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ABSTRACT: Thio-lithium superionic conductors (thio-LISICONS) are a family of promising L 2 3 o o-Li,SiS, X
solid electrolyte materials for potential applications in solid-state batteries. The orthorhombic  A¥§, 4 v X A 4 7'\ v
polymorph of the thio-LISICON Li,SiS, (0-Li,SiS;) has been known for decades, but its . g8z Pnma Pmn2,

complete crystal structure has been reported only recently. Here, using single-crystal X-ray =" /\
v - / o

diffraction, we reevaluated the crystal structure of 0-Li,SiS, and showed that 0-Li,SiS,
X X
Li,Si,Sn,S,

[l Metrics & More ’ Q Supporting Information

crystallizes in space group Pmn2; (no. 31, a = 7.7694(15) A, b = 13.731(3) A, and ¢ =
6.1413(12) A). The crystal structure of 0-Li,SiS, consists of isolated SiS, tetrahedra arranged in
a zigzag-type manner, whereas Li atoms are coordinated both tetrahedrally and octahedrally by
sulfur atoms of the SiS, groups. Structures identified by first-principles calculations support the lower symmetry solution presented
here, with the Pmn2, polymorph being more stable at room temperature than a higher symmetry phase. By knowing the accurate
crystal structure of 0-Li,SiS,, we investigated the solid solution behavior with another group IV thio-LISICON, Li,SnS,. Rietveld
refinements of powder X-ray diffraction data revealed the solid solution Li,Si;_,Sn.S, (0 < x < 1, Ax = 0.1), which shows a nearly
ideal Vegard-type behavior for all silicon-containing samples. *’Si and '”Sn magic-angle-spinning solid-state NMR and Raman
spectroscopy showed the presence of SiS, and SnS, tetrahedral moieties, with the spectra showing expected behavior consistent with
the silicon—tin ratio in the materials. Electrochemical impedance spectroscopy revealed the highest ionic conductivity of 8.4 X 107

S ecm™" at 25 °C for Li,SiysSny S, accompanied by the lowest migration barrier of ~0.37 eV.

Bl INTRODUCTION

Lithium ion solid electrolytes (Li-SEs) have garnered a lot of
attention due to their potential use in solid-state batteries
(SSBs), which promise high power- and energy densities, in
addition to safety improvements when compared to conven-
tional liquid electrolyte-based lithium-ion batteries."” Among
Li-SEs, sulfide Li-SEs are of particular interest due to generally
higher ionic conductivities and better mechanical properties
for easier processing.3 Some sulfide Li-SEs, such as Li;(GeP,S;,
(LGPS, 1.2 X 1072 S em™!),* LisPS,Cl,s (9.4 X 107> S
em™),® LiggSiy74P144811,Clos (2.5 X 1072 S em™),° or
Lig 54(Sio.6Geo4)174P1.44811.1B103006 (32 X 107 S cm™)’
exhibit room temperature (RT) ionic conductivities rivaling or
even exceeding the ionic conductivities of liquid electrolytes
used in conventional lithium-ion batteries (~1.0 X 107> S
em™).® Besides their high ionic conductivities, SEs also need
to be cost-effective. This prevents SEs, such as LGPS and some
of its derivatives from widespread application in SSBs, because
they contain expensive and scarce elements, primarily
germanium.‘?”9

In search for SEs, containing more abundant and sustainable
elements, one may look toward the family of thio-lithium ion
superionic conductors (thio-LISICONs). In general, thio-
LISICONs were developed from the oxide-based family of
LISICONSs.'”!" Kanno et al. were first to replace the hard and
small O~ ion with the more polarizable and larger $*>, thus
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achieving a significant increase in RT Li-ion conductivity of
these materials.'”"® The crystal structures of thio-LISICONs
are generally related to the Li,SiO, or y-Li;PO, structure types
featuring a hexagonal close packing of sulfur and an
arrangement of MS, tetrahedra (with M = Al, Si, Ge, Sn, P,
As, Sb).>'"'*!5 Examples for ternary thio-LISICONs with a
Li,SiO,- or y-Li;PO,-related structure include, among others,
Li,SiS,, """ Li,GeS,,'®" Li,SnS,,***" and p-Li,PS, >
Li,SiS,, a SE, which contains readily available and highly
abundant silicon,” has been known since 1989, but still remains
poorly characterized. Two polymorphs of Li,SiS, exist, an
orthorhombic (0-Li,SiS,) and a monoclinic (m-Li,SiS,) one,
yet the reported crystal structures of both polymorphs appear
incomplete. 0-Li,SiS, was first synthesized and described by
Ahn and Huggins. Using data from powder X-ray diffraction
(PXRD) they indexed the structure with an orthorhombic unit
cell (Pnma, no. 62) without reporting atomic positions.'® m-
Li,SiS, with a monoclinic unit cell (P2,/m, no. 11) was
reported by Murayama et al. in 2002. However, only the
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atomic positions for silicon and sulfur were provided."”
Recently, utilizing combined Rietveld refinements of PXRD
and powder neutron diffraction data, Roh et al. reported the
full crystal structures of both Li,SiS, polymorphs.”* Using the
m-Li,SiS,"” and Li,GeS, (Pnma, no. 62)" structures as starting
models, they obtained lattice parameters, which are in good
agreement with the previously reported lattice parameters of
both 0-Li,SiS, and m-Li,SiS,. 0-Li,SiS, and m-Li,SiS, were also
indexed with the same space groups as reported previously,
Pnma and P2,/m, respectively.'”** Despite achieving good
refinements with satisfactory R factors, the occupancies of
some lithium positions had to be fixed to not exceed their
maximum occupancies during refinement.”*

Here, using single crystal X-ray diffraction (SXRD), we
propose an updated crystal structure of o0-Li,SiS, which
crystallizes with a lower symmetry in the noncentrosymmetric
space group Pmn2; (no. 31) with fully occupied atomic
positions. The structure of 0-Li,SiS, was further corroborated
using ?Si MAS NMR, Raman spectroscopy, and first-principles
simulations.

