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Abstract

Strong compositional influences are known to affect the ionic transport within the thio-
LISICON family, however, a deeper understanding of the resulting structure - transport
correlations have up until now been lacking. Employing a combination of high-resolution
neutron diffraction, impedance spectroscopy and nuclear magnetic resonance spectroscopy,
together with bond valence site energy calculations and the maximum entropy method for
determining the underlying Li" scattering density distribution of a crystal structure, this work
assesses the impact of the Li" substructure and charge carrier density on the ionic transport
within the Lis.Gei.SbiSs substitution series. By incorporating Sb>* into LisGeSs, an
anisometric expansion of the unit cell is observed. An additional Li" position is found as soon
as (SbS4)*” polyhedra are present, leading to a better local polyhedral connectivity and a higher
disorder in the Li" substructure. Here, we are able to relate structural disorder to an increase in
configurational entropy, together with a two order-of-magnitude increase in ionic conductivity.
This result reinforces the typically believed paradigm that structural disorder leads to

improvements in ionic transport.



1. Introduction
The aim to enhance the safety of current state-of-the-art lithium-ion batteries involves the
replacement of the liquid electrolyte with a solid electrolyte.!> However, for the successful
application in solid-state batteries, solid ionic conductors need to achieve high ionic
conductivities at least as high as their liquid counterparts.>® The ionic conductivities in
crystalline solid electrolytes can be tuned by finding a beneficial polyhedral connectivity,*

tailoring the width of diffusion pathways,>’ tuning the lattice polarizability,>3

and changing
the carrier density.”!%!2 In addition, for solid-state battery performance a mechanical softness
of the solid electrolytes is desired for simplifying manufacturing.!* Thus, the transition from

9,14,15

purely oxide-based solid electrolytes, which are mechanically hard, to sulfide- and recently

halide-based materials'®'®

was predictable, as they are mechanically soft and cold pressing is
suitable for densification.!> As examples, sulfide-based solid electrolyte materials classes
include the argyrodites,”!*2! LijgGeP2S12,'°?>?° and thio-LISICONs (LIthium Superlonic
CONductor).'%2%27 The latter material class was developed from their oxide-based counterpart
the LISICONSs, where the exchange of the anion from the less polarizable oxygen to the more
polarizable sulfur has improved the ionic conductivity significantly.'*

The thio-LISICON LisGeS4 crystallizes in the orthorhombic space group Pnma (Figure
1).26282% The sulfur atoms form a distorted hexagonal close-packing (Figure 1a) and the
structure consists of (GeS4)* tetrahedra, two tetrahedrally coordinated Li(1) and Li(2) positions
in addition to an octahedrally coordinated Li(3) lithium position (Figure 1e).

The LisGeSs4 structure is mainly composed of lithium polyhedra, while the anionic framework
is built of isolated (GeS4)*" tetrahedra arranged with alternating apices similar to the 5-LisPS4
structure (Figure 1b). The Li(3) octahedra are edge-sharing and form a chain along the b-axis
which is the main diffusion pathway for LisaGeS4 (Figure 1¢).>?”* Li(1) is corner- and edge-
sharing to Li(3) and bridges two Li(3) octahedra (Figure 1d). The other tetrahedral position
Li(2) shares faces and corners with Li(3). The Li(2) tetrahedra share corners with each other
(Figure 1e). This work identifies lithium ions on an additional crystallographic site Li(4) in the
LisGeSs4 structure (Figure 1f). A similar Li" substructure was recently observed in LisGeSes
reported by Minafra et al.?’

