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ABSTRACT: High-performance, practical all-solid-state batteries
(ASSBs) require solid-state electrolytes (SSEs) with fast Li-ion
conduction, wide electrochemical stability window, low cost, and low
mass density. Recent density functional theory (DFT) simulations have
suggested that lithium thioborates are a particularly promising class of
materials for high-performance SSEs in Li batteries, but these materials
have not been studied extensively experimentally due to synthesis
difficulty. Particularly, their electrochemical properties remain largely
underexplored, limiting their further development and application as
SSEs. In this work, we report the successful synthesis and a
comprehensive electrochemical performance study of single-phase,
crystalline Li6+2x[B10S18]Sx (x ≈ 1). We find cold-pressed samples of
Li6+2x[B10S18]Sx (x ≈ 1) to exhibit a high ionic conductivity of 1.3 ×
10−4 S cm−1 at room temperature. Furthermore, Li6+2x[B10S18]Sx (x ≈
1) shows an electrochemical stability window of 1.3−2.5 V, much wider than most sulfide SSEs. Symmetrical Li−Li cells
fabricated with a Li6+2x[B10S18]Sx (x ≈ 1) pellet were cycled up to a current density of 1 mA cm−2 and exhibited good long-term
cycling stability for more than 140 h at 0.3 mA cm−2. These results suggest Li6+2x[B10S18]Sx (x ≈ 1) as a promising choice of
SSE for high-performance ASSBs for energy storage.

Li metal batteries (LMBs) represent one of today’s most
extensively studied electrochemical energy storage technolo-
gies due to the high specific capacity of Li metal anodes
(∼3860 mAh/g),1,2 which could enable significantly higher
energy density. Compared with traditional liquid electrolytes-
based LMBs with safety risks due to the volatility and
flammability of the organic solvents, all-solid-state batteries
(ASSBs) have attracted tremendous attention in both
academia and industry due to potential improvements in
safety as well as higher energy density and wider operating
temperature range.3−8 Solid-state electrolytes (SSEs) are
essential components in ASSBs,4,9 but the rational design of
new electrolytes represents a significant scientific challenge. A
high-performance solid electrolyte must simultaneously exhibit
fast Li-ion conduction, a wide electrochemical stability
window, and mechanical resistance against lithium penetra-
tion.4,10−12 Decreasing the cost and weight will also ensure
economic competitiveness and high energy density.13,14

Among various SSEs, sulfide solid electrolytes15−19 (e.g.,
lithium thiophosphates (LPS)) are promising candidates to

satisfy the combination of these properties due to their high
ionic conductivity, some ductility, and low mass den-
sity.15,18,20,21 However, traditional sulfide SSEs tend to have
a narrow electrochemical stability window,22,23 limiting the
operation voltages of full cells. Recently, four lithium
thioborate phases were predicted through density functional
theory (DFT) computation and grand potential phase analysis
to exhibit ultrahigh single-crystal ionic conductivities, wide
electrochemical stability windows, low cost, and low mass
density simultaneously, comparable to or exceeding those of
the best-known oxide ceramic electrolyte materials.24 However,
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to date, these materials have been rarely studied experimentally
due to the difficulty in the synthesis of pure materials.
The known lithium thioborate (Li-B-S) materials include

Li5B7S13,
25,26 Li3BS3,

27,28 Li9B19S33,
26 Li2B2S5,

29 and
Li10B10S20.

30 The Li10B10S20 phase was first synthesized and
reported as Li6+2x[B10S18]Sx (x ≈ 2) in 1990.30 Briefly,
Li6+2x[B10S18]Sx (x ≈ 1 or 2) constitutes a ternary chalcogenide
structure composed of a well-defined rigid polymeric
thioborate framework of composition [B10S186−]n and a highly
disordered system composed of around (6 + 2x) Li+ and x S2−

ions per formula unit (Figure 1 a). Ten parallel BS4 tetrahedra
are connected by their corner S atoms to form a 3D macro-
tetrahedral/super-adamantanoid B10S20 cluster. Each B10S20
macro-tetrahedron is further connected by all four of its
corner S atoms to adjacent macro-tetradedra, forming two
interpenetrating but nonbonding networks with composition
of [B10S186−]n. As evident in Figure 1a, large voids exist within
this [B10S186−]n framework, creating channels that host highly
disordered sites for the nonframework S ions and the majority
of the Li ions.
In the original work by Hebel and Krebs, the product

synthesized may have contained a significant fraction of
Li5B7S13 and Li3BS3 impurities. 7Li NMR studies of the lithium
dynamics revealed a low activation energy of 12 kJ/mol
(equivalent to 0.12 eV),30 implying that this thioborate phase
is a superionic conductor. Nevertheless, such a high ionic
conductivity was not experimentally verified via transport
measurements. Additionally, the electrochemical properties of
this phase�or any of the Li-B-S phases, for that matter�were
rarely studied for solid electrolytes or batteries. Recently, Nazar
and colleagues synthesized and characterized the ionic
conductivity of three lithium-ion conducting materials

prepared by full substitution of S2− with monovalent X−

(Cl−, Br−, and I−) to form lithium thioborate halides.20

While these compounds exhibit attractive ionic conductivity,
other electrochemical properties such as stability were not
determined.
In this work, we used a solid-state reaction to synthesize

single-phase crystalline Li6+2x[B10S18]Sx (x ≈ 1). Hereinafter,
we refer to Li6+2x[B10S18]Sx (x ≈ 1) as LBS. Our approach
diverges from the original method reported by Hebel and
Krebs.30 After carefully optimizing synthesis parameters
including the ratio of raw materials, synthesis atmosphere,
temperature, and duration, we successfully achieved single-
phase crystalline LBS without any other Li-B-S phase
impurities. We then comprehensively studied the electro-
chemical performance of LBS. Specifically, LBS shows an ionic
conductivity of 1.3 × 10−4 S cm−1 at room temperature (RT).
Excitingly, LBS has an electrochemical stability window of
1.3−2.5 V against metallic Li, which is substantially wider than
those of most sulfide system electrolytes.22,31 Symmetrical Li−
Li cells with LBS SSE did not short circuit even when the
current density reached 1 mA cm−2 with a cycling capacity of 1
mAh cm−2 at RT. At a current density of 0.3 mA cm−2 and a
cycling capacity of 0.3 mAh cm−2, the cells cycled for more
than 140 h. The improved critical current density and cycling
stability indicate that LBS exhibits notable Li dendrite
suppression, which may enable ASSBs with increased power
density.32 Furthermore, the ionic conductivity of LBS appears
to be stable. Our work provides a comprehensive analysis on
the electrochemical performance and battery performance of
lithium thioborates. It provides a new type of sulfide solid
electrolyte for inorganic solid electrolytes, opening the door to
the study of a new class of lithium thioborates SSE.

Figure 1. (a) Crystal structure of Li6+2x[B10S18]Sx (x ≈ 1 or 2) (BS4: green tetrahedra, S: yellow spheres, Li: omitted). (b) Schematic
illustration of the synthesis of the LBS powder. (c) Synchrotron XRD pattern of the material with its Rietveld refinement result.
Experimental data is shown in the black line; the calculated pattern is shown in red with the background as green; the difference between
data and calculation is displayed in gray. The tick marks at the bottom indicate calculated Bragg peak positions. (d) Photo image of LBS
powder. (e, f) Photo image of the LBS pellet from (e) top view and (f) side view. The LBS pellet was prepared by pressing LBS powder
under 360 MPa for 2 min. The pellet exhibits a large diameter of 13 mm and a thin thickness of ∼500 μm.
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The solid-state reaction is illustrated in Figure1b. First, Li2S,
boron powder, and sulfur powder with an appropriate ratio are
mixed in an Ar-filled glovebox to obtain a uniform precursor
mixture. Next, the precursor mixture is loaded into a boron
nitride (BN) crucible, which is sealed in a stainless-steel
reactor. The reactor is then taken out of the glovebox for
heating. Finally, the reactor is opened in the glovebox to collect
the LBS powder. In contrast to the previously reported LBS
synthesis which took several days, our whole procedure,
including cooling, took 32 h, ensuring high synthesis efficiency.
The Li/B ratio was determined by inductively coupled plasma
mass spectrometry (ICP-MS) spectroscopy to be 0.80 ±
0.01:1.
The X-ray diffraction (XRD) pattern of the synthesized

sample is shown in Figure 1c (black line). The diffraction
pattern can be well indexed to a monoclinic unit cell with a =
21.05291(16) Å, b = 21.16732(16) Å, c = 16.18522(11) Å, and
β = 128.3917(4)°. There are no unaccountable peaks, and the
lattice parameters are very close to those of the initial single-
crystal solution of Li6+2x[B10S18]Sx (x ≈ 2) from Hebel and
Krebs,30 indicating a single-phase crystalline product with the
same [B10S186−]n framework was obtained. Rietveld refinement
of the data was performed with a crystal structure model
derived from the original solution from Hebel and Krebs,30 and
the result is shown in Figure 1c (details about refinement and
structure are discussed in the Supporting Information, Figure
S1 and Table S1). Reasonable agreement between the
experimental and calculated patterns is achieved. The minor
misfit intensities cannot be explained by any known Li-B-S

phases and are attributed to the intrinsic nature of this
material. It has highly disordered nonframework S and Li
atoms, whose coordinates and occupancy are unconstrained
and challenging to refine even from single-crystal diffrac-
tions.20,30 Such highly dispersive nonframework atomic sites
contribute to the high Li mobility within the material, which
we discuss later.
The synthesis atmosphere, ratio of raw materials, heating

temperatures, and duration all affect the product phases (Table
S2 in the Supporting Information). To obtain single-phase
crystalline LBS, the following conditions need to be satisfied:
Ar atmosphere instead of vacuum, excess boron and sulfur with
an appropriate ratio, heating profile of 750 °C for 2 h and 550
°C for 12 h. As shown in Figure 1d, LBS shows white color.
The powder can be easily pressed into a large, thin pellet with a
diameter of 13 mm (Figure 1e) and a thickness of ∼500 μm
(Figure 1f), which ensures good processability and high energy
density in ASSBs.
The scanning electron microscopy (SEM) image of the LBS

pellet surface is shown in Figure 2a. The corresponding energy-
dispersive X-ray spectroscopy (EDX) images (Figure 2b,c)
show the even distribution of boron and sulfur, indicating the
good uniformity of LBS. The SEM image and EDX images of a
single particle also exhibit uniform distribution of boron and
sulfur (Figure 2d−f). We note that LBS is sensitive to the
electron. As shown in Figure S2, obvious beam damage could
be observed on the same particle after focusing for 1 and 2
min. Therefore, to avoid this issue, we carried out transmission
electron microscopy (TEM) at cryogenic conditions. The low-

Figure 2. (a) SEM image of the LBS pellet surface. (b, c) Corresponding EDX images of the LBS pellet surface: (b) distribution of B and (c)
distribution of S. (d) SEM image of the LBS particle. (e, f) Corresponding EDX images of the LBS particle: (e) distribution of B and (f)
distribution of S. (g) High-resolution cryo-TEM image of a LBS particle (inset shows FFT). (h−j) SADP images of the LBS particle.
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dose, high-resolution cryo-TEM image of a LBS particle is
shown in Figure S3, where the phase contrast of the atomic
lattice shows high crystallinity in the high-magnification image
(Figure 2g). The inset fast Fourier transform (FFT) shows the
atomic lattice has a d-spacing of 8.13 Å, corresponding to the
(0 2 1) atomic plane of LBS. Selected area diffraction pattern
(SADP) images were obtained from the area selected in Figure
2h,i. The spots correspond to d-spacings of 3.17 Å, 2.31 Å, and
3.68 Å (Figure 2j; more details are shown in Figure S4) and to
different atomic planes of (2 4 2), (1 7 3), and (−5 1 4),
respectively, consistent with XRD data. Furthermore, the
electron energy loss spectroscopy (EELS) data also confirms
the uniform distribution of lithium, boron, and sulfur (Figure
S5).
We perform density functional theory molecular dynamics

(DFT-MD) simulations of Li ion diffusion to identify the
primary conduction pathways. Because nonstoichiometric
compositions tend to exhibit higher ionic conductivities than
stoichiometric compositions, we simulate Li ion diffusion in
Li10B10S19, a Li-rich variant of the Li8B10S19 structure. This is
done to facilitate diffusion so that conduction pathways may be
observed on computationally tractable time scales; we do not

seek to compute an exact ionic conductivity value. We run
DFT-MD at 900 K for approximately 40 ps using the NVT
canonical ensemble. Due to the very large 312-atom primitive
cell, it is intractable to generate hundreds of picoseconds or
more of MD data as is commonly done to compute the ionic
conductivities of crystalline materials.24,33 We observe a Li
mean-squared displacement (MSD) of more than 100 Å2 over
the 40 ps simulation, on par with previously reported
computational results for other Li-B-S phases over a
comparable amount of simulation time: Li9B19S33, Li5B7S13,
and Li3BS3 (Figure 3a).24

Li8B10S19 has a complex structure with a large primitive cell
that likely supports many diffusion mechanisms. To probe
where Li conducts most rapidly, we construct heatmaps
showing the trajectories most commonly occupied by Li
(Figure 3c,d). These heatmaps suggest Li tends to conduct
along the outside of the polymeric [B10S186−] structures and
does not traverse the open channels between these structures.
Computing the Li MSD along the directions of the a, b, and c
lattice vectors, and the ab, bc, and ac planes, suggests Li diffuses
in all directions but is not entirely isotropic; diffusion along the
c direction and in the bc and ac planes is favored, while the

Figure 3. (a) Comparing the mean-squared displacement (MSD) of Li over 40−50 ps of DFT-MD simulation in Li10B10S19 and other Li-B-S
phases suggests this phase will exhibit fast ionic conductivity like the others. (b) Li MSD along the directions (a, b, c) and planes (ab, bc, ac)
defined by the lattice vectors suggests Li diffusion is favored in the c direction and associated places (ac, bc). Note the y axis shows the MSD
normalized by the dimensionality d to facilitate direct comparisons of the diffusivities; d = 1 for the a, b, and c MSDs and d = 2 for the ab, bc,
and ac MSDs. (c) Heatmaps of the Li probability density looking along the c direction. (d) Li probability density onto the bc plane. These
heatmaps suggest Li diffusion occurs along the exteriors of the polymeric [B10S18

6−] structures and not through the open channels.
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magnitude of the diffusion along the a and b directions is lower
by about one-third to one-half (Figure 3b). To directly
compare the one- and two-dimensional MSDs, we normalize
the MSD values in Figure 3b by the dimensionality d, where d
= 1 for the a, b, and c MSDs and d = 2 for the ab, bc, and ac
MSDs. To visualize the conduction pathways, we visualize
heatmaps collapsing the three-dimensional Li probability
density down onto two planes: one perpendicular to the c
lattice vector (Figure 3c) and the bc plane (Figure 3d). These
heatmaps show a conspicuous absence of Li intensity in the
gaps between the polymeric [B10S186−] structures, suggesting
Li diffuses along the outside of the structures but does not
cross the gaps between neighboring structures.
The electrochemical properties of LBS were characterized in

customized pressure-controlled cells. For ionic conductivity
measurement, two indium (In) foils were placed on each side
of a LBS pellet in an In/LBS/In cell (Figure 4a). The
impedance spectra are typical of an ionic conductor (Figure
4b),32 indicating an ionic conductivity of 1.3 × 10−4 S cm−1.
A wide electrochemical stability window is desired to enable

the highest voltage output of the solid-state battery by coupling
a lithium metal anode with a high-voltage cathode materi-
al.34,35 We note that many works have employed Li/SSE/
platinum cells to characterize the electrochemical stability
window, claiming a wide window of 0−5 V17,34,36 and even a
higher voltage upper limit of 10 V.37,38 However, the above-

mentioned method is not accurate because the decomposition
current is overshadowed by the huge Li deposition/dissolution
peaks34,35 and the electrolyte/electrode contact area is small.
To avoid the huge Li deposition/dissolution peaks, the cyclic
voltammetry (CV) needs to be scanned within restricted
voltage windows.22,35 As a result, to characterize the electro-
chemical stability of LBS, we carried out CV tests on Li/LBS/
LBS-graphite cells (Figure 4c). Graphite was mixed into LBS
to form a composite electrode. The increased contact between
SSE and graphite improves the kinetics of the decomposition
reaction due to the facile electron transport as well as
significantly increased active area for the charge-transfer
reaction.22,34,35 CV was scanned between 1 and 4 V to test
the oxidation of LBS. We observed oxidation starting at 2.5 V
(Figure 4d). For LBS reduction, we scanned between 0 and 1.8
V. There, the reduction starts at 1.3 V (Figure 4d). Therefore,
the electrochemical stability window of LBS is 1.3−2.5 V. This
window is considerably wider than those of the majority of
sulfide solid electrolytes (Figure S6)35,39−46 such as β-Li3PS4,
Li7P3S11, Li10GeP2S12, Li10SnP2S12, and Li6PS5Cl within the Li|
SSE|SSE+C test cell configuration. To ensure a fair
comparison, we specifically chose pristine sulfide electrolytes
(without any dopants or coatings) and determined the range of
the electrochemical stability window based on the onset
voltage.

Figure 4. (a) Schematic illustration of In/LBS/In cell configuration for ionic conductivity measurement. (b) Impedance spectra of LBS
pellet. (c) Schematic illustration of Li/LBS/LBS-graphite cell configuration for cyclic voltammetry measurement. (d) Cyclic voltammetry
curves of Li/LBS/LBS-graphite cell within the voltage ranges of 1−4 V and 0−1.8 V at a scan rate of 0.1 mV/s at RT.
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To demonstrate the LBS’s performance in a symmetrical cell
configuration at RT, we fabricated Li/LBS/Li cells (Figure 5a).
The critical current density is an important factor for Li−Li
cells and is defined as the highest current density symmetrical
Li−Li cells can withstand before failure (short circuiting or
drastic overpotential increase).47 As shown in Figure 5b, the
critical current density of LBS reached 1 mA cm−2 with a
charge/discharge capacity of 1 mAh cm−2. Another sym-
metrical Li−Li cell was run at 0.3 mA cm−2 with a charge/
discharge capacity of 0.3 mAh cm−2 for long-term cycling at
RT (Figure 5c). The cell operates for more than 140 h,
showing good cycling performance. The high critical current
density and good long-term cycling stability indicate that LBS

exhibits good Li dendrite suppression capability and may be
useful in high-power Li metal batteries.
Finally, the LBS solid-state electrolyte showed good stability

in ionic conductivity. The ionic conductivity of LBS was
measured in symmetrical Li−Li cells after storage in a glovebox
between 1 and 15 days at RT. The impedance spectra overlap
with one another (Figure 5d). The ionic conductivity at
different times was calculated (Figure 5e), showing good
stability with time. No decrease in ionic conductivity was
observed after more than 2 weeks. Besides, the interfacial
resistance shown in the impedance spectra decreased after the
first measurement and remained unchanged over time, which
indicates a stable solid−electrolyte interface is likely formed
(Figure 5d, inset). This indicates that the LBS SSE has good

Figure 5. (a) Schematic illustration of a symmetrical Li/LBS/Li cell. (b) Galvanostatic cycling of the Li/LBS/Li cell at step-increased current
densities at RT under a cycling pressure of 35 MPa. The time for each charge and discharge is 1 h. The step size for the current increase is
0.05 mA cm−2. Insets: voltage profile of Li/LBS/Li at 0.3, 0.6, and 1.0 mA cm−2, respectively. (c) Galvanostatic cycling at 0.3 mA cm−2 of the
Li/LBS/Li cell at RT under a cycling pressure of 35 MPa. The time for each charge and discharge is 1 h. (d) Impedance spectra of the LBS
pellet after storage for different numbers of days, measured in symmetrical Li/LBS/Li cells. Inset shows the interfacial resistance. (e) Ionic
conductivity of the LBS pellet after storage for different times.
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stability and limited reduction against Li/Li+ over time,
ensuring suitability for long-term storage and use.
In summary, we successfully synthesized a new lithium

thioborate SSE, Li6+2x[B10S18]Sx (x ≈ 1) (LBS), through a
solid-state reaction and studied its electrochemical properties
through a combination of experimentation and simulation.
LBS offers a crystalline single phase, high purity, good
uniformity, low density, good processability, and high synthesis
efficiency. LBS exhibits high ionic conductivity and a wide
electrochemical stability window of 1.3−2.5 V. Furthermore,
cycling in symmetrical Li/LBS/Li cells demonstrates a high
critical current density of 1 mA cm−2 at RT. The symmetrical
Li/LBS/Li cell also shows good cycling stability for more than
140 h at a current density of 0.3 mA cm−2 and a charge/
discharge capacity of 0.3 mAh cm−2. Moreover, the ionic
conductivity of the LBS solid electrolyte is stable, ensuring
suitability for long-term storage and use. Our work provides
the first comprehensive report on the electrochemical perform-
ance of lithium thioborates. This work accordingly provides an
effective technique to synthesize single crystalline phase LBS
with low mass density, fast ionic conduction, wide electro-
chemical stability window, and good cycling stability. In
addition, this work provides guiding principles on synthesizing
lithium thioborate derivative SSEs and promotes the further
development and wider application of sulfide system solid
electrolytes. Incorporating doping techniques to increase the
ionic conductivity of LBS is also a promising research
direction.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Lithium sulfide (Li2S, 99.9%,

Alfa Aesar), boron powder (Amorphous, 95−97%, Alfa Aesar),
sulfur (Sigma-Aldrich), indium foil (In, Alfa Aesar), and Li foil
(Sigma-Aldrich) were used.
Synthesis of LBS Powder. Li2S, boron powder, and sulfur

powder with an appropriate ratio were mixed in a mortar to
obtain a uniform precursor mixture. All handling of powders
was carried out in Ar-filled glovebox. The precursor mixture
was supported in a BN crucible, which was placed in a
stainless-steel reactor and then sealed. After that, the reactor
was taken out of the glovebox for sintering. The reactor was
heated up to 750 °C in 4 h and held for 2 h, then cooled to 550
°C in 4 h and held for 12 h, cooled to 50 °C in 10 h with a
cooling rate of 50 °C/h, and finally cooled to RT. Finally, the
reactor was opened in the glovebox to collect the LBS powder.
Materials Characterizations. Synchrotron X-ray diffrac-

tion (XRD) measurement was carried out in capillary
transmission mode at beamline 2-1 at the Stanford
Synchrotron Radiation Lightsource (SSRL) with 17 keV
beam energy and a Pilatus 100 K detector. The exact X-ray
wavelength was refined to be 0.727873 Å based on data
collected with LaB6 standard reference material. The sample
was loaded inside a 0.7 mm special glass capillary (Charles
Supper) with one open end sealed with epoxy in a glovebox,
and then flame-sealed to prevent air exposure. Rietveld
refinement of the XRD data was performed using TOPAS-
Academic (V7).48 For the multiphase samples (presented in
Table S2), a quick phase purity check was also performed by
lab XRD employing PANalytical Empyrean with Mo Kα
radiation in Bragg−Brentano configuration. These samples
were placed in a domed sample holder (Anton Paar) in a
glovebox before measurement to reduce air exposure. The Li/
B ratio in the samples was determined by ICP-MS (Thermo

Scientific XSERIES 2 ICP-MS). SEM images were obtained
with a Thermo Fisher Scientific Apreo S LoVac SEM.
Transmission electron microscopy Cryo-EM experiments
were performed on the FEI Titan 80−300 kV environmental
(scanning) transmission electron microscope (STEM) oper-
ated at an accelerating voltage of 300 kV with an energy
resolution of 1 eV. The instrument is equipped with an
aberration corrector in the image-forming lens, which is tuned
before each experiment. Low-magnification Cryo-EM images
were acquired with the Gatan Oneview CMOS camera with a
dose rate of over 1000 e− Å−2 s−1 and an exposure time for
each image of around 0.4 s. High-magnification Cryo-EM
images were acquired with the Gatan K3 direct-detection
camera with a dose rate of 50 e− Å−2 s−1. Eight frames were
taken with an exposure time of 0.1 s per frame for each image.
Cryo-STEM EELS characterization was performed with a C2
aperture of 50 mm, a beam current of 10 pA, a camera length
of 48 mm, and a pixel dwell time of 20 ms. EELS spectra were
acquired on a GIF Quantum 966 instrument with a dispersion
of 0.25 eV/channel in Dual EELS mode. The low-loss was
centered on the zero-loss peak and the core-loss was centered
on the S L-edge. Thus, the Li K-, S L-, and B K-edges can be
simultaneously acquired. Energy drift during spectrum imaging
was corrected by centering the zero-loss peak to 0 eV at each
pixel. Maps were computed through a two-window method,
with a pre-edge window fitted to a power-law background and
a post-edge window of 10−20 eV on the core-loss signal.
Electrochemical Characterizations. The electrochemical

properties were tested in customized pressure-controlled cells
in an Ar-filled glovebox. In/LBS/In cells were fabricated to test
the ionic conductivity: The LBS powder was pressed into a
pellet (diameter: 13 mm; thickness: 0.5 mm) under 360 MPa
for 2 min in a PEEK tank. After that, two In foils with a
diameter of 9 mm were attached on both sides of the solid
electrolyte pellet. The formed In/LBS/In cell was then
sandwiched between two stainless steel rods which function
as current collectors (Figure 4a is only for schematic
purposes). The electrochemical impedance spectroscopy was
measured under 35 MPa at RT. Li/LBS/LBS-graphite cells
were fabricated to measure the CV: 100 mg LBS and 10 mg
LBS-graphite powder (LBS powder: graphite is 75:25 in
weight, on top of LBS powders) were cold-pressed together
under 360 MPa (diameter: 6 mm; thickness: ∼2 mm), then a
Li foil was attached on the other side of the pressed pellet. The
formed Li/LBS/LBS-graphite cell was then sandwiched
between two stainless steel rods which function as current
collectors. The CVs of the Li/LBS/LBS-graphite cells were
measured with a scan rate of 0.1 mV/s at RT under 35 MPa.
The scanning voltage window was 1.0−4.0 V for oxidation and
0−1.8 V for reduction. Symmetrical Li/LBS/Li cells were
fabricated to test the cycling stability: The LBS powder was
pressed into a pellet (diameter: 6 mm; thickness: 0.5 mm)
under 360 MPa for 2 min in a PEEK tank. After that, two Li
foils with a diameter of 6 mm were attached on both sides of
the LBS pellet. The formed Li/LBS/Li cell was then
sandwiched between two stainless steel rods which function
as current collectors. Galvanostatic cycling of the Li/LBS/Li
cells was measured at RT under a cycling pressure of 35 MPa.
Simulation Methods. For the simulation of DFT-MD in

Li10B10S19, we utilized the Vienna ab initio simulation package
(VASP) with the GGA of PBE and the PAW method. Our
simulations used the NVT canonical ensemble. We simulated
the structure as observed experimentally in this work, which
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contains 312 total atoms. We used the Li_sv, B, and S
pseudopotentials, a plane wave cutoff energy of 499 eV for all
structures, and a gamma-point-only k-mesh. The VASP input
files were generated using the pymatgen.io.vasp.sets module of
Pymatgen.
To better understand Li diffusion pathways through the

Li8B10S19 phase, heat maps of Li atom position throughout the
DFT-MD simulation were generated and are displayed in
Figure 3. In these heatmaps, the positions of all Li atoms over
all time steps are aggregated and visualized. For each of the
three Cartesian directions, probability density functions are
constructed from the number of Li atoms that crossed each
coordinate in the 2D plane perpendicular to each axis. These
density plots indicate where Li atoms spend most of their time;
due to the speed of Li hopping between sites, exact pathways
are not resolved. However, in combination with the diffusivity
plots, which show significant isotropic diffusion, and the crystal
structure, we can identify diffusion pathways throughout the
material.
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