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ABSTRACT: Lithium borohydride (LiBH,), with high compatibility to lithium
anode, low grain boundary resistance, and light mass, is regarded as a promising
solid-state electrolyte. However, poor ionic conductivity at room temperature
limits its practical application in all-solid-state lithium-ion batteries (ASSLBs). In
the present study, Li(NH;),BH,@SiO, (0 < x < 0.5) composites were obtained
by ammonia absorption and simple ball-milling. Among them, Li(NH;),;BH,@
SiO, exhibits a high ionic conductivity of 3.95 X 107> S cm™" at 60 °C, with a
lithium transference number up to 0.9999 at 30 °C. More importantly, the [
experimental results and density functional theory (DFT) calculations show that
the skeleton and interfacial interaction of silica can effectively improve the
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electrochemical performance of the full cell. All-solid-state lithium—sulfur batteries
exhibit a specific discharge capacity of 1221.7 mAh g~ after 10 cycles. Reversible capacities of 1589, 1381, 1176, 969, and 695 mAh
¢! could be achieved at 0.1, 0.2, 0.3, 0.5, and 1C, respectively. These findings prove that Li(NH,),BH,@SiO, is an attractive

electrolyte for next-generation ASSLBs.

KEYWORDS: all-solid-state lithium-ion batteries, lithium borohydride, ionic conductivity, density functional theory,

sulfurized polyacrylonitrile cathodes

B INTRODUCTION

All-solid-state lithium-ion batteries (ASSLBs) with solid-state
electrolytes (SSEs) are considered as promising alternatives to
traditional lithium-ion batteries. Compared with liquid electro-
lytes, SSEs have better chemical stability, lower electronic
conductivity, and higher mechanical strength.'~* The solid
structure makes ion migration more stable, actualizing uniform
lithium deposition during battery cycles.” Then, the risk of
short circuits caused by lithium dendrites is decreased.®™®
Furthermore, matching solid electrolytes with a lithium metal
anode and a high-voltage cathode can not only improve the
energy density but also overcome safety issues. Significant
attention has therefore been paid to the development of SSEs
with excellent performance for the current energy storage
field.”~ "

For the last 2 decades, researchers have made significant
progress in the study of various electrolyte systems, such as
polymers,lz_16 oxides,"”™*" sulfides,>* ™%’ hydrides,zg_33 and
halides.”* ™" Among them, hydride-based electrolytes have the
advantages of good reduction stability to lithium, excellent
mechanical properties, and low grain boundary resistance.””
However, in the lithium borohydride electrolyte, lithium ions
can only conduct rapidly in the high-temperature phase, which
seriously restricts the application of lithium borohydride at
moderate temperatures. Significant efforts have been made to
improve the ionic conductivity of LiBH,, such as second-phase
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compos.itions,4 anion doging, and nano-
confined modifications.””*>* More recently, the crystal
structure of lithium borohydride has been enlarged by the
introduction of ammonia gas, leading to a decrease in the
activation energy of Li-ion migration.”” As the temperature
increases, the conductivity of Li(NH;)BH, increases drastically
(221 X 107 S cm™ at 40 °C). However, as the temperature
continually increases to 50 °C, Li(NH;),BH, (0 < x < 1)
partially starts melting. The conductivity increases with an
increase in the amount of ammonia, but the solid—liquid
transition temperature decreases.”* This special property limits
the use of lithium borohydride ammoniates in SSEs. Mean-
while, choosing the appropriate cathode to assemble a full cell
has baffled researchers.”>°

In this study, we designed a composite material composed of
lithium borohydride ammoniates (Li(NH;),BH, as cement)
and silicon dioxide (SiO, nanoparticles as bricks) to achieve
both high ionic conductivity and structural stability of the
electrolyte (Figure la). This was achieved simply by ball-
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Figure 1. (a) Schematic illustration of the electrolyte synthesis and an integrated all-solid-state Li/Li(NH,),,BH,@SiO,/SPAN battery. (b) XRD
patterns of LiBH, and Li(NH;),BH,@SiO,. (c) In situ XRD patterns of Li(NH,),,BH, during the heating process. (d) In situ XRD patterns of
Li(NH,),,BH,@SiO, during the heating process. (e, f) TEM and HRTEM images of Li(NH;),BH,@SiO,. (g, h) HAADF image and

corresponding EDS mapping of Li(NH;)o,BH,@SiO,.

