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We have developed a procedure for crystal structure generation and prediction for ionic compounds con-
sisting of a collection of cations and rigid complex anions. Our approach is based on global optimization of an
energy functional consisting of the electrostatic and soft-sphere repulsive energies using Metropolis Monte
Carlo (MMC) simulated annealing in conjunction with smoothing of the potential energy landscape via the
distance scaling method. The resulting structures, or prototype electrostatic ground states (PEGS), are subse-
quently relaxed using first-principles density-functional theory (DFT) calculations to obtain accurate structural
parameters and thermodynamic properties. This method is shown to produce the ground state structures of
NaAlH, and Mg(AlH,),, as well as the mixed cation alanate K,LiAlH4. For LiAlH,, the PEGS search
produces a structure with a static DFT total energy equal to that of the experimentally observed structure; the
latter is stabilized by vibrational contributions to the free energy. For mixed-valence hexa-alanates, XY AlHg,
where X=(Li,Na,K), and Y=(Mg,Ca), the PEGS method predicts six unsuspected structure types, which are
not found in the existing structure databases. The PEGS search yields energies that are, on the average, better
than the best database structures with the same number of atoms per unit cell, demonstrating the predictive
power and usefulness of the PEGS structures. In addition to the recently synthesized LiMgAlHq compound, we
predict that LiCaAlHg, NaCaAlHg, and KCaAlHg are also thermodynamically stable with respect to phase
separation into other alanates and metal hydrides. In contrast, NaMgAlHq and KMgAlHg are slightly unstable
(by less than 3 kJ/mol) relative to the phase separation into NaAlH,, KAIH,, and MgH,. We suggest that
solid-state ion-exchange reactions between X3AlHg (X=Li,Na,K) and YCl, (Y=Mg,Ca) could be used to
synthesize the predicted mixed-valence hexa-alanates.
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I. INTRODUCTION

Finding a light-weight, high-density means for hydrogen
storage is one of the key bottlenecks towards the large-scale
introduction of hydrogen-fueled vehicles. Traditionally, in-
terstitial metal hydrides have been considered for this pur-
pose since they can store hydrogen at very high volumetric
densities, easily surpassing liquid hydrogen. However, the
gravimetric density of reversibly stored hydrogen in these
systems is typically only a couple percent, which is unac-
ceptably low for commercial applications.! Research on hy-
drogen storage materials took a new direction in 1997 with
the discovery that sodium aluminum hydride, NaAlH,, be-
comes a reversible solid-state hydrogen storage material
upon the addition of a small amount (a few percent) of tran-
sition metal dopants.>3 This discovery more than doubled the
gravimetric storage capacity of classic interstitial metal hy-
drides, from about 1.5-2.0 wt. % H, in compounds such as
LaNis, to about 5 wt. % in sodium alanate. It also led to the
realization that the whole class of compounds based on an-
ionic complexes, such as AlH,", A1H6_3, BH,", and NH,",
charge balanced by a cation matrix, are potential high-
density light-weight hydrogen storage candidates.

The complex ionic hydrides such as NaAlH,, LiAlH,, and
corresponding borohydrides were initially synthesized and
used as reducing agents in solution.* Unsolvated NaAlH, is a
wide band gap insulator and can be viewed as a molecular
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ionic solid.>® First-principles calculations of the electronic
structure of many of the complex ionic hydrides indicate
analogous behavior.>’~ Upon decomposition, the complex
ionic hydrides typically decompose to other stoichiometric
compounds. For example, both sodium alanate, NaAlH,, and
lithium alanate, LiAIH,, decompose through the reactions in
Egs. (1) and (2), releasing hydrogen and forming bulk alu-
minum as follows:

MAIH, — M;AlHg + 3Al + H,, (1)

M3AlHg — 3MH + Al + 3H,, (2)

where M=Li or Na. One of the key materials requirements
for engineering applications is the enthalpy of hydrogen de-
sorption, defined as the enthalpy change upon releasing one
mole of H,. The enthalpy provides an important link between
the temperature range of use and the equilibrium pressure of
the hydrogen gas. Classic interstitial hydrides in use today, as
well as new materials such as sodium alanate, have endot-
hermic desorption enthalpies in the range of 30—50 kJ/mol
H,. High decomposition enthalpies, such as 75 kJ/mol H,
for MgH, —Mg+H,, tend to indicate that the material will
have a hydrogen equilibrium pressure of around 1 bar at
temperatures high compared to 100 °C, the range needed to
utilize polymer electrolyte membrane fuel cell waste heat.
Indeed, the equilibrium pressure of MgH, at 250 °C is only
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about 0.4 bar.'® Low decomposition enthalpies, such as in
the case of Ca(AlH,),,'"!? correspond to materials that have
equilibrium pressures of 500 bars at very low temperatures
and therefore are not easily rehydrided under practical con-
ditions. It is of significant interest to determine these enthal-
pies for materials where measurement is difficult or which
have not yet been synthesized.

First-principles calculations within the density-functional
theory (DFT) are a powerful tool for calculating the thermo-
dynamic properties of known materials, and they have been
used extensively for this purpose. A knowledge of the crystal
structures is required for the calculation of the enthalpy of
the decomposition reactions such as Egs. (1) and (2),° but
unfortunately this information is often unavailable. For in-
stance, only a few mixed cation alanates, such as K,LiAlH¢
(Ref. 13) and LiMgAIH,,'* have been synthesized and
solved. Crystalline forms of Ca and Mg borohydrides have
been synthesized only recently,’>!7 and almost nothing is
known about the existence, stability, and structure of mixed
cation borohydrides, such as LiMg(BH,);. In cases where
crystal structures are not available, and when the samples
may not be easy to synthesize and characterize, the predic-
tive power of first-principles methods is greatly diminished
by the inability to determine the crystal structure theoreti-
cally. It can be argued that determination of the ground state
crystal structures using first-principles energetics remains
one of the key unsolved problems in computational materials
science.

One method that has recently gained popularity is the so-
called database searching method, which considers candi-
date crystal structures of chemically similar compounds from
published databases, such as the Inorganic Crystal Structure
Database (ICSD). This method amounts to choosing reason-
able crystal structure types (“rounding up the usual sus-
pects”) and calculating their total energies with DFT tech-
niques; it was first adopted in theoretical studies of high-
pressure structural stability.!® With the increase in the
available computer power, larger and larger sets of trial
structures have become practical. For instance, a recent study
of Ca(AlH,), and CaAlH; used sets of 93 and 83 trial struc-
tures, respectively.'> The data mining technique offers an ef-
ficient way to focus this search by selectively choosing the
likeliest ground states.'” However, these methods rely
heavily on the existence of an extensive database of good
trial structures and are incapable of generating new crystal
structure types in the absence of information on similar com-
pounds. The cluster expansion technique allows one to effi-
ciently search the configuration space of alloys, but it is cur-
rently limited to lattice-based systems.?® Recently, genetic
algorithms have emerged as promising methods of finding
new ground state crystal structures in systems that either
have diffraction data or can be described by -classical
potentials,?' but the computational expense of first-principles
DFT calculations for large systems currently limits their ap-
plicability to unit cells with a few tens of atoms.?>?* Methods
based on first-principles variable cell shape molecular
dynamics®* can be used to accurately explore structural
transformation paths, but they require the user to supply a
“good” starting structure and are difficult to apply when such
data are not available. Monte Carlo based techniques have
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been used for the structure determination of a wide range of
systems, from finite clusters® and organic molecules,? to
crystalline solids.>’~%° Due to their versatility and generality,
these methods are capable of predicting not only the ground
states, but also entropically stabilized phases.”> However,
with a few notable exceptions,21 Monte Carlo methods have
been seldom used systematically in conjunction with accu-
rate first-principles DFT energetics in the search for new
materials. Such applications usually require extensive and
time-consuming fitting of interatomic potentials.”® Noner-
godic search methods have also been explored with some
success toward solving the structure of Lennard-Jones clus-
ters and small molecules,’® but have not yet been tried for
complex bulk crystals with multiple ionic species.