Within the thio-LISICON family, a large number of substitutions has been conducted following

the general formula Li M, 1_yM;S4 with M = Si, Ge, Sn and M’ = P, Al, Zn, Ga, Sb. Aliovalent
substitutions tailor the number of Li" in the structure and with that the conductivity
changes.!%!4263! The substitution series LisSn;—.SbiSs4 was synthesized via classical solid-

state reaction and mechanochemical milling incorporating Sb>" to a different extent and



increasing the ionic conductivity into the mS-cm™'-range.>>* Moreover, the substitution of As>*
into LisSnS; yielded in an improved conductivity of about two orders of magnitude compared
to the unsubstituted compound.®* Within the substitution series LizivAsi+GeySa,
Li3334Ge0334A80.66654 exhibits the highest conductivity of 1.12 mS-cm'.>> Furthermore, an

increase about three orders of magnitude was observed when substituting LizPS4 with B3*.!!

b)

:wibooOOOO

S Ge/Sb Li{1) Li(2) L(3) Li(4)

Figure 1: (a) Distorted hexagonal close-packing of the sulfur atoms in Li;GeSs. For simplicity
all S atoms close to the packing motif are omitted. (b) Arrangement of the (GeS4)*™ polyhedra
showing the alternating apices of the tetrahedra. (c) Chains of edge-sharing Li(3) octahedra
being the main diffusion pathway in Li;GeSs. (d) Edge- and corner-sharing Li(1) tetrahedra
and Li(3) octahedra. (e) Crystal structure of LisGeSy depicting the (GeS4)?~ tetrahedra and the
three distinct Li* positions Li(l1), Li(2,) and Li(3). (f) Refined crystal structure of



Sb>*substituted LisGeSy showing an additional Li* position Li(4) which forms a trigonal-
bipyramid with Li(2).

The highest conductivities in the thio-LISICON family are obtained for an intermediate
substitution level and this evidence may lead to the conclusion that the conductivity increase is
highly correlated to the Li" charge carrier density. However, ionic motion is affected by more
than just the Li* charge carrier density,*® since several variables, such as polyhedral connectivity
or Li" diffusion pathway widths, play a major role in ionic motion as well. Minafra et al. showed
that isovalent substitutions in LisMChs (M = Ge, Sn and Ch = S, Se) influence the ionic
conductivity by tailoring the lithium polyhedral connectivity while keeping the same carrier
density.>?’

Inspired by these interconnected influences, this work focusses on the substitution series
Lis«Ge1SbS4 to gain a better understanding of the interplay of Li" substructure and charge
carrier density. From a purely geometrical point of view, the substitution of Ge*" with Sb>"
seems possible due to the similar radii of germanium (#(Ge*', IV) = 0.39 A)*® and antimony
(7(Sb>*, IV) = 0.50 A).>” While the Li* charge carrier density can easily be estimated from the
stoichiometry, the Li" substructure was investigated by high-resolution neutron diffraction. The
so found Li" substructure was then correlated to the observed changes in ionic conductivity and
activation barriers as probed by impedance spectroscopy and nuclear magnetic resonance
(NMR) spectroscopy. Bond valences site energy calculations and the maximum entropy method
were used to gain additional insight into the Li" diffusion pathways. Our results show that by
incorporation of Sb>", the unit cell volume and the total lithium polyhedral volume increase and
an additional Li" site is occupied. Moreover, an increasing Sb>* content promotes the disorder
and distribution of Li" as revealed by the maximum entropy calculations. The enhanced Li*
polyhedral network connectivity further indicates much faster Li" diffusion with increasing
Sb>* content altering the conductivity of about two orders of magnitude. Thus, this work
demonstrates how minor compositional changes affect the anionic framework and Li"
distribution, leading to a strong increase in configurational entropy and a faster ionic transport

in solid ionic conductors.

2. Experimental Section

Synthesis. All synthesis steps were carried out under Ar atmosphere. The samples Lis.xGe;-
SbyS4 (0.025 < x <0.2) were synthesized via classic solid-state synthesis. The precursors Li>S
(Alfa Aesar, 99.9 %), Ge (Sigma Aldrich, 99.999%, trace metal basis), Sb (ChemPur, 99.999%)



and S (Acros Organics, 99.999%) were weighed stoichiometrically and an excess of 4 mol% of
LixS was used to prevent the formation of a non-stoichiometric side phase. The mixture was
ground for 15 minutes, pressed into pellets with a hand press and transferred into carbon-coated
quartz ampoules that were previously dried under dynamic vacuum at 800 °C for 2 hours.
Afterwards, the ampoules were sealed and the samples were annealed at 700 °C for 16 hours.
The heating rate was 100 °C-h™!. The samples cooled naturally and the resulting powders were

hand-ground and subsequently used for characterization.