milling and absorbing ammonia, leading to the formation of
fast lithium ion migration pathways (Li(NH;),,BH, bulk
phase and interface phase). Both experimental results and DFT
calculations reveal that a small diffusion barrier and fast
migration pathways are acquired from the composite, which
leads to superior conductivity. The electrochemical perform-
ance of the Li—S full cell was also investigated based on the
Li(NH;),,BH,@SiO, electrolyte.

B RESULTS AND DISCUSSION

Material Characterizations. Figure 1b shows the X-ray
diffraction (XRD) patterns of LiBH, and Li(NH,),BH,@SiO,
(x=0,0.1,02, 0.3, 0.4, 0.5) composites at room temperature
(XRD pattern of fumed SiO, is shown in Figure S1). Before
measurement, LiBH, was preprocessed under the same ball-
milling conditions as those of Li(NH;),BH,@SiO,. The XRD
pattern of fumed SiO, does not show diffraction patterns
because of its amorphous state. Ball-milling with SiO, would
reduce the crystallinity of lithium borohydride ammoniates.
When the stoichiometric ratio of ammonia to lithium
borohydride increases from 0 to 0.3, the crystal structure of
the composite does not change significantly, only resulting in a
small left shift of the overall diffraction patterns from the
enlarged figure. The ammoniated phase forms between 22 and
28°. The crystal structure of the composite changes with an
increase in the amount of ammonia above 0.5, where the
lithium borohydride phase starts to transform completely into
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the ammoniated phase. Therefore, a stoichiometric ratio of 0.5
is considered as the phase transition point. Furthermore, the (1
1 1) lattice spacing of each sample is calculated by the Bragg
formula, listed in Table S1. For instance, the lattice spacing of
the LiBH,@SiO, composite at (1 1 1) is 3.292 A, which is the
same as that of as-milled LiBH,. However, when the ratio of x
increases to 0.1, 0.2, and 0.3, the lattice spacing of the
Li(NH,),BH,@SiO, composite increases to 3.320, 3.323, and
3.330 A, respectively. The lattice spacing of the composite
increases with the increased absorption of ammonia, indicating
the expansion of the unit cell volume of Li(NH;) ,BH, "’
Taking Li(NH;)BH, as an example, its unit cell volume is
about 1.8 times that of LiBH,, as shown in Table S2. This will
reduce the volume density of lithium ions and enhance the
transport of lithium ions.”® Then, in situ XRD analysis was
performed to understand the structural stability. Figure 1c,d
shows the in situ XRD patterns corresponding to Li-
(NH;),,BH, and Li(NH;),,BH,@SiO, composites at various
temperatures. As a result of high-energy ball milling and the
presence of amorphous silica, the intensity of the Li-
(NH;),,BH,@SiO, phase in Figure 1d is weak, but the
diffraction peak positions of the two phases are consistent. The
crystal structure partially changes from the Li(NH;),,BH,
composite to Li(NH;),BH, (0 < x < 0.2), and the sample
pellet melts at the same time when the temperature increases
to 48 °C. As ammonia escaped from the crystal structure, the
characteristic peak of lithium borohydride ammoniate
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Figure 2. (a) Li 1s and (b) B 1s XPS spectra of LiBH,, LiBH,@SiO,, and Li(NH,),,BH,@Si0,. (c) Si 2p and (d) O 1s XPS spectra of LiBH,@
SiO, and Li(NH,),,BH,@SiO,. (e) N 1s XPS spectrum of Li(NHj;),,BH,@SiO,.
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Figure 3. (a) Typical Nyquist curves of Li(NH;), sBH,@SiO, at different temperatures. (b) Arrhenius plots of Li(NH;),BH,@SiO,. (c) Lithium
ionic conductivity of Li(NH,;)BH,@SiO, at 333 K. (d) DC polarization curve of Li(NH;),BH,@SiO, at 303 K. (e) CV curves of
Li(NH;),,BH,@Si0, at 313 K. (f) Galvanostatic cycling curves of the Li/Li(NH;),,BH,@Si0,/Li symmetric cell at increasing current densities.

disappeared. However, the structure of the Li(NH;),,BH,@
SiO, composite was retained after heating at 80 °C. The peak
position did not present obvious differences compared with
that at 30 °C; only the intensity decreased as the ammonia
partially desorbed. As a result, the introduction of SiO, can
effectively improve the thermal stability of the electrolyte
structure.