Besides a high ionic conductivity, other properties of SEs, for
example, their environmental stability, are important for the
commercialization in SSBs. The thio-LISICON Li,SnS, has
been thoroughly investigated because of its moisture stability,
since Li,SnS, tends to form hydrates first before releasing H,S
due to hydrolysis.” >’ In order to potentially increase the
environmental stability of 0-Li,SiS,, we also report the
isovalent substitution of 0-Li,SiS, with tin in the solid solution
series Li,Si;_,Sn,S, (0 < x < 1, Ax = 0.1). Tin was chosen
since it is a relatively abundant metal, and may improve the
ionic conductivity and environmental stability of Li,Si;_,Sn.S,
SEs.” Through Rietveld refinements, we show that
Li,Si; ,Sn,S, exhibits a nearly ideal Vegard behavior. The
local structure was investigated using **Si and '"’Sn MAS
NMR and Raman spectroscopy. Raman measurements were
further confirmed by first-principles simulations. Finally, using
electrochemical impedance spectroscopy we report the Li-ion
transport properties, showing that with a 1:1 Si to Sn ratio (x =
0.5) an average ionic conductivity of 8.4 X 107 S cm™" at 2§
°C is obtained, which is more than twice what was obtained for
0-Li,SiS, (1.5 x 107 S cm™) and Li,SnS, (3.7 X 1076 S
cm™).

B EXPERIMENTAL PROCEDURE

Synthesis of Members of the Li,Si;_,Sn,S, Solid Solution.
Members of the Li,Si;_,SnS, solid solution were synthesized by
grinding appropriate stoichiometric amounts of Li,S (Sigma-Aldrich,
99.98%), Si (Alfa Aesar, 99.99%), Sn (Sigma-Aldrich, 99.8%), and S
(Griissing) in an agate mortar. Sulfur was resublimed under vacaum
prior to use, all other chemicals were used without further
purification. An excess of sulfur (S wt %) was added to all samples
to counter sulfur loss due to sublimation and to ensure full oxidation
of Si and Sn to +IV. The ground starting materials were then
transferred into glassy carbon crucibles and subsequently sealed in
evacuated silica ampules. Prior to use the ampules were heated under
vacuum using a hydrogen torch in order to remove surface water. A
tubular furnace was used to heat the ampules to 525 °C with a rate of
50 °C h™!. The ampules were kept at 525 °C for 100 h before
switching off the furnace and letting them cool down naturally. This
temperature program was chosen since it resulted in the formation of
0-Li,SiS, over m-Li,SiS, and yielded samples with high phase purity.
0-Li,SiS, single crystals were selected from a sample that was heated
up to 600 °C with a rate of 50 °C h™" and held there for 72 h before
the furnace was turned off and the sample was allowed to cool
naturally.

All members of the Li,Si;_,Sn,S, solid solution were obtained as
moisture-sensitive, yellowish solids. All chemicals and products were
handled under inert conditions in an argon-filled glovebox (MBraun,
0, < 0.1 ppm, H,O < 1 ppm) or in argon-filled containers at all times.

Single-Crystal X-ray Diffraction of 0-Li,SiS,. Single crystals of
0-Li,SiS, were isolated under paraffin oil (dried with potassium metal)
and sealed in glass capillaries (Hilgenberg) under oil. Measurements
were carried out with a Bruker D8 Quest diffractometer using Mo—K,
radiation (4 = 0.71073 A). Data handling, including a multiscan
absorption correction with the program SADABS, was done utilizing
the Bruker Apex 3 software package.”® The structure solution and
inversion twin refinement were performed with the programs
SHELXS-97 and SHELXL2019/2, respectively.’’ Crystal structure
drawings were produced using VESTA3.*>

Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) was
carried out using a Stoe Stadi P powder diffractometer (Ge(111)
monochromator, Dectris MYTHENII K detector) in Debye—Scherrer
geometry using Ag K, radiation (1 = 0.55942 A). All samples were
flame-sealed in glass capillaries (Hilgenberg) with a diameter of 0.5
mm. Rietveld refinements were performed using the software TOPAS
6 (Bruker).>® During refinements the lattice parameters, the isotropic
temperature parameters, atomic positions, the mixed occupation of
Sil and Si2 positions with tin, and stress and strain were refined. No
penalties or restraints were used during refinements. Due to the low
X-ray scattering cross section of Li" no refinements of lithium atoms
were performed.

Solid-State NMR. Solid-state magic-angle-spinning (MAS) NMR
was performed on a Bruker Avance III 400 MHz instrument at a
magnetic field of By = 9.4 T. MAS NMR experiments were carried out
in 4 mm OD ZrO, rotors at a spinning frequency of 10 kHz using a
Bruker BL4 WVT double-channel probe. *Si and '*Sn direct
excitation spectra were acquired using 7/4 RF pulses (3 and 2 ps) in
2000 and 32 scans and recycle delays of 20 and 120 s, respectively.
The chosen relaxation delays were long enough for a complete
relaxation of all signals. Chemical shifts were externally referenced to
tetramethyl silane (*°Si 5, = 0.0 ppm) and SnO, (***Sn §,,, = — 603.0
ppm). The temperature in the probe was regulated with a Bruker
BVT3000 temperature controller. Actual temperature inside the rotor
was calibrated on the 2’Pb signal of powdered Pb(NO,),.**

Raman Spectroscopy. Raman spectroscopy was carried out on
samples in the same capillaries used for PXRD analysis. Raman
spectra were recorded on a home-build system comprising a 785 nm
laser equipped with a Raman Probe (Coherent TR-Probe 300 mW
power at sample port, a steerable noncontact optic and a flood light
module as accessories) and connected to a spectrograph (Andor
Kymera 328i, Andor iDUS 420 CCD detector). Measurements were
done at 30% laser power on the sample and at ambient temperature.

Scanning Electron Microscopy and Energy-Dispersive X-ray
Spectroscopy. Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS) were performed in a Zeiss
Merlin electron microscope. For EDS either an Oxford Instruments
Ultim Max or an Oxford Instruments Ultim Extreme EDS detector
was used. All samples were not sputtered and had brief contact with
air during transfer into the electron microscope.