Neutron powder diffraction. Neutron powder diffraction data of Lis-xGe1.xSbxS4 (0.025 < x <
0.2) containing natural Li was collected at Oak Ridge spallation neutron source (SNS, Oak
Ridge National Laboratory). The PAC automatic sample changer at POWGEN diffractometer
(BL-11A beamline) was used. The samples (~ 3 g) were loaded under inert atmosphere into a
cylindrical vanadium can (@ = 8 mm) which was sealed with a copper gasket to avoid air
exposure during the measurement. The data collection duration was four hours per
diffractogram in high-resolution mode at room temperature using a single bank with a center

wavelength of 1.5 A.

Rietveld analysis. Rietveld refinements were carried out on auto-reduced neutron
diffractograms using the TOPAS-Academic V6 software package.’® The structural data
obtained from neutron refinements of LisGeS4 from Minafta et al. were used as starting model.’
A convolution of pseudo-Voigt and GSAS back-to-back exponential functions was used to fit
the profile shape.?® 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 (5) atomic coordinates, (6) occupancies and (7) isotropic thermal displacements
parameters were refined. During the refinements, Sb was placed on Ge sites (Wyckoff 4c). The
coordinates and thermal displacement of both atomic species were constrained to be the same
and the occupancy was constrained to unity. Furthermore, the number of lithium atoms was
constrained to the refined Sb content (Table S1). Finally, the lithium occupancy on all other
possible interstitial sites was investigated. A non-zero occupancy and a positive thermal
displacement parameter were indicative for lithium occupying a crystallographic site. Lithium
was found on Wyckoff 8d site. This position is labeled as Li(4). Since, the fit statistics were
better with Li(4) (Supporting Table S2 and Table S4), the refinements were performed
including such lithium. Finally, all parameters were refined together. The only exception was
the antimony-germanium ratio for a nominal composition of Li3 85Geo.ssSbo.15S4, which was
fixed during the last refinement cycles as the Sb occupancy was unstable, possibly due to

presence of the Li3SbS4 side phase. The polyhedral volumes were extracted with VESTA.*’ The
6



given errors in the following data plots correspond to one estimated standard deviation. The
only exception are the polyhedral volume errors which were calculated by using the total
differential of the octahedron or tetrahedron volume considering the S-S bond distances as
polyhedral edges and the corresponding bond errors. For simplicity, the formula of a perfect
octahedron or tetrahedron was used. The crystallographic information files (CIFs), structural
tables (Figure S1, Table S3 — S7) as well as the used constraints (Table S1) are reported in the

Supporting Information.

Potentiostatic electrochemical impedance spectroscopy (PELS). AC impedance spectroscopy
was used to measure the ionic conductivities. Approximately 200 mg of each sample were filled
into press cells with a PEEK inlet*! and subsequently pressed uniaxially with 374 MPa for three
minutes resulting in relative densities from 78% - 87% for the pellets (Table S8). The
impedance measurements were conducted with a SP300 impedance analyser (Biologic) in the
temperature range 233—333 K and within a frequency range of 7 MHz to 50 mHz applying an
amplitude of 10 mV. The resulting impedance spectra were evaluated with RelaxIS 3 software
(rhd instruments). The errors of conductivity and activation energy were calculated from fit and
geometrical errors. The capacitances were calculated from the capacitances of constant phase

elements according to the Brugs’ formula.*?

Bond valence site energy (BVSE) calculations. The bond valence site energy calculation is a
simple straightforward method to predict ionic motion within a crystal structure. The
calculations are based on the postulate that the sum of all bond valences s4—x of one atom 4
equals its oxidation state V(4).*> The Li* ion follows a pathway in which the bond valence sum
mismatch |AV|, given in arbitrary valence units, is as low as possible.** The valence sum
mismatch can be transferred to an absolute energy scale by combining a Morse-type interaction
with Coulombic repulsion.**#>4 The migration pathways for Li* were calculated for
substitution series Lis+Ge1-+SbyS4 (0 < x < 0.2) with the program SoftBV V1.2.1%*" using a
resolution of (0.1 A)* and a screening factor of 0.627344. The Li" diffusion pathways of the
refined compositions of LisGeS4 and Liz.91Geo.91Sbo.09S4 were compared to assess the changes

in transport.

