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positions of hydrogen atoms undetected in XRD experiment were predicted, then the thermodynamic
favourability of experimentally reported structure with respect to several candidates from inorganic

crystal structure database (ICSD) was confirmed. It is found that the hexagonal packing of AlH4 layers

along c axis is present in LiCa(AlH4)3, and the detailed geometrical feature is further revealed. The

electronic structures show that in LiCa(AlH4)s the Li-AlH4 interaction is more covalent than in LiAlHa,

while the Ca-AlH4 covalence is less than ones in Ca(AlHa)2. The overall stronger covalence in LiCa(AlH4)3

leads to weakened Al-H bonds. The Li-H interaction in LiCa(AlHs)s dramatically turns to be strong

bonding, opposite to the Li-H anti-bonding in LiAlHs. The Ca-H bonds are more anti-bonding in

LiCa(AlH4)s.

Introduction

Although the use of coal and petroleum as conventional energy
enabled the industrial revolution, today the world is threatened
not only by the environmental pollution, but also by the
depletion of fossil fuels. In the last few decades, the search for
alternative energy has been gradually focused on one of the
most potential candidates —hydrogen, which is sustainable and
clean. However, safe and efficient hydrogen storage methods
for on-board application still need developing.

Recently, lightweight hydrides, including borohydrides,
amides, and alanates have been considered as promising storage
materials and attract wide attentions due to their high hydrogen
content.'™ And the important development of the analogous
hydrogen storage materials has been increasingly achieved. 2”7
In 1997, Bogdanovi¢ and Schwickardi® found that doping with
Ti makes NaAlH, dehydrogenation reversible under moderate
condition. This discovery boosts a strong interest in studying
catalysed alanate systems as well as searching for novel
alanates with optimal thermodynamic and kinetic properties.
18 Subsequent studies show that mixing two alkali or alkaline
earth metals in the alanates makes it possible to obtain mixed
alanates as well as adjust the desorption temperatures,'®® and
dozens of mixed alkali alanates (Na,LiAlHg 2%°, K,LiAlHg
20212981 and K,NaAlHg 2%%%2) with hydrogen desorption
reversibility were observed. Furthermore, Experimental efforts
213 and DFT investigation ** proved that the improved
properties of the mixed alanates were attributed to the
destabilization effect of the smaller alkali ions.

Recently, LiMg(AlIH,); was found to release 7.3 wt.% H, below
190<C.1*%3%" More recently, LiCa(AlH,); was obtained from
ball-milling LiAlIH,/CaCl, mixture.®® This new alanate is very
attractive because it starts to desorb hydrogen around 120<C
and release 7.8 wt.% hydrogen below 400<C.*® The space
group, lattice constants, and internal coordinates of metal atoms

This journal is © The Royal Society of Chemistry 2014

of this novel mixed alanate were obtained by XRD
measurement, but the positions of hydrogen atoms were not
determined due to the low X-ray sensitivity of hydrogen atom.*®
Moreover, the possible rotation of [AlH,] tetrahedron would
bring difficulty into the determination of hydrogen positions, as
in the case of Ca(AlH,),.3* Therefore, the interactions
between hydrogen and metal atoms in this attractive material
remained unclear. Because fundamental knowledge of atomic
structure is urgently required to further develop LiCa(AlH,); as
practical hydrogen storage system, the details of its crystal
structure need a full investigation. It has been reported that
DFT calculations successfully predicted the crystal structure of
several analates, e.g. Ca(AlH,), *°, Mg(AlH,), *, K,LiAIHg
20.21.3031 and LiMg(AIH,); *°3%. Therefore, on the basis of first
principle calculations we investigate the crystal structure of
LiCa(AlH,); and determine the coordinates for H atoms, then
provide a clear picture of the atomic and electronic structure
within this material.