Electrochemical Measurements. For electrochemical impe-
dance spectroscopy (EIS) measurements all samples were ground in
agate mortars and compacted into pellets using uniaxial cold pressing
with a pelletizing pressure of ~1 GPa. All pellets had a diameter of 5
mm, a thickness ranging between 0.3 and 1.4 mm and relative
densities between 75 and 95% with an average density of 89%. The
pellets were loaded into RHD Instruments TSC SW closed
measurement cells. The pressure applied in the measurement cells
was ~650 kPa. The conditions for sample preparation were chosen,
since, from our experience, they lead to good quality data for
mechanically soft sulfide Li-SEs. The measurement cells were
connected to a RHD Instruments Microcell HC measuring stand.
EIS spectra were recorded using an Ivium CompactStat.h potentiostat
between 1 MHz-0.1 Hz and with an excitation voltage of 100 mV.
Impedances Z were normalized by multiplying Z with the quotient of
the pellet surface area A and the pellet thickness d. To determine the
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activation energy E,, temperature-dependent EIS measurements
between 25 and 75 °C in S °C steps and an equilibration time of 1
h were carried out. E, was obtained by fitting the temperature-
dependent data to a modified Arrhenius-type equation of the form

oT = Goe(_E“/ ksT) using the ionic conductivity o, the temperature T,

the pre-exponential factor ¢, and the Boltzmann constant kp.>® Data
handling, processing and fitting procedures were carried out using the
software RelaxIS3 (RHD Instruments). Based on the recommenda-
tions by Ohno et al,, EIS measurements were carried out on three
different samples with the obtained conductivities and activation
energies averaged in order to gain more reliable data.*®

Computational Methods. First—grinciples calculations based on
Density Functional Theory (DFT)*” were performed using the
Vienna Ab initio Simulation Package (VASP).**3° The exchange-
correlation interactions were approximated with the r*SCAN
functional.** This meta-generalized gradient approximation offers
enhanced numerical stability and computational efficiency compared
to its predecessor, SCAN.*""** Core electrons were described using
the projector augmented wave (PAW) method,” while valence
electrons were represented explicitly using a plane-waves basis set
with a kinetic energy cutoff of 520 eV. The PAW potentials used
include: Li;, 10Sep2004 1s?2s', Si 05Jan2001 3s*3p% Snyq 06Sep2000
1s*1p?, and S 06Sep2000 3s*3p*. Each structure was fully optimized
(including atomic positions, cell shape, and volume) using a I'-
centered Monkhorst—Pack k-point mesh with a spacing of < 0.5 A™!
to sample the Brillouin zone. The convergence threshold for DFT
total energy changes was set to 107 eV/cell, and forces on atoms
were converged to within 1072 eV/A.

Phonon dispersion, vibrational free energy, and Raman intensities
were calculated using the CRYSTAL23 software** with DFT and the
PBEO hybrid functional (25% Hartree—Fock exchange) ,*> which has
demonstrated good agreement with experimental measurements.*®
Self-consistent field (SCF) energies were converged to a threshold of
107" Hartree (per cell) using a Monkhorst—Pack k-point grid of 8 X
8 X 8. Truncation tolerances for Coulomb integrals (overlap and
penetration) and Hartree—Fock exchange integrals were set to 1077
Hartree, with pseudo-overlap thresholds of 107 and 107* Hartree.
Crystalline orbitals of Li, Si, and S were described by Gaussian triple-{
valence basis sets with polarization (pob-TZVP-rev2).*” For Sn, an
effective core potential (ECP28MDF) with 14 valence electrons (Ss,
Sp, and 4d) treated explicitly was adopted to account for relativistic
effects common in heavier elements.** Phonon dispersions and
vibrational free energies were calculated using the CRYSTAL-
Phonopy interface within the Phonopy package.*” These calculations
employed 2 X 1 X 2 and 1 X 2 X 2 supercell models (both with 144
atoms) with a single I" point for the Pmn2, and Pnma structures of o-
Li,SiS,, respectively.

B RESULTS AND DISCUSSION

Crystal Structure of Li,Si;_,Sn,S, (x = 0.0): o-Li,SiS,.
Figure la,b show the crystal structure of 0-Li,SiS, determined
from SXRD. Further crystallographic information is listed in
Table 1 and Tables S1 and S2 in the Supporting Information.
0-Li,SiS, crystallizes in the orthorhombic space group Pmn2,
(no. 31) with lattice parameters a = 7.7694(15) A, b =
13.731(3) A, and ¢ = 6.1413(12) A

The structure of 0-Li,SiS, consists of sulfur atoms forming a
hexagonal close packing with silicon atoms and lithium atoms
occupying 1/2 of the tetrahedral voids and additional lithium
atoms occupying 1/4 of the octahedral voids. All crystallo-
graphic positions have 100% occupancy. The isolated SiS,
tetrahedra form a distinct zigzag-like arrangement, whose
apexes point up and down in an alternating manner, as shown
in Figure lc. The same zigzag structural motif is also found in
the PS, tetrahedra arrangement in orthorhombic -LisPS,.”>*
The Si—S bond lengths in the SiS, tetrahedra (2.11-2.16 A)
are similar to lengths observed in other SiS,-containing

Figure 1. (a) Crystal structure of 0-Li,SiS, and sulfur coordination
polyhedra of lithium and silicon. (b) Partial crystal structure of o-
Li,SiS, depicting the stacking of the Li—S polyhedra. (c) Zig-zag
arrangement of the SiS,*” tetrahedra found in 0-Li,SiS,. The unit cell
is highlighted in all drawings as well.

compounds.'”*’ Lithium atoms are found both in four- and
six-fold coordination environments by sulfur atoms. Lithium
atoms on the Li4 site form edge-sharing LiS4 octahedra, giving
rise to infinite chains along the g-axis. The LiS4 octahedra are
distorted with Li—S distances in the range of 2.572(S)—
3.292(6) A. The LiS, tetrahedra formed by Li3 and LiS$ sites
stack in an alternating manner along the c-axis via corner-
sharing sulfur atoms, while the (Li1)S, and (Li2)S, tetrahedra
share corners and edges with the SiS, tetrahedra. All LiS,
tetrahedra appear distorted, with Li—S distances from
2.376(9)—2.627(1) A, but to a lesser extent than the LiS,
octahedra. The stacking of the lithium polyhedra is visualized
in Figure 1b.

To further verify the crystal structure of o-Li,SiS, we
conducted ’Si MAS NMR and Raman measurements. The
»Si MAS NMR spectrum (Figure 2a) shows two singlet
signals, one at 8.8 ppm and one at 4.8 ppm. Two singlet signals
suggest the presence of two crystallographically distinct Si
positions in the crystal structure, supporting the o-Li,SiS,
structure reported here. The chemical shift range of the two
signals is also in good agreement with chemical shifts reported
for SiS, units in the literature.”"*> Eckert et al. reported a
similar °Si MAS NMR spectrum of 0-Li,SiS,, but were not
able to fully explain their signals due to the absence of full
structural data at that time.”> The experimental Raman
spectrum in Figure 2b shows its most intense signal at 394
cm™ !, which aligns well with our calculated value of 400 cm™,
Based on several reports of materials containing isolated SiS,
tetrahedra and our Raman simulation results, this signal was
assigned to the symmetric stretching vibration of the SiS,
tetrahedron.””>> The other signals might be assigned to other
vibrational modes of the SiS, tetrahedron or lattice
modes.’*™** From our DFT calculations, the Raman modes
at 92 and 527 cm™' were assigned to the bending and
asymmetric stretching modes of the SiS, tetrahedron,
respectively. Details of the calculated Raman data for o-
Li,SiS, are listed in Table S3.
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Table 1. Fractional Atomic Coordinates and Equivalent Displacement Parameters of 0-Li,SiS,”

atom occupation Wryckoff position x y z U
Lil 1 2a 0 0.3279(6) 0.0002(17) 0.032(2)
Li2 1 2a 0 0.8455(6) 0.2069(14) 0.027(2)
Li3 1 4b 0.2517(6) 0.0732(3) 0.1452(9) 0.0275(10)
Li4 1 4b 0.2695(7) 0.2614(3) 0.3622(8) 0.0279(12)
LiS 1 4b 0.2669(6) 0.5737(3) 0.1837(8) 0.0273(10)
Sil 1 2a 0 0.66593(8) 0.47625(17) 0.0111(3)
S1 1 2a 0 0.66407(7) 0.13059(18) 0.0129(2)
S4 1 4b 0.27382(10) 0.40394(6) 0.08972(9) 0.01413(17)
Ss 1 2a 0 0.81075(7) 0.60123(17) 0.0128(2)
Si2 1 2a 0 0.16138(8) 0.68043(17) 0.0101(3)
S2 1 2a 0 0.15515(8) 0.02352(18) 0.0155(2)
S3 1 4b 0.22569(9) 0.09610(5) 0.55134(9) 0.01381(17)
S6 1 2a 0 0.31097(7) 0.57430(15) 0.0117(2)

“Space group Pmn2, (no. 31), a = 7.7694(15) A, b=13.731(3) A, ¢ = 6.1413(12) A, V= 665.2(2) A’. Standard deviations are given in parentheses.
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Figure 2. (a) Si MAS NMR and (b) experimental (excitation 785 nm) and calculated Raman spectra of 0-Li,SiS,. The calculated spectrum was
generated by convoluting Raman-active modes from Table S3, with a Lorentzian line shape (fwhm = 15 cm™) assuming a 785 nm wavelength as

used in the experimental measurements.

Recently, Roh et al?* reported a complete structure
refinement of 0-Li,SiS,, who used Rietveld refinements starting
from a Li,GeS, model'” to determine the structure. The unit
cells reported by Roh et al. and in our work here are in good
agreement with each other.”* However, we propose a lower
symmetry for o-Li,SiS, based on several observations, in
contrast to Roh et al., who reported the structure in the higher
symmetry space group Pnma (no. 62). First, the **Si MAS
NMR discussed earlier (Figure 2) shows two signals, indicating
two independent crystallographic Si positions as opposed to
only one in the 0-Li,SiS, structure reported by Roh et al.**
Second, the precession image for the Okl plane (see Figure S1)
exhibits additional weak reflections. These additional reflec-
tions break the apparent zonal reflection condition (k + | = 2n)
for the a-glide plane in space group Pnma.”” Upon removing
the a-glide plane the overall symmetry is lowered, resulting in
the space group Pmn2; (no. 31).”~° Third, the lower space
group symmetry allows for resolving the lithium atom disorder
in the Pnma structure from Roh et al.,”* where restraints of
lithium occupancies were necessary to avoid exceeding 100%
occupancy during refinement. In Pmn2; more crystallographic
positions for lithium to occupy are available, resulting in the
absence of lithium vacancy disorder in our structure model.

Since Pmn2, is a direct subgroup of Pnma, a group-subgroup
relationship between the Li,GeS, and the o-Li,SiS, structure
type can be envisioned, which is shown in Figure $2.'%%>%*

Starting from the coordinates proposed by Roh et al. and
applying the necessary symmetry reduction and coordinate
transformations leads to the calculated atom coordinates (see
Figure S2). We find good agreement between the atom
coordinates extracted from the 0-Li,SiS, structures obtained
from SXRD with those obtained by transforming the
coordinates by Roh et al.”* This comparison shows the close
relationship between the Li,GeS, and the 0-Li,SiS, structure
types (see Table S4)."”** An overlay of both structures is
shown in Figure S3.

First-principles DFT calculations were performed to confirm
the ground state structure of 0-Li,SiS, (Pmn2, vs Pnma).”” In
addition to constructing a Pmn2; model of 0-Li,SiS, from our
experimental data (denoted as 0-Li,SiS}), we simulated three
Pnma 0-Li,SiS, polymorphs to expand the range of structural
variations investigated. These polymorphs included: (i) the
disordered Pnma 0-Li,SiS, reported by Roh et al.”* (indicated
as 0-Li,SiSY), (ii) disordered (0-Li,SiS¥), and (iii) ordered (o-
Li,SiS}) Pnma structures. The latter two models are hypo-
thetical and were derived by substituting Si for Sn in the
analogous disordered and ordered Pnma Li,SnS, structures, as
reported by Kwak et al.”® and MacNeil et al.,,*' respectively. All
models of these structures are summarized in Table SS.