Maximum Entropy Method (MEM). The maximum entropy method can be used to extract a
scattering density distribution of a crystal structure from neutron as well as X-ray diffraction
data*® using observed structure factors as an input. The calculations yield the theoretical
information entropy S, corresponding to a certain nuclear scattering density configuration. The

calculation process is iterative and the obtained scattering density distribution corresponds to



the chosen configuration with maximized information entropy. In comparison to Fourier
transformation, MEM has the advantage that this method is less prone to artefacts or errors due
to limited information in the data sets.***’ The program Dysnomia was used to calculate the
negative nuclear density maps on the basis of the structure factors, since Li" is the only element

that exhibits a negative neutron scattering length.*’

Nuclear magnetic resonance (NMR) spectroscopy. Static saturation recovery and spin-lock
’Li NMR experiments for the determination of T; and Ti,, respectively, as a function of
temperature were performed on a Bruker AVANCE III 300 spectrometer equipped with a
widebore magnet (7.05 T) using a 4 mm VTN broadband probe (Bruker). The powder samples
were transferred into cylindrical zirconia rotors with an outer diameter of 4 mm under Ar
atmosphere. All experiments were conducted at a Larmor frequency of 116.6 MHz with a pulse
length of 2.5 us for a 90° pulse corresponding to a nutation frequency of 100 kHz. The length
of the saturation recovery delay was incremented with four steps per decade from #; = 107 s to
13 = 56.234 s. The spin-lock 'Li NMR experiments employed a 20 kHz (nutation frequency)
spin-lock pulse to determine Ti,. The spin-lock pulse duration was incremented with four steps
per decade from #1 = 3.16:107 s to 16 = 0.178 s. Static single-pulse 'Li NMR experiments were
conducted with 64 scans at each temperature to observe the signal narrowing. The Fourier
transformed "Li signals were integrated in TopSpin and the signal intensity curves were fitted
using exponential functions with stretching exponents. These stretching exponents reflect the
non-exponential motional correlation function of 'Li" in the investigated structurally disordered
ion conductors due to a broad statistical distribution of correlation times.>* The temperature of
the samples was regulated via a nitrogen gas flow and electrical heating. From 178 K to 200 K
a liquid nitrogen evaporator system was used; between 200 K and 290 K an Air Jet XR
compressor-based cooling system from SP Scientific (FTS Systems) was used; from 320 K to
440 K an uncooled nitrogen gas flow was employed to stabilize the temperature. 'H NMR
spectra of methanol (178 K to 290 K) and ethylene glycol (320 K to 440 K) were recorded

separately to calibrate the temperature with the occurring shifts in "Li signal frequency.
3. Results

Host-framework — MSy polyhedra. The Lis..Ge1..Sb:S4 substitution series is prepared via a
classical solid-state reaction to determine the influence of Sb>" on the LisGeS4 structure. In
order to understand the influence of the substitution on the structure, Rietveld refinements
against neutron diffraction data are employed. An exemplary refinement as well as all measured

neutron diffraction patterns are displayed in Figure 2, all other data can be found in the