This paper will present a global optimization method for
generating crystal structures and determining first-principles
T=0 K total energies for complex ionic compounds, which
does not rely on the existence of structural prototypes and
does not require the development of accurate interatomic po-
tentials. Our method allows for generation of new structure
types based on classical considerations such as ionic charges
and ionic radii, and is therefore applicable in cases when
crystal structures of chemically similar compounds are not
available. Accurate DFT forces and energetics are used to
reliably find optimized structural parameters and thermody-
namic properties. We find unsuspected crystal structures for
compound stoichiometries that are not currently contained in
structural databases, resulting in an important contribution to
these databases. Section II will outline the method and pro-
vide justification of the physical model. Results for hydrogen
storage materials will be given in Sec. III. Discussion of the
results and implications for materials searching are given in
Sec. IV.

II. METHODS
A. Prototype electrostatic ground state (PEGS) search

Complex ionic hydrides share several common features in
the electronic structure and bonding, which constitute the
physical basis for our approach. First, complex hydrides are
typically wide gap insulators, with strongly bound AIH,,
AIH:", or BH; anionic complexes. Second, first-principles
DFT calculations of a large number of hypothetical struc-
tures using the structure database searching approach (see
Sec. II B) indicate that the anion complexes have very simi-
lar shapes and charge states in all low-energy crystal struc-
tures. Third, it has been pointed out by several researchers
that the electrostatic interactions between the cations and an-
ions play a key role in determining the stable crystal struc-
ture type.>3® Fourth, experimental structures taken from
diffraction data of tetrahydride alanates indicate that the an-
ion center to vertex lengths are within a few percent of each
other. Finally, Raman studies of the lattice dynamics of both
borohydrides and alanates indicate that internal anion vibra-
tions are distinct and well separated from the crystal transla-
tional and librational modes.%31-3%

The above observations suggest that candidate ground
states for complex hydrides may be found by minimizing the
electrostatic energy of a collection of positively charged cat-
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ions and negatively charged complex anions (e.g., AIH, tet-
rahedra and AlHg octahedra), with the latter treated as rigid
units. This idea is analogous to the classical approach used in
the classification of ionic crystal structure types based on the
ionic charges and radii of the constituents. In the simplest
case of binary ionic compounds, elementary geometric con-
siderations can accurately predict the regions of stability of
fourfold (zinc-blende), sixfold (rocksalt), and eightfold
(CsCl, fluorite) coordinated binary crystal structures with in-
creasing ratio of the cation-to-anion radii.>’ In this paper, we
generalize this approach to complex hydrides by considering
complexes instead of spherical anions. New ground state
structure types are generated by minimizing the electrostatic
energy of a system of spherical cations and geometrically
complex anions, subject to constraints on interionic distances
imposed by the ionic radii of the constituents. These ground
states are identified as functions of the parameters describing
the ionic radii and charge distribution in the system, and a
map of structure types, called prototype electrostatic ground
states (PEGS), can be constructed to cover the parametric
region representing the system of interest. The resulting
PEGS are used as input to first-principles DFT calculations
to obtain accurate total energies and structural coordinates.
The energy functional used in our Monte Carlo approach
is given in Eq. (3) below. For each complex anion, all center
to hydrogen distances and all bond angles are kept fixed.
Ionic repulsion at short distances is introduced via a soft
sphere interaction potential with fixed values of ionic radii
for all species in the system. There is one value for €,=1 in
Eq. (3) for all ion pairs in the soft-sphere interaction, which
is large enough to prevent any overlap at low temperatures:

Etot=2Q_Ql+2& (3)

i
12
i~ Rij =R

The first term is the Coulomb energy, with Q; denoting the
ionic charges. The second term is a repulsive, soft-sphere
potential, taken from the repulsive part of a Lennard-Jones
6-12 potential, which only contributes when ion cores over-
lap. Both sums extend over all ions in the system, including
the center and vertex ions comprising the rigid complex an-
ions but excluding ion pairs comprising the same complex.
The radius of the anion center ion does not impact the result-
ing PEGS. The input parameters for the Metropolis Monte
Carlo (MMC) runs include the radii of the cations, vertex
anions, and their charges. Procedures for choosing these pa-
rameters are described below. Here we only note that the
Hamiltonian Eq. (3) is nor meant to accurately represent all
the details of the interionic interactions in complex hydrides,
just like the rigid ion model is not meant to represent the
details of the interactions in systems like NaH. We are inter-
ested in identifying new prototype structures with exception-
ally low electrostatic energies; the detailed structural param-
eters and energetics will be obtained using state-of-the-art
DFT methods.

Given the energy functional in Eq. (3), the structure gen-
eration algorithm can be summarized as follows. First a
simulated annealing of the lattice parameter and cell con-
tents, consisting of a collection of rigid anions charge bal-
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anced by cations, is performed according to the Metropolis
algorithm, with the total energy given by Eq. (3). Following
the MMC minimization, the structure is fully relaxed via
DFT.

There are four different configuration changes, which are
effected in random order during the Metropolis run. Detailed
balance is maintained at each step to ensure the a priori
probability for the system to return to a previous configura-
tion.

(i) Lattice parameter changes. The lattice vectors of the
unit cell are defined by a;,a,,as;. The angles between the
lattice vectors are defined by a=a, L a;, B=az/La;, and
v=a, £ a,. Either a lattice vector is changed in magnitude,
or one of the angles between lattice vectors is altered. The
change in either lattice vector magnitude or direction is lim-
ited to a maximum volume change of the unit cell of 7%.
The lattice angles are bounded by a lower limit of 10°, and
an upper limit of 120°. Additional constraints are provided
by a parameter orth, defined as the ratio of the cell volume to
the volume of an orthogonal cell with identical lattice vector
magnitudes. The orth parameter was bounded by 0.2 below,
to prevent unit cell “squashing” to zero volume. The primi-
tive cell of fcc NaCl has a value of orth=0.7071. Addition-
ally, any two planes of the unit cell were limited to a distance
no closer than 1.5 times the distance between the anion cen-
ter and anion vertex.

(ii) Cation or anion translations. The maximum translation
length along direction a=a;, a,, or a; was J%

(iii) Anion rotations. The three Euler angles describing the
orientation of a rigid body are chosen randomly and the an-
ion is rotated according to the generated rotation matrix.

(iv) Swapping of anion and cation locations. Anions are
swapped with cations such that the anion center is exchanged
with the location of the cation. The anion is not rotated.

Using an exponential annealing schedule, the temperature
is given by Thie[‘”S/ Tal where n=1,...,N. The total number
of temperature runs is N. The temperature 7T, is calculated
for given initial and final temperatures, T}; and 7}, respec-
tively. The high and low temperatures for the anneal are
taken from an autoadjusting algorithm described below.

