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First-principles density-functional theory (DFT) calculations have been used to investigate the crystal struc-
tures, thermodynamic stability, and decomposition pathways of Li-Mg-Al-H hydrogen storage compounds. We
find that the recently discovered LiMg(AlH,); compound is stable with respect to solid-state decomposition
into LiAIH, and Mg(AlH,),; however, we also find that LiMg(AlH,); is unstable with respect to hydrogen
release and decomposes exothermically into LiMgAlHg, Al, and H, with a calculated 7=300 K enthalpy of
—7.3 kJ/(mol H,), in excellent agreement with the weakly exothermic value of =5 kJ/(mol H,) obtained from
differential scanning calorimetry measurements [M. Mamatha et al., J. Alloys Compd. 407, 78 (2006)].
LiMgAIHg is a stable intermediate, which has two competing endothermic decomposition pathways for H,
release: one going directly into the binary hydrides of Li and Mg and the other proceeding via the formation
of an intermediate LizAlHg phase, with room-temperature enthalpies of +18.6 and +16.6 kJ/(mol H,), respec-
tively. Using database searching based on known crystal structures from the inorganic crystal structure data-
base, we predict that the hypothetical MgAIH5 compound should assume the orthorhombic BaGaF5 prototype
structure, in contrast to a previous DFT study of MgAlHs, [A. Klaveness ef al., Phys. Rev. B 73, 094122
(2006)]. However, the decomposition enthalpy of MgAlHjs is only weakly endothermic, +1.1 kJ/(mol H,), and
therefore this compound is not expected to occur in the high-temperature decomposition sequence of Mg
alanate. We also present a comprehensive investigation of the phonon spectra and vibrational thermodynamics
of Li-Mg-Al-H compounds, finding that vibrations typically decrease reaction enthalpies by up to

10 kJ/mol H, at ambient temperatures and significantly lower reaction entropies.
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I. INTRODUCTION

Introduction of environmentally clean hydrogen-powered
vehicles is crucially dependent on finding a material that
could store hydrogen at high gravimetric and volumetric
densities and could reversibly release and absorb hydrogen at
moderate temperatures and pressures. This is a difficult task
since it requires combining a multitude of physical, chemi-
cal, thermodynamic, and kinetic factors in one materials sys-
tem. Because of their high hydrogen content and attractive
storage densities, several solid-state storage materials based
on complex hydrides (alanates, borohydrides, and amides)
have emerged as promising candidates for use in on-board
storage systems.! Ti-doped NaAlH, is the most studied ma-
terial from this class, exhibiting a storage density of
~4.5 wt % H, and reasonably good thermodynamics and
kinetics.> However, even though the reversible storage ca-
pacity of NaAlH, is roughly twice as high as that of conven-
tional metal hydrides, it still falls significantly below the sys-
tem targets for on-board automotive applications.

Hence, much recent work has focused on alanates with
higher capacities than NaAlH,, such as the lithium and mag-
nesium alanate systems. However, both of these systems ex-
hibit substantial drawbacks. Although LiAlH, has a higher
gravimetric density of hydrogen than NaAlH,, it is unsuit-
able for on-board storage due to poor thermodynamics: it
decomposes exothermically into Li;AlHg, Al, and H, and
cannot be rehydrided at practical pressures.! The hexahy-
dride Li;AlHg has better thermodynamic properties than
LiAlH,, favoring hydrogen release near ambient tempera-
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PACS number(s): 64.70.Hz, 68.43.Bc, 82.60.Cx, 84.60.—h

tures, but it has only a modest H, storage capacity and ex-
hibits very poor kinetics, releasing hydrogen at significant
rates only at 220—270 °C.3 Similarly, Mg(AlH,4), has a high
theoretical capacity of ~9 wt % H,, but it also suffers from
poor thermodynamics. It has nearly zero enthalpy of reaction
when decomposing into MgH,, Al, and H,, and thus its ther-
modynamic stability is far below the desired range for re-
versible hydrogen storage systems.*

In view of the limitations of the various simple alanates,
considerable effort has gone into searching for mixed alanate
compounds with an optimal combination of thermodynamic
and kinetic properties. We address one such mixed alanate
system here based on the Li-Mg-Al-H system. Bialkalimetal-
lic alanates, such as LiNa,AlHg, have been investigated as
possible candidates for light-weight hydrogen storage sys-
tems (see, e.g., Refs. 1 and 5-8 and references therein). Re-
cently, the crystal structures of two mixed Li-Mg alanates
LiMgAlHs and  LiMg(AlH,);  were  established
experimentally.>® These findings are interesting because the
compound represents the only known mixed-cation alanate
tetrahydride and LiMgAlHg is the only known alanate
hexahydride compound with mixed-valence cations (Li* and
Mg?*). In this paper, we report a comprehensive density-
functional theory (DFT) study of the phase stability, thermo-
dynamic properties, vibrational spectra, and crystal struc-
tures of the various Li-Mg alanate compounds, including all
known compounds [LiAlH,, Li;AlH,, LiMg(AIH,),
LiMgAIH,, and Mg(AlH,),], as well as theoretical predic-
tions for the yet-undiscovered MgAlHs. We also report on
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TABLE I. List of compounds with their space groups and the calculated 7=0 K formation enthalpies AH;, experimental formation

enthalpies AH}E"P‘, ZPE, vibrational energies H3?£ K

(all in kJ/mol), and entropies Si?t? K (in J/mol K) at T=300 K. The last column provides

the information on supercell sizes used for our frozen phonon calculations.

