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ABSTRACT: The structural and dynamical properties of
LiBH4 confined in porous carbon and ordered porous silica are
studied using 1H, 7Li, and 11B solid-state NMR. The 11B and
7Li NMR resonances of LiBH4 confined in porous carbon
(broad pore size distribution up to <60 nm) are strongly
broadened compared to bulk LiBH4. This line broadening is
dominated by anisotropic susceptibility effects induced by the
nanostructured carbon host. Because of the lack of resolution
caused by the anisotropic susceptibility broadening, we studied
confined LiBH4 in ordered porous silica (MCM-41 pore size:
1.9 nm). In the 7Li and 11B spectra, a bulk-like LiBH4
resonance is observed together with an additional, more narrow component. Above T = 313 K, this component showed a
typical J-coupling pattern in both 11B and 1H spectra corresponding to highly mobile BH4

− species. Static 11B solid-state NMR
measurements compared with second moment calculations show that these BH4

− species not only rotate as in the bulk material
but also experience translations through the crystal lattice. Static 7Li measurements show that Li+ is also highly mobile. Therefore,
we conclude that nanoconfinement of LiBH4 strongly enhances diffusional mobility of borohydride anions and lithium in this
material.

■ INTRODUCTION

Metal hydrides are promising materials to compactly store
hydrogen.1 The complex metal hydride lithium borohydride,
LiBH4, is an interesting material because of its relatively high
gravimetric hydrogen content of 18.5 wt % and volumetric
hydrogen content of 121 kg H2/m

3.2 LiBH4 forms an ionic
crystal which contains Li+ cations and BH4

− anions. Motion is
present throughout the lithium borohydride crystal. Several
studies on atomic mobility in the LiBH4 crystal lattice report
rapid reorientations of the tetrahedral BH4

− anions.2−7 The
material melts at 558 K and undergoes a solid−solid phase
transition from a low-temperature orthorhombic phase to a
high-temperature hexagonal phase at 384 K.8 The high-
temperature phase shows a remarkable higher Li ion mobility
than the low-temperature phase.9

In practical applications, LiBH4 is unfortunately thermody-
namically too stable, and high temperatures are needed to
release its hydrogen. The overall decomposition reaction, when
the material is heated up to 773 K, is shown to be according to
the scheme2

→ + +LiBH (l) LiH(s) B(s) 3/2H (g)4 2 (1)

where Li2B12H12 generally has been accepted as a intermediate
species.10−12 The decomposition of LiH is usually not taken

into account since LiH is stable up to 1173 K.13 Another issue
in practical applications of LiBH4 is that the hydrogen
desorption reactions are not fully reversible. Partial reversibility
has been shown at a hydrogen pressure of 155 bar and a
temperature of 873 K.14

One of the methods to improve hydrogen sorption kinetics
and reversibility in metal hydrides is by confinement in a
nanoporous support material, which results in a reduction of
the particle sizes to the nanoscale.15−21 The kinetics of the
reactions of the desorption and absorption of hydrogen are
significantly improved, and the thermodynamics properties
have been shown to be modified for NaAlH4.

22,23 For LiBH4,
Gross et al.24 reported for the first time enhanced kinetics after
nanoconfinement by melt infiltration in a porous carbon
aerogel.
To study structure and dynamics of (complex) metal

hydrides, solid-state NMR has become a popular techni-
que.5,6,25−32 Hwang et al.11 confirmed the formation of
B12H12

2− complexes in the decomposition of metal borohy-
drides by NMR. Conradi et al.,4,6,32,33 Skripov et al.,5,7 and
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Jimura et al.34 studied the structure and atomic mobilities of
LiBH4.
Jimura et al.34 showed, using solid-state NMR, that two types

of motion take place for a BH4
− unit in the low-temperature

phase. The second moments of the 1H and 11B spectra suggest
that the sum of these two types of motion resembles isotropic
reorientation of the BH4

− unit. This motion is observed for T >
170 K, and the rotation rates exceed a threshold value in the
order of in the kHz range. In addition, the rotational motion of
BH4

− in LiBH4 has recently been studied by quasielastic and
inelastic neutron scattering, which can probe H motions that
occur on the order of nanoseconds to picoseconds. The results
of Verdal et al.35 strongly suggest a reorientation mechanism for
BH4

− in the high-temperature phase (above 384 K) of LiBH4
described by a trigonal-axis rotation of three borohydride H
atoms coupled with jump exchanges with the remaining axial H
atom.
Martelli et al.36 report that the motion of BH4

− in LiBH4/LiI
solid solutions is dominated by 90° reorientations around the
4-fold symmetry axes of BH4

−. At temperatures about 200 K,
typical dwell times between these reorientational jumps are in
the picosecond range. The presence of iodide enhances the
reorientation speed and stabilizes the disordered high-temper-
ature phase of LiBH4 well below room temperature.
For nanoconfined complex metal hydrides, NMR is

particularly valuable,32,37−42 since the outcome of solid-state
NMR experiments is mainly influenced by the local structure
and no long-range crystallinity is required. For example, X-ray
invisible phases of nanoconfined LiBH4 formed after melt
infiltration and rehydrogenation could be identified by solid-
state NMR.41 In this work, we will describe the effect of
confinement in porous carbon and ordered porous silica on the
structure and dynamics of LiBH4 by

1H, 7Li, and 11B solid-state
NMR.