From the partition function in the canonical ensemble, at
constant particle number (N), volume (V), and temperature
(T), one finds that the specific heat in terms of the energy
fluctuations is given by

(U - (U

T (4)

CNVT =

In our Metropolis algorithm we hold temperature and par-
ticle number constant, allowing the volume to vary, and cal-
culate a pseudospecific heat using Eq. (4). Approximate tem-
perature ranges corresponding to the liquid melt were
determined by investigating plots of the mean square energy
fluctuations versus temperature. We set the initial tempera-
ture at the onset of condensation, and the final temperature
near the peak in the energy fluctuations. The mean square
energy fluctuations for NaCl are shown in Fig. 1. The fluc-
tuations (noise) in the figure are indicative of small energy
fluctuations at low temperature, which occur when the num-

104115-3



E. H. MAJZOUB AND V. OZOLINS

Temperature (arb. units)

P R BRI B
0 10 20 30
Step,number

CNT (arb. units)

L " " 1 " " " " 1 " " " "
0 10 20 30
Step number

FIG. 1. (Color online) Three identical Monte Carlo simulated
annealing minimizations showing the mean square energy fluctua-
tions (the pseudoheat capacity Cyt) in one formula unit of NaCl.
The inset shows the temperature in arbitrary units for each step.

ber of configuration changes is too small to reach equilib-
rium. This was not found to be problematic in generating
low-energy crystal structures. The region of temperature is
set using short, fixed-temperature anneals, and adjusted
based on the percentage rejection rate of a choice of the four
allowed configuration changes. The onset of condensation
corresponds to lattice parameter and translation rejection
rates in the range 67.5-72.5 %. The peak in energy fluctua-
tions occurs for rejection rates of between 95% and 99.9%.

During the anneal, the electrostatic and repulsive energies
are calculated for each structure after every configuration
change. A record is kept of the lowest total energy structure,
defined by the sum of the electrostatic and repulsive ener-
gies. Following the simulated anneal, the lowest energy
structure is compared to the structure obtained at the end of
the run. In the event that the total energy of the final structure
is higher, and the difference between the electrostatic ener-
gies is greater than the difference of the respective repulsive
energies, then the structures are swapped. Using the total
energy alone is not sufficient to prevent a situation where a
large repulsive energy difference dominates the total energy
difference, and a structure with lower electrostatic energy is
discarded. The structure swap is justified by the quick relax-
ation and elimination of the repulsive energy by the simplex
routine which follows. Once the simulated anneal has been
completed, the system is further relaxed using the downhill
simplex method, and removes overlap completely at the end
of the simulated anneal.

Two methods were employed to improve the energies ob-
tained by standard MMC. First was the Monte Carlo with
minimization (MCM) and coordinate resetting procedure of
Li and Scheraga, known as basin hopping.®® In this method
one performs repeated resetting of the initial coordinates fol-
lowed by the Metropolis algorithm and a minimization pro-
cedure such as simplex, or conjugate gradient. At the end of
the minimization, and before resetting the coordinates, the
structure is compared to the previously accepted local mini-
mum. The second method employed was the distance scaling
method (DSM) of potential energy smoothing (PES), hereaf-
ter referred to as DSM-MC.? A scaling of the atom-atom
distances r’ = ar, reduces the repulsive energy for a> 1, and
allows atoms to overlap while the configuration changes re-
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FIG. 2. (Color online) Initial and final (after relaxation) DFT
energies for MC generated structures of two formula units of
Ca(BHy),. The black circles show multiple runs of MC only. The
red/gray circles show distance scaling method DSM-MC. Initial
DFT total energies are significantly lower using the DSM-MC
method, indicating superior structure generation over single run
MC.

arrange the cations and anions subject to a reduced electro-
static interaction. The DSM-MC method results in dramatic
improvement in the structures generated as illustrated in Fig.
2, which shows the initial and final (relaxed) DFT total en-
ergies of structures generated for the compound Ca(BH,),
through the MMC and DSM-MC approach. Details of the
DFT calculations for this compound are given in Sec. I C.

PEGS structures generated through MCM basin hopping,
or DSM-MC are subsequently relaxed using VASP, yielding
optimized cell volume, shape, and ionic positions. The struc-
tures are then searched for symmetry using the FINDSYM pro-
gram in the ISOTROPY package using an rms displacement
tolerance of around 0.1 A4

The above procedure is summarized in the following
steps.

1. Atomic radii, anion bond lengths, and number of for-
mula units per cell are chosen.

2. Initial and final annealing temperatures are taken from
calculated rejection percentages.

3. The cell contents are initialized with random fractional
coordinates. No previous information on cell parameters or
similar structure types is used in the global optimization.

4. MCM basin hopping or DSM-MC generates an inter-
mediate (PEGS) structure with minimum electrostatic en-
ergy. The cell parameters, including both lattice parameters
and angles between the lattice vectors, are optimized along
with the fractional coordinates of the anion centers, anion
angles, and cation centers.

5. The PEGS structure is fully relaxed using first-
principles DFT.

6. The final output structure is searched for symmetry.

Step 4 requires multiple steps, including coordinate reset-
ting, in the case of MCM basin hopping, or reversing of the
scaling parameter in the case of DSM-MC.

The anion coordination and bond lengths are taken from
experimental diffraction data and/or first-principles calcula-
tions on known materials. For example, the Al-H bond
lengths in four- and six-coordinated alanates are taken as
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TABLE I. Aluminum-hydrogen bond lengths and charges used
for ions comprising the rigid anionic AIH, and Ang_ units. Ion
charges are taken from first-principles calculated Born effective
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TABLE II. Number of Inorganic Crystal Structure Database
(ICSD) entries for common compound types.

charges. ICSD “ANX” formula Example Number of entries
Anion type AB2X8 Ca(BH,), 271
3 ABCX6 LiCaAlg 158
AlH, AlHg AB2C4X16 CaLiy,(BH,), 27
dary 1.6500 1.7800 ABC3X12 CaLi(BHy)3 15
Oa +1.6700 +2.0000
—0.6675 -0.8333 o .
On enna ab initio simulation package (VASP).*>** Plane aug-
Ry 1.5000 1.3500 4546 \were used to

1.65 and 1.78 A, respectively.’ Ionic charges are obtained
from first-principles calculated Born effective charges by av-
eraging the diagonal elements for all symmetry-distinct ion
types, as shown in Table I. Nominal ionic radii of the cations
were taken from standard tables for ions in their inert gas
configuration.*! Radii for Li, Na, K, Mg, and Ca were taken
as 0.68, 0.97, 1.33, 0.65, and 0.99 10\, respectively. Radii of
the aluminum anion centers were taken from the difference
of the center to vertex distance and the radii of the hydrogen
atoms, d-Ry. Optimal hydrogen radii were determined by
examination of the M-H minimum distances in initial DFT-
relaxed PEGS structures, where M is not the anion center
atom, to determine new input values for Ry=dy;, y—Ry-

B. Database searching

A commonly employed method of structure determination
involves the use of a database such as the Inorganic Crystal
Structure Database (ICSD), containing over 93 000 inorganic
crystal structures.*? In this approach, one searches the data-
base for potential structures of chemically related com-
pounds and calculates the DFT total energies for the com-
pound of choice in those structures. The structure with
lowest energy is presumed to be the ground state. The
strength of any database-based searching method lies in the
total number of potential structures available for a chosen
stoichiometry or compound formula. For example, the com-
pound NaAlH, would be searched for in the ICSD database
using the “ANX formula” search string “ABX4,” yielding
over 1800 entries, and over 100 independent potential crystal
structures. Database searching using the ICSD results in
finding the correct structures for compounds Be(BH,),,
Ca(AlH,),, and Ca(BH,),, where the compound formula
AB?2X8 yields 270 entries and at least 50 unique structures. If
the number of structures in which the (DFT) total energy is
calculated is small, the probability of finding the correct
structure is lower. The need for methods other than database
searching is easily illustrated by the data in Table II showing
the number of database entries for increasingly complicated
compound stoichiometries.

