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Lithium sulfide is a crucial material for Li-S solid electrolytes, as it serves as the costly precursor in the research
and development of solid-state batteries. This study introduces an economical carbothermal reduction method
for synthesizing LisS powder. Physicochemical studies are conducted to assess the crystallinity, morphology,
homogeneity, and oxidation state of the produced Li>S powders. DFT calculations are utilized to visualize the
crystal structure and atomic sites in Li,S. Electrochemical impedance spectroscopy analysis examines the ionic
conductivity of the prepared pellets at specific temperatures. NVT-Molecular Dynamics method is applied to
evaluate the diffusion coefficient of Li,S crystal structure at both low and high temperatures. A high concen-
tration of disordered defects correlates with excellent ionic behavior at T = 700 K. The Nudged Elastic Band
study demonstrates the activation energy (Ej;,) for Li ion hopping between neighboring and distant Li sites. The
low activation barrier and identification of lithium ion conduction channels confirm that Li5S is an isotropic ionic

conductor.

1. Introduction

Lithium ion batteries (LIBs) have garnered considerable attention
due to their high energy density and outstanding electrochemical per-
formances [1-3]. The utilization of sustainable, renewable energy
storage devices has increased due to global warming and air pollution
caused by petroleum products. The use of LIBs in portable and mobile
devices such as smartphones, robots, drones, and transportation systems
(for example, electric vehicles, hybrid electric vehicles) is rapidly
increasing [4-6] Nevertheless, current LIB cathodes, including LiCoOs,
LiNij xCoxMnxO:2 (x = 0-1), and LiFePOy4-based oxides, are limited by
their comparatively low discharge capacities (< 240 mAh g™'), which
hinders the achievement of high specific energy densities in LIBs [1,
3-5]. Additionally, oxide-based cathode materials provide higher
voltage, reasonable energy density, and long cycle life for LIBs. How-
ever, Co- and Ni-based compounds are expensive, scarce, and toxic,
which limits their potential for next-generation LIBs. In contrast,
sulfur-based conversion-type lithium sulfide (Li»S) materials offer
higher theoretical gravimetric capacities of 1166 mAh g™ [4,7]. More
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importantly, sulfur solid electrolytes have been explored as alternatives
to oxide solid electrolytes, enabling fast lithium-ion conduction and
excellent ionic conductivity due to the polarizable nature of S* anions
[8-10]. Even though Li5S has many advantages, it is moisture-sensitive,
which limits its usage. This is one of the foremost challenges when
handling sulfur-based materials. Moreover, lithium sulfide (LizS) is
considered the major precursor and primary cost driver for sulfide solid
electrolytes and next-generation cathode materials. The Li,S is a fasci-
nating material for both technological and scientific applications.
Currently, the commercial LioS powder research-grade is extremely
costly (approximately $ 15,000 per kg) [11,12]. The exploration of new
chemistries to enhance the energy density and safety of LIBs, and sig-
nificant progress towards the commercialization of novel materials, has
been made. Developing raw materials for electrodes and electrolytes
that are both safer and more economical is equally important [13].
Several synthesis methods have been explored for the scalable pro-
duction of LiyS powder. Commonly used techniques include ball-milling,
carbothermal reduction, sulfuration, chemical lithiation, and atomic
layer deposition to prepare the Li,S material [4]. The LiH and S
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precursors undergo ball-milling in an inert (Ar or He) atmosphere to
produce submicron-sized Li>S powder [4,14]. Although this method is
simple and economical, ball milling’s major disadvantage is its lack of
precise control over particle size and morphology [4]. Additionally, this
method leads to the undesirable formation of agglomerates. In the Sul-
furation method, lithium and sulfur are sealed together and heated at
300 °C to produce LiyS [4]. Furthermore, hydrogen sulfide (H,S) and
carbon sulfide (CS5) serve as precursors for producing nm and pm sized
LisS [4,14,15]. Vapor-phase ALD uses gaseous precursors like Li
tert-butoxide (LiOC (CH3)3) and HsS to synthesize amorphous nm-LisS
[4]. Some groups have used lithium naphthalenide in 1,2-dimethoxy-
ethane and lithium ethoxide with HyS gas to produce LizS nano-
crystals [16,17]. Nonetheless, these nanocrystals tend to aggregate into
larger clusters due to the surface charge of alkoxide precursors [17].
Compared to liquid and gaseous precursors, solid-state precursors such
as LipCO3, CH3COOLi, and LiOH are used to synthesize LioS powder at
high temperatures under a flow of HyS gas [4,17-19]. However, it is
important to note that some Li and S precursors are hazardous and costly
[4]. Chemical lithiation produces nm or pm size LiyS using lithiation
agents such as lithium triethylborohydride and lithium naphthalenide
with sulfur [4,20,21]. Moreover, these lithiating agents are prohibitively
expensive and highly reactive when exposed to air and other
environments.

