to octahedral [AlH]®~ and study on the high pressure behavior of LiAlHwe have
alluded to the similarity with the high pressure, high temperature conducted high pressure in situ Raman spectroscopy using a
metastable-LiAIH 4 phase reported by the early research2f8. DAC on pure LiAlH,; with the following objectives:
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Figure 1. (a) Mode assignments for LiAlHrom this study (as-loaded sample@ GPa) in the DAC) showing the various vibrational modes. It
is notable that the low frequency translational and librational (hindered rotation) modes are also well resolved. A nonlinear-regressioltigessded mu
fitting routine®® was used to identify shouldered peaks. (b) The crystal structuxeL®AID 4 (red, D; blue, Al; green, Li) obtained from our neutron
diffraction experimentg?

(1) To determine the phase transition pressure of Lipdit at 1331 cnt! cannot be studied due to the very high intensity
room temperature by loading multiple samples in a DAC without of this peak. Therefore, spectra were collected for the ranges

any pressure transmitting medium. 100-1200 and 14063600 cnt?.

(2) To monitor the evolution of lattice (translational, libra- After each pressure increment, the sample was allowed to
tional), Al-H bending, and AlH stretching modes as a stabilize fort/,—1 h and then the Raman spectrum was obtained.
function of pressure. To obtain a well-resolved, smooth Raman spectrum, the

(3) To determine if the high pressure phase can be quenchedcollection time for the spectrum was 60 s. Care was ensured to
to a lower pressure and ascertain its stability. attenuate the laser power to avoid any laser effect on the sample.

Once a maximum pressure of about 5 GPa (for one run, the
Il. Experimental Procedure maximum pressure reached was 6.8 GPa) was reached, the

pressure was decreased rapidly to abeli2 GPa. The sample
was allowed to sit for at le&d8 h before obtaining the spectra

of the pressure quenched sample. Three sample runs were
performed, and for one sample run, the quenched sample was
held at a constant load for about 6 days inside the glovebox.

Reagent grade LiAlkipowder of 95% purity was purchased
from Sigma Aldrich Inc. and was used without further purifica-
tion. The high pressure Raman spectroscopy experiments
performed in this work were carried out at the Geophysical
Laboratory (GL) at the Carnegie Institution of Washington
(CIW), Washington, DC. The DAC used for the Raman
spectroscopdf studies had diamonds with 5@0n culets, and
samples were loaded in a rhenium gasket hole of about 140 IIl.A. Vibrational Mode Assignment of Pure LIiAIH 4. The
um. The powder form of LiAlH was preferred, since the sample complete description of the various vibrational modes can be
loading was performed in a glovebox (argon atmosphere) useful for an in situ vibrational spectroscopy study of the
without any pressure transmitting medium. As mentioned earlier, decomposition of LiAIH. The first complete vibrational as-

a commonly used pressure transmitting medium such as 4:1signment for LiAIH, was reported by Bureau et ®lin 1985.
methanol/ethanol could have interactions with LiAJknd it The spectrum reported in this study provides the second known
is also not possible to use them inside a glovebox. The ruby complete vibrational assignment for LiAlHfrom 80 to 2200
(Cr3* dopeda-Al,05) fluorescence method (Rine at 694.2 cm™b). The vibrational mode assignment of the as-loaded LiAIH
nm under ambient conditions and shifting to higher frequencies sample in the DAC from this study is shown in Figure 1a, and
with pressure) was used to determine the pressure inside thethe crystal structure of LiAlRis shown in Figure 1b. The lattice
DAC.?5 A few ruby chips were spread along with the sample parameters and atom positions used for computer simulation
for monitoring the pressure. Since no pressure medium was usedpf the crystal structure shown in Figure 1b were obtained from
the non-hydrostaticity is of concern. This was a reason to collect our neutron diffraction studie’S.We were able to obtain high
Raman spectra from multiple sample loadings to make sure thatresolution spectra and clearly identify bands of peaks corre-
the transformation pressure was not over corrected. The sharpponding to the lattice, bending, and stretching modes. The raw
presence of both Rand R ruby lines (for the relatively low data obtained were first smoothed using a fast Fourier transform
pressures of this study) is a reasonable indication of the absencéFFT) smoothing routiné? The peaks were then directly
of large pressure gradients. Detailed analysis regarding theextracted from the smoothed curve. It was found that a 15-
relative shift of the R and R lines can provide further  point FFT smoothing was sufficient for AH bending and
information about the pressure gradient but was not performedstretching mode regions, while a 10-point FFT smoothing
in this study. The DAC was assembled and sealed with minimal (sometimes 5-point) was necessary to extract peaks for the lower
initial pressure. Raman measurements were performed using thevavenumber regions of translational and librational modes.
514.5 nm green lines of an argon ion laser (Coherent Innova The Al—H bond dictates the vibrational mode characteristics
90). A resolution of 0.5 cm! was achieved using a 460 mm  of alkali metal aluminohydrides (LiAll] NaAlH,, and KAIH,)
focal length /5.3 imaging spectrograph (ISA HR460) with an and is evident from the fact that the Raman spectrum of LiAIH
1800 grooves/mm grating and liquid nitrogen cooled CCD is very similar to that of NaAl27-28 The Raman spectrum of
detector (Princeton Instruments). The Raman scattering wave-LiAIH 4 can be divided into four spectral regions in order of
length was calibrated using Ne lines, and a small offset increasing frequency corresponding to translational, librational,
correction was made to the observed Ne litféd/e note here bending §), and stretchingy) modes. For comparison purposes,
that the Raman active modes near the first-order diamond peaka compilation of the vibrational mode assignments from this