C. Ab initio energetics

Crystal binding energies were calculated using the first-
principles total energy and molecular dynamics program Vi-

mented wave (PAW) pseudopotentials
represent the interactions between the ions and the valence
electrons. Electron exchange-correlation interactions were
treated in the generalized gradient approximation (GGA) us-
ing the Perdew-Burke-Ernzerhof (PBE) functional.*’ Elec-
tronic states were expanded in plane wave basis with an en-
ergy cutoff of 600 eV. The Brillouin zone for each structure
was sampled with a Monkhorst-Pack mesh*® using a k-point
spacing of less than 0.05 A~'. All structures were relaxed
using the conjugate gradient algorithm until the atomic
forces were less than 0.01 eV/A and the stresses were below
0.001 kbar. High-accuracy test calculations for LiAlIH, struc-
tures were performed using PAW pseudopotentials and the
Perdew-Wang* GGA exchange-correlation functional with a
plane wave cutoff of 875 eV. Phonon frequencies were cal-
culated using the supercell frozen phonon force constant
method, using a plane wave energy cutoff of 600 eV. A de-
tailed description of this implementation can be found
elsewhere.®

In most cases (except LiAIH,), we have ignored contribu-
tions to the total energy due to phonons, since the main pur-
pose of this work is to develop and test a new method for
crystal structure prediction using static DFT energetics. This
level of accuracy is sufficient for determining whether a
given material warrants further attention and calculation of
the phonon contributions. We note here that vibrational con-
tributions have been shown to lower the 7=0 K decomposi-
tion enthalpies by as much as 20 kJ/mol H,; the effect on
room-temperature enthalpies is usually smaller, but can
amount to a lowering of AH by as much as 10 kJ/mol H,.%

II1. RESULTS

Structural energy minimizations were performed for
simple cases such as NaCl, CsCl, and CaF, to confirm that
the code would produce the correct structures. Results for the
more complicated structures of known alanates NaAlH,,
LiAlH,, Mg(AlH,),, and K,LiAlHy will be presented here.

A. Sodium alanate NaAlH,

The experimentally determined crystal structure of
NaAIH, is body centered tetragonal with space group num-
ber 88, I4,/a.>! The conventional tetragonal cell, containing
four formula units, has first-principles optimized lattice vec-
tor lengths of a=4.98 A, ¢=11.06 A. The primitive cell vol-
ume is 137.06 A3, Parameters for the DSM-MC minimiza-
tion were Qu=-0.6675, Qa=1.67, dyp=1.65A, Ry
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TABLE III. Lattice vector and fractional atom position output
for one DSM-MC global optimization of two formula units of
NaAlH,. DFT relaxation of this structure yields the experimentally
observed crystal structure in space group /4;/a. The ground state
structure is found in approximately 20% of DSM-MC runs.

DSM-MC PEGS output for NaAlH,

x y z
a 6.50665944 0.00000000 0.00000000
b -2.15168706 4.59090657 0.00000000

2.30170864 4.05164112 4.53675796
Na, 0.98126288 0.83373802 0.54291502
Na, 0.73528823 0.32796480 0.29136268
Al 0.24154350 0.35018111 0.78949297
Aly 0.49434981 0.84844347 0.02814165
H; 0.25941245 0.24194315 0.58046735
H, 0.10614212 —-0.02318605 1.10998862
Hj 0.57646513 0.73676861 0.62479864
Hy 0.02415431 0.44519874 0.84271726
Hs 0.66831083 1.23549211 —-0.30795578
Hg 0.44848149 0.95119652 0.24146781
H; 0.16808868 0.48254873 0.16150051
Hg 0.69251825 0.72453650 0.01755405

=13 A, and Ry,=0.97 A. Calculated Born effective charges
supplied the charge values used for Al and H.® The output
atom positions of the DSM-MC structure are given in Table
IIT as an example and proof of the method. In this and sub-
sequent PEGS output results, we give enough significant fig-
ures for reproducibility. The AlH, tetrahedra in the
DSM-MC PEGS output are undistorted, with all center to
vertex lengths equal. A first-principles optimization (using
PAW pseudopotentials and the PBE*’ exchange-correlation
functional with 600 eV cutoff) of the lowest-energy two for-
mula unit electrostatic structure shown in Table III yields an
energy within 0.2 meV of the experimentally determined
structure, with identical symmetry found using FINDSYM.
Generally, about 20% of DSM-MC runs produce PEGS
structures which yield equivalent ground state structures.
Post-DFT relaxation of the NaAlH, PEGS structure, the
magnitudes of the lattice vectors are a=6.54, b=6.54, and
c=4.99 A, with angles a=112.42°, B=67.68°, and 7y
=65.13°, with a cell volume of 133.4 AS, indicating the
primitive cell was located. For this material, a DSM-MC
search finds the ground state crystal structure.

B. Lithium alanate LiAlH,

Lithium alanate, LiAlH,, has crystal symmetry P2,/c,
with lattice parameters of the deuteride refined as a
=4.825 A, b=7.804 A, ¢=7.897 A, a=y=90°, and B
=112.268°, with a cell volume of 53.46 A3 per formula
unit.’> The crystal retains this structure down to 8 K as indi-
cated by diffraction data. Our calculated DFT relaxed lattice
parameters for the P2;/c structure are in good agreement
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TABLE IV. Phonon free energy contributions for LiAlH, super-
cells. Units are eV per formula unit.

Supercell Zero-point T=300 K
Experiment 2X1X1 0.812 0.708
Experiment 2X2X2 0.807 0.710
Experiment 12 cell 0.814 0.695
PEGS IX1X1 0.821 0.751
PEGS 2X2X2 0.834 0.728

with the results of other DFT calculations,”® and agree to
within 2% with the experimental values. The radius of the Li
cation used in the DSM-MC minimization was 0.68 A. All
other minimization parameters were identical to those used
for NaAlH, above. Performing a DSM-MC minimization us-

ing a two formula unit cell results in a structure of P1 sym-
metry. The lattice parameters of the DFT relaxed PEGS
structure, using PAW pseudopotentials and the PBE
exchange-correlation*’ (xc) functional, were a=6.12 A b
=5.07 A, and ¢=5.14 A, with a cell volume of 75.49 A3 per
formula unit. DFT calculations using both the ultrasoft and
PAW pseudopotentials and the PBE xc functional indicate
that the PEGS structure is 7 meV below the experimentally
observed P2,/c structure, while calculations using the PAW
potentials and Perdew-Wang GGA* functional place the
PEGS structure 9 meV above the experimental structure.

