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ABSTRACT: We present the first report on the formation and the crystal structure of a
bimetallic borohydride borate, LiCa3(BH,)(BO3),. It is discovered during decomposi-
tion of LiBH,—Ca(BH,),—carbon composite studied for hydrogen storage. A small
amount of oxygen impurity in the starting material or introduced during sample
preparation gives rise to the formation of [BO3]™" Its crystal structure was solved from
synchrotron powder diffraction data as space group Fd3m and a = 14.5911(2) A at
387 °C. The experimental structural parameters are closely reproduced and the
orientational disorder in [BH,]  is confirmed by first-principles calculations.

1. INTRODUCTION

Metal borohydrides, M(BH,),,, have been intensively studied
for reversible hydrogen storage due to their high volumetric and
gravimetric hydrogen density.' > On top of their technical
importance, the crystal structures of metal borohydrides are
especially intriguing since the versatility of [BH,]™ groups in
coordinating metal cations brings a variety of crystal structu-
res, many of which have only recently been discovered and
solved.* 1

While those new structures have drawn theoretical and experi-
mental interests, complex structures occasionally with unknown
chemical compositions often delay identifying the reaction
sequences during dehydrogenation or rehydrogenation. One exam-
ple is Ca(BH,),; the final product was identified to be CaB4 and
CaH,, but the intermediate steps still remain to be clarified.'*2°

Recently, hydrogen storage properties of LiBH,—Ca(BH,),,
which forms a eutectic melt, was investigated.”"** The major
dehydrogenation event was observed at lower temperature
compared to the constituting borohydrides, but the detailed
reaction mechanism was not satisfactorily explained, one of the
reasons being an unidentified compound found at around
240—400 °C. That compound is a single solid phase at that
temperature range since the major phase LiBH,—Ca(BH,), isin
liquid. It was speculated to be partially decomposed Ca(BH,),,
CaB,,H,, due to the similarity in X-ray diffraction (XRD) peak
positions at low angles and in thermal behavior to those of an
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unidentified phase appearing during decomposition of Ca-
(BH,),.>"* In this study, with high resolution XRD patterns
we solved the crystal structure and determined the composition
of the unidentified compound. To our surprise, it turned out to
be LiCas(BH,4)(BO;),; the presence of [BO5]* is unexpected
since no explicit oxygen source exists in starting materials. From
the view of hydrogen storage in LiBH,—Ca(BH,),, the forma-
tion of this compound is undesirable. However, the crystal
structure itself is very interesting, and to the best of our knowl-
edge it is the first example of a bimetallic borohydride borate. We
discuss the crystal structure solution in detail; a first-principles
study complements the experimental diffraction study.

2. EXPERIMENTAL SECTION

2.1. Synthesis. The starting materials are LIBH, (assay 95%,
Acros), Ca(BH,), (assay 98%, Sigma-Aldrich), and mesoporous
carbon. Mesoporous carbon (CMK-3) was synthesized by replica-
tion through nanocasting of ordered mesoporous silica template.”**
The average pore size was 3.6 nm. The materials were handled in an
argon-filled glovebox (LABstar, MBraun, p(O,, H,O) < 1 ppm) if
necessary. A mixture of 0.7SLiBH, 4 0.25Ca(BH,), (in molar ratio)
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Table 1. Experimental and DFT Calculated Structural Parameters of LiCa;(BH,)(BO3),

structure atom Wyckoff symbol

experimental Fd3m Li 16d
a=14.5911(2) A Ca 48f

Bl 32e

(¢] 96g

B2 16¢

H1 32e

H2 96g

calculated Fd3m Li 16d
a=1459 A Ca 48f

Bl 32e

(6] 96g

B2 16¢

H1 32e

H2 96g

x y z Uy (A%) occupation
0.5000 0.5000 0.5000 0.190(16) 1.0
0.38968(11) 0.1250 0.1250 0.0553(6) 1.0
0.2760(5) 0.2760(5) 0.2760(5) 0.007(4) 1.0
0.23963(12) 0.23963(12) 0.34956(14)  0.0523(8) 10
0.0000 0.0000 0.0000 0.089(8) 1.0

