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Fast Li diffusion in crystalline LiBH4 due to reduced dimensionality:
Frequency-dependent NMR spectroscopy
V. Epp and M. Wilkening*
Institute of Physical Chemistry and Electrochemistry, Gottfried Wilhelm Leibniz University Hannover, Callinstr. 3a,
D-30167 Hannover, Germany
共Received 13 May 2010; published 16 July 2010兲
The hexagonal and orthorhombic form of lithium borohydride, LiBH4, are investigated by temperature and
frequency-dependent nuclear magnetic resonance 共NMR兲 spectroscopy. The local electronic structure and
microscopic diffusion parameters are determined by recording both 6,7Li NMR spectra and spin-lattice relaxation 共SLR兲 rates. The rates of the high-temperature flank of the SLR-NMR peaks of hexagonal LiBH4 clearly
depend on resonance frequency which unequivocally reveals a low-dimensional diffusion process. Due to the
very limited number of suitable model substances this makes lithium borohydride an extremely attractive
material to study the effect of reduced dimensionality on Li dynamics. Most likely, the spatial confinement of
Li hopping is also responsible for the very high ionic conductivity found for the hexagonal polymorph,
recently.
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knowledge, only few such solid-state NMR studies exist so
far8,9 including an elegant 1H NMR study by McDowell
et al.10 on the metal hydride ZrBe2H1.4.
While NMR, when applied to both liquids and solids, offers a large set of techniques widely used to probe diffusion
parameters on quite different time and length scales,11–14 it is
far less known that recording SLR-NMR rates as a function
of resonance frequency 0 / 2 can be employed in a unique
way to determine the dimensionality of a given diffusion
process from an atomic-scale point of view. Fortunately, randomly oriented powder samples are sufficient for such measurements since the method is solely based on the different
spectral density functions J共兲 controlling diffusion in one
dimension, two dimensions, or three dimensions 共3D兲.5 In
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Introduction. The hexagonal modification of crystalline
lithium borohydride, LiBH4, belongs to one of the fastest Li
ion conductors discovered1 with promising application possibilities as electrolyte in all-solid-state rechargeable
batteries.2–4 Materials with high ionic conductivity are highly
required for the development of so-called clean energy storage systems which are indispensable when the problem of
global warming has to be addressed. In order to meet these
challenges, materials science has to focus on the knowledgebased identification of new as well as on the target-oriented
improvement of known ion conductors. Certainly, this includes the detailed, atomic-scale investigation of diffusion
pathways giving information about the general rules leading
to fast ion conduction in solids. In many studies5 structural
properties such as disorder and defects are discussed to be
responsible for enhanced diffusivity. However, the influence
of dimensionality is hardly considered to explain transport
properties of solids, so far.
Although LiBH4 is a long-known reducing agent in organic synthesis and considered as an advantageous material
for hydrogen storage, the high ionic conductivity of its
hexagonal polymorph and modified forms has been found
only recently.1,6,7 Matsuo et al. suggested that Li diffusion is
confined to two dimensions 共2D兲 in LiBH4.1 This conclusion
is based on a rough comparison of Li jump rates deduced
from temperature-variable Li nuclear magnetic resonance
共NMR兲 spin-lattice-relaxation 共SLR兲 measurements with results from electrical impedance spectroscopy. However, such
a comparison is fraught with a lot of difficulties since rigorous assumptions concerning correlation factors and the conversion of SLR-NMR rates 共T−1
1 兲 into reliable cation jump
rates have to be made. Moreover, low-temperature SLR
NMR and conductivity measurements probe diffusion and
transport parameters, respectively, on quite different length
scales. In general, the analysis of diffusion-controlled SLRNMR rates as a function of the inverse temperature 共1 / T兲,
only, is by far not sufficient to unequivocally find out
whether Li migration in LiBH4 is restricted to two dimensions or not. Instead, frequency-dependent SLR-NMR measurements have to be carried out for this purpose. To our