Methodology

Our calculations were carried with density function theory
(DFT) and plane wave basis set, as implemented in Vienna Ab
initio  Simulation  Package  (VASP).***3  Electron-ion
interactions were treated by the projected augmented wave
(PAW) method,** and the PW91 gradient corrected exchange-
correlation functional *° was applied. A 650 eV energy cutoff
was applied in all calculations and the Brillouin zone of solid
phases was sampled with 0.1 A spacing of the k-point
meshes. The Gauss broadening of 0.1 eV was applied to
integrate the Brillouin zone in structure relaxations, and in
static calculations the tetrahedron method with Bl&ehl
corrections was applied. The criterion for convergence of the
Hellmann—Feynman forces was 0.01 eV/A, and the calculated
total energy was converged within 0.1 meV/cell.
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Results and discussion
—~ 8}
Determination of ground state structure =
The crystal structure of LiCa(AlH,); recently determined by 56 |
XRD possesses P63/m (No. 176) symmetry, while the :cj
coordinates of H atoms are not given due to low X-ray o
sensitivity of hydrogen atom.*® However, the possible Wyckoff £4}
positions of hydrogen atoms could be limited by space group &
symmetry. Because H atoms should form AlH, tetrahedrons as oL
in other tetra-aluminates 213031353941 angq the Wyckoff
position of Al is at 6h,%® to fulfil the H/AI ratio and the . ' ‘ l . .
symmetry of AlH, tetrahedrons, the reasonable Wyckoff O w5 a5 W0 B S0 5
d(degree)

positions for H atoms in space group P63/m should be two 6h
positions lying in the same (004) plane with Al atom and one
12i position showing mirror symmetry with respect to the (004)
plane, as displayed in Fig. 1. This is analogous to
CdTh(Mo0O,); with the same AB(CX,); stoichiometry and
P63/m space group, where Mo atoms are also at the same 6h
site, and the O atoms occupy two 6h and one 12i sites. It is
noticeable that the symmetry of space group P63/m does not
rule out different orientations of AlH, tetrahedrons on (004)
plane.

a rnIJ:}" to\360°
® <)
Fig. 1. Side (a) and top (b) view of LiCa(AlH4); crystal structure with
experimentally determined space group P63/m. White, purple, and green
spheres denote Li, Ca, and Mg atoms, respectively. Pink (blue) balls denote the H
atoms on 6h (12i) sties. In (b), dotted circles denote the H positions after the
AlH,tetrahedrons rotated 180° and arrows denote the rotation direction.

In order to search for possible stable orientations of AlH,
tetrahedrons, according to the above hydrogen Wyckoff
positions together with the average Al-H distance in other
tetra-alanates,'%-21:30:31.35.3%-41 a|| tetrahedrons were synchronic
“rotated” under strictly limitation of the space group symmetry,
here 36 images were constructed along the ‘“rotation path”
which is shown in Fig. 1(b) as red and green arrows. Then all
images were adequately optimized except the fixed orientation
angle 0. The variation of total energy along the rotation path
was plotted as a function of 0 in Fig. 2.

It can be seen that the most thermodynamically stable structure
is the first image (with 0 equals to zero). This starting image
was considered as the initially determined structure (IDS) of
LiCa(AlH,); crystal, which is similar to the structure of
CdTh(Mo0O,)s. The energy profile also provides an estimate of
energy barrier for the synchronic rotation of all AIH, complex
anions. Although there are several local minimal orientations
along the rotation path, the energy barriers are obviously too
high for synchronic rotating all tetrahedrons under strictly
limitation of the space group symmetry.

2 | RSC Adv., 2014, 00, XX-XX

Fig. 2. The energy profiles for orientation variation of AlH, tetrahedrons in
LiCa(AlH4)s crystal structure within space group P63/m determined by
experiment in Ref. 38.