■ EXPERIMENTAL SECTION
Synthesis of the Samples. High surface area graphite

(HSAG-500, Timcal Switzerland) and ordered porous silica
MCM-41 (synthesis described below) were used as nanoporous
materials to confine LiBH4 (Acros Organics, 95% pure). All
sample handling and storage was done under an Ar atmosphere
in a glovebox (contamination typically less than 0.1 ppm of O2
and H2O) to avoid exposure to O2/H2O.
MCM-41 was synthesized according to a procedure

described by Cheng et al.43 using cetyltrimethylammonium
bromide (CTAB, Aldrich) as template, Aerosil 380 (Evonik) as
silica source, and tetramethylammonium hydroxide (TMAOH,
25% Aldrich) as base. 6.28 g of CTAB was dissolved in a
solution containing 55.37 g of water and 6.07 g of TMAOH.
Then 5 g of Aerosil 380 was added, and the solution was stirred
for 1 h at 313 K to form a gel. The gel was aged in a Teflon-
lined autoclave at 353 K for 24 h and subsequently crystallized
at 413 K for 48 h. The resulting product was filtered and
washed extensively with water until pH was neutral, dried at
333 K for 24 h, and calcined at 723 K for 10 h.
The porosity was characterized using nitrogen physisorption,

and the pore size distributions of the samples were calculated
from the adsorption branch using BJH theory44 with the
Harkins and Jura thickness equation (silica−alumina reference
for MCM-41) and Carbon Black STSA thickness equation (for
HSAG-500). MCM-41 has a narrow pore size distribution
centered at 1.9 nm, a single point adsorption total pore volume
of 0.66 cm3 g−1, and a BET surface area of 1550 m2 g−1. The

high surface area graphite has a BET surface area of 500 m2 g−1

and a single point adsorption total pore volume of 0.68 cm3 g−1

with 0.5 cm3 g−1 in pores smaller than 200 nm, of which 50%
comes from pores with a diameter smaller than 14 nm. Prior to
use, the carbon was dried at 500 °C for 5 h under a N2 flow.
Host materials were melt infiltrated with LiBH4; the required

amounts of carbon and LiBH4 were mixed, placed in a graphite
sample holder, and inserted into a stainless steel autoclave. An
initial pressure of 50 bar of H2 was applied. The sample was
heated at 3 K min−1 to 568 K and allowed to stay for 30 min at
568 K at a final pressure of 100 bar of H2. The sample was then
allowed to cool down to room temperature, and the hydrogen
gas pressure was released. LiBH4/C nanocomposites containing
5, 15, 25, 35, 45, and 65 wt % LiBH4 were synthesized and
labeled according to the weight percentage of LiBH4 relative to
the total weight of the sample. A LiBH4/MCM-41 nano-
composite containing 30 wt % LiBH4 was synthesized by the
same procedure used to melt infiltrate carbon.
Considering the pore volume in HSAG-500 and the bulk

density of LiBH4 (0.666 g cm
−3), 25 wt % sample is expected to

fill all pores up to 200 nm, while the 35 wt % sample is expected
to be overfilled. Sometimes even at nominal pore filling a small
residual pore volume in the range of 4−20 nm is detected,
indicating incomplete pore filling. Similarly for the MCM-41,
about 30 wt % LiBH4 is required to completely fill all the pores.
As a reference sample, pure LiBH4 without nanoporous

material was treated in a similar way as the melt infiltrated
samples by heating it under a hydrogen pressure.

Solid-State NMR Measurements. Solid-state NMR
experiments were performed on 600 MHz (14.1 T) and 850
MHz (20 T) Varian VNMRS spectrometers using 2.5 mm HX
MAS and 1.6 mm HXY MAS probes. All experiments were
performed in a flowing dry N2 environment because of the O2/
H2O reactivity of the samples.
On the 600 MHz spectrometer, 11B and 7Li single pulse

excitation spectra were obtained using a short hard pulse of
0.20 μs at an effective RF field strength of 140 kHz. A MAS
speed of 10 kHz was applied.
Z-filtered 11B MQMAS experiments45−47 were performed on

the 600 MHz spectrometer using high power pulses at an RF
field strength of 160 kHz and low power pulses at an RF field
strength of 15 kHz and sample spinning speed of 15 kHz. After
the 2D Fourier transform, a shearing transformation was
applied using a shearing factor equal to 7/9 for 11B (I = 3/2).
Different conventions are reported in the literature for the
scaling of the F1 dimension.

48 We multiplied the vertical axes
(F1) of the MQMAS spectrum by a factor of 9/34 for 11B,
resulting in equal chemical shift values in ppm in the F1 and F2
dimension for a hypothetical resonance without a quadrupolar
interaction.49

On the 850 MHz spectrometer, 11B and 7Li single pulse
excitation spectra were obtained using a short hard pulse of
0.20 μs at an effective RF field strength of 150 kHz. Continuous
wave 1H decoupling at an RF field strength of 7 kHz was
applied after optimization of this field strength. A MAS speed of
17.5 kHz was applied. 1H single pulse excitation spectra were
measured using a 90° pulse at an RF field strength of 150 kHz.
A 11B 2D J-resolved NMR experiment was performed on the

850 MHz spectrometer.50 A 90° pulse of 1.7 μs and a 180°
pulse of 3.4 μs were used at an RF field strength of 160 kHz.
Continuous wave 1H decoupling with a RF field strength of 7
kHz was applied during detection. A MAS speed of 17.5 kHz
was applied.
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Static 11B and 7Li NMR measurements (without magic angle
spinning) were performed using a 1.6 mm HXY MAS probe in
a flow of dry nitrogen. The 11B measurements were done on
the 850 MHz spectrometer, using a solid echo pulse sequence
with τSE = 50 μs, an RF field strength of 160 kHz, and a 90°
pulse length of 1.7 μs. For 7Li, experiments were conducted on
the 600 MHz spectrometer, and a short hard pulse of 0.20 μs at
an effective RF field strength of 150 kHz was used.
Second Moment Calculations. To calculate the size of

