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ABSTRACT: The search for highly conducting Li* solid electro-
lytes focuses on sulfide- and halide-based materials, where typically
the strongly atomic disordered materials are the most promising.
The atomic disorder corresponds to a flattened energy landscape
having similar relative site energies for different Li* positions
facilitating motion. In addition, the highly disordered Li*
conductors have negligible defect formation energy as moving
charges are readily available. This work investigates the isovalent
Li;Sb,_,P.S, (0 < x £0.5) and the aliovalent Li,,,Sb,_,Sn,S, (0 <
x < 0.2) substitution series of thio-LISICON materials by using X-
ray diffraction, high-resolution neutron diffraction, impedance
spectroscopy, and defect calculations. The starting composition
Li;SbS, has a low ionic conductivity of ~107'" S-cm™" and both
substituents improve the ionic conductivity strongly by up to 4 orders of magnitude. On the one hand, in substituted Li;SbS,
structures, only minor structural changes are observed which cannot sufficiently explain the significant impact on the Li"
conductivity. On the other hand, the Li* carrier density reveals a correlation to the activation energy and first-principles defect
calculations, displaying significantly reduced defect formation energy upon substitution. Here, we show within two different
substitution series that the defect formation energy plays a major role for ionic motion in this class of thio-LISICON materials.
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1. INTRODUCTION

All-solid-state batteries are a promising alternative to lithium-
ion batteries."” Higher achievable energy densities due to
employment of different electrode materials and a reduced
flammability risk of the solid electrolyte are desirable
properties.” " Different material classes were probed for
employment as solid electrolytes (requiring ionic conductiv-
ities in the mS-range) including argyrodite,”~’ Li;GeP,S;,
(LGPS)® and LGPS-type,”'” rare-earth halide materials,">~">
and thio-LISICONSs.'~"® The latter were the key in finding
the superionic conductor Li;oGeP,S;, %"’

Thio-LISICONs offer a great variety of iso- and aliovalent
substitutions and therefore represent an important playground
for understanding Li* transport. Prominently, three poly-
morphs @, B, and y are formed within this material class
crystallizing in the space groups Cmcm, Pnma, and Pmn2,,
respectively.”*~>> The central nonlithium cation Li,MS,
determines the (PnS,)"” ordering and therewith the poly-
morph, except for phosphorus where all three polymorphs are
known.**' For LiyPS, the y-polymorph exists at room
temperature and the f-polymorph forms for temperatures
above 543 K while the transition to the a-polymorph happens
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above 724 K.*' The a-polymorph could recently be stabilized
at room temperature by rapid heating from LisPS, glasses.”
Forrester et al. were able to show by calculations that the
(PnS,)" polyhedra carry out librational motions depending on
the polymorph. The y-polymorph exhibits no librational
motion, while the a- and pS-polymorphs perform different
extents of librational motion.”* The y-polymorph is formed by
pentavalent central cations Li;M"S, (M = P, Sb, As). y-Li;PS,,
Li;AsS,, and Li;SbS, are reported to have low room-
temperature conductivities of 3 X 1077,% 1.31 x 1075, and
4.8 X 107 S-cm™, respectively.”” A few iso- and aliovalent
substitutions were performed for the y-polymorph.”**® The
substitution series Li;As;_,Sb,S, (0 < x < 1) can be prepared
as phase pure and an increase in unit cell volume can be
observed for higher Sb contents. The best ionic conductivity
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Figure 1. (a) Display of the typical (PnS,)® arrangement, where all apexes of the tetrahedra point in the c-direction, of the y-Li;PS, polymorph.
(b) (PnS,)* tetrahedra are corner-sharing to the Li(1) site. (c) Second lithium site Li(2) is corner-sharing to the (PnS,)*” tetrahedra and to Li(1)
site. This corner-sharing network depicts the Li;SbS, and Li;Sb,_,P,S, structure. (d) For the Lis, Sb,_.Sn,S, substitution series, the additional Li*
are placed onto the octahedral Li(3) interstitial site. Li(3) is edge-and face-sharing to Li(1) and Li(2) and just edge-sharing to (PnS,)*~ tetrahedra.

for the unsubstituted material was 3.2 X 10~° S-cm™.*" In the
Lis, . As;_,Ge,S, (0 < x < 0.5) substitution series, the ionic
conductivity increases from aforesaid 1.31 X 10™° S-em™ to
1.12 X 1072 S-em™ for Li; 334,As 666G€033454 while keeping the
y-polymorph (Pmn2,).*° Additionally, Al-Qawasmeh and
Holzwarth stated that in the computed substitution series
Lis, As,_,Ge,S,, germanium reduces the migration energy for
interstitial Li ions and vacancies.”” The Li;_3,Cu;,SbS, (0 < x
< 1) substitution series did not affect the ionic conductivity as
long as the compounds crystallized in the orthorhombic space
group.”