To further confirm the thermodynamic stability of our IDS with
respect to other possible LiCa(AlH,); candidate structures, we
performed calculations of structural analogue in searching for
other possible LiCa(AlIH,); structures on the basis of the
inorganic crystal structure database (ICSD). The recently
reported LiMg(AIH,); structure is specifically taken as a
template. Because seldom quaternary complex compounds with
exactly ABCs;D;, stoichiometry are presented, several
quaternary complex compounds with closely related
stoichiometries are considered.’®% The candidate LiCa(AlH,);
structures were created by replacing the cations (A and B
atoms) in the templates with Li and Ca, then substituting Al and
H for complex functional group anions. If necessary, some
extra cations of several quaternary complex compounds with
closely related stoichiometries were deleted to obtain the
LiCa(AlH,); stoichiometry. To evaluate the thermodynamic
stability of other possible LiCa(AlH,); structures, we optimized
both the atomic positions and the cell vectors for all candidate
structures, and the calculated total energies per formula unit
relative to the most stable structure (Er) are listed in Table 1.

Table 1. The relative total energies (E;, in kJ/mol per formula unit) of
LiCa(AlH,); candidate structures.

Templates Space group E,

IDS P63/m 0

LiMg(AlH4); P21/c 4.9

KaMg2(SO4)s p213 5.2
AlLK3(POy)s Pna2l 13.3
LiV(PO4)s P21/n 14.9
CeFe(WO,)s P-1 22.0
Mn4Rb(ASO,); Pnnm 28.4
Ni,Rbz(M00,)s P21/c 30.6
Li,Mg2(M0O4)3 Pnma 74.3
GdB4(AlO,)3 R32 76.0
Ad15In.5(M0Oy)s 141 112.9

This journal is © The Royal Society of Chemistry 2014
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Our IDS on the basis of experimental determined information
has the lowest energy comparing with other possible
LiCa(AlH,); candidate structures. Two candidates with
LiMg(AIH,); and cation-eliminated K,Mg,(SO,4); prototypes
have, respectively, the second and third lowest energies. The
energy differences between these two candidates and IDS are
around 5 kJ/mol per formula unit. This minor energetic
difference implies that all these crystal structures may be stable
at different experiment conditions. Whereas, the searching of
the possible phases at different conditions is beyond the scope
of this paper. Therefore, in following investigations, we would
only consider the optimized IDS as the ground state of
LiCa(AlHy)s.

The optimized lattice constants and atomic coordinates of the
fully relaxed IDS of LiCa(AlH,); are shown in Table 2,

RSC Advances

together with previous reported XRD result for comparison.
The calculated values of lattice constants are slightly larger
than the experimental results, but the errors are close to 2%.
The overestimation of lattice constant may come from the GGA
functional applied in this work, and similar error is observed in
AlH; system.*® Additionally, the optimized lattice parameters
and atomic coordinates of the I1SD calculated via GGA-PBE
exchange-correlation functionals *’ show negligible differences
compared to the PW91 results, as shown in Table 2. So our
present investigation is fairly reliable, and the coordinates of
metal atoms in optimized structure are consistent with
experimental results in Ref. 38, indicating that our IDS as the
XRD experimentally detected structure can be reasonable.

Table 2. The calculated lattice constants (a and ¢, in A) and atomic coordinates of IDS, together with experiment results for comparison.

IDS in this work

Experimental®

PW91 PBE
a 9.106 9.093 a 8.9197(12)
c 6.003 5.996 c 5.8887(7)
coordinates coordinates coordinates
X y z X y z X y z
Al 6h 0.300 0.900 1/4 0.300 0.900 1/4 Al 6h 0.281 0.903 1/4
Ca 2d 213 1/3 1/4 213 1/3 1/4 Ca 2d 2/3 1/3 1/4
Li 2a 0 0 1/4 0 0 1/4 Li 2a 0 0 1/4
H 6h 0.546 0.502 1/4 0.544 0.501 1/4 H —
6h 0.806 0.815 1/4 0.807 0.815 1/4
12i 0.534 0.752 0.029 0.535 0.754 0.029
*Ref. 38