—0.0455 ~0.0455 ~0.0455 0.089(8) 0.5
~0.0152 ~00152 0.0758 0.089(8) 0.5
0.5000 0.5000 0.5000 1.0
0.3937 0.1250 0.1250 1.0
0.2755 0.2755 0.2755 1.0
0.2379 0.2379 0.3541 1.0
0.0000 0.0000 0.0000 1.0
—0.0484 —0.0484 —0.0484 0.5
—0.0135 —0.0135 0.0819 0.5

and the same weight of mesoporous carbon were mixed together.
The carbon content was chosen such that the mesopore volume
(1.15 cm®/g) is similar to the volume of the metal borohydride
mixture. About 1 g of the mixture was ball-milled with three
12.7 mm and seven 7.9 mm diameter Cr-steel balls. The ball-
milling was conducted using a planetary mill (Fritsch P7) at
600 rpm for 1 h.

2.2. In Situ Synchrotron X-ray Diffraction (XRD). In situ
synchrotron XRD measurements were carried out at the 10B-
XRS KIST-PAL beamline in Pohang Accelerator Laboratory.
The selected X-ray wavelength was 1.00001 A. A sapphire tube
(0.d. = 1.52 mm, i.d. = 1.07 mm) was used as a sample holder.
The sample was first heat-treated to induce infiltration of mixed
borohydrides into the mesoporous carbon. Temperature was
raised from room temperature (RT) to 190 °C in 20 min and
then slowly increased up to 215 °C in 30 min, and then was held
for 10 min. The sample was cooled down to RT. For dehydro-
genation, temperature was raised at a rate of 2 °C/min from RT
up to 540 °C. The hydrogen pressure was maintained at 3 bar.
XRD patterns were collected every 147 s during the in situ
experiement with a MAR34S image plate detector. The two-
dimensional (2D) images were converted into 1D diffraction
data by the FIT2D program.26

2.3. Structure Solution. Diffraction peaks were indexed in
face-centered cubic cell and the data were fitted by le Bail method
with a = 14.5911(2) A. Systematic absences suggested space
groups Fd3m and Fd3, which were tested in the course of a struc-
ture solution by global optimization in direct space (program
FOX*’). The structure was solved by optimizing position of
one Ca atom, one Li atom, one BH, group, and a position and
orientation of one BOj group, all in special positions. Soft
antibump restraints Li..H > 2.2 A, Ca..H > 2.4 A, and H..H >
2.2 A were applied. While the presence of other atomic species
are expected from the chemical composition of the starting
materials, the BO; groups were included for the following reason:
the optimized geometries systematically showed a presence of flat
triangular B4 units and the refinement of atomic occupancies
suggested that the atoms in the corners are heavier than the one in
the center, which can be most reasonbly interpreted if B, units are
BO; groups.

The final refinement was made by Rietveld method, using
program Fullprof.*® Only four free coordinate parameters were
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Figure 1. Synchrotron XRD diffraction pattern at (a) RT as-milled
(shown in 50% of the original intensity), (b) RT after infiltration, (c)
126 °C, (d) 240°C, (e) 270 °C, (f) 387 °C, and (g) 427 °C. The symbols
for each phase are (¥) o-LiBH,, (V) h-LiBH,, (¢) a-Ca(BH,),, (+) 7-
Ca(BH,),, (®) Cas(BH,)3(BO3), (A) LiCas(BH,)(BO3),, (O) CaO.

refined, along with group B-factors for Li, Ca, B, O, and B(H)
(see Table 1). The BH, group is disordered over two orienta-
tions in the high-symmetry 3m position, and it can not be ordered
in the lower symmetry Fd3 space group. Positions of the two
independent hydrogen atoms are fully determined by the point
group symmetry of the tetrahedral BH, group combined with the
crystallographic site symmetry, and the B—H distances are fixed
at 1.15 A.*° Therefore, coordinates of H-atoms were not refined,
but later validated by density functional theory (DFT) methods.
The BOj; group has a nearly perfect flat geometry (unrestrained)
with B—O distances close to the expected value. The agreement
factors are Ry = 7.8%, R,,, (not corrected for background) =
0.78%, R, (corrected for background) = 6.15%, and y* = 4S6.
The high value of ” reflects mainly the extremely high counting
statistics (signal-to-noise ratio) of the powder diffraction data
obtained from the 2D detector.
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Table 2. Experimental and DFT Calculated Selected Interatomic Distances and Angles”

