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Abstract

Lithium tetrahydridoboranate is among the materials with the highest hydrogen content and has great potential as a possible H,-storage material,
although, the release and uptake of H, is not fully understood. In this work, LiBH, was studied by in situ synchrotron radiation powder X-ray
diffraction (PXD) and solid state CP/MAS NMR both at variable temperatures. This study revealed two new phases observed during dehydrogenation
of LiBH,. Phase Iis hexagonal, a =4.93(2) and ¢ = 13.47(3) A and is observed in the temperature range ~200—-300 °C, and phase II is orthorhombic,
a=8.70(1), b=5.44(1) and c=4.441(8) A and is observed in the temperature range ~300—-400 °C applying a constant heating rate of 5 °C/min.
Apparently, I transforms into II, e.g. at a constant temperature of 7=265 °C after 5 h. Furthermore, a third phase, IIL, is observed in the temperature
range RT to 70°C, and is caused by a reaction between LiBH4 and water vapor from the atmosphere. Hydrogen release is associated with the

decomposition of III at ca. 65 °C.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Renewable energy sources are obvious alternatives to the
present use of fossil fuels, but unfortunately, their energy out-
puts are in general not constant in time, and an efficient method
of storage is, therefore, of utmost importance for their appli-
cability. Hydrogen is suggested to be a possible energy carrier
in the future, but compact, efficient and robust ways to store
hydrogen remain an unsolved problem, in particular for mobile
applications [1-3].

Solid state storage of hydrogen appears to be the most promis-
ing method to achieve both high volumetric and gravimetric
storage density. Lithium tetrahydridoboranate, LiBH4, is among
the materials with the highest theoretical hydrogen contents
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measured by mass, pp = 18.5 mass%, and has been intensively
studied during the past few years, also as constituent in reactive
hydride composites. Still, the exact mechanism for the hydrogen
release and uptake is poorly understood. At low temperatures,
LiBH, exists as an orthorhombic phase, which converts to a
high-temperature hexagonal phase at ~108 °C, and the material
melts at 275 °C [4,5]. This compound can release ca. 14 mass%
of hydrogen at elevated temperatures (7>400 °C) following the
equation:

LiBH4; — LiH + B + 1.5H, (1

Its use in technological applications is hampered by the rela-
tively high enthalpy change for the reaction, AH =68.9 kJ/mol
H; and limited reversibility [6]. The reaction enthalpy can be
reduced following the concept of reactive hydride composites,
which lowers the dehydrogenation temperature of the material
[7-9]. Experimental data suggest the presence of intermediate
phases of lithium tetrahydridoboranate, e.g. thermal desorp-


mailto:trj@chem.au.dk
dx.doi.org/10.1016/j.jallcom.2007.03.057

302 L. Mosegaard et al. / Journal of Alloys and Compounds 446—447 (2007) 301-305

tion spectra of LiBH4 mixed with SiO, show three peaks
corresponding to the nominal composition LiBH3 ¢4, LiBH3
and LiBH; [10,11]. Recently, the existence of several new
lithium boranate phases, e.g. LiB3Hg and Li;B,H,, (n=5-12)
and others, was proposed based on theoretical calculations
[12—15]. Such phases might form during the dehydrogenation of
LiBHj4.

In this study, we characterize the dehydrogenation of LiBHy
and its reaction with moisture using in situ synchrotron radiation
powder X-ray diffraction (SR-PXD) and solid state CP/MAS
NMR both at variable temperatures and present experimental
evidence of the presence of three new phases.

2. Experimental

In situ time resolved synchrotron radiation powder X-ray diffraction (SR-
PXD). Data were collected at the beamline X7B, NSLS, Brookhaven National
Laboratory and at 1711 at the MAX II synchrotron at MAX-lab, Lund, Sweden
with a MAR345 image plate system and a MAR165 CCD detector, respectively
[16,17]. The selected wavelengths were in the range of 0.92-1.11 A, and the
X-ray exposure time was 30-60s. A number of experiments were conducted
using a specially constructed sample cell for studies of gas/solid reactions in the
temperature range RT to 500 °C [18,19]. A sapphire single crystal tube (Al,O3,
i.d. 0.9 mm) was used as a sample holder. A gas supply system allowing changes
in gas and pressure via a vacuum pump was attached to the sample cell. The gas
system was flushed with nitrogen and evacuated three times prior to the X-ray
experiment. SR-PXD raw data were converted to powder diffraction profiles
using the program FIT2D, and refinement of cell parameters was performed
using the Fullprof program [20,21].

Powder X-ray diffraction (PXD) data for phase identification were obtained
at RT in transmission geometry using a Stoe diffractometer, Cu Ko radiation,
1=1.54060 A, a curved position sensitive detector covering 40° and counting
time of 150-500 s/step. Air-sensitive samples were mounted between two thin
(3.6 wm) Mylar films. Unfortunately, this set-up was not always completely air
tight. Samples for the investigation of the effect of air exposure were mounted
on tape.