FIG. 1. 共Color兲 Purely diffusion-induced 7Li SLR-NMR rates of
hexagonal and orthorhombic LiBH4. The rates were measured at the
radio frequencies 0 / 2 indicated. Solid lines in the T range of
hexagonal LiBH4 are to guide the eye. Note the nonvanishing frequency dependence at temperatures above the peak maxima 共see
arrows兲 of hexagonal LiBH4 stable at T ⬎ Thex./ortho. See text for
further explanations.
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the present Rapid Communication we will show that besides
its application-oriented relevance, hexagonal LiBH4 turned
out to be one of the very rare materials highly suitable to
study the influence of dimensionality on purely diffusioninduced Li SLR-NMR rates. Without any doubt, the frequency dependence of the high-temperature SLR-NMR rates
observed here, unequivocally points to a low-dimensional
diffusion process in layer-structured LiBH4 which might also
be the key to understand the very high ion conductivity observed, recently.
Experiment. The crystal structure of LiBH4 was studied
by Soulié et al.15 using synchrotron x-ray powder diffraction.
Below Thex./ortho = 381 K lithium borohydride shows orthorhombic symmetry 共space group Pnma兲. At temperatures
higher than Thex./ortho it undergoes a first-order phase transition and becomes hexagonal 共P63mc兲. The process is fully
reversible. LiBH4 melts at about Tm = 553 K. Because of this
we have restricted our NMR measurements to temperatures
lower than 515 K.
Nominally pure LiBH4 共colorless crystallites with diameters in the micrometer range兲 was purchased from Alfa
Aesar, strictly handled under inert-gas atmosphere and fire
sealed in quartz tubes for the NMR measurements. 6Li and
7
Li SLR-NMR rates were recorded using two Bruker spectrometers 共MSL 100 and MSL 400兲 connected to Oxford
cryomagnets of 4.9 T and 9.4 T 共shimmed magnet兲, respectively. The saturation recovery pulse sequence5 was used to
measure the diffusion-induced recovery of the longitudinal
magnetization M as a function of waiting time t after perturbing the equilibrium state, M共t兲 = M 0, with a comb of several closely spaced  / 2 radio-frequency pulses. The corresponding transients M共t兲, which were measured at different
temperatures, strictly follow single exponential time behavior M共t兲 = M 0关1 − exp共−t / T1兲兴. NMR spectra were obtained
by Fourier transformation of the free induction decays recorded after excitation the sample with a single radiofrequency pulse.
Results and discussion. Before analyzing the SLR-NMR
data of hexagonal LiBH4 it is worth discussing a few details
7
of T−1
1 = f共0 , T兲 of its orthorhombic form where the Li
−1
NMR T1 rates are indirectly controlled by rapid rotational
motions of the BH4 tetrahedra rather than by fast translational Li jumps.16 Temperature-variable 7Li SLR-NMR rates
共T−1
1 兲 of orthorhombic LiBH4, which were recorded at two
different frequencies 0 / 2 共155 and 78 MHz兲, are shown in
Fig. 1.
T−1
1 共1 / T兲 can be fitted with a sum 共solid lines兲 of two rate
−1
2
共0 , T兲 ⬀ J3D
peaks T1,i
i 共0 , T兲 ⬀ c,i / 关1 + 共0c,i兲 兴 共i = 1 , 2兲, respectively. They incorporate exponential lattice correlation
functions Gi共t兲, i.e., Lorentzian-shaped spectral density functions J3D
i 共0兲 as assumed by Bloembergen, Purcell, and
Pound 共BPP兲 for 3D random jump diffusion.17 Note that J共兲
−1
共0 , T兲 were
is the Fourier transform of G共t兲. The fits T1,i
restricted to a single term for a good approximation. The
motional correlation time c is given by the Arrhenius relation c,i = c0,i ⫻ exp关Ea,i / 共kBT兲兴 where c0,i represent the preexponential factors, Ea,i the activation energies, and kB
Boltzmann’s constant, respectively. Dashed and dasheddotted lines in Fig. 1 show the deconvolution of T−1
1 共1 / T兲
−1
−1
共0 , T兲 and T1,2
共0 , T兲, respectively,
into the rate peaks T1,1

FIG. 2. 共Color兲 共a兲 7Li NMR spectra of orthorhombic 共top兲 and
hexagonal LiBH4 共bottom兲 recorded at 0 / 2 = 155 MHz on a
nonrotating sample. 共b兲 Static 6Li NMR spectrum 共referenced to a
1 M LiCl兲 of hexagonal LiBH4 共bottom兲 and its simulation using
␦q共 6Li兲 = 770 Hz and 兩⌬兩 = 3 ppm, respectively. See text for further explanations.