The morphology of the Li(NH;),,BH,@SiO, composite is
further observed by transmission electron microscopy (TEM)
(Figure le). The bright-field image of SiO, is shown in Figure
S2a, which exhibits a spherical morphology with a particle size
of less than 15 nm. As a result of the impact of the shear force
during ball-milling, the Li(NH,),,BH,@SiO, composite forms
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agglomerated particles and irregular shapes. As shown in
Figure 1f, both crystalline and amorphous phases are observed
in the high-resolution transmission electron microscopy
(HRTEM) image, identifying the (0 1 3) lattice plane of
Li(NH;)o,BH, and SiO,, respectively. Good contact between
the borohydride and insulating nanoparticles was also
conﬁrmed.ngigure 1g,h shows the high-angle annular dark-
field (HAADF) image and corresponding energy-dispersive X-
ray spectroscopy (EDS) mapping of the composite. The
homogeneous distribution of N and B indicates that ammonia
has been uniformly absorbed into the lattice of LiBH,. Similar
distribution results were also observed for the LiBH,@SiO,
composite, as presented in Figure S2. In addition, the
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Figure 4. Simulated migration pathway of interstitial Li in (a) LiBH,, (b) LiBH,/SiO,, (d) LiBH,-NHj, and (e) LiBH,NH,/SiO,. (c, f)

Corresponding energy curves.

distribution of Si and O elements inside the particle also
ensures close contact with Li(NH;),,BH,, which would help
improve the ionic conductivity at the interface.

Further characterization of the interaction between Li-
(NH;),BH, and SiO, was performed by X-ray photoelectron
spectroscopy (XPS), as shown in Figure 2. Two states of the Li
1s spectrum of as-received LiBH, can be detected at 56.3 and
55.6 eV, respectively. The former binding energy is associated
with the Li—[BH,] bond, whereas the latter is assigned to the
Li—O bond, mainly because of the transient air contamination
of the sample surface during the measurement setting. In
comparison, the relative intensity of the Li—O bond visibly
increases for both LiBH,@SiO, and Li(NH,),,BH,@SiO,
composites, which suggests the interaction between LiBH,/
Li(NH;),,BH, and SiO, via the Li—O bond (Figure 2a). As
shown in Figure 2b, similar results can be observed in the B 1s
spectrum; the intensity of the B—O bond becomes stronger
with the addition of SiO,, strongly indicating the active
interface reaction between the complex hydride and fumed
silica.”” The binding of anionic groups can enhance the
mobility of lithium ions.*”*" Moreover, there is no significant
difference in the spectrum of the samples containing SiO,
before and after ammonia absorption (Figure 2c,d). Only the
peak at 399.92 eV was attributed to the N—H bond of
Li(NH;)0,BH,@SiO,, as observed in Figure 2e. This result is
consistent with the EDS mapping (Figure 1gh), which also
suggests an effective absorption of ammonia molecules in the
LiBH, structure.