This suggests that the static energies of the P2,/c and P1
structures are degenerate within the error bars of the calcu-
lation determined by the accuracy of the pseudopotentials
and xc functionals.

We further evaluated the effect of vibrational free energy

on the relative structural stability of the P2,/c and P1 struc-
tures. Lattice vibration frequencies were calculated using the
supercell frozen phonon method discussed in Sec. II C. Pho-
non convergence calculations were performed for three su-
percells for the experimental P2;/c structure and two super-
cells for the PEGS structure. The lattice parameters for the
PEGS structure are close to a distorted cubic, and supercells
of 1 X1X1 (12 atoms), and 2 X2 X 2 (96 atoms) were used.
Three experimental structure supercells were (i) 1X1X1
(24 atoms), (i) 2X 1 X1 (48 atoms), and (iii) the supercell
closest to a cubic (containing 12 unit cells), with lattice vec-
tors given by S%1=15+25, S_Ez=2b, §E3=35 (288 atoms)
(Table IV). Results of our calculation of the total free energy
including contributions from lattice vibrations are shown in
Fig. 3. No soft modes (imaginary phonon frequencies) or
other anomalies were observed in the calculated phonon
spectra of either the experimentally observed P2;/c or the

P1 structure. We note that our total free energy calculations
for the P2,/c structure, including phonon contributions in
the harmonic approximation, are in good agreement with
those of Ke and Chen.”> Because the P2,/c and P1 struc-
tures are essentially degenerate in their static energies, we
show only the phonon free energies as a function of tempera-
ture in Fig. 3, without adding the 7=0 K (E;) energy. The

ZPE of the P1 structure is 20 meV above the P2,/c experi-
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FIG. 3. (Color online) The phonon free energy E.;,+7S,;, for
supercell structures of LiAlH,. The DFT-relaxed PEGS structure
energy at 7=0 K is within a few meV per formula unit of the
experimentally observed structure. The vibrational contribution to
the free energy lowers the experimentally observed structure below
the PEGS structure for all temperatures.

mental structure at 7=0 K, and the total free energy of the

P2,/c structure is below that of P1 for all temperatures.
Therefore, we conclude that the P2,/c structure is stabilized
by vibrational free energy. The importance of vibrational ef-
fects in determining the ground state structure of LiAlH, is
consistent with the fact that this compound has the lowest
average atomic mass among all compounds considered.

C. Magnesium alanate Mg(AlH,),
Magnesium alanate, Mg(AlH,),, crystallizes in the hex-

agonal space group P3ml with lattice parameters a
=5.208 A and ¢=5.839 A.5* The primitive cell contains one
formula unit. A one formula unit DSM-MC minimization
was performed using a Mg?* cation radius of 0.65 A, and
identical AIH, parameters as described above for NaAlH,.
The results are shown in Table V. A first-principles optimi-
zation (PAW pseudopotentials and the PBE exchange-
correlation functional, with 600 eV cutoff) of the lowest-
energy electrostatic structure yields an energy within
0.1 meV of the experimentally determined structure, with
identical symmetry found using FINDSYM. We again find the
ground state crystal structure.

D. Calcium alanate Ca(AlHy),

Calcium alanate, Ca(AlH,),, evidently takes the structure
of the related fluoride Ca(BF,), in space group Pbca, deter-
mined by a thorough first-principles database search.'? The
Pbca fluoride structure contains eight formula units, or 88
atoms, in the primitive cell. Eight formula units is prohibi-
tively large for a DSM-MC search to complete in a reason-
able amount of time. DSM-MC searches using one and two
formula units each were performed for comparison using a
Ca?* ionic radius of 0.99 A, and the anion parameters as
given in Table I. A one formula unit search finds a structure

in space group R3, with an energy 25 kJ/mol above the fluo-
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TABLE V. Lattice vector and fractional atom position output for
one DSM-MC global optimization of one formula unit of MgAl,Hg.
First-principles structural relaxation yields symmetry P3m1, as well
as identical energy to the experimentally observed structure.

DSM-MC PEGS output for MgAl,Hg

x y b4
a 5.56922581 0.00000000 0.00000000
b 2.70265721 6.86667289 0.00000000

2.76148157 -3.11921248 3.58598099
Mg, 0.00446601 0.39810276 0.17068643
Al 0.37071655 0.70758247 0.14022670
Al, 0.63819438 0.08964744 0.20125463
H, 0.62491939 0.61344310 0.21540100
H, 0.64275255 0.58720272 -0.29531591
Hj 0.14575583 0.60404287 0.21551647
Hy 0.06943845 1.02564118 0.42530523
H;s 0.93778647 —-0.22822469 —0.07994651
Hg 0.38007032 0.18214762 0.12961728
H, 0.36971531 0.21328932 0.63828217
Hg 0.86520544 0.19137752 0.11706558

ride structure. A two formula unit search finds a structure in
space group P4/nnc, with an energy of only 8.4 kJ/mol
above the fluoride structure. These results indicate that if the
number of formula units in the primitive cell is insufficient to
reproduce the global ground state, the PEGS search will ob-
tain a total energy quickly approaching the ground state as
the number of formula units used in the DSM-MC search
increases.

E. Potassium-lithium alanate K,LiAlHg

The bialkali alanate K,LiAlHg crystallizes in space group

R3_m, with lattice parameters a=5.621 A and ¢=27.399 A,
respectively.'? The 2 ratio is large, and the crystal structure
contains six formula units per conventional hexagonal cell,
which can be defined in a trigonal primitive cell with two
formula units. An ICSD database search of this compound
yields the observed crystal structure.!*> The two database

structures K,LiAlF (R3m) and Cs,NaAlF (C2/m) have en-
ergies within a few kJ/mol per formula unit. All other data-
base structures have energies 10 kJ/mol f.u. or higher above
the ground state. A DSM-MC search was performed with
two formula units using Li* and K" radii of 0.68 and 1.33 A,
respectively. Anion parameters are given in Table I. The
atomic coordinates of the PEGS structure are shown in Table
VI. First-principles structural relaxation yields symmetry

R3m, as well as identical energy to the experimentally ob-
served structure, showing that the PEGS search is able to
reproduce the observed ground state of K,LiAlHg.

The results obtained when the ionic parameters are not
chosen optimally (e.g., when charges are not those defined
by the Born effective charge) are also found to be useful. As
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TABLE VI. Lattice vector and fractional atom position output
for one DSM-MC global optimization of two formula units of
K,LiAIH4. DFT relaxation of this structure results in R3m symme-
try, the observed structure.