Supporting Information. First, all patterns show the formation of the Lis..Ge1-..Sb.S4 substitution
compounds, however, Li3sSbS4 forms as a side phase when exceeding a nominal antimony
substitution degree of x(Sb) = 0.1. As the fraction of impurity content increases for higher
antimony contents (Figure S2), a solubility limit of Sb>*on the Ge*" site at around 10 at.% seems
to exist in the LisGeS4 structure for the employed synthesis method. The refined content of
Li3SbS4 further scales linearly with higher antimony content (Figure S2b). Considering this
trend, a linear extrapolation of the Li3;SbS4 weight fractions might indicate that Li3SbS4 can also
be present to a small extent (< 1 wt.%) in the nominal composition of x(Sb) = 0.05. A linear
correlation between the refined and nominal content of Ge*" and Sb>" is expected for the
formation of a solid solution. However, the experimentally found Sb>* content in LisGeS4 seems
to saturate at around 9 at.% of Sb on the Ge site (Figure 3a). The refined antimony content for
the nominal compositions Liz g5Geo.gsSbo.15S4 and Liz gGeosSbo2S4 are both 8% within the
uncertainties (Table S6 and S7). The exact refined values of Sb>" are 7.52 + 1.57 at.% and 8.48
+ 2.88 at.% for Li3s5Geo.ssSbo.15S4 and Liz sGeosSbo2S4, respectively. Thus, to indicate that
there is actually a difference between the two samples, Li3 85Geo.s5Sbo.15S4 and Liz sGeo.sSbo.2S4
are named Li3.92Ge0.92Sbo.0sS4 and Li391Geo.o1Sbo.0oS4, respectively. Therefore, the highest
antimony content of 9 at.% is refined for the nominal composition of Li3;sGeosSbo2Ss4. To
account for the deviations from nominal composition, all extracted structural parameters are

hereafter shown against the refined composition.
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Figure 2: (a) Rietveld refinement against room temperature neutron diffraction data for
Li3.94Geo.945bo.06S4 corresponding to a nominal composition of Li3.9Geo.9Sbo.1S4. An impurity of
Li3SbSy is found with 4.2(2) wt.%. (b) Overview of all neutron diffractograms for the Lis.Ge;.

«SbhSs substitution series.



The lattice parameters show opposing trends with increasing antimony content. While the
lattice parameters b and c increase, lattice parameter a decreases (Figure 3b and 3¢). Within the
solid solution, the substitution results in a linear change of all lattice parameters, which then
results in a unit cell expansion of 0.6% for the highest Sb>" content in the LisGeS4 structure
(Figure 3d). Interestingly, when including the lattice parameters or unit cell volumes of
LisGeS4, a non-linear trend can be observed. This has recently been observed within the thio-
LISICON class and seems to be caused by a changing lithium substructure.!®!#?”3! Similar
influences are expected here and will be discussed in the following sections. Overall, the linear
trends for the lattice parameter and the unit cell volume against the found antimony content on
the (GeS4)™* site indicates the successful formation of solid solutions. Nevertheless, a lower Sb>*

incorporation is found as the nominal stoichiometric compositions would have suggested.
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saturation behavior suggests that only around 9 at.% Sb seem to be incorporated into the
structure. The dashed line represents the expected trend for a full Sb>" incorporation. (b) and
(c) The lattice parameters b and c are increasing, while lattice parameter a is decreasing. (d)
The unit cell volume expansion follows a linear trend when Sb>* is incorporated in LisGeSy. All
trends reveal a deviation from a linear trend for unsubstituted structure from all other samples.

The lines shown are guides-to-the-eye.

Lithium substructure. The lithium substructure was investigated by Rietveld refinements
against neutron diffraction data to gain further insights into the underlying transport processes
from a structural point of view and to understand the non-linear change in the lattice parameters
upon initial Sb>* substitution. The first noticeable structural change is that the lithium
substructure of the substitution series Lis«Ge1-xSb.S4 differs from the lithium substructure of
LisGeSa. To be precise, one additional lithium position Li(4) can be found when Ge*" is partially
substituted with Sb>* (Figure le and 1f), possibly explaining the deviation of LisGeS4 from a
linear trend of the lattice parameter and volume between unsubstituted and Sb>" substituted
LisGeS4. The Li(4) site is edge- and face-sharing with Li(2) forming a trigonal-bipyramid and
therefore further improving the lithium polyhedral connection in the ac-plane (Figure 1f). This
additional position reflects a redistribution of Li(2) in its tetrahedral position towards the
sharing position along the z-direction. With this additional Li" site, the Li" substructure of the
Lis.xGe1.»SbyS4 solid solution series is the same as the Li" substructure of LisGeSes?” in which