Geometrical feature

Upon the determination of crystal structure of this novel
LiCa(AlH,); here, geometrical feature is necessary and
inevitable for further study. Naturally, the geometrical structure
of LiCa(AlH,); has close relation with the two mono-cation
analate—Ca(AlH,), and LiAlIH,. Although the space group of
LiCa(AlH,); crystal (hexagonal P63/m) differs from that of
Ca(AlH,), (orthorhombic Pbca) *° and LiAIH, (monoclinic
P21/c) “®, hexagonal packing of AlH, layers is existed in all
three alanates, as shown in Fig. 3. Similar layered structure can
also be seen in Mg(AlH,), and LiMg(AIH,)3.*® It should be
noticed that in Ca(AlH,), and LiAIH, the hexagonal packing is
respectively along the a and b direction, with adjacent layer
structures remaining unchanged. In LiCa(AlH,)s, the hexagonal
packing is along c direction, and the two adjacent layers rotate
relative to each other by 180<around c axis.

Note that unlike LiAlIH, in which the Li cations occupy the
octahedral sites, cations in Ca(AlH,), and LiCa(AlH,); fill into
the triangle sites, causing significant distortion of the lattice of
AlH, layer. From this point of view, the structure of
LiCa(AlH,)3 is much closer to that of Ca(AlH,),. In Ca(AlH,),,
Ca atoms occupy 1/4 of the triangle site. And LiCa(AlH,)3, to
some extent, could be seen as a variant of Ca(AlH,),, in which
Li atoms fill into 1/9 of the empty triangle sites and 1/3 of the
Ca atoms are also replaced by Li atoms.

This journal is © The Royal Society of Chemistry 2014

Fig. 3. Schematic diagram of the layer structure for (a) LiAlH,4, (b) Ca(AlH,4),, and
(c) LiCa(AlH,)s crystal viewing along b, a, and c axis, respectively. Green and blue
spheres denote Al atoms in adjacent layers. Purple and gold balls denote Ca
atoms in different layers. White spheres denote Li atoms, in (a) and (c) the Li
atoms in the lower layer are represented by gray balls. H atoms are omitted for
clearness.

Consequently, it can be seen from the calculated geometrical
parameters in Table 3 that the in-layer distance between AlH,
tetrahedrons die in LiCa(AlH,); increases because of the
larger number of occupied triangle sites. Although the average
in-layer Al-Ca and Al-Li distances are close to that in those
two mono-cation analates, the Ca—Ca bonds lying in the layer
are lengthened, being consistent with the expanding layer
lattice. The vertical Li—Li bonds d{'¥; in this mixed alanate are

RSC Adv., 2014, 00, XX-XX | 3
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shorter and closer to the Li-Li distance in bce-Li (2.97 A),
implying much stronger Li—Li interactions. This could be part
the reason of the dramatically decreasing interlayer
distance dp in LiCa(AlH4)s. Furthermore, the coordination
number of Ca increases to 9 in LiCa(AlH,);, leading to the
increasing number of Ca—H bonds around per Ca atom which
serve as the inter-layer connections. Additionally, in this mixed
alanate, the connection Ca—H bonds are more inclined away
from c direction than ones in Ca(AlH,),, which might also
cause the decreasing interlayer distance. The average Li—H
distance in LiCa(AlH,)s; significantly declines with the H

coordination number of Li decreasing to 3, implying stronger
Li—H interactions in this mixed alanate.

It can also be noticed from the calculated geometrical
parameters in Table 3 that the AIH, groups slightly deviate
from regular tetrahedron, this minor variations in Al-H distance
and H-Al-H angles for these three materials are consistent with
previous reported conclusion that the bond lengths and angles
in AlH, tetrahedrons are almost independent to the radius of the
alkali and alkaline earth cations in complex alanata hydrides.*®
Nevertheless, the very small variations of Al-H distances and
H-Al-H angles within the AIH, anions show the order LiAIH, >
LiCa(AlH4); > Ca(AlH,),.

Table 3. The in-layer atomic distances (d™), interlayer atomic distances (d™"), metal-hydrogen distance (daix and dy; ), H-Al-H bond angles
(Onam, in degree) in LiAIH,, Ca(AlH,),, and LiCa(AlH4)s. The distances and bond lengths are in angstrom. Reference data for comparison are

marked by underline.

