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Crystal structure of Ca(AlIH ,), predicted from density-functional band-structure calculations
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Calcium alanat¢Ca(AlH 4),] is a candidate material for high-density reversible solid-state hydrogen storage
that thus far has been scarcely studied. This paper presents a scheme for solving the crystal structure of a
compound based on only a few model structures from similar compounds and employs this to predict the
crystal structure and electronic structure of(&lé&d 4),. By deliberately breaking the symmetry of the model
structures down t®1, local minima may be avoided, and thus the number of required input models is smaller.
Density-functional band-structure calculations within the generalized gradient approximation were used in the
structural minimizations. The most stable structure was based @e€ga, and was in the orthorhombic space
groupPbcawith lattice constanta=1337,b=928, andc=891 pm. The electronic density of states reveals an
insulator with a band gap of around 4 eV.
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The most promising group of materials for high-densityis known, it is also possible to calculate the thermodynamical
solid-state reversible hydrogen storage is complexstability of the relevant phases as a function of temperature
hydrides!—® Sodium alanatéNaAlH,) was an early revers- by calculating the phonon spectrum. A cluster study has in-
ible hydride in this famil§ and is by far the one most studied vestigated the structure of @dH,), moleculesi® but the
and closest to real applicatiohddany of the early problems small size of the modelfone formula unit makes the rel-
with slow hydrogenation kinetics of NaAlHare solved®  evance of that work to the crystal structure of the solid phase
but the international goal of a gravimetric density of 6 wt. % limited.
hydrogerd may not be reached in this system. Also, NapIH Prediction of crystal structures from first-principles calcu-
dissociates via two separate phase transitions with differedations is nontrivial when nothing is known about the cell
plateau pressures, which is not desirable from a practicadize or symmetry. One possibility is to use many input mod-
point of view. els based on known crystal structures of similar compounds,

One alternative complex hydride that thus far has ateither by keeping the cell size and shape irttaot by al-
tracted limited attention is calcium alanate,(&d ,),. The  lowing them to relaX® The latter method reduces the num-
hydrogen content is 7.9 wt. % hydrogen, which may be exber of input models necessary to span a sufficiently large part
tracted in the following three proposed dehydrogenatiorof the crystal structure space to ensure that the correct struc-
stepst® ture is found; however, it is still necessary to have access to

3 a number of input models. One way to reduce the necessary
CaAlH ), — CaAlHs + Al + 5H, (1 number of input models further is to use simulated anneal-
ing, where molecular dynamics is used to simulate heating
CaAlH; — CaH, + Al + %Hz (2) and cooling of a structure, starting from a guess structure.
This also requires several input structures, however, because
many local minima may exist. It is also usual to keep the unit
Car, — Ca+ . ® cell size and shape fixed during this procedure, which makes
The decomposition temperatures for the reactions above are possible to end up in a phase that is stable at another
around 200 °C, 260—-550 °C, and 600—700*Che last pressure than the ambient. In this paper another way of re-
temperature range is too high to be of interest for onboardiucing the number of required input models is presented in
hydrogen storage, and for this application only the first twowhich the symmetry of the input models is deliberately bro-
steps, releasing 5.9 wt. % hydrogen, are at most available fdeen before the structural relaxation, making it possible to
reversible hydrogen storage. The temperatures above are forove away from any local minimum represented by the in-
the pure material, and it may be expected that the addition gbut models. This is compared to what is obtained from simi-
a catalyst is going to lower the decomposition temperaturéar relaxations, starting from the models with unchanged
significantly, based on what is seen for other alanéég@sn  symmetry.
though such additives may decrease the hydrogen capacity The calculations were carried out using the Vienna
somewhat*16 Calcium alanate has been synthesized by reAb initio Simulation Package(VASP),?>2% which is a
actions in nonaqueous solveltand mechanochemically in density-functional band-structure program using plane-wave
the solid staté® The crystal structure has not been deter-basis sets. The projector augmented wéRaéw) method
mined, possibly because of rapidly rotating Alkétrahedra. was used to span out the electron der¥ignd the gradient-
It is also not known whether reversible gas-phase hydrogecorrected exchange-correlation potential was P\A9Ihe
nation at modest conditions is possible. This makes a theazriterion for self-consistency in the electronic structure deter-
retical prediction of the crystal structure important; when thismination was that two consecutive total energies differed by
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TABLE |. The model structures used as input for the structural optimizatiomsthe number of formula units in the unit cell, and the
coordination numbe€,_c counts the number & atoms closer to aA atom than 3 A in the structuiB,Cg. The coordination numbeZg ¢
is always 4. The models in space groRp are based on the model above, but with the symmetry deliberately broken. The symmetry after
relaxation is shown with two thresholdsfor the symmetry recognition, the relaxed volume is given in angstroms cubed, and the formation
enthalpyHg,m, at O K relative to Cal and the elements in their standard stdq. (4)) is given in kilojoules per mole per formula unit.