DSM-MC PEGS output for K,LiAlHg

X y z
a 5.74472981 0.00000000 0.00000000
b 1.72669580 9.51981331 0.00000000
c 2.76971900 -0.50031622 4.80453959
K, 0.65929854 0.00017342 0.27499563
K, 0.43717713 0.75434912 0.89137915
K3 0.81102843 0.27331060 0.66265735
Ky 0.42187604 0.48076587 0.37015586
Li, 0.77747179 0.68130539 0.21688599
Li, 0.20636859 0.11682813 0.00427869
Al 0.04804748 0.88275441 0.57818349
Al, 0.11629168 0.37792000 0.01517882
H, —-0.27135800 1.00437065 0.71667259
H, 0.36745296 0.76113817 0.43969439
Hj 0.19323202 0.98083010 0.28644716
Hy -0.09713706 0.78467872 0.86991983
H; -0.05243773 0.77820440 0.39661175
Hg 0.14853270 0.98730443 0.75975523
H; 0.27574497 0.27679102 0.18090785
Hg -0.04316160 0.47904897 -0.15055021
Hy -0.09619779 0.49463085 0.32601244
Ho 0.32878115 0.26120915 —0.29565481
Hy; —0.13394533 0.27072128 0.12995670
H), 0.36652870 0.48511871 —0.09959907

an example, we give the PEGS structure for a DSM-MC
search for K,LiAlHg using suboptimal hydrogen ion charges
Ox=-0.5. The other parameters for the DSM-MC minimiza-
tion are as follows: Q,=0, dyy=1.78 A, Ry=1.35 A, Ry
=133 A, and R;;=0.68 A. A two formula unit PEGS struc-
ture, after DFT relaxation, yields a crystal with lattice param-
eters a=5.62 A and ¢=9.17 A (about 1/3 of the experimen-
tal c-axis length) in the space group P6symc. This structure,
with atomic coordinates given in Table VII, was not found in
the ICSD database. The energy of the P6smc structure is

only 1.2 kJ/mol f.u. above the ground state R3m structure,
demonstrating that even a suboptimal choice of parameters
can produce practically useful estimates of the hydrogenation
enthalpies. In fact, the error inherent in the DFT is thought to

be much larger than the P6ymc/R3m energy difference, on
the order of 10 kJ/mol H,.>> Thus, the PEGS method here
again demonstrates its usefulness in suggesting unsuspected
crystal structure prototypes.

The similarity of the local order in the experimentally
observed crystal and the DFT-relaxed PEGS structure is
shown in the total pair distribution function in Fig. 4. In the
case of suboptimal choice of parameters, the DSM-MC
method predicts a small-unit-cell PEGS structure, which can
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TABLE VII. An unsuspected structure type for ICSD “ANX”
formula A,BCXg discovered in a PEGS search for K,LiAlHg.

Atom Wyckoff site X y z
P63mc a=b=5.61634, ¢=9.17422
a=£=90, y=120
K 2b 1/3 2/3 0.26862
K 2a 0 0 0.01538
Li 2b 1/3 2/3 0.91092
Al 2b 2/3 1/3 0.13711
H 6¢ 0.96928 0.48464 0.02722
H 6¢ 0.37947 0.18973 0.25597

be used to obtain a very accurate estimate of the enthalpy,
more than sufficient to evaluate the stability and practical
usefulness of the material for hydrogen storage.

F. Mixed valence hexa-alanates

We have performed PEGS searches for the following
AlHg-based compounds: LiMgAIH, NaMgAIHg,
KMgAIHg, LiCaAlHg, NaCaAlHg, and KCaAlHg. Out of
these, only LiMgAlH, has been reported previously;'* our
results for the five other compounds are pure predictions.
Using DSM-MC runs with one and two formula unit cells,
we have obtained eight new high-symmetry structure types
with low electrostatic energies. These structures are shown in
Table VIII, which gives their symmetries, cell parameters,
Wyckoff positions, and the systems that they were derived
from [defining the ionic radii used in the PEGS Hamiltonian
Eq. (3)]. These structures are unsuspected and currently not
found in an ICSD search for ABCX6 structure types. The
structures are therefore valuable as additions to the database
literature. In addition to those listed in Table VIII, the PEGS
search also found structures that already exist in the ICSD,

e o <
2 o

<
w

Total Pairs (normalized)
(=)
o

e
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FIG. 4. (Color online) Total pair distribution functions for

K,LiAlH4. The experimental structure with symmetry R3m (black
bars) and the DSM-MC structure with symmetry P6ymc (red/gray
bars), are similar in local order out to more than 4.5 A. The distri-
bution function for the DSM-MC structure was calculated after
DFT relaxation and a search for the symmetry with the program
FINDSYM (Ref. 40).
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TABLE VIII. New structure types for ABCX, compounds not found in the ICSD database. Note that these structures are not necessarily
the lowest-energy structures discovered through the PEGS search (see Table IX).

Atom Wyckoff site X y z Atom Wyckoft site X y Z
LiMgAIHg
Fdd2 a=5.64978, b=7.23269, c=17.82076 C2/c a=8.42123, b=7.98019, ¢=5.72490
a=B=y=90 a=90, B=85.68044, y=90
Li 8a 1/4 1/4 0.40794 Li 4e 0 0.55010 3/4
Mg 8a 1/2 1/2 0.51337 Mg 4e 0 0.06721 1/4
Al 8a 1/4 1/4 0.25019 Al 4c 3/4 1/4 1/2
H 160 0.51470 0.25239 0.68688 H 8f 0.15257 0.75968 0.78197
H 160 0.46355 0.24225 0.32208 H 8f 0.60793 0.40610 0.42585
H 16b 0.73024 0.50963 0.24536 H 8f 0.12093 0.59467 0.44140
NaMgAIHg
R3 a=b=4.96851, ¢=25.12207 14 a=b=5.12617, c=7.38163
a=£=90, y=120 a=pB=y=90
Na 6a 0 0 0.15221 Na 2d 1/2 0 1/4
Na 6a 0 0 0.72676 Mg 2a 0 0 0
Mg 6a 0 0 0.86968 Al 2b 0 0 1/2
Mg 6a 0 0 0.01288 H 4e 0 0 0.73731
Al 6a 0 0 0.27680 H 8g 0.27042 0.20482 0.49701
Al 6a 0 0 0.44278
H 18b 0.69696 0.70461 0.31603
H 18b 0.96068 0.59817 0.56821
H 18b 0.89761 0.66721 0.40406
H 18b 0.10594 0.32948 0.48133
KMgAIHg
R3 a=b=4.92446, ¢=35.44539 Amm?2 a=5.79989, b=5.60071, c=7.27616
a=£=90, y=120 a=B=y=90
K 6a 0 0 0.56392 K 2a 0 0 0.48371
K 6a 0 0 0.72574 Mg 2b 1/2 0 0.21650
Mg 6a 0 0 0.14012 Al 2b 1/2 0 0.73207
Mg 6a 0 0 0.97678 H 8f 0.71261 0.77036 0.72767
Al 6a 0 0 0.30971 H 2b 1/2 0 0.96263
Al 6a 0 0 0.47068 H 2b 1/2 0 0.49036
H 18b 0.96813 0.27461 0.28086
H 18b 0.97729 0.69582 0.33800
H 18b 0.98182 0.70066 0.50031
H 18b 0.96512 0.27462 0.44274
KCaAlH¢ NaCaAlHg
Pmn2; a=5.20257, b=9.38224, c=4.19822 R3 a=b=5.28835, ¢=14.39207
a=B=y=90 a=5=90, y=120
K 2a 1/2 0.92000 0.57215 Na 6a 0 0 0.52037
Ca 2a 1/2 0.58238 0.05940 Ca 6a 0 0 0.73674
Al 2a 1/2 0.26857 0.80762 Al 6a 0 0 0.23447
H 2a 1/2 0.43107 0.57895 H 18b 0.90049 0.63919 0.63388
H 2a 1/2 0.11727 0.03338 H 18b 0.42749 0.04230 0.49354
H 4b 0.73961 0.36338 0.03463
H 4b 0.24667 0.20815 0.57814
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TABLE IX. Comparison of 7=0 K DFT E, energies (in kJ/mol) for the low-energy structures from the
database and PEGS searches. Energies are given relative to the lowest-energy structure found in this study.