experimental calculated
Li—O 2.206(2) 2.143
Ca—0 2.437(2)" 2.400"
2.483(2)" 2.446"
B1-0O 1.310(8) 1.385
Ca—Bl 2.851(7) 2.813
Ca—B2 3.287(1) 3.324
Ca—H2 2.450(1)" 2471
2.828(1)" 2.844"
B2—H1 115 1223
B2—H2 1227
Li—O—BI 139.5(3) 139.23
Ca—0-B1 138.9(3)" 138.01"
92.2(3)" 90.11"
0-B1-0 120.00 119.96
Ca—H2-B2 128.14' 124.52'
103.21" 102.04"
HI-B2—H2 109.47 112.14
H2—B2—H2 106.67

number other compounds

$1.940—2.032,%2.004—2.225
€2.347—2.440,2.361—2.512

b1.369—1.383,°1.384
©2.808, %2.886
©2.816—2.967
©2.227—2.806

1.158—1.181

W o= RN DWW RN

¥84.35—167.08
€90.15—135.23

b119.21— 120.38,119.95
86.27—116.59

107.60—113.06

“The units are A for the distances and degree for the angles. The superscripts in Roman numbers are to differentiate between crystallographically
independent interatomic distances and angles. The number of equivalent bonds is shown in the fourth column. b Li;BO,* € Cay(BO;)," *LiCaBO;*™

¢ -Ca(BH,),"°

2.4. First-Principles Calculation. The experimental structure
solution was reoptimized by first-principles calculations. The
calculations were done within the framework of density func-
tional theory (DFT),*>*! as implemented in the Vienna Ab-initio
simulation package.”>*® The generalized—§radient approxima-
tion by Perdew, Burke, and Ernzerhof’" was adopted for
exchange-correlation functional. Projector augmented wave
potential®® with a planewave cutoff energy of 600 eV was
used. Atomic coordinates were optimized until the force on
each atom becomes smaller than 0.005 eV/A. The k-point
meshes were chosen such that the total energy converges
within 0.1 meV/atom.

3. RESULTS AND DISCUSSION

3.1. Chemistry and Crystal Structure. Figure 1 presents the
XRD patterns before and after heat treatment and during
dehydrogenation of the LiBH,—Ca(BH,),—carbon sample.
The mesoporous carbon is introduced to improve hydrogen
storage properties of the LiBH,—Ca(BH,), composite via
nanoconfinement,>*%” but we herein limit ourselves to the
chemisty and the crystal structure of the title compound, leaving
the hydrogen storage properties as a separate work. The initial
mixture (Figure 1a) mainly consists of 0.-Ca(BH,), and o-LiBH,.
The two broad humgs marked by the arrows are from the
mesoporous carbon.*®*? After heat treatment at 215 °C
(Figure 1b), the peaks of 0-Ca(BH,), disappeared except for
the broad main peak, which serves as an indirect evidence that
Ca(BH,), was infiltrated into the mesoporous carbon®**” when
the LiBH,— Ca(BH,), eutectic melt was formed. The remaining
LiBH, indicates that the present composition is off the eutectic
point and is located in the LiBH,-rich side. Upon raising the
temperature, 0-LiBH, was transformed into h-LiBH, (Figure 1c)
and then the phase called d-Ca(BH,),"”* was formed (Figure 1d).
Recently 0-Ca(BH,), was identified to be Ca;(BH,);(BO;),
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Figure 2. Synchrotron XRD diffraction pattern in Figure 1f (red dots)
and the fit (black line) obtained by Rietveld method.

which is another case of metal borohydride borate.*' At around
250 °C, the title compound started to grow while consuming
Ca3(BH,)3(BO;) (Figure le). The title compound was the single
solid phase in the temperature range of 300—400 °C (Figure 1f)
before CaO was formed (Figure 1g). We emphasize that the major
components, LiBH, and Ca(BH,),, were not detected by XRD
since they were in the liquid state. One can notice that the XRD
peak intensity of the title compound is much smaller than that of
the starting material.