L|A|H4 Ca(AIH4)2 LIC&(A|H4)3
max average min max average min max average min
done 3.977 3.857 3.869° 3.736 7.042 5.166 5.157° 4.211 6.375 5.343 5.234° 3.96
dlre — 4.915 4.915 4.875° 4.915 6.054 6.028 6.003
d,'f,"f[ 3.388 3.298 3.277* 3.216 — 3.288 3.288 3.288
d,'f,”é'a — 3.825 3.754 3.686" 3.573 3.773 3.742 3.680
dlryf'r 3.906 3.901* 3.362 3.352° 3.001 2.944°
d iL"i‘f'Li 3.111 3.111 3.082% 3.111 — 3.001 3.001 3.001
dic':f’H — 2.295 2.265 2.296" 2.234 2.305 2.301 2.291
diin 1.989 1.909 1.903% 1.863 — 1.727 1.727 1.727
dain 1.645 1.627 1.616° 1.622 1.626 1.625 1.612° 1.624 1.633 1.624 1.615
OnalH 111.0 109.5 108.4 111.4 109.5 105.5 112.4 109.4 106.7
®Ref. 50
’Ref. 51
‘Ref. 38

Electronic Structure

Charge density. The charge density in Fig. 4(a) displays
significant electron accumulation around the AlH, anion in
LiCa(AlH,)s. Furthermore, the electron localization functions
(ELF) %2 in Fig. 4(b) show strong electron localizations around
H atoms, and the accumulations between Al and H atoms is
weaker, being consistent with the polar covalent nature of Al-H
interactions 53-°°. Additionally, the core attractors around Li and
Ca cations are slightly deviated from spherical shape, and there
is faint electron localization between H and Ca (Li) atoms,
implying that the interactions between Ca (Li) cations and AlH,
anios are mainly ionic and with slight covalent character.

On the basis of atoms in molecule (AIM) theory and Bader
analysis,*®° the calculated net charge of AlH, anion in Table 4
for mixed alanate lies between that of two mono-cation
alanates. Comparing with the situation in LiAlH,, the net
charge of AIH, anion in LiCa (AIH,); is less, and the electron
loss from Li atoms considerably drops, indicating more
covalent Li—AlH, interactions in the later. In comparison with
Ca(AlH,),, the net charge of AlH, anion in the mixed alanate is
larger, and the electron transfer from Ca atoms to AlH,
increases, implying less covalent Ca—AlH, ones in the mixed
alanate. However, the increasing of covalency for Li-AlH,

4 | RSC Adv., 2014, 00, XX-XX

interaction is larger, causing the lower electron transfer from Al
to H atoms within AlIH, groups in the mixed alanate, which
indicates the weakened Al-H bonds.

Fig. 4. (a) Side view of 3D iso-surface (with a value of 0.025 eeBohr™®) of total
charge density for LiCa(AlH,)s. (b) Electron localization function for LiCa(AlH,4); on
(004) plane. Green, white, purple, and pink spheres denote Al, Li, Ca, and H
atoms, respectively.

This journal is © The Royal Society of Chemistry 2014
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Table 4. The average net Bader charge in LiAlH,; Ca(AlH,),, and
LiCa(AlH,)s.
LiAlH, Ca(AlH,), LiCa(AlH,)

