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Abstract

When Li,Al is coupled-substituted into the MgH, structure to assume the composition of LiAIMg;oHy, the resulted structure was found to retain
that of the parent material but assumes substantial differences in bonding and associated properties. Density functional theory (DFT) method was
used in deriving the stable structure, computing the thermochemical parameters and evaluating the reaction/activation energies of dehydriding. The
stability of the optimized LiAl-substituted structure was verified through the lattice dynamics calculations of the density functional perturbation
theory (DFPT) method. The coupled substitution weakens the H-metal bonds that results in reductions in the reaction energy and potentially the

activation barriers of dehydriding of the materials.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Difficulty in finding efficient, inexpensive hydrogen storage
materials is one of the major obstacles in realizing the new hydro-
gen economy worldwide. The problem is particularly acute with
respect to vehicle onboard hydrogen storage [1]. There had been
considerations of various types, and one category of materials
had been the MgH, structure that offers a theoretical H-storage
capacity of 7.6 wt% of the type material, MgH,. Recent discov-
ery [2] of chemical activation of MgH; revived the interest in
using the MgH> type materials for vehicle onboard applications
of hydrogen storage. It opened up the door for exploring a whole
series of materials of similar nature.

Theoretical modeling of the density functional theory (DFT)
method had been successfully applied to studies of relative phase
stabilities [3] and structure predictions [4] of various (potential)
hydrogen storage materials. Such studies on the one hand sug-
gested general directions in tailoring the solid-state substitutions
in improving the hydriding/dehydriding processes of the storage
materials, and on the other hand revealed fundamental aspects
such as chemical bonding characters and temperature/pressure-
induced phase transitions of the materials.
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In the present work, coupled LiAl-substitution of Mg into the
MgH; structure to form ordered LiAIMgioHy4 structure was
examined computationally in regard to equilibrium structure,
structural stability, thermochemistry and dehydriding properties.

2. Computational details

Density functional theory [5] method of two different imple-
mentations, CASTEP [6] and DMol? [7], respectively, was
utilized (see Section 4.1 for reasons of using multiple imple-
mentations and sets of program parameters). CASTEP was
primarily used in bulk studies such as unit-cell optimiza-
tions and structural stability. Ultrasoft potentials were used
where, for H, Li, Mg and Al, valence electrons included
Is', 1s? 2s!, 2p® 3s2, 3s? 3p!, respectively. The plane wave
basis set cutoff was 310eV. The k-point grid was kept to
maintain a spacing of ca. 0.051/A. The GGA functional of
PWO1 [8] was used. The convergence criteria for total energy,
max force, max stress, max displacement and SCF iterations
were 0.2E—04 eV/atom, 0.SE—01eV/A, 0.1 GPa, 0.002 A and
0.2E—05 eV/atom, respectively. In structural stability and ther-
mochemical studies, CASTEP’s implementation of the density
functional perturbation theory (DFPT) [9] method was used.
Norm-conserving pseudopotentials [10] were used in these
calculations. Valence electrons considered were identical to
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those as above, except for the Mg species (3s%). The plane wave
basis set cutoff was 600 eV. The k-point grid and the DFT func-
tional were again the same as above. The convergence criteria
for SCF iterations and phonon convergence (the variation in the
electronic second order energy in the linear response scheme
in the DFPT calculations [9]) tolerance were 0.1E—07 eV/atom
and 0.1E—04 eV/A?, respectively; DMol® was primarily used
in calculations regarding dehydriding where surface slabs need
to be examined that involved significant portions of vacuum
spaces. Program settings and procedures in handling surfaces
were identical to those previously reported [11]. The orbital cut-
offs for the two new atom species previously not considered,
Li and Al, were chosen to be 5.5 and 4.0 A, respectively. The
generalized synchronous transit method [12] was used in the
transition state searches.

A supercell (Fig. 1) of 1 x 2 x 3 of the MgH> unit cell was
constructed as a starting model for the LiAl-substituted struc-
ture. Two Mg-atoms in the supercell were replaced by the LiAl
pair, and the structure optimized (Fig. 1), followed by a phonon
density of state (DOS) calculation in CASTEP.