the dipolar line broadenings of 7Li and 11B with 1H, 6Li, 7Li,
10B, and 11B nuclei in close proximity, second moment
calculations were performed. From the physical point of view,
the second moment can be seen as the square of the average
local magnetic field induced by the surrounding dipoles at the
position of the resonant nucleus. It can be calculated using a set
of equations derived from first principles by Van Vleck.51 In
these calculations, the contributions of the different isotopes are
weighted by their natural abundances. The calculated second
moment dipolar line width is a good prediction for the
experimentally determined line width if the crystal lattice is
rigid. In NMR, a rigid lattice implies that there are no atomic
motions present during the measurement, in particular when
the free induction decay is being recorded. If the motion is fast,
internuclear distances and angles will vary during the
measurement and averaging of the dipolar couplings will take
place, leading to a narrowing of the resonances. This effect can
be calculated by averaging the second moment for different
positions of an atom during the measurement.
In this study of LiBH4, the second moment calculations were

performed for a rigid crystal lattice and for this lattice allowing
for rotational motion of the BH4

− anions. The atomic positions,
which were determined by synchrotron single-crystal diffraction
data, were taken from Filinchuk et al.52 From the LiBH4 crystal
parameters, a 3 × 3 × 3 unit cell array was created,
corresponding to a crystal size of 21 × 13 × 10 Å and a total
of 108 BH4

− anions. Including more unit cells in the calculation
did not yield a significantly different outcome because of the r−6

dependency of the magnetic dipole contribution to the second
moment.
The rotation of the borohydride anions was implemented by

an iterative model53−56 in Matlab.57 An “isotropic” rotation for
the BH4

− was implemented by rotations around the four C3

symmetry axes of a BH4
− anion. In every iteration, one of the

BH4
− anions was randomly selected. Then, one of the four C3

rotation axes was randomly selected, about which a BH4
−

reorientational jump took place either clockwise or counter-
clockwise. This model of fast isotropically rotating BH4

− anions
will be representative for any reorientation mechanism where
the four hydrogen atoms move fast over all four possible
positions in the BH4

− anion. Handling the 11B−11B and 7Li−7Li
terms as like (equal gyromagnetic ratio and orientation/
magnitude of the electric field gradient) or semilike (equal
gyromagnetic ratio but a different orientation/magnitude of the
electric field gradient) spins leads to only slight differences in
the overall calculated full width at half-maximum (fwhm).58 For
LiBH4 not all electric field gradient tensors were expected to
have the same orientation within a unit cell, and therefore the
11B−11B and 7Li−7Li terms were approximated by treating
them as semilike spin terms.

■ RESULTS AND DISCUSSION
LiBH4 in Porous Carbon. A series of 7Li and 11B single

pulse excitation spectra were measured for different loadings of
LiBH4 melt infiltrated in porous carbon. These spectra are
shown in Figure 1. In these series, 25−30 wt % LiBH4

corresponds to complete pore filling. Figure 1c,g shows the
7Li and 11B spectra of a physical mixture containing 25 wt %
LiBH4 and 75 wt % nanoporous carbon and the same sample
after melt infiltration. The physical mixture (Figure 1g) shows
single resonances for 7Li and 11B at −2.7 and −42.9 ppm,
respectively, in agreement with previous studies.59 However,
compared to the pure compounds, a small decrease in shift of
approximately 1−2 ppm and an increase in line broadening are
observed after physically mixing the material with carbon. This
line broadening was also observed for NaAlH4 mixed with the
same type of porous carbon, HSAG-500. Since graphitic carbon
has an unusually large anisotropic magnetic susceptibility, the
line broadening is explained by susceptibility effects of the
carbon material.
A detailed description of magnetic susceptibility broadening

is given by Samoson et al.60 A magnetic moment will be
induced in the sample substance, in our case nanoporous
carbon, and generate a local magnetic field at the site of the
spin. If the susceptibility is isotropic, the induced magnetic
moment is constant and along the magnetic field. In this case,
the local field contribution to nuclear spins is similar to a
heteronuclear dipolar interaction that will be averaged by magic
angle spinning. However, the local field contributions of
anisotropic magnetic susceptibility effects are not averaged by
magic angle spinning. This causes a shift in peak position and
explains the decrease in frequency of the resonances in our

Figure 1. 11B and 7Li single pulse excitation spectra of LiBH4 in
porous carbon for different loadings of LiBH4. The lower curves
represent the spectra for the physical mixture of the LiBH4 with the
porous carbon before melt infiltration. These measurements were
done at 14.1 T, and a sample spinning speed of 15 kHz was applied.
The 7Li axis (above) is shifted by −40.5 ppm with respect to the 11B
axis (below) be able to compare the line shapes with the 11B spectra.
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spectra. Variations in the location of LiBH4 crystallites with
respect to the carbon material are present. This results in a
spread of resonance lines and explains the observed line
broadening. In general, this line broadening caused by
anisotropic susceptibility effects is proportional to the Larmor
frequency and therefore remains constant if the spectra are
displayed on a parts per million scale.61

The 7Li and 11B resonances strongly broaden after melt
infiltration. This effect was observed before in nanoconfined
NaAlH4.