Electrochemical Performance. The overall conductivity
of the composites is presented according to the Arrhenius plot
in Figures 3b and S3. The EIS plots of Li(NH,),,BH,@Si0O,
using blocking electrodes (SUS/SUS) were also measured and
are exhibited in Figure S4. It can be seen from the Arrhenius
plots (Figure S3) of the LiBH,@SiO, composites that the
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conductivity of the samples with 10, 30, and 50 wt % SiO,
shows a small difference of 2.4 X 107% 2.1 X 107* and 1.9 X
107* S cm™, respectively. To obtain higher structural stability,
the samples with S0 wt % SiO, were selected for subsequent
ammonia absorption treatment. With an increasing amount of
ammonia absorption (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5), the
conductivity of the composites was drastically enhanced from
107* to 107> S cm™". The conductivities of Li(NH,),BH,@
SiO, with different ammonia contents were compared at 333 K
(Figure 3c). The conductivity of Li(NH;), sBH,@SiO, could
reach 3.95 X 1072 S cm™, 2 orders of magnitude higher than
that of LiBH,@SiO, (1.97 X 10™* S cm™). This conductivity
even exceeds those of other solid electrolytes such as hydride-
based, oxide-based, sulfide-based, and halide-based solid
electrolytes, as shown in Table S3. The higher lithium ionic
conductivity is attributed to the crystal structure expansion
with increased ammonia amount, thus resulting in an increased
bulk conductivity. Furthermore, the enhancement of the
conductivity after mixing with SiO, nanoparticles cannot be
ignored. Many studies have been conducted to explore the
mechanism of the significant improvement in conductivity
between ionic conductors and insulating particles after ball-
milling. One widely accepted theoretical model is the existence
of a space charge layer at the intimate interface between the
two phases.””®" In this space-charge layer, the ions overcome a
smaller energy barrier and jump more frequently. The
increased number of Li—O and B—O bonds in the XPS result
provides direct evidence to support the concept of the space-
charge layer. At low temperatures, the ionic conduction of the
Li(NH,),BH,@SiO, composite electrolyte is controlled by the
highly conductive interface. With increasing temperature,
lithium ions are inclined to transfer in Li(NH;),BH,. Finally,
a highly bulk phase and the conductive interface contribute to
generating a large ion-diffusion channel.
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Figure 5. Comparison of galvanostatic Li plating/stripping profiles of the Li/Li(NH;),,BH,/Li and Li/Li(NH;),,BH,@SiO,/Li cells at 0.1 mA
em™ at (a) 30 °C, (b) 40 °C, (c) 50 °C, and (d) 60 °C. Insets: digital images of Li/Li(NH;)o,BH,/Li (left) and Li/Li(NH;)y,BH,@SiO,/Li
(right) cells after cycles and prolonged galvanostatic cycling (bottom). (e, f) Galvanostatic charge/discharge curves (2nd cycle) of the Li/
Li(NH;),,BH,/SPAN and Li/Li(NH;),,BH,@SiO,/SPAN cells at different temperatures at 0.2C. (g) Differential capacitance curves of
galvanostatic cycling curves of (f). (h) Rate performance of the Li/Li(NH;),,BH,@SiO,/SPAN cell at 40 °C at 0.1, 0.2, 0.3, 0.5, and 1C. (j, j)
Galvanostatic charge/discharge curves of Li/Li(NH;),,BH,/SPAN and Li/Li(NH;),,BH,@SiO,/SPAN cells at 40 °C and 0.2C, respectively.

It is generally acknowledged that low electronic conductivity
plays a critical role in avoiding lithium dendrite formation in
the solid electrolyte.”’Figure 3d shows that the current
decreases rapidly at first and then reaches a plateau after
3600 s under a potential of S00 mV using direct current (DC)
polarization measurement at 303 K. The electronic con-
ductivity of the Li(NH;)o,BH,@SiO, electrolyte is 3.4 X 107°
S cm™, which is 5 orders of magnitude lower than that of Li*
ionic conductivity. The lithium-ion transference number was
determined to be 0.9999, which confirms Li ions as the major
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charge carriers in the Li(NH;),BH,@SiO, composite.’®
Cyclic voltammetry (CV) was carried out to verify the
electrochemical stability of SSE at a scanning rate of 1 mV s~
from —0.5 to 2.4 V. It was observed that cathodic peaks related
to lithium plating and anodic peaks related to lithium stripping
appear close to 0 V versus Li/Li" on the stainless electrode, as
shown in Figure 3e. There is no excess current peak because of
electrolyte decomposition, implying that the Li(NH;),,BH,@
SiO, electrolyte is stable in the scan range from —0.5 to 2.4 V.
To amplify the response current and accurately measure the
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oxidation decomposition voltage of the Li(NH;),,BH,@SiO,
electrolyte, a Li/SSE/SSE + 25 wt % Super P/SUS cell was
assembled for linear sweep voltammetry (LSV), as shown in
Figure S5.°° The results show that the oxidation decom-
position voltage of the Li(NH;),,BH,@SiO, electrolyte is
2.09 V. To evaluate the capability of the electrolyte to form
lithium dendrites, galvanostatic cycling with increasing current
density was performed at SO °C (Figure 3f). The critical
current density (CCD) of the Li/Li(NH;),,BH,@SiO,/Li cell
was determined to be 1.0 mA cm™2.