Complete Linear Synchronous Transit (LST)/Quadratic Syn-
chronous Transit (QST) scheme [12] was used in the transition
state searches of the dehydriding processes, complemented
by transition state optimization. A surface of the LiAl-
substituted materials equivalent to the 110 surface of the
original MgH, structure was constructed, with the surface
slab extending two unit cell-depth to ensure sufficient bulk

Table 1
Crystallographic parameters of structures considered
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Fig. 1. Simulated powder X-ray diffraction patterns of the structures considered.
Instrumental parameters such as profile shape and broadenings had been kept
consistent for all structures to ensure comparability. A supercell of 1 x 2 x 3
of the MgH, structure is shown to aid the comparison with the unit cell of
LiAIMgjoH4. Atoms not labeled in the structure models: grey: Mg atoms;
off-white: H atoms.

MgH, (exp.)*

MgH, (calc.) LiAIMgoHa4

Cell content MgorHy
Theoretical H-capacity (wt%) 7.6
Space group P4y /mnm (136)

Unit cell dimensions

a 4.5025 (0.0005)
b 4.5025 (0.0005)
c 3.0123 (0.0005)
o 90
B 90
y 90
Bond length A
Mg-H 1.95 (0.02), (1.94-1.95)
Al-H
Li-H

Zero point vibration energy (ZPE) (kJ/moly2)

H-metal bond energy (kJ/mol)®
MgMgMg

LiMgMg

AlMgMg

Mgy Hy LiAlMgioHa4
7.6 8.0

P4y/mnm (136) P2(3)

4.5349 8.9885
4.5349 8.9848
3.0219 4.4846

90 90

90 89.655

90 90

1.96 (1.96-1.96) 1.95 (1.88-2.06)
1.74 (1.70-1.77)

2.01 (1.91-2.16)

383 38.8

3733 370.0
(364.4-372.5)
353.1
(347.6-358.6)
356.6
(352.0-361.2)

For average values, their ranges are given immediately underneath corresponding values.

2 Ref. [25].

b Potential energy difference with/without a vacancy in place of an H atom. MgMgMg: H is bonded to 3 Mg-atoms; LiMgMg: H is bonded to one Li and two Mg

atoms, respectively; AIMgMg: H is bonded to 1 Al and 2 Mg atoms, respectively.
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representation. Parallel calculations were conducted on the
unsubstituted MgH» system, based on surface slabs of orienta-
tion and dimensions comparable to those in the LiAl-substituted
system.

3. Results
3.1. Equilibrium structure

Cell dimensions and other crystal chemical parameters of
the computed structures were given in Tables 1 and 1a. For the
unsubstituted MgH, structure, the cell dimensions agree well
with those observed experimentally to within 0.3% error range.
Geometry optimization of the LiAl-substituted structure resulted
in a final structure of space group P2. Despite a dramatic low-
ering of the space group symmetry from tetragonal P4,/mnm to
monoclinic P2, the crystal lattice of the new structure is actu-
ally pseudo-tetragonal, with a and b differ by less than 0.004 A
and g close to 90° (by a difference of <0.4°), and bears strong
resemblance to the parent structure. The resemblance is most
evident in the simulated powder X-ray diffraction (XRD) pat-
terns of the substituted and the parent structures, respectively
(Fig. 1), particularly at the dominant diffraction features (peaks
near 28, 36, 40° 260, respectively). Therefore, there could be a
non-trivial likelihood that the LiAl-substituted MgH> structure
might have already been produced in a lab but undetected.

3.2. Structural stability

An important question to ask on a geometry-optimized struc-
ture is whether it will be structurally stable (note this is not the
same as thermodynamically stable, which requires additional
phase studies). One way for such determination is through the
lattice dynamics study of the phonon DOS of the structure [9].
The phonon DOS calculations were done using a k-spacing of ca.
0.05 1/A for the phonon DOS g-vectors. The results on both the
unsubstituted and LiAl-substituted structures revealed no state
associated with imaginary frequencies (Fig. 2). The results on
the one hand confirmed both the experimental [13] and theo-
retical [14] studies of the stability of the MgHj structure, and
on the other hand revealed that the geometry-optimized struc-
ture of the LiAl-substituted MgH, is structurally stable. Table 1
gives the zero point vibrational energies (ZPE) of the materi-
als derived from the above phonon DOS calculations. The ZPE
of 38.3kJ/moly, for the unsubstituted MgH» structure agrees
well with that of the previous study of 38.5 kJ/moly> using the
supercell method [11]. The ZPE of the LiAl-substituted struc-
ture differs only slightly from the unsubstituted, with a value of
38.8 kJ/molyy.

