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BH, Self-Diffusion in Liquid LiBH,
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The hydrogen dynamics in solid and in liquid LiBH, was studied by means of incoherent quasielastic neutron
scattering. Rotational jump diffusion of the BH,~ subunits on the picosecond scale was observed in solid
LiBH,. The characteristic time constant is significantly shortened when the system transforms from the low-
temperature phase to the high-temperature phase at 383 K. In the molten phase of LiBH, above 553 K,
translational diffusion of the BH, ™ units is found. The measured diffusion coefficients are in the 10 cm?/s
range at temperatures around 700 K, which is in the same order of magnitude as the self-diffusion of liquid
lithium or the diffusion of ions in molten alkali halides. The temperature dependence of the diffusion coefficient
shows an Arrhenius behavior, with an activation energy of E, = 88 meV and a prefactor of Dy = 3.1 x

10™*cm?/s.

Introduction

Continuous depletion of fossil fuels and growing environ-
mental concerns make energy supply one of the major challenges
in the 21st century. The implementation of renewable energy
requires new high performance materials for energy conversion,
transport, and storage. Thereby, materials for fuel cells and
electrolyzer cells, lithium ion batteries, photovoltaics, and
materials for hydrogen production and storage are the focus of
many research activities worldwide.

Currently, complex hydrides containing BH,~ and/or NH,~
anions are discussed as high capacity hydrogen storage materials,
containing up to 20 mass % of hydrogen.!~* Furthermore, some
of the Li-based complex hydrides such as Li,(BH4)(NH,) or
Liy(BH,)(NH,); exhibit fast Li-ion conduction of up to 2 x 10™*
S/cm at room temperature,* which makes them attractive for
solid electrolytes.

Due to its large hydrogen content of 18 mass % H, and due
to its hydrogen sorption reversibility,>® lithium borohydride
(LiBHy,) is one of the most studied complex hydrides so far. At
ambient conditions, it forms an ionic crystal, consisting of Li*
and BH, ™ ions. It undergoes a structural phase transition from
the low-temperature (LT) orthorhombic phase to the high-
temperature (HT) hexagonal phase at 383 K.”™® Triggered by
the phase transition the ion conductivity increases by almost 3
orders of magnitude from 5 x 107 S/cm to 2 x 107% S/cm.!?
The hydrogen dynamics in the solid state has been studied
extensively by inelastic (INS) and quasielastic neutron scattering
(QENS),”!! by Raman spectroscopy,'>!? and by nuclear mag-
netic resonance spectroscopy.'*!> While there are rapid localized
molecular motions of the BH,™ anion, the lateral mobility of
individual H atoms is orders of magnitude slower than that of
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Li* cations. Thereby, the main mechanism of hydrogen transport
is related to the diffusion of complete BH;~ units.'*!® LiBH,
melts at 553 K and releases considerable amounts of hydrogen
from the liquid phase according to the reaction

LiBH, — LiH + B + */,H, (1)

The enthalpy AH and entropy AS of desorption according
to eq 1 are determined to be 74 kJ/mol H, and 115 J/K mol H,,
respectively.® These thermodynamic parameters relate the equi-
librium pressure peq to the corresponding equilibrium temper-
ature T,y via the van t"Hoff equation:

P\ _ AH _ AS
o) =a @

where py is the standard pressure of 1013 mbar and R = 8.31
J/kmol, the universal gas constant. As long as an applied external
hydrogen pressure exceeds the corresponding equilibrium pres-
sure, the decomposition is suppressed and the starting material
is stabilized.

The instability of the liquid phase at ambient pressure may
be one of the reasons why the dynamics of the liquid state has
not been studied so far. In the current study we stabilized the
liquid LiBH, by applying hydrogen pressure of 50 bar, exceed-
ing the equilibrium pressure at 723 K, the maximum temperature
in the present experiment, by a factor of 10.® We investigated
the hydrogen dynamics in the liquid state by means of in situ
QENS. Due to the dominating incoherent scattering cross
section, QENS is ideally suited to study hydrogen motion in
solids and liquids.

Experimental Methods

QENS measurements were carried out using the time-of-flight
(TOF) neutron spectrometer NEAT for cold neutrons located
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Figure 1. Quasielastic spectra measured at room temperature (low
temperature phase). For clarity only the spectra recorded at a momentum
transfer of Q = 0.7 (black), 1.1 (red), 1.5 (green), and 1.9 A (blue)
are shown. The spectra are offset for clarity. Straight lines display the
measured data; dotted lines represent the respective quasielastic
contribution.
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Figure 2. Quasielastic spectra measured at 500 K (high temperature
phase). For clarity only the spectra recorded at a momentum transfer
of Q = 0.7 (black), 1.1 (red), 1.5 (green), and 1.9 A (blue) are shown.
The spectra are offset for clarity. Straight lines display the measured
data; dotted lines represent the respective quasielastic contribution.

at the 10 MW research reactor BERII at the Helmholtzzentrum
fiir Materialien and Energie (HZB) in Berlin, Germany.'” The
incident neutron wavelength was chosen to be 5.1 A. At the
setting used, the energy resolution, d(E) was 250 ueV.

LiBH4 (1.45 g), purchased from Katchem (purity >98%), was
used within this experiment. To avoid the strong neutron
absorption by '°B that is present in natural boron, ''B enriched
(99.8%) LiBH, was used. The sample was handled solely under
inert gas conditions (Ar or He).

To minimize absorption and multiple scattering, the sample
was filled in a custom-made, double-walled Inconel sample
container (30 mm diameter, | mm wall spacing) and placed
into the high-temperature furnace (HTF), provided by the
Dedicated sample environment for in situ gas adsorption
(DEGAS) lab of the HZB. The HTF was placed onto the sample
stage of the instrument and the sample container was connected
to the gas loading system, supplying hydrogen (H,) of 50 bar.
During the experiments the temperature of the sample was
increased stepwise from room temperature to 723 K. Due to
these conditions Inconel has been chosen because of its high
mechanical stability at elevated pressure and temperature
(contrary to Al) and due to its chemical stability (vanadium

Normalized Intensity

AE (meV)

Figure 3. Quasielastic spectra measured at 573 K (liquid phase). For
clarity only the spectra recorded at a momentum transfer of Q = 0.7
(black), 1.1 (red), 1.5 (blue), and 1.9 Al (green) are shown. The spectra
are offset for clarity. Straight lines display the measured data; dotted
lines represent the respective quasielastic contribution.
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Figure 4. Width of the quasielastic contribution measured at 573, 623,
673, and 723 K as a function of momentum transfer Q.

suffers from H embrittlement). The disadvantage of the Inconel
sample container is the huge elastic background, which makes
an investigation of the elastic contribution, and thereby the
evaluation of the elastic incoherent scattering factor (EISF) of
the sample impossible.

A single spectrum was recorded within 6 h. The measured
TOF data were reduced and binned to quasielastic spectra in
the energy range of AE = 42 meV and in the momentum
transfer range of Q = 0.5 to 2.5 A™! with use of the FITMO
software package.!'® The instrument resolution of the setting used
was determined with a vanadium standard to be I'g = 250 ueV.

The quasielastic broadening of each individual spectrum was
modeled with a single Lorentzian curve with a width wg. and
an integrated area /.. Due to the large elastic contribution of
the sample container mentioned before, only the quasielastic
component was further evaluated.

Subsequent to the QENS measurements, a fraction of the
sample was investigated by X-ray diffraction, to verify the
stabilization of the liquid LiBH,4 and to exclude the decomposi-
tion of LiBH,.

Results

Figures 1—3 display the quasielastic spectra of LiBH,4
measured at room temperature (low-temperature phase), at 500
K (high-temperature phase), and at 573 K (liquid phase),
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Figure 5. Temperature dependence of the self-diffusion coefficient
(symbols) and a fit based on the Arrhenius equation (eq 4).

respectively. For clarity only the spectra recorded at a momen-
tum transfer of Q = 0.7 (black), 1.1 (red), 1.5 (green), and 1.9
A~" (blue) are shown. Straight lines display the measured data;
dotted lines represent the respective quasielastic contribution.

Within the solid state at a given temperature, the quasielastic
broadening is independent of Q as discussed in detail in refs
11 and 19, indicative of a localized hydrogen motion. The
impact of the phase transition on the quasielastic broadening is
already qualitatively visible when comparing the spectra of the
HT phase (Figure 2) with those of the LT phase (Figure 1). In
the liquid phase (Figure 3), the quasielastic spectra show a
markedly different behavior. Here, the quasielastic signal
strongly depends on the momentum transfer, indicative of a
lateral diffusion process.

In all cases the quasielastic component can be fitted satis-
factorily with a single Lorentzian line shape, as displayed in
Figures 1—3. Figure 4 illustrates the Q-dependence of the line
width of the quasielastic component for different temperatures.
The line-width I' increases quadratically with Q and can be
expressed as?

=T, + hD,Q’ (3)

where A = h/2m is the reduced Planck constant, D is the
coefficient of self-diffusion, and I'y is the instrument resolution
of 250 ueV. All the fits were forced to approach the instrumental
resolution at Q = 0, according to eq 3. The quasielastic
broadening of the spectra recorded at 723 K exceeds the
available energy window, especially for Q-values above 1.3 A",
Therefore, the widths of the spectra for Q > 1.3 A~ could not
be evaluated. Consequently, these date points were not incor-
porated in the fit for the diffusion constant at 723 K. The as-
calculated diffusion coefficients range from D, = 5.3 x 1073
cm?/s at 573 K to 7.9 x 107> cm?/s at 723 K.

Figure 5 plots the coefficients of self-diffusion over the
inverse temperature. The temperature dependence follows
roughly the Arrhenius equation:

D, = D yexp(—E,/kT) )

where D, the extrapolation to infinite temperature, serves as
a prefactor, while E, is the activation energy and k is the
Boltzman constant. Due to the limited amount of data, the
uncertainties are rather large. A fit to the data yields Dy =
3.1(£1) x 107* cm?/s and E, = 8 (£15) meV.

A comparison of the X-ray diffraction pattern recorded before
and after the QENS measurements revealed no sign of decom-
position. All the diffraction peaks present after the QENS
measurement could be identified as LiBH, reflections.

Discussion

Hydrogen dynamics in solid complex hydrides comprises
long-range translational diffusion as well as localized motions
like vibrations, librations, or rotations.?®?! The various
motions are characterized by their specific length scales and
time scales. Within the picosecond range, the time scale
accessible of the presently used neutron spectrometer, we

1000/T (K") 1000/T (K"
10 15 20 25 30 08 12 15 18 21
BT T T T . y . :
Li inLiCl i
1E-4 x o | H. g+
%20 2 iin Li
& ClifLici e % Lt Ll Liin Li
a= 1E-5 F——BH; ir] liquid LiBH; 1 R - (A T
§ | 5 s T .
o 1E6¢ 2 E o Liin LiF ° =
[ 3 x 1 e Qo
2 i o ] 2 o
g 1E-T | =1 1 E
8 S Liin L3gH, ] s BH, in liquid LiBH,
a 1E-8 F = 9 3 g
g Kinkcl 2 £
g 1E-9 | g. o . g
Ee10 E o £
olE — gn] ! : o
Kin KBr £ BH° Gt
= in Li A
1E-11 a . Z
2 ? .\r-vla in NaCl
e (1 1
1000800 600 400 300 1200 900 600 450

Temperature T (K)

Temperature T (K)

Figure 6. Left: Arrhenius plot of self-diffusivities of BH, in liquid LiBH, together with the diffusion of Li and BH, in solid LiBH,, the diffusion
coefficients of Li and Cl in molten LiCl, the diffusion coefficient of K in solid KBr and KCl, and the self-diffusion of liquid water. The vertical
line represents the phase transition. This graph is based on citation in ref 27. Right: The right panel compares the Li diffusivities in elemental, liquid

Li, and molten salts.



//doc.rero.ch

http

study the rotational jumps of the BH4 ions between
energetically degenerate positions.'"!'” The orthorhombic to
hexagonal phase transition is accompanied by an increase
of rotational jump frequency of the BH, units. This can be
clearly seen from the sudden broadening of the quasielastic
line above the phase transition temperature. In the high-
temperature phase, LiBH, is a lithium fast-ion conductor,
exhibiting a conductivity of more than 10~ S/cm. Fast Li-
ion conductivity has also been reported from other ionic
crystals, with complex anions such as SO,>”. Also these
compounds undergo structural phase transitions and similar
to LiBHy, the fast ion conductivity and the rotational motion
of the anion occur only in the HT phase. Thus the rotation
of the anion is believed to support the cation diffusion by
the so-called “paddle wheel mechanism”.?>?3 However, this
interpretation is not without controversy, and the validity of
the paddle wheel mechanism is under discussion. Other
effects such as a lattice expansion or symmetry changes may
be the key factors for both, the enhanced diffusivity of the
metal as well as the increase in the rotational motion.?*? As
LiBH, contracts during the phase transition,” any effect
requiring expansion can be excluded. At present it is unclear
whether there is a causal connection between the ion
conductivity and the BH, rotation in LiBH,4 or not.

In the liquid phase, we clearly see the characteristics of a
long-range translational motion. As LiBH, is an ionic solid,
molten LiBH, consists of Li" and BH, ™ ions?® with increased
mobility as compared to the solid state. Due to the small
inelastic incoherent neutron scattering cross section of lithium
as compared to that of hydrogen, the contribution of mobile
lithium or boron to the quasielastic spectra of LiBHy is
negligible. The signal is dominated by the hydrogen within
the BH, ™ ion. Therefore within the present experiment we
determined the diffusion coefficient of the BH;™ unit within
liquid LiBHj,.

Figure 6 left compares the measured diffusion coefficient with
the reported values of BH,~ and Li* in solid LiBH,,'%%” together
with the ionic diffusivity in solid KBr and KCI1,® with liquid
LiCI?? and with the self-diffusion of water.?” The measured
values lie in the 107> cm?/s range (at about 700 K), which is
similar to the diffusion coefficients in liquid alkali-halides such
as LiCl. Upon solidification the diffusion coefficient decreases
by about 5 orders of magnitude, which is again analogous to
the behavior of the alkali-halides. The right panel compares the
Li diffusivities in elemental, liquid Li, and molten salts. (See
ref 30 for LiF, ref 25 for NaCl, ref 22 for LiCl, and refs 31 and
32 for liquid Li.)

The diffusion coefficient increases with increasing temper-
ature. Applying the Arrhenius law, the activation energy is E,
= 88(x15) meV, which is within the same order of magnitude
as the activation energy of the rotational jumps in solid alkali
borohydrides."® The prefactor might be expressed as Dy = dv,
where d is the average diffusion distance traveled by the
migrating particle and v is the attempt frequency. Interpreting
d/t as the velocity v of the diffusing particle, D, becomes Dy
= dv. With Dy = 3.1 x 107* cm?/s and considering d as the
interionic distance of about 3 A or 3 x 1078 cm, the attempt
frequency v can be estimated to be 3.4 x 10'! Hz.

The use of complex hydrides as hydrogen storage materials
is hindered by the slow sorption kinetics. One possible barrier
is a slow diffusion of species. However, the measured diffusion
coefficient in the order of 107> cm?s is relatively fast when
compared to hydrogen diffusion in conventional metal hydrides
with fast hydrogen sorption.*® Therefore the diffusion can be

excluded as the rate limiting step for hydrogen sorption in
molten LiBH,. The rate limiting step is thus yet due to other
mechanisms, such as the formation or the breaking of the B—H
bonds, as suggested in ref 34.

Summarizing, we investigated the hydrogen dynamics in solid
and liquid Li''BH, by means of incoherent quasielastic neutron
scattering. We successfully stabilized the liquid phase against
decomposition up to 723 K (450 °C) by an applied H, pressure
of 50 bar. For the solid phase we can reproduce the experimental
results reported in ref 11. In the solid state we observe rotational
jump diffusion of the BH, subunits on the picosecond scale.
The phase transition at 383 K is accompanied by a sudden
increase of the rotational motion. In the liquid state we observe
the translational diffusion of the BH,; ions. The measured
diffusion coefficients are in the 107> cm?s range at temperatures
around 700 K, which is in agreement with the self-diffusion in
liquid alkali-hydrides. The temperature dependence of the
diffusion coefficient can be described by the Arrhenius law,
yielding an activation energy of E, = 88 meV and a prefactor
of Dy = 3.1 x 107* cm?s.
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