Ill. Results and Discussion
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TABLE 2: Compilation of the Vibrational Mode 2 Assignment of LiAIH, from Experimental Raman Data

DAC DAC powder Raman in Raman in powder Raman
as-loaded peak as-loaded Ramag® ethersol®  ether sol& neutron of NaAlH?" vibrational mode
(thiswork) intensity (2004 (1985) (1973) (1956) scattering' 33 (2005) assignments
88 m 95 107
102 w-sh 112 116
141 S 143 140 174 translational
157 w-sh 151 210, 240
201 m 165 355
225 w 220 419
312 w 322 511 librational
434 wtom 438 467, 472
495 wtom 510
688 m 689 690 675 765 S(AIH))
778 S 779 780 783 782 847 sydfAIH 2)
816 w-sh 824 830 812 S(AIH))
878 wtom 873 882 880 O(AIH )
933 w 923 950 S(AIH))
1720 w-sh 1709 1722 1724 v(Al—H)
1754 m 1753 1762 1759 1680 antisyrAl —H)
1829 S 1832 1837 1838 1832 1769 sy —H)

aUnits in inverted centimeter8.Talyzin and Sundquist did not report any vibrational mode assignments below 500'cm

study along with those reported in the literature is given in Table
2. Since the alkali metal would not have a strong role in the
vibrational mode behavior of the AH bond, the mode
assignment of NaAllifrom Ross et a#8 is also given in Table
2. The discussion of the vibrational mode assignment of LiAIH
is presented below for the four spectral regions.

IIILA.1. Translational Modes.The low frequency region
corresponding to wavenumbers from 80 to 160 tim assigned
to the relative translational motion of the ‘Liand [AlH4]~
tetrahedra. There are two distinct peaks at 88 and 141 cm
with shoulders at 102 and 157 ciyrespectively. The peak at

IlI.LA.4. Stretching Modegv(Al—H)}. The high frequency
spectral region is dominated by the-AH symmetric peak at
1829 cnt! and a shouldered antisymmetric peak at 1754%tm
(shoulder at 1720 cmi). These assignments are also in good
agreement with those reported in the literature for LiAIH

III.B. Raman Spectra of Pure LiAIH 4 as a Function of
Pressure.Majzoub et aP® have shown that the behavior of
Al—H modes in NaAlH as a function of temperature provides
important clues regarding the stability of the [AJH tetrahe-
dron. They determined that the AH stretching modes do not
show evidence of softening and remain intact even in the melt.

201 cntlis also assigned to the translational mode. There is

good agreement with the assignment of translational modes byThe behav.ior.o.f the Ramgn spectra as a function of pressure
Bureau et af? It is also pointed out that, at ambient pressure aSSUMes significance in this regard as the effect of pressure on

and room temperature, the most intense vibrational mode is thatth® Al—H bonds may be different from that of the temperature

of translation in both LiAIH (141 cnt?) and NaAlH (174 effect. The Raman spectra of LiAlHas a function of pressure

cmY). are shown in Figure 2. The spectra have been divided into two
IlLA.2. Librational Modes The librational modes (hindered ~ parts: Figure 2a depicts the Raman shift due to increasing

rotation) for LiAIH, are in the frequency region between 220 pressure of the translational modes (88-érfsh 102 cm?],

and 600 cm?. From the spectra obtained in this study, there 141 cnt?![sh 157 cntl], and 201 cm?), librational modes (225,

are four librational modes at 225, 312, 434, and 495%mvhich 312, 434, and 495 cm), and bending modes (688 cfy 778

are in good agreement with those obtained by Bureau @t al. cm1[sh 816 cn!], 878 cn1?, 933 cn1Y), and Figure 2b shows

The librational motion in LiAIH, has been studied by incoherent the Raman shift of the AtH stretching modes (1829 and 1754

neutron scattering by Temme and Waddingtamho reported cm! [sh 1720 cnl]). As mentioned in the Experimental

a strong peak at 470 crhfor LIAIH 4. This strong mode was  Procedure section, three separate runs were conducted to test

attributed to the large vibrational amplitude of H in the [A]H the reproducibility of the Raman spectra behavior as a function

tetrahedron, suggesting that the [A]H exists as a very stable  of pressure, and the spectra are shown in Figure 2. It can be

ion that is rigidly locked in the crystal lattice. In another study, gseen from Figure 2b that there is very good reproducibility

Gorbunov et af? determined a librational mode at 472t peween the three runs especially in the higher wavenumber

from the low temperature heat capacity measurements Of oqions. The translational and librational modes of the spectra

LIAIH 4. It is also interesting to note that the frequencies for ;% o region from 0 to 1200 cm for run 1 were not as well

the tq;sgmalfos;:llaﬂo&sI_arell ra_therr] f:jlgg comp?qred V;Q;;]“_t'he resolved as the other two runs and hence are not included. This
magnitude ot ofher alkal auminohydrides such as was most likely due to overcautious initial sealing (the initial

RbAIH,, and CsAIH. In fact, the librational mode for the
[AIH4]f ion in KAIIl-t determined by Tomkinson and Wad- pressure for run 1 was 1.4 GPa) of the DAC before transport
out of the glovebox.

dingtor?® by inelastic neutron scattering is only 286 ¢ ) o )
l1.A.3. Bending Mode§d(Al—H)}. There are four distinct Selected peaks from various vibrational modes were moni-
peaks at 688, 778, 878, and 933 ¢hin the spectral region  tored as a function of pressure to obtain a quantitative fit to the
variation of the Raman shift as a function of pressure. From

from 600 to 950 cm! that are due to the bending of AH

bonds. The peak at 778 cthhas a shoulder at 816 cth These the knowledge of the isothermal bulk modulus (theoretical

assignments are in good agreement with Bureau &t ahd values foro-LiAIH 4 and 5-LiAIH 4 taken from Vajeeston et
al1®), the isothermal mode-Gneisen parameter was determined

Talyzin and Sundquiét as well as some earlier reports of
LiAIH 4 in ether solutiong435 for these vibrational modes. The isothermal modés@isen
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Figure 2. Raman spectra of pure LiAltas a function of pressure (a) from 0 to 1200 ¢émshowing the Raman shifts of translational, librational,

and Al-H bending modes, (b) AtH stretching modes from 1400 to 2400 cinThere are three separate color coded runs that have been superimposed
(runs 1, 2, and 3 are shown in red, blue, and black, respectively). The translational and librational modes of run 1 were not well resolved and are
not shown in part a. Regions 1, Il, and Il highlight the three broad peaks corresponding to the merged translational, librational, and bending modes,
respectively. Also, arrows are marked on the-Ml stretching modes of run 2 to show the Raman shift of the Klstretching modes.
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Figure 3. Raman shifts of (a) translational modes, (b), librational modes, (eHAbending modes, and (d) AH stretching modes as a function
of pressure. The large downward shift of the symmetric and antisymmetri¢i Atretching modes is shown by arrows. The shoulder for the
antisymmetric A-H stretching mode disappeared before the phase transition pressure. There are two peaks assigAddAtHthg@hase that
appear near the phase transition, one at about 1650 @nal one at 1950 cm, and disappear at higher pressures. &HgAIH , peaks are shown

in solid symbols (runs 1, 2, and 3 are shown as squares, circles, and

triangles, respectively)Sabid\tHe peaks are shown in open symbols.