Compound Space group AH;  AHj other DFT AH;TXP' ZPE H?,g? K Si?bO K" Phonon supercell

H, 0 25.9 259 0. 1X1X1

Li Im3m (229) 0 3.9 82 274 2X2X2

Mg P63/mmc (194) 0 2.9 7.9 31.9 2X2X1

Al Fm3m (225) 0 3.6 80 254 4X4X4

LiH Fm3m (225) -83.9 —87.0% 219 254 197 4x4x4

MgH, P42/mmm (136) —62.8 -64.0* -73.1° 39.1 44.6 31.9 3X3X4

LiAIH, © P121/cl -102.6 —1114 -107¢,-107.2f 80.7 927  71.1 2X1X1

Li;AlHg & R3 (148) -295.5 -308.44 —298.47¢,-311.1F 1295 1464 91.9 1X1X1

LiMgAIHg h P321 (150) —184.8 126.5 140.5 77.3 I X1X2

LiMg(AlIH,); | P2,/c (14)  =192.6 2376 271.6 2068 IX1x1

Mg(AlH,), | P3m; (164) -62.0 1544 1783 1527 2X2X2

MgAlHs (BaGaFs-type) P2,2,2, (19) -73.8 1029 113.8 62.5 1 X2X2

4Reference 13. fReference 31.

bReference 26. 8Reference 32.

‘Reference 29. hReference 6.

dReference 8. iReference 5.

“Reference 30. JReference 33.

preferred reaction pathways and reaction thermodynamics in ) ho,

the Li-Mg-Al-H system. Si= 2 1(5) S kT’ (1)
K B

II. METHODS

We used first-principles DFT calculations with the gener-
alized gradient approximation (GGA) of Perdew and Wang
(PW91).° Electron-ion interactions were treated within the
projected augmented wave (PAW) approach,'® as imple-
mented in the Vienna ab initio simulation package (VASP).!!
The basis set for the electronic wave functions was defined
by a plane-wave cutoff energy of 875 eV. The Brillouin
zones of solid phases were sampled using 4X4X4
Monkhorst-Pack k-point meshes.!? Structural relaxations of
atomic positions, cell shapes, and cell volumes were carried
out until the residual forces were less than 0.01 eV/A and
stresses were less than 0.1 GPa. The energy of the H, mol-
ecule was calculated by placing it in a cubic box with a side
length of 10 A. The frozen phonon dynamical matrix
method was used to determine the normal-mode frequencies
of ionic vibrations within the harmonic approximation; the
technical details of these calculations are the same as in Ref.
13. Table I gives the information on supercells that were used
in phonon calculations. The phonon density-of-states
(PDOS) curves were obtained by adding normalized Gauss-
ians of 25 cm™' width centered at the directly calculated
normal-mode frequencies, and the vibrational entropies and
enthalpies were obtained by summing over the normal
modes of supercells. Atom-decomposed partial vibrational
entropies were obtained by summing the entropy contribu-
tions of all phonon modes with weights given by the atomic
component in the mode eigenvector,

where index i runs over the atoms in the unit cell, index s
runs over phonon modes with frequencies w,, e,(s) is the
component of atom i in the normalized mode eigenvector,
and Sy, (x)=x/tanh(x)—1In[2 sinh(x)] is the harmonic pho-
non entropy function. An analogous definition was adopted
to obtain partial atom-decomposed vibrational enthalpies and
partial phonon densities of states.

III. CRYSTAL STRUCTURES

Hydrogen storage reactions in multicomponent complex
hydrides can be complicated and often follow unexpected
pathways. It is therefore difficult to simply guess the pre-
ferred thermodynamic pathway from chemical intuition
alone. We have developed a computational tool [the grand
canonical linear programming method (GCLP) (Ref. 14)]
that bypasses these difficulties by the automated detection of
thermodynamically favored reactions. We used this method
initially to uncover preferred decomposition reactions in the
Li-Mg-N-H system.'* Subsequently, we!>!® and others!’
have demonstrated the utility of this method by applying it to
a wide variety of hydrogen storage systems.

However, the GCLP method requires, as a first step, the
identification of the set of possible compounds in a given
multicomponent system that can participate in hydrogen stor-
age reactions. In the Li-Mg-Al-H system, we include in our
set the well-known compounds Li, Mg, Al, LiH, MgH,,
AlH;, LiAlH,, LisAlHg, and Mg(AlH,), (see Table I). We
exclude some phases, such as intermetallics in the Al-Li and
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TABLE II. Calculated DFT energies of prototype structures that
were used in the crystal structure database searching for LiIMgAlH.

Energy
Prototype structure Pearson symbol (kJ/mol)
NaCaAlFg hP27 0
LiCaAlFg hP18 7.7
NaCaAlFg mP72 7.7
LiSmAIF¢ hP18 32.7
NaSrAlFq oP72 453
CsAgAlFg oP36 48.4
RbMgAIF, cF72 108.0

Al-Mg systems, as they are expected to disproportionate into
the binary hydrides LiH and MgH, in the presence of hydro-
gen and are therefore unlikely to influence the predicted H,
release reactions. In view of the thermodynamic instability of
AlH; in the temperature and pressure range of interest for
reversible storage,!? this compound was also excluded from
the GCLP input set. The structures of the known compounds
are taken from experiments and/or ICSD; since our DFT cal-
culations for these compounds follow standard methodology
(see Sec. II), they will not be discussed in detail. The crystal
structures of LiMgAlH, and LiMg(AlH,); have been re-
cently determined using synchrotron x-ray diffraction (XRD)
(Refs. 5 and 6) and we report a comprehensive ICSD-based
study of the structural stability of LiMgAlH, below; we have
refrained from a similar study for LiMg(AlH,); in view of
the thermodynamic instability of the latter. By analogy with
the Ca-Al-H system where a stable CaAlHs; compound has
been found to exist,*'%!° we also investigate the unknown
crystal structure and structural stability of a hypothetical
MgAIH;5 compound.

A. LiMgAIH¢

Determination of the crystal structure of LiMgAlHg has
been carried out recently using powder neutron diffraction
and synchrotron XRD, resulting in a structure of P321 sym-
metry (prototype NaCaAlFy).5 Here, we have performed
DFT calculations on this and other candidate structures from
the inorganic crystal structure database (ICSD) to better un-
derstand the energetics and structural properties of
LiMgAlH¢ and to test the ability of DFT to predict crystal
structures of complex hydrides. We used a set of eight trial
ICSD structures: a- and B-NaCaAlF; (mP72 and hP27),
LiCaAlF, (hP18), LiSrAlF, (hP18), LiSmAIF, (hP18),
NaSrAlF, (oP72), CsAgAlF, (oP36), and RbMgAIF, (cF72).
After performing DFT relaxations of atomic positions and
cell vectors for all these trial structures, we found that the
experimentally observed 8-NaCaAlF, (hP27) structure® had
the lowest energy (see Table II), providing a good test of the
accuracy of the DFT calculations in this system. The next-
lowest structures are those of LiCaAlFg and LiSrAlFg and
that of a-NaCaAlF4, which are all only 7.7 kJ/mol higher in
energy than the structure of -NaCaAlFg, leaving open the
possibility that some of these crystal structures may be sta-
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FIG. 1. (Color online) Crystal structure of LiMgAlHg. Li, Mg,
and Al octahedra share hydrogen ions, which are at the vertices of
these octahedra. Note that the octahedra share edges and corners.

bilized by vibrational entropy at high temperatures. The crys-
tal structure of LiMgAIHg shown in Fig. 1 exhibits hexago-
nal close packing of hydrogen ions with Al, Mg, and Li ions
centered within octahedral cages. Table III summarizes the
calculated lattice vectors and ionic coordinates. We find Li-H
bond lengths ranging from ~1.86 to ~2.00 A, Mg-H bond
lengths from 1.92 to 1.98 A, and AI-H bond lengths of
~1.74 A. Our calculated H-M-H (with M =Li,Mg, Al) bond
angles indicate that the LiHg octahedra are highly distorted
with angles ranging between ~75° and ~103° (Fig. 1),
while the AlHg cages are nearly ideal, with H-Al-H angles
ranging from ~86° to ~91°. Finally, the MgH¢ octahedra
exhibit H-Mg-H bond angles between ~84° and ~94°.
These findings are in very good agreement with experimental
measurements on this compound.®

B. MgAIH;

In the Ca alanate system, CaAlHs has been firmly estab-
lished as a stable decomposition product,*!® which suggests
the possible existence of an analogous MgAIH5 compound in

TABLE III. Optimized relaxed atomic coordinates as predicted
from first-principles DFT for LiMgAlHg, space group P32; (No.
150). The calculated DFT lattice parameters are a=7.986 A, ¢
=4.379 A, a=B=90°, and y=120°.