Table S6 summarizes the calculated and measured results for
the Pmn2, 0-Li,SiS} structures, showing good agreement of the
lattice constants with a relative discrepancy within 0.5%. Given
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the presence of Li-site disorder in both 0-Li,SiS} and 0-Li,SiS%,
as observed in their experimental structures, ordering of the
atomic positions is required to determine the lowest-energy
configurations in these systems. Different distributions of the
Li-atom fractional occupancy can be envisioned: in 0-Li,SiS}
(Table S6) three out of the four Li sites exhibit partial
occupancy (50%), whereas in the 0-Li,SiS} model (in analogy
to Li,SnS} in Table S8), two out of four Li sites are partially
occupied (25%). Through a systematic enumeration of all
symmetrically distinct Li-ordering configurations within the
36-atom conventional cell (four formula units) of each model,
we identified 161 and 252 unique ordered model representa-
tives for the 0-Li,SiS; and 0-Li,SiS}’ structures, respectively.
Subsequent structural optimization with DFT reveals that the
most energetically favorable configurations derived from both
0-Li,SiS} and 0-Li,SiS} models, initially reported as disordered
Pnma phases in experimental studies,”*> belong in space
group Pmn2,. Notably, these two optimized structures exhibit
energies nearly identical (within a numerical error of ~1073
meV/atom) to the optimized Pmn2, 0-Li,SiS} structure, i.e.
E(0-Li,SiS},) = E(0-Li,SiS}) = E(0-Li,SiS¥), all in the Pmn2,
space group. Table S6 also lists the results for the o0-Li,SiS}
structure, indicating that the relaxed Pmn2, 0-Li,SiS} (which
initially was solved in Pnma) is structurally equivalent to o-
Li,SiS} within 107 of the fractional atomic positions
differences. In contrast, the relaxed o-Li,SiS} structure
maintains Pnma symmetry, with an energy 4.10 meV/atom
higher than the Pmn2, phase. The close structural similarity
between the ground state Pmn2,; and Pnma phases of 0-Li,SiS,
(0-Li,SiS} vs 0-Li,SiS}) is demonstrated in Figure S4. Table S7
compares their lattice parameters and atomic positions,
emphasizing the direct group-subgroup relationship between
the two phases.’””

Comparison of the simulated X-ray diffraction patterns for
different 0-Li,SiS, structural models with the experimentally
measured pattern from this work shows the close similarity
among Pmn2, 0-Li,SiS}, (Figure 3a,b), 0-Li,SiS (Figure 3c),
and 0-Li,SiS} (Figure 3d) phases. In contrast, the simulated
pattern for Pnma 0-Li,SiS} (Figure 3e) exhibits a mismatch in
several reflection positions (as highlighted in the gray regions)

a) Exp. 0-Li,SiS,’

d) Cal. o-Li,SiS,"

= b) Cal. 0-Li,SiS,’
>

2

S I ¢) Cal. o-Li,SiS,’
€ 1 ,

QE) | »A\ A ”u’xf\, A ,,' \\,‘3‘\: ‘ e ,_;\\ A -_,M o A M.
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o

e) Cal. o-Li,SiS,"
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Figure 3. Comparison of the (a) experimental diffraction pattern of o-
Li,SiS,; with (b—e) simulated diffraction patterns derived from the
DFT models of 0-Li,SiS,. Gray regions highlight discrepancies
between the different patterns.

when compared to other polymorphs and experimental results.
For example, at 20 ~ 14°, the 0-Li,SiS} structure displays two
reflections, unlike the overlapping reflections observed in the
other patterns. Such reflection overlap can be attributed to the
group-subgroup relationship between the Pnma and Pmn2,
spacegroups.” -

To assess the effects of lattice vibrations to the
thermodynamic stability of the Pmn2, and Pnma phases of o-
Li,SiS,, we first examined their dynamical stability through
phonon dispersion calculations (Figures SS and S6). The
absence of imaginary frequencies indicates that both phases are
dynamically stable. Their phonon frequencies span a similar
range in both structures, with an upper limit of approximately
570 cm™.

Having established dynamical stability, we evaluated the
temperature-dependent Helmholtz free energy F. For crystal-
line systems with negligible volume changes, F can be
approximated as F = F, + E. F,, represents the vibrational
free energy, which quantifies the contributions of lattice
vibrations to the total free energy and is derived by integratiré%
the phonon density of states over the entire frequency range.
E is the DFT total energy of the optimized crystal structure,
with E(Pnma) — E(Pmn2,) = 4.10 meV/atom. Figure 4
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Figure 4. Plot of the DFT computed free energy F for the Pmn2, and
the Pnma polymorphs of 0-Li,SiS, as a function of temperature. The
inset shows the vibrational contribution F,. The static energy of the
Pmn2, phase (E(Pmn2;)) was set to zero as the energy reference.

illustrates F and F.y, for Pmn2; and Pnma 0-Li,SiS, over the
temperature range of 0—1000 K. As shown in the inset of
Figure 4, the vibrational free energies of the two phases are
remarkably similar, with nearly superimposed curves. The
difference in total free energy between the two phases is
therefore primarily attributed to the difference in their static
lattice energies E, with the Pmn2, phase consistently exhibiting
a lower free energy (by ~4.10 meV/atom) than the Pnma
phase across the explored temperature range. Given the small
free energy difference, the Pmn2, and Pnma o0-Li,SiS, are
expected to coexist at ambient temperature (298 K).

Crystal Structure of Li,Si;_,Sn,S, (x = 1.0): Li,SnS,. As
previously noted, Li,SnS, possesses two polymorphs: one with
an ordered”’ and one with a disordered*”®>®” lithium
substructure. The structures have been reported by several
groups and appear quite similar, all crystallizing in Pnma, with
the disordered structure having a slightlg lower volume
(ordered: 715 A%*'; disordered: 700 A3 706 A3 712
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A3%%), probably due to different lithium packing.”**"*>*7%% In

this work, the Li,SnS, PXRD patterns were refined using the
disordered structure by Kwak et al.®® and are in good
agreement with lattice parameters reported in the literature
(Figure S18 and Table S19).2>¢”

The Pnma and Pmn2, phases of Li,SnS, were also
investigated computationally. We considered both the
experimentally reported disordered model (denoted as Li,SnS}
by Kwak et al.”’) and the ordered structure (Li,SnS% by
MacNeil et al.*'), along with a hypothetical Pmn2, Li,SnS,
structure (Li,SnS}’) generated by substituting Si with Sn in the
Pmn2, 0-Li,SiS, (see Table S5). Kaib and co-workers®” also
reported a disordered Pnma structure for Li,SnS,. However,
given the high similarity in site positions and occupancies to
the Li,SnS, model used in this work, we anticipate nearly
identical simulation results. To this end, a systematic
computational search of 252 distinct orderings within the 36-
atom conventional cell of the disordered Li,SnS} resulted in a
lowest-energy configuration. This configuration is isoenergetic
with the Li,SnS%, such that E(Li,SnS,) = E(Li,SnS}), with
both structures described by a Pnma symmetry.