As aforementioned, the structure solution assigns a chemical
formula of LiCa3(BH,)(BO3), to the title compound. The final
structural parameters from Rietveld method are summarized in
Table 1 and the selected interatomic distances and angles in
Table 2. The Rietveld plot is shown in Figure 2. The presence
of [BO;]™ is somewhat unexpected since there is no explicit
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Table 3. Experimental and DFT Calculated Molar Volume of
Several Metal Borohydrides and Borates”

V/Z (A%) experimental calculated
o-LiBH, 54.17° 53.12
a-Ca(BH,), 105.91 (—182 °C)"° 107.2
0-Li;BO; 62.31% 63.12
Ca3(BO3), 127.60% 130.4
LiCa;(BH,)(BO;), 194.15 (387 °C) 194.0

“The experimental temperature is RT if not noted.
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Figure 3. Crystal structure of LiCa;(BH,4)(BO3), viewed along [110]
direction. Li, Ca, B, O, and H atoms are colored in yellow, olive, gray, red,
and light blue, respectively.

source of oxygen. Oxygen impurity contained in the starting
materials or introduced during sample handling must be
responsible for the formation of [BO5]*~. The mesoporous
carbon may provide a certain amount of oxygen impurity but is
not a single source of oxygen since the title compound was
previously observed in the LiBH,—Ca(BH,), mixture without
carbon.”" In addition, the intermediate phase II reported in
the study of 1:1 LiBH,—Ca(BH,), mixture by Fang et al.* is
likely to be LiCa3(BH,)(BO3), judging from the XRD peak
positions. It is not uncommon to observe oxygen containing
species such as CaO in the course of dehydrogenation of
Ca(BH,),.*>* As briefly mentioned above, the very recent
identification of “0-Ca(BH,),” being a borohydride borate,
Ca;(BH,);(BO3), highlights the importance of this type of
partially dehydrogenated and oxidized form of metal boro-
hydrides. The sequential formation of Caz(BH,);(BO3) and
LiCa3(BH,4)(BOj3), hints at a variety of metal borohydride
borates different in cation combination or [BH,]  to
[BO,] ratio.

We now turn our attention to the stability of LiCa3(BH,) (BO3),.
There exist at least two Li—Ca bimetallic borates, Li,Ca(BO;),
and LiCa(BO,),*** together with the constituting monometallic
borates, Li;BO;" and Cas(BOs),.*” In the case of borohydrides, a
recent work proposed the existence of LiCa(BH,)3, but its structure
has not been identified yet.** The formation reactions of LiCas-
(BH,)(BO3), from the known monometallic borohydrides and

Figure 4. A cross section of the structure in (001) plane. The two
different orientations are indicated either in dark or in light blue (green).

borates can be written as follows
o-LiBH4 + Ca3 (BO3)Z - LiCa3 (BH4)(BO3)2,
AE = —0.09 eV (1)

2 (I-Li3BO3 +3 (X-Ca(BH4)2 e LiCa3 (BH4) (BO3)2
+5oLiBH, AE= —09leV (2)

The calculated negative reaction energies only tell us that once
[BO5]*" anions are formed they prefer to constitute the complex
title compound rather than to reside in the simple monometallic
borates. The above reactions, however, do not reflect the actual
mechanism in our experiment since we found neither Li;BO;3 nor
Ca3(BO;3), that preceded LiCaz(BH,)(BOs),. From the XRD
patterns in Figure 1, a more plausible reaction sequence is the
following

L].BH4 (1) +2 Ca3(BH4)3(B03) (S)
— LiCa;(BH,)(BO;), (s) +3 Ca(BH4), (1)  (3)

In fact, the formation of the borohydride borates accompanies a
small amount of hydrogen release and weight loss,”' and thus
[BO;]* anions may not be introduced as metal borates from the
starting materials and would mainly be a product of on-site
oxidation of [BH,] . While it is not of interest in this work, this
partially oxidized borohydride borate may find its use in chemical
or electrochemical oxidation process of borohydride.**