Atom Wyckoft position X y Z

Li 3f 0.2954 0 172
Mg 3e —-0.3630 0 0
All la 0 0 0
Al2 2d 173 2/3 —-0.4976
H1 6g 0.2089 0.1150 0.2200
H2 6g —0.1268 0.4185 0.2709
H3 6g -0.4596  -0.2226 0.2772
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the closely related Mg alanate system. To the best of our
knowledge, MgAIHs has not yet been observed experimen-
tally, but the structure of this hypothetical compound has
been predicted by Klaveness et al.?’ using first-principles
DFT calculations. Here, we report the results of an extensive
ICSD database search using 44 candidate structures with
ANX type ABX5 and chemical formula ABCs, where C=H or
F. The structures we use for the ABX;5 stoichiometry include
BaGaFs, BaCrFs, BaAlFs, BaMnFs, CaAlFs, SrVFs, CaFeFs,
CdMnFs, CaMnFs, MnCrFs, CaTiFs, CaCrFs, MnAlFs,
BaSbFs, KTeFs, SrSbFs, FeAlFs, AuCuFs, CaAlHs, AgBFs,
TeKFs, LiUFs, UTIFs, SrAlFs, BaFeFs, SrFeFs, CrMnFs,
ULiFs, KZrFs;, KTbFs, NaTeFs, TbKFs, ZrKFs, TeNaFs,
TeTIFs, CsTbFs, CuAuFs, TeCsFs, SRbFs, TeRbFs, RbTeFs,
RbSFs, CsTeFs, and TbCsFs. Some of these chemical com-
positions appear more than once in ICSD, corresponding to
different structural polymorphs, which exist at different tem-
perature and pressure conditions. These prototype structures
are enumerated in Table IV with the corresponding Pearson
symbols and the total energies relative to the lowest-energy
structure found in this study—the orthorhombic P2,2,2;
structure (space group No. 19, prototype BaGaFs). In all
cases, full structural relaxations of atomic positions and lat-
tice vectors were carried out according to the initial symme-
try of the ICSD structure. Several of the ICSD prototype
structures had identical energies and symmetries, and only
the distinct ones are given in Table IV. We find that the
BaGaF;s-type structure is 7.8 kJ/mol lower in energy than the
CaFeF; prototype, in qualitative disagreement with the theo-
retical predictions of Ref. 20, which placed the BaGaFs-type
structure above CaFeFs. The relative energies of three can-
didate structures with lowest energies (BaGaFs-, CaFeFs-,
and BaMnFs-type) were essentially unchanged for every
combination of pseudopotentials and gradient-corrected
exchange-correlation functionals supplied in the standard
VASP pseudopotential package (we tried both PW91° and
Perdew-Burke-Erzenhoff?').  Furthermore, our relaxed
atomic positions and lattice constants for CaFeFs-type
MgAlH; are very similar to those given in Ref. 20. Since the
calculated energy differences between the CaFeFs and
BaGaF; structures are well above the numerical uncertainties
due to the size of the basis set, the choice of the ionic
pseudopotentials or density of the k-point mesh, the reasons
for the discrepancy with the results of Ref. 20 are presently
unclear. Table V shows the optimized relaxed atomic coordi-
nates for the lowest-energy P2,2,2, structure predicted in
this study and Fig. 2 shows the crystal structure of MgAlHs.
We find that Al-H bond lengths range between 1.64 and
1.81 A, and the Al-H-Al bond angles range from ~83° to
~96°, indicating that the corner-sharing AlHg octahedra
comprising the crystal structure of MgAlHj5 are slightly dis-
torted.

IV. THERMODYNAMICS AND DECOMPOSITION
PATHWAYS

A. Vibrational effects on thermodynamics

Table I summarizes the calculated formation enthalpies
AH;, zero-point energies (ZPEs), vibrational energies, and
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TABLE IV. ABCj5 prototype structures and relative DFT ener-
getics w.r.t. lowest-energy prototype structure, i.e., BaGaFs, ob-
tained in the DFT database searching for the ground state of
MgAlH;. Only the results for 32 distinct structures are shown here.

Energy

ABCs prototype Pearson symbol (kJ/mol)
BaGaF5 oP28 0
BaMnF5 oP28 7.4
CaAlF5 mS28 7.7
SrVF5 mP56 7.8
CaFeF5 mP28 7.8
CdMnF5 mC14 8.0
CaMnF5 mS28 8.0
MnAIF5 oCl14 11.2
BaSbF5 oP28 11.3
FeAlF5 ol7 12.4
AuCuF5 aP7 13.0
CaAlHS5 mP56 17.2
AgBF5 tP14 22.6
TeKF5 oP28 22.9
LiUF5 tI112 25.4
UTIF5 mP56 28.7
SrAlF5 tI56 29.4
BaFeF5 tI112 29.5
SrFeF5 mP56 35.8
CrMnF5 mS28 36.7
ULIiF5 tI56 39.9
KZrF5 aP42 43.6
NaTeF5 oP28 45.8
TbKF5 aP42 52.1
TeNaF5 oP28 54.9
TeTIF5 oP28 58.5
CsTbF5 0S56 78.6
CuAuF5 aP7 83.2
TeCsF5 oP28 89.0
TeRbF5 oP56 108.5
RbSF5 oP28 112.7
TbCsF5 0oC28 262.3

reaction entropies at 7=300 K for all the metal hydrides and
Li-Mg alanates considered in this paper. The formation en-
ergies are given with respect to gaseous H, and elemental
bulk metals (fcc Al, fcc Li, and hep Mg). All compounds
except Mg(AlH,), (see below) are found to be dynamically
stable, and our DFT calculations are in good agreement with
other theoretical studies, as well as with the available experi-
mental data.

To test the accuracy of the calculated thermodynamic
properties, we examined the convergence of the vibrational
enthalpy and entropy with respect to the size of the supercell
for Al, MgH,, LiMgAIH,, and Mg(AlH,),. The results are
presented in Table VI, showing that zero-point energies and

vibrational ~enthalpies H-p. © are converged within
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TABLE V. Optimized relaxed atomic coordinates as predicted
from first-principles DFT for MgAlHs, with space group P2,2;2,;
(No. 19), and the lattice parameters of a=4.550 A, b=4.260 ¢
=13.024 A, and a=B=y=90°.

PHYSICAL REVIEW B 79, 184102 (2009)

TABLE VI. Convergence of the calculated ZPE, vibrational en-
ergies Hi?t? K, and vibrational entropies Sf,?l? K with respect to the

supercell size for Al, MgH,, LiMgAlHg, and Mg(AlH,),.

