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ABSTRACT: The increasing demand for high capacity yet
safe storage of renewable energy calls for the development of
all-solid-state batteries. A major hurdle in this development is
the identiﬁcation of new suitable types of solid-state electrolytes. Nanoconﬁned lithium borohydride is a solid-state
electrolyte candidate due to its high lithium-ion mobility at
ambient temperatures. The origin of the high lithium-ion
mobility is not fully understood, however. We studied
nanocomposites of lithium borohydride and nanoporous silica
Santa Barbara Amorphous-15 (SBA-15) with diﬀerent pore
sizes, using 1H, 6,7Li, and 11B solid-state NMR at various
temperatures, to get in-depth insights into the phase behavior and ion dynamics of lithium borohydride in the silica pores. The
results allow us to formulate a detailed dynamic model for lithium borohydride conﬁned in SBA-15; bulklike LiBH4 is separated
from the pore walls by an amorphous, highly dynamic LiBH4 fraction displaying both Li+ and BH4− diﬀusion even at ambient
temperatures. As shown by 11B temperature-jump exchange NMR, this dynamic fraction increases as a function of temperature.
Li+ exchange between the bulklike and “dynamic” LiBH4 fraction is slow at ambient temperatures, but at elevated temperatures
(≥90 °C), above the phase transition of the bulklike fraction, lithium ions rapidly diﬀuse through both LiBH4 fractions and
exchange between these conﬁned fractions at rates approaching the megahertz time scale.

■

INTRODUCTION
Rechargeable batteries are crucial in modern-day society.
Unfortunately, current lithium-ion batteries have a low energy
density, making them suboptimal for high-demand applications, such as powering electric cars or intermediate storage of
energy from renewable sources. The development of new
battery materials is crucial to make this possible.
A lithium-ion battery consists of two electrodes separated by
an electrolyte. The purpose of the electrolyte is to transport the
ionic charge carriers, Li+, while preventing electron transfer. In
terms of energy density, the most ideal anode material is
metallic lithium. However, the currently used electrolyte
materials, lithium salts in organic solvents, are not compatible
with metallic lithium.1−3 Solid-state electrolytes are considered
a promising alternative to overcome these stability problems.
Furthermore, solid-state electrolytes will reduce the safety
issues (i.e., instability and ﬂammability) associated with
present electrolytes.4
A speciﬁc class of materials, the complex metal hydrides,
possess high ionic conductivities and are compatible with
lithium metal, by forming a stable interface layer.5−7 One of
those materials, lithium borohydride (LiBH4), is a promising
electrolyte candidate for use in an all-solid-state battery.8 Bulk
LiBH4 has been extensively studied. It undergoes a phase
© 2019 American Chemical Society

transition from an orthorhombic to a hexagonal crystal lattice
at around 110 °C at standard pressures.9 In the hightemperature phase, the Li+ ions diﬀuse rapidly through the
hexagonal crystal lattice, resulting in a high ionic conductivity.
However, the conductivity is low in the orthorhombic phase,
where only slow hopping of Li+ is observed, making bulk
LiBH4 unsuitable for commercial use in batteries.8
To be useful as an electrolyte in batteries for commercial
applications, a high ionic conductivity of at least 1 mS/cm is
desired at ambient conditions.3 To achieve this, a phase with a
Li+ mobility comparable to that of the high-temperature phase
of LiBH4 must be stabilized at room temperature. Various
chemical modiﬁcations to achieve this have successfully been
employed, at the cost of (electro)chemical stability.10−14
Another approach to modify the properties of LiBH4 is by
conﬁnement in nanoporous hosts,15−17 which was shown to
improve the Li+ mobility at room temperature by several
orders of magnitude.18 Conﬁnement leads to a decrease of the
long-range order of the conﬁned material.16 Further eﬀects
may result from interactions with the scaﬀold.19 This is
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Table 1. Properties of the LiBH4/SiO2 Nanocomposites and Their SBA-15 Silica Scaﬀoldsa
SBA-15 silica scaﬀold

nanocomposite

sample

Tht (°C)

dBJH (nm)

SBET (m2/g)

Vpore (meso/micro)

pores ﬁlled (%)

oxidized (%)

MI-MS-8
MI-MS-7
MI-MS-5

100
80
40

8
7
5

695
800
671

0.93 mL/g (84/9%)
0.80 mL/g (76/20%)
0.51 mL/g (66/32%)

90 (85)
90 (89)
90 (93)

5
6
18

a

Tht is the hydrothermal treatment temperature, dBJH the pore diameter, SBET the surface area, and Vpore the pore volume (between brackets the
relative amount of meso- and micropores as determined using the Harkins−Jura reference isotherm,31 excluding the interparticle volume). Pores
ﬁlled is the hypothetical and, between brackets, experimentally determined fraction of pores that is ﬁlled with LiBH4. Oxidized is the fraction of the
boron atoms corresponding to oxidation products of LiBH4.