Solid state "Li, 1'B and '3C CP/MAS NMR spectra were recorded on a
Varian INOVA-400 (9.4 T) spectrometer using a home-built CP/MAS probe for
Smm o.d. Si3Ny rotors (110 uL. sample volume) and a spinning speed (vy)
in the range of 3500-5000 Hz. A home-built variable temperature (V7) unit
operated in the temperature range from R7 up to 150 °C, using hot nitrogen gas
[22,23]. The end cap had a 0.8 mm hole to omit elevated pressures from released
gasses. Chemical shifts of ’Li and ''B are given relative to 1 M LiCl(aq) and
1M B(OH)3(aq).

Thermogravimetric (TG) and differential scanning calorimetry (DSC) exper-
iments were preformed on a Netzsch STA 449 C Jupiter instrument, with heating
rates of 10°C/min in the temperature range RT to 550 °C using aluminum
oxide crucibles with lid. Additionally, DSC and TG measurements were per-
formed simultaneously with analysis of the exhaust gas by a Hiden HPR-20
QIC Mass spectrometer mounted on a Netzsch STA 409 C (5 °C/min, the carrier
gas was purified argon). The entire apparatus was placed in an argon filled glove
box.

Sample preparation: LiBH4 (95% purity) was purchased from Aldrich Co.
and Strem Chemicals. A series of experiments, denoted (A), was performed in
order to study the thermal stability of LiBHy4. In each case, LiBH4 was placed in
a crucible of Al,O3 in a quartz tube, which was evacuated to ~1 x 10~ mbar
and sealed in a hydrogen flame. The quartz tubes were heated for different
periods of time, 30 min—30 days, at a constant temperature of 245 or 265 °C.
Another series of experiments, (B), was conducted where LiBH4 was exposed to
air (23 °C, 74% air moisture) for 1-18 min prior to sealing as described above.
These quartz tubes were placed at a constant temperature of 265 °C for 1h.
The products were mixed with an internal X-ray standard (NaCl, ca. 14 mass%)
and analyzed by PXD. All sample preparations were performed in a nitrogen
or argon-filed glovebox. '3C CP/MAS NMR indicates no carbon containing
compounds in LiBHy4 (as received).

3. Results

3.1. Two new phases observed during dehydrogenation of
LiBH,

Fig. 1 shows a series of SR-PXD patterns of LiBH,4 heated
from RT'to 340 °C, which show the orthorhombic phase, denoted
0-LiBHy, transforms into the hexagonal polymorph, denoted /-
LiBH4 at ~108 °C. Six additional reflections are observed in
the temperature range 200-300 °C, and they can be indexed on
a hexagonal unit cell (Tables 1 and 3). This new phase, denoted
I, appears to be slightly more stable than h-LiBH4, which melts
at 275 °C. Reflections from I disappear at ca. 300 °C when sub-
ject to a constant heating rate (e.g. 5 °C/min), possibly due to
dissolution in molten LiBH,4. Furthermore, a powder pattern
consisting of seven new reflections indexed on an orthorhombic
unit cell was observed at 300400 °C, which is possibly due to
the formation of another new phase, denoted II (Tables 2 and 3).

In addition to the in situ SR-PXD measurements, a series
of experiments (A) was performed by heating LiBH4 in sealed
quarts tubes at 265 °C for different time intervals in order to study
the formation of I and II by ex situ PXD as shown in Fig. 2. After
1 h of annealing only a small amount of I is present, and after
5h, Iis transformed into phase II, and both phases were found
to be stable at RT. Similar results were obtained at 245 °C at
slightly longer heating times. Only a moderate amount of I and
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Fig. 1. In situ SR-PXD of LiBH4 heated from RT to ca. 340 °C (heating rate
~5°C/min, A=0.92172 A). Symbols: (¢) phase I, (&) phase II, (O) o-LiBHy4
and (@) h-LiBHy4.