The Raman shifts of most modes were fit to be lineataqm™) = oo + ¢’'P); however, a parabolic fitoq (cm™) = oo + ¢'P + ¢''P?) is found to

be usefud” for some modes.

parameter for a vibrational frequency;, is given by the
following relationship?®

~diny KT(Z)vi) 4

S TV v )

whereKs is the isothermal bulk modulu¥, is the volume, and

(avi/oP) gives the rate of change of the vibrational frequency
as a function of pressure. The above expression is typically
evaluated from the Raman shift as a function of pressure. A

2.7 and 3.6 GPa where all four translational modes appear to
merge together with the two librational modes of lower
frequencies. In fact, this transformation is clear at higher
pressuresX4.5 GPa) where a broad, flattened peak extending
from 50 to 300 cm! can be seen. The Raman shifts of
translational modes at 88, 141, and 201 émwere monitored

as a function of pressure and plotted in Figure 3a. Other than
the experimental scatter due to the two runs (runs 2 and 3),
there is a linear trend in the-LiAIH 4 translational modes with
pressure. Beyond the phase transformation pressur@ GPa,

discussion of the pressure-induced behavior of selected vibra-it was difficult to deconvolute the peaks due to the merging of

tional modes of LiAlH, is given in the following sections.
111.B.1. Translational and Librational ModesThe transla-
tional and librational modes of LiAlldexhibit complex behavior
as a function of pressure. The shoulder at 102 tmerged
into the stronger peak at 88 ciupon initial compression to
about 0.6 GPa. However, the most intense peak at 142 cm
and the shoulder at 157 crhcontinue to be seen without
significant loss of intensity to much higher pressures until the
phase transformation pressure-e8 GPa. This suggests that
the crystal periodicity is still present due to an intact lattice,

translational modes into a broad peak. From the fit to the Raman
shifts as a function of pressure, the isothermal mod&&een
parameter for all of the vibrational modes was determined. As
expected, the translational and librational modes have relatively
higher mode-Groeisen parameters than the-A bending and
stretching modes. There is some uncertainty in the values
determined here, as only the theoretikalvalue is available.

It will be interesting to determine the intrinsic mode anharmo-
nicities associated with the various vibrational modes from the
knowledge of isobaric mode-Gneisen parameters.

and these translational modes show an upward shift as the The librational modes at 225 and 312 cheontinue to shift

pressure is increased. The weak translational mode at 201 cm
initially shows a decrease in the intensity up+d GPa but
grows in intensity moving toward higher frequencies. The

to higher frequencies as the pressure is increased and merge on
to the translational modes, forming a broad band. The behavior
of the librational modes at 434 and 495 chis also interesting,

translational modes undergo a dramatic transformation betweenas they shift to higher frequencies with a steepédi gradient.
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It does appear there is formation of new peaks (splitting of old TABLE 3: Raman Shifts as a Function of Pressure and
peaks) around-2.4 GPa in the frequency region between 350 Mode-Grineisen Parameters for Selected Vibrational Modes

and 700 cm. However, due to their low intensities, they were of LiAIH 4
not monitored as a function of pressure. At pressures around a-LIAIH 4 (P2y/c, K = 12.95 GPa)
2.4 GPa, the librational modes at 434 and 495 trnegin Raman modes at mode-Giumeisen
merging with the lowest frequency bending mode at 688'%tm 1 atm (cn?) parametery)
This is significant, as the merged band appears to undergo a 88 24
collective shift toward lower frequencies (mode softening) 141 0.6
before a reduction in intensity at pressures greater than 5.5 GPa. 201 1.5
Due to the merging of these modes, it was difficult to delineate 225 5.3
peaks corresponding to the librations. %i g'g
111.B.2. Bending and Stretching Modeln addition to the 495 1.9
intense translational mode at 141 tinthe ambient pressure 688 0.2
Raman spectra of pure-LiAIH 4 are dominated by strong 778 0.3
internal mode contributions from thigAl—H) bending and- g%g g'g
(Al—H) stretching vibrations. The strong shouldered peak at 1720 0.3
778 cnt! continues to remain the most intense of all of the 1754 0.2
bending modes unti+2.4 GPa. At pressures between 1.5 and 1829 0.2

2.4 GPa, the shoulder (816 cf) from the 778 cm! peak

fet _ B-LIAIH 4 (12/b,*° K = 25.64 GPa)
emerges as a separate peak of equal relative intensity to the

peak at 878 cmt. The weakest bending mode at 933 ém high presslureghasle Ram?g modes  mode-Giimeisen
displays a shift toward lower frequencies as it merges with the extrapolated to 1 atm () parametery)

peak at 878 cmt. As mentioned in the discussion of the pressure 1223 _c())-??

behavior of the librational modes, the bending mode at 688'cm )

merged with the two librational modes at 433 and 495 &m a2 The mode-Gineisen parameters were calculated using theoretical

and forms a collective broad band beyond 2.7 GPa. Beyond bulk moduli from Vajeeston et &f.

the phase transformation pressure of 3 GPa, the strongest
bendFi)ng mode peak at 7?8 chn reduces dramatically ing increases to 1783 cm at 2.7 GPa and lowers by more than