38 For a detailed discussion of line broadening
mechanisms in nanoconfined complex metal hydrides, we
refer to ref 38. In this study, the line broadening in NMR
spectra of melt infiltrated NaAlH4 was attributed to
susceptibility effects combined with possible distributions in
chemical shift values and quadrupolar interaction parameters.
The quadrupolar parameters of bulk LiBH4 are small, for 11B:

Cq = 99 kHz and ηq = 0.91 and for 7Li: Cq = 17.9 kHz and ηq =
0.28−0.98 were found by Arnbjerg et al.59 Based on these
quadrupolar parameters, a second-order line broadening of
about 2.4 Hz for 11B and 0.06 Hz for 7Li is expected at 14.1 T.62

The experimental line widths of bulk LiBH4 are 400 and 500
Hz, respectively, and therefore the residual line widths cannot
be explained by a second-order quadrupolar effect. The 7Li and
11B bulk LiBH4 resonances are narrow lines when magic angle
spinning is applied, indicating that the dipolar couplings are
efficiently suppressed. Therefore, it is unlikely that after melt
infiltration residual dipolar couplings are the dominating line
broadening mechanisms. This observation was indeed con-
firmed by proton decoupling experiments showing no change
in line widths as shown in Figure S1 of the Supporting
Information. This means that the line broadening of 11B and 7Li
in nanoconfined LiBH4 in carbon is not dominated by residual
dipolar couplings with protons.
To reveal the nature of the NMR line broadening in the

nanoconfined LiBH4 samples, we did single pulse excitation
measurements and MQMAS experiments for different loadings
of LiBH4 in carbon. The single pulse data are shown in Figure
1. It should be noticed that in this figure the maximum
intensities are scaled to the same height for each graph. For
increasing loadings of LiBH4 in carbon, a continuous decrease
in line width for both 11B and 7Li is observed. For the sample
containing 65 wt % LiBH4, about 50% of the LiBH4 is expected
to be outside the pores, and thus it can be seen that the spectra
become more similar to the physically mixed sample. A table
with the line broadening as a function of the LiBH4 loading can
be found in Table 1.

Remarkably, the 11B and 7Li line widths are similar when
plotted on a ppm scale. This suggests that the dominating
mechanism for the line broadening is based on anisotropic
susceptibility effects. These anisotropic susceptibility effects
result in different magnetic fields for different positions of
LiBH4 with respect to the carbon. This results in frequency
distributions in the NMR spectra. Because the resonance
frequencies are proportional to the magnetic field strength, a
region with an altered field strength has all of its resonance
frequencies (Li, B) shifted by the same fraction in the ppm
scale.61 We expected that nuclei very close together experience
the same magnetic field, and therefore similar line shapes for
both 11B and 7Li are expected. In addition, because 7Li has a
much smaller chemical shift range and smaller typical
quadrupole interaction strength than 11B, the equal size of
the broadenings for these two nuclear spins indicates that
chemical shifts and quadrupole effects are indeed not
responsible. The carbon material is highly disordered; hence,
it is not possible to calculate the field distribution in the pores,
and a quantitative prediction of the spectral shape is presently
not feasible. However, the change in line width as a function of
loading suggests that the microstructure and/or distribution in
the carbon pores depends on the degree of loading.
Only a single component is visible in the spectra, and the line

widths change smoothly with increasing loadings. This effect
suggests that all LiBH4 in the melt infiltrated nanocomposites is
in rather close contact with the carbon in contrast to the
physical mixture. No large LiBH4 crystals like in the bulk
material are formed, since these would result in a more narrow
line shape (as in the physical mixture) superimposed on the
broad line. On the basis of the external surface area of the
carbon of 10−15 m2/g, assuming that the pores are completely
filled and the remaining LiBH4 is uniformly distributed outside
over the porous particles, we estimate that the LiBH4 layer
outside the porous particles has a 50−150 nm thickness. So this
is indeed far from bulk, but also not in the lower nanometers
regime that is found inside the pores.
MQMAS experiments were performed to rule out the

possibility of quadrupolar line broadening as the dominant line
broadening effect. In this type of experiment, a distribution in
field strength would be visible as a chemical shift distribution
along the diagonal axis in a MQMAS experiment as has been
shown before for NaAlH4.

38 For three different loadings of 5,
25, and 45 wt %, 11B MQMAS spectra were acquired, and these
results are shown in Figure 2. All three spectra show a clear
broadening along the isotropic shift axis, which confirms that
the line broadening is indeed caused by susceptibility effects.
The line broadening in the perpendicular direction is
symmetric and is attributed to an incomplete removal of
residual dipolar couplings.
Possibly the presence of a larger interface area for lower

loadings because of incompletely filled pores could result in a
higher structural disorder. Structural disorder can be visible as
distributions in quadrupolar parameters in the MQMAS
experiments. However, no broadening and/or bending in the
quadrupolar induced shift direction is visible in these spectra.
This means that, within the detection limits, no distributions in
quadrupolar coupling parameters can be observed. Therefore,
we conclude that the BH4

− anions are most likely intact.
Distortions in these anions like a hydrogen vacancy would have
resulted in strong electric field gradients at the position of the
nucleus leading to distributions in quadrupolar parameters. In
addition, in the case of hydrogen vacancies, we would expect

Table 1. Observed Fwhm of the Spectra of Figure 1 (in
ppm)a

sample 7Li 11B

5 wt % LiBH4 25.8 26.9
15 wt % LiBH4 21.8 24.2
25 wt % LiBH4 21.4 22.5
35 wt % LiBH4 15.3 15.0
45 wt % LiBH4 11.6 10.3
65 wt % LiBH4 5.9 4.2
PM LiBH4 3.0 2.9
LiBH4 2.0 2.0

aThese spectra were measured at 14.1 T, and a sample spinning speed
of 15 kHz was applied.
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significant differences in chemical shift for 11B, which is not
observed.
In a previous study, the anisotropic susceptibility broadening

because of the contact to the carbon has been used to study the
microstructural evolution of the boron phases in LiBH4
nanocomposites upon dehydrogenation and rehydrogenation.41

The effect of a catalyst such as nickel on the microstructure of
the material was that the LiBH4 distribution in the carbon is
retained upon cycling as similar 11B line shapes are observed
before and after rehydrogenation. In contrast, different 11B line
shapes are observed when no nickel catalyst is present. This
result suggests a change in microstructure or distribution of
LiBH4 in the carbon material with a tendency toward phase
separation and increased cluster size. In this way, the carbon
susceptibility can be used to probe the microstructure of the
nanoconfined materials. Unfortunately, this effect also comes
together with a decrease in resolution and probably structural
information will be lost.
LiBH4 in Ordered Mesoporous Silica. To circumvent the

large line broadening of LiBH4 nanoconfined in carbon, we
continued our study with LiBH4 confined in porous silica. The
magnetic susceptibility of silica is much lower than that of
graphite. For that reason, we hoped to reduce these
susceptibility broadenings that might overshadow structural
information. Silica is not an obvious choice to confine LiBH4, as
it thermodynamically is expected to react forming lithium
silicates. Indeed, it is known that upon decomposition of LiBH4
reaction with the silica takes place, leading to irreversible
hydrogen loss.63 Therefore, this material is not suitable to be
used in practical applications. However, it has been proven that
sufficiently high hydrogen pressure during melt infiltration can
prevent decomposition of the LiBH4 and that under these
conditions the porous silica matrix is not damaged by the melt
infiltration process.63 In this work, we study the structural
properties of LiBH4 confined in ordered porous silica, MCM-
41, with an average pore size of 1.9 nm. It is used as a model
system to investigate the fundamental effects of nanoconfine-
ment, which will be equally relevant/applicable for carbon-
based systems.
Single Pulse 11B, 1H, and 7Li NMR as a Function of

Temperature. 11B, 1H, and 7Li NMR single pulse excitation
spectra with and without proton decoupling are measured as a
function of temperature for LiBH4 confined in ordered porous
silica, MCM-41. This silica has a monodisperse pore size of 1.9
nm. In the 11B spectra at room temperature (Figure 3), a
substantially smaller line width is observed in comparison with
the spectra in porous carbon. For LiBH4 in MCM-41 measured

without proton decoupling at 293 K, the approximate fwhm of
the line is 2 ppm, while in carbon it was 22.5 ppm. This large
decrease in line width is attributed to the absence of the strong
susceptibility effects in the MCM-41 material, as expected.
In the 11B single pulse excitation spectrum at 293 K, a clear

splitting of the line shape in two components, a broad and a
narrow component, is observed when proton decoupling is
applied. The broad component is positioned at −41.7 ppm and
has a similar shape and position as the bulk LiBH4 material,
which was found at −41.5 ppm (see Supporting Information
Figure S2) To study the origin of the narrow component in
more detail, 11B spectra were measured at different temper-
atures with and without proton decoupling. A temperature
range of T = 233−323 K was chosen. The application of higher
temperatures was not possible in this setup. In LiBH4,
rotational motion of BH4

− units has been observed.2−7 In our

Figure 2. 11B MQMAS spectra of LiBH4/C for different loadings of LiBH4 in porous carbon. These spectra are measured at 14.1 T, and 15 kHz
MAS was applied. The spectra are sheared and the vertical axes (F1) are scaled by a factor of 9/34, so the chemical shift is along the diagonal.

Figure 3. 11B single pulse excitation spectra of 30 wt % LiBH4 in
ordered porous silica, MCM-41, for different temperatures with and
without 1H decoupling. These measurements were done at 20.0 T, and
a sample spinning speed of 17.5 kHz was applied. A clear splitting of
the line shape in two components, a broad and a narrow component, is
observed when proton decoupling is applied. Above T = 313 K, the
spectra without 1H decoupling show a typical J-coupling quintuplet
consisting of five lines corresponding to a highly mobile BH4

− species,
where one 11B is coupled to four 1H atoms.
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spectra, the broad bulk-like component does not differ with
temperature. This means there is no change in mobility for
BH4

− in this phase on the approximately milliseconds time
scale of our experiments.
Two spectral effects are observed for the narrow component.

First, a clear increase in 11B line width is observed upon
lowering the temperature. The fact that the line width of the
narrow component changes with temperature suggests that
there is additional temperature-dependent atomic mobility
present. The line broadening in the spectra is most likely
caused by residual dipolar couplings, which are not completely
removed by magic angle spinning. The atomic motion becomes
slower upon lowering the temperature since the lines become
broader and dipolar interactions are averaged to a lesser extent.
Second, the narrow component shows a splitting in five lines
starting at temperatures of 283−293 K and higher when the
NMR experiment is done without proton decoupling. The five
lines correspond to a typical 11B−1H J-coupling pattern which,
as expected, disappears when proton decoupling is applied. A
similar J-coupling pattern has been observed by Shane et al.6 for
molten LiBH4 and is attributed to highly mobile BH4

− species.
In this species, a boron atom is coupled to four equivalent
hydrogen nuclear spins. This results in a J-coupling quintuplet
of five lines with intensity ratio 1:4:6:4:1.
The splitting between the 11B lines in our experiment, which

equals the J-coupling constant, is 80 ± 1 Hz. This value is in
agreement with the J-coupling constant determined by Shane et
al.6 To prove that we indeed observe a J-coupling pattern, a 11B
2D J-resolved NMR at 323 K was performed (Figure 4). This

result clearly shows the five-line J-coupling quintuplet for the
highly mobile compound in the second dimension. The broad
component does not show this splitting because it does not
experience strong motional averaging.
In the study of Shane et al., the J-coupling pattern was

observed in liquid LiBH4 by heating the material up to 558 K.

Remarkably, for nanoconfined LiBH4, this typical pattern is
observed far below the melting temperature of the material and
is already observed at 293 K. This means that the mobility of
BH4

− in LiBH4 is strongly increased by nanoconfinement, and
its spectrum resembles the spectrum of liquid LiBH4 far below
the melting point of bulk LiBH4.
When there is a J-coupling pattern visible in the 11B spectra

due to the presence to 11B−1H J-couplings, we may of course
expect to observe also a J-coupling pattern to be visible in the
proton spectra due to 1H−10B/11B couplings. Indeed, starting
at 303 K, a four-line pattern superimposed on the broad line
becomes visible. This pattern can be assigned to mobile BH4

−

species as follows: A proton coupled to a single 11B atom with
spin quantum number I = 3/2 will result in a splitting in four
lines with equal intensity. A proton coupled a single 10B atom
with spin quantum number I = 3 will result in a splitting in
seven lines with equal intensity. These two spectra are shown in
Figure 5. The splitting between the lines caused by the 1H−10B

and 1H−11B J-couplings will be proportional to the ratio of the
gyromagnetic constant of 10B and 11B, γ10

B/γ11
B, which is

approximately a factor 3. When these two subspectra are added,
while taking a natural abundance into account of 80.1% and
19.9% for 11B and 10B, respectively, the line shape originating
from the J-coupling pattern in the experimental spectrum is
reproduced. The 1H splitting due to the coupling of the 11B
nuclear spins equals 80 ± 1 Hz, in agreement with the observed
J-coupling in the 11B spectra. The resolution of the spectrum is
not sufficient to determine the J-couplings between 1H and 10B,
and these are therefore qualitatively described.
Finally, we show the 7Li spectra of nanoconfined LiBH4 in

porous silica under the same conditions under which the 1H
and 11B spectra were acquired (Figure 6). Again, these spectra
show a narrow and a broad component, which is more

Figure 4. 11B J-resolved spectrum of 30 wt % LiBH4 in ordered porous
silica, MCM-41, at a temperature of 323 K, measured at 20.0 T using a
sample spinning speed of 17.5 kHz. A typical J-coupling pattern of one
11B atom coupled to four 1H atoms is observed corresponding to a
highly mobile BH4

− species.

Figure 5. 1H single pulse excitation spectra of 30 wt % LiBH4 in
ordered porous silica (MCM-41) for different temperatures observed
at 20.0 T and a sample spinning speed of 17.5 kHz was employed.
Above T = 303 K, the spectra are in agreement with a typical J-
coupling pattern consisting of the sum of four lines originating from
the 1H/11B coupling and seven lines corresponding to the 1H/10B
coupling. This pattern agrees well with the expected pattern of a highly
mobile BH4

− species.
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pronounced when 1H decoupling is applied. The narrow
component broadens upon lowering the temperature as in the
1H and 11B spectra. No scalar couplings are observed, contrary
to the 1H and 11B spectra, since 7Li+ is not covalently bonded to
other nuclei.
In Figure 7, the line widths and relative intensities of the 11B

and 7Li resonances for the highly mobile narrow and bulklike
broad component are plotted. We attribute the line widths of
these spectra to residual dipolar couplings which are not
completely averaged by magic angle spinning. The line widths
of 7Li and 11B of the broad component do not change with
temperature. This means that there is no change in atomic
mobility at the approximately milliseconds time scale in this
temperature range. The resonances of the narrow component
clearly broaden when the temperature is lowered. This means
that the mobility of the BH4

− units is reduced upon lowering
the temperature. The relative intensities of the narrow and
broad components stay equal when the temperature is varied.
This indicates that there is no exchange between two distinctly
different fractions in the material. This in contrast to what was
observed by Shane et al.33 As in their study the fraction of
motionally narrowed intensity decreased with decreasing
temperatures.
Melting of undoped bulk NaAlH4 under excess H2 pressure

to avoid decomposition of the material, resulting in the creation
of an additional narrow resonance in the 27Al spectra
corresponding to a new highly mobile species.28 Similar effects
might occur in LiBH4. The mobile BH4

− species could possibly
be formed in the bulk material too without the presence of a
nanoporous material. To prove that the creation of the highly
mobile BH4

− species is an effect of nanoconfinement and does
not take occur in the bulk material, bulk LiBH4 was molten and
recrystallized. 11B single pulse excitation spectra of LiBH4 in its
pure form and LiBH4, which has been molten and recrystal-
lized, were measured at temperatures of 293 and 323 K. The

result is shown in the Supporting Information, Figure S2. No
narrow components corresponding to highly mobile BH4

−

species were observed in the spectra of LiBH4 which has
been molten and recrystallized. This result shows that the
enhanced mobility of BH4

− in the nanoconfined samples is not
an effect of the melting procedure alone but originates from the
contact with the support material and/or decreased particle
sizes.

Static NMR and Second Moment Calculations on LiBH4.
The 11B MAS measurements show that there are highly mobile
BH4

− species present in nanoconfined LiBH4 in porous silica.
These motions may have both translational and rotational
components. To be able to distinguish between these two types
of motion, we measured a static spectrum of the material and
compared the result with second moment calculations. Our
previous study of Na3AlH6 showed that this may be a useful
method to study different types of motions in complex metal
hydrides.56 A bulk 11B spectrum of LiBH4 was measured, and
the result is shown in Figure 8. This spectrum was fitted with a
quadrupolar powder pattern, which was simulated using
SIMPSON.64 The following parameters ηq = 0.47 ± 0.02, Cq
= 100 ± 2 kHz, and a Gaussian line broadening with a fwhm of
7.0 kHz were used. This experimental line broadening was
compared with second moment calculations. The expected
dipolar broadening of 11B with its surrounding nuclei, 11B, 10B,
1H, 6Li, and 7Li, in the case of a rigid lattice is expected to be
47.2 kHz. This is much broader than the experimental line

Figure 6. 7Li single pulse excitation spectra of 30 wt % LiBH4 in
ordered porous silica (MCM-41) for different temperatures with and
without 1H decoupling. These measurements were performed at 20.0
T using a sample spinning speed of 17.5 kHz. These spectra show a
narrow and a broad component, which becomes more pronounced
when 1H decoupling is applied.

Figure 7. (a) Line widths of the broad and narrow component in the
11B and 7Li single pulse excitation spectra measured with 1H
decoupling as shown in Figures 3 and 6. (b) Relative intensities of
these two components. These measurements were performed at 20.0
T using a sample spinning speed of 17.5 kHz.
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width. This is explained by the fact that BH4
− anions experience

rotational motions, and this effect is described in various earlier
studies.3−8 Therefore, the second moment calculation is
repeated assuming fast isotropically rotating BH4

− anions.
This model of fast isotropically rotating BH4

− anions is
representative for any reorientation mechanism where the four
hydrogen atoms move over all four possible positions in the
BH4

− anion. From the perspective of boron, which is situated in
the center of the borohydride anions, the dipolar couplings to
other boron and lithium nuclei remain unperturbed, since their
relative positions should remain fixed. The intraanion
interactions between boron and hydrogen in the same anion
are fully averaged, and the interanion interactions between
different anions are partially averaged. This gives a calculated
line width of 7.0 kHz, which is in good agreement with the
experimental value. A similar result has been obtained by
Jimura et al.34 where second moments of 1H and 11B spectra
suggest isotropic rotation of BH4

− above 170 K in the low-
temperature phase of LiBH4.

The same experiment was done for the nanoconfined sample,
which is also shown in Figure 8. This spectrum was fitted with
two lines. First, a quadrupolar powder pattern as in bulk LiBH4
with ηq = 0.47 ± 0.02, Cq = 100 ± 2 kHz, and a Gaussian line
broadening with a fwhm of 7.0 kHz was used. Second, a
residual line was fitted without predetermined shape and width,
resulting in a width of 0.9 kHz and a Lorentzian/Gaussian
fraction of 0.84. An example of such a fit for the spectrum

obtained at 293 K is depicted in Figure 8. The first fraction,
which gives rise to the 7.0 kHz Gaussian line, is identified as
bulklike LiBH4 with rotating borohydride anions. The second
fraction, giving rise to a resonance with an line width of 0.9 kHz
which is much narrower than 7.0 kHz, must possess additional
mobility. This additional mobility is most likely diffusion of the
borohydride anions through the material. Rapid translational
motion at room temperature of hydrogen, as BH4

− anions, has
been observed by Shane et al. before in nanoconfined LiBH4.

33

Another possible scenario where the boron atoms remain at
their positions and hydrogen and lithium translate is not
plausible. In this case only the 11B−10B/11B interactions remain,
resulting in a line width equal to 2.1 kHz, which is larger than
the experimental line width of 0.9 kHz. If the diffusion of BH4

−

is sufficiently fast, all dipolar couplings between 11B and its
surrounding nuclei should average to zero. However, because
there is still a residual line width observed of 0.9 kHz, these
translational motions may not be so fast to completely average
all dipolar interactions or the BH4

− anions may prefer to move
between a limited amount of positions.
The relative intensities of the narrow component and the

quadrupolar powder pattern in the static experiment are shown
in Table 3. These values are compared with previously

determined intensities of the MAS spectrum. As expected, the
intensities in the static experiment for the two components are
in good agreement with the intensities determined in the MAS
spectra.
From the MAS data it is not immediately clear if the lithium

atoms are mobile as well. Therefore, static measurement and
second moment calculations are done for 7Li, too. The result is
shown in Figure 9 together with results on bulk LiBH4. The
bulk 7Li spectrum shows a single broad resonance which is
fitted with an Gaussian with a fwhm of 11.7 kHz. No

Figure 8. Static 11B spectrum of bulk LiBH4 and 30 wt % LiBH4
confined in porous silica, measured at 20 T, a temperature of 293 K
and no magic angle spinning was applied. The bulk spectrum was
fitted with an quadrupolar powder pattern with the following
parameters: ηq = 0.47 ± 0.02, Cq = 100 ± 2 kHz, and a Gaussian
line broadening with a fwhm of 7.0 kHz. The nanoconfined sample
was fitted with the same pattern as bulk LiBH4 and one Lorentzian/
Gaussian line with a fwhm of 0.9 kHz and a Lorentzian/Gaussian
fraction of 0.84.

Table 2. Experimental and Calculated Fwhms in kHz of Bulk
and Nanoconfined LiBH4

a

fwhm (kHz) 11B 7Li

calculations rigid lattice LiBH4 47.2 16.7
contribution of 11B−10B/11B interactions to
the rigid lattice line width

2.1 X

isotropically rotating BH4
− anions, total line

width
7.0 11.2

experiment bulk LiBH4 7.0 11.7
broad component nanoconfined LiBH4 7.0 11.7
narrow component nanoconfined LiBH4 0.9 0.9

aNo magic angle spinning was applied in these measurements.

Table 3. Relative Intensities of the Narrow and Broad
Component in Static and MAS NMR Experiments at a
Temperature of 293 K

narrow component broad component
11B MAS 0.26 0.74

static 0.25 0.75
7Li MAS 0.24 0.76

static 0.26 0.74

Figure 9. Static 7Li spectrum of bulk LiBH4 and 30 wt % LiBH4
confined in porous silica, measured at 20 T, a temperature of 292 K
and no magic angle spinning was applied. The bulk spectrum was
fitted with a Gaussian line broadening with a fwhm of 11.7 kHz. The
nanoconfined sample was fitted with a Lorentzian/Gaussian line with a
fwhm of 0.9 kHz and a Lorentzian/Gaussian fraction of 0.89.
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quadrupolar powder pattern is observed because the quad-
rupolar interaction is relatively small as described before, and
the dipolar broadening is the dominating line broadening
mechanism. Second moment calculations were done for 7Li
assuming fast rotating BH4

− anions, and this resulted in a line
width of 11.2 kHz, which is in agreement with the experimental
result of 11.7 kHz. A rigid lattice would have resulted in a line
broadening of 16.7 kHz.
The same measurement was performed for the nanoconfined

sample. Like in the 11B static spectrum, we see a narrow line
superimposed on a broad line. These two fractions are fitted
with a Gaussian line broadening with a fwhm of 11.7 kHz and a
Lorentzian/Gaussian line with a fwhm of 0.9 kHz and an L/G
fraction of 89%. The first fraction, which gives rise to the 11.7
kHz Gaussian line, is again identified as bulklike LiBH4 with
rotating borohydride anions. The second fraction corresponds
to a different phase, in which the BH4

− groups experience fast
rotational and translational motions. In this case we expect that
all dipolar interactions of 7Li with 11B, 10B, and 1H are averaged.
The remaining interaction of 7Li with 6Li and 7Li assuming no
lithium mobility would result in a line width of 3.4 kHz
calculated by second moment calculations. However, our
measured line width equals 0.9 kHz, which is much smaller
than the calculated line width. Therefore, we can explain this
difference by the fact that not only BH4

− is highly mobile but
Li+, too. The relative intensities of the narrow and broad
component are shown in Table 3 and in good agreement with
the MAS data.
Static 7Li and 11B measurements of molten LiBH4 by heating

the material up to 558 K have been done by Shane et al.4 Bulk
LiBH4 shows a phase transition from an orthorhombic (low
temperature) to a hexagonal (high temperature) phase at 384
K.8 For 7Li, line narrowing takes place immediately upon
entering the high temperature phase due to rapid Li diffusion.4

For 11B this process goes gradually with increasing temper-
ature.4 Results on nanoconfined LiBH4 by Shane et al.

33 clearly
show the solid−solid transition in the 7Li line shapes, with a
10−15 K depression compared to the bulk. Some rapid lithium
motion is already present below this transition.
In our results for the nanoconfined material we see a similar

line narrowing of 7Li and 11B as in the spectra of bulk LiBH4 in
the molten phase measured by Corey et al.4 However, this
strong line narrowing in nanoconfined LiBH4 occurs already at
room temperature. So these static measurements confirm our
previous conclusion that the mobility of BH4

− in LiBH4 is
strongly increased by nanoconfinement and show that Li+

becomes highly mobile, too. Because this line narrowing
happens already far below the melting point of LiBH4 and also
far below the temperature of the bulk phase transition, this
could mean that the high temperature phase is stabilized upon
nanoconfinement already at room temperature. A more
detailed study of the stabilization of the high temperature
phase by nanoconfinement is underway.

■ CONCLUSIONS
The structural properties and atomic mobilities for LiBH4
nanoconfined in porous carbon and silica were studied using
1H, 7Li, and 11B solid-state NMR.
The 11B and 7Li NMR resonances of LiBH4 confined in

porous carbon are strongly broadened compared to bulk
LiBH4. The line shapes of 11B and 7Li spectra are equal at a
ppm scale, and 11B MQMAS spectra show mainly a line
broadening in the chemical shift direction along the diagonal.

Therefore, we conclude that this line broadening is dominated
by distortions in the main magnetic field caused by anisotropic
susceptibility effects as a result of a contact of LiBH4 with the
nanostructured carbon material. No bulklike spectral features
are observed in the nanoconfined material, which means that
the LiBH4 material and the carbon are finely dispersed and all
LiBH4 is relatively close to carbon.
The susceptibility broadening in the carbon material results

in a decrease of resolution in the NMR spectra because the
local magnetic field homogeneity decreases. Therefore,
structural information which can be derived from the NMR
spectra is lost. To circumvent these effects, we studied confined
LiBH4 in a porous silica support with a 1.9 nm average pore
size. In the 7Li and 11B spectra of LiBH4, besides a bulklike
component, an additional more narrow component is observed.
Above T = 313 K, the 11B spectra and 1H spectra show typical
J-coupling patterns in both 11B and 1H spectra. These patterns
originate from highly mobile BH4

− species in the nanoconfined
LiBH4. Upon lowering the temperature, the J-coupling pattern
disappears because of reduced mobility. In bulk LiBH4, these
highly mobile species with corresponding J-coupling patterns
are only observed in the molten phase. This means that
nanoconfinement strongly increases atomic anion mobilities of
BH4

− in LiBH4. Additionally, from the line widths of static 7Li
and 11B solid-state NMR measurements compared with second
moment calculations, we derived that both BH4

− and Li+

experience translation freedom for moving through the crystal
lattice.
Summarizing, we conclude that nanoconfinement of LiBH4

in porous silica strongly enhances mobility of borohydride
anions and lithium. This suggests a stabilization of the high-
temperature phase of LiBH4 already at room temperature due
to confinement in nanopores. Possibly, for LiBH4 confined in
the carbon support, similar effects may occur. However, this
will not be directly visible in the spectra because of the line
broadenings due to anisotropic susceptibilities.
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Borgschulte, A.; Züttel, A.; Sheptyakov, D.; Stras̈sle, T.; Ramirez-
Cuesta, A. J. Phys. Rev. B 2008, 78, 094302.
(9) Matsuo, M.; Nakamori, Y.; Orimo, S.; Maekawa, H.; Takamura,
H. Appl. Phys. Lett. 2007, 91, 224103.
(10) Friedrichs, O.; Remhof, A.; Hwang, S. J.; Züttel, A. Chem. Mater.
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Towata, S.; Züttel, A. J. Alloys Compd. 2005, 404, 427−430.
(13) Knacke, O.; Kubaschewski, O.; Hesselmann, K. Thermochemical
Properties of Inorganic Substances; Springer-Verlag: Berlin, 1991.
(14) Mauron, P.; Buchter, F.; Friedrichs, O.; Remhof, A.; Zwicky, C.
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