Lithium-lon Diffusion Mechanism. To understand the
migration pathway of lithium ions, the diffusion behavior was
simulated by DFT calculations. Orthorhombic LiBH, was
utilized in the calculations. LiBH,xNH; was regarded as a
mixture of LiBH, and LiBH,-NH; in the molecular scale;
LiBH,-NH; was therefore selected to represent samples with
different ammonia contents. Following the rules elucidated in
the previous study that the interconnected metastable
interstitial sites serve as the lowest energy path in LiBH,,*>%*
only the formation and migration of interstitial Li (Ij;) were
considered in this study. The migration of Ij; in LiBH, and
LiBH,-NH; was simulated first, as shown in Figure 4a,d. The
calculated diffusion barrier of Ij; is 118.1 meV for LiBH,
(Figure 4c) and 81.1 meV for LiBH,-NH; (Figure 4f). These
values are consistent with the previous report, demonstrating
the excellent Li transport kinetics of these two solid-state
electrolytes.63 The enhanced diffusion kinetics of I;; in LiBH,-
NH,, which was reported in previous studies, is confirmed.>”
However, the formation energies (E;) of I; in LiBH, and
LiBH,-NH; are as high as —0.16 and —0.24 eV, respectively.
The high E; hinders the appearance of Ij; and the subsequent
diffusion process, which is believed to mainly account for the
unsatisfactory Li ionic conductivity.*"®*

After compositing LiBH, and LiBH,-NH; with SiO,, as
illustrated in Figure 4b,e, the migrations of I;; in the interlayers
are simulated. The theoretical diffusion barriers are decreased
to 89.9 and 55.9 meV in LiBH,/SiO, and LiBH,-NH,/SiO,,
respectively. These results suggest that the Li transport
dynamics in the interfacial space is more rapid than that in
the crystal. Moreover, much lower E; values of —1.91 and
—1.95 eV are observed for I;; in LiBH,/SiO, and LiBH,-NH,/
SiO,, respectively, which indicates that the introduction of
SiO, makes the Ij; easier to form in the interfacial region. An
increase in the carrier concentration is very beneficial to the
increase in conductivity. As a result, by introducing SiO, to
form the composite, not only could the diffusion of Li be
accelerated, but the formation of Ij; could also be promoted.
All of these features contribute to the improved ionic
conductivity of the Li(NH;),BH,@SiO, electrolyte.

Performance of ASSLBs. Considering the electrochemical
stability window, low amount of ammonia, and high ionic
conductivity of the electrolyte, Li(NH,),,BH,@SiO, was
chosen as the electrolyte to investigate the performance of
ASSLBs. The stability of lithium metal with Li(NH,),,BH,@
SiO, was investigated as shown in Figure Sa—d. From the
cycling plots of the symmetric cell, it was found that the Li/
Li(NH,),,BH,/Li cell could not work properly because of the
low ionic conductivity at low temperatures (30 and 40 °C) and
electrolyte melting above SO °C (Figure Sa—d, left digital
photo). However, the charge—discharge curves of the sym-
metrical Li/Li(NH;)y,BH,@Si0,/Li cell at 0.1 mA cm™
exhibits much better cycling with no short circuit after 100
h. The polarization potential is quite stable (60 mV at 30 °C,

38 mV at 40 °C, 26 mV at 50 °C, and 9 mV at 60 °C), and no
fluctuation occurs from 100 h of cycling test at a current
density of 0.1 mA cm™? revealing a stable interface with small
interfacial resistance between the lithium metal and the
electrolyte. Silica bricks can effectively suppress the melting
problem of lithium borohydride ammoniates.