Al 2.58 2.60 212

H -0.86 -0.84 -0.72

Li 0.86 — 0.74

Ca — 1.50 1.55

AlH, —-0.86 -0.75 -0.76

Density of states. The density of states (DOS) of LiCa(AlH,); is
further studied and shown in Fig. 5, together with that of
LiAIH, and Ca(AlH,), for comparison. Obviously, all three
materials could be seen as insulator.**® The values of band
gaps are, respectively, 4.68 and 4.67 eV, for LiAlH,; and
Ca(AlH,),, being in good agreement with literature data.***°
The band width in LiCa(AlH,); slightly narrowed to 4.48 eV,
implying that the excitation of electrons from the valence band
into conduction band becomes easier. Thus the Al-H bonds
might be easier to dissociate comparing with two mono-cation
alanates.®’ In all three alanates, the valence bands have split
into two parts: the lower energy ones are mainly contributed by
Al-H s—s hybridization, while the Al-H p—s mixing dominates
the higher energy ones. Similar to other alanates,*® the strong
Al-H hybridizations in the valence bands clearly show the
covalent Al-H interaction, and the larger contribution of H-s
states than that of Al s (p) states indicates the Al-H interactions
are also ionic, viz. the Al-H bonds are polar covalent.

RSC Advances

In LiCa(AlH,)s, the features of Al-H hybridizations resemble
to that in Ca(AlH,),, which might be caused by the similarity in
their geometrical features. Careful examination shows that in
LiCa(AlH,)s, H s state declines while the Al s (p) states
increase within the valence band, which agrees with the weaker
ionic Al-H interactions in the mixed alanate discussed above.
Furthermore, comparing with LiAIH,, both Al-H s—s and p-s
hybridizations in LiCa(AlH,); shift to higher energy range,
which also implies the weakened Al-H interactions in the
mixed alanate. Near the Fermi level the states of cations in all
three alanates overlap with Al-p and H-s states, consistent with
previously reported feature that cation orbitals are hybridized
mostly with the molecular orbital of AIH, at the highest
occupied states.5? Note that in LiCa(AlH,); the contribution of
Li states near the Fermi level is significantly larger than in
LiAIH4. And the dispersion of Li states in the mixed alanate is
more localized, implying that the interactions between Li and
AlH, anions are more covalent in LiCa(AlH,)3, being consistent
with the Bader charge analysis above. In contrast, the peaks of
Ca states near the Fermi level are slightly lower in the mixed
alanate than in calcium alanate, indicating the Ca—AlH,
interactions are less covalent in the former.®?

Further compared with LiAlIH, and Ca(AlH,),, more covalent
Li—-AlH, interactions and less covalent Ca—AlH, interactions
balance each other in LiCa(AlH,);, which makes the DOS
feature of the mixed alanate lie between the two mono-cation
alanates, similar to the situation in bialkili alanates.?

(a)l.S r — — — .

1.0

(b)° I

4l

Al

0.5

e
=
=

O ameasasawenne

S

(]

=)
T

(8]

N

(state/eV)
ey

Density of States (state/eV)
" o
(%) = =

e

=)

wn

et e
o = oW

y of States

8 10 -6

6 4

0 2 4 6
Energy (eV)

20 2 4
Energy (eV)

0 2 4
Energy (eV)

Fig. 5. The density of states of (a) LiAlH,, (b) Ca(AlH,4),, and (c) LiCa(AlH,4)s. The Fermi level is set at zero energy and marked by vertical dotted line.

Crystal orbital Hamilton population. To give deeper insight into
the bonding character in LiCa(AlH,)3, we calculated the crystal
orbital Hamilton population (COHP) via the Local Orbital
Basis Suite Towards Electronic-Structure Reconstruction
(LOBSTER) program,®*® and the results are shown in Fig. 6.
The similarity of the COHP curves of Al-Ca bonds in
Ca(AIH,); and LiCa(AlH,); shows analogous bonding

This journal is © The Royal Society of Chemistry 2014

character, being consistent with the almost unchanged inner-
layer Al-Ca bond length in these two alanates as discussed
above. Furthermore, the bonding character of Li—Li interactions
are dramatically stronger than that in LiAlH,, in accordance
with the much closer Li-Li distance in LiCa(AlH,)3;, which also
interprets the shorter interlayer distance in LiCa(AlH,)s.
Obviously, in LiAIH,, Ca(AlH,),, and LiCa(AlH,)s;, bonding

RSC Adv., 2014, 00, XX-XX | 5
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interaction between Al and H atoms is relatively stronger. The
values of negative integrated COHP (-ICOHP) up to Fermi
level for Al-H bonds are, respectively, 0.99, 0.65, and 0.60
eV/A in LiAIH,, Ca(AlH,),, and LiCa(AlH,4);, demonstrating a
decreasing sequence of Al-H bond strength. Therefore, it is
reasonable to expect the Al-H bonds in LiCa(AlH,); are the

weakest.