In terms of the coordination environment, LiCay(BH,)-
(BOs3), resembles more Li;BO and Ca(BH,), than Ca;(BO3),
and LiBH, since Li is exclusively surrounded by six O atoms
(donated by six different [BO3]37 groups) and so is [BH,] ™ by
six Ca atoms. The coordination numbers, however, are not
identical to those in the monometallic salts; in Li;BO; each Li
is coordinated by four, not six, O atoms and the Li...O distance is
1.94—2.03 A, which is shorter than 2.206 A in LiCa;(BH,)-
(BOs),. The Ca..B2 distance of 3.287 A in LiCa3(BH,) (BO3), is
much longer than 2.82—2.97 A in o-Ca(BH,), in which [BH,] ™
is coordinated by three Ca atoms (see Table 2).'® The slightly
expanded first coordination shell and the increased number of
coordinating atoms mean that the coordinated atom takes up a
larger volume. Indeed, the calculated molar volume of the
product side is larger by 10.5 A” in reaction (1) and by 11.8 A*
in reaction (2) (see Table 3). The open channel along [110]
direction in Figure 3 reflects a rather loose packing in LiCa,-
(BH,)(BO3), especially around the [BH,] ™ groups, and there-
fore the compound may exhibit a rather fast [BH,] ™ diffusion.

3.2. Structure Optimization by First-Principles Calcula-
tion and [BH,4] ™ Orientation. First-principles calculations were
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9
H1' H2; H2, H2;

Figure S. Electrostatic potential projected on a sphere of r = 1.226 A
centered at the origin. The color changes from blue to red as the
electrostatic potential decreases. Hydrogen atoms are drawn in the same
color scheme as in Figure 4. Small spheres show the trajectory of rotation
around rl (red), r2 (green), and r3 (violet) axes. Olive spheres are
projected Ca atoms.

carried out to confirm the structural stability of LiCa;(BH,)-
(BO3),. In setting up the simulation cell, a complication entered
due to the proposed two [BH,]  orientations with half occu-
pancy (see Table 1). The most realistic way of describing the
disorder would be a molecular dynamics simulation so that the
atomic coordinates can be extracted from the time average.
Instead, we took a simplified approach, where static calculations
were carried out on a few combinations of [BH,] ™ orientations.
The orientations of the sixteen [BH,] groups in the cubic unit
cell are uniquely determined by two inequivalent [BH,] ~ groups
if face-centered and rhombohedral symmetries are imposed. The
two inequivalent [BH,]~ groups are colored in blue and green in
Figure 4, and the two orientations are shown in dark and light
tones. Four combinations are possible: dark blue/light green
(c1), dark blue/dark green (c2), light blue/light green (c3), and
light blue/dark green (c4). Among those, cl is symmetrically
equivalent to c4, and so is ¢2 to ¢3. Assigning the orientation in
this way reduces the symmetry from Fd3m to R3m space group.
The atomic coordinates were optimized under the constraints of
o = f3 =y =90° and fixed Li and B2 positions in order not to
introduce too many degrees of freedom. The lattice parameter at
the total energy minimum was calculated to be 14.59 A for both
cl (c4) and 2 (c3), which is in close agreement with the
experimental value. The DFT-calculated atomic coordinates
summarized in Table 1 were obtained from the average of the
four combinations. The individual coordinates again closely
reproduce the experimental values.

It may seem that too many constraints were forced to simplify
the disorder, which could introduce artifacts to the calculation
results, but it turned out that total energy and the structural
parameters are not so sensitive to the [BH,]  orientation. The
energy difference between c1 and ¢2 is as small as 5 meV/fu.
(0.3 meV/atom), and even after removing all the above con-
straints the volume varies within 0.1% with the rhombohedral
angle virtually remaining at 90°. The small difference in energy
between c1 and ¢2 indicates a tendency toward disorder since
there is no strong correlation in the orientation of the nearby
[BH,]™ groups. The shortest B2..B2 distance is as large as
5.158 A, and therefore the orientation would rather be deter-
mined by other ionic species positioned more closely. Since the
bonding is largely ionic, a simple electrostatic potential map may
provide a good insight on H positions and energy barrier for the
reorientation. We choose the cubic unit cell of the c1 configura-
tion and remove one [BH,] ™ group at the origin. The uncom-
pensated positive charge is neutralized by a uniform background
charge. Figure S shows the electrostatic potential at r = 1.226 A,