f.u. ICSD-prototype Energy fu. PEGS-prototype Energy
LiCaAlHg
4 LiBaCoFg¢ (P2,/¢) 0.0 2 LiMgAlHg (Fdd2) 8.5
4 NaSrFeFgq (P2,2,2) 1.2 2 LiCaAlHg (P1) 11.0
4 NaKSnF¢ (Pna2;) 4.0
4 NaSrCrFq (P2,/c¢) 5.4
2 LiSmAIF (P6522) 12.1
NaCaAlHg
4 KNaSiFg (Pnma) 0.0 2 KCaAlHg (R3) 13.1
3 LiMnGaF, (P321) 123 2 KCaAlHg (Pmn2;) 14.8
4 NaSrFeFq (P2,2,2)) 13.4 2 LiMgAlH (P2,2,2) 15.0
8  NaSrAlF (oP72) 13.6 2 LiCaAlH, (P1) 15.6
4 LiSrAlF, (P2,/c¢) 14.6 2 LiMgAIHg (C2/c¢) 15.6
8 NaCaAlF; (P2,/c¢) 15.2 1 NaCaAlHg (P1) 194
4 KNaSiF4 (Pnma) 15.8
4 LiSrCoFg4 (P2,/c) 15.8
4 NaKSnF4-2 (Pna2,) 19.2
4 NaSrCrFq (P2,/c¢) 20.4
4 NaKSnF4 (Pna2,) 22.6
4 KCuGaFg (P2,/c) 25.1
8  NaRbSnFy (Pbcn) 28.7
2 CoTeMoOg (P2,2,2) 29.5
KCaAlHq
4 KNaSiFg-2 (Pnma) 0.0 2 LiMgAlHg (P2,2,2,) 222
8 NaCaAlFg (P2,/c) 22.3 2 KCaAlHg (Pmn2;) 223
8 NaSrAlFg (oP72) 35.7 2 KCaAlHg (R3) 23.0
4 NaSrCrFq (P2,/c¢) 35.8
4 NaSrFeFg (P2,2,2) 36.1
3 LiMnGaFg (P321) 39.0
4 CsNiNiFg (Imma) 39.7
2 RbMgAIF, (Fd3-MZ) 39.7
LiMgAlH¢
3 LiMnGaF, (P321) 0.0 2 LiCaAlH, (P1) 6.7
4 NaSrFeFq (P2,2,2)) 2.0 2 LiMgAlH (P2,2,2) 6.8
2 LiCaAlF, (P31C) 5.8
NaMgAlHg
2 BaGeTeOg (P312) 0.0 1 NaMgAlHg (P312) 0.0
1 RbGelOg (P312) 0.1 1 NaCaAlHg (P1) 0.0
2 RbSnIOg¢ (P6322) 1.8 2 KMgAlHg (P6322) 2.1
2 KMgAlHg (R3) 7.0
KMgAlH,
4 CsAgAlFg (Pnma) 0.0 2 KMgAlHg (P6322) 9.6
4 KCuCrFq (P2,/¢) 0.0 1 NaCaAlH, (P1) 9.8
2 RbMgAIF, (Fd3-MZ) 3.9 1 NaMgAlHg (P312) 9.8
2 KMgAlH, (R3) 17.1
1 KMgAIH, (Amm?2) 21.3
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TABLE X. Comparison of the energetics for the best small-unit-
cell structures found from ICSD and PEGS searches. “ICSD 2 f.u.”
and “PEGS 2 f.u.” give the energy difference in kJ/mol of struc-
tures with two or fewer formula units relative to the ground state.

System Ground state ICSD 2 fu. PEGS 2 f.u.
LiMgAIH, 3 fu-LiMnGaF (P321)  +5.8 +6.7
NaMgAIH, 1 f.u-RbGelO, (P312) 0 0
KMgAlHg 4 f.u.-CsAgAlFg (Pnma) +3.9 +9.6
LiCaAlHy 4 fu-LiBaCoFg (P2,/¢)  +12.1 +8.5
NaCaAlHg 4 f.u.-KNaSiFq (Pnma) +29.5 +13.1
KCaAlHg 4 f.u.-KNaSiFg (Pnma) +39.7 +22.2

such as the P2,2,2, and P6522 structures, which were de-
rived for LiMgAIH, and KMgAIHg, respectively. Interest-
ingly, we have found low electrostatic energy structures with
P1 symmetries for LiCaAlHg and NaCaAlHg; this might be a
manifestation of geometric frustration in trying to accommo-
date size-mismatched cations in unit cells that are limited to
only two formula units. The coordinates of these P1 struc-
tures are not given in Table VIII, since they are not expected
to be observed in nature. For each compound, we have cal-
culated the fully relaxed DFT total energies of all the low-
energy PEGS structures from Table VIII. This procedure in-
creases the robustness of the PEGS search by allowing
variations in the ionic radii of the cations, which are known
only approximately for each compound, and may vary with
both the chemical composition and coordination.

To establish the predictive abilities of the PEGS search,
we have conducted an extensive database searching based on
known ABCX6 compounds from the ICSD. Our trial set con-
sisted of the following 28 structures (symmetry and proto-

type): P312 RbGelOq, Fd3m RbMgAIF,, P3 KNaThF,
P2,/m KHoBeFs, P312 BaGeTeOq, P6522 RbSnlOg,
P2,2,2 CoTeMoO,, P3lc LiCaAlF,, P4,nm LiFe2Fg,
P6;22 LiSmAIFs, P321 LiMnGaF,s P321 MnNaCrFg,
Cmcm BaTe20g4, Pnma CsAgFeF¢, Pnma KNaSiFq, Pna2,

NaKSnF¢, P2,/c¢ LiSrAlF,, P2,/c LiStCoFy, Pnma
RbAIPdF, P2,2,2, NaSrFeFq, Imma CsCuFq, P2,/c
NaSrCrF¢, P2,/c KCuCrFq, Pna2; NaKSnF¢, P2,/c

NaCaAlF4, Pbcn NaRbSnF4, Pbcn NaCsSnFg, and Pna2,
NaSrAlF,. For several of these structures (NaCsSnF,

PHYSICAL REVIEW B 77, 104115 (2008)

NaKSnFg, CoTeMog, KNaSiF,, and KNaThFg) the assign-
ment of alkali and alkaline earth cations to the lattice sites is
not clear a priori, and we considered both of the possible
assignments, giving a grand total of 33 trial structures. Initial
DFT relaxations of atomic positions and unit-cell vectors
were performed using ultrasoft pseudopotentials, followed
by more accurate calculations on the 5-10 lowest-energy
structures using the PAW method and the Perdew-Wang
GGA.* We found that both methods produced very similar
(usually, within 1-2 kJ/mol) total energy differences be-
tween the competing alanate phases at the same stoichiom-
etry.