To further investigate the application prospect of the
composite electrolyte in ASSLBs, the temperature adaptability,
rate capability, and cycling performance of Li/SPAN cells were
tested by galvanostatic charge—discharge experiments (Figure
Se—j). The discharge capacities of Li/Li(NHj;),,BH,/SPAN
cells at 0.2C are 818.7 mAh g™ (40 °C, 2nd cycle) and 777
mAh ¢! (50 °C, 2nd cycle), respectively (Figure Se). These
cells also decayed or failed quickly within five cycles due to
large polarization and structural instability. However, Figure 5f
shows the discharge capacities of Li/Li(NH;),,BH,@SiO,/
SPAN cells at different temperatures at 0.2C. The discharge
capacities are 1216.9 mAh g~ (30 °C, 2nd cycle), 1361.2 mAh
g”' (40 °C, 2nd cycle), 1535.9 mAh g™ (50 °C, 2nd cycle),
and 1642.8 mAh g~' (60 °C, 2nd cycle). The polarization
potential decreased from 0.47 to 0.21 V when the temperature
increased from 30 to 60 °C (Figure Sg). Moreover, when the
current densities increase from 0.1, 0.2, 0.3, 0.5, and 1C in
sequence at 40 °C, the specific capacities are 1589.8, 1381.9,
1176.0, 969.9, and 695.8 mAh g_l, respectively, revealing a
good rate performance of the ASSLBs fabricated with the
SPAN and Li(NH;),,BH,@SiO, electrolyte (Figure Sh).
Besides, the full cell at 40 °C also exhibits specific discharge
capacities of 1361.2 mAh g~' (2nd cycle), 1331.6 mAh g™
(3rd cycle), and 1221.7 mAh g™ (10th cycle), with a high
Coulombic efficiency close to 100%. However, the full cell
without SiO, bricks shows rapid decay, with a discharge
capacity of only 290.9 mAh g™ at the 10th cycle (Figure Sij).
The cycling performance was also tested at 0.1C and 60 °C, as
shown in Figure S6. It yields a high capacity of 731.7 mAh g™
with a Coulombic efliciency of 99.9% after 25 cycles. These
results indicate that the composite material composed of
lithium borohydride ammoniates (Li(NH;),BH, as cement)
and silicon dioxide (SiO, nanoparticles as bricks) can be
applied as a solid-state electrolyte in all-solid-state lithium-ion
batteries. In our future studies, we will continually improve the
electrochemical performance of the full cell.

B CONCLUSIONS

In summary, fast ionic electrolytes were obtained by
introducing ammonia and nano-SiO, into LiBH,. The highest
ionic conductivity was 3.95 X 107> S cm™' at 60 °C for the
Li(NH;)osBH,@SiO, composite. The absorption of ammonia
makes the crystal structure of lithium borohydride expand or
even change. The close interface between the borohydride and
nano-SiO, will not only introduce a highly conductive layer but
also enhance the stability of the macrostructure of the
electrolyte. Based on these electrolytes, the assembled Li-
SPAN solid-state batteries exhibit a high capacity of 1221.7
mAh ¢! at 0.2C and 40 °C after 10 cycles. The trial and
application of solid-state electrolytes in full cells suggests that
Li(NH;),BH,@SiO, is a promising SSE candidate for
developing hydride-based ASSLBs with a high energy density.

B EXPERIMENTAL METHODS

Material Synthesis and Structural Characterization. LiBH,
(95%, Sigma-Aldrich), fumed SiO, (Aladdin), Li foil (China Energy
Lithium Co. Ltd., Tianjin), and ammonia (NH; purity, 99.999%)
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were used as received without further purification. The mixture with
weight ratio compositions of LiBH,—SiO, was mechanically milled at
400 rpm for 2 h with a planetary ball mill (Fritsch P7). The composite
of Li(NH;),BH,@SiO, was prepared by introducing ammonia into
LiBH,@SiO, at room temperature. The quantification of ammonia
was achieved by controlling the volume and pressure of ammonia in a
closed container. Phase identification was achieved using a
PANalytical Empyrean Multipurpose X-ray diffractometer with a
copper Ka line. Samples for X-ray diffraction (XRD) analysis were
prepared in a glovebox and sealed with Kapton films. For the in situ
heating XRD characterization, the samples were measured at S °C per
step with a heating rate of 5 °C min~'. The samples stayed at each
temperature for 20 min to achieve internal stability before testing. X-
ray photoelectron spectroscopy (XPS) measurements were acquired
with a Thermo Scientific K-Alpha+, XPS system, in which an Al Ka
microfocus monochromatic source was employed. Transmission
electron microscopy (TEM) observations and energy-dispersive X-
ray spectroscopy (EDS) mapping were performed on a JEOL JEM-
F200 coupled with JED-2300T.