Table S8 compares the calculated lattice parameters and
atomic coordinates of the Pnma Li,SnS and Li,SnS% models
with their respective experimental measurements.”"”®® This
comparison quantitatively supports that both experimental
structures converge to the same configuration, exhibiting
nearly identical calculated lattice constants and fractional
coordinates (differences within 0.001 A and 0.001, respec-
tively). Specifically, the two 8d Li sites, which exhibit 25%
occupancy in the experimental Li,SnS}, structure, relaxed to a
single fully occupied 44 site in the calculated structure. The X-
ray diffraction analysis in Figure S7 shows two reflections in
the calculated Pnma Li,SnS; and Li,SnSi (Figure S7b,d),
occurring at 26 = ~8°. This contrasts with their hypothetical
Pmn2, counterpart Li,SnS} (Figure S7e), which only exhibits
one reflection. Other regions marked gray exhibit similar
behavior. This difference in diffraction patterns is likely
attributed to the distinct Li site arrangements between the
two phases.

Our DFT optimizations (using the r*SCAN functional)
revealed that the Pnma phase (Li,SnS} and Li,SnS}) is the
ground state structure of Li,SnS,, which is 8.12 meV/atom
more stable than the theoretical Pmn2, Li,SnS} phase. This
finding aligns with the local-density approximation study by Al-
Qawasmeh et al,*® which also identified the Pnma Li,SnS!
(denoted as Li,SnS,’ in their work) as the ground state. As the
structural variations of Li,SnS, have been addressed, we will
omit superscripts in the rest of the paper.

Crystal Structure of Li,Si;_,Sn,S, (0 <x <1, Ax=0.1).
Based on the end member compounds 0-Li,SiS, and Li,SnS,,
the full solid solution space of Li,Si;_,Sn,S, (0 <x < 1, Ax =
0.1) was explored. Rietveld refinements of PXRD data were
performed to elucidate the structure of the solid solution
members. To ensure reproducibility for each stoichiometry,
three samples were synthesized and subsequently characterized
via Rietveld refinements. All samples appeared mostly phase
pure, however, some still contained low amounts of Li,S (max.
3.7 wt %, average 1.4 wt %) as an impurity phase. The Rietveld
plots with the respective crystallographic data of all refine-
ments are shown in the Supporting Information (Figures S8—
S18 and Tables S9—S19).

Except for Li,SnS, (x = 1.0), the 0-Li,SiS, structure, space
group Pmn2,, reported in this work was used as the starting

model for all Rietveld refinements of the PXRD data.””*"%>
With increasing nominal tin content a linear, Vegard-type
increase in unit cell volume and lattice parameters was

observed (Figure Sab). Li,SnS, differs slightly from the linear
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Figure 5. (a) Average refined volume and (b) average refined lattice
parameters from PXRD plotted against the nominal substitution
factor x in the Li,Si,_,Sn,S, solid solution. For better comparison, the
lattice parameters of Li,SnS, are shown in the nonstandard setting
Pnmb (a < b).*° The dashed line in panel (a) represents a linear
regression highlighting the Vegard behavior of the Li,Si,_,Sn,S, solid
solution.”””® (c) Average occupations of the Sil and Si2 positions
plotted against the substitution factor x in the Li,Si,_Sn,S, solid
solution. The dashed line represents the ideal occupation. Data points
shown in all graphs are the averages obtained from the refinements of
three different samples. For clarity reasons in all graphs, only the
standard deviation in the form of error bars is shown.
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Figure 6. (a) *°Si MAS NMR and (b) '"*Sn MAS NMR spectra of the Li,Si;_,Sn,S, solid solution series (0.1 < x < 0.9) spun at 10 kHz. Spinning

side bands are marked with asterisks.

Vegard trend, as its triplicate-derived average volume is slightly
lower than the sample x = 0.9 (706.83(3) and 707.89(3) A®,
respectively), which can be explained with Li,SnS, crystallizing
in the disordered phase rather than in the ordered
polymorph.”*">%7 A similar trend appears when refining a
mixed occupation with tin on the Sil and Si2 positions (Figure
Sc). The occupation of both positions was refined
independently from each other, yet the refinements yielded
very similar occupations for both Si positions, which also
follow a linear Vegard-type trend and agree well with the
weighed-in, nominal elemental composition. In general, the
linear trends visible in Figure S5 show nearly full solubility of
the two end members 0-Li,SiS, and Li,SnS,.°>”" Representa-
tive SEM micrographs for all solid solution compositions are
shown in Figures S19—529, which confirm the polycrystalline
and homogeneous nature of all samples. EDS spectra (Tables
$20—S30) confirm the chemical composition for all samples.
Within the Li,Si;_,Sn,S, solid solution, we focused on the x
0.5 composition (Li,SiysSngsS;) and performed first-
principle DFT calculations to validate our findings. The
lowest-energy ordered configuration of Li,SijsSnysS, was
identified by exploring 4 distinct orderings within the
conventional unit cell and 20 orderings within a 1 X 1 X 2
supercell model. This stable configuration exhibits the same
Pmn2, space group symmetry as the experimentally observed
structure. A formation energy of —0.3 meV/atom with respect
to two parent materials Pmn2, 0-Li,SiS, and Pnma Li,SnS, end
members suggests that the Li,SiysSnjsS, phase is thermody-
namically stable and that its synthesis may be feasible.

Figure S30 compares the experimental and predicted model
structures (from DFT) of the ground state structures of
Li,SiysSny sS,, whereas Table S31 provides a summary of the
lattice constants and fractional atomic coordinates of these
models. Although the calculated structure closely mirrors the
experimental one in terms of Li and S ion positions, it exhibits
a preferential ordering of the Si and Sn sites, with Sil fully
occupying the 2a site at (0, 0.664, 0.358) and Snl exclusively
occupying another 2a site at (1/2, 0.840, 0.640). As illustrated
in Figure S30b, the computed ordered arrangement results in

the alternating apex orientations of the SiS, and SnS,
tetrahedra. A preferential Sn substitution of one Si site over
the other, eg. similarly to the Sn and P site ordering found in
Li,oSnP,S,,, ""* may be plausible due to the large radii
difference between Si** and Sn**.”> However, this result
appears in contrast with our experimental results. During the
Rietveld refinements the occupancies of both Si positions with
Sn were freely refined, resulting in very similar occupancies for
both sites (Figure Sc).

