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ABSTRACT: We report that the addition of silica nanoparticles to
the iodide-substituted LiBH4 (h-Li(BH4)0.8(I)0.2) improves the ion
conductivity and, remarkably, the cycle life of the all-solid state
batteries. The h-Li(BH4)0.8(I)0.2-SiO2 was synthesized by mecha-
nochemical treatment and possesses a Li+ conductivity of 9.3 × 10−5

S cm−1 at RT. It has an electrochemical stability window of about 2.5
V vs Li+/Li and an improved stability against Li-metal, compared to
h-Li(BH4)0.8(I)0.2, owing to the addition of oxide nanoparticles,
which we ascribed to a greater mechanical stability of the solid-state
electrolyte. The all-solid state battery Li|h-Li(BH4)0.8(I)0.2-SiO2|TiS2
demonstrated a good long-term cyclability, i.e., over 200 cycles at C/
20 and even including a C-rate of C/5, demonstrating that the
addition of oxide nanoparticles improves the cycling stability of the
electrolyte.

1. INTRODUCTION
Much research effort is devoted to improving the safety of Li-
ion batteries, by introducing electrolytes that are thermally
stable and not prone to decomposition, thereby limiting the
flammability.1 Solid-state electrolytes are intrinsically less
flammable than organic liquid electrolytes. Complex hydrides
have shown interesting properties as solid electrolyte, such as a
low gravimetric density, a good electrochemical stability and
compatibility with Li metal anode (forming stable inter-
face).2−5 Lithium borohydride (LiBH4), a low density (0.666
g/cm3) material, has been extensively studied as an electrolyte.
Its room temperature (RT) polymorph has an orthorhombic
unit cell (o-LiBH4), space group (s.g.) Pnma, and low ionic
conductivity (σ; around 10−8 S cm−1), while the high
temperature polymorph, stable above 110 °C, has a hexagonal
unit cell (h-LiBH4), s.g. P63mc,6 and shows high σ (∼10−3 S
cm−1 at 120 °C).7

The RT Li-ion conductivity in LiBH4 can be enhanced using
different approaches: (a) Halide substitution, replacing BH4

−

with I−, Br−, and Cl−, stabilizes h-LiBH4 forming solid
solutions (among them the most conductive composition is
h-Li(BH4)0.8(I)0.2);

8−11 (b) Partially decompose the o-
LiBH4,

12 also by mixing it with LiBF4;
13 (c) Addition of

nanosized oxides to form composites,3 synthesized by
nanoconfinement in suitable scaffolds14 or by mechanochem-
ical treatment.15 In the latter, the enhanced Li-ion conductivity
relies on the formation of a highly conductive interface layer
with the oxide and can be described by a core−shell
model.14,16−18 Even though the LiBH4−oxide interaction is
not really understood, it is known that Li-conductivity is

optimized when LiBH4 completely fills the oxide pores (adding
a LiBH4 volume that corresponds to the oxide total pore
volume),15,19 and the thickness of the interfacial layer has been
estimated to be about 2 nm.20 Recently, the two approaches
have been combined, nanoconfining h-Li(BH4)1−x(I)x solid
solutions in different scaffolds.21,22

Studies on LiBH4−oxide composites have mostly focused on
improving the conductivity, while little effort has been spent on
other important properties, such as mechanical properties,
battery assembly, cycle life, and overall battery performance.
Here, the synthesis of h-Li(BH4)0.8(I)0.2-SiO2, with a volume of
the h-Li(BH4)0.8(I)0.2 corresponding to that of the pore volume
of the oxide nanopowder (i.e., 100% of the oxide pore filled),
by mechanochemical treatment, its characterization and its
implementation in an all-solid-state battery (SSB) is discussed.
We further demonstrate that this material is compatible with a
lithium metal anode, and that the addition of SiO2 enhanced
the Li-ion conductivity of the solid electrolyte and greatly
enhanced the cyclability, demonstrated with a battery cell using
a TiS2 cathode and Li anode.
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2. EXPERIMENTAL METHODS
The h-Li(BH4)0.8(I)0.2-SiO2 electrolyte was synthesized
according to the procedure and with the composition reported
in the Supporting Information (Table S1), and we will refer to
it as solid-state electrolyte (SSE). The h-Li(BH4)0.8(I)0.2
hexagonal solid solution was stabilized at RT by a combination
of mechanochemical treatment and annealing, mixing LiBH4
(purity > 95% from Sigma-Aldrich) and LiI (purity > 99%
from Sigma-Aldrich).11 The SiO2 nanoparticles (Aerosil 300,
Evonik) was incorporated to form a nanocomposite electrolyte
by mechanochemical treatment,15 using a volume of h-
Li(BH4)0.8(I)0.2 equal to the pore volume of the SiO2 (i.e.,
space between the nanoparticles), obtained by N2 physisorp-
tion. The composite was characterized by powder X-ray
diffraction (XRD) at RT using a Panalytical X-pert Pro MPD
(Cu Kα1 = 1.54059 Å, Kα2 = 1.54446 Å) in Debye-Scherer
geometry, N2 adsorption at 77 K in a TriStar Plus II gas-
volumetric apparatus (Micromeritics, Norcross, GA, U.S.A.),
and by infrared spectroscopy in Attenuated Total Reflection
(ATR) with a Bruker Alpha-P spectrometer, equipped with a
diamond crystal (see Supporting Information for experimental
details).