3.3. Chemical bonding

In accordance to the crystallographic resemblance, the unsub-
stituted and LiAl-substituted structures show similar electron
density distributions, which can be quantified through the Mul-
liken charge distribution analysis (Table 2). In both structures,
the H atoms are negatively charged and there is little over-

Table 1a
Fractional atomic coordinates of phases in the main table (Table 1)

X y Z
MgH; (exp.)
Mgl 0 0 0
Mg2 0.5 0.5 0.5
H1 0.304 0.304 0
H2 0.696 0.696 0
H3 0.196 0.804 0.5
H4 0.804 0.196 0.5
MgHy (calc.)
Mgl 0 0 0
Mg2 0.5 0.5 0.5
HI1 0.305 0.305 0
H2 0.695 0.695 0
H3 0.195 0.805 0.5
H4 0.805 0.195 0.5
LiAlMg10H24
Mgl 0.251 1.001 0.003
Mg2 0.243 0.337 0.000
Mg3 0.246 0.666 0.006
Mg4 0.749 1.001 0.997
Mg5 0.757 0.337 1.000
Mg6 0.754 0.666 0.994
Mg7 0.5 0.168 0.5
Mg8 0.5 0.501 0.5
Mg9 0.5 0.834 0.5
Mgl0 0 0.172 0.5
Li 0 0.497 0.5
Al 0 0.832 0.5
H1 0.402 0.999 0.307
H2 0.401 0.333 0.302
H3 0.401 0.671 0.305
H4 0.909 0.980 0.316
H5 0.901 0.329 0.303
H6 0.908 0.697 0.312
H7 0.654 0.165 0.195
HS8 0.653 0.504 0.198
H9 0.656 0.834 0.186
HI10 0.149 0.159 0.195
H11 0.149 0.506 0.195
HI2 0.141 0.838 0.223
H13 0.598 0.999 0.693
H14 0.599 0.333 0.698
H15 0.599 0.671 0.695
H16 0.091 0.980 0.684
H17 0.099 0.329 0.697
HI8 0.092 0.697 0.688
H19 0.346 0.165 0.805
H20 0.347 0.504 0.802
H21 0.344 0.834 0.814
H22 0.851 0.159 0.805
H23 0.851 0.506 0.805
H24 0.859 0.838 0.777

lap population between H and Mg. Such charge distribution
strongly suggests ionic bonding, that’s confirmed by the defor-
mation density distribution (Fig. 3a and b) that corresponds to
the total density with the density of the isolated atoms subtracted.
The deformation densities are all spherical, and all centered
around the H atoms, signature of net charge transfer onto the
H atoms (but see discussion bellow regarding H-Al bonding).
A similar chemical bonding studies [15] on various MgH5 struc-
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Fig. 2. Phonon DOS of MgH; and LiAIMg;oHo4.

ture polymorphs indicated similar Mulliken charge distribution
(although there are some differences in the absolute values that
can be a function of basis set choices and of the methodology
implementation details, which had already been well known
[16]). The finding of the same reference of net electron transfer
through electron localization function (ELF) study was also con-
firmed in the deformation electron density study in the present
study.