Compared to alternative synthesis techniques, the carbothermic
reduction process provides a cost-effective and scalable route for the
production of LipS nanocrystals. This method requires lower energy
input than electrolysis and utilizes inexpensive carbon-based reducing
agents. From an industrial manufacturing perspective, the process is
readily scalable from laboratory-scale to large-scale production. Addi-
tionally, it offers flexibility in raw material selection, accommodating a
range of particle sizes without compromising the quality of the final
product. Moreover, precise control over reaction parameters such as
temperature, pressure, and carbon-to-oxide ratio enables optimization
of the process conditions, thereby enhancing the purity of the final
product [22-24]. The mechanism of the carbothermal reduction method
involves Li»SOy initially reacting with adjacent carbon to release CO,
gas and produce LisS powder [4,25-27]. F. Ye et al. prepared the
LioS/CNT composite at approximately 645 °C using Li»SO4-H20 and PVA
(carbon source) [28]. H.T. Kim et al. prepared the Li;S/CNT composite
at 700 °C under an Ny flow using PVP as a carbon source [28]. These
works focus on the cathode electrode preparation for Li-S batteries. S.
Kaskel et al. prepared the Li,S nanoparticles at 820 °C under Ar gas using
Li»SO4-H20 and Ketjen black (carbon source) [25]. This procedure is
time-consuming because it involves a ball milling process for an
extended duration (4 h to 60 h) to mix the precursors.

In this work, we employed a carbothermal reduction method that
circumvents the use of lithium metal, which is not only expensive but
also highly reactive and challenging to handle safely. Furthermore, our
approach eliminates the need for hydrogen sulfide (H2S) gas, a toxic and
corrosive reagent that raises significant safety and environmental con-
cerns. Unlike several conventional methods, the carbothermal reduction
strategy described herein is readily scalable and utilizes cost-effective
lithium salts and carbonaceous materials as precursors. This study pre-
sents a cost-effective method for synthesizing lithium sulfide (LisS)
powder and demonstrates their crystallographic and electrochemical
properties. LioS powder is synthesized by reacting Li,SO4 with glucose
using a carbothermal reduction method at high temperatures. High-
resolution X-ray diffraction, field-effective scanning electron micro-
scopy, and X-ray photoelectron spectroscopy were employed to assess
the phase purity, crystallinity, morphology, homogeneity, and oxidation
state of the prepared powders. The synthesized Li»S powders were
formed into pellets, and their ionic conductivity was analyzed using
electrochemical impedance spectroscopy. Li»S plays a critical role in
battery research due to its fundamental material properties. The ionic
conductivity, particularly the migration of Li ions in Li,S, is crucial for
its performance. This study also explores the chemistry of Li ion hopping
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in the Li,S crystal structure through molecular dynamics and the nudged
elastic band method.

2. Experimental section
2.1. Synthesis of LizS powder

The synthesis process of lithium sulfide (LiyS) is illustrated in Fig. 1.
Lithium sulfate monohydrate (Li»SO4-H20) was used as the lithium
source and dissolved in deionized water at room temperature under
magnetic stirring. Glucose was then added to the solution at a 1:1 molar
ratio with respect to LipSO4-H20. After stirring at room temperature for
1 h, a transparent and colorless solution was obtained. The solution was
gradually heated to 150 °C to evaporate the solvent, yielding a dark
brown powder. This powder was pre-heated at 400 °C for 1 h to remove
residual organic matter. During this step, glucose decomposed into
carbon, which uniformly coated the Li;SO4 particles. Subsequently, the
resulting powder was subjected to high-temperature treatment at 780 °C
for 3 h under an argon atmosphere to induce carbothermal reduction
and crystallization of Li,S. In this step, the carbon coating served as a
reducing agent, reacting with oxygen to form gaseous CO2, which was
purged by the Ar flow. This thermal process yielded a white Li;S powder
suitable for further characterization.

The Li,S powder formation mechanism is described as follows: [4,12,
25,27]

Li2S04-H20 (s) + Glucose (s) — LisS (s) + xCO,(g) [x = number of
molecules; y = 1,2]

The final product was collected and used for subsequent physico-
chemical and electrochemical analysis.

2.2. Physicochemical characterization

High-resolution X-ray diffraction (HR-XRD; Rigaku D/MAX Ultima
III, Japan) was used to analyze the crystalline structure of the synthe-
sized LisS powder. The measurements were conducted using Cu Ka ra-
diation (A = 1.54178 A) at an operating voltage of 36 kV and a current of
20 mA, over a 20 range of 20° to 80°. The surface and cross-sectional
morphologies of the LisS powder and compressed pellet were exam-
ined using field-emission scanning electron microscopy (FE-SEM; Hita-
chi S-4700/EX-200, Japan). Elemental composition and chemical state
analyses were performed using X-ray photoelectron spectroscopy (XPS;
MultiLab 2000, VG, UK).

2.3. Theoretical modeling and molecular dynamic simulations

The theoretical model of the LisS crystal was computed using the
Quantum ESPRESSO software package, which employs an ultrasoft
pseudopotential code [29-32]. The crystal structure input code for LisS
was sourced from the open crystal database (https://www.cryst
allography.net/cod/) and the materials project database (https://n
ext-gen.materialsproject.org/) [31-40]. The Generalized Gradient
Approximation (GGA) exchange-correlation function was utilized to
calculate the properties of the LisS crystal [29,30,41]. The electronic
ground state of the Li,S crystal was used to conduct Molecular Dynamics
(MD) simulations at temperatures of 300, 500, and 700 K to analyze
lithium ion mobility [29,30]. To estimate the activation energy for
lithium ion migration, the Nudged Elastic Band (NEB) method was
applied, providing insights into the potential energy barriers along
lithium hopping pathways [29,30,41-44,47]. Two neighboring Li sites
were identified, and a defect was introduced at one site. The procedure
was then repeated for another site in the crystal structure, and the
resulting data were combined to determine the activation energy for the
specific ion jump. This approach was further applied to two additional
Li-ion sites. All calculations were performed using the cubic Li,S crystal
structure with a lattice parameter of 5.708 A, containing only Li and S
atoms. The electronic convergence criterion was set to 2.4 x 107°.
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Fig. 1. Schematic diagram for the Li»S powder synthesis process. (a) Stirring the precursors, (b) Carbonization process at 400 °C for 1 h under an air atmosphere and

(c) Calcination process at 780 °C for 3 h under an argon atmosphere.

2.4. Electrochemical characterization

To evaluate the ionic conductivity of LisS, test cells were fabricated
using 240 mg of LiyS powder. The powder was uniaxially pressed into
pellets under a pressure of 360 MPa. The resulting pellets were placed
directly onto carbon-coated aluminum foil, which served as ion-blocking
electrodes. Electrochemical impedance spectroscopy (EIS) was con-
ducted using a VSP Bio-Logic system (France) over a frequency range of
1 MHz to 100 Hz at temperatures of 60 °C and 80 °C. Prior to mea-
surement, each cell was equilibrated at the target temperature for
30 min to ensure thermal stability.

The ionic conductivity (¢) was determined using the equation: [1-3,
5]

_t
°TRxA

Where o represents the ionic conductivity (S cm’l), R is the resistance
(), t is the thickness (cm), and A is the contact area (cm?) of the cold-
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pressed pellet with the ion-blocking electrode. The thickness of the
pellet is approximately 1.027 mm, and the contact radius between the
pellet and the current collector was 0.475 cm, yielding a contact area
0.708 cm?. The chronoamperometry (CA) of the Li,S pellet was studied
using ion-blocking and non-ion-blocking electrodes under an applied
voltage of 1 V for a duration of 90 min. A 0.2 g sample of Li»S powder
was used to make a pellet under a pressure of 300 MPa. Indium foil was
then attached to both sides of the pellet under the same pressure. The
solid-state cell setup (ion-blocking cell) was subsequently used to mea-
sure EIS and chronoamperometry at 60 °C and 80 °C. A similar method
was used to prepare the non-ion-blocking cell (Li symmetric cell). A
pressure of 30 MPa was applied to attach the Li metal to the Li,S pellet.
The solid-state cell was used to measure resistance and current using a
VSP Bio-Logic system (France).
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Fig. 2. (a) Rietveld refinement XRD pattern of Li,S prepared at 780 °C for 3 h, (b) Crystal structure of the Li,S, and (c) 2D Electron density map of the crystal structure.
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3. Results & discussion
3.1. Physio-chemical properties

X-ray diffraction (XRD) analysis was employed to determine the
phase composition, crystal structure, and lattice parameters of the pre-
pared materials, as these factors directly influence their ionic conduc-
tivity. Fig. 2(a) presents the X-ray diffraction (XRD) pattern of the
synthesized Li;S powder, exhibiting sharp and well-defined peaks that
confirm its high crystallinity. The diffraction pattern matches the stan-
dard reference for the cubic phase with space group Fm-3m (No. 225)
[33-38,40], indicating that the synthesized sample is phase-pure with
no detectable impurities. The calculated interplanar spacings (d-spac-
ings) are 3.2959 10\, 2.8543 ;\, 2.0183 A, and 1.7212 fk, corresponding to
the (111), (200), (220), and (311) planes, respectively. Fig. 2(b) pro-
vides a three-dimensional representation of the LisS crystal structure.
The calculated lattice parameter for the cubic phase is a = 5.7087 A, and
the unit cell volume is 186.0452 A% | which is in good agreement with
previously reported values [33-38]. The average crystallite size of the
synthesized material was estimated to be approximately 52 nm using the
Scherrer equation. In addition, Fig. 2(c) presents a two-dimensional
electron density distribution map derived from DFT calculations, illus-
trating the spatial localization of Li 1 s and S 2p orbitals. The electron
density is primarily concentrated around the sulfur atoms, with lower
density regions around the lithium ions, confirming the ionic character
of the Li-S bonding.

Fig. 3 illustrates the theoretically optimized crystal structure of LisS,
comprising eight lithium atoms and four sulfur atoms within the unit
cell. In this configuration, lithium ions (Li*) occupy the 8c Wyckoff po-
sitions, while sulfur ions (S*-) are located at the 4a sites. The calculated
lattice parameter for the cubic phase is a = 5.708 IDX, and the corre-
sponding unit cell volume is 185.9738 A®, which shows excellent
agreement with the experimentally determined values [33-38].

As shown in Fig. 4, field-emission scanning electron microscopy (FE-
SEM) images taken at various magnifications reveal that the Li,S par-
ticles are relatively coarse, with an average particle size of approxi-
mately 7 um. Notably, surface cracks are observed across many
particles, which are likely attributed to the release of COz during high-
temperature processing at 780 °C. These structural features may influ-
ence the ionic transport and pelletization behavior of the synthesized
Li,S powder. Nevertheless, SEM analysis is crucial as it provides insights
into the microstructure, porosity, cracks, voids, and surface roughness of
the sample, all of which strongly influence the ionic conductivity of the
prepared material.

Fig. 5 presents FE-SEM images of the LiyS pellet at various magnifi-
cations. Fig. 5(a) displays a cross-sectional view of the pellet, revealing a
measured thickness of approximately 1.027 mm and demonstrating a

Fig. 3. Crystal structure of theoretically calculated Li,S material.
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compact and uniform structure. Fig. 5(b-d) depict the surface
morphology and microstructure, where densely packed and well-
connected Li,S particles are evident. This microstructural integrity is
expected to facilitate enhanced ionic conductivity by enabling contin-
uous Li* migration pathways. Additionally, X-ray photoelectron spec-
troscopy (XPS) analysis was conducted to investigate the oxidation
states of the constituent elements in the Li,S powder. However, the
identification of chemical states, surface composition, and surface
chemistry is critical for achieving high ionic conductivity in the pre-
pared materials.

Fig. 6 presents the X-ray photoelectron spectroscopy (XPS) analysis
of LisS synthesized at 780 °C. The Li 1 s core-level spectrum (Fig. 6a)
exhibits a binding energy peak at 54.3 eV, while the S 2p spectrum
(Fig. 6b) shows a peak centered at 160.3 eV. These values are consistent
with previously reported results [21,45,46], thereby confirming the
presence of Li-S bonding in the synthesized material. The fitted spectra
align well with the experimental data, indicating a high degree of
chemical purity and the expected oxidation states of lithium and sulfur.
In addition, a small amount of residual carbon was detected in the
prepared LisS. To address this issue, a solvent-leaching method is
currently under development to effectively remove carbon impurities.
Looking ahead, we aim to synthesize highly pure Li»S powders suitable
for next-generation electrochemical applications. Furthermore, com-
plementary computational approaches are being employed to provide
deeper insights into the structure-property relationships of LisS,
particularly in relation to diffusion coefficients and activation energies.

3.2. Li-Ion conduction mechanism in the LisS crystal

MD trajectories capture the real-time motion of Li* ions, enabling the
prediction of diffusion coefficients, which are critical for the perfor-
mance of Li-ion conductors. The NVT- Molecular Dynamics results for
the LiyS crystal structure are exhibited in Fig. 7, Fig. 8a and Video V1-3.
Each image captures the migration of lithium ions at specific time in-
tervals. The trajectory images clearly verify the movement of lithium
ions from their initial positions during the process. The total relaxation
time for the NVT-MD simulation was 1 ps. Following the migration
process, the calculated diffusion coefficients for the Li,S crystals were
6.9875 x 1077 ecm? S7%, 7.6875 x 1077 cm? S7!, and 1.1687 x 107°
em? S7! at temperatures of 300 K, 500 K, and 700 K, respectively
(Fig. 8b). As the temperature increased, the diffusion coefficient (Dy;,)
of the LisS crystal also rose. Fig. 8c illustrates the Arrhenius plot of the
LioS crystal at varying temperatures. At lower temperatures, the acti-
vation energy was 0.165 eV, decreasing to 0.029 eV at higher temper-
atures due to the proximity to its melting point (~ 938 °C) [4].

Figures S1 and S2a present the NVT molecular dynamics (MD) results
and the time-dependent RMSD (root-mean-square deviation) of the LisS
crystal structure based on experimental data (Exp.). The calculated
diffusion coefficients were 3.54 x 10°cm?s,9.37 x 10°°cm?s™ , and
1.351 x 10® cm?® s'at 300K, 500K, and 700K, respectively
(Figure S2b). These values are slightly higher than those obtained from
theoretical calculations based on crystallographic databases, which can
be attributed to the larger lattice parameter of the synthesized material.
The Arrhenius plot of LipS (Exp.) at different temperatures is shown in
Figure S2c, yielding an activation energy of 0.0609 eV. This value is
lower than that derived from theoretical calculations, again due to the
larger lattice parameter and cell volume of the experimental structure.
MD simulations provide insights into the time-dependent ion dynamics
of the LipS crystal structure, while the Nudged Elastic Band (NEB)
method offers precise energy barriers for individual Li* hopping events.
Together, these approaches are essential for identifying favorable con-
duction pathways and understanding ionic transport in Li,S.

Fig. 9 shows the calculated activation energy map and Li* ion
migration pathways in the LisS crystal structure, obtained using the
Nudged Elastic Band (NEB) method. The local activation energy for
lithium-ion hopping along transfer paths 1-3 was determined to be
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Fig. 5. (a-d) FE-SEM images of Li,S pellet at different magnifications.
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Fig. 6. XPS results of Li,S prepared at 780 °C. (a) Full spectra (b) Li 1 s spectra and (c) S 2p spectra.

Time = 0.1005ps

Time = 0.5005ps

Time = 1.0005ps

Fig. 7. Molecular Dynamics (MD) simulation results of Li,S crystal structure under different temperatures at particular time. (a-c) 300 K, (d-f) 500 K and (g-i) 700 K.

0.396 eV. The corresponding hopping distances between lithium sites
were 2.8352 A for each of the following pathways: Li2-Li3 (path 1),
Li4-Li5 (path 2), and Li6-Li7 (path 3). These findings provide valuable
insights into the energy barriers associated with Li* transport and the
feasibility of ion migration within the crystal lattice, supporting the
material’s potential as a solid-state ionic conductor.

Fig. 10 presents the calculated activation energy landscape and Li*
ion hopping trajectories along transfer paths 4 through 7 in the LiyS
crystal structure, based on Nudged Elastic Band (NEB) calculations. The
computed activation energy for each path—path 4 (Lil-Li2), path 5
(Li3-Li4), path 6 (Li5-Li6), and path 7 (Li7-Li8)—was found to be
1.056 eV. The corresponding hopping distance for all four pathways was
4.9107 A. Importantly, the activation energies along these equivalent

lattice directions (%, y, and z) were nearly identical, indicating no
directional anisotropy. This result suggests that LisS exhibits isotropic
ionic conduction behavior, a favorable characteristic for its application
in solid-state electrolyte systems.

Fig. 11 presents the NEB-calculated activation energy profile for
lithium ion migration along transfer path 8 in the Li,S crystal structure.
The calculated activation energy for this pathway was 0.688 eV, with a
corresponding hopping distance of 4.0095 A between Lil and Li3. This
result, in conjunction with the data from previous pathways, further
supports the conclusion that lithium ion diffusion in the LisS lattice is
isotropic in nature, with comparable migration barriers across different
crystallographic directions.

Additionally, the nudged elastic band (NEB) method was employed
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to calculate the local activation energy (Ef) of the LisS crystal structure
(Exp.). Figure S3 presents the activation energy map together with the
ion-hopping pathways at different sites. The calculated activation en-
ergies for paths 1, 6, and 8 were 0.261 eV, 1.069 eV, and 0.788 eV,
respectively. The corresponding Li-Li distances were 2.8544 A
(Li2-Li3), 4.9439 A (Li1-Li2), and 4.0367 A (Li1-Li3). Overall, the NEB
results for the LisS crystal (Exp.) show good agreement with the

theoretical NEB calculations.

Fig. 12(a) presents the atomic configuration of lithium (Li) and sulfur
(S) ions in the LisS crystal structure, illustrating their occupation of
specific lattice sites. Lithium ions are positioned at the 8¢ Wyckoff sites,
while sulfur ions occupy the 4a sites within a face-centered cubic (FCC)
lattice. Fig. 12(b) shows a three-dimensional electron density map ob-
tained from Density Functional Theory (DFT) calculations, depicting the
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Fig. 10. Nudged Elastic band (NEB) was used to calculate the activation energy for lithium ion hopping at different site. (a-c) Ion transfer path 4, (d-f) Ion transfer

path 5, (g-i) Ion transfer path 6 and (j-1) Ion transfer path 7.

spatial distribution of electronic charge around Li and S atoms. The
isosurface visualization reveals regions of high electron density sur-
rounding sulfur atoms and lower density near lithium sites, consistent
with their respective electronegativities. Furthermore, the electron
density contours suggest potential Li* ion migration pathways, sup-
porting the isotropic conduction behavior of lithium ions within the Li»S
lattice

Fig. 13 displays the EIS spectra of the Li,S pellet at 60 °C and 80 °C.
The resistance value decreased as the working temperature increased

due to faster ion transfer. The calculated ionic conductivity of the pellet
was 2.44 x 107° S ecm™! and 6.39 x 107° S em ™}, values considerably
higher than those reported in previous studies [4,48]. In the future, we
plan to prepare Lithium sulfur solid electrolytes using this precursor
material. Overall, our findings suggest an economical approach to syn-
thesize cubic Li,S precursor powder and enhance understanding of the
ion conduction mechanism in the crystal structure.

Fig. 13 displays the EIS spectra of the Li,S pellet at 60 °C and 80 °C.
The resistance value decreased as the working temperature increased
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Fig. 11. Nudged Elastic band (NEB) was used to calculate the activation energy for lithium ion hopping at different site. (a-c) Ion transfer path 8.

(b)

Fig. 12. (a) Lithium and Sulfur ions position at different sites and (b) 3D- Electron density map of the DFT calculated LiyS crystal structure.
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Fig. 13. EIS results of the Li,S pellets at particular temperatures. (a) 60 °C and (b) 80 °C.

due to faster ion transfer. The calculated ionic conductivity of the pellet
was 2.44 x 107 S cm™! and 6.39 x 107° S cm ™!, values considerably
higher than those reported in previous studies [4,48]. The equivalent
circuit R+ + (CPE/R.) represents a typical Randles circuit model, where
R+ corresponds to the bulk (ohmic) resistance, and the parallel combi-
nation of a Constant Phase Element (CPE) and the charge-transfer
resistance (Rct) represents the Faradaic impedance at the grain bound-
ary [49]. Following Li* conductivity, the Li-ion transference number is a
key parameter for Li-ion conductors, as it directly influences Li-ion
transport efficiency, and cell electrochemical performance. Figures S4
and S5 present the EIS spectra and chronoamperometry results of the
ion-blocking In//Li»S//Li and non-ion-blocking Li//Li>S//Li symmetric

cells at 60 °C and 80 °C, respectively.
The Li* transference number (tf}) of the Li,S crystal was calculated
using the following equation: [50,51]

is(AV — ioRo)
io(AV — isRs)

+
tLif

In the above equation, io and is represent the initial and steady-state
currents, respectively; V denotes the polarization voltage; Ro and Rs
correspond to the sum of the charge-transfer resistance R and Rgim
represents the passivation film resistance. The AC impedance spectra in
the frequency range of 7 MHz to 100 Hz were used to determine Rs and
Ro of the cell. Polarization measurements were carried out using In//
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LisS//Li and Li//LipS//Li symmetric cells under a DC voltage (AV) of
1V at 60 °C and 80 °C until steady state was achieved. Table S1 sum-
marizes the data obtained from electrochemical studies of Li,S using ion-
blocking indium and non-ion-blocking lithium symmetric cells. The Li-
ion transference numbers for Li-S were determined to be 0.96 and
0.98 at 60 °C and 80 °C, respectively (Table S1). These results indicate
that the presence of carbon slightly reduces the Li-ion transference
number of the LiS pellet. In the future, we plan to prepare Lithium
sulfur solid electrolytes using this precursor material. Overall, our
findings suggest an economical approach to synthesize cubic LisS pre-
cursor powder and enhance understanding of the ion conduction
mechanism in the crystal structure.

4. Conclusion

The cubic-phase Li,S crystal structure was successfully synthesized
via a cost-effective carbothermal reduction method. Theoretical ana-
lyses confirmed the atomic positions of lithium and sulfur ions and
provided insights into the lithium ion transport pathways within the
lattice. Electrochemical impedance spectroscopy (EIS) revealed ionic
conductivities of 2.44 x 10° S cm™ at 60 °C and 6.39 x 10° S cm™ at
80 °C, indicating promising ion transport characteristics. Molecular
dynamics (MD) simulations further demonstrated enhanced ionic
behavior at elevated temperatures, particularly at 700 °C. Additionally,
Nudged Elastic Band (NEB) calculations identified feasible Li* migration
pathways and estimated activation energies, supporting the potential of
isotropic ion conduction in Li,S. Collectively, these findings offer valu-
able insights into the ion conduction mechanism and demonstrate the
viability of LiyS as a precursor material for next-generation lith-
ium-sulfur solid-state electrolytes.
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