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a b s t r a c t

The quaternary aluminum hydride LiMg(AlH4)3 contains 9.7 wt% hydrogen, of which 7.2 wt%

can be released in a two-step decomposition reaction via first formation of LiMgAlH6 and then

the binary hydridesMgH2 and LiH. In-situ synchrotron radiation powder Xeray diffraction and

thermal desorption spectroscopy measurements were performed to analyze the product

distributions formedduring the thermaldecompositionof LiMg(AlD4)3. Thefirstdecomposition

step occurs at about 120 �C and the second at about 160 �C for the as-milled sample, while for

a purified sample of LiMg(AlD4)3, the decomposition temperatures involving release of

hydrogen increase to 140 and 190 �C, respectively, suggesting that pure samples of LiMg(AlD4)3
are kinetically stabilized. Studies of the purified LiMg(AlD4)3 also showed that the second

decomposition step can be divided into two reactions: 3LiMgAlD6 / Li3AlD6 þ 3MgD2

þ 2Alþ 3D2 and Li3AlD6/ 3LiDþAlþ 3/2D2. Addition of TiCl3 to LiMg(AlD4)3 under a variety of

ball milling conditions consistently led to decomposition of LiMg(AlD4)3 duringmilling. Corre-

spondingly, all attempts to rehydrogenate the (completely or partially) decomposed samples at

up to 200 bar hydrogen pressure failed. Decomposition of MgD2 was observed at relatively low

temperatures. This is ascribed to thermodynamic destabilization due to the formation of

different AlxMgy phases, and to kinetic destabilization by addition of TiCl3. A thermodynamic

assessment was established for the calculation of phase stability and decomposition reaction

relationships within the LieMgeAl�H system. The calculations confirmed themetastability of

the LiMg(AlH4)3 phase and the irreversibility of the LieMg alanate phase decomposition reac-

tions. TheLieMgalanatedecompositionpathways followedexperimentally couldbeexplained

by the endothermicity of the calculated decomposition enthalpies, in that an impure or cata-

lyzed LiMgAlH6 intermediate phase couldmore directly access an endothermic decomposition

reaction at lower temperatures, while a kinetically-hindered, purified LiMgAlH6 would require

higher temperatures to initiate the two-step decomposition through an exothermic reaction.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Hydrogen storage in solid compounds is considered to be the

only storage method that will meet the long-term goals for

hydrogen storage for mobile applications [1]. One of the most

attractive groups of materials is that of the lightweight, high

gravimetric capacity aluminum-based hydrides (alanates),

some of which have a theoretical capacity of up to 11 wt%
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H2 [2]. The reversibility and improved kinetics found in

Ti-enhanced sodium alanate NaAlH4 by Bogdanovi�c and

Schwickardi initiated a significant effort on alanates [3]. The

theoretical gravimetric density of NaAlH4 is 5.6 wt% H2, which

is considered too low for transportation purposes. A potential

alternative is lithium magnesium tetra-alanate LiMg(AlH4)3,

which contains 9.7 wt% H2, whereof 7.2 wt% is released upon

decomposition to the binary hydrides. LiMg(AlH4)3 can be

produced mechanochemically by mixing LiAlH4 and MgCl2
[4e6], followed by removal of co-produced LiCl by extraction

with organic solvents (Eq. (1)).

3 LiAlH4 þMgCl2/LiMgðAlH4Þ3þ2 LiCl (1)

A two-step pathway was found for the decomposition

of LiMg(AlH4)3. In the first decomposition reaction (Eq. (2)),

4.8 wt% H2 is released, and in the second decomposition reac-

tion (Eq. (3)) 2.4 wt% H2 is released from the intermediate

lithium magnesium hexa-alanate LiMgAlH6 [5,6].

LiMgðAlH4Þ3 !120�C LiMgAlH6 þ 2 Alþ 3 H2 (2)

LiMgAlH6 !160�C LiHþMgH2 þ Alþ 3=2H2 (3)

An additional 2 wt% H2 can be released from the decom-

position of MgH2 to Mg and H2 at 250 �C and above. The crystal

structures of the corresponding deuterides, LiMg(AlD4)3 and

LiMgAlD6, have been determined recently [7,8]. The LiM-

g(AlD4)3 structure consists of isolated AlD4 tetrahedra con-

nected through octahedral Mg- and Li-ions, while the

LiMgAlD6 structure consists of isolated AlD6 octahedra con-

nected through octahedralMg- and Li-ions. Recently the effect

of graphitic nanofibres for improving the desorption kinetics

of LiMg(AlH4)3 has been studied [9].