Figure 6a shows the *°Si and '"’Sn solid-state MAS NMR
spectra of the solid solution members 0.1 < x < 0.9. The
signals in the *Si NMR are in the chemical shift range of 4—11
ppm, which are in good agreement with the chemical shift
range of SiS, tetrahedra groups.’>> Compared with the sharp
signals in 0-Li,SiS, (Figure 2a) starting from the compositions
with Sn content (x > 0.1) the peaks broaden significantly.
Even small amounts of tin when incorporated seem to strongly
influence the local structure surrounding both Si sites. We
hypothesize that the broadening is probably due to the size
difference of Si** and Sn** cations triggering site disorder.”
With increasing tin content starting from composition x > 0.3
the peaks seem to merge into one peak, yet the peak shape
remains asymmetric, still suggesting the presence of two
signals. For x = 0.9, even after 45 h of acquisition time, no *Si
NMR signal was detected. Taking into account the low silicon
content in the x = 0.9 sample and the relatively low natural
abundance of *°Si, the silicon content is probably too low to
yield a sufficient signal for that composition.”* The correct
composition was confirmed using EDS (see Table S29).

All '"Sn NMR spectra (Figure 6b) show signals between S0
and 100 ppm, as typically found for SnS, tetrahedra. Due to
the broad chemical shift range of ''*Sn and with the absence of
any other signals the presence of Sn(+1I) and SnS4 octahedra
can be excluded.”” Similarly, the '?Sn NMR spectrum for
composition x = 0.1 shows one broad, asymmetric signal, also
indicating the presence of two peaks as observed in the o-
Li,SiS, structure, and our Rietveld refinements (Figure Sc).
With increasing tin content up to x = 0.9 the peaks narrow and
become more symmetric, an indication that the local
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Figure 7. (a) Raman spectra (excitation 785 nm) of the full Li,Si;_,Sn,S, solid solution series. Asterisks in the spectrum of x = 0.2 denote

vibrations assigned to residual sulfur (see Figure $31).7

77 (b) Comparison of experimental (solid lines) and calculated (dashed lines) Raman

spectra for compositions x = 0.0, 0.5, and 1.0. Calculated spectra were generated by convoluting Raman-active modes from Tables S3, S32, and S33
with a Lorentzian line shape (fwhm = 15 cm™") assuming a 785 nm wavelength as used in the experimental measurements.

environments near the Sn atoms appear more similar. Since
Li,SnS, (x = 1.0) crystallizes in a different structure than all
other solid solution members and the ''”Sn NMR spectrum of
Li,SnS, having been already reported by Kaib et al, its
spectrum is not discussed here.”%*"%%

Figure 7a shows the Raman spectra of all solid solution
members, while the calculated spectra for select compositions
(x = 0.0, 0.5, and 1.0) are shown in Figure 7b. The most
intense bands are found in the region between 320 and 420
cm™'. Starting at x = 0.1, in addition to the main SiS,
symmetric stretching band at 393 cm™', another band surfaces
at 347 cm ™!, which can be assigned to the symmetric stretching
vibration of the SnS, tetrahedron.”®*””® In addition to the
main SnS, band a shoulder at ~362 cm™ starts to emerge,
which is present in all spectra of tin-containing compounds. In
general, the calculated Raman spectrum for the x = 0.5
composition (Figure 7b and Table S32) closely matches the
experimental observations, particularly in the 300—450 cm™
range where shoulder peaks are present. Furthermore, the two
main calculated peaks at 377 cm™' and 415 cm™' can be
associated to asymmetric stretching (A; mode) of the distinct
SiS, and SnS, tetrahedral units. In literature Raman spectra of
Li,SnS, the shoulder is sometimes present’®’” or absent.”**”*’
The absence of the shoulder may be explained by overlap with
the main SnS, symmetric stretching band caused by signal
broadening due to different degrees of crystallinity. Yet, even
when present, the shoulder was not assigned properly.”””
Nonetheless, when comparing the Li,SnS, Raman spectrum
with the one of its heavier homologue, K,SnS,, it is reasonable
to assume the shoulder at 362 cm™" could be the result of an
asymmetric vibration of the SnS, tetrahedron.*” In addition,
our calculated Raman spectrum of Li,SnS, in Figure 7b and
Table S33 shows a shoulder peak at 376 cm™', which we
assigned to an asymmetric vibration of the SnS, tetrahedron.

Beside the most intense SiS, and SnS, bands, additional
signals in the range of 50—300 cm™' and 450—550 cm™" are
visible. Starting from composition x = 0.0, with increasing tin
content some signals in those regions lose intensity, while
others only shift toward lower inverse wavenumbers. Since the
signals that loose intensity are also present in the o-Li,SiS,
spectrum, it can be assumed that those also belong to some
vibrational modes of the SiS, tetrahedron. With decreasing SiS,
concentration, it is expected for these vibrational SiS, modes to
lose intensity. Bands shifting toward lower wavenumbers with
increasing tin content may be due to lattice vibrations. Since
tin has a significantly heavier atomic mass than silicon (Si:
28.085 u; Sn: 118.71 u),*" lattice vibrations are expected to

redshift toward lower wavenumbers.”” This trend is corrobo-
rated by our simulation results, as depicted in Figure 7b. In
summary, the Raman spectra of the Li,Si,_,Sn,S, solid solution
confirm the presence of SiS, and SnS, tetrahedra and show
expected behavior in accordance with the nominal tin content.