1 . . .
intensity. Briefly, the merged peak of 878 and 933-d1is the 6% to 1672 cmt at 3.5 GPa, and beyond this pressure, it begins

. : o increase with a slope of 21.57 c#GPa. The symmetric
strongest bending mo_de peak. Itis apparent from the spectra a{stretching mode at 182% crhshows a more comple>)</ behavior
3.5 GPa that the bending mode E):E]aks at 778'and the peaks by downshifting from 1858 ¢t at 2.8 GPa to 1753 cm at
due to merging of 878 and 933 crhhave shifted dramatically ; o
to higher frequencies with considerable broadening. In the high ?rfqﬁgr?ciansd \?vi)rllogd;r&;griiszlg%gogggsg?: dﬁﬁ;ezﬁgc}ce)_lower
pressurqS-UAIH aphase, these r_nodes do not exhibit any fur‘[he_r Grineisen parameters are given in Table 3 for the stretching
mode softening. The Raman shift versus pressure for the bendlngmooles in theo-LiAIH » phase as well as in the hiah pressure
modes is plotted in Figure 3c. The mode at 933 tmvas not 4P gn p

) . . . . B-LiAIH 4 phase. Due to the negative slope of the stretching
monitored as a function of pressure, as the intensity of this mode . : .
. . ) mode in the high pressure phase, the mod&€isen parameter
was very low. However, it can be seen in Figure 2a that it does is negative. It has to be pointed out that the-Al stretching
shift upward upon C(_)mpressmn. . L modes in the high pressufeLiAlH 4 phase from 3.5 to 4.5 GPa
The AI_—I—_I stretching ques are the don_unant vibrational appear to be a broad doublet peak and they could be weakly
characteristic, as expected in a compound with a stabledAIH  yesplved corresponding to the antisymmetric and symmetric
tetrahedron. The shqulder adjom_lng the antlsyr_nmetnelﬁl Al—H stretching modes. They do merge to form a single broad
mode at 1720 cmt shifts toward higher frequencies, as shown hanq heyond 5.5 GPa. Such complex behavior of the stretching
in Figure 3d, and disappears (merges with the antisymmetric ,,0des was not observed by Talyzin and Sund&istho
Al—H mode at 1754 cm') beyond 2.4 GPa. There is a also a ghowed the presence of three distinct broad peaks in the high
new peak that begins to develop at 1658 ¢raround 2.4 GPa  ressures-LiAlH 4 phase. It is not clear if the use of an alcohol-
that is assigned t6-LiAIH 4, suggesting the beginning of a slow  pased pressure transmitting medium could explain the presence
phase transformation to a high pressure phase. It is observed inyf the extra peaks in the high pressgreiAlH 4 phase in thef?
this study that this new peak shows a large discontinuous study.
downward  shift beyond~3 GPa. This behavior was not I11.C. Pressure Quenching of the High Pressurgs-LiAIH 4
observed by Talyzin and Sundqdfsivho reported that thisnew  phase The high pressuré-LiAlH 4 phase was pressure quenched
peak persisted all the way up to their highest pressure of 6 GPa.after each of the three runs. The Raman spectra of the highest
In addition to this new peak, they also reported the continued pressure of each run along with the “pressure quenched” sample
presence of the two peaks corresponding te-Wlstretching  are given in Figure 4. For comparison purposes, the ambient
modes up to their highest pressure of 6 GPa. It is pointed out pressure (as-loaded) Raman spectrum is also shown. It can be
that even in the current study the downward shift for the new seen in Figure 4a that the translational and librational modes
peak was unequivocally observed only in one of the runs (run have merged to form two broad peaks in the high pressure
2, marked by arrows in Figure 2). A parabolic fit was required g jAIH , phase. After quenching and letting the sample stabilize
for the regression of the Raman shift of the-A stretching  jn the DAC for about 3 h, the Raman spectra of the quenched
modes as a function of pressure, as shown in Figure 3d. sample (all three runs) show similar characteristics to those of
The Raman shifts of the symmetric and antisymmetric theS-LiAIH 4 phase. It can be seen in Figure 2 that, in the high
stretching modes shows a parabolic increase up to the phaseressures-LiAIH 4 phase, the librational and AH bending
transformation and then a dramatic discontinuous downward modes do not completely disappear but merge together to form
shift to much lower frequencies. The mode at 1754 tm  a broad peak. The deconvolution of these modes was difficult,
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Figure 4. Raman spectra of the pressure quenched high pregduirdH 4 for the three separate pressure runs (runs 1, 2, and 3 are shown in red,
blue, and black, respectively). Q denotes the quenched sample (spectra taken after 3 h).