A comprehensive comparison of the energetics of the
PEGS structures with the results of the ICSD search is given
in Table IX. It shows that the ICSD search predicts ground
states with three or more formula units for every system
except NaMgAlHg; in the latter case the PEGS and ICSD
searches both find the same lowest-energy structure of P312
symmetry with one formula unit per cell. For the other com-
pounds, the ICSD search predicts structures that are lower in
energy than the PEGS structures, which we attribute to the
limitations on the unit cell size that were imposed in our
PEGS runs. A higher number of formula units would produce
structures with lower energies, but would also require very
long and expensive PEGS runs, which we have not under-
taken here. These results show that large unit cells are
needed to predict the ground states in many cases, further
pointing to the importance of developing computationally
efficient methods for suggesting new low-energy trial struc-
tures. To judge the relative performance of the PEGS and
ICSD searches, we consider the ICSD predictions obtained
from unit cells of two or fewer formula units in Table X. This
table shows that PEGS outperforms ICSD for LiCaAlHg,
NaCaAlHq, and KCaAlHg, while for LiMgAIHg and
KMgAlHq the predicted two formula unit ICSD structures
are slightly lower in energy than the PEGS structures. We
hypothesize that further tuning of the Mg ionic radius might
increase the success of the PEGS search for the latter two
compounds. Overall, the PEGS search outperforms ICSD
searching if both are confined to structures with two formula
units or less.

The calculated thermodynamic stabilities for all com-
pounds in the lowest-energy structures are given in Table XI.
The decomposition pathway was determined by minimizing
the energy of the system with respect to all possible combi-

TABLE XI. Structural stabilities AH of the lowest-energy hexa-alanate structures identified in this study.
The enthalpies are given relative to the energetically most favored phase separation products at each com-
position. Positive enthalpies indicate stable hexa-alanate compounds.

Compound Prototype (symmetry) Products AH (kJ/mol)
LiMgAlH, LiMnGaF (P321) 3LisAlHg+ s MgAlHs + ;MgH, +16.5
NaMgAlHg RbGelOg (P312) NaAlH,+MgH, =25
KMgAlHg CsAgAlFg (Pnma) KAIH,+MgH, -2.1
LiCaAlH LiBaCoFq (P2,/c) LiH +CaAlH; +4.1
NaCaAlH KNaSiFq (Pnma) NasAlHg + CaAlHs+5CaH, +9.0

NaAlH4+CaH, +9.1
KCaAlH; KNaSiFg (Pnma) KAIH, +CaH, +8.5
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TABLE XII. Predicted hydrogen release reactions and hydrogenation enthalpies for the mixed-cation
hexa-alanates identified in this study. The calculated enthalpies are obtained from the static 7=0 K DFT total
energies and do not include vibrational contributions and the enthalpy of H, gas. The last column gives the
gravimetric density of stored hydrogen relative to the starting mixed hexa-alanate.

AH, Capacity
Reaction (kJ/mol H,) (wt. % H,)
LiMgAIHg—MgH, + ; Al+ JLi;AlHs+H, +23.3 3.1
NaMgAIH, — NaMgH;+Al+3H, +28.0 3.7
KMgAIH, — KMgH;+Al+3H, +36.0 3.1
LiCaAlHg — CaH,+LiH+Al+3H, +33.5 3.7
NaCaAlHg — CaH,+ 3 Al+$Na;AlHg+H, +39.8 2.1
KCaAlHg— CaH,+3Al+ $K3AlHg+H, +63.0 1.8

nations of binary and ternary hydrides using the linear pro-
gramming approach developed in Ref. 50. The results indi-
cate that all compounds, except NaMgAlHgy and KMgAIHg,
are predicted to be stable with respect to phase separation
into other alanates and hydrides. A thermodynamically fea-
sible synthesis route might use ion-exchange reactions based
on alkali hexa-alanates ball milled in a mixture with the cor-
responding alkaline earth chlorides as follows:

X3A1H6 + YC12 — XYAIHG + ZXCI, (5)

where X=Li,Na,K and Y=Mg, Ca. Our first-principles DFT
calculations show that the energetics of this reaction are fa-
vorable for all six compounds from Table XI. This reaction
may also be used in attempts to obtain the two compounds
(NaMgAIH; and KMgAIlHg) that are predicted to be un-
stable, since the decomposition enthalpies are relatively
small, suggesting that these compounds might be at least
metastable. We have calculated the phonons for the lowest-
energy P312 structure of NaMgAIHg using a 2X2 X2 su-
percell. We find that all the phonons are stable, indicating
that this is indeed a physically reasonable one formula unit
structure. Vibrational free energy contributions favor the
phase separation of NaMgAlHy into sodium alanate and
magnesium hydride by additional 5 kJ/mol at room tempera-
ture, mainly due to the higher vibrational entropy of sodium
alanate. Furthermore, we see that most of the decomposition
pathways in Table XI are quite nonintuitive, pointing to the
importance of using nonbiased methods for evaluating ther-
modynamic stabilities, such as Ref. 50. For instance, in the
case of NaCaAlHg there are two competing pathways, one of
which involves the formation of NayAlHg and CaAlHs, while
the other involves NaAIH, and CaH,.

The calculated hydrogenation enthalpies at 7=0 K (with-
out the zero-point vibrational energy contributions) are given
in Table XII. Again, the thermodynamically favored decom-
position pathway was obtained from the static DFT total en-
ergies of all known alkali and alkaline earth hydrides and
alanates using the linear programming method of Ref. 50.
These data show that all compounds release hydrogen endot-
hermically, and that several of them (NaMgAl,, KMgAl,,
LiCaAlg, and NaCaAlg) have hydrogenation enthalpies in the
25-40 kJ/mol H, range desired for reversible storage sys-
tems. Two general trends emerge from the data in Table XII.

First, the hydrogen binding enthalpies tend to increase as one
goes to heavier alkali metals (from Li to K), paralleling the
trend observed in alkali tetra-alanates X AlH,. Second, the
hydrogenation enthalpies of Ca compounds are substantially
more endothermic than those of the Mg compounds. Includ-
ing vibrational contributions and the enthalpy of the H, gas
is expected to further lower these enthalpies by 5—10 kJ/mol
H,.>%3¢ Even though the calculated theoretical gravimetric
densities are below the long-term targets set for on-board
hydrogen storage systems, some of the predicted reactions
(especially LiCaAlHg) appear interesting and experimental
testing of our predictions is called for.

IV. CONCLUSIONS

We have shown that the rigid anion electrostatics is a
good approximation for determining the types and symme-
tries of the ground states in complex hydride alanates. Using
Monte Carlo simulated annealing with the distance scaling
method potential energy smoothing, we have been able to
reproduce the ground state crystal structures for complicated
complex hydrides including NaAlH,, MgAl,Hg, and
K,LiAlH¢. The PEGS method has identified several new un-
suspected structures for compounds of the ABCX6 structure
type as defined in the ICSD.*? These structures will make
useful additions to the database of high symmetry, low-
energy structures for future searches. We also predict the
existence of several new stable mixed-cation hexa-alanates
(LiCaAlHg, NaCaAlH,, KCaAlHg), and point to the possible
metastability for the slightly unstable NaMgAlHg and
KMgAIHg compounds. Finally, and most importantly, our
results convincingly demonstrate that the symmetry and to-
pology of ground state crystal structures of alanates, as well
as those of most other complex hydrides (which will be con-
sidered in a future publication), can be understood in terms
of simple electrostatics. This is a profound physical result
which substantially enhances our understanding of the inter-
atomic bonding and structure selection in this important class
of materials, and may carry over to other complex ionic sol-
ids as well. The main advantage of our approach is that it
obviates the need for an extremely time-consuming process
of interatomic potential development for each new system
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under study. A mature version of the PEGS code will be
made available under the GNU public license (GPL).>’
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