0 (degree)
0 20 40 60 80 100 120
04 T T T T T
- —eo—r1
4 —=—1r2,r5
03} /V \ —v—1r3
/ \\ —-o-r4
—_ % S -v-r6
% 02} / \ -
w v \
< / X
01} 7/ \ i
y 0 E=O— O =O o Y V\
7 > A
00 1 1 1 1 1
0 30 60 90 120 150 180
0 (degree)

Figure 6. Energy change upon rotation of [BH,] around the six
rotational axes. The top axis is for the two 3-fold axes (r1 and r4).

which is the calculated average B—H bonding distance from
the origin. The point symmetry at the origin is 3m without
inversion symmetry, but it largely preserves 3m character though
the absolute values would not exactly conform to that sym-
metry, again confirming the weak dependence on the six nearest
[BH,] ™ groups. The color on the surface gradually changes from
blue to red as the electrostatic potential decreases; the blue color
corresponds to the lowest energy since Hin [BH,] ™ is negatively
charged.**° Tsopotential lines are drawn with an interval of
0.08 V. We can easily locate two H1 positions at the two energy
minima in blue, which are the crossing points on the sphere by
the [111] vector. Then the H2 atoms locate themselves in the
green-colored region such that they are most distant from the
energy maxima in red while keeping the overall tetrahedral
geometry of [BH,] . The fundamental potential distribution
is mostly governed by the closest 6 Ca®>" ions: they fall almost
exactly on the maxima when projected onto the sphere as
drawn in olive spheres in Figure 5. The H2 atoms prefer to be
surrounded by 3 Ca®" rather than to point directly to a single
Ca". Even the slight deviation of the calculated £ H1—B2—
H2 = 112.1° from the ideal angle (109.5°) can be understood
from the potential map since the larger angle allows H2 to lower
its energy.

Now we place the [BH,] ™ group back at the origin and calculate
the energy variation upon the rotation. The result is summarized
in Figure 6. Six axes of rotation are defined as follows: r1 = H1,r2 =
HI -+ H2j,r3 = HI —H2j, r4 = H2j, 15 = H2; + H2;, and
6= H2, 1 —H22 The indices of H atoms and the trajectories of the
rotations are shown in Figure S. The geometry of [BH,] ~ is fixed to
be an ideal tetrahedron with B—H distance of 1.226 A, and the
atomic coordinates of all other atoms are frozen. The energy varia-
tion upon the rotation again can be guessed from the electrostatic
potential. For instance, in the case of r1, all three H2 atoms are bound
to pass the high energy region in red (see Figure S), which is reflected
in the large energy barrier of 0.35 eV. The rotation around the two
3-fold axes, r1 and r4, does not reorient the [BH,] ~ group. Rotation
by 90° around r2 or 5, or 180° around r3 or r6, converts the dark-
toned H positions into the light-toned H' ones or vice versa. The
lowest energy barrier for the reorientation found in r2 or r$ is 0.055
eV, amagnitude that can be easily overcome by thermal energy in the
temperature range where LiCa;(BH,)(BO3), is observed. The r3
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rotation offers a higher barrier of 0.092 eV and the r6 rotation is as
unfavorable as r1. In fact, the real energy barrier would become even
smaller when the atoms are allowed to move, supporting the random
orientation of [BH,] ™ from the structure solution.

4. CONCLUSIONS

A new compound LiCa;(BH,) (BO3), was found and its crystal
structure was determined using synchrotron powder diffraction
data and DFT calculations. Structural parameters obtained from
first-principles calculation closely reproduce the experimental
values. The formation of this complex compound is favorable
with respect to the constituting monometallic borohydrides and
borates. The random orientation of [BH,]  is examined by first-
principles calculation. The upper bound of the barrier for the
reorientation is as small as 0.055 eV, confirming the structure
solution which suggests disordered [BH,]  groups. The pre-
sent structure solution corrects the previous misinterpretation
of the unidentified compound found during decomposition of
LiBH,—Ca(BH,), and leads us toward a better understanding
of the LiBH,—Ca(BH,), mixture studied for hydrogen storage.
Consideration of this type of compound could also be relevant
in identifying some of the still unknown compounds reported in
other metal borohydrides.
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