but as shown in Figure 3b and c, some of these modes wereambient pressure, since it would damage the moisture sensitive
monitored to as high of a pressure as possible. Upon pressuresample. Therefore, the sample was quenched to a pressluz (
quenching, some of these modes were recovered in the quenche@Pa for runs 2 and 3 and1.3 GPa for run 1) that allowed the
state. Obviously, it is not possible to completely release to sample to remain sealed. For one of the runs (run 2), the sample
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was allowed to remain in this quenched state for over 6 days. a smaller a/dP gradient while the librational modes exhibit a
The pressure increased to 1.9 GPa after 6 days due to inherenslightly steeper d/dP gradient. However, in the high pressure
mechanical relaxation of the DAC, and it can be seen in Figure -LiAIH 4 phase, there is a noticeable merging of the translational
4a that some lattice modes are also beginning to appear. and librational modes and there are two broad peaks corre-

The Al—H stretching modes show a much more dramatic Sponding to these merged modes, suggesting there may still be
behavior after pressure quenching. The behavior of these modesome long range order in the high pressure phase. After pressure
can provide important clues with regard to the strength of the quenching, some lattice modes appear again, as shown in Figure
Al—H bonds and therefore about the process of dehydrogena-4. However, the Al-H stretching modes show very interesting
tion. As mentioned earlier, the symmetric and antisymmetric behavior as they undergo a pressure-induced phase transforma-
Al—H stretching modes merged together to form a broad peak tion. First of all, just beyond the phase transition pressure of 3
in the B-LiAIH 4 phase with a large downward shift in frequency GPa, the symmetric AtH stretching mode at 1829 crhshows
at the phase transformation pressure, as shown in Figure 3da dramatic shift to lower frequencies and continues its downward
Upon release of pressure, this broad peak undergoes a furthetrend in the high pressure phase. This may be an indication of
shift toward lower frequencies. The symmetric stretching mode the change in coordination number of the’Alon from 4 to 6
of the pressure quenchefl-LiAIH, phase downshifts to  associated with the formation of a distorted Alectahedron.
shouldered peaks at 1655 th(1.2 GPa) for run 2 after 3 h  There is also significant peak broadening of the-Al stretching
and increases to 1697 c¢cm(1.9 GPa) after 6 days, to 1689 modes that is apparent looking at the high presguteAlH 4
cm™! (1.3 GPa) for run 1 after 3 h, and to 1687 chior run spectra from 3.5 to 6.8 GPa and comparing them with the
3 (1.2 GPa) after 3 h. The antisymmetric stretching mode of ambient pressure spectra. This considerable broadening of the
the pressure quenchgeliAlH 4 phase also downshifts to 1632 peaks belonging to the internal modes A bending and
cmt (1.2 GPa) for run 2 afte3 h and remains at this stretching) as well as the emergence of one flat broad peak
wavenumber even after 6 days (1.9 GPa), to 1661 'c(h.3 (which can be construed as a disappearance) corresponding to
GPa) for run 1 after 3 h, and to 1617 chfor run 3 (1.2 GPa) the lattice translational and librational modes suggests the
after 3 h. Rather interestingly, as can be seen from Figure 4, apossibility of at least partial amorphization in the high pressure
low wavenumber peak between 1515 and 1540 ‘cmlso pB-LiAIH 4 phase. However, it is pointed out that some peak
appears in the pressure quenclietiAlH 4 phase. It is noted broadening can be attributed to the presence of pressure
here that Talyzin and Sundquiddecompressed their sample gradients due to non-hydrostaticity in the sample.
in a stepwise fashion. They observed a complete reversibility ~ As mentioned earlier, the structure for the high pressure
of their phase transformation with a full recovery of the-Al S-LiAIH 4 phase was theoretically predicted to be highly
stretching modes at their ambient pressure frequencies. In thissymmetrical tetragonalds/a (a-NaAlH, type). Talyzin and
study, the pressure was released as rapidly as possible and thgundquist2 observed a triplet associated with-AH stretching
results are quite different in view of frequencies of the-Al mode in the high pressupLiAlH 4 phase and concluded that
stretching modes after pressure release. High pressure synchrahe crystal structure could not be of theNaAlH, type, since
tron X-ray diffraction experiments will be able to verify whether  the Raman spectra of the highly symmetricaNaAIH, have
B-LiAIH 4 is quenchable to ambient pressure. only two strong peaks. However, in this study, the Raman