The LiAl-substituted structure nevertheless possesses het-
erogeneity enough to distinguish itself. Unlike Mg, Al in the
structure assumes a low charge and a high positive value in
the overlap population, indicating covalent component in bond-
ing [16]. Such covalent component is confirmed by the total
electron density distribution (Fig. 3c), where there exists sub-
stantial, directional electron density along the H—Al bonds.
Note that, however, although there’s some overlap population
between H and Li (Table 2), the H-Li bonding remains largely
ionic (Fig. 3d). Such heterogeneity is directly responsible to the
marked changes in structural and physical chemical properties of
the material: First, the H-metal bond distances assume broader
ranges (Table 1); second, the bond strength of the H atoms to
their neighboring species becomes weakened. Table 1 towards
the end listed the potential energy difference with/without a
vacancy in place of an H atom, which constitutes a reason-
able, collective measure of relative bond strength of the H
atom to its surrounding atoms. It is evident that (a) the bond

Table 2
Mulliken charges and overlap populations of the unsubstituted and LiAl-
substituted MgH> structures, based on the CASTEP calculations

Mulliken charges Overlap population

Mgi2Hoy

Mg 1.20 H-Mg —0.04 (—0.01 to —0.10)

H —0.60 H-H —0.06 (—=0.04 to —0.12)
LiAlMgoHo4

Li 0.65 H-Li 0.21 (0.06-0.28)

Al 0.45 H-Al 0.73 (0.70-0.74)

Mg 1.26 (1.21-1.32) H-Mg —0.07 (0.00 to —0.16)

H —0.57 (—0.50-—0.62) H-H —0.06 (—0.01 to —0.16)

The ranges of the values (if exist) are given in brackets.

strength is different with different bonding environments; (b)
bond strength becomes generally lower, even when the H atom is
surrounded by three Mg atoms similar to that in the unsubstituted
structure.

3.4. Reaction energies and energy barriers of dehydrinding

The hope of the LiAl-substitution is to lower the reaction and
activation energies during the dehydriding processes. While a
comprehensive evaluation on the impact of the LiAl-substitution
on such energies is beyond the reach of the present work, or that
of quantum mechanical computations in general (see Section
4), it was chosen here to examine the dehydriding processes on
a representative surface, the 110 surface of the MgH; struc-
ture [11] and its equivalent in the LiAl-substituted structure,
hoping to gain insight into the potential impact of the substi-
tutions. Furthermore, preliminary work showed that there can
be multiple dehydriding paths, even on the 1 10 surface alone.
Therefore, it was chosen here to look at one of the simplest
dehydriding paths associated with the 110 surface, the one-
step, direct dehydriding path, to gain preliminary understanding
on the potential improvement in the thermodynamic processes
in hydriding/dehydrinding of the materials.

The 110 surface of the MgH, structure had been identi-
fied [11] to be one of the most prominent faces that have the
lowest surface energy. For the unsubstituted structure, initial
dehydriding of the surface hydrogen atoms in the neighbor-
ing bridge positions (the starting state) on the 110 surface
(refer to the equivalents in the LiAl-substituted structure as in
Fig. 4R and R’) was examined against the ending state with
the two hydrogen atoms removed from the surface to form
one free hydrogen molecule (refer to the equivalents in the
LiAl-substituted structure as in Fig. 4P and P’). The LST/QST
transition state search/optimization based on the above starting
and ending configurations yielded a one-step dissociation, with
an activation energy of 271.7 kJ/moly, (the difference in total
energies between the configuration before dehydriding and that
at the transition state, respectively). The reaction energy, i.e.,
the total energy difference between the starting and the ending
configurations, respectively, was found to be 237.4 kJ/moly;.
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Fig. 3. Electron density distributions of the MgH, structure and its LiAl-substituted structure. The dark areas concentrate the electron densities. (a and b) Deformation
densities of the unsubstituted and LiAl-substituted MgH, structures, respectively. Cross-sections parallel to the 1 1 0 surface (the MgH5 structure) or that equivalent
to the MgH> 1 10 surface (the LiAIMg;oHpq4 structure). The contour lines are from 0 to 0.2 in intervals of 0.05 e/A3; (c and d) total densities of the LiAl-substituted
MgH, structure. Cross-sections dissect the Al/Li-H6 bipyramids. The contour lines are from 0.285 to 0.565 in intervals of 0.07 e/A3.