The conductivity was measured using electrochemical
impedance spectroscopy (EIS) on samples obtained by
compacting the powder into pellets (diameter 13 mm,
thickness 1−2 mm, 150 MPa) using an axial hydraulic press.
The total conductivity measured was assigned totally to Li-ion
conduction.4,15 For other electrochemical characterizations,
the pellets were obtained by placing about 60 mg of sample
powder in PEEK (polyether ether ketone) cylinder (10 mm
diameter) and by cold pressing (250 MPa) in between two
stainless steel pistons. To measure cyclic voltammetry (CV),
the samples were mixed with carbon black (Ketjenblack
EC600JD, Akzo Nobel Chemicals) in a weight ratio of 95:5
using an agate mortar.23 A pellet was obtained by pressing 8
mg of C-SSE mixture on a prepelletized 60 mg of SSE, which
was subsequently attached to a Li disk as the counter and
reference electrode. For battery-cell assembly, the SSE and
TiS2 (99.9%, Sigma-Aldrich) powders were mixed in a 60:40
weight ratio in an agate pestle for 5 min, and the mixture was
used as the composite positive electrode (cathode). A total of
8.9 mg of cathode mixture (3.5 mg of TiS2) was pressed on top
of a pellet prepared using 60 mg of SSE. A freshly polished Li
disk as the anode material was pressed with the pellet. These
batteries were left for 2 h at 60 °C and then cycled using a

Figure 1. (a) Rietveld refinement of the h-Li(BH4)0.8(I)0.2-SiO2 (SSE) pattern (Rwp 7.03%). The inset shows the structure of the SSE obtained
after Rietveld refinement (the relative occupancy of the anions is not shown). (b) ATR spectra of the SSE, h-Li(BH4)0.8(I)0.2, and pure LiBH4.
Arrows indicate the absorption bands at about 1170 and 960 cm−1. (c) Conductivity of the SSE and pure LiBH4 and (d) of the SSE and h-
Li(BH4)0.8(I)0.2 obtained during the second heating temperature-dependent EIS cycles.
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PARSTAT MC/PMC-1000 at C/20 (12 mA/g), C/10, C/5,
C/2, and C.

3. RESULTS AND DISCUSSION
Figure 1a shows the X-ray diffraction pattern of the h-
Li(BH4)0.8(I)0.2-SiO2 (solid-state electrolyte, i.e., SSE), in
which the only crystalline phase observed is h-Li(BH4)0.8(I)0.2
(see Figure S1 for comparison with the pattern of the h-
Li(BH4)0.8(I)0.2). The crystalline structure of the SSE in
Rietveld refinement (Figure 1a) was defined using the starting
structure of the hexagonal polymorph of h-LiBH4 (P63mc),24

in which, however, I− ions occupy 20% of the boron positions
(i.e., 2b Wyckoff site, x = 0.3333, y = 0.6667, z = 0.553). The
structure resulting from the Rietveld refinement is shown in
the inset in Figure 1a, where a small increase of the I− z
coordinate, i.e., x = 0.3333, y = 0.6667, and z = 0.602, and a
larger cell volume (57.1 Å3) than the RT extrapolated volume
of h-LiBH4 (53.3 Å3), see Table S2) was detected. Expansion
of the lattice is expected as the radius of I− is larger than that of
BH4

− (I− = 2.20 Å, BH4
− = 2.03 Å).25

The SSE was further analyzed with infrared spectroscopy in
Attenuated Total Reflection mode (Figure 1b). The h-
Li(BH4)0.8(I)0.2 spectrum shows new bands, compared to the
o-LiBH4 spectra, at ∼1170 cm−1 and 960 cm−1, in agreement
with results reported by Rude et al.26. The absorption bands
related to B−H stretching (2400−2000 cm−1 region) of the h-
Li(BH4)0.8(I)0.2 and SSE are similar, but they differ from that
of o-LiBH4, which reflects a different symmetry of the BH4

−

anions due to the stabilization of the hexagonal phase.26,27

Furthermore, the presence of the SiO2 is evident from the
intense and broad absorption band in the SSE spectrum in the

region 1300−750 cm−1. Finally, the N2 absorption performed
on the SSE sample showed a surface area (25 m2/gSSE) and
pore volume (0.1 cm3/gSSE), which decreased by an order of
magnitude compared to the SiO2 (i.e., 294 m2/g, 2.30 cm3/g,
respectively, see Figure S2 and Table S3), confirming that the
mechanochemical treatment allows to form a dense nano-
composite.

Figure 1c shows the conductivity versus inverse temperature
of the SSE, including, for a comparison, results obtained for
pure LiBH4. Figure 1d shows the conductivity comparison
between h-Li(BH4)0.8(I)0.2 with and without SiO2 added. With
SiO2, the conductivity at 40 °C is 9.3 × 10−5 S cm−1, similar to
the value reported for LiBH4-LiI-SBA-15 prepared by nano-
confinement (1.3 × 10−4 S cm−1).21 The RT conductivity is
about 4 orders of magnitude higher than for pure LiBH4, and it
is slightly higher than that of the h-Li(BH4)0.8(I)0.2 at the same
temperature (see Figure 1d). The activation energy (EA) for
SSE sample, obtained from a linear fit (R2 > 0.999) of the
ln(σT) versus 1/T data shown in Figure 1d, was 0.51 ± 0.01
eV. The EA obtained for SSE is similar to that of the pure h-
Li(BH4)0.8(I)0.2 (i.e., 0.55 ± 0.02 eV), but much lower than the
EA of o-LiBH4 (i.e., 0.75 ± 0.07 eV).28 A sudden change in the
conductivity above 110 °C due to the polymorphic transition
was observed for pure LiBH4 but, as expected, not for the
hexagonal solid solution.

Similar to LiBH4-oxide composites,15 the enhancement of
the conductivity due to the silica incorporation can be
explained using a core−shell model (see Figure S3 for a
graphical view), in which two different fractions are present:
(a) the region between the h-Li(BH4)0.8(I)0.2 and the oxide,
which forms a highly conductive layer; (b) the bulk region,
maintaining the conductivity of the hexagonal h-Li-

Figure 2. Cyclic voltammetry of Li|h-Li(BH4)0.8(I)0.2|h-Li(BH4)0.8(I)0.2-C|stainless steel (a) and Li|SSE|SSE-C|stainless steel (b) cells, measured at
60 °C from 1.0 to 5.0 V vs Li+/Li, with a scan rate of 100 μV s−1. An enlarged view is shown in (b). The electrochemical stability was assessed on
the basis of the decomposition occurring at the first edge potential (Eonset), i.e., the potential where a faradic current is detectable.30
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(BH4)0.8(I)0.2 phase.14,15,18 Taking into consideration an
interfacial SSE-SiO2 layer thickness of 2 nm,15,20 the
calculation of the theoretical thickness (Table S1), based on
our previous studies,15,19 confirms that there is some bulk h-
Li(BH4)0.8(I)0.2 that is far from the interface layer, yet able to
form a well-connected pathway for the Li-ion conduction. This
is based on the assumption that the interface layer thickness of
the LiBH4−SiO2 and h-Li(BH4)0.8(I)0.2-SiO2 are equal,
because the calorimetric procedure to probe the phase
transition temperature, as used by Suwarno et al.,20 cannot
be used in this case, as the transition has already been
suppressed by the I− substitution. These results demonstrate
that the combination of the two different approaches to
increase the Li-ion conductivity is a powerful synthesis route
for solid-state electrolytes with ionic conductivities suitable for
application in all-solid-state batteries.21,29

To establish whether the mechanical treatment with silica
has an influence on the electrochemical stability window, cyclic
voltammetry was performed on both the SSE and h-
Li(BH4)0.8(I)0.2 at 60 °C (Figure 2).

A small anodic peak (Eonset), at about 2.5 and 2.6 V, was
detected for the h-Li(BH4)0.8(I)0.2 and SSE, respectively,
assigned to the partial decomposition of the of BH4

−.11,23 At
higher potentials (above 3.0 V), a major oxidative event is
observed for both samples, that is assigned to the extraction of
the I− ion from the crystal structure above 3.0 V.31,32

The oxidation stability of a mixture, is determined by the
stability of the least stable anion, which sets the practical
stability limit of the whole binary compound.33 The electro-
chemical stability window of the SSE can therefore be defined

as about 2.5 V, determined by the decomposition potential of
the BH4

−. The electrochemical stability window of pure LiBH4
is around 2.2 V versus Li+/Li,11,23 and similar results was
obtained for LiBH4−MgO nanocomposites (2.2 V vs Li+/
Li).19 These findings confirm that the mechanical treatment
enhances the ionic conductivity without altering the oxidative
stability of the electrolyte.

The compatibility of h-Li(BH4)0.8(I)0.2 and SSE with Li
metal anodes was explored by assembling symmetric Li metal
cells. Figure 3 depicts the evolution of the cell voltage profile
over time, at a constant current of 0.031 mA/cm2 at intervals
of 30 min (for the first 20 steps, 6 μAh/cm2) and 1 h (for
following steps, 0.031 mAh/cm2). The cell containing only the
h-Li(BH4)0.8(I)0.2 without silica nanoparticles, showed an
increasing polarization upon cycling. The overpotential
reached 58 mV (47% higher than the initial value of 40 mV,
i.e., from an initial total resistance of 1643 Ω to a final of 2383
Ω) before the cell shorted after 185 h (7.5 days), suggesting a
limited stability against lithium metal. The higher initial
voltage, compared to the results obtained for the SSE, can be
due to (a) slightly lower ionic conductivity; (b) occurrence of
parasitic reactions; (c) poor interfacial contact. Differently, the
earlier short circuit (after 185 and 300 h for h-Li(BH4)0.8(I)0.2
and SSE, respectively) might be due to a lower mechanical
strength compared to the SSE, i.e., limited ability to stop
dendritic growth. In contrast, for the cell containing the SSE,
lithium plating and stripping is fully reversibly, with a low
potential, that reaches 21 mV as maximum value (5% higher
than the initial polarization of 20 mV). Importantly, the overall
voltage remains constant for almost 300 h (12.5 days),

Figure 3. Cycling profiles of the symmetrical Li|h-Li(BH4)0.8(I)0.2|Li (blue) and Li|SSE|Li (red) cells at 60 °C with a constant current density of
0.031 mA/cm2 applied for 30 min, in the initial 20 cycles, and for 1 h for the following cycles..
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indicating that the electrolyte is stable in contact with lithium.
The value of 21 mV is in line with the EIS spectra (Figure S4)
collected on the as-assembled cell, resulting in a contact/
interface resistance, after having subtracted the electrolyte
contribution, equal to 165 Ω cm2, that can be caused by the
absence of a controlled cell stack pressure.2,34,35 These results
suggest that the addition of silica nanoparticles increase the
stability of the electrolyte for lithium stripping and plating.

The different behaviors shown by the symmetric cells
(Figure 3) could tentatively be explained by an improved
mechanical strength of the SSE, compared to the h-
Li(BH4)0.8(I)0.2, induced by the addition of SiO2.

2 The
theoretical bulk modulus of LiBH4 is 10−20 GPa.36 Such a
low bulk modulus compared to other solid-state electrolytes37

is advantageous for mechanical processing.38 At the same time,
to prevent Li dendrite growth, the shear modulus should be at
least twice that of the lithium metal,39,40 but that of LiBH4 is
only slightly larger than that of Li (i.e., 5.12 GPa for LiBH4 vs
4.02 GPa for Li metal).36 The addition of harder materials, e.g.,
SiO2 with an shear modulus of 30−40 GPa,41,42 could increase
the SSE rigidity preventing the formation of Li dendrites.

Similar behavior has been observed for polymer-based solid
electrolytes, in which the mechanical properties were improved
by the presence of oxide particles.43,44 Recently, it was
demonstrated that addition of Si nanoparticles can inhibit
the formation of Li dendrites at the interface of Li anode.45

However, a detailed study of the mechanical strength and the
effect of pressure is outside the scope of the present work.

Given its high ionic conductivity and excellent stability in
plating/stripping lithium, an all-solid-state Li/TiS2 battery was
assembled (Figure 4a). Figure 4c shows the charge−discharge
voltage profiles for cycling at 60 °C between 1.5 and 2.6 V at
C/20. C-rate-capability tests (C/10, C/5, C/2, C, 10 cycles

each) were performed. The SSB exhibits a reversible charge
capacity of 181 mAh/g and discharge capacity of 185 mAh/g
in the second cycle, that corresponds to about 76 and 77%,
respectively, of the theoretical capacity of TiS2 (239 mAh/
g).46−48 Optimization of the cathode mixture and preparation
could enable higher initial capacity.49 The battery was
successfully cycled for more than 220 times, i.e., to our
knowledge, the longest cyclability reached by an SSB using a
LiBH4-based electrolyte, showing a discharge capacity
retention of 68% after 50 cycles, and 34% after 220 cycles
(Figure 4d). Moreover, the Coulombic efficiency remained
between 99% and 100% during the first 70 cycles, i.e., also at
the C-rate of C/10 and C/5, as well as from the 90th to 220th
cycle (Figure 4b). During the C-rate capability test, while the
Coulombic efficiency remained stable, the capacity slightly
decreased with increasing C-rate, until C/5. Nevertheless, this
is the highest C-rate achieved by an SSB assembled using a
LiBH4-based SSE (see Table S4 for the comparison).
Subsequent increase in C-rate (from C/2 to C) deeply affect
the cell performances, with a drastic reduction of the specific
capacity, likely due to an insufficient Li-ion conductivity of the
SSE.

A significant difference was observed between the discharge
capacity of the first and the second cycle (106 and 185 mAh/
g). This is related to reactions at the TiS2/LiBH4-based-
electrolyte interface to possibly form Li2B12H12 and other
compounds.50 Such decomposition is likely kinetically limited
above a critical thickness of Li2B12H12, resulting in a stable
solid electrode interface layer.19,50 Similar behavior has been
reported for Li-TiS2 SSBs by Unemoto et al.50 for a LiBH4
electrolyte at 120 °C, for a LiBH4-MgO electrolyte at 60 °C19

and also in Li-S SSB based on LiBH4-SiO2 electrolytes.51

Figure 4. (a) Schematic illustration of the assembled all-solid-state battery (SSB). (b) Coulombic efficiency (charge capacity over discharge
capacity). (c) Voltage profiles of Li|SSE|TiS2 solid-state battery during cycling at 60 °C, selected voltage profiles are presented. (d) Discharge/
charge specific capacity (left) and discharge capacity retention ratio (right) as a function of the cycle number for a rate of C/20 (12 mA/g), C/10,
C/5, C/2, and C. The capacity of the battery is expressed in mAh per g of TiS2.
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The cell impedance was monitored after each charge/
discharge cycle (Figure S5). Figure S5a shows the Nyquist plot
after the cell was assembled (before charge/discharge cycles)
and after every 10 charge−discharge cycles. Figure S5b shows
that the contact resistance of the fresh cell is <1 Ω (similar to
that obtained by Kim et al.52). After this initial low resistance
value, the contact resistance increases, explaining also the
capacity fading. The capacity fading can be caused by two
contributions: (a) the formation of the Li2B12H12-based SEI
layer and (b) the loss of contact at the electrodes interfaces.19

The satisfactory cycling performance of the cell suggests that
the studied SSE can be adopted as a solid electrolyte for SSB. A
key point that should not be overlooked is that a much higher
charge/discharge cycles have been performed by the cell
assembled in this work, compared to those where LiBH4-base
electrolytes and Li metal as anode were used (see table in ref
53), proving that the addition of SiO2 nanoparticles improves
also the cycling properties. While we have obtained exceptional
cycling behavior in the studied system, the battery performance
could (likely) be further improved by optimizing the contact
between the electrolyte and the electrodes, as well as
employing other cathodes materials.

4. CONCLUSIONS
In this work, the effect of nanocomposite formation via ball
milling on the electrochemical properties of halogenated
LiBH4 (h-Li(BH4)0.8(I)0.2) has been investigated. The h-
Li(BH4)0.8(I)0.2-SiO2 demonstrated a higher conductivity than
pristine LiBH4 and the pure solid solution. The electro-
chemical stability window of the nanocomposite is similar to
that of the solid solution but the stability against Li-metal is
drastically improved by the presence of the oxide nano-
particles. We ascribed this to the fact that the addition of the
rigid SiO2 nanoparticles which has a high shear modulus,
strengthens the SSE, likely mitigating the dendrite propagation.
Importantly, we have assembled an all-solid state battery cell
(Li|h-Li(BH4)0.8(I)0.2-SiO2|TiS2) that shows a long-term
cyclability, i.e., over 200 cycles, demonstrating that the
addition of oxide nanoparticles significantly improves the
stability of the solid electrolytes. We believe that further
optimization of the cathode composition and preparation
could improve the battery performance, opening potential for
applications for instance in stationary storage.
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