Table 1
Indexed PXD pattern for phase I using the unit cell parameters given in Table 3
(data measured at 263 °C, 1. =0.92172 A)

200bs (°) HKL  20cuc (°)  200bs—20caic (°)  1(%)  dobs (A)  deate (A)
3911 001 3.920 —0.0088 100 13.5044 13.4742
7.872 002 7.845 0.027 30.1 6.7135 6.7371

11.760 003 11.779 —0.0191 29.6 4.4987 4.4914

12.376 100 12.393 —0.0163 29.3 4.2753 4.2697

17.152 103 17.129 0.0224 25.2 3.0905 3.0946

23.679 006 23.685 —0.0057 23.1 2.2462 2.2457
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Table 2
Indexed PXD pattern for phase IT using the unit cell parameters given in Table 3
(data measured at 327 °C, A=0.92172 &)

280bs (0) HKL 2ecalc (0) 260bs —20calc (O) I(%) dobs (A) deale (A)
6.066 100 6.069 —0.0028 100 8.710 8.7059

11.456 110 11.463 —0.0072 774 4.6176 4.6147
11.926 001 11.914 0.0117 754 44362 44405
15.595 210 15.584 0.0110 70.0 3.3969  3.3993
16.561 111 16.562 —0.0014 65.8 3.2000  3.1997
17.037 201 17.052 —0.0151 643 3.1112  3.1085
18.279 300 18.276 0.0039 622 29014  2.9020
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Fig. 2. Exsitu PXD data for LiBH4 heated at 265 °C for different periods of time
in evacuated sealed quartz tubes. Phase III is possibly formed during the PXD
measurement (experiments series A, PXD data measured at RT, A =1.5406 10\):
(a) not heated LiBHy (as received), (b) heated for 30 min, (c) 1 h, (d) 5h and (e)
10 h. Symbols: (¢) phase I, (A) phase II, (l) phase IIL, (O) o-LiBHy4 and (V)
NaCl.

IT was formed in these experiments, and only a small change
in the diffracted intensity from o-LiBH4 was observed. Table 3
summarizes unit cell parameters for the polymorphs of LiBHy
and the new phases observed in this study.

3.2. Lithium tetrahydridoboranate in contact with the
ambient atmosphere

Occasionally, a few reflections were observed in the tempera-
ture range RTto 70 °C, as seen from Fig. 3. This phase is denoted
III. Further experimental studies seen in Fig. 4 clearly demon-
strated a correlation between the time of exposure of LiBHy4 to
air and the formation of phase III. After prolonged exposure to
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Fig. 3. In situ SR-PXD of LiBHy4 heated from RT to ca. 290 °C (heating rate
~3°C/min, 2=0.92191 A). Symbols: () phase I, (W) phase IIL, (O) o-LiBHy
and (@) h-LiBH4.

air, ITI converts to an amorphous material, which later forms an
unidentified or new crystalline phase.

Thermal analysis (TG/DSC) of a sample of LiBHs (as
received) shows a minor mass loss starting at 56 °C, and no
mass loss was detected after the second cycle of TG/DSC with-
out removing the sample from the instrument (Fig. 5). Then this
sample was exposed to air 5min and revealed a mass loss of
1.3 mass% (55°C<T<110°C). The corresponding DSC curve
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Fig. 4. LiBH4 exposed to air for (a) 1 min, (b) 3 min and (c) 5 min and investi-
gated by ex situ PXD. Phase Il is possibly formed during the PXD measurement
(data measured at RT, A = 1.5406 A). Symbols: (H) phase III, (O) o-LiBH4 and
(V) NaCl.

Table 3

Unit cell parameters for known polymorphs of LiBH,4 and phases observed during dehydrogenation of LiBHy4

Phase Symmetry a(A) b(A) c(A) vV (A?%) T(°C) References
o-LiBHy Orthorhombic 7.17858(4) 4.43686(2) 6.80321(4) 216.685(3) 20 [5]
o-LiBH4 Orthorhombic 7.1942(8) 4.4465(5) 6.8193(7) 218.1 25 (a)
h-LiBHy Hexagonal 4.27631(5) 4.27631(5) 6.94844(8) 110.041(4) 135 [5]
h-LiBHy Hexagonal 4.2991(2) 4.2991(2) 6.9922(6) 111.9 200 (a)

1 Hexagonal 4.93(2) 4.93(2) 13.47(3) 283(2) 263 (a)

I Orthorhombic 8.70(1) 5.44(1) 4.441(8) 210(1) 327 (a)

(a) This work.
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Fig. 5. Three thermal analysis experiments, TG (upper three curves) and DSC,
on the same sample of LiBH,4 (heating rate ~10 °C/min, the curves are displaced

for clarity). Three heating cycles are shown: (a) as received (@), (b) second cycle
(Q), and (c) the third heating after 5 min exposure to air (V).

shows an endothermic reaction at ~48 °C followed by a broad
exothermic signal. Furthermore, these measurements confirm
the phase transformation between o- and h-LiBH4 at ~115°C.
A similar DSC experiment with mass spectroscopic analysis of
the released gas on a sample of LiBH,4 exposed to air 10 min
revealed hydrogen release at ~61 °C simultaneously with the
exothermic DSC signal (Fig. 6).

