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All-solid-state batteries (ASSBs) have drawn significant attention as future energy storage technologies.
Sulfide-based solid electrolytes are promising due to their high ionic conductivity and favorable
mechanical properties. However, their reactivity with moisture, leading to decomposition and release of
toxic gases such as H,S, poses health and safety risks. In this study, a superionic conductor,
Lis 6In7S11.8CL, which exhibits high structural stability in the presence of water and air, is synthesized. At
25 °C, LizgIn;S11.8Cl delivers an ionic conductivity of 1.1 mS cm™?t
to humid air. Multimodal investigations reveal that trapped water inside the Lis gln;S1; gCl pellet facilitates

, reaching 4.2 mS cm™? post-exposure

ion conduction, which can be reversibly removed without compromising the structural integrity. The
structure features a cubic-closed-packed anion sublattice with Li* ions diffusing via a three-dimensional
Received 10th March 2025 isotroi t K fi d by ab initi lecular d ) imulati 6Li NMR and rel ¢
Accepted 2nd May 2025 isotropic network, confirmed by ab initio molecular dynamics simulations. °Li and relaxometry
identify the Wyckoff 16c and 8a as active Li* sites for ion conduction. The high ionic conductivity, long-

DOI: 10.1039/d5sc01907a term stable cycling performance, and moisture stability of Lizgln;S;118Cl make it a preferable electrolyte
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Introduction

Recent advancements in battery technology have led to the
emergence of all-solid-state batteries, which address critical
safety concerns associated with conventional Li-ion batteries."?
Unlike their liquid-based counterparts, all-solid-state batteries
eliminate the risk of electrolyte leakage and ignition attributed
to flammable organic solvents." Consequently, all-solid-state
batteries are increasingly recognized as an advantageous alter-
native to traditional liquid-based systems.**® Solid electrolytes
(SEs) are indispensable for advancing all-solid-state batteries -
engendering a need of favorable characteristics for solid elec-
trolytes possessing. Ideally, a solid-state electrolyte should
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candidate for high-performance ASSBs.

possess compatibility with electrodes, good mechanical prop-
erties, low electronic conductivity, good moisture stability, and
high ionic conductivity.’

Sulfide solid electrolytes are favored due to their high ionic
conductivity, rivaling conventional liquid electrolytes.'®** The
lower electronegativity of sulfur, compared to oxygen, weakens
the interaction with lithium ions and enhances their mobility
within the lattice. Additionally, the larger ionic radius of sulfur
creates wider migration pathways for lithium ions, further
facilitating their transport.”” Consequently, sulfide solid elec-
trolytes exhibit improved ionic conductivities, rendering them
highly promising for all-solid-state batteries.*

However, despite their high ionic conductivity, sulfide elec-
trolytes suffer from poor air and moisture stability,'* causing
chemical decomposition and releasing toxic gases such as H,S.
Consequently, handling SSEs necessitates stringent safety
measures, such as inert atmosphere for preparation and
storage.”'>*""” This limits their potential for wide-scale appli-
cations.® According to the hard and soft acids and bases (HSAB)
theory, phosphorus (a hard acid) in thiophosphates prefers to
react with oxygen (a hard base) compared to sulfur (a soft
base).’”*® This results in oxygen replacing sulfur during expo-
sure to moisture, leading to rapid hydrolysis of the thio-
phosphate materials.”*®* Consequently, effective strategies to
evaluate and suppress this hydrolysis reaction are critical for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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development of stable sulfide-based electrolytes for large-scale
applications.*®

In this study, we have synthesized a fast ion-conducting
thioindate solid electrolyte, Liz ¢In,S;;¢Cl, with conductivity
reaching 1.1 mS cm " in the pristine state and 4.2 mS cm ™"
when exposed to moisture. We employed a combined approach,
utilizing solid-state NMR, synchrotron XRD, and electro-
chemical impedance spectroscopy (EIS), to characterize the Li"
dynamics and elucidate the short- and long-range structures of
Liz In;S;; gCl. Additionally, scanning electron microscopy
(SEM) analysis with elemental mapping was performed, in
conjunction with multinuclear NMR and XRD, to evaluate the
structure integrity of Li; ¢In,S;; ¢Cl upon exposure to humid air.
Liz ¢In;S;11 gCl demonstrates enhanced moisture stability, likely
owing to the strong covalent interaction between In*" and $*~;
this strong interaction effectively prevents oxygen from reacting
with In*" upon exposure to air or moisture, resulting in
improved chemical stability of LizeIn,S;;gCl. This work
provides a robust strategy to improve the stability of sulfide
superionic conductors in water and air.

Experimental

Material synthesis

LiCl (Sigma-Aldrich) and LiBr (Sigma-Aldrich) were dried under
vacuum at 200 °C for 12 hours before synthesis. Li,S (Alfa Aesar)
and In,S; (Sigma-Aldrich) were received and used without
further purification. Stoichiometric amounts of Li,S, In,S;, and
LiCl were ground using an agate mortar and pestle in a Li: In:
S:Cl mole ratio of 4:7:12:1 for 5 minutes. After grinding, the
hand-milled powder was transferred into a ZrO, jar containing
two 10-mm balls as a grinding aid. Mechanochemical mixing of
the hand-milled powder in a ZrO, jar sealed under a vacuum
was performed using a SPEX® 8000M MIXER/MILL high energy
ball mill (SPEX®SamplePrep, USA) for 5 hours. Afterward, the
ball-milled powder, typically 100-200 mg, was pressed into
a 6-nm pellet under pressure of ~400 psi inside an argon-filled
glovebox. The pellet was transferred into a quartz tube and
sintered at 500 °C for 12 hours with a temperature ramping rate
of 5 °C min~", followed by natural cooling under Argon. The
resulting pellet had a thickness varying from ~1 mm to 2 mm,
and the pellet appeared light yellow.

Structural characterization

Powder X-ray diffraction. The sintered pellet was finely
grounded and packed in a zero-background sample holder.
KAPTON® film (DUPONT™, USA) was used to seal the samples
to prevent exposure to humid air. XRD was performed using
a RIGAKU® D8 powder diffractometer with Bragg-Brentano
geometry at a voltage of 45 kV and current of 40 mA with Cu-Ka
radiation (@ = 1.5406 A). The data was collected within a 26
range of 10-80° at a step size of 0.03° for 30 minutes.

Synchrotron X-ray diffraction. Synchrotron X-ray diffraction
(XRD) was measured in capillary transmission mode at the 17-BM-
B beamline, APS, Argonne National Lab, Illinois. The exact X-ray
wavelength was refined to 0.24117 A. The sample was loaded

© 2025 The Author(s). Published by the Royal Society of Chemistry
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inside a special glass capillary, and the holder moved up and
down during tests to ensure uniformity of measured results.
Rietveld refinement of the XRD data was performed using GSAS-II.

Scanning electron microscopy. The morphology of the solid
electrolytes was examined using a digital scanning electron
microscope coupled with energy-dispersive X-ray spectroscopy.
SEM/EDS studies were carried out using a JEOL JSM-IT800 SEM/
EDX system with an accelerating voltage of 15.0 kV with a dwell
time of 5 us. The sintered pellets were mounted with carbon
tape on an aluminum stub.

Solid-state NMR. °Li and “Li magic-angle-spinning (MAS)
NMR experiments were performed using a Bruker Avance-III
500 spectrometer at Larmor frequencies of 73.6 MHz and
194.4 MHz, respectively. The MAS rate was 25 kHz. For °Li and
“Li, single-pulse NMR experiments were performed using /2
pulse lengths of 3.30 us and 2.90 ps, respectively. The recycle
delays were 500 s for °Li and 80 s for "Li. *’Li NMR spectra were
calibrated to LiCli) at —1.1 ppm. ’Li T, relaxation time was
measured with an inversion-recovery pulse sequence. Variable-
temperature in situ 'Li NMR experiments were performed using
a Bruker Avance III 300 spectrometer at a Larmor frequency of
116.6 MHz from 298 to 343 K. "H MAS NMR experiments were
performed using a Bruker Avance-III 500 spectrometer at
a spinning rate of 25 kHz. Adamantane with a '"H NMR peak at
1.83 ppm was used as the calibration standard.

Raman spectroscopy. Raman measurements were performed
on the powder samples using a Horiba JY LabRam Evolution
Raman Spectrograph with a 532-nm excitation laser and
a grating size of 600 ¢ mm ™.

Thermogravimetric analysis. Differential scanning calorim-
etry (DSC) and thermogravimetric analysis (TGA) were performed
on SDT Q600 (TA Instruments) at a heating rate of 5 °C min ™.
Argon, with a flow rate of 100 mL min ", was used as the purge gas.

Calculations

Density functional theory calculations. Density function
theory (DFT) energy calculations and Ab Initio Molecular
Dynamics (AIMD) simulations were conducted using the Vienna
ab initio simulation package (VASP) and the projector
augmented wave (PAW) approach.’?° Perdew-Burke-Ernzerhof
generalized gradient approximation (GGA-PBE) was employed
as the exchange-correlation functional.*® The most recent
pseudopotential files provided by VASP were used. For Lis -
In,S115Cl, Python Materials Genomics (Pymatgen)** was
employed to pre-screen the structures with different Li'/
vacancy, Li'/In*", and $>7/CI~ orderings based on the experi-
mentally refined crystal structure of Liz ¢In,S;; sCl. A handful of
1 x 1 x 1 supercells were generated. Electrostatic energy
calculations for these generated supercells were carried out
using Ewald summation techniques.*® Geometry optimization
was performed using DFT calculations. The AIMD simulation
for Liz ¢In;S;; sCl was performed on the relaxed structure, using
the canonical ensemble for 80 ps with a step time of 2 fs at
a temperature of 900 K.

NMR calculations. Geometry relaxation and NMR chemical
shielding computations were performed using plane-wave
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density functional theory (DFT) via the Cambridge Serial Total
Energy Package (CASTEP, v. 21.11),>*** which incorporates
periodic boundary conditions within the pseudopotential
approximation. The Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional within the generalized-gradient approxi-
mation (GGA)* was utilized. A plane-wave basis set was trun-
cated at a cutoff energy of 700 eV with a 4 x 3 x 4 k-point grid
and on-the-fly-generated pseudopotentials. Atomic positions
and lattice parameters were fully optimized using the Limited-
memory Broyden-Fletcher-Goldfarb-Shanno (LBFGS) algo-
rithm?®?” until the forces were less than 0.1 eV A~". For NMR
chemical shielding calculations, a cutoff energy of 800 eV and
a4 X 3 x 4 k-point grid with on-the-fly-generated pseudopo-
tentials were employed.

Bond valence site energy calculations. The softBV-v131 algo-
rithm?** was employed to compute the bond valence site energy
(BVSE). Adjustments were made to the occupancies of mixed sites
to address the challenges posed by mixed cation occupancy.
Specifically, Li and In were removed from the 16d and 8a sites,
respectively, to allow for Li occupancy at the 8a and In occupancy at
the 16d site while accounting for stoichiometric ratios and charge
neutrality. This approach allowed for accurately evaluating lithium
diffusion pathways within structures demonstrating site disorder.

Electrochemical measurements

Electrochemical impedance spectroscopy (EIS). The sintered
pellets were sandwiched between indium foils in a 6 mm
cylindrical cell, and the potentiostatic EIS measurement was
performed using a Gamry electrochemical analyzer. The ionic
conductivity was determined using the resultant impedance
from the equivalent circuit fitting of the Nyquist plots. Biologic
SP-300 was utilized for variable-temperature EIS (VT-EIS)
measurements in the CSZ microclimate chamber. The activa-
tion energy was calculated from the Arrhenius-type plots of the
VT-EIS measurements. Electronic conductivity was measured
using the DC polarization method.

Linear sweep voltammetry and galvanostatic cycling of
ASSBs. Linear sweep voltammetry (LSV) and galvanostatic
cycling were conducted on ASSBs. Carbon-composite half-cells
were constructed using PEEK split cells to determine the elec-
trochemical stability window. The composite cathode for gal-
vanostatic cycling was prepared by drying TiS, (Sigma-Aldrich,
99.9%) at 200 °C for 12 hours, followed by ball milling to
reduce particle size. Liz sIn,S;; sCl was then combined with TiS,
ata1:2 mass ratio and ground. LizPSsCl, synthesized according
to Patel et al.'s method®® served as the separator. In assembling
the half-cells, 12 mg of catholyte was spread onto one side of the
LigPS;5Cl pellet to achieve an aerial loading of approximately
1.25 mA h ecm?, pressed at 300 MPa for 10 seconds, and then
assembled with a Li-In alloy foil on the other side to form Li-
In|LigPS5Cl|2SE:TiS, (SE:Liz ¢In,S;4 gCl) half cells. The cells were
sealed with vacuum grease and cycled under controlled condi-
tions at 22 °C with a stack pressure of ~30 MPa within the
voltage window of 1-2.5 V vs. Li-In. For rate performance test,
the cell was cycled 5 times at each of the following rates: 0.2C,
0.5C, 1C, and 2C, where C is the theoretical specific capacity of

10374 | Chem. Sci., 2025, 16, 10372-10385

View Article Online

Edge Article

TiS,, 239 mA h g . These rates translate to current densities of
0.28 mA cm ™2, 0.70 mA cm ™2, 1.40 mA cm ™2, and 2.80 mA cm ™2,
respectively. Subsequently, long-term stability testing was per-
formed over 120 cycles at 0.2C.

Results and discussion
Structure

We utilized solid-state reactions to synthesize Li,In,S;,Cl (see
Experimental section for details). The phase purity was initially
determined with X-ray powder diffraction, and the resulting
pattern is shown in Fig. 1a. Notably, our pattern displays Bragg
reflections that closely match that of Li;IngS;6Sn,.** For precise
determination of bulk structural parameters, including atomic
coordinates, site occupancies, and thermal parameters of Liy,-
In,S;,Cl, a high-resolution X-ray diffraction pattern was
collected at the synchrotron beamline at APS (see Experimental
section for details). All Bragg peaks were indexed to the Fd3m
space group (Fig. 1b). Rietveld refinement was employed for
structural and phase determination, and the refinement results
are provided in Table S1.7 Rietveld refinement revealed Li; ¢
In,S;; ¢Cl as the actual composition, with a trace LilnS, impu-
rity. This was further validated by SEM-EDX analysis, which
showed that the atomic ratio (In:S:Cl) closely matched the
refined stoichiometry (Table S271). This refined composition,
Liz 6In,S;4 gCl, will be used hereafter. Attempts have been made
to synthesize Liz ¢In,S;; gCl with the stoichiometric ratios of the
precursors but yielding a slightly unfavorable ionic conductivity
(Fig. S1t) likely due to Li and S loss during the sintering steps.

Lis 6In;S11 Cl, like other spinels, features a face-centered
cubic (fec) arrangement of $>7/Cl~ anions stabilized by inter-
stitial cations. The anions form a cubic close-packed (ccp)
lattice, while the cations are positioned in defined interstitial
sites. The cations are located at 8a, 16¢, and 16d sites, while
anions occupy the 32e positions.**** Specifically, the unit cell of
Lis ¢In;S;4 gCl consists of one tetrahedrally coordinated 8a and
two octahedrally coordinated 16¢ and 16d lithium sites, deno-
ted as Lig,, Lijee, and Lijgq, respectively. Sulfur and chlorine
atoms co-occupy the 32e anionic site, yielding a disordered
anion sublattice (Fig. 1c).

The structure exhibits two distinct planes (Fig. 1d): (011) and
(011). The (011)-plane features a 3D framework consisting of
three edge-sharing 16¢ octahedra that face share with 8a tetra-
hedra. In addition, Li;¢. octahedra face-shares with interstitial
tetrahedral voids, which provide additional lithium transport
pathways. The (011)-plane contains edge-sharing Li;e. and Lijeq
octahedra. With Li occupying 13.2% and In occupying 86.8% of
the 16d octahedra, Li-ion transport within this layer becomes
less favorable owing to channel blocking and lower anion
polarizability that arises from the presence of higher amount of
multivalent (M>") cation within its neighborhood.

Local structure and ion dynamics characterized using NMR

High-resolution °Li NMR spectroscopy was utilized to probe the
local Li" environments in Liz ¢In,S;;sCl, and four major reso-
nances were observed (Fig. 2a). The resonance at 0.17 ppm is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Powder X-ray diffraction patterns of the nominal LizIn;S;,Cl and the precursors. ICSD patterns of LisIngS16Sn, and LilnS; are also shown
as references. (b) High-resolution X-ray diffraction pattern and the corresponding Rietveld refinement of the nominal LisIn;S;1,Cl, identifying the
primary phase composition as Lis ¢ln;S;; sCl, which is used instead of LisIn;S;»,Cl hereafter. (c) and (d) The structure of Liz gIn;S;; gCl with FA3m
space group obtained from the refinement of the high-resolution XRD pattern and viewed from different angles.

assigned to Lig,. The resonances at 1.49 ppm and 2.03 ppm are results. The weak resonance at —0.84 ppm is attributed to
assigned to Lije. and Lijgq, respectively. These assignments a minor impurity phase, LiInS,. This assignment was validated
correlate with the Li-occupancy determined from the diffraction ~with DFT NMR calculations on LiInS,, confirming a resonance
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Fig. 2 (a) °Li NMR spectra with resonance assignment. ®Li spectra of LiCl and Li,S are shown as references. (b) ’Li T; NMR relaxation times of
Liz ¢In7S11 gCl as a function of temperature, revealing faster ion dynamics of Lig, and Lie., compared with Li;g4. (c) Raman spectra of as-prepared
Li3_6|n7511_8Cl, |ﬂ2$3, and InClg.
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Table 1 ’Li NMR relaxation times of different Li sites in the as-

prepared (AP) and air/moisture-exposed (E) Liz gIn;S1; gCl

Li, Ty ]
Sample Lig, Liqge Liqeq
Lis ¢In,S,; 4Cl (AP) 3.0 3.1 11.8
Lis 6In,S;, 4Cl (E) 2.8 3.0 11.2

at —0.8 ppm (Table S3t). The quantification from °Li NMR area
integrals is shown in Table S4.F
Li NMR relaxometry was utilized to study Li*-ion mobility in
Liz¢In;S;; sCl. As shown in Table 1 and Fig. 2b, the 'Li T}
relaxation time is significantly shorter for Lie. (3.1 s) and Lig,
(3.0 s), compared to Lijeq (11.8 s). The Bloembergen-Purcell-
Pound (BPP) model** provides a framework for understanding
spin-lattice relaxation related to ion dynamics. The BPP model
2
is described by 13 .
T 1079° |1+ wo21e?2 1+ 4w,
is the gyromagnetic ratio, 7 is the reduced Planck's constant, r,
is the interatomic distance, w, = vB, is the Larmor frequency,
and B, is the external magnetic field strength. In the fast-motion
regime (w,7. < 1), Ty increases with increasing motional rate,
while in the slow-motion regime (w,7. > 1), T; decreases with

5|+ where vy
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increasing motional rate. A motional rate can also lie in the
intermediate region where w,t. = 1.

Variable-temperature “Li 7; NMR relaxation time measure-
ment reveals a decrease in T; relaxation time with increasing
temperature and thus increasing motional rates for all the
resonances, indicating that Li motion lies in the slow-motion
regime (wot. > 1).** Therefore, a shorter T, value will corre-
late with faster ion mobility. Consequently, Lig, and Li;ec
exhibit faster Li* ion motion as the relaxation time is signifi-
cantly shorter than Li;¢q. From ’Li NMR line width analysis, the
line width of Lig, and Lije. is narrower compared to Lijeq
(Fig. S27). A narrower line width may arise from Li" species with
high mobility that averages out homogeneous and inhomoge-
neous line broadening.

Ion conduction properties determined with electrochemical
impedance spectroscopy (EIS)

AC impedance spectroscopy was utilized to evaluate the ion
transport properties of Lis¢In;S;;sCl. The Nyquist plot ob-
tained at 25 °C is presented in Fig. 3a, and a representative
Nyquist plot fitting of the data obtained at 0 °C using the
equivalent circuit model is presented in Fig. 3b. The high-
frequency semicircle with a capacitance of 0.6 pF corresponds
to ion transport within the bulk of the solid electrolyte,**3¢

140 Ry Res
[ ] CPEdlff
120} CPE, | CPE,>>—
__100F ' . g
a J 20 Fit 0'
= 80f c 0°C Y,
2 o = o
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(@) Nyquist plot at 25 °C for Lis gln;S11 gCL (b) Nyquist plot at O °C with equivalent circuit fitting (inset) for Liz gln;S11 gCL. (c) Arrhenius plot

and the extracted activation energy (E;) for ion transport in Liz ¢In;S1; gCl. (d) DC polarization curve of Lis gIn;S11 gCl for the cell set up SS|SE|SS for

determining the electronic conductivity of the SE, Lizgln;S;1.gCL
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while the medium-frequency semicircle with a capacitance of
1.2 nF represents the grain boundary contribution.*® The ionic
conductivity is calculated from the bulk impedance resistance
using the formula opc = L/(R x A). Here, L represents the pellet
thickness, A denotes the surface area of the blocking electrode,
and R is the resistance value obtained from the equivalent
circuit fitting. An ionic conductivity of 1.1 mS cm ™' is obtained
based on the resistance extracted from the fitting.

Variable-temperature EIS was carried out within the
frequency range from 1 Hz to 7 MHz and the temperature range
from 0 °C to 70 °C. Conductivities at various temperatures were
calculated based on the Nyquist plots, and the Arrhenius-type
plots were prepared to calculate the activation energy. Fig. 3¢
depicts the Arrhenius plots of LizeIn;S;;5Cl. An activation
energy barrier (E,) of 0.26 eV was determined from the linear fit
of the Arrhenius plot. This value agrees with a site energy barrier
of 0.26 eV obtained from the Bond Valence Site Energy (BVSE)
calculation (Fig. S31). The absence of any discontinuity
throughout this temperature range, along with the observed
linear Arrhenius behavior, indicates the thermal stability of
Lis 6In,S11.4CL% To verify that the conductivity arises from Li"
transport, the electronic conductivity of LizIn,S;1Cl was
determined to be 7.23 x 10~® mS cm ™! using the direct current
(DC) polarization method at a constant voltage of 0.1 V (Fig. 3d).
The relatively low electronic conductivity indicates negligible
electronic contributions to the overall conductivity.

Lithium-ion transport via AIMD simulation

Ab initio molecular dynamics (AIMD) simulations are performed
on the relaxed supercell (1 x 1 x 1) of LizeIn,Sq; ¢Cl. Mean
square displacements (MSD) and distribution probability of Li"
at 900 K are extracted from the AIMD simulations (Fig. 4). The
MSD of Li' illustrates the diffusion trajectories along the a, b,
and c lattice directions (Fig. 4a). Notably, the MSD of Li" is
similar along the a, b, and ¢ directions, indicating a 3D diffusion
for Li* in the Liz ¢In;S;; ¢Cl. Fig. 4b provides a 3D visualization
of Li" density distribution within the relaxed LiseIn;S;1.5Cl
crystal lattice (1 x 1 x 1), highlighting the primary lithium-ion
sites labeled as Lig,, Lijge, and Lijgq. The yellow isosurfaces

(a)
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represent regions of high Li" probability density, indicating
potential conduction pathways through the crystal lattice. This
Li" density map reveals a complex, interconnected lithium
diffusion network, further suggesting a 3D diffusion pathway
for Li'. These results underscore the high ionic conductivity of
Lis 6In,S;4 Cl, driven by the extensive 3D diffusion network.

Moisture stability of Liz ¢In,S;; sCl

A significant challenge for large-scale production of sulfide
solid electrolytes is their poor stability against atmospheric
moisture. Even low levels of moisture in the environment have
been reported to trigger spontaneous hydrolysis reactions,
causing material degradation, compromised performance, and
the release of toxic H,S gas.*®*’ Broadly, on exposure of solid
electrolytes to moisture, decomposition products such as
LiCl,** Li,S,"*>% LiOH,""* LiOH-H,0,*>" and In,0; (ref. 41)
may be formed. These decomposition compounds exhibit poor
ionic conductivity and significantly increase interfacial imped-
ance when formed on the surface of sulfide SSE particles.*"*
Li; In,S;1 gCl was exposed to air for 2 hours (relative humidity
of 52%) to assess the impact of moisture on its average struc-
ture, short-range structure, morphology, and ionic conductivity.
Fig. 5c displays the XRD patterns of Liz ¢In,S;; ¢Cl before and
after 2 hours of exposure to humid air at room temperature. A
comparison of the diffraction pattern of as-prepared and
moisture-exposed samples reveals insignificant modification of
the average structure. Particularly, no new peaks were formed
post-exposure. This is consistent with °Li NMR results of the
moisture-exposed sample (Fig. 5d) - confirming the absence of
LiCl, LiOH, or Li,S, post-exposure.

The Hard-Soft Acid-Base (HSAB) theory predicts favorable
interactions between soft acids (e.g., Ge**, Sn**, In**) and soft
bases (e.g., S*7).**** These interactions lead to the formation
of strong covalent bonds, potentially creating a stable frame-
work with open channels.** To be specific, In**, classified as
a soft acid, will preferentially interact with the soft base, s>
This preferential bonding with sulfur prevents the hard base
oxygen from reacting with In*" upon exposure to moisture. As
a result, Liz ¢In,S;4 gCl exhibits improved moisture stability. A

(b)
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decrease in the activation energy (Fig. 5b) is observed for the
moisture-exposed pellet (0.24 eV) relative to the as-prepared
pellet (0.26 eV). Fig. 5a reveals a significant increase in ionic
conductivity to 4.2 mS cm™' on exposure to moisture - an
observation in contrast to what has been reported for most
sulfide solid electrolytes,**>° except layered structures where
H,O intercalates between the sheets.® However, the slightly
increased electronic conductivity post-exposure (4.55 x 10 °
mS cm ', Fig. S41) may suggest modifications of the local
electronic environment and an increase in electron transport.

Raman spectroscopy, a valuable tool for elucidating the local
structures of materials,”»*® was employed to investigate the
bonding between In®* and $>7. Fig. 2c presents the Raman
spectra of the as-prepared Li; ¢In,S;; sCl and reference samples
including In,S; and InCl;. According to the XRD pattern
(Fig. 1a), In,S; and Lis¢In;S;; gCl primarily exhibits a disor-
dered cubic spinel-type, a-In,S; structure, confirmed by the
absence of low-intensity peaks prominent in the tetragonal -
In,S; structure.***® Notably, the presence of Raman active
modes at 125 cm ™' (E,), 270, 291, 299 cm ™' (T,,) and 357 cm ™!
(Ajg) in In,S; Raman spectrum (Fig. 2c) confirms that it belongs
to the a-In,S; structure type.**®” The Raman spectrum of Li; ¢-
In;,S;44Cl exhibits a significant shift (blue shift) of the Raman

10378 | Chem. Sci, 2025, 16, 10372-10385

peaks associated with In-S bonds to higher wavenumbers
compared with In,S;, specifically to 127, 278, 300, 308 and
360 cm '.***® This shift to higher wavenumbers signifies an
increase in the vibrational energy of these bonds, indicating
stronger In-S interactions.> Moreso, compared to the Raman
spectrum of In,S;, the peak intensity is significantly higher for
Liz ¢In;S11 gCl. More intense peaks suggest increased Raman
scattering efficiency, often a result of strong covalent bonding
with more polarizable bonds. Therefore, both the blue shift and
peak intensity increase support enhanced In-S covalent
bonding in Liz ¢In;S;; sCl.

Water uptake can influence cation mobility through solva-
tion or altering the crystallographic structure.®® Although
hydration studies on solid Li* and Na'" conductors are limited,
existing research suggests enhanced Li* and Na* diffusion with
water adsorption.®® The adsorbed water may exist in different
forms; for instance, free water clusters and loosely and strongly
bound water have been identified in Nafion.*>** To understand
the origin of the improved ionic conductivity of Li; ¢In,S;; gCl
post-exposure, we performed 'H and ®’Li NMR on the as-
prepared and moisture-exposed-samples. For the moisture-
exposed-sample, a peak at 4.7 ppm was observed in the 'H
NMR spectrum; in contrast, only the background resonance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(empty rotor) was observed for the as-prepared sample
(Fig. S57). The resonance at ca. 4.7 ppm in moisture-exposed
Li; ¢In;S;; ¢Cl indicates that the adsorbed water is more
distinctly characterized as a bulk liquid rather than surface-
bound. Increased Li* ion mobility in the moisture-exposed
Liz¢In;S;;1 5Cl is indicated by faster 'Li NMR T; relaxation
(Fig. S61) with decreased “Li NMR T relaxation time (Table 1),
and narrower peak width (Table S5%). Increased ionic conduc-
tivity in the moisture-exposed Li;¢In;S115Cl is therefore
attributed to ion transport facilitated by the adsorbed water.
The SEM images and the EDS elemental mapping of In, S, Cl,
and O for the as-prepared Lis ¢In,S;; sCl and moisture-exposed
pellet are shown in Fig. 6a and b. Prior to ambient exposure, the
as-prepared pellet demonstrates a highly compact structure.
The initial SEM image reveals an uneven surface with loose
particles; however, it is devoid of major cracks. Notably, the
microstructure of the moisture-exposed sample does not
change significantly. However, the pellet surface is smoother.
Elemental mapping of the as-prepared Liz¢In,S;;¢Cl reveals
a uniform distribution of In, S, Cl, and a negligible amount of O.
The negligible amount of oxygen likely results from the few
seconds exposure to humid air during sample transfer into the
SEM instrument. Similarly, In, S, Cl are uniformly distributed in
the exposed pellet. In addition, a significant oxygen concen-
tration is observed around the particles, likely from the adsor-
bed water. It is evident that the absorbed water does not disturb
the Lis¢In,S;15Cl structure but rather distributes on the

View Article Online
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surfaces of the particles. The enhanced microstructural stability
of Liz ¢In,S;1 gCl may be attributed to the structural stabiliza-
tion from the strong covalent interaction of In*" with S>7,
effectively preventing hydrolysis reactions."®

The hydrolysis resistance of Li; ¢In,S;; sCl was evaluated by
full immersion of the solid electrolyte in deionized water
(Fig. S7t). Throughout the exposure test, no significant changes
were visually observed, indicating that its structure was not
severely altered.*® Further quantitative evaluation of hydrolytic
resistance was performed by comparing the mass of the elec-
trolytes before and after immersion. The mass remains almost
constant at 140 mg - only reaching 139.4 mg after 1 hour,
suggesting excellent hydrolysis resistance of Li; ¢In,S;1 gCl. TGA
and DSC curves of the moisture-exposed sample are shown in
Fig. S8.f To simulate non-oxidative environments, thermogra-
vimetric analysis (TGA) and differential scanning calorimetry
(DSC) were performed under an inert atmosphere at a constant
heating rate from 0 °C to 700 °C. The initial thermal event,
observed between 49 °C and 83 °C, reflects dominant endo-
thermic peaks. This corresponds to removing physiosorbed
water molecules, resulting in a mass loss of 3.37%. A minor
endothermic event observed at ca. 350 °C is attributed to
removing bulk water buried inside Liz In,S;; ¢Cl1.** Overall, the
mass loss of 3.61% is due to water removal, indicating good
thermal stability of Li; ¢In,Sq1sCl.

The exposed pellets were dried to investigate the impact of
water removal on ion transport and structure. The impedance

Fig. 6 SEM images and EDS elemental mapping of In, S, Cl, and O for (a) as-prepared and (b) moisture-exposed Liz gIn;S;11 gCL
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plot reveals a decrease in ionic conductivity (4.2 mS cm™ " vs.
2.06 mS cm™ ") of the pellet dried at 150 °C for 12 hours relative
to the moisture-exposed pellet. The SEM images and the EDS
elemental mapping of the surface and cross-section of the dried
pellet are shown in Fig. 7a and b. Elemental mapping reveals
a minimal amount of oxygen on the surface of the dried pellet -
indicating loss of surface water upon drying at 150 °C. The
negligible amount of oxygen may stem from water re-adsorption
during sample transfer into the instrument. However, 'H NMR
reveals only a slight decrease in the intensity of the bulk water
resonance - suggesting that bulk water is retained (Fig. S5t)
after extended heating at 150 °C for 12 hours. To confirm this
observation, SEM and EDS data were collected on the cross-
section of the pellet (Fig. 7b). A high amount of oxygen,
evident within the cross-section, validates the presence of bulk
water inside the pellet. The presence of bulk water correlates
with higher ionic conductivity (Fig. 5a) of the pellet dried at
150 °C compared to the as-prepared pellet (2.06 mS cm ™" vs. 1.1
mS cm ™)

TGA experiment suggests a thermal event at ca. 350 °C;
therefore, to further examine the effect of bulk water loss on the
structural stability and ionic conductivity of the moisture-
exposed solid electrolyte, the pellet was dried at 350 °C. The
corresponding impedance plot is shown in Fig. 5a. A significant
decrease in conductivity was observed (2.06 mS cm™ ' vs. 0.98
mS ecm ") relative to the pellet dried at 150 °C. However, the
ionic conductivity does not deviate largely from that of the as-
prepared pellet (1.1 mS ecm™ ' vs. 0.98 mS cm '), suggesting

View Article Online
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that water can be reversibly removed without compromising the
structure or ion transport properties of the solid electrolyte. 'H
NMR confirms (Fig. S5T) the complete removal of bulk water
after drying at 350 °C, further validated by significantly reduced
oxygen distribution from cross-section elemental mapping of
the dried pellet (Fig. S97).