The crystal structure of the y-polymorph consists of one
tetrahedral pnictide site (PnS,)"", having all tetrahedral apexes
pointing in the c-direction (Figure 1a), and two tetrahedral Li*
sites, Li(1) (Wyckoff 4b) and Li(2) (Wyckoff 2a) (Figure
1bc). All tetrahedral sites together form a corner-sharing
framework.”*”** The Li;SbS, and the Li;Sb,_,P.S, sub-
stitution series crystallize in the same structure (Figure 1c).
The introduction of excess Li* into the structure, e.g, for
Lis,,Sb,_,Sn,S, substitution series, results in the occupation of
an additional octahedral lattice site (Figure 1d), in accordance
with the computationally proposed octahedral Li* position for
L13+xA51—xGexS4-29

Especially, the Li;, As, .Ge,S, substitution series empha-
sizes that good conductivities are achievable within the y-
polymorph (Pmn2,). However, the understanding of the Li*
migration mechanism is limited. A migration mechanism
involving a Li* interstitial site is expected to have the lowest
activation barrier for this structure type.””’° In order to
achieve a better understanding of this material class, the
substitution series Li;Sb,_,P,S, (0 < x < 0.5) and
Lis,,Sb;_,Sn,S, (0 < x < 0.2) are chosen to assess the impact

of both, an aliovalent and an isovalent substituent on the
Li;SbS, structure. A combination of X-ray and neutron
diffraction, impedance spectroscopy, and first-principles defect
calculations shows the impact of several descriptors: (i) the Li*
carrier density, (ii) the large size difference of Sb(+V) and
P(+V), and (iii) the possibly changing Li* substructure'®*'
with the potential influence on ionic transport. The crystal
structure of the solid electrolyte is impacted differently by
P(+V) and Sn(+IV) substitution. In particular, the solubility
limit of P(+V) is much higher in Li;SbS, compared to Sn(+IV)
resulting in less pronounced geometrical changes in
Lis,,Sb,_,Sn,S, in contrast to Li;Sb,_ P.S, substitution series.
However, at the respective maximum solubility limits the ionic
conductivities are comparable and both series can achieve
increased ion transport properties of up to 4 orders of
magnitude. The activation energy shows a correlation to the
Li* carrier density in both substitution series. Together with
the strong changes in ionic transport, this study suggests that
the enhanced Li* motion is related to the changing defect
formation energies. Overall, this work provides an overview
and direct comparison of the impact of an aliovalent and an
isovalent substitution in the thio-LISICON Li;SbS,.

2. EXPERIMENTAL SECTION

2.1. Synthesis. The syntheses were performed completely under
an inert atmosphere. Both substitution series Li;Sb;_,P,S, (0 < x <
0.5) and Lis,,Sb,_,Sn,S, (0 < x < 0.20) were prepared
mechanochemically followed by an annealing step. The starting
materials Li,S (Alfa Aesar, 99.9%), Sb (ChemPur, 99.999%), S (Acros
Organics, 99.999%), and P,S; (Sigma-Aldrich, 99%), or Sn
(ChemPur, 99.7%) were used in stoichiometric amounts with a
slight excess of 4 mol % Li,S. The mixtures were homogenized in an
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agate mortar before transferring the powders into the ball mill cups.
The powder-to-milling ratio was 1:30 with a milling media size of §
mm. The samples were mechanochemically milled for 72 cycles at 360
rpm. One cycle consisted of 15 min of milling followed by a S min
break. Subsequently, the powders were pressed into pellets and
transferred into a carbon-coated and predried quartz ampule (800 °C
for 2 h, dynamic vacuum). The ampules were sealed and the samples
were annealed at 500 °C for 2 h in a tube furnace. Finally, samples
were air-quenched and hand-ground for further characterization.

2.2. X-ray Diffraction. X-ray diffraction (XRD) measurements
were carried out on a Stoe STADI P in Debye—Scherrer geometry
with a Ge(111) monochromator and a Dectris MYTHEN2 1K
detector, using Mo K, , radiation (4 = 0.7093 A). The diffraction data
were collected within a Q-range of 0.61—8.16 A™". The samples were
prepared and sealed in borosilicate glass capillaries (Hilgenberg, @ =
0.5 mm) under an inert atmosphere.

2.3. Neutron Powder Diffraction. Neutron powder diffraction
data of both substitution series containing the natural abundant
mixture of Li isotopes were collected at the Oak Ridge spallation
neutron source (Oak Ridge National Laboratory). The POWGEN
automatic sample changer at POWGEN (BL-11A beamline) was
used. The samples (~3 g) were loaded under an inert atmosphere
into a cylindrical vanadium can (@ = 8 mm) which was sealed with a
copper gasket to avoid air exposure during measurements. The data
collection lasted 3.5 h per diffractogram in a high-resolution mode at
room temperature using a single bank with a center wavelength of 1.5
A.

2.4. Rietveld Analysis. Rietveld refinements were carried out on
absorption-corrected neutron and laboratory XRD data using the
TOPAS-Academic V6 software package.32 For all substitutions,
refinements of the neutron and laboratory X-ray data were performed.
The structural parameters for Li;SbS, from Kimura et al. were used as
a starting model for the refinement.”” A convolution of pseudo-Voigt
and GSAS back-to-back exponential functions was used to fit the
profile shape of the neutron diffraction data.>* The profile shape of
the laboratory XRD data was fit with a Thompson—Cox—Hastings
pseudo-Voigt function.’® Initially the (1) background, (2) scale
factors of main and side phases, (3) lattice parameter, and (4) the
peak shape were refined. After a good fit of the profile was achieved,
the (S) atomic coordinates, (6) occupancies, and (7) isotropic
thermal displacements parameters were refined.

2.5. Li3Sb,_,P,S;. The refinements were carried out under the
assumption that phosphorus replaces antimony on its site. Thus, the
atomic coordinates and isotropic thermal displacement were con-
strained to be the same for phosphorus and antimony. Furthermore,
the combined occupancy was constrained to unity. Additional Li*
interstitial sites were probed for Li* occupancy, however, no
meaningful values were obtained for occupancies and isotropic
thermal displacements. Therefore, the occupancy of the initial lithium
sites Li(1) and Li(2) was kept at unity. Finally, all parameters were
refined together. The variables regarding Li* were globally refined
from the neutron diffraction data, while the P/Sb-ratio was refined
globally from the X-ray data. All residual variables were refined from
both data sets.

2.6. Li3,,Sb;_,Sn,S,;. The refinements were performed by
replacing antimony with tin, therefore, the atomic coordinate and
isotropic thermal displacement were constrained to be the same. The
combined occupancy of antimony and tin was constrained to unity.
Since the aliovalent substitution introduces more Li* into the
structure, new Li* sites were explored. However, Li* could not be
stabilized on any interstitial site. This is likely related to the observed
asymmetric reflection shape of the (110) and (011) reflections with
varying tin content (Figure S1). For the neutron measurement,
several samples had to be synthesized to achieve about 3 g of the total
sample amount, being necessary for the data acquisition and the
reason for this left-side tailing. To keep the electroneutrality of the
structure, additional Li* was placed on the octahedral interstitial
Li(3).” This decision is based on the computed alloy of Li;AsS,—
Li,GeS, which crystallizes in the same space group and introduces
additional Li* into the crystal structure as well. Al-Qawasmeh et al.

« »

found that germanium stabilizes Li* on the additional site named “x”,
which resembles the Li(3) site used here.”” Additionally, °Li magic-
angle spinning (MAS) nuclear magnetic resonance (NMR) spectra
were collected for Lis,SngSby,S, confirming the interstitial Li(3) site
(Figure S7). Moreover, for the observed Li,SnS, side phase, °Li MAS
NMR measurements were conducted as well to exclude or pinpoint
contribution to the peaks in the spectrum of Li;,Sn,¢Sby,S,. The Li*
occupancies of Li(1), Li(2), and Li(3) are freely refined within the Li*
constraint; however, the occupancy of Li(1) and Li(2) always
remained at unity for all samples. Thus, all additional Li* were placed
onto the Li(3) site. It was possible to refine the atomic coordinates
and the isotropic thermal displacement of Li(3) in the refinement
process; however, it was not possible to open every variable
concerning Li(3) at the end of the refinement for higher tin contents
[x(Sn) > 0.15]. All other parameters were refined together. The
variables related to Li* and the Sb/Sn-ratio were refined globally from
neutron diffraction data. For all other parameters, the X-ray and
neutron diffraction data set were both taken into account.

VESTA was used to calculate polyhedral volumes.*® The estimated
standard deviation is shown as error bars in all data, except for the
polyhedral volume uncertainties, which were calculated from bonds’
distance uncertainties. For simplicity, the formula of a perfect
tetrahedron or octahedron was used. All structural tables, crystallo-
graphic information files (CIFs), and used constraints (Figures S2—S4
and Tables S1—S12) can be found in the Supporting Information.

2.7. Potentiostatic Electrochemical Impedance Spectrosco-
py. Ionic conductivities were measured with AC impedance
spectroscopy in a pouch cell setup. 150—200 mg of powders was
isostatically pressed. The bore diameter was 32 mm. The pellets were
pressed for 40 min at 3.98 kbar. The relative pellet densities are 74—
83% for Li,,,Sb,_,Sn,S, and 80—88% for Li,Sb,_.P.S, (Table S13).
Afterward, a circular gold layer was sputtered onto both sides of the
pellet with a sputtering current of 30 mA for 300 s. The pressure in
the sputter chamber was 0.05 mbar and the diameter of the circular
gold layer was 8 mm. Lastly, the pellets were contacted to aluminum
current collectors and sealed in pouch bags. The impedance
measurements were carried out with a SP300 impedance analyzer
(Biologic) in a temperature range of 298—333 K and in a frequency
range of 7 MHz to 100 mHz with an amplitude of 30 mV. The
impedance spectra were analyzed with RelaxIS (rhd instruments)
software.

2.8. Defect Formation Energy Calculations. Using density
functional theory (DFT), as implemented in the Vienna ab initio
simulation package, the geometries of Li;PS,, Li;SbS,, and Li,SnS,, as
well as all potentially stable phases of the ternary phase diagrams were
relaxed (coordinates + shape + volume).>*>® The Perdew—Burke—
Ernzerhof®® functional within the generalized gradient approximation
(GGA), an energy convergence criterion of 107° eV, a force cutoff of
1072 eV/A for the unit cell relaxation and 1072 eV/A for the other
compounds of the phase diagram relaxations, and a I'-centered k-
point mesh of at least 7 points per A™' were used. Wave functions
were expanded as plane waves with an energy cutoff of 650 eV
whereas core electrons were treated with the projector-augmented-
wave potentials.*” Input geometries and postprocessing were obtained
with the pyCDT-package.*’ A 2 X 2 X 2 supercell was used for the
defect calculations with an energy convergence criterion of 107* eV, a
force convergence criterion of 1072 €V/A, and a I'-centered k-point
mesh of at least 4 points per A™'. To avoid the common
underestimation of band gaps by semilocal GGA functionals, the
HSEO06 hybrid functional was used.** Defect formation ener§ies were
corrected utilizing the methodology outlined by Freysoldt.*

2.9. Nuclear Magnetic Resonance Spectroscopy. Solid-state
°Li MAS NMR spectra were recorded using a Bruker DSX 500
spectrometer equipped with a wide bore magnet (B, = 11.7 T, v =
73.6 MHz), with a 4 mm Bruker MAS probe. For Li,SnS,, single-
pulse excitation experiment was performed using a 77/2-pulse length of
7 ps at 100 W and a recycle delay of Ss. For Liy,SbsSng,S,, a
quantitative spectrum was obtained with a short flip angle of 7/12
(1.167 us at 100 W) and a recycle delay of 10 s to ensure complete
relaxation of all the components present. A spinning frequency of 12.5
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Figure 2. Stacked (a) X-ray and (b) neutron diffractograms of the substitution series Li;Sb;_,P,S,. For nominal substitution degrees larger than
x(P) = 0.4, side phases are observable and can be assigned to y- and f-LiyPS, hinting at a solubility limit of P(+V) in Li;SbS,. The Li,PS, side
phases are marked with *. Due to overlapping reflections, no distinction is made between the y- and f-phase for simplicity, and just the most
intense reflections of the Li;PS, polymorphs are marked. Additionally, an unknown side-phase reflection (marked with °) can be seen in the
neutron diffraction data, which is much less pronounced in the XRD patterns.
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Figure 3. Stacked (a) X-ray and (b) neutron diffraction plots of Li,,Sb,_,Sn,S, are shown up to x(Sn) = 0.2. The Li;,SbgeSng,10S, sample has
Li;SbS; marked with A as an impurity. In the samples Liy ;5SbygsSng 5S4 and Liz 50Sbg goSng20S4 LiySnS, reflections are marked by + as impurities
indicating a solubility limit. Reflections of an unknown side phase (marked with °) are found in this substitution series.

kHz was used for all samples. Fitting and deconvolution were
performed using ssNake v1.4 software.

All samples were packed into 4 mm Zirconia rotors (inside
glovebox; H,0 < 0.5 ppm, O, < 0.5 ppm) with single Vespel top cap
and Teflon spacers to minimize moisture exposure during experi-
ments. Magic-angle calibration was performed using the spinning
sidebands of the **Na resonance from solid NaNOj;. The °Li chemical
shift was referenced to the most intense signal of ®Li-enriched solid
CH;COOLi at 0 ppm.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Solubility Limits. The substitution
series Li;, Sb,_,Sn,S, and Li;Sb,_,P.S, were synthesized by
the mechanochemical method with subsequent annealing and
air-quenching. The phase purity is probed with XRD.
Additional neutron diffraction data are collected to investigate
the Li" substructure. The X-ray and neutron diffraction
patterns of Li;Sb,_,P,S, are shown in Figure 2.

The P(+V) substitution of Li;SbS, crystallizes in the y-
polymorph over the investigated substitution range (Figure
2a).”' The first additional reflections are observed for nominal
composition larger than x(P) = 0.4 belonging to the y- and /-
Li;PS, polymorphs. In particular for LizSby¢P4Ss, 7-LisPS,
[9.4(2) wt %] forms as a side phase, and for the Li;Sby Py S,
a mixture of y-Li;PS, [10.4(2) wt %] and -Li;PS, [10.2(2) wt
%] is observed. For simplicity, the y- and f-Li;PS, polymorph
reflections are marked with the same symbols due to
overlapping reflections from the high degree of similarity of
the crystal structure because of similar lattice plane spacings.
The formation of the Li;PS, structures hints at a solubility
limit of around 30 at. % of P(+V) on the Sb(+V) site.
Furthermore, the neutron diffraction patterns reveal an
unknown side phase (Figure 2b), which is much less intense
in the XRD pattern. Thus, the reflection must belong to a
composition with elements that exhibit weak X-ray scattering
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form factors, but it could not be assigned to any specific phase

as just one impurity reflection is observed.

The aliovalent Sn(+IV) substitution series is synthesized up
to a nominal content of 20 at. % Sn(+IV) on the Sb(+V) site
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(Figure 3). Similar to the P(+V) substitution, the Sn(+IV)
substitution crystallizes in the y-polymorph over the inves-
tigated substitution range (Figure 3a). For nominal contents of
more than x(Sn) = 10 at. %, side phases can be observed. The
Li; 14Sbg.90Sng.10S4 samples contain Li;SbS; (2.84(5) wt %) as a
side phase (Figure 3a), where loss of sulfur during the reaction
can be the reason for the development of this impurity. The
diffraction patterns of the two highest tin content phases of 15
and 20 at. % indicate the presence of Li,SnS, as the secondary
phase, containing 4.8(1) and 9.8(1) wt %, respectively. This
implies a solubility limit of 10 at. % of Sn(+IV) in Li,SbS,.
Some additional reflections can be observed in neutron
diffraction and XRD patterns which cannot be assigned to
any specific phase. The solubility limits, which are estimated
from the diffraction patterns, are in accordance with the
Rietveld refinement results (Figure 4).

Besides the large radius difference of 0.33 A P(+V) can
be incorporated up to 27(1) at. % on the Sb(+V) site, based on
the Rietveld refinements. The radius similarity of Sn(+IV)
(0.55 A)** and Sb(+V) (0.50 A)* in tetrahedral coordination
would suggest a higher solubility limit than P(+V) but just up
to 11(4) at. % of Sn(+IV) can be incorporated into the Li;SbS,
structure. The lower solubility limit of Sn(+IV) compared to
P(+V) could stem from the preference of Sn(+IV) to form
Li,SnS, in the fB-polymorph.'® From now on, the unit cell

parameters and polyhedra volumes are displayed against the
refined P(+V)/Sn(+IV) content to depict reality more
accurately.

3.2. Unit Cell and Polyhedra Changes. By evaluation of
the X-ray and neutron diffractograms with Rietveld refine-
ments, the geometrical adaptions of the Li;SbS, structure upon
P(+V) and Sn(+IV) substitution are monitored. First, the
lattice parameter a, b, and ¢ as well as the unit cell volume V
are determined (Figure 5) and changes are given are as
percentage values to better assess the magnitude of total
structural changes.

The P(+V) substitution in Li;SbS, leads to a decrease of all
lattice parameters, where g, b, and ¢ reduce about 0.6, 0.9, and
1.0%, respectively. In contrast, the introduction of Sn(+IV) in
Li;SbS, leads to a slight increase in lattice parameter a (0.1%)
and lattice parameter b (0.1%) while lattice parameter c is
decreased (0.1%). The overall unit cell volume shrinks for the
P(+V) substitution by about 2.3% and enlarges for the
Sn(+IV) substitution by about 0.2% (Figure 5Sd). However,
keep in mind that the smaller changes of Sn(+IV) compared to
P(+V) can be reasoned by the lower solubility of Sn(+IV) in
the Li;SbS, structure. In addition, the similar radius size of
Sn(+IV) and Sb(+V) may also diminish the extent of structural
changes. The (Sb,_,P,S,)*” tetrahedron volume shrinks by
about 7.4% upon P(+V) incorporation (Figure 6a), while the
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Figure 8. Arrhenius plots of the substitution series (a) Li;Sb,_,P,S, and (b) Lis,,Sb,_,.Sn,S, showing the expected linear behavior in the
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lines in (c),d) are guides to the eye.

(Sb,_.Sn,S,) 3™~ tetrahedron volume is reduced by about
1.8% upon Sn(+IV) introduction. For the P(+V) substitution,

a decrease in tetrahedro
decreasing (Sb,_,Sn,S,)

n volume is expected, however, the
(=9)- yolume seems rather unex-

pected. In particular, Sn(+IV) (r = 0.55 A)** and Sb(+V) (r
= 0.50 A)* in tetrahedral coordination are similar in size and
Sn(+IV) has a lower valence than Sb(+V). On the basis of a
purely Coulombic argument, the electrostatic attraction
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between Sn—S should be lower than Sb—S, resulting in longer
bonds. Additionally, the magnitude of the wavenumbers of the
(SnS,)*™ and (SbS,)*” stretching modes in Raman gives
insights about the bond strength as the force constant can be
estimated.*® The symmetric stretching mode of (SnS,)*~ and
(SbS,)*” is expected at ~345 and ~360 cm™', respec-
tively.””**~* A smaller wavenumber corresponds to a smaller
force constant,*® hence the Sn—S bond should also be longer
than Sb—S in terms of covalent bonding. Therefore, the
reduction of (Sb;_,Sn,S,)™~ volume might be rather related
to the additional number of Li" in the structure.

For the Li,;Sb,_,P,S, substitution series, the Li(1)
tetrahedron volume decreases by about 1.2% and the Li(2)
tetrahedron volume increases by about 1.3% (Figure 6b,c).
The Li;,,Sb,_,Sn,S, substitution series depicts an expansion in
Li(1) (0.9%) and in Li(2) (0.7%) tetrahedron volume (Figure
6b,c). Additionally, the Li(3) octahedron enlarges with higher
Sn(+IV) contents (Figure 6d). The very minor unit cell
expansion for the Sn(+IV) substitution seems to be driven by
the Li* substructure, as the volume of (Sbl_xSnxS4)(3_’c)_
tetrahedron, the only nonlithium cation site, reduces and all
occupied lithium polyhedra are expanding in size. Further-
more, the unit cell shrinkage of the P(+V) substitution shows
mixed volume changes for the Li* polyhedra, which prevents us
to identify the main driving factor of the overall unit cell
volume reduction.

3.3. lonic Transport. Changes in ionic transport were
probed with temperature-dependent potentiostatic impedance
spectroscopy. Exemplary impedance responses and their fits
are shown in Figure 7. The Nyquist plots of the other
compositions can be found in Supporting Information (Figures
SS and S6).

The compositions of Li;SbS, and lower substitution degrees
are highly resistive, hence the monitored temperature range is
25—60 °C. At lower temperatures, the semicircles cannot be as
nicely resolved as the semicircles at room temperature (Figures
SS and S6). The impedance spectra are fit with equivalent
circuits depending on the observed features. For the more
resistive samples, a resistor in parallel to a constant-phase
element (CPE) is used because just a semicircle is observable.
The better-conducting samples exhibit a semicircle and the
blocking tail of the gold electrodes; thus, the impedance
spectra are fit with a resistor in parallel to a CPE in series with
a CPE (Figure 7). As it is indicative in Figure 7a, the
impedance spectra of Lis,,Sb,_,SnS, show suppressed semi-
circles, which is also reflected in the a-values ranging from 0.82
to 0.95 and capacitances ranging between 8 X 107'! and 1 X
107! F. The substitution series Li,Sb,_P,S, exhibits a-values
of 0.85 to 0.93 and lower capacitances between 3 X 10™"" and
8 X 107" F. The nonideal a-values and capacitances for both
substitution series hint at a mixture of in-grain diffusion and
transport across grain boundaries.””>" Thus, the reported
values correspond to total conductivity values. Both sub-
stitution series exhibit Arrhenius-like behavior over the
monitored temperature range (Figure 8a,b).

The room-temperature conductivity of Li;SbS, is deter-
mined to be 9.2(7) X 107! S-cm™" (Figure 8), which is nearly
2 orders of magnitude lower than the value of 4.8 X 107 S
em™! (25 °C) reported by Kimura et al.”” In addition, Matsuda
et al. reported an ionic conductivity of Li;SbS, synthesized by
an ion-exchange process of 8.5 X 107 S:cm™ (50 °C), being 2
orders of magnitude hiﬁher than the herein-found conductivity
at 50 °C of LiySbS,.>" Furthermore, Huber et al. report an

ionic conductivity of 3.2 X 1077 S-em™" (267 °C) for Li;SbS,
synthesized by a solid-state synthesis.”> Hence, the synthesis
procedure most likely influences the resulting ionic con-
ductivity.”»*

The room-temperature conductivity increases for both
substituents (Figure 8c). However, the Sn(+IV) substitution
leads to a 3-fold faster increase in ionic conductivity than the
P(+V) substitution. The highest obtained room-temperature
ionic conductivity values are 2.9(2) X 107% S-em™' for
Lis ,SbygSn,S, and 4.9(9) X 1077 S-cm™ for Li;Sby<PysS,,
which are 5 and 4 orders of magnitude higher than the
conductivity of Li;SbS,, respectively. The activation energy
reflects the opposite trend to the conductivity and is reduced
to 0.37(1) and 0.43(1) eV for the P(+V) substitution and the
Sn(+IV) substitution, respectively. In addition, the decrease in
activation energy appears steeper for the Sn(+IV) than the
P(+V) substitution, albeit both substitution series reach
comparable activation energies for their highest substitution
content. For higher substitution degrees, side phases with up to
~20 wt % for P(+V) and up to ~10 wt % for Sn(+IV)
substitution form, possibly influencing the ionic conductivity.
For the Li;Sb,_,P.S,, side phases, such as y- and -Li;PS, are
observed and for Lis, Sb,_,.Sn.S,, only Li,SnS, is observed. f-
Li;PS, and y-Li;PS, have room-temperature conductivities of
~9 X 107 and 3 X 1077 S-em™, respectively.”*>>> The
reported Li,SnS, conductivity values range between 10™® and
1075 S-em™1.°°7>? Both solid solution series reached for their
highest substitution degree of the ionic conductivity of the
other end member, being Li;PS, and Li,SnS,, thus no
significant influence in the measured conductivity can be
linked to the side phases in the investigated substitution range.
Nevertheless, as soon as the phase mixture mainly consists of
the side phases, namely Li;PS, or Li,SnS,, these will impact the
measured ionic conductivity directly. Overall, both substituents
show a positive impact on Li* transport in the Li;SbS,
structure, where the aliovalent Sn(+IV) substitution enhances
the Li* motion more efficiently than the isovalent P(+V)
substitution.