7PE 1300 K §300 K
vib vib

Atom Wyckoff position X y z Number of atoms (kJ/mol) (kJ/mol) (J/mol K)

Mg 4a -0.2504  -0.2466  —-0.3204 Al

Al 4a 0.2486 0.2528  -0.4083 8 32 7.1 254

H1 4a -0.4756 -0.0559 0.4069 27 3.6 7.9 26.2

H2 4a -0.0300 0.0912 0.3051 64 3.6 8.0 27.0

H3 4a 04719  -0.0516  -0.4063

H4 4a 0.0284 0.0975 -0.3045 MgH,

H5 4a -0.0024 0.0916  —0.4994 48 39.08 44.6 32.7
72 39.00 44.3 30.1

~1 kJ/mol, while the vibrational entropies are converged to 216 3910 446 319

better than 5 J/mol K for our choice of supercells. In the case

of Mg(AlH,),, using a 2 X 2 X 2 supercell with 8 f.u., we find LiMgAIHs

several slightly unstable phonon modes involving zone- 27 125.5 138.7 72.4

boundary optical vibrations of AlH, tetrahedra. Separate 54 126.6 140.5 77.3

energy-versus-displacement calculations following the un-

stable mode eigenvectors confirm the instabilities, revealing Mg(AIH,),

the presence of symmetrically_placed minima at energies less 1 146.8 1672 126.8

than 0.05 kJ/mol below the P3m; structure. Due to the weak- 88 154.4 178.3 152.7

ness of these instabilities, it is likely that they will become
anharmonically stabilized at high temperatures. We circum-
vent the practical difficulties of calculating the vibrational

FIG. 2. (Color online) The predicted lowest-energy crystal
structure of MgAlHs (BaGaFs prototype, space group P2,2,2,,
Pearson symbol oP28). Mg ions are yellow, Al (blue) ions are in the
center of corner-sharing octahedra, and H ions are at the vertices of
these octahedra.

entropies of harmonically unstable P3m; by performing full
structural relaxations starting from the positions of the en-
ergy minima for the unstable modes. We find that a structure

with the space group P3 (No. 147) with 4 f.u. per unit cell is

0.2 kJ/mol lower in energy than P3m; and has stable
phonons.?? The results in Table VI show that the vibrational
entropy of Mg(AlIH,), is increased by 26 J/mol K when go-
ing froma 1 X1 X1 to2X2X?2 supercell, demonstrating the
importance of using sufficiently large supercells for obtain-
ing accurate entropies. However, it is difficult to estimate the
uncertainty in the calculated entropy value for Mg(AlH,),
due to the approximate treatment of the entropy contribu-
tions from the unstable modes.

Table VII lists the calculated reaction enthalpies and en-
tropies in the Li-Mg-Al-H system, with and without the vi-
brational contributions to the reaction thermodynamics. Our
calculations confirm that zero-point vibrational contributions
typically lower the dehydrogenation enthalpies by as much
as 15 kJ/(mol H,), which is in agreement with previous
studies on other complex hydrides (see, for instance, Ref. 14
and references therein). This effect can be explained by the
existence of rotational, H-Al-H bond-bending, and Al-H
bond-stretching modes in alanates and by the lack of corre-
sponding translational and rotational ZPE contributions for
H, molecules; these factors combine to lower the vibrational
energy balance in the dehydrogenated state. Inclusion of the
finite-temperature vibrational energies and enthalpy of H,
gas (given by %kBT) acts to increase the calculated T
=300 K enthalpies relative to their 7=0 K, ZPE values. In
all cases, the 7=300 K dehydrogenation enthalpies with vi-
brational effects are lower than the static values obtained
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TABLE VII. Reaction thermodynamics in the Li-Mg-Al-H system. AH*® is the static DFT enthalpy at T=0 K without the ZPE
contributions, AH? ¥ is the T=0 K enthalpy with ZPE, AH3% K is the 7=300 K enthalpy including the vibrational energies and the

enthalpy of H, gas, and A

5300 K

is the reaction entropy at 7=300 K. For compound formation reactions without H, release (reactions 1-4),

enthalpies are given in units of kJ/mol, while for hydrogen release reactions (5—12) enthalpies are given in units of kJ/(mol H,). Reaction
entropies are given in units of J/mol K for reactions 1-4 and in J/(mol H, K) for reactions 5-12. The reaction enthalpies calculated by other
authors (“other DFT”) or measured experimentally (“Exp”) are also given for comparison.

No. Reaction AHS@tic A0 K- Ap300 Ko A pyOther DET - ApExp - A 300 K
Formation of mixed alanate compounds
LiMg(AIH,);
1 LiAlH,+Mg(AIH,), — LiMg(AlH,); 93 -6.8 -8.8 -17.0
LiMgAIHg
2 1/3LizAlHg+ 1/3Mg(AlH,),+2/3MgH, — LiMgAIHg -239 -18.3 -214 -25.5
3 LiAlH4+MgH, — LiMgAlHg -19.6 -12.8 -16.4 -25.7
4 1/3Li;AlHg+2/3MgAlHs+ 1/3MgH, — LiMgAlHg -16.4 -14.6 -15.5 -5.6
Hydrogen release reactions
5 LiMg(AlH,); — LiMgAlHg+2Al+3H, -3.6 -12.3 -73 -5.0% +104.6
(427 K)
LiMgAlH,
6  LiMgAlHg— LiH+MgH,+Al+1.5H, +25.6 +10.3 +18.6 +8.7° 41307
(458 K)
7 LiMgAlHg— 1/3Li;AlHg+MgH,+2/3 Al+H, +23.7 +7.7 +16.6 +133.0
Li alanates
8  3LiAlH;— Li;AlH¢+2Al+3H, +4.1 -5.1 +0.2 +9.8° +3.5% +106.1
(298 K)
9  LizAlHg— 3LiH+Al+1.5H, +29.6 +15.4 +22.8 +31.4° +28.9°  +125.9
(298 K)
Mg alanates
10 Mg(AIH,), —MgH,+2Al1+3H, -0.23 -104 -4.8 -0.57% +107.5
(458 K)
11 Mg(AlHy), — MgAlHs+Al+1.5H, =11 -13.7 -10.8 +87.7
12 MgAIHs— MgH,+Al+1.5H, +7.3 -6.9 +1.1 +127.4
“Reference 4.
PReference 27.
without vibrations. The magnitude of this enthalpy lowering than the standard state entropy of H, gas [AS®

effect at 7=300 K is not large for Li-Mg alanates—it typi-
cally constitutes 5 kJ/(mol H,) and is never higher than
10 kJ/(mol H,), in agreement with the conclusions of Ref.
23. Interestingly, Table VII shows that the calculated entropy
of hydrogen release varies within a rather wide range be-
tween approximately 90 and 150 J/(mol H, K). We find that
in all cases where reaction entropies are significantly lower

=130.68 J/(K mol H,) at T=20 °C and p=1 bar (Ref. 24)],
the corresponding H, release reactions involve transforma-
tions from tetrahedrally bonded [AIH,]*~ to octahedrally
bonded [AlHg]*~ complexes (see reactions 5, 8, and 11 in
Table VII). As previously noted in Ref. 16, entropy lowering
can be explained by counting the number of low-frequency
rotational and translational modes in the compounds on the
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FIG. 3. T=300 K reaction entropies versus vibrational contri-
butions to the reaction enthalpies for all hydrogen release reactions
in Table VII.

right and left sides of the hydrogen release reaction. Indeed,
each metal cation gives rise to three translational branches,
while each complex anion generates three translational and
three rotational branches, resulting in six low-frequency
branches (H-Al-H bond-bending and Al-H bond-stretching
modes have much higher energies and do not contribute to
the entropy at ambient temperatures). Taking reaction 5 from
Table VII as an example, LiMg(AlH,); — LiMgAlHg+2Al
+3H,, there are two cations and three AlH, complex anions
on the left-hand side, resulting in 2X3+3X6=24 low-
frequency phonon branches in LiMg(AlH,);. On the right-
hand side of reaction 5, LiMgAlHg has 2X3+6=12 low-
frequency translational and rotational modes, with another
six translational modes coming from 2 f.u. of bulk Al, giving
a total of 18 low-frequency modes. Since the ambient-
temperature entropy of complex hydrides is dominated by
the translational and rotational modes, simple mode counting
properly accounts for the loss of vibrational entropy when
going from the reactants to the products. This simple physi-
cal picture is quite general and has been shown to apply to
other complex hydrides with anions such as [BH,]™ and
[BioHp]* .10

Figure 3 indicates that the reaction entropy anticorrelates
with the vibrational contributions to the reaction enthalpies.
This is somewhat surprising, since at the temperature ranges
of interest the enthalpies and entropies are determined by
different parts of the vibrational spectra: while the entropies
are dominated by the low-frequency phonons, the reaction
enthalpies contain sizable contributions from zero-point vi-
brations and are given by a sum over the whole frequency
range, including the stiff internal vibrations of the complex
anions. The observed anticorrelation between AH,;, and AS
suggests that the zero-point energies of high-frequency inter-
nal modes might be comparable in all compounds containing
the same type of complex anion (e.g., for all alanates), and
the relative variation in vibrational enthalpies between differ-
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ent reactions is explained by the low-frequency part of the
phonon spectrum, just like for reaction entropies. Loss of
low-frequency phonon modes in the product phases relative
to the reactants will then result in a decrease in the reaction
entropies and increase in 7>0 K reaction enthalpies, in ac-
cord with the data presented in Fig. 3.

B. Mixed alanates: LiMg(AlH,); and LiMgAlH

Reaction 1 in Table VII shows that the calculated forma-
tion enthalpy of LiMg(AlH,); is negative at 300 K indicating
stability with respect to phase separation into lithium and
magnesium alanates. The vibrational contribution to the for-
mation entropy of LiMg(AlH,); at 300 K is also found to be
negative, and the overall free energy of formation AG
=AH-TAS is extremely small in magnitude but negative (
—1.7 kJ/mol). Therefore, our calculations predict that the
mixed tetra-alanate is marginally stable with respect to de-
composition into LiAlH, and Mg(AlH,),. The calculated
free energy is at the limit of the numerical and physical ac-
curacy of our calculations, and we show below that the com-
pound is actually unstable with respect to H, release at am-
bient conditions. In contrast, the formation of the mixed
hexa-alanate LiMgAlHj is strongly exothermic (see reactions
2-4 in Table VII).