On an equivalent surface of the LiAl-substituted structure
where the Mg atom is replaced by Al (Fig. 4R and R'), after the
initial LST/QST transition state search, the transition state opti-
mization yielded an intermediate state (the state in Fig. 47and I’,
corresponding to a local energy well in the reaction path). Two
separate transition state searches were subsequently conducted,
one between the starting state and the intermediate state, and the
other between the intermediate state and the ending state. The
results indicated an overall reaction energy of 179.5 kJ/moly»
(157.3+22.2), a 34% reduction from that of the unsubstituted
(of 237.4 kJ/molyp). It should also be noted that, over the same
simple dehydriding path as in the unsubstituted structure in
the above, there are now two transition states (Fig. 47'S/ and
Fig. 4TS2) associated with this particular dehydriding path,
with corresponding activation energies of 187.8 and 36.2 kJ/mol,
respectively. The larger of the two activation energies corre-
sponds to the rate-limiting barrier in the whole reaction path.
In other words, in the same dehydriding path, the effective acti-
vation barrier in the LiAl-substituted structure is reduced from
271.7 to 187.8 kJ/mol, amounting to a reduction of 31%.

4. Discussion

4.1. The use of multiple implementations of the DFT
method and sets of program settings

It will be ideal that all DFT calculations are carried out
through a single implementation and with an identical set of
program settings so that (energy) results will be easily portable
and can be compared to each other. However, in real DFT appli-
cations, one is constrained by both the necessary approximation
of the exchange-correlation functional and the computational
tractability of a given application. As a result, many dif-
ferent implementations [17] became available, carrying with
them characteristic basis sets, pseudopotentials and, to a lesser
extent, unique set of exchange-correlation functionals. Each
such implementation offers a unique aspect in real applications,
such as that the plan-wave based implementations make it easy
in calculating forces and stress, or that the local basis set-based
methods allow linear scaling of performance as a function of
the number of atoms. The key to determine which implementa-



J.-j. Liang / Journal of Alloys and Compounds 446—447 (2007) 72-79 77

TS1

Eg = 157.3 kJ/mol
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Eg = 22.2 kJ/imol
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Fig. 4. Dehydriding of the LiAl-substituted MgH structure on a configuration equivalent to the direct (one-step) dehydriding on the 1 1 0 surface of the unsubstituted
MgH, structure. R: Reactant/surface view of MgH; 1 1 0-equivalent. dg_py =3.09 A; I Intermediate/surface view when forming the intermediate. dy_p =0.84 A; P
product/surface view after forming H, molecule. dy_g =0.75 A; R, T, P’ cross-sectional views of their respective surface counterparts; 7S1: transition state from R
to I (cross-sectional view). dy_y = 1.32 A; TS2: transition state from I to P (cross-sectional view). dy_y = 0.82 A. Large, grey sphere: Mg; Large, dark-grey sphere:
Li (labeled “I” in R); small, dark-grey sphere: Al (labeled “2” in R); small, off-white spheres: H. Er, energy of reaction; Ex, energy barrier.

tion and what parameter set to use lies really in the theoretical
abstraction, or “translation” [17], of the real application problem.

In the present work, three self-contained areas were identi-
fied: (a) to find the equilibrium geometry of the LiAl-substituted
structure based on that of the parent MgH; material (Sections 3.1
and 3.3); (b) to determine the structural stability of a given struc-
ture (Section 3.2) and (c) to calculate relative energy changes
on a surface during a dehydriding process (Section 3.4). Areas
a and b involve calculating forces acting on individual atoms
and stresses on the unit cell that are most efficiently dealt with
in plane-wave based implementations [17]. Therefore CASTEP,
being one of the plan-wave implantations, was chosen. The use
of norm-conserving potentials in the DFPT calculations in area
b, as opposed to using the ultrasoft potentials as used in geome-
try optimizations in area a, was because of that validations had
been done using such potentials in the DFPT implementation,
just like that the geometry-optimizations had been done in using
the ultrasoft potentials; in area c, surface studies involve large
proportions of vacuum spaces, which means dense plan-waves
to account for such spaces if plan-wave based implementation
(CASTEDP) is used, and in turn wasted computing cycles. On
the contrary, DMol3, being one of the local basis set based

implementations, is insensitive to the occurrence of such vac-
uum spaces, and therefore is much more efficient in the type of
calculations.