3.3. Solid state CP/MAS NMR investigation of phases I and
n

Samples of LiBH4 and LiBH4 containing I or II were inves-
tigated by ‘Li and ''B CP/MAS NMR at room temperature,
and the chemical shifts for these samples were identical (i.e.
8("Li)=—0.88 ppm and 8(''B)=—41.01 ppm) [24]. The line
width (FWHM) of "Li and "B MAS NMR signals for pure
o-LiBHy increases from 660 to 798 Hz and 369 to 595 Hz,
respectively, in the temperature interval RT to 116°C, but
decreases abruptly to 36 and 70 Hz, respectively, at the phase
transition to A-LiBH4. ''B CP/MAS NMR for samples con-
taining II exhibits a larger line width of 622 Hz measured at
130 °C, whereas the other line widths for ’Li and !'B CP/MAS
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Fig. 6. Thermal analysis (DSC/MS) of LiBH4 exposed to the atmosphere for
10 min (heating rate ~5 °C/min).

NMR signals for samples containing I and II were similar to
h-LiBH4. A ''B MAS NMR spectrum of pure LiBH4 exposed
shortly to air revealed the presence of an impurity (0.3 mass%),
8(''B)=—3.5ppm.

4. Discussion

In this work, experimental methods are utilised to explore the
nature of two new phases observed during heating of LiBHj4.
The partial phase transition of LiBH4 to phase I is slow, and
the limited PXD data does not yet allow a complete structural
analysis. I was observed to transform into II, either when kept
at a fixed temperature, e.g. 265 °C for 5 h, or when heated con-
stantly, e.g. 5 °C/min at ca. 300 °C. In this study, no indications
of impurities in the used LiBH4 were observed, therefore, we
suggest that I and II are formed by partial dehydrogenation of
LiBH4, which could have slightly lower hydrogen content than
stoichiometric LiBH4. The observed X-ray data for phases I
and II did not correspond to any of the recently proposed new
lithium tetrahydridoboranate materials found by the theoretical
calculations [12-15].

Phases I and I are observed independently of the observation
of phase III as shown in a series of experiments (B) illustrated
in Fig. 7. We demonstrate that there is no correlation between
the time of exposure of the sample to the ambient atmosphere
and the amount of phases I and IT formed.

"Liand ''B CP/MAS NMR spectra of LiBHy4, LiBH4 + I and
LiBH4 + IT show that the chemical shift values are very similar
for all three samples in contrast to FWHM for the signals that
show some differences. This observation indicates that the Li and
B coordination in phases I and IT are somewhat similar to those
found in LiBHy4. These observations will be further investigated
[25].

A dihydrogen bonded complex of LiBH4-TEA
(TEA =triethanolamine) is described in the literature. It
decomposes at app. 120 °C during release of hydrogen to the
BH(OR)3;™ ion, the two compounds have 'B MAS NMR
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Fig. 7. Ex situ PXD measurement of LiBH, exposed to the atmosphere for dif-
ferent periods of time and afterwards heated to 265 °C for 1 h (experiments series
B, data measured at RT, A =1.5406 A): (a) LiBH,4 exposed to the atmosphere
for 1 min, (b) for 5 min and (c) for 18 min. Symbols: (¢) phase I, (W) phase III,
(O) 0-LiBH4 and (V) NaCl.
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chemical shifts of §(''B)=—48.0 and —3.9 ppm, respectively
[26]. Furthermore, boron NMR revealed a minor signal at
8(!'B)~ —3.5ppm (in this case 0.3%), which might be IIL
Phase III can possibly be a complex between water and
LiBHy4, e.g. from a surface reaction of water vapor and LiBH4
in accordance with the observed hydrogen release during
decomposition of ITI at ca. 65°C. Phase III was observed
as an impurity in Figs. 2—4, possibly due to exposure of the
sample to the atmosphere after the thermal treatment and prior
to the PXD. It has not yet been possible to identify or index
phase III, and it may actually consist of several co-existing
phases.

5. Conclusion

The hydrogen release and uptake of LiBHy is not yet fully
understood. In this work, we have, by means of experimental
methods (PXD and MAS NMR), explored the nature of two
new phases denoted I and II suggested to be formed by par-
tial dehydrogenation of LiBHy4. Furthermore, I was observed to
transform into II, either when kept at a fixed temperature, e.g.
265 °C for 5h, or when heated constantly, e.g. 5 °C/min at ca.
300 °C. Phases I and II have possibly slightly lower hydrogen
content than compared to LiBHy.

An additional phase III is observed in the temperature range
RTto ca. 70 °C is suggested to be a complex between water and
LiBH4. PXD patterns recorded at RT showed that the amount of
phase III scales with the time LiBH4 was exposed to the atmo-
sphere. Thermal analysis showed that the decomposition of III
is associated with release of hydrogen suggesting the presence
of dihydrogen bonds in III. Finally, we showed that I and II
form independently of the presence of III.
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