3.4. Defect Formation Energies. To assess whether
diffusion of Li* vacancies or Li" interstitials is dominating,
defect formation energies were computed with DFT
calculations. The formation of a variety of defects is possible
in both the aliovalent Lis,,Sb,_,Sn.,S, and isovalent
Li;Sb,_,P,S, substitution series. However, which defects
form, is preferably determined by the energy landscape, in
particular the local bonding environment of a crystal system,
which is influenced by the composition.”

Using the Kroger—Vink notation, a wide variety of defects is
explored for each end member of the substitution series, e.g,
Li;SbS,, Li,PS,, and Li,SnS, such as Li* interstitials (Li;*), Li*
vacancies (Vy,;'), sulfur vacancies (V**), and Sb(+V)/P(+V)/
Sn(+1IV) vacancies (Vg p'"""" and Vg,'"’"). To allow for a direct
comparison, the defect formation energy calculations of
Li,SnS, were performed assuming that Li,SnS, crystallizes in
the y-Li;PS, structure, as Li;SbS, does, and not in the
experimentally found f-Li,PS, modification.'®*” The calcu-
lated defect formation energies with respect to the Fermi
energy are shown in Figure 9.

The equilibrium Fermi level E¢., decreases from Li;SbS,
(2.11 eV) over LiyPS, (1.83 eV) to Li,SnS, (1.38 eV), which is
pinned by Li® and V. At the Eg,, within all three end
members, defects with lower charges, namely Li* and Vi,
form easily than the higher charged defects, namely V®*,
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Figure 9. Defect formation energies of (a) Li;SbS,, (b) Li;PS,, and
(c) Li,SnS,. The compositions are computed within the phase regions
of Li,S—Li;SbS,—S, Li,S—Li;PS,—S, or Li,S—Li,SnS,—S. The dashed
line corresponds to the equilibrium Fermi level E,, where the charge
sum of all the defects is zero, and the solid lines are the valence band
maximum and conduction band minimum spanning the band gap of
each bulk material.

Vspp'''"'y and V"""’ The majority of charge carrier seems to
be Li® and Vi’ in every case when comparing the relative

energetic position of Li* and Vy;'. Furthermore, when
changing the composition from Li;SbS, to Li;PS, or Li,SnS,,
the formation energies of Li® and Vi’ are reduced in both
cases (Figure 10).

The vacancy formation on the Li* sites in Li;SbS, requires
an energy of about ~0.85 eV, while for y-Li;PS, and Li,SnS,
~0.71 and ~0.21 eV are necessary, respectively (Figure 10a).
In relative changes, the P(+V) and Sn(+IV) substitutions
reduce the vacancy formation energy by 16 and 75%,
respectively. In addition, the interstitial formation energy
varies more within one compound than the formation energy
of the vacancies (Figure 10b). The formation energy of
interstitials ranges from 0.87 to 1.21 eV (Li;SbS,), 0.68 to 1.20
eV (y-LiyPS,), and 0.17 to 0.58 eV (Li,SnS,). While in Li,SnS,
the Li* interstitial formation is significantly reduced, for y-
Li;PS,, it is similar to Li;SbS,. The smaller overall reduction in
defect formation energy for y-Li;PS, compared to Li,SnS, may
be connected to the different inclines in conductivity
improvement.

Lepley et al. reported relative formation energies of Li*
vacancies and Li* interstitials for y-Li;PS,. The relative vacancy
formation energy of the Li(1) site is —0.04 eV with regard to
the formation energy of a vacancy in the Li(2) site, while the
herein-found vacancy formation energies differ about 0.03 eV.
The interstitial formation energies are calculated relative to the
Li(3);* (set to 0 eV) and are 0.44 eV for Li(1),* or 0 eV for
Li(2)*.% Yang et al. determined the interstitial formation
energies relative to Li(3)," (set to 0 eV) finding 0.51 eV for
Li(1);* and 0.12 eV for Li(2);*.”° Thus, the studies of Lepley et
al.® and Yang et al.* are both agreeing that Li(1),* has the
highest defect formation energy of the interstitials, which is
also found here. Moreover, the relative interstitial formation
energies found herein are similar to Yang et al,*° being 0.52 eV
(Li(1);"), 0.11 eV (Li(2),*), and 0 eV (Li(3);*), whereas the
energies are referenced to Li(3),".

Yang et al. determined different paths for Li" interstitial and
vacancy diffusion in every unit cell direction for y-Li;PS,,
thereby finding that the direct hopping mechanism along the c-
direction has the lowest energy barrier of 0.16 eV per ion jump.
In addition, the vacancy diffusion barrier in the c-direction is
determined to be 0.26 eV requiring almost double the energy
than the easiest Li* interstitial mechanism in the same
direction. Al-Qawasmeh et al. state that an interstitial or
interstitialcy mechanisms for carrier migration might be more
likely within the solid solution of Lis,As;_,Ge,S, (crystallizing
also in the y-polymorph) than a vacancy mechanism as the
additional Li* already contribute to the interstitial population
and some vacancy sites close to Ge sites are relatively unstable
limiting the vacancy pathways. In addition, the introduction of
tetravalent Ge adjusts the relative site energies of the Li'
positions reducing the migration energy in solid solutions.””
Hence, the substituents P(+V) and Sn(+IV) are expected to
modify the energy landscape of the solid electrolyte, which in
turn should facilitate Li* interstitial or vacancy transport.

In general, the computed defect formation energies are in
line with the observed Li* transport as both substituents
promote Li* motion. The 3-fold faster increase in Li*
conductivity for Lis, Sb,_,Sn. S, compared to Li;Sb,_,P.S, is
reasoned with the stronger decrease in Li;* and Vy;" formation
energies at the E¢... The assumption has to be made that either
all or a major part of the generated interstitials and vacancies
contribute to the ionic transport. Looking at the Li* carrier
density, being calculated as the refined number of Li* divided
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by unit cell volume, can be indirectly insightful in terms of Li*
transport. The activation energy is found to decrease for higher
Li* carrier densities (Figure 11).
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Figure 11. Correlation between Li" carrier density, estimated from
the number of Li* in the unit cell and the unit cell volume, and
activation energy showing a decrease of migration barrier upon
increase in Li" carrier density.

As the energy landscape on which the Li" distribute and
move on is normally created by the anionic framework and its
modulation is related to changes in the host-framework, the
connection of activation energy and Li* carrier density does
not seem to be straightforward. However, the overall activation
energy consists of the migration energy E and the defect
formation energy AH.

AH;
By =F,+—*

The migration energy E,, is essentially the energy to move a
Li* to another crystal site while the AH; takes into account
formation to create a defect. In both substitution series, the
activation energy is strongly reduced and Li" transport
significantly improved. On the one hand, the introduction of
Sn(+IV) and P(+V) should modify the energy landscape and

in the best case result in the occupancy of more Li" sites to
obtain a more extensive and disordered Li* substructure.
Nevertheless, this is not observed in this study. On the other
hand, the starting material Li;SbS, has an ionic conductivity of
9.2(7) X 107" S-cm™ at room temperature, being basically
non-Li* conducting. The latter enforces the formation of
defects for ion conduction. This might be simplified by having
a higher Li* density in the unit cell. Statistically, the more Li*
in the structure the higher the probability of forming a defect.

The number of defects are clearly linked to the synthesis
procedure (and conditions) and composition of the materi-
als.>*°" As all compositions are synthesized similarly, the
thermally generated defects should be comparable, hence the
change in defect formation energy is more likely related to the
altered composition as the defect formation energy is a
function of the lithium chemical potential.%s2 After all, the
defect formation energy might be the strongest influence as
these systems are not superionic conductors. Thus, the defect
formation energy cannot be neglected anymore as charge
carrier are not readily available and have to be created first.*>**

4. CONCLUSION

In this work, the substitution series Lis, Sb,_.Sn.S, and
Li;Sb,_,P.S, were synthesized and the influence of the
substitutions on the structure and transport was investigated.
The solubility limit seems to be influenced by geometric
restrictions (P(+V)) and by the preference for the p-
polymorph (Sn(+IV)). The geometric changes for Sn(+IV)
are negligible, while P(+V) shows slightly more pronounced
polyhedron and unit cell volume changes, however, no strong
trends were observable. Both substitution series promote ionic
transport of Li;SbS, significantly by up to 4 orders of
magnitude. Neither can be related to a better connection in
the Li* substructure or an opening of a diffusion bottleneck. A
3-fold faster increase of Li-ion transport for Lis,,Sb;_.Sn.S,
compared to Li;Sb,_.P.S, appeared puzzling as geometrical
influences on Li" transport can be eliminated. Overall, the Li*
carrier density might indirectly reflect changes in defect
formation energy. The calculated defect formation energies
depend on the chemical composition and are decreased upon
the substitution of Sn(+IV) and P(+V). This work shows that
the defect formation energy can influence the Li* transport
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strongly and cannot be neglected in the case of the investigated
thio-LISICON substitutions series. Additionally, it emphasizes
that the choice and combination of elements are a decisive
factor on the ionic conductivity by determining the magnitude
of defect formation energy.
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