Transport Properties. To elucidate the Li-ion transport
properties of the Li,Si;_,Sn,S, solid solution series, EIS
measurements were carried out. All spectra were fitted using
equivalent circuits composed of a series of resistors and
constant phase elements (CPEs) in parallel to model
semicircles. Polarization at the electrode—sample interface
was modeled with an additional CPE in series. To assign bulk
and grain boundary contributions the Brug capacity Cg,,, of all
CPEs was used.””** Since it was not possible to resolve bulk
and grain boundary contributions in all spectra only the total
Li-ion conductivities are reported here. For the calculation of
the total ionic conductivity only semicircles with a Cg,,, of
107'° F or lower were considered, since these are attributable
to bulk and grain boundary processes. In some spectra
semicircles attributable to sample—electrode processes (CBrug
> 1077 F) were visible. These semicircles were fitted, but not
included in the calculation of the ionic conductivity.*’

Figure 8 gives an overview of the ionic conductivities and
activation energies of all solid solution members. Nyquist plots
and Arrhenius graphs for determination of the activation
energies for all samples are shown in the Supporting
Information (Figures S$32—S42). All members of the
Li,Si,_,Sn,S, solid solution series show average ionic
conductivities in the range of ~107° S ecm™ at 2§ °C. The
end members 0-Li,SiS, and Li,SnS, have average conductiv-
ities of 1.5 X 107° S cm™'and 3.7 X 107 S cm™" at the same
temperature, which aligns with reports from the litera-
ture.>*0>¢7 Although, in general no clear trend between
composition x and the ionic conductivity and activation energy
is visible, both the highest average ionic conductivity and
lowest activation energy are found for x = 0.5. Li,SiysSny S,
shows an average ionic conductivity of 8.4 X 107 S cm™
(maximum 1.4 X 107> S cm™) at 25 °C, which is more than
twice compared to the conductivities of the end members o-
Li,SiS, and Li,SnS,, with the best sample reaching 1.4 X 107> S
cm ™" at 25 °C. The average activation energy of Li,SiysSnysS,
is 0.37 eV, which is significantly lower than the average
activation energy for 0-Li,SiS, (0.43 eV) and comparable to
that of Li,SnS, (0.38 eV).

One way to gain insight into the lithium ion transport
mechanism and to further classify SEs is to look at the
relationship of the Arrhenius pre-exponential factor o, and the
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Figure 8. (a) Total Li-ion conductivities ¢ at 25 °C and (b) derived
activation energies E, of the complete Li,Si; ,Sn,S, solid solution
series. The results from individual measurements are represented by
empty circles, while the respective averages of all three measurements
for each stoichiometry are depicted as filled squares.

activation energy E, using the Meyer—Neldel rule.**~%¥ The
rule implies that for a series of similar compounds (e.g., a solid
solution series) there is a linear relationship between o, and E,,
which can be expressed as In(6,) = aE, + f§, with @ and f§ being
constants.”” The so-called Meyer—Neldel energy A, is defined
as @' and can be obtained by plotting In(o,) against E,. By
combining the modified Arrhenius equation and Meyer—

Neldel relationship the equation 6=e(fo_klﬁ)E“+ﬂT_l is

obtained. This implies that ¢ and E, are dependent on the
relative magnitude of A, to the thermal energy kzT (~26 meV
at 25 °C).57%%! Comparing A, to kzT then reveals whether E,
and the ionic conductivity ¢ are indirectly proportional (A, >
kgT, Type 1), directly proportional (A, < kzT, Type 2), or
independent (A, ~ kT, Type 3) from each other. Analyzing
this relationship for the Li,Si;_,Sn,S, solid solution series (see
Figure S43) a value of 59 meV for A, is obtained, which is
significantly larger than k3T, and hence classifying the series as
Type 1 SEs, implying that a lower E, will lead to higher
conductivities o (see Figure S44).°"%°

This, however, does not explain the absence of a linear trend
in 0 and E,, across the solid solution series, with the exact
cause of this being unclear. While for some samples the
Arrhenius prefactor 6, has a large variation (see Figure S45),
no direct correlation to the spread in ¢ and E, is visible.
Generally, the ionic conductivity can be influenced by multiple,
often convoluted parameters. Structural parameters influencing

the conductivity include, among others, changes in cation and
anion sublattice, diffusion path volume and jumping distances,
and lattice flexibility.”> Here, the lithium sublattice should not
change significantly, since the substitution of Si** with Sn*" is
isovalent, and hence the charge carrier concentration remains
the same, a result which was also found for the isovalent
substitution of Sn into Li,GeS,, the heavier homologue of o-
Li,SiS,.%” Microstructural effects, such as different grain size
distributions and grain boundaries and varying pellet densities
might also influence the ionic conductivity.” Lastly, entropic
effects may also play a role. This could explain why the
maximum for o is found at x = 0.5, since here the
configurational entropy caused by 1:1 mixed occupation of
the Si sites with and Sn is 1argest.94 Summarizing, we believe
that the nonlinear trend observed for ¢ and E, cannot be
pinpointed to a single effect and is most likely caused by
several effects acting together.

B CONCLUSIONS

Using SXRD data we showed that 0-Li,SiS, crystallizes in a
different symmetry than previously known. Due to additional
reflections observed in the 0kl precession image, which are not
aligned with the zonal reflection condition for a glide planes,
the structure of 0-Li,SiS, was solved in Pmn2, rather than
Pnma. First-principles calculations, based on DFT, also show
that the Pmn2, phase is the preferred phase at RT. Ultimately,
for the case of 0-Li,SiS,, we highlighted the importance of
using local methods, such as MAS NMR and Raman
spectroscopy together with DFT optimization to identify
subtle structural details of crystal structures.

Furthermore, we showed that it is possible to fully substitute
silicon in 0-Li,SiS, with tin. The solid solution series
Li,Si;_,Sn,S, shows a nearly linear Vegard behavior up to x
= 0.9, while Li,SnS, crystallizes in a different structure type and
slightly deviates from the Vegard trend. The *°Si and '"*Sn
MAS NMR spectra showed signals in accordance with SiS, and
SnS, tetrahedra and clear shifts regarding the silicon—tin ratio
were observable. Similarly, the experimental and calculated
Raman spectra allowed identification of the stretching bands of
the SiS, and SnS, tetrahedra, which are consistent with the
structural analyses. Lastly, we were successful in increasing the
ionic conductivity of 0-Li,SiS, by tin substitution.
Li,SigsSnysS, showed the highest average ionic conductivity
of 8.4 X 107° S cm™ (maximum 1.4 X 1075 S cm™") at 25 °C,
which is more than twice what was obtained for 0-Li,SiS, and
Li,SnS,. Hence, our work serves as a starting and reference
point for the development of new highly conducting, earth-
abundant and air-stable SEs.
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