Output symmetry

Input \Volume Heom

No. Model Ref. Z Cle.  symmetry (a=10% (a=0.3 cu (A3) (k3/mo)

1 CUALClg 8 2 4 P1 P1 P2,/c 6 197 43.07
2 BaAl,Clg 9 2 8 P12/al P2/c P2/c 8 155 -25.64
3 P1 P1 P2/c 8 158 -25.27
4 CUALCIg 10 2 4 P2,/c P2,/c P2,/c 8 138 2.68
5 P1 P1 P2,/c 6 202 43.64
6 MgAl,Cly 11 4 6 112/c1  C2/c c2/c 6 158 27.66
7 P1 P1 C2/c 6 196 29.48
8 CaB)Fg 12 8 8 Pbca Pbca Pbca 8 144 -50.19
9 P1 P1 Pbca 8 152 ~49.76
10 MgALH; 13 1 6 Pami  Pami  Pami 6 164 -10.15
11 P1 p1 Pamil. 6 175 ~11.79
12 ZrW,0g 14 4 6 P2,3 P2,3 P2,3 6 182 -10.08
13 P1 P1 P2,3 6 182 -6.70

less than 0.01 meV. The cutoff energy was 780 eV, and thand is a very efficient way of searching through a large part
k-point spacing was always smaller than 0.03 4 recip-  of the relevant crystal-structure sp&€eThe structure was
rocal space. The tetrahedron method with Blochl correctionsonsidered relaxed when all forces were less than
was used to smear out the partial occupancy of the singléd.05 eV/A. A single calculation using high accuracy was
particle wave function. The calculated total energy was conperformed after the completed relaxation to determine the
verged to within around 1 meV with respect to all the nu-accurate total free energy. TenDsyM program from the
merical errors mentioned above. ISOTROPY packagé® was used to determine the symmetry of
Since little has yet been reported on the crystal structuré€ various structures. _
of CaAlH ), the search has been made as open as possible. The resulting crystal structures and total energies for the
It has previously been shown that input structures that ar¥@rious input structures are shown in Table 1. We first note
similar, that is with the same coordination numbers, ofterfn@t, if relatively strict saymmetry recognition is us¢the
lead to degenerate structur8€S The input models have accuracy parameter=107), all the original modelswithout
therefore been chosen among compounds with the same st3’0kén symmetryremain in their initial space group, while
ichiometry found in the ICSD crystal-structure datadse  the P1 models either end aB1 or P1. However, since the
give as large a variation in the coordination numbers as pogelaxation procedure is stopped before true equilibrium, it is
sible. Starting from each of these models, full geometricamore relevant to look at the symmetries resulting from a
optimizations have been carried out without any constraint&igher threshold symmetry recogniti¢a=0.3). We then see
on the atomic positions or cell parameters. Since bandthat all theP1 models have at least retained the symmetry
structure calculations make use of symmetry operators to infrom which they were moved, and that No. 1 has increased

prove efficiency, however, some of the high-symmetry strucsymmetry fromP1 to P2,/c. Was it then unnecessary to
tures will never move away from their symmetry during include the models with broken symmetry? A closer inspec-
relaxation. We have therefore created low-symmetry model§on of the output structures shows that most of these models
by deliberately breaking symmettpy changing cell param- indeed end up with the same structure as the original without
eters and ionic positionsdown to triclinic P1 for all the  proken symmetry, but with one exception. Model No. 5 has
models except onéwhich starts as triclinic®l). Also, some the same space group as No. 4, g, 4 and the volume

of the models being tested were not possible to relax or ledre different. It turns out that No. 5 has moved to the same
to unreasonable crystal structures—they are not presented @tructure as No. 1, a structure with larger volume and lower
this study. This led to the 13 input models listed in Table I.coordination number than No. 4. This illustrates how it is
The relaxations were performed by using the residual minipossible to occasionally move out of a local structural mini-
mization method with direct inversion in iterative subspace mum by breaking the symmetry of a high-symmetry phase. It
an implementation of the quasi-Newton method. The ionicalso shows that, if the selection of input models is large and
coordinates, unit cell size, and unit cell shape were optimizedepresentative, this other lodar globa) minimum may cor-
simultaneously. This eliminates structures with internal stresgespond to another structure model that is already repre-
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sented. This opens two choices for an efficient search of TABLE Il. The proposed structure for CalH,),. The space
unknown crystal structures: Either we should use as mangroup isPbca (No. 61), and the lattice constants ase=1337,b
input models as possible, keeping the original symmetry, oF 928, andc=891 pm. All the atoms are in Wyckoff positiort&),

we should include models with their symmetry deliberatelya“d the number of formula units in the unit c&8. The uncer-
broken in a smaller set of input models. Which method to usdainty of the atomic coordinates is in the order of 0.01 due to the

depends on several factors, such as the number of nonequivglaxation procedure.

lent input models available, the unit cell size of alternative

input models, and how efficiently the software handles low-Atom X y z
symmetry structures relative to high-symmetry ones. 0.11 ~0.47 0.22
Models 4 and 5 also illustrate another aspect: It is possibl
. . . 1 -0.06 -0.22 -0.01
to change coordination numbers during quasi-Newton relax-
ation. The input models ha@., =4, and this increased to Al 0.16 -0.11 0.32
6 and 8 for models 5 and 4. It also emphasizes the import': -0.01 -0.34 0.11
tance of variation of the coordination numbers. Even thought> 0.13 0.39 041
the coordination numbers of models 4 and 5 ended similar téi; 0.13 0.31 0.12
all the others, the final structures were not equivalent, so thay, 0.02 -0.37 0.41
another part of the crystal structure space was investigateq, 017 ~0.08 0.50
by these models. All the models that gave reasonable outp B
. . 0.04 0.09 0.27
structures ended witR-, =6 or 8. As mentioned above,
. . %7 0.19 -0.27 0.27
some input models gave unreasonable structures, with Iar%a
voids and unbonded atoms. Other models were impossible to8 0.22 0.01 0.23

relax, even when trying repeated times with different relax-
ation schemes. All these models had coordination numberge parrier of rotation for the tetrahedra is quite low. The
different from those in Table I, eithe€c,_y or Ca_n (the  nymper of decimals for the atomic coordinates is only two in
latter was 4 for all reasonable structurelsrom this we may  Tapje ||; this is because of the uncertainty arising from the
quite safely conclude that the real structure of&lbl4), has  re|axation procedure. The structures resulting from the mod-
Ca—n=4 andCc, 1=6 or 8. There is a clear connection g|s with original and broken symmetry differ by up to 0.01 in
between volume and cogrdmatlon numbelg, =8 ifthe  he coordinates, since the relaxation procedure must be
volume is less than 158 and 6 if it is larger. stopped while the forces are nonzero, and a much stricter

We now turn to the thermodynamic stability of the mod- {orce-relaxation criterion is needed to increase the accuracy
els. The formation enthalpy of CalH ,), at 0 K was calcu-

lated according to the tentative formation from GaH

AHgom{ CAAIH 4),] = E[CAAIH 4),] - E(CaH,) - E(Al)
- 3E(H,), (4)

where E[CaAlH ,),] is the uncorrected total free energy of
CaAlH,), as calculated by VASP, etc. Cakand the ele-
ments are calculated in their standard state. The most stable
structure in Table | is No. 8—th®@Dbca structure based on
CaB,Fg. It is around 25 kJ/mol more stable than the second
most stable structure and is, thus, our best suggestion for a
crystal structure for QalH 4),. The formation enthalpy is
around -50 kJ/mol=-12.5 kJ/mol,Hwhich is stable com-
pared to CaH and the elements. This is quite similar to
NaAlH,, where the formation enthalpy related to the first
decomposition reaction has been calculated to be
-10.5 kJ/mol B, so it gives hope that the hydrogenation
of CaAlH,), may be reversible at reasonable conditions,
provided the kinetic barriers are not too high.

The relaxedPbca structure of CEAIH ,), is presented in
Table Il and in Fig. 1. Hydrogen is coordinated around Al in
slightly distorted tetrahedra—the Al H distances vary from
161 to 163 pm, while the H-Al—H angles vary from
106.8° to 113.2°. Ca is eight coordinated to H in distorted
square antiprisms, with each corner shared by an,Aditta-
hedron. The structure is relatively loose with quite large FIG. 1. (Color onling The proposed crystal structure of
voids. This may help to explain why it has been difficult to CaAlH,),. The balls and tetrahedra represent the Ca atoms and
resolve the structure experimentally, since it is probable thahlH, complexes, respectively.
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FIG. 2. Total and projected electronic density
of states(DOS) as a function of the energy rela-
tive to the Fermi level. The most stable crystal
structure(No. 8) was used in the calculation. The

[70]
Q i i units are number of states per atom times energy
| 1 for the projected DOS and number of states per
H | To DOS | unit cell for the total DOSs-, p-, andd-projected
0.2 ' 1 100 DOS are shown as shaded-gray, solid, and dotted
‘ curves. Note the different scales for the different
atoms.
0.1 50
A bt
g -5 0 5 -5 0 5 g
E (eV) E (eV)

of the atomic coordinates. This means that the determinatiomain difference is that the Nsandp states are energetically
of the space group is not 100% conclusive, but based on théegenerate in Na alanate, while thep, andd states of Mg
direction of movement of the ions during the relaxation, it isand Ca are well separated in Mg and Ca alanate. Another
highly probable that further relaxation with higher precisiondifference is that the conduction band of Al is both broader
would lead to the same space group. and higher in Na and Mg alanate than in Ca alanate. Whether
It is further possible that the inclusion of zero-point en-any of these features has relevance to the hydrogenation
ergy and temperature effects may lead to another crystgroperties of the alanates is still an open question.
structure than the one presented above being most stable at|n conclusion, a scheme of using first-principles calcula-
room temperature. To clarify the extent of these effects, itions to determine crystal structures has been used to predict
would be necessary to calculate the phonon spectrum of th@e crystal structure of GAIH,),. Six different structure
competing phases, but this is beyond the scope of this worknodels based on similar compounds were used as starting
We do see, however, that the models that are closest to No.&ints for structural relaxation, with their symmetries explic-
in stability (Nos. 9, 2, and Bhave smaller volumes than ity broken down toP1. Similar relaxations were performed
where the change in coordination numbers take place. Thigsing the high-symmetry structures as input, and the same
means that even if the room-temperature structure is differerdgructure resulted in five of the cases. In the sixth case, the
from No. 8, it quite certainly ha€c, =8 andCa_ny=4.  proken-symmetry model moved to a different structure,
We may also relatively safely conclude that the unit cellyhijch was similar to the structure resulting from a seventh
volume is around 144 A which corresponds to a density of jnput model without its symmetry broken. The conclusion is
1173 kg/nt. that broken-symmetry models may help to find structures not
The calculated local and total density of stal¥0S  included in the input structure set; alternatively, a large and
based on the most stable crystal structure are shown in F'erresentative set must be used in order to span out the larg-
2. From this figure we see that @dH ,), is an insulator with  ggt possible part of the crystal-structure space.
a band gap of more than 4 eV. There are two main valence The crystal structure of CAlH 4), has four-coordinated H
bands and one conduction band in the DOS. The lowest van tetrahedra around Al, and H is eight coordinated around
lence band is dominated by Als3electrons, with a small ca. The most probable space group at low temperatures is
contribution from H & electrons and almost nothing from ppcg and the calculated density is 1173 kgi{nthe elec-

Ca. The upper valence band is divided into three parts. Theyonic density of states shows that(@#H 4), is an insulator
are all occupied by Al 8electrons and Hdelectrons, and in  yith a band gap of around 4 eV.

addition, the three parts are dominated by Ga3p, and 3

electrons, respectively. The conduction band is primarily Economic support from the Norwegian Research Council

dominated by Ca @ electrons and to lesser extent &pd  through the Nanomat program and generous grants of com-
hybridized electrons. The overall features of the DOS argutational resources via the NOTUR project are gratefully

quite similar to those of NaAlland MgAIH,),.3%31 One  acknowledged.
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