I1.D. Discussion. Recent research on catalyzed complex spectra of the high pressufeLiAlH 4 phase in this study do
hydrides has been to explain the reaction mechanisms involvednot show evidence of a triplet in the AH stretching mode
during catalysis and the subsequent improvement in hydrogenregion. In fact, it can be seen from Figure 2, at pressures as
desorption/absorption kinetics. An understanding of the underly- high as 6.8 GPa, that there is only one broad peak in theHAl
ing phenomena will enable a theory-based process to improvestretching mode region.
the hydriding properties of the complex hydrides. Majzoub €t y/gry recently, an article by Pitt et &lreported the pressure-
al?® focused on understanding the vibrational mode behavior jnqyced transformations in LiAlpusing neutron diffraction and
of Na_A_IH4 as a function of temperature, to explain the necessary getermined the crystal structure of the high presgut#AlH 4
conditions for dehydrogenation of NaAJHThe two major phase to be monoclinidZ/b) with lattice parameters dd =
findings by Majzoub et a8 are reiterated below: 4.099(3) A,b = 4.321(4) A,c = 10.006(7) A, ands = 88.43-

(1) The lattice modes (translational and Iibrational) of NaAIH (2)° corresponding to a distorted [AH tetrahedron. They also
showed a shift toward lower frequencies (mode softening) as reported temperature effects up to 8D and determined that
the temperature increased (disappearing in the melt due to losspon slow release of pressure and cooling there was a reversible
of the NaAlH; lattice). phase transition back t@-LiAID 4. Currently, we are planning

(2) The Al-H bending and stretching did not exhibit any high pressure synchrotron X-ray diffraction experiments on
noticeable mode softening, and [A[H was stable even in the  LiAlH 4 to redetermine the crystal structure of the high pressure
melt, as evidenced by the strong-Afl stretching mode. S-LiAIH 4 phase as well to determine if the high pressure phase

There are some interesting parallels/contrasts that can beis retained after rapid release of pressure, as evidenced from
drawn with the Raman study of NaAlHas a function of ~ our Raman studies.
temperature by Majzoub et #with the current study of LiAl It is also significant to note that, after the pressure quenching,
due to the similar nature of the alkali aluminohydrides. The there is a noticeable shift toward lower frequencies for the broad
structural stability of the [AlH]~ unit could inhibit the dehy- Al—H stretching mode peak. The negative modéf@isen
drogenation, since release of hydrogen would have to involve parameter for the symmetric stretching mode as a consequence
the breaking of AFH bonds. Majzoub et &8 have theorized of the mode softening in the high pressy#<iAlH , phase is
that the role of the Ti catalyst could be to hasten the breaking also interesting. This behavior of AH stretching modes both
of the Al=H bond to release hydrogen. in the high pressure phase and especially after pressure

The effect of pressure on the lattice modes of LiAlsl the quenching seems to indicate that there is some structural
opposite of the temperature effect, as the translational modesinstability in [AlH4]~ that could enable the process of dehy-
shift toward higher frequencies (until the phase transition) with drogenation. Also, as mentioned earlier, the mechanical milling
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of alkali aluminohydrides does reduce the decomposition (3) Chen, J.; Kuriyama, N.; Xu, Q.; Takeshita, H. T.; Sakai].TPhys.

T ; ; - Chem. B2001, 105, 11214.
temperature; it will be informative to conduct dehydriding/ (@) Shattery. D. K. Hampton, M. DHydrogen. Fuel Cells, and

hydriding experiments on the pressure quenched LiAltHis Infrastructure Technologie$JSDOE Progress Report FY 2003 “Complex
noted that since the phase transformation of Lipisinot very hydrides for hydrogen storage”.

high in pressure+3 GPa), synthesis of the high pressure phase 200515)3 g)legb 35 Kuriyama, N.; Takeshita, H. T.; SakaiAB. Eng. Mater.
(and ;ubsequent quenchmg).lr! bulk, necessary for hydriding (6) Dilts, J. A.; Ashby, E. Clnorg. Chem1972 11 (6), 1230.
experiments, should not be difficult. (7) Dymova, T. N.; Aleksandrov, D. P.; Konoplev, V. N.; Silina, T.
A.; Sizareva, A. SRuss. J. Coord. Chem994 20 (4), 279.

(8) Gross, K. J.; Majzoub, E. H.; Spangler, S. W.Alloys Compd
2003 423 356-357.