Another interesting result seen from Table VII concerns
the formation enthalpy of LiMg(AlH,); and LiMgAlH, via
reactions 1-3, which shows that the contribution of zero-
point vibrations to the formation enthalpies may be quite
large (~7 kJ/mol) even for reactions that do not involve
hydrogen release. A convenient way to rationalize these sur-
prising results is by considering the atom-decomposed ZPE
contributions to the formation enthalpies, which are given in
Table VIII. These data show that most of the ZPE contribu-
tion to the enthalpies of reactions 1-3 comes from the hy-
drogen ions, indicating that the vibrational frequencies of
hydrogen vary substantially with the bonding topology even
within the same multinary system. The calculated phonon
spectra are shown in Fig. 4, which shows the partial atom-
decomposed and total PDOSs for LiMg(AlH,); and
LiMgAIlH,. We find that the phonon modes of LiMg(AlH,),
and LiMgAIlHg are grouped in three distinct frequency re-
gions: (i) low-frequency vibrations of Li, Mg, and Al ions
below 50 meV, (ii) intermediate frequency regions corre-
sponding to H-Al-H, Mg-H-Mg, and Li-H-Li bond-bending
modes between 50 and 125 meV for LiMg(AlH,);, and be-
tween 50 and 150 meV for LiMgAlH, and (iii) high-
frequency regions with Al-H bond-stretching modes above
200 meV for LiMg(AlH,);, and above 150 meV for
LiMgAlH¢. Even though the general features of the phonon
spectra are similar to what we calculated for pure Li and Mg
alanates (these data are not shown here), subtle shifts in the
peak positions are responsible for the sizable vibrational con-
tributions to the calculated formation enthalpies of the mixed
alanates.

Using the linear programming approach of Ref. 14, we
have verified that LiMgAlHg is thermodynamically stable
with respect to phase separation into all possible combina-
tions of known compounds in the Li-Mg-Al-H system. Fur-
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TABLE VIII. Atom-decomposed ZPE contributions to the formation enthalpies of reactions 1-4 from

Table VII (in kJ/mol).

Reaction AHVib (H) AHVib (Ll) AHVib (Mg) AHVib (A]) Total
1 +3.03 -0.29 -0.10 -0.13 +2.51
2 +5.26 +0.04 -0.22 +0.54 +5.62
3 +5.48 +0.67 -0.31 +0.98 +6.82
4 +1.54 +0.31 -0.09 +0.04 +1.80

thermore, from the linear programming approach, we also
find that LiMg(AlH,); is thermodynamically unstable and
decomposes exothermically via reaction 5 into LiMgAIHj,
Al, and H,. Our calculations predict very weak exothermic
enthalpies of —=7.3 and —6.9 kJ/(mol H,) at T=300 and 430
K, respectively, which compare very well with the experi-
mentally measured weak exothermic enthalpy at 427 K
[-5.0 kJ/(mol H))].*# Therefore, we conclude that
LiMg(AlH,); is not useful for reversible on-board storage
because of poor thermodynamics and associated instability
toward H, release. The mixed hexahydride LiMgAIHg has
two thermodynamically competitive endothermic decompo-
sition pathways given by reactions 6 and 7 in Table VII. One
of these pathways (reaction 6) leads directly to the formation
of binary hydrides LiH and MgH, and metallic Al, while the
other (reaction 7) proceeds via an intermediate step involv-
ing LisAlHgs and MgH,. The calculated 7=300 K reaction
enthalpies and entropies of both of these pathways are very
close, which is a consequence of the fact that the decompo-
sition thermodynamics of LizAlH, (reaction 9) are very simi-
lar to those of LiMgAlH¢ via reactions 6 and 7. It will be
very difficult, if not impossible, to distinguish these reactions
experimentally because their enthalpies are nearly equal and
hydrogen release usually occurs only at above-equilibrium
temperatures, where none of the hexahydrides are stable. Our
calculations yield 7=460 K reaction enthalpies of +21.2 and
+19.2 kJ/(mol H,) for reactions 6 and 7, respectively. In
qualitative agreement with our results, the differential scan-
ning calorimetry (DSC) measurements of Ref. 4 for the de-
composition reaction 6 indicate an endothermic peak at 458
K, with a reaction enthalpy of +8.7 kJ/(mol H,). Further
investigations are needed to clarify the source for the nu-
merical discrepancy between our calculations and DSC re-
sults. We note that the GGA is known to underestimate the
formation enthalpy of MgH, by as much as 15 kJ/mol.>>26
Since reactions 6 and 7 involve the formation of MgH, as a
reaction product, underestimating the stability of the right-
hand side of these reactions may contribute to the calculated
dehydrogenation enthalpies, which are higher than the ex-
perimentally measured values.