Proposed mechanism of ion transport in moisture-exposed
Li; 6In;S4, 5Cl

Enhanced ionic conductivity of moisture-exposed poly-
crystalline solid electrolytes has been linked to the presence of
adsorbed water at grain boundaries.*® On exposing Lis ¢In,-
S11.5Cl to moisture, the scanning electron microscopy (SEM)
images of Liz ¢In,S;; gCl revealed the distribution of adsorbed
water on the surface of- and around the grains (Fig. 7b). °Li
NMR analysis (Fig. 5d) suggests that Li" in Liz ¢In,S;; ¢Cl is not
hydrolyzed or transformed into other chemical phases in the
presence of the absorbed water.®® The adsorbed water may
effectively soften or plasticize the grain boundaries without
compromising its integrity, facilitating Li" hopping between
grains and reducing the energy barrier for Li-ion migration. To
assess the impact of the adsorbed-water around grain bound-
aries on Li" transport, we performed EIS analysis to separate the
resistive contributions from the bulk and grain boundaries. By
fitting the impedance spectra to equivalent circuit models, the
grain boundary resistance and bulk resistance can be inde-
pendently extracted. Our EIS analysis (Fig. 8 and Table S67)

Surface

+.Cross-segtion

Fig. 7 SEM image and EDS elemental mapping of In, S, Cl, and O for the (a) surface (b) cross-section of Lis gln;S11 gCl pellet dried at 150 °C.
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revealed a significant reduction in grain boundary resistance
(Rgg) from 171.7 Q in the as-prepared sample to 46.6 Q in the
moisture-exposed sample. This confirms that the adsorbed
water effectively facilitates Li' transport along/across grain
boundaries. Since grain boundary resistance is often the
limiting factor in polycrystalline solid electrolytes, the decrease
in grain boundary resistance results in significantly enhanced
Li" transport across/along the grain boundaries and the overall
ionic conductivity.

Electrochemical stability and galvanostatic cycling of
Li; 6In;S4 5Cl

Linear sweep voltammetry (LSV) was utilized to assess the
electrochemical stability window of Li;z ¢In,S;; gCl at 25 °C. The
electrochemical stability window signifies the voltage range
within which the electrolytes and their components remain
electrochemically inert.*® Carbon, utilized as an electronic
conductive medium offers a high surface area, facilitating
sensitive detection of electric current generated from redox
reactions.*>*® Fig. 9a shows the linear sweep voltammogram of
Liz ¢In;S11 gCl. The anodic peak at =0.6 V versus Li-In is
assigned to the lithiation of the carbon. Chloride ions (C1™) may
undergo oxidation (2C1I” — Cl,) + 2e7) at voltages exceeding
3.74 V versus Li-In, based on their standard electrode poten-
tial.®* The anodic peak around = 3.8 V versus Li-In is indicative

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of oxidation of Cl species to Cl,.***” Therefore, the experimen-
tally determined lower and upper electrochemical stability limit
for Liz ¢In,S;; sCl is ca. 1.01-3.39 V versus Li-In.

Galvanostatic cycling at 22 °C was performed to evaluate the
half-cell performance across various C-rates, with five cycles per
rate, followed by 120 cycles at 0.2C, where C = 239 mA h g *
(Fig. 9b). A Li-In|LigPS5Cl|2(Li; ¢In,;S11.sCl):TiS, half-cell was
fabricated with TiS, as the cathode active material (CAM). Li-In
anode was utilized due to its stability with solid electrolytes and
reduced risk of micropore-induced short-circuiting.>** The Li-
In|LigPS;5Cl|2(Liz ¢In;S11.sCl):TiS, half-cell delivered an initial
discharge capacity of ca. 240 mA h g™ ", eventually stabilizing at
ca. 235 mA h g . In the second cycle, the cell sustained a high
discharge capacity of 226 mA h g~ ! and maintained a consistent
charge capacity of 225 mA h g~'. Notably, at a high rate of 2C,
the cell exhibited a robust performance, delivering a discharge
capacity of 150 mA h g™, Upon reverting to 0.2C after 20 cycles,
the Li-In|LigPS5Cl|2(Liz ¢In,S;4 gCl):TiS, half-cell demonstrated
excellent long-term cycling stability, retaining ca. 96.8% of its
capacity, over an extended period of 120 cycles.

Conclusion

In this study, an air- and moisture-stable solid electrolyte,
Li; 6In,S;; ¢Cl (space group Fd3m), is synthesized, delivering
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a room-temperature ionic conductivity of 1.1 mS cm ™" with an
activation energy of 0.26 eV. Structural characterization reveals
a face-centered cubic arrangement of S*>7/Cl~, stabilized by
interstitial cations in a disordered anion sublattice. Notably,
a 3D framework formed by tetrahedra Lig, face-sharing with
octahedra Lijs. promotes fast Li* ion diffusion, supported by
AIMD simulations. ®’Li NMR and relaxometry reveal fast ion
dynamics of octahedral (16¢c) and tetrahedral (8a) Li' sites,
responsible for ion transport. Li; ¢In,S;1 gCl exhibits stability
against air and moisture and shows enhanced ionic conduc-
tivity to 4.2 mS em ™" upon exposure, likely due to ion transport
facilitated by the adsorbed water at grain boundaries. The water
can be reversely removed upon heating to 350 °C without
compromising the structural integrity. The stability is attrib-
uted to the structural stabilization provided by the strong
covalent bonding between In** and S~
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