It ’s important to point out that, in each of the above
three areas, the respective combinations of DFT implementa-
tion/program settings had been independently validated within
the individual applications/areas (see earlier discussions of
results in each separate areas). Furthermore, within each individ-
ual application area, all energy comparisons had been confined
to within the area itself, and conclusions were drawn without
reaching out (to other areas).

4.2. Possibility of disorder

It should be emphasized here that the configuration derived in
the present work is only one of the many configurations possible
given the composition/superstructure combination. Preliminary
work showed that other configurations (of the same composition)
may be structurally stable, as well. This brings up the possibility
of random distribution of the Li,Al species in the superstructure
that results in a statistically averaged pseudo-symmetry identi-
cal to that of the parent materials. Such possibility is, however,
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beyond the reach of the current computational approaches, and
should most appropriately be proven experimentally.

4.3. Reaction energies and activation barriers

There had been reports [18-21] of a range of apparent acti-
vation energies of dehydriding of the pure MgH, materials,
between 119 and 323 kJ/mol. Given that all sample materials
were indeed pure and pre-activated, it’s still important to note
that all measurements were conducted on bulk materials which
can involve different (related or unrelated) processes such as
(bulk/surface) diffusions and dehydriding over different crystal-
lographic orientations and surface morphologies, each with its
own associated characteristic activation barrier. Therefore, the
apparent energy barrier of a given measurement corresponds to
an average of barriers effective in the measurement temperature
range, only. Furthermore, each of the reports cited a measure-
ment temperature range different from the other, with a given
measurement potentially not being able to sample barriers active
at higher temperatures that the measurement temperature range
did not reach. On the other hand, quantum mechanics-based
calculations typically focus on a given surface orientation and
assume ideal surface configurations. The results are therefore
far from capturing the full picture of the reaction barriers of the
materials in the bulk. One should therefore be very careful in
making quantitative comparisons between the calculated barri-
ers with those of the experimentally observed. In the present
work, only one (the 110 surface) of the many possible sur-
faces of the materials was considered, with an ideal surface
configuration. In addition, the dehydriding processes of the
LiAl-substituted structure were examined while focusing only
around the Al atom in the structure. Therefore, the results so
obtained can in no way be sufficient to be used quantitatively to
represent the whole material(s). It nevertheless does not prevent
the qualitative conclusions, or the trends, being drawn on sys-
tem improvements with regard to the thermodynamic properties
upon the chemical substitutions.

4.4. Thermochemical considerations

It should be noted that, while proving structural stability,
phonon DOS calculations does not address the issue of thermo-
dynamic stability of the postulated compound of LiAIMg oHz4.
The issue itself calls for comprehensive evaluations and is
beyond the scope of the present work. Yet, some preliminary
thermochemical consideration regarding possible reaction path-
ways for the target compound will still be helpful. One may
consider the following two potential (solid-state) reactions:

LiAlH4 + 10MgH,; — LiAIMg10H»4 R1)
LiH + AlH3 + 10MgH; — LiAlMgioH24 (R2)

Based on the known crystal structures of the reactants,
LiAlH4 [22], LiH [23], AIH3 [24] and MgH2 [25], the binding
energies (with ZPE corrections) of the reactants were calculated
to be —1334.0, —246.7, —1535.7 and —699.8 kJ/mol, respec-
tively, with that of the postulated phase being —6710.2 kJ/mol.

The reaction enthalpies for the above two reactions can then
subsequently calculated to be, respectively,

AHgr; = 135.1kJ/molip

AHg) = 172.5kJ/moly»

The reaction enthalpies for both reactions are significantly
endothermic. One will have to hope and rely on the differ-
ences in heat capacity and entropy of the reactant materials to
turn the reaction free energy to be exothermic as a function of
temperature. More likely than not, one may eventually have to
use an unconventional approaches, such as mechanical alloying
through high-energy ball-milling, to synthesize the postulated
compound.

5. Conclusion

The DFT calculations revealed that there exists a struc-
turally stable crystalline phase of the nominal composition,
LiAIMgioH24, of the MgH» structure type. There exist indi-
cations that the coupled LiAl-substitution of the Mg atoms into
the structure enables substantial lowering of the total reaction
energy and the energy barriers in the dehydriding processes.
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