20 1.00
——ALH (a) —— Al-H (b)
150 LiH i Catl

1.0[--- LiLi

40 1 %6 5 4 3 2 4 0 1

6 -5 -3 -
-‘Enc;‘gy (eV) Energy (cV)
10 25
A (© —AlCa (d)
e LieL 3
-6 E "6 5 -4 -3 2 -1 0 1

4 -3 -2 2 2
Energy (eV) Energy (eV)

Fig. 6. The crystal orbital Hamilton population (COHP) for bonds in (a) LiAlH,4, (b)
Ca(AlH,4),, and (c, d) LiCa(AlH4)3. The negative (positive) value of COHP indicates
bonding (antibonding) contributions. The Fermi level is set at zero energy and
marked by vertical dotted line.

The bonds between H and Li in LiAlIH,; are mostly anti-
bonding, which is consistent with previous calculations.*®*° In
LiCa(AlH,)s, the Li—H interaction dramatically turns to be
strong bonding, which is, to the best of our knowledge, rarely
observed in alkali tetra-alanates. Considering the fact that Li—H
distances in LiCa(AlH,); are much lower than that in LiAlH,,
as pointed out in discussion on crystal structure above, the Li—
H orbital overlapping in LiCa(AlH,4); might be large enough to
cause bonding interactions. Moreover, the conversion from
anti-bonding to bonding could also be the reason of
dramatically increased covalency of Li-AlH, interactions,®
which is in accordance with the more covalent Li—-AlH,
interactions in LiCa(AlH,); comparing with that in LiAIH,. Fig.
6 also demonstrates that The Ca—H bonds in Ca(AlH,), are
obviously anti-bonding. And the Ca—H bond becomes more
anti-bonding in the mixed alanate, which agrees with the less
covalent Ca—AlH, interactions.

Again, comparing with two mono-cation alanates, the covalent
bonding features for Li—AlH, interactions become stronger in
the mixed alanate and Ca—AlH, ones are more anti-bonding,
which could also describe the feature of the covalence variation
in cation-anion interactions as discussed above.

Conclusions

In this article, the novel mixed alanate, LiCa(AlH,); is
investigated via DFT calculations. Based on the experimental
determined hexagonal symmetry (P63/m, No. 176), hydrogen
atoms positions are at first determined, and our optimized

6 | RSC Adv., 2014, 00, XX-XX

crystal structure parameters of LiCa(AlH,); agree well with the
experimental results. The crystal structure of LiCa(AlH4)s
exhibits hexagonal packing of AlIH, layers filled by Li and Ca
within the triangle sites, similar to structure of Ca(AlH,);
crystal. And the geometrical features are further revealed in
details. The electron structures give a clear picture of the polar
covalent Al-H bonds and ionic interactions between cation and
AlH, anions. The covalency of interactions between Li(Ca)
cations and AlH, anions in the mixed alanate lies between those
of two mono-cation alanates. However, the whole covalence
between Li(Ca) cations and AlH, anions is larger, thus the
strength of Al-H bonds in LiCa(AlH4); are consequently
weakened comparing with LiAIH, and Ca(AlH,4),. Moreover,
comparison with LiAIH; and Ca(AlHg),, hybridizations
between Li and H are more localized and interaction between
Caand H in LiCa(AlH,); is weakened, especially the strong Li—
H bonding and Ca—H anti-bonding interactions in the mixed
alanate should be the main mechanism for covalency variations
between Li (Ca) cations and AlH, anions.
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The H coordinates are predicted for LiCa(AlH,); in which Li—H bonding and

Ca—H anti-bonding interactions are illustrated.
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