C. Lithium alanate

Reactions 8 and 9 constitute the well-known two-step de-
composition for LiAlH,. In the first step, LiAlH, decom-
poses into Li;AlHg and Al according to reaction 8. This step
has a weakly endothermic reaction enthalpy of
+0.2 kJ/mol H, at 300 K, which agrees well with the ex-

perimentally measured value of +3.5 kJ/(mol H,),” but is
somewhat different from an earlier DFT value of
+9.8 kJ/(mol H,) calculated in Ref. 27. In the second step,
LizAlH4 decomposes into LiH and Al via the endothermic
reaction 9 with a calculated 7=300 K DFT enthalpy of
+22.8 kJ/(mol H,), which is slightly lower than the experi-
mentally measured value of +28.9 kJ/(mol H,), but higher
than an earlier DFT value of 15.7 kJ/(mol H,) obtained in
Ref. 27. Although the calculated reaction enthalpy falls
within the target range for reversible hydrogen storage
(20-50 kJ/mol H,), the kinetics and reversibility of this re-
action would need to be improved for practical use.

D. Magnesium alanates: Mg(AlH,), and MgAIH;

Magnesium alanate Mg(AlH,), has been experimentally
determined to decompose exothermically into MgH,, Al, and
H, (Ref. 4) according to reaction 10 from Table VII. Our
calculated reaction enthalpy is also slightly exothermic,
—4.8 kJ/(mol H,) at 300 K, which is in good agreement
with  the  experimentally = measured  value  of
—0.57 kJ/(mol Hy) at 458 K (Ref. 4) and prior first-
principles calculations.”® Our DFT results confirm that
Mg(AlH,), is not useful for reversible hydrogen storage be-
cause it is too unstable thermodynamically and therefore
cannot be easily rehydrogenated. Recently, there have been
studies on the chemically similar Ca alanate system, where
Ca(AlH,), was also found to be thermodynamically unstable
at ambient conditions, decomposing exothermically into a
stable CaAlHs compound, Al, and H,.*'%1° Here, we inves-
tigate whether MgAIHj5 is a stable intermediate compound in
the decomposition sequence of Mg alanate. Reactions 11 and
12 represent a hypothetical two-step decomposition pathway.
We find that static DFT energetics (excluding ZPE) predict
that reaction 11, forming MgAlHs, has an exothermic reac-
tion enthalpy of —7.7 kJ/(mol H,), while the second step
(decomposition of MgAIHs into MgH,, Al, and H,) has an
endothermic enthalpy of +7.3 kJ/(mol H,). Therefore, static
DFT energetics appear to predict that MgAlH5 is a thermo-
dynamically stable intermediate compound in the decompo-
sition sequence of Mg(AlH,), at sufficiently low tempera-
tures and/or high H, pressures. However, including ZPE
contributions changes these conclusions qualitatively. It is
seen from the data in Table VII that upon including ZPE,
both reactions 11 and 12 become exothermic already at T
=0 K, demonstrating that very high H, pressures would be
necessary to stabilize these compounds thermodynamically.
At T=300 K, the enthalpy of decomposition of MgAIH; be-
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FIG. 4. (Color online) The calculated phonon densities of states for LiMgAlH and LiMg(AlH,);. The red, green, blue, and orange,
represent Li, Mg, Al, and H partial contributions to DOS, respectively, and the solid lines indicate the total DOS.

comes slightly endothermic (+1.1 kJ/mol H,), however the
compound is still unstable thermodynamically under practi-
cally useful H, pressures. We conclude that the formation of
MgAIH;5 is highly unlikely to occur during a typical room-
temperature decomposition experiment, even though it might
be possible to form MgAlH;5 directly using a solid-state ion-
exchange reaction or a solution-phase synthesis route.

V. CONCLUSIONS

Using the first-principles DFT approach in conjunction
with database searching, we have confirmed the crystal struc-
ture of LiMgAlH¢ and predicted the crystal structure of
MgAlHs. For the former, we find that the lowest-energy
structure is that of the prototype NaCaAlFy compound with
the space group P321, in agreement with recent experimental

data, confirming the accuracy and efficiency of database
searching for predicting crystal structures of unknown metal
hydride structures. For MgAlHs, our first-principles calcula-
tions indicate that BaGaFs-type structure is the lowest-
energy ground state. Our results also indicate that vibrational
free-energy contributions destabilize MgAlIHs at ambient H,
pressures and that both Mg(AIH,), and MgAIH; are not use-
ful for reversible storage since they are thermodynamically
unstable. Phonon contributions to the reaction enthalpies
have been determined for all compounds in the Li-Mg-Al-H
system. In agreement with previous studies, the zero-point
vibrational energies lower the calculated 7=0 K reaction en-
thalpies by 10-20 kJ/(mol H,) relative to the static DFT
values without vibrations. However, the full inclusion of
room-temperature vibrational enthalpies and the enthalpy of
H, gas leads to a more modest lowering of the reaction en-
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thalpy by less than 10 kJ/(mol H,). Interestingly, we also
find that the enthalpies of the formation reactions of mixed
Li-Mg alanates, reactions 1-3 in Table VII, are significantly
affected by the vibrational enthalpies, even though no hydro-
gen gas is released in these reactions. Reaction entropies for
all hydrogen release reactions involving the transformation
from [AIH,]” to [AlH¢]*>~ complex anions are found to be
significantly below the standard state entropy of H, gas,
which we explain by the decrease in the number of low-
frequency translational and rotational phonon branches in the

PHYSICAL REVIEW B 79, 184102 (2009)

dehydrogenated reaction products relative to the hydrogen-
rich reactants.
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