Electrochemical Measurements and Characterization. The
powder sample was loaded into stainless-steel vessels with 10 mm
inner diameter and pressed into a pellet as the solid-state electrolyte.
Two metallic lithium foils of 10 mm diameter were then placed on the
two sides of the solid-state electrolyte as electrodes, forming a
sandwich structure. All processes took place in the glovebox filled with
Ar gas. Electrochemical impedance spectroscopy (EIS) measurements
were implemented using a Bio-Logic SP-200 (France). The input
frequency range was set to 7 MHz to 1 Hz. Experimental temperature
ranges were set from 20 to 60 °C. The lithium ionic conductivity was
evaluated from the diameter of the semicircle from the Nyquist plot.
The lithium ionic conductivity is calculated by the following equation

(1)

where d, S, and R represent the thickness, surface area, and impedance
of the electrolyte, respectively. The electronic conductivity (o,) was
calculated according to the following relation

c=4d/(SXR)

q=Ixd/(UxS) ()
where I is the steady-state current, U is the applied constant voltage, d
is the thickness, and S is the area of the electrolyte pellet. The lithium-
ion transference of SSE was calculated by the following equation

tt=1- o/o 3)
in which o, and o are the electronic conductivity and EIS
conductivity, respectively. For the full cell, sulfurized polyacrylonitrile
(SPAN) was used as the active material. Polyacrylonitrile and sulfur
powder were mixed at a mass ratio of 1:4, and then an appropriate
amount of absolute ethanol was added for mixing by ball-milling.
After volatilization with the solvent, the mixed sample was heated in a
nitrogen-filled tube furnace at 450 °C for 6 h to carbonize PAN and
obtain the final product. The elemental composition of SPAN is
shown in Figure S7, in which the S content accounts for 17.4 wt %.
The composite cathode was prepared by the ball-milling of SPAN,
Super-P, and Li(NHj;),,BH,@SiO, with a weight ratio of 30:10:60,
respectively. The all-solid-state battery was assembled by pressing the
composite cathode, SSE, and Li foil layer by layer. The electro-
chemical performance of the cells was measured by galvanostatic
cycling (Land, China). The capacity is reported with respect to the
mass of the active material.

Computational Method. Density functional theory (DFT)
calculations were carried out by the projector-augmented wave
(PAW) method as implemented in the Vienna ab initio simulation
package (VASP).5~% A generalized gradient approximation (GGA)
of the Perdew—Burke—Ernzerhof (PBE) functional was employed to
describe the exchange—correlation interaction.”” The van der Waals
(vdW) correction DFT-D3 proposed by Grimme was chosen to
describe the dispersion interaction.”® The energy cutoff was set to 500
eV. The spin polarization and a 3 X 3 X 3 y centered k-point mesh
were applied to all calculations. The structures were relaxed until the
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forces and total energy on all atoms converged to less than 0.05 eV
A" and 1 X 107° eV. Diffusion barriers for Li hopping between
adjacent interstitial sites in the crystal and interfacial region are
calculated by the climbing-image nudged elastic band (CI-NEB)
method.”!

The formation energy (E;) was calculated to evaluate the
appearance of interstitial Li (I;) thermodynamically. E; was defined
as follows

— EL'

i

E¢ = E;; g5 — Egsp

where Ep;ge and Eggp are the total energies of the solid-state
electrolyte materials with and without Ip;, respectively, and Ej; is the
energy of atomic Li. Therefore, a lower value of E; indicates that I; is
more likely to occur and the increase of carrier concentration.
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