Thescopeof thisworkwas to investigate the thermodynamic

stability of the LieMg alanates and their decomposition reac-

tions, by application of both experimental and theoretical

methods. Temperature programmed desorption (TPD) was per-

formed to characterize the LieMg alanate dehydrogenation

profiles, and in-situ synchrotron radiation Xeray diffraction

studies (SRePXD)wereperformed for additional phaseanalyses.

The potential enhancement of the LieMg alanate kinetics was

investigated by the addition of TiCl3 via mechanochemical

milling at room temperature, at liquid nitrogen temperature,

and at high H2 pressure. Rehydrogenation was attempted using

H2 pressures up to 200 bar. Thermodynamicmodeling was used

to interpret the experimentally observed phase behavior, and

a thermodynamic assessment of the LieMgeAleH quaternary

ordersystemwasmadeusingpublishedexperimentaldata. This

assessmentwas evaluatedby comparisonwith thermodynamic

properties predicted by first principles atomic modeling. The

experimental assessment parameters were used to model the

energetics and equilibriumH2 pressures of the possible decom-

position reactions within the LieMgeAleH system.

2. Methodology

2.1. Synthesis and Instruments

All chemicalswerepurchased fromcommercial sources: LiAlD4

(>98 atom% D and chemical assay >95%; SigmaeAldrich),

MgCl2 (99.9% SigmaeAldrich), TiCl3 (>99.99, SigmaeAldrich);

and used as received. The deuterated lithium alanate, LiAlD4,

wasusedsincehighpurity LiAlH4 isnot commerciallyavailable.

Toluene was dried over Na/anthracene and distilled under

argon, and Et2O was dried over Na/benzophenone and distilled

under argon.

LiMg(AlD4)3 was synthesized by milling LiAlD4 and MgCl2
(ratio 3:1) in a Fritsch P6 planetary rotary ball mill at 300 rpm

for 3 h, using a ball:powder ratio of 200:1, and was recrystal-

lized and purified as described earlier [7]. All handling of the

samples was performed under argon, using a glove box with

less than 1 ppmO2 and H2O. Four different milling procedures

were used for the addition of TiCl3: high intensity, low inten-

sity, cryogenic, and high-pressure milling. The former two

were performed using the Fritsch P6 planetary ball mill, with

a 250 ml grinding bowl and a GTM sensor lid measuring the

pressure during milling (certified up to 5 bar). The typical

sample mass was 2 g. High intensity (HI) ball milling was

performed at 300 rpm for several hours, with excess pressure

released during milling. Low intensity (LI) ball milling was

done at 150 rpm with a repeated series of 15 min milling

interrupted by 5 min pauses. Cryogenic milling (cryomilling,

CM) was performed in an SPEX 6750 freezer mill where liquid

nitrogen is used to cool a steel container with the sample and

a stainless steel cylindrical impactor. The impact frequency

was 30 Hz, and the impactor mass was 32 g. CM was per-

formed using 6minmilling timewith subsequent cooling time

of 3 min to prevent heating of the system. This was repeated 9

times, giving an effective milling time of 54 min. High-

pressure (HP) ball milling was performed using an in-house

built milling vial, at 70e75 bar H2 pressure. The speed was

300 rpm and the milling time was 15 min with 5 min pauses.

Variable total milling times were used, and the typical ball:-

powder ratio was 24:1. Details of the syntheses of the different

samples studied are available in the Supporting Information.

TPD was performed with an in-house built setup. Different

quantities (0.1e0.5 g) and heating rates (0.25e5 K/min) were

used depending on the sample. The experiments were

generally performed under dynamic vacuum; in some exper-

iments samples were desorbed into a constant volume. Pres-

sureeCompositioneTemperature (PCT) experiments were

performed using an in-house built Sieverts apparatus equip-

ped with a pressure sensor from Presens [10] and is operable

up to 200 bar and 600 �C.
Initial powder Xeray diffractometer (PXD) data for

inspecting phase compositions were obtained with an INEL

XRG 3000 with Cu Ka1 radiation (l ¼ 1.540598 Å), Ge crystal

monochromator, and Inel CPS 120, a curved position sensitive

detector. Time resolved in-situ SRePXD data were collected at

the Swiss-Norwegian beamline (SNBL, station BM1A) at the

European Synchrotron Radiation Facility (ESRF) in Grenoble,

France. Two-dimensional data with an exposure time of 30 s

were collected with an imaging plate (MAR345) detector.

Wavelengths between 0.7 and 0.8 Å were used. The samples

were packed in boron-silica-glass capillaries and connected to

a vacuum pump using Swagelok fittings. The samples were

heated using a hot air blower with heating rates in the range

0.25e4 K/min from room temperature (RT) up to 400 �C, and
data were collected every second minute. The temperatures

were calibrated using an Ag-standard and by determining the
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