depending on 0 / 2 each. The activation energies turned
out to be Ea,1 = 0.23共1兲 eV and Ea,2 = 0.21共1兲 eV. As expected for 3D diffusion the SLR-NMR rate is independent of
frequency in the high-T limit 0c Ⰶ 1. At low temperatures,
i.e., in the limit 0c Ⰷ 1, a frequency dependence shows up.
−1
In this regime T−1
1 follows the BPP-type power law T1
−2
⬀ 0 for uncorrelated motion which is already implemented
in the above-mentioned spectral density function.
As mentioned above, Li SLR-NMR rates reflect the dynamics of the BH4 units. The fact that Li diffusion is slow in
orthorhombic LiBH4 can be easily verified when 7Li NMR
line shapes are regarded 共Fig. 2兲. In the orthorhombic phase
the 7Li NMR spectrum recorded under static conditions is
Gaussian shaped and the corresponding line width 共full
width at half height兲, which is approximately 16.5 kHz 共see
Fig. 2 of an NMR spectrum of the so-called rigid lattice
regime which is in perfect agreement to those shown by Corey et al.18兲, does not change significantly from 155 K up to
380 K. We refer to Ref. 19 for 7Li magic angle spinning
共MAS兲 NMR spectra which were used to extract information
on local electronic structures in ortho-LiBH4. Therefore, c is
expected to be larger than 1 ms in this T regime rather than
on the order of 1 ns as can be estimated from the maxima
−1
共0 , T兲 rate peaks where 0c,i ⬇ 1 holds.
positions of the T1,i
The two rate maxima observed can be attributed to two different rotational jump processes of the BH4 units which was
rationalized by, e.g., 11B and 1H SLR-NMR measurements,
recently.16
However, the situation of extremely slow Li motions in
the orthorhombic form changes dramatically when the structure of LiBH4 turns into the layered one with hexagonal symmetry. In Fig. 2 the 7Li NMR spectrum of layer-structured
LiBH4 is compared with that of the orthorhombic form.
Above 381 K very similar and fully motionally narrowed
NMR spectra are obtained indicating very fast Li diffusion
with a mean motional correlation time being much smaller
than 0.1 ms. In Refs. 1 and 18 similar observations were
made. As expected for a spin-3/2 nucleus such as 7Li, a
well-defined quadrupole powder pattern shows up in this T
range revealing distinct inner singularities and outer wings
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from which the quadrupole coupling constant ␦q共 7Li兲 can be
determined. ␦q共 7Li兲 turns out to be about 37.06共2兲 kHz
which is in good agreement with results obtained when 7Li
MAS NMR spectra are analyzed.19 ␦q共 7Li兲 characterizes the
strength of the electric interaction of the 7Li quadrupole moment q with the electric field gradient 共EFG兲 produced by the
electric charge distribution in the neighborhood of the Li site.
The EFG is found to be almost axially symmetric here so
that it can be deduced from the quadrupole singularities in a
straightforward way20 without invoking a simulation of the
spectrum. In principle, this is also possible for the 6Li NMR
spectrum recorded. However, due to the much smaller quadrupole moment of 6Li compared to 7Li the relative influence
of chemical shift anisotropy ⌬ on the line shape is much
larger. Hence, we have simulated the spectrum shown in Fig.
2共b兲 to determine both ␦q共 6Li兲 and 兩⌬兩 using the program
WSOLIDS.21 Once again the EFG turned out to be almost
axially symmetric and ␦q共 6Li兲 and 兩⌬兩 amount to be about
770 Hz and 3 ppm, respectively. Thus, the ratio
␦q共 6Li兲 / ␦q共 7Li兲 = q共 6Li兲 / q共 7Li兲 is about 0.02, which is in
good agreement with a previously reported value obtained in
the same way on an Li3N single crystal.22
The observed chemical-shift anisotropy as well as the fact
that the quadrupole interactions are not averaged by rapid Li
hopping on the hexagonal lattice point to a highly anisotropic
Li diffusion process. Its low-dimensional nature can be unequivocally verified when the high-temperature flanks
共0c Ⰶ 1兲 of the corresponding Li NMR T−1
1 共1 / T兲 rate peaks
recorded at different 0 / 2 values are regarded 共Figs. 1 and
3兲. In the high-T limit a characteristic frequency dependence
shows up which can only be interpreted in terms of Li diffusion taking place in confined dimensions. As mentioned
above, in the case of 3D diffusion no such frequency dependence shows up in this limit. Note that the high-T flank of a
SLR-NMR rate peak is solely influenced by the dimensionality of the diffusion process. This is in contrast to the slope
of the low-T flank which can be additionally affected by
correlation effects such as Coulomb interactions and/or
structural disorder.5,23–25 Usually this leads to a reduced
slope in the limit 0c Ⰷ 1 resulting in a subquadratic depen−␤
5
dence T−1
1 ⬀ 0 with 1 ⬍ ␤ ⱕ 2. Quite recently, Solonin et
7
al. reported on Li NMR relaxation rates in the limit 0c
Ⰶ 1; however, they did not analyze their data with respect to
dimensionality effects.26
Relaxation models developed for 2D diffusion of dipolarly coupled spins predict a logarithmic frequency depen27
dence of T−1
1 on the high-T side of the rate peak. The spec2D
tral density function J 共0 , c兲 ⬀ c ln关1 + 1 / 共0c兲2兴
introduced by Richards combines the two limiting cases for
low and high temperatures of a 2D system.28 For uncorrelated 2D motion the rate peak is expected to be asymmetric
in shape exhibiting a slightly reduced slope in the limit
0c Ⰶ 1 compared to that of the low-T side. In the case of
7
Li SLR NMR this might be masked due to the larger homonuclear and heteronuclear couplings of the 7Li spins so that
an almost symmetric rate peak is observed 共see Fig. 1兲. Note
that also in hexagonal LiBH4 the BH4 units are expected to
perform fast rotational motions. Interestingly, the special
characteristics of J2D共0 , c兲 can be observed in the case of
6
Li subjected to much smaller coupling mechanisms. In the

/ s -1

FAST Li DIFFUSION IN CRYSTALLINE LiBH4 DUE…

FIG. 3. 共Color兲 Arrhenius representation of the 6Li SLR-NMR
rates of hexagonal LiBH4 recorded at 0 / 2 = 58 MHz and 29
MHz, respectively. Solid lines represent fits according to a spectral
density function J2D共0 , T兲 proposed for 2D diffusion 共see text兲
revealing the characteristic asymmetry of the rate peaks T−1
1 共1 / T兲.
The slope on the high-T flank of the rate peaks is by about a factor
of 3/4 smaller than that of the low-T side. Symmetric rate peaks
would be obtained in the case of 3D diffusion 共indicated by the
dashed line兲.

present study a sample with natural abundance 共7.5% 6Li兲
was investigated. Therefore, interfering interactions are additionally largely reduced due to the spatial separation of the
6
Li spins 共quasispin-1/2 nuclei兲. In contrast to 7Li NMR, the
smaller frequencies of the 6Li SLR-NMR measurements allow the detection of larger ranges of the high-T flanks of the
rate peaks 共see Fig. 3兲 which shift to lower T when 0 / 2 is
decreased. Solid lines in Fig. 3 show fits according to Richards’ spectral density function J2D共0 , c兲 based on
T−1
1 共0 , c兲 ⬀ c ln共1 / 0c兲 for 0c Ⰶ 1 and a BPP-type fre−2 −1
quency dependence T−1
1 共0 , c兲 ⬀ 0 c for 0c Ⰷ 1 共vide
supra兲. It is worth mentioning that in the case of LiBH4 the
recorded SLR-NMR rates are purely induced by diffusion.
Any nondiffusive background effects, see, e.g., Ref. 14, are
completely absent, i.e., no correction procedures are necessary to obtain reliable Li T−1
1 rates. From the fits shown in
Fig. 3 a pre-exponential factor c0 on the order of 10−15 s is
obtained being in agreement with values typically found for
phonon frequencies. The activation energy turns out to be
Ea = 0.54共2兲 eV and characterizes long-range Li diffusion in
LiBH4. It is in good agreement with that deduced from electrical impedance spectroscopy 共0.53 eV兲, recently.1
Let us note that the same values for Ea and c0 are obtained when the four-parameter spectral density function is
used which was proposed by MacDonald et al.29 for like-spin
magnetic dipolar interactions between spins undergoing 2D
diffusion. In the temperature range covered here the corresponding fits are very similar to those shown in Fig. 3. Analyzing just the rates on the low-T flank of the 6,7Li SLRNMR rate peaks leads to Ea ⬇ 0.5 eV as well. In the limit
0c Ⰷ 1 the T−1
1 rates are sensitive to localized motions. This
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indicates that no difference between short-range and longrange motions in LiBH4 can be observed by NMR. The same
result has been found for layer-structured LixTiS2,
recently.11,14
A singular T−1
1 共1 / T兲 rate peak recorded at one resonance
frequency only, restricts the possibilities to extract information about the dimensionality of ion dynamics solely to the
analysis of the shape of the peak. This necessarily requires
highly precise measurements certainly carried out over a
large temperature range in order to reveal the small differences between the two slopes on either sides of the maximum, see, e.g., Ref. 14. Even more, an exact model is
needed being capable to predict T−1
1 共1 / T兲 with respect to
structural details of the material under investigation. Let us
note that the observed asymmetry highlighted in Fig. 3 might
not be observed if the low-T side of the peak is influenced by
correlation effects 共␤ ⬍ 2兲. In such cases symmetric rate
peaks may show up masking the information about dimensionality effects in the limit 0c Ⰶ 1. Therefore, frequencydependent SLR-NMR measurements are by far the best
choice to confirm low-dimensional diffusion. The nonvanishing frequency dependence of the T−1
1 rates in the limit 0c
Ⰶ 1 共see Figs. 1 and 3兲 also shows up when SLR-NMR rates
−1
共1 / T兲 are recorded in the rotating frame of reference.
T1
−1
共1 / T兲 NMR measurements have been perPreliminary, T1
formed at three locking frequencies 1 / 2 ranging from 4.5
to 18 kHz. The data are consistent with a linear dependence
−1
共1 / T兲 on ln共1 / 1兲.
of T1
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