Pressure-induced phase transformations at room temperatur?31(9) Balema, V. P.; Balema, LPhys. Chem. Chem. Phy2005 7,
in pure LiAIH4 have been mvesu_gated using in situ high pressure (16) Maurice, D. R.: Courtney, T. Hetall. Mater. Trans. AL99Q 21,
Raman spectroscopy. There is a phase transformation fromogg.
ambient pressure monoclinécLiAIH 4 to 5-LIAIH 4 at 3 GPa. (11) Weeber, A. W.; Wester, A. J. H.; Haag, W. J.; BakkerPHysica

; ; ; i B 1987, 145, 349,
The transformation pressure is close to the theoretically pred_|(_:ted (12) Hemley, R. J.: Prewitt, C. T.: Kingma, K. Rev. Mineral. 1994
value of 2.6 GPa as well as the previously reported transition 5941’
pressures between 2.2 and 3.5 GPa. We were also successful (13) Balema, V. P.; Dennis, K. W.; Pecharksy, V. ®em. Commun.
in retaining the high pressurg-LiAIH 4) phase by pressure 2000 17, 1665.

. . L (14) Pecharsky, V. K.; Balema, V. P. Proceedings of Fundamentals
quenching (rapid reduction in pressure) to a lower pressure O_f of Advanced Materials for Energy Cemersion TMS Annual Meeting and
~1.2 GPa. The Raman features of the quenched sample didexhibition, Seattle, WA, Feb 1721, 2002; pp 95107.
not change appreciably with time. The stabilization of the high 9((11?)1 Zaluski, L.; Zaluska, A.; Strom-Olsen, J. © Alloys Compd1999
pressure phase at ambient pressure holds promise for devgloplnﬁ (16) ‘Balema, V. P.. Pecharsky, V. K. Dennis, K. W Alloys Compd.
novel hydrogen storage materials that are both volumetrically 200q 313 69.
as well as gravimetrically efficient. However, the success of  (17) Andreasen, A.; Vegge, T.; Pedersen, AJSSolid State Chem.
pressure quenching can be conclusively determined only after2005 178 3664.

determining the crystal structure of the high pressure phase, gﬁz,syggéét%bg 'gg az\gg%af’ P.; Vidya, R.; Fjellvag, H.; Kjekshus,

IV. Conclusions

before and after quenching. (19) Bulychev, B. M.; Verbetskii, V. N.; Semenenko, K. Russ. J.
There is significant downshifting of the AH stretching Inorg. Chem 1977 22 (11), 2961.

modes to lower frequencies beyond the transition pressure. AﬁerBul(fci)%stzt'zdel'SJS’P” Bureau, J.-C; Letoffe, J.-M. Claudyviter. Res.

rapid release of pressure, the-Af stretching modes shift to (21) Bureau, J. C.; Bastide, J.-P.; Claudy, P.; Letoffe, J.-M.; Amri, Z.

even lower frequencies (no change after 6 days), suggestingJ. Less-Common Me1987 130, 371.
further weakening of the AtH bond. This behavior is very (22) Talyzin, A. V.; Sundquist, BPhys. Re. B 2004 70, 180101.

. . . (23) Haubenstock, H.; Mester, T., Jd. Org. Chem.1983 48,
different from the behavior of the AIH modes at higher  g45.
temperatures where there was negligible softening of theHAl (24) Raman, C. V.; Krishnan, K. $lature 1928,121, 711.
stretching modes. The mode softening suggests a structural5 g? f'”et: P.; Hemley, R. J.; McMillan, P. Rev. Mineral. 1998 37,
mstablllty and awegker AlH bpnd at moderate pressures. [?ue (26) Song, Y.; Hemley, R. J.; Mao, H. K.; Liu, Z.; Herschbach, D. R.
to the high probability of similar structural changes (possibly chem. Phys. LetR003 382, 686. _
an increased coordination number ofAlnd the formation of . t(tZZ)OOFioggéDzlgd: Halls, M. D.; Nazri, A. G.; Aroca, R. Ehem. Phys.

; ; ; ; At ett. .
AIH_s octahedra) in _baII milled IT|AIH or the static ap_pllcatlon (28) Majzoub. E. H.: McCarty, K. F. Ozolins, \Phys. Re. B 2005
of high pressure, it is hypothesized as a result of this study that 71 "g2411s.
the high pressure (quenched or otherwige)iAlH 4 should (29) Bureau, J.-C.; Bonnetot, B.; Claudy, P.; EddaoudilMater. Res.

i inati Bull. 1985 20, 1147.
possess enhanced dehydrogenation kinetics. (30) hitp:/iwww originlab.com.
. 31) Temme, F. P.; Waddington, T. @. Chem. Soc., Faraday Trans.
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