the lithium ions are distributed over these four distinct crystallographic sites.
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Figure 4: (a) Lithium distribution for Li* within the LisxGe;xSbxSs substitution series. The
occupancy of Li(1) remains almost unaffected by the substitution. The occupancy of Li(2) and
Li(3) decreases whereas the occupancy on Li(4) site increases over the whole substitution series
increases. (b) The Li(1) tetrahedron volume is unaffected by the substitution, while the Li(3)
octahedron volume increases the most of all polyhedral volumes. (c) The tetrahedron volume
of Li(2) is increasing while the Li(4) volume decreases upon Sb>* substitution (d) Total Li*

polyhedral volume increase upon introduction of Sb>*. All dashed lines are guides-to-the-eye.

The polyhedra volumes of LiS; octahedra and tetrahedra as well as their occupancy are shown
in Figure 4 for the LisxGe1-xSb,xSs solid solution. The occupancy of Li(1) remains close to unity,
while the occupancy of Li(3) decreases with increasing Sb>* content (Figure 4a). In addition,
the lithium occupancy is redistributed from Li(2) to Li(4) (Figure 4a). This preference of Li* to
occupy Li(4) can be visualized by plotting the change in occupancy against the refined Sb>*
content, indicating that the Li* on Li(4) comes mainly from Li(2) and to a smaller extent from

Li(3) (Figure S3). The redistribution of Li" may be attributed to the change in polyhedral
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volumes or vice versa, as well as to a higher Li" mobility, which can be induced by lowering
the carrier density. Li(2) and Li(4) are in close proximity (< 1 A) and cannot be occupied at the
same time due to repulsive electrostatic interaction. While in this study Li(2) and Li(4) are
considered as two distinct sites, one may regard them as a single position with a smeared-out
Li" distribution. In addition to the occupancy changes, the polyhedral volume of Li(2) is
increasing (~0.8%), while the tetrahedron of Li(4) is shrinking (~0.6%) (Figure 4c). The
changing volume may be caused by the changing positive charge in the center of the
polyhedron, further corroborating the occupation of the additional Li(4) site. The Li(1)
tetrahedron seems to retain its volume over the whole substitution range. The most pronounced
change in polyhedral volumes is found for the Li(3) octahedron with an increase in polyhedral
volume of 2.6% (Figure 4b). Furthermore, the total lithium polyhedral volume, which is the
sum of all Li* polyhedral volumes, increases in a quadratic fashion with higher Sb>* content
(Figure 4d). For all substitutions the Li(4) polyhedron was included to increase comparability
in the volume expansion of the Li* polyhedra. Thus, the Sb>"substitution leads to a volume
expansion of the Li" substructure and alters the Li" distribution. With x(Sb>*) > 0 the Li"
disorder, as defined by the largely varying Li" occupancies on the four crystallographic sites, is

subsequently changing starting from LisGeSa.

Ionic transport characterized by impedance spectroscopy. The influence of Sb>" substitution
on ionic transport is probed by PEIS. Since Li4GeS4 seems to be much more ionically resistive,
a comparison of the impedance spectra of Sb>* containing samples and LisGeS4 can be found
in the Supporting Information (Figure S4). The impedance spectra consist of a semicircle and
the blocking behavior of the metal contacts (Figure 5a) and can be fit with a parallel resistor-
constant phase element in series with a constant phase element (see inset Figure 5a). The
semicircle is assigned to bulk resistances based on capacitances of 16 pF to 31 pF as well as
non-ideal alpha values of 0.75 to 0.90.4>! However, the obtained capacitances and alpha values
indicate the presence of a second process, which could be connected to grain-boundaries due to
the introduction of Sb>" (Figure S5). Thus, the reported conductivities represent total

conductivities.
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Figure 5: (a) Nyquist plots of the Lis.Ge;xSbxS4 substitution series with x > 0 at room
temperature. (b) All samples exhibit Arrhenius behavior over the measured temperature range
indicated by the linearity of the Arrhenius plot. (c) The conductivity improves upon Sb>*
substitution by about two orders of magnitude. The best conductivity was reached at ~9 at.%
Sb. (d) Initially. the activation energy Eqpeis drops strongly and then, is further decreased
reaching its minimum for 9 at.% Sb. The solid and the dashed lines are actual fits and guides-

to-the-eye, respectively. In (c) and (d) the y-error bars have the magnitude of the symbols.