total-, meso-, and micropore volumes31 of the calcined SBA-15
silicas were determined using N2-physisorption, measured on a
Micromeritics TriStar surface area and porosity analyzer. The
pore size distribution is shown in Figure S1, and a comparison
of the pore diameters obtained via the classical method of
Barrett, Joyner, and Halenda (BJH-model) and density
functional theory (DFT) is shown in Table S1. Typically,
DFT calculations predict slightly larger pore sizes.32,33 The
mesoporous silica scaﬀolds are named MS-d, where d denotes
the BJH pore diameter in nanometers.
Inﬁltration of the silica with LiBH4 was done according to
the procedure of Ngene et al.16 The amount of LiBH4 used
corresponds to 90% of the pore volume of the silicas (25, 33,
or 36 wt %). Prior to melt-inﬁltration, the SBA-15 was dried
for several hours at 500 °C in a ﬂow of inert gas. Successful
inﬁltration was conﬁrmed using calorimetry (Figure S2) and Xray diﬀraction (XRD) (Figure S3).18 11B magic-angle spinning
(MAS) NMR (Figure S4) proved to be a sensitive probe for
oxidation of the samples and was used to quantify the amount
of oxidized boron species. The results are listed in Table 1. The
melt-inﬁltrated samples are denoted MI-[scaﬀold]. The
nanocomposites were stored in Ar- or N2-ﬁlled gloveboxes
with O2 and H2O levels typically below 1 ppm.
In between experiments, samples were stored in a glovebox
for extended periods of time. Prior to the novel experiment
series, samples were checked for potential oxidation using 11B
MAS NMR, whereas 6Li MAS NMR was performed to verify
the presence of two diﬀerent lithium fractions at room
temperature. Even after storage for more than a year, no
signiﬁcant changes were observed, indicating the remarkable
stability of the samples when stored in an inert atmosphere.
Solid-State NMR. Solid-state NMR experiments were
performed on 7.05, 9.39, and 20.0 T Varian VNMRS
spectrometers using 5.0 mm static Bruker, Chemagnetics
APEX 3.2 mm MAS, and 1.2 and 4.0 mm Varian T3 MAS
probes, respectively. Temperatures were calibrated using liquid
ethylene glycol or solid lead(II) nitrate at 2 kHz MAS
rate.34−36 Frictional heating due to MAS and associated
temperature gradients in the sample37,38 have not been taken
into account, but we estimate this deviation to be less than 10
°C under the conditions used in this study. Experiments were
performed under a ﬂow of nitrogen due to the reactive nature
of the samples.
1
H single-pulse excitation (SPE) experiments were performed using 90° pulses at a radio frequency (RF) ﬁeld
strength of 80−90 kHz. 6Li SPE experiments employed 50−60
kHz RF ﬁeld applying 90° pulses to excite the spins. 7Li and
11
B SPE experiments were performed using an RF ﬁeld
strength of 80−90 kHz and ﬂip angles of 30° or less to warrant
a quantitative evaluation of the spectra.39 Solid echo
experiments40 were performed using 90° pulses. SPINAL41

corroborated by the observation of the increased mobility of a
small fraction of the lithium ions in composites prepared by
mechanical milling of LiBH4 with silicas or aluminas.20,21 Das
et al. have shown that nanoconﬁned LiBH4 can be used in an
all-solid-state battery, revealing a good cycling stability and
high capacity of this battery.7,22 The exact origin of the
increase in ionic conductivity is still not known, although it is
shown to be an interface eﬀect.19−21
One of the most remarkable features of lithium borohydride
nanocomposites is that the conﬁned LiBH4 is divided into two
distinct fractions. One fraction, within a few nanometers of the
oxide interface, displays high ionic mobility at room temperature, whereas the other expresses more bulklike behavior,
including a structural phase transition.18,19,23,24 However, how
these fractions with diﬀerent Li+ mobilities inﬂuence the
overall ionic conductivity of the nanocomposite is not yet
understood. Here we study the temperature behavior of
lithium borohydride in these two fractions, primarily focusing
on the local environment and dynamics in these lithium
borohydride fractions.
Solid-state NMR, being sensitive to both the local
environment of nuclei and their dynamics, is a versatile tool
for studying complex dynamic systems such as nanoconﬁned
LiBH4.25 NMR spectra of quadrupolar nuclei such as 11B and
7
Li, both spin 3/2, display quadrupolar line shapes, which are
strongly aﬀected by the local environment of the nucleus. In
the case of relatively small quadrupolar interactions, as for 7Li,
this is mainly manifested in the width and shapes of the ±3/2
↔ ±1/2 satellite transitions. Apart from the NMR line shapes
of quadrupolar nuclei, the line shapes and widths of all relevant
nuclei (1H, 6Li, 7Li, and 11B) are inﬂuenced by dynamics. In a
situation where all atoms move slowly (on the NMR time
scale), broad lines are typically observed due to the chemical
shift anisotropy, quadrupolar interactions, and/or dipolar
interactions between nuclei. On the other hand, if the motion
is very fast and the relative orientation of the nuclei changes
continuously, the anisotropic NMR interactions will be
(partially) averaged. In this study, we combine the structural
sensitivity of NMR via the quadrupolar interaction of 7Li with
the sensitivity toward dynamics of 1H, 7Li, and 11B NMR to
elucidate the remarkable two-component behavior of nanoconﬁned LiBH4.

■

EXPERIMENTAL SECTION
Sample Preparation. Bulk LiBH4 was purchased from
Acros Organics (95% pure). The Santa Barbara Amorphous-15
(SBA-15) silica scaﬀolds were synthesized according to the
procedure used by Eggenhuisen et al.26 The structural
properties of the scaﬀolds are summarized in Table 1. The
pore size was varied by changing the hydrothermal treatment
temperature.27 The surface area;28 pore diameter;29,30 and
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Figure 1. Normalized 7Li NMR spectra of bulk LiBH4 and LiBH4 conﬁned in 5−8 nm silica pores, at temperatures below (left) and above (right)
their respective structural phase transition temperatures. These static solid echo spectra were acquired at 9.4 T. Spectra of the nanocomposites were
obtained going from high to low temperature. Additional spectra acquired at diﬀerent temperatures can be found in Figures S5 and S6.

H decoupling at RF ﬁeld strengths of 60−110 kHz was
applied in 6Li, 7Li, and 11B SPE or solid echo experiments,
except for 6Li MAS experiments, where RF ﬁeld strengths of
10−20 kHz were employed. The delay between pulses in echo
experiments was 14−17 μs. The contribution of extraporous
bulk LiBH4 to the spectra was reduced by waiting for only
three T1 of the conﬁned LiBH4 fractions between scans; the T1
of bulk LiBH4 is an order of magnitude longer than the
observed T1 of conﬁned material. Saturation recovery experiments42 were used to determine the (eﬀective) spin−lattice
relaxation times (T1). Two-dimensional (2-D) 11B exchange
spectroscopy43 (EXSY) and {1H}11B heteronuclear correlation44 (HETCOR) experiments were performed under fast
MAS using 150 kHz proton decoupling during acquisition and,
in the EXSY experiments, during the evolution period. The
cross-polarization contact time in the HETCOR experiment
was 800 μs. A temperature jump was induced by RF heating
(by dissipation of adsorbed energy via dielectric losses in the
samples)45 in an EXSY experiment by applying continuouswave irradiation at an RF ﬁeld strength of 150 kHz on the
proton channel during the 45 ms mixing time.
All spectra were processed using the Matlab toolbox
matNMR.46 The spectra were externally referenced to
tetramethylsilane, lithium chloride solution, or solid adamantane, using the frequency ratios, if needed.47,48 ITMPM linear
backward prediction,49 as implemented in matNMR, was used
for processing static 1H and 7Li and MAS 11B SPE spectra to
compensate for line distortions due to the receiver dead time.
Simulations of quadrupolar line shapes were performed using
SIMPSON.50
1

removes the dipolar interactions between neighboring spins,
resulting in a very narrow line for the central transition.
However, this motion does not average the quadrupolar
interaction (CQ ≈ 37 kHz, η ≈ 0). The rapid dynamics of the
lithium ions is restricted to hopping between crystal lattice
sites such that the line shapes of the satellite transitions result
from an average over the quadrupolar interactions of the sites
visited during the fast ion hopping process. NMR relaxometry
showed that the lithium motion in the high-temperature phase
is two-dimensional, restricted to planes in the crystal lattice.52
Nanostructuring of LiBH4 in silica has been found to be a
very eﬃcient method to increase the lithium mobility at room
temperature.18 To gain more insights into the eﬀect of
conﬁnement, and/or the inﬂuence of the LiBH4 −SiO 2
interface, we study composites of LiBH4 conﬁned in silica
(SBA-15) with pore diameters of 5, 7, and 8 nm. The synthesis
and characterization of the nanocomposites are described in
the Experimental Section.
Suwarno et al.19 determined the thermal behavior of this
type of nanocomposites and bulk LiBH4 by diﬀerential
scanning calorimetry (DSC). As reproduced in Figure S2, for
bulk LiBH4, only a single endothermic peak near 110 °C,
corresponding to the structural phase transition of LiBH4, is
observed. The DSC curves of the nanocomposites show broad
endothermic peaks between 70 and 100 °C. The temperature
of the structural phase transition of LiBH4 in the core of the
pores decreases upon conﬁnement.18,19,53 Hence, the broad,
endothermic peak is ascribed to a structural phase transition of
conﬁned LiBH4.
Figure 1 shows the 7Li spectra of LiBH4 conﬁned in silica
nanopores at about 93 °C. This is above the structural phase
transition temperature of conﬁned LiBH4 as observed by DSC,
but below the transition temperature of bulk LiBH4. Clearly,
the appearance of the spectra diﬀers from that of the spectra of
bulk LiBH4 in the high- or low-temperature phase. A previous
NMR investigation of a LiBH4/SiO2 nanocomposite revealed a
complicated 7Li line shape at 120 °C, which resembled neither
the high- or low-temperature phase of bulk LiBH4 nor the line
shape of conﬁned LiBH4 near ambient conditions.18
The spectrum of MI-MS-8 at 92 °C consists of a narrow
central peak and a broad line shape, which shows features
resembling the satellite transitions of a quadrupolar nucleus
(with a CQ ≈ 18 kHz and η ≈ 0, Figure S7), meaning that the
local environment of the lithium ions is relatively ordered. The
line shape nevertheless diﬀers from the quadrupolar line shape
of the high-temperature phase of bulk LiBH4, which has a
quadrupolar interaction that is twice as large. In addition, the
features of the line shape of the nanocomposite are somewhat

■

RESULTS
Phase Behavior of LiBH4/SiO2 Nanocomposites. 6,7Li
NMR. We ﬁrst discuss the structural behavior of bulk LiBH4.
Figure 1 (bottom spectra) shows 7Li spectra of bulk LiBH4.
The spectrum obtained at 64 °C, showing the line shape of the
orthorhombic low-temperature phase o-LiBH4, consists of a
single, broad peak. At 114 °C, above the structural phase
transition temperature (T ≈ 110 °C), the spectrum of
hexagonal (h-)LiBH4 consists of a narrow central peak
(−1/2 ↔ 1/2 spin transition) and a pattern characteristic
for the quadrupolar satellite transitions (±3/2 ↔ ±1/2)
(Figure 1). The broad line shape in the low-temperature phase
is the result of dipolar interactions of Li+ ions with nearby
nuclei, which exceed the magnitude of the quadrupolar
interaction in that phase (CQ ≈ 16 kHz, η ≈ 0.8).51 In the
high-temperature phase, the high Li+ mobility eﬀectively
25561
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smeared out compared to the sharp, well-deﬁned, features
observed for bulk LiBH4.
The line shape in the spectrum of MI-MS-7 at 94 °C diﬀers
from that in the spectrum of MI-MS-8. This spectrum again
consists of a narrow and a broad line shape. However, in this
sample, the broad line shape is featureless, rather than
resembling a distinct quadrupolar powder pattern. The same
is true for MI-MS-5, at 92 °C. A gradual disappearance of the
quadrupolar features of the broad component with decreasing
pore size can have structural or dynamic origins (vide infra).
The chemical shift range of lithium is very small, making it
generally not feasible to distinguish multiple lithium
components based on their 7Li chemical shift alone. Figure
S8 shows the 7Li magic-angle spinning (MAS) NMR spectra of
MI-MS-7 at 74, 94, and 128 °C. The spectra at 74 and 94 °C,
below and above the phase transition temperature of
nanoconﬁned LiBH4, respectively, each consist of a single
peak. Only at 128 °C, above the structural phase transition of
bulk LiBH4, an additional small peak becomes visible. We
assign this peak to extraporous hexagonal bulk LiBH4.
To determine whether the broad component in 7Li spectra
corresponds to a second lithium species, 6Li NMR is studied.
The quadrupole moment of 6Li is about 50 times smaller with
respect to 7Li, e.g., the quadrupole moment of bulk h-LiBH4
(approximately 37 kHz in 7Li NMR) is only about 770 Hz in
6
Li NMR52 corresponding to 17 ppm at 7 T. Therefore,
quadrupolar interactions can still contribute to the static line
width in 6Li spectra but can easily be spun out in MAS spectra.
Figure 2 shows the static 6Li spectrum of MI-MS-5 at room

Figure 3. 6Li MAS SPE NMR spectra of MI-MS-7. There are two
distinct lithium signals with diﬀerent chemical shifts below the DSC
phase transition temperature (top spectrum) and a single lithium
signal above the phase transition temperature (middle trace). This
signal clearly diﬀers from that of the bulk h-LiBH4 (bottom
spectrum).

We now focus on the nanocomposites at temperatures
below the phase transition observed by DSC. Each of the 7Li
spectra of the nanocomposites at 49 °C (Figure 1) consists of
two overlapping peaks, a broad and a narrow one. The broad
peak was shown to originate from quadrupolar satellite
transitions at elevated temperatures. The static 6Li spectrum
of MI-MS-5 at room temperature, shown in Figure 2, also
displays a broad and a narrow peak. 6Li MAS NMR spectra of
MI-MS-7, as shown in Figure 3, reveal the presence of two
lithium fractions with slightly diﬀerent chemical shifts. One
fraction is located at the same chemical shift as bulk LiBH4 (for
which the lithium chemical shift is nearly temperature
independent51). The other fraction resonates downﬁeld of
bulk LiBH4. Hence, the broad peak observed in 7Li spectra
obtained at near-ambient temperatures cannot be attributed to
the quadrupolar interaction alone. Therefore, the broad and
narrow components in the static lithium spectra are not merely
due to a distribution in correlation times but due to the
coexistence of two separate fractions with slightly diﬀerent
lithium environments, as became evident from the 6Li MAS
NMR spectra.
The diﬀerence in the line width of the two lithium peaks at
near-ambient conditions, shown in Figures 1 and 2, indicates
that the two lithium species display signiﬁcantly diﬀerent
mobilities, with the narrow peak corresponding to the most
mobile species, in line with earlier studies.17,18,23,24 In view of
this diﬀerence in mobility, we will refer to the separate
fractions as the dynamic and less-dynamic fraction throughout
the article.
In summary, both the diﬀerence in the chemical shift and
the diﬀerence in the quadrupolar interaction show that
nanoconﬁned LiBH4 diﬀers from bulk LiBH4. It is furthermore
clear that there are two diﬀerent fractions of LiBH4 in the
pores at near-ambient temperatures, whereas all lithium is
highly mobile and not further distinguishable by NMR at
elevated temperatures.
1
H NMR. As the quadrupolar interaction of 7Li complicates a
quantitative analysis of the ratios of the lithium fractions, we
resort to 1H NMR. 1H NMR spectra of the borohydride anions
also reveal the presence of less- and more-dynamic fractions
(see Figure S9). Quantitative analysis of these spectra is
straightforward, giving the LiBH4 distributions in the sample,
with the mobility of the BH4− fractions guiding the analysis.
Figure 4 shows the relative intensities of the narrow and
broad components of the LiBH4/SiO2 nanocomposites as a

Figure 2. 6Li static SPE NMR spectra of MI-MS-5 at two
temperatures. The spectra were acquired at 7.05 T. Deconvolution
of these spectra is shown with dotted lines (blue for the individual
peaks, red for the sum). The relative integrals at room temperature are
70 and 30% (±10%) for the narrow and broad components,
respectively.

temperature and 130 °C. At 130 °C, only a single, narrow peak
(full width at half-maximum of 4 ppm) is visible in the
spectrum, in contrast to the 7Li spectra of this nanocomposite
at similar temperatures, shown in Figures 1 and S6, which
consist of a narrow peak and a broad featureless peak. The
absence of a broad peak in 6Li spectra at 130 °C reveals that,
given the diﬀerent quadrupole moments of the lithium
isotopes, the broad line shape in 7Li spectra at elevated
temperatures can be exclusively assigned to quadrupolar
satellite transitions, rather than an additional lithium site.
This suggests that all lithium ions of conﬁned lithium
borohydride are mobile and largely indistinguishable on the
NMR time scale at temperatures above the structural phase
transition of the conﬁned material. This is corroborated by the
single narrow line in the 6Li MAS spectrum of MI-MS-7 above
the phase transition temperature (Figure 3).
25562
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motions, narrowing of the broad line may result from the
rotational motion of the borohydride ions.55 Jimura et al.56
calculated the 1H line widths of LiBH4 under various types of
motion. In the absence of any motion, the 1H line width of
bulk LiBH4 would be 69 kHz or larger. The isotropic rotation
of the BH4− units reduces this width to 24 and 23 kHz in the
low- and high-temperature phases of LiBH4, respectively. For
bulk LiBH4, this line width is already observed experimentally
at −100 °C, meaning that the BH4− units rotate rapidly at that
temperature. Additional line narrowing in 1H spectra of bulk
LiBH4 is not observed until temperatures above 150 °C, where
the translational motion of BH4− becomes signiﬁcant.57 The
1
H line widths of our nanocomposites at 30 °C are about 21
and 4 kHz for the less-dynamic and dynamic fractions,
respectively. Hence, in both fractions, the BH4− ions rotate
isotropically at 30 °C. BH4− diﬀusion is responsible for the
narrowing of the line width to 4 kHz in the dynamic fraction,
whereas this translational motion plays a minor role in the lessdynamic fraction.
For comparison, the relative integrals of the narrow and
broad 7Li resonances were determined as well (Figure S11).
Near 30 °C, the intensity ratios of the broad and narrow
components as determined via the 1H and 7Li NMR spectra
are similar. This similarity indicates that the contribution of
any residual silanol (SiOH) groups of the pure silica after meltinﬁltration is very small, strengthening the validity of using 1H
NMR for quantiﬁcation. The ratios obtained via 7Li and 1H
NMR start to diverge with increasing temperature. At the
phase transition temperature of the conﬁned phase, the broad
to narrow ratio for 7Li converges to a 6:4 ratio. This ratio
corresponds to the theoretical ratio58 expected for the satellite
and central transitions due to the quadrupolar interaction of a
spin 3/2 nucleus. This implies that we indeed observe a single
dynamic lithium fraction above this phase transition temperature as discussed above, whereas the proton spectra show
there are still two fractions of BH4− units with very diﬀerent
mobilities.
The results presented in this section imply that the thickness
of the LiBH4 fraction with highly mobile ions near the walls of
the silica pores increases with temperature. This change is
continuous with temperature for the borohydride ions, whereas
for the lithium ions, the distinction between the fractions
vanishes at elevated temperatures.
11
B NMR. To obtain additional information about the
dynamics of the ions in the LiBH4 fractions, we focused on the
borohydride ions using 11B MAS NMR. Bulk LiBH4 consists
entirely of magnetically identical BH4− ions. Therefore, the 11B
spectrum of bulk LiBH4 consists of a single peak, located at
−41 ppm.51
11
B spectra of nanoconﬁned LiBH4, as shown in Figure S12,
consist of two distinct peaks. This shows the simultaneous
existence of two magnetically diﬀerent boron species. The
upﬁeld peak (−41.3 ppm) has the same chemical shift as bulk
LiBH4. The other peak is shifted downﬁeld by about 1 ppm
(−40.5 ppm) and is narrower than the upﬁeld peak. The
presence of two distinct boron peaks with diﬀerent mobilities
was observed before by Verkuijlen et al. in LiBH4/SiO2
nanocomposites.17 They proved that the dynamic boron
species also consists of a boron atom with four covalently
bound hydrogen atoms, i.e., BH4−, instead of a chemically
diﬀerent boron compound. A diﬀerence in the mobility of an
otherwise chemically identical compound does not result in a

Figure 4. Relative integrals of the two 1H fractions in static SPE
spectra as a function of temperature. The broad component is
indicated by solid lines and the narrow component by dashed lines.
The error is indicated only at some data points for clarity, but it is
similar at all temperatures. The corresponding 1H spectra of MI-MS-8
at 30 and 130 °C are shown above the graph.

function of temperature. The relative amounts were calculated
from the integrals of the broad and narrow components by
deconvolution of static 1H spectra (Figure S9). Two important
trends can be derived. First, the relative amount of the dynamic
fraction (narrow peak) of LiBH4 increases with increasing
temperature, and consequently, the relative abundance of the
less-dynamic fraction decreases. Second, the less-dynamic
fraction (broad peak) is more abundant in nanocomposites
with larger pore sizes, at any given temperature.
The dependence of the LiBH4 fractions on the diameter of
the pores ﬁts well with the proposed core−shell model for
LiBH4 conﬁned in nanoporous scaﬀolds.23,24 In this model,
highly mobile LiBH4 is present near the pore wall, whereas the
less-mobile LiBH4 is located in the core of the silica pores.
Assuming cylindrical pores with radius rp and a uniform LiBH4
density, the theoretical wall fraction thickness t corresponding
to the relative integrals can be estimated via
t = rp(1 −

fless ‐ dynamic )

(1)

where f less‑dynamic is the fraction of less-dynamic LiBH4. The
data presented here would correspond to a dynamic LiBH4
layer thickness of about 0.5 nm at 30 °C to a thickness of about
1.2 nm at 110 °C, as shown in Figure S10. Density functional
theory calculations of the pore size30 (Table S1) predict pore
radii and therefore layer thicknesses t of the wall fraction of
about 30% larger size (about 0.6 and 1.5 nm at 30 and 110 °C,
respectively).
Using calorimetry, a (temperature-independent) layer thickness of ∼1.9 nm was found for the highly mobile LiBH4 on
SBA-15 pore walls.19 This is much larger than we observe on
the basis of NMR spectra (Figure S10). The diﬀerences
between these thicknesses may stem from the assumption in
calorimetry that the phase transition enthalpy of conﬁned
LiBH4 is equal to that of bulk LiBH4. Our experiments,
however, show a diﬀerence in the lithium environment of bulk
and nanoconﬁned LiBH4. Moreover, diﬀerent methods have
diﬀerent sensitivities toward dynamics in the sample. Finally, it
is worth remembering that SBA-15 has very corrugated pore
walls; therefore, a description using cylindrical pores is an
oversimpliﬁcation.54
The distribution of the fractions obtained via 1H NMR
depends strongly on the motion of the anions. As the
borohydride ions can undergo both translational and rotational
25563
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Figure 5. Homonuclear 11B two-dimensional exchange spectroscopy (EXSY) experiment of MI-MS-8 with mixing times of 0 (left) and 200 ms
(right), carried out at 20.0 T under 40 kHz MAS at 50 °C. Skyline projections are shown at the sides of the spectra.

Figure 6. (a) Two-dimensional homonuclear 11B exchange spectrum of MI-MS-8 and (b) pulse sequence, showing the timing of pulses and the
expected temperature proﬁle of the sample. Strong radio frequency irradiation was applied on the proton channel during the exchange time τ of 45
ms to induce a temperature increase. The spectrum was recorded at 20.0 T under 40 kHz magic-angle spinning at a set temperature of 50 °C.
Skyline projections are shown at the sides of the spectrum.
calc
spectra do not show evidence for 2-D ribbons (δ1calc
H ≪ δ1H,bulk)
calc
calc
or 3-D chains (δ11B,1H ≪ δ11B,1H,bulk). We conclude that their
model cannot be applied directly to LiBH4/SiO2 nanocomposites.
BH4− Exchange. An important implication from the
changing ratios of the boron and proton fractions as a function
of temperature is that the dynamic and less-dynamic fractions
of LiBH4 interconvert. Such a process where, upon heating,
less-dynamic LiBH4 becomes part of the dynamic fraction has
been observed before. 23 , 60 However, in a LiBH 4 /SiO 2
nanocomposite with a silica pore diameter of 2 nm, no
interconversion of the more- and less-dynamic phases was
observed as a function of temperature.17 It should be noted
that the silica used in that study [Mobil Composition of Matter
41 (MCM-41)] diﬀered from the one used in the present
investigation (SBA-15).
Figure 5 shows homonuclear 11B exchange spectra with
mixing times of 0 and 200 ms, recorded at 50 °C. The two
boron species can be clearly distinguished on the diagonal.
During a mixing time of 200 ms, slow exchange of the BH4−
ions between the two fractions occurs on the millisecond time
scale, as is clear from the two cross-peaks with similar
intensities. This means that both LiBH4 fractions are in contact
and BH4− can pass over the interface between these fractions.
The strong intensity of the cross-peaks suggests that the
interfacial area between the LiBH4 fractions is substantial.
Figures S15 and S16 show exchange spectra of MI-MS-8
recorded at 10 and 50 °C, respectively, using exchange times

chemical shift diﬀerence. Therefore, the local environment of
the borohydride anions must be (slightly) diﬀerent.
The chemical shift separation between the two 11B
components exists over the entire temperature range studied
(30−130 °C). As shown in Figure S13, the ratios of the two
components change in favor of the downﬁeld component with
increasing temperature. These ratios exhibit the same behavior
as the ratios obtained from the analysis of the 1H spectra
(Figure 4). The separation of the peaks conﬁrms that the two
boron resonances reﬂect the presence of BH4− in either the
dynamic or less-dynamic fraction of nanoconﬁned LiBH4.
An 11B−1H heteronuclear correlation spectrum (Figure S14)
shows the chemical shifts of the two boron species along the
horizontal axis, separated by about 1 ppm. The chemical shifts
of the corresponding proton species are shown along the
vertical axis. The chemical shifts of the two 1H peaks are
identical, to an accuracy of at least 0.3 ppm. Łodziana and
Błoński have proposed a theoretical model for the distribution
of LiBH4 throughout the pores of nanoporous carbon.59 In this
model, conﬁned lithium borohydride is ordered in onedimensional chains, two-dimensional ribbons, three-dimensional (3-D) chains, and bulk. For each of the components,
they calculated the expected 1H and 11B chemical shifts. In
their theoretical model, the only components with an 11B
chemical shift downﬁeld of bulk LiBH4 and a 1H chemical shift
similar to bulk are the proposed one-dimensional chains of
LiBH4, although the majority of the calculated shifts of such a
component deviates more than 0.3 ppm from bulk LiBH4. Our
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between 1 and 625 ms. At short exchange times ≤5 ms, the
peaks on the diagonal dominate, indicating that little exchange
has occurred during this time. At exchange times of 25 ms or
longer, cross-peaks become apparent, indicating the exchange
of BH4− ions between the fractions. The relative intensity of
the cross-peaks, compared to the diagonal peaks, increases with
increasing exchange time. At the longest exchange time (625
ms), the cross-peaks are comparable in magnitude to the
narrow diagonal peak, suggesting that a large amount of the
originally highly dynamic BH4− ions has moved to the lessdynamic fraction. Vice versa, a comparable amount of initially
less-dynamic BH4− ions migrated to the highly dynamic phase.
In this case, the mixing time substantially exceeds the exchange
time, which is consequently estimated to be on the order of 0.1
s. As the experiments are conducted at MAS spinning
frequencies up to 40 kHz, spin diﬀusion is thought to play a
minor role in these experiments (vide infra).
Zou et al.60 did not ﬁnd a temperature dependence of an
exchange process in LiBH4 in porous carbon, and the results
presented here do not reveal a very clear correlation between
temperature and exchange rate, either. However, as discussed
before, the ratio of the fractions strongly depends on the
temperature. This makes it diﬃcult to establish the exchange
rate as a function of temperature as this is counteracted by the
change in the interfacial area between the fractions.
Dynamics at the Interface. A two-dimensional exchange
experiment with a temperature jump was performed to study
the exchange of BH4− ions between the nanoconﬁned LiBH4
fractions upon an increase in temperature. Figure 6 shows the
pulse sequence and resulting 11B exchange spectrum. The
temperature-jump experiment diﬀers from regular exchange
experiments (the previous section) by the presence of strong
radio frequency irradiation during the mixing time τ, causing
dissipative heating of the sample. Consequently, the vertical
axis (corresponding to time t1, before heating) relates to the
sample at a lower temperature than the horizontal axis (time t2,
after heating), i.e., this spectrum shows the transport of BH4−
ions from one phase to the other during heating. At the end of
the acquisition time, the rf-irradiation is switched oﬀ and the
sample reverts to its initial state/temperature before the next
scan is acquired.
In the spectrum (Figure 6a), the two 11B fractions on the
diagonal axis are clearly visible. Unlike the regular exchange
experiments described earlier, the oﬀ-diagonal peaks are not
symmetric about the diagonal. Above the diagonal line, a
sizable cross-peak can be observed, whereas the oﬀ-diagonal
intensity below the diagonal is marginal. The cross-peak above
the diagonal corresponds to borohydride ions that are in the
less-dynamic fraction before heating but end up being part of
the dynamic fraction upon heating of the sample during the
exchange time.
Comparison of the spectrum before (vertical) and after
(horizontal) heating suggests that between 1 and 3% of the
spectral intensity is in the asymmetric cross-peak. Comparing
this with the quantitative SPE 1H spectra (Figure 4) implies
that the temperature increases by 4 ± 3 °C during the heating
time (assuming that a new equilibrium is rapidly established
after the mixing time τ). It is clear that a signiﬁcant amount of
borohydride ions in the less-dynamic fraction becomes part of
the dynamic fraction upon heating, whereas the reverse process
is much less signiﬁcant during sample heating.
This observation has two important consequences. First, it
shows that the exchange process can be attributed to a

physical, temperature-induced, exchange process. If the process
would instead be the result of energy transfer between nearby
nuclear spins, a process known as spin diﬀusion,61 it would
have been independent of temperature and the spectrum
would have been symmetric about the diagonal. Hence, this
conﬁrms the presence of the physical exchange of borohydride
ions between the two fractions.
Second, this proves that the highly dynamic fraction grows at
the expense of the less-dynamic fraction, as a function of
temperature. This process is thus responsible for the change in
the ratio of the two conﬁned fractions as a function of
temperature. The aforementioned apparent absence of temperature dependence for the exchange rate is speculated to
originate from the decrease in the interface area between the
fractions when the layer of highly mobile ions is larger, a
distribution of activation energies for the exchange process, or
a combination of both, eﬀectively counteracting the expected
Arrhenius behavior.

■

DISCUSSION
From our experiments, a view on the complex composition and
dynamics of LiBH4 nanoconﬁned in silica SBA-15 emerges.
Both Li+ and BH4− ions are present in two distinct fractions
with diﬀerent mobilities at near-ambient temperatures. The
ratios of the dynamic and less-dynamic fractions are, within
error, identical at 30 °C in both 7Li and 1H spectra. At this
temperature, there appears to be a highly dynamic LiBH4
fraction that displays rotational and translational motions for
both borohydride ions and lithium ions and might therefore be
considered an ionic liquid.
The less-dynamic fraction resembles bulk o-LiBH4 below the
phase transition temperature. Two-dimensional-exchange
experiments reveal a continuous exchange process of BH4−
ions between both LiBH4 fractions at a hundred milliseconds
time scale, showing that the fractions are in intimate contact
and that the interface between the two LiBH4 fractions is large.
This is consistent with the core−shell model proposed by
Shane and Verdal et al. for nanoconﬁned LiBH4.23,24
An intriguing question is what causes this behavior of LiBH4
in the SBA-15 pores. A well-known model is the space charge
model that has been proposed to describe the interface
between electrolytes and insulators.4,62 This model predicts
that ions can either be attracted or repelled by the charges on
the surface of an insulator (such as silica), thereby creating
defects in the ionic lattice, with the number of defects reducing
exponentially with the distance from the insulator. It is well
known that ionic mobility is correlated with defect formation
propagation. For example, Lee et al. calculated that, once
defects are formed, the activation energy for Li+ hopping in the
low-temperature phase of LiBH4 is comparable to that in the
highly conductive high-temperature phase.63 Furthermore, the
space charge model has been proposed to account for an
increased lithium-ion mobility in several lithium salt/oxide
composite systems.20,64,65 However, the dynamic phase in this
system is so dynamic that it is not considered to have a clear
lattice structure, so we cannot really speak of a space charge
model, and given the distinct 11B and 6Li peaks, any
intermediate species on the interface between the fractions
are expected to be very short-lived on the NMR time scale.
Nevertheless, a speciﬁc interaction with the silica wall can
contribute to the observed highly dynamic phase with greatly
enhanced ion mobility for both Li+ and BH4− in LiBH4/SiO2
nanocomposites. Moreover, it should be considered that the
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very similar to the experimentally observed line shapes for the
nanocomposites.
In conclusion, Figure 7 schematically depicts the structure
and translational mobilities of the ions in LiBH4/SiO2

morphology of SBA-15 is very complex resulting from the
corrugation of the pores.54 This might interfere with the
crystallization of LiBH4 at the silica surface. The observation of
“unfreezable” interfacial layers is well known for molecular
liquids at silica surfaces.66 The eﬀect of corrugation might also
relate to the diﬀerent behavior of the two fractions observed in
MCM-41. In that study,17 we observed increasing dynamics
with increasing temperature, but the relative amount of the two
fractions remained constant. It should be noted, however, that
the pores in that study were also much narrower (1.9 nm)
compared to this study. In any case, the exact nature of the
interactions at the silica surface needs further investigation.
Further away from the silica surface, in the core of the pores,
the regular bulk LiBH4 is expected to persist; its phase
transition temperature is lowered, however.
At elevated temperatures, above the phase transition
observed in the DSC experiments, the 1H and 11B NMR
spectra clearly show there are still two distinct fractions of
BH4− ions in the conﬁned LiBH4. In the 6,7Li NMR spectra,
however, we only observe a single lithium fraction. Even more
intriguing is the fact that the quadrupolar 7Li line shape of
these lithium ions diﬀers from the well-known line shapes of
both bulk o- and h-LiBH4. A possible explanation for the
observation of these lithium line shapes would be that all of the
nanoconﬁned LiBH4 is highly disordered, leading to a large
distribution in quadrupolar interaction parameters, smearing
out the features of the quadrupolar line shape. It is very
unlikely, however, that this disorder would lead to lower
quadrupolar coupling constants than the bulk material.
Moreover, previous studies already showed that the nanoconﬁned LiBH4 does not show a long-range order.19 An
amorphous phase without local order is not expected to show
distinct satellite transitions. In addition, it does not explain our
observation of two well-deﬁned, distinct BH4− fractions.
We conﬁrm that the phase transition observed by DSC
corresponds to the transition from o-LiBH4 in the core of the
pores to the high-temperature hexagonal phase h-LiBH4. As
was described by Suwarno et al.19 for nanoconﬁned LiBH4 in
silica, this transition takes place at lower temperatures than in
the bulk phase. Our 11B NMR spectra show that above the
phase transition we still have two LiBH4 fractions in the pores
of the silica: a core of h-LiBH4 surrounded by highly dynamic
amorphous LiBH4 displaying the rapid translational motion of
both BH4− and Li+ ions. It is known that the lithium ions in
hexagonal LiBH4 are highly mobile.8 Combined with the fact
that we observed BH4− exchange between the two LiBH4
fractions, we therefore conclude that Li+ ions are able to
exchange rapidly between the highly dynamic phase and hLiBH4. If this exchange is rapid enough, we will observe an
averaged quadrupolar line shape because of the diﬀerence in
quadrupolar interaction parameters for 7Li in the two phases
(CQ = 0 vs 37 kHz).
To validate this hypothesis, we simulated 7Li line shapes for
a system in which a fraction of the Li+ ions experience an
environment similar to that in bulk h-LiBH4 and the other
fraction experiences no quadrupolar interaction because of the
mobility and lack of well-deﬁned lattice sites in the highly
dynamic phase. Figure S17 shows the resulting line shapes for
such a situation, as a function of the exchange rate between the
two fractions. Although this is a simpliﬁed model, assuming a
speciﬁc ratio between the two fractions and equal probability
to exchange for any 7Li atom, it can clearly be seen that at
exchange rates of 102−103 kHz, line shapes appear that are

Figure 7. Model of nanoconﬁned LiBH4 showing the cross section of
a single silica pore. The size of the arrows represents the time scales of
the translational dynamics of Li+ and BH4− near ambient conditions
(left) and above the temperature of the phase transition (right) in
LiBH4/SiO2 nanocomposites. Diﬀerent colors are used to depict the
dynamic and less-dynamic LiBH4 fractions for clarity.

nanocomposites at near-ambient and elevated temperatures,
as discussed above. In the highly dynamic fraction near the
pore walls, the translational mobility of the Li+ and BH4− ions
is fast enough to average the NMR interactions, suggesting an
ion hopping frequency above the 100 kHz time scale already at
room temperature. In the core of the pores, the translational
mobility of these ions is much slower, as is clear from the line
shapes of tens of kilohertz wide for protons. The BH4− ions
exchange over the border between the two fractions on a time
scale on the order of 100 ms. The translational mobility of Li+
displays a similar trend as BH4− at room temperature. Lithium
hopping is slow in the core of the pores, yet very fast motions
are observed near the pore walls. Most likely, a slow exchange
between the two Li+ fractions already occurs at ambient
conditions, but this is diﬃcult to study by NMR because the Li
resonances of both phases overlap. However, above the phase
transition of the LiBH4 in the core, the lithium mobility is very
fast in both fractions, and exchange between these fractions
occurs readily on the time scale of 0.1−1 MHz, as deduced
from the observed 7Li quadrupolar line shapes.
Based on 1H exchange experiments, Zou et al. found a
correlation time of 5 ms for the exchange process between the
BH4− fractions for LiBH4 conﬁned in carbon aerogels.60 This is
at least an order of magnitude shorter than for the LiBH4/SiO2
nanocomposites studied here. An exchange time of 5 ms would
lead to the coalescence of the separate resonances in the 11B
spectra (Figure S12) for BH4− in the two fractions. This
separation is about 1 ppm (270 Hz) at 20 T. It has been shown
that the thickness of the layer of the highly dynamic LiBH4
depends on the support used.19 Therefore, the diﬀerences in
exchange times might result from diﬀerent interactions of
LiBH4 with diﬀerent supports. This suggests that the interface
properties of the support material play a major role in the
lithium dynamics. However, eﬀects of the pore structure
cannot be excluded either, as the carbon support used by Zou
et al. has a wide distribution in the pore diameter.

■

CONCLUSIONS
We have studied the eﬀect of nanoconﬁnement on the
structure and dynamics of LiBH4. Lithium borohydride
conﬁned in mesoporous silica was studied using solid-state
NMR in the temperature range between room temperature
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and 130 °C. This temperature range spans the range relevant
for battery operation.
LiBH4 in silica nanopores is clearly divided into two distinct
fractions at all temperatures. One fraction is highly dynamic
and lacks a clear structure over the entire temperature range,
with both Li+ and BH4− diﬀusing rapidly through the material.
The other fraction behaves similar to bulk LiBH4, except for its
phase transition temperature. The relative abundance of the
fractions suggests that the highly dynamic fraction resides near
the silica pore walls, whereas the bulklike fraction is located in
the core of the pores.
Spectra recorded at various temperatures revealed that the
relative abundance of the dynamic fraction increases with
temperature. Exchange experiments show that a continuous
exchange of BH4− ions between the fractions occurs on a 10−
100 ms time scale. A temperature-jump exchange experiment
proves that the interface between the fractions shifts as a
function of temperature.
Near ambient temperatures, the translational motion of the
Li+ ions is similar to that of the BH4− ions. In the dynamic
fraction, the lithium ions are highly mobile, whereas Li+ in the
core fraction is less mobile, similar to that in the lowtemperature phase of bulk LiBH4. Possibly, slow lithium
exchange occurs between the fractions. Nevertheless, only a
fraction of the Li+ ions are mobile and potentially useful for
battery applications under ambient conditions.
At elevated temperatures, when the phase transition of the
bulklike conﬁned material to the h-LiBH4 structure has taken
place, all Li+ ions are highly mobile and readily cross the
border between the two fractions on a microsecond time scale.
Consequently, all lithium ions in the nanopores appear as a
single, highly dynamic component in the NMR spectra.
For further optimization of LiBH4/SiO2 (or complex metal
hydrides on oxide hosts in general) for application in an allsolid-state battery, it is important that future work reveals the
nature and thickness of the layer of highly mobile LiBH4 and
how this is inﬂuenced by the interaction with the silica pore
walls for diﬀerent types of silica. Only mobile ions contribute
signiﬁcantly to ionic conduction, and results so far suggest a
strong dependence of the mobile layer thickness on the
scaﬀold properties. The exact relation between the scaﬀold
material and the dynamics of the ions needs further
investigation.
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