All samples of the Lis..Ge1..Sb.Ss4 substitution series exhibit Arrhenius behavior over the
measured temperature range of —40 °C to 60 °C (Figure 5b). The conductivity (Figure 5c)
shows a steep increase over two orders of magnitude from 2.4:10”7 S:cm™' for LisGeS4 to
2.2:10° S:cm™ for Liz01Geoo1SbooeSs. LizSbSs increases as a side phase with higher

substitution level, however the compound cannot correlated to the increase in conductivity since
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the material itself exhibits a low conductivity of 4.8:10™ S-cm™! (Figure S6).% Furthermore,
the activation energy Eapeis reflects the opposite trend showing a strong decrease of about

0.1 eV from the non-substituted sample to xw.f(Sb) = 0.09 as shown in Figure 5d.

Li* dynamics characterized by 'Li NMR spectroscopy. While impedance spectroscopy
captures the bulk Li" motion as the observable Li" ionic conductivity, NMR spectroscopy has
the possibility to distinguish Li* jump processes in the bulk material on different time scales.™
’Li spin-lattice relaxometry in the laboratory (T1) and rotating frame (Ti,) as well as the
temperature dependency of the 'Li central transition line shape for LisGeS4 and the highest
substituted Liz.91Geo.91Sbo.09S4 are for this reason measured to obtain activation energies and
the onset of Li" motion in the slowest and fastest ionic conductor of the substitution series.
Moreover, static 'Li NMR static line width analysis allows to monitor the change in Li"
diffusivity (Figure 6a).>* The observed narrowing of the "Li central transition signal of LisGeS4
and Li3.91Geo.91Sbo.09S4 with increasing temperature corresponds to progressively increasing Li*
motion. At low temperatures in the rigid lattice regime the ’Li line width is determined by the
strength of the 7Li-"Li dipole-dipole couplings. Increasing the temperature leads to motional
averaging of these dipole couplings due to increased Li" jump rates resulting in a substantial
narrowing of the ’Li central transition signal. At very high temperatures the motional narrowing

is completed and the line width is purely determined by magnetic field inhomogeneities.*%>*
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Figure 6: (a) "Li NMR spectra for LisGeSy and Lis 91Geo.91Sbo.09Ss as a function of temperature
from 178 K to 440 K as indicated by the color gradient. (b) Motional narrowing curves for
LisGeSy and Lis.91Geo.91Sbo.09Ss obtained by plotting the full width at half maximum (FWHM)
of the ’Li signal in (a) versus the temperature. The Sb°" substituted compound exhibits the onset
of line narrowing at a significantly lower temperature indicating faster Li* dynamics. (c) and
(d) 'Li T; and T, relaxometry measurements for LisGeSy and Li3.91Ge0.91Sbo.0sSs indicating a
non-Arrhenius behaviour at low temperatures for T;. The 'Li T, relaxometry measurements

show asymmetric rate peaks likely corresponding to several superimposed motional processes.

The change in Li" motion can be visualized by following the full width at half maximum
(FWHM) of the "Li central transition signal versus the temperature (Figure 6b). The resulting

motional narrowing curve for Liz91Geo91SboooSs is clearly shifted to lower temperatures
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compared to LisGeSa, indicating that the onset of Li" motion for the Sb>" substituted sample
occurs at significantly lower temperatures. Furthermore, the activation energy E.us can be
extracted from the motional narrowing curves via the phenomenological model reported by
Hendrickson and Bray (Table 1).% On this basis, the activation energy Eanp can be observed
to decrease about 15% from LisGeS4 to Liz.91Geo.91Sbo.0oS4, corroborating the trends found

using impedance spectroscopy.

Table 1: Comparison of activation energy by potentiostatic impedance spectroscopy E4 pers,
central line shape analysis E4 s, "Li spin-lattice relaxation rates in the laboratory frame E4
and ’Li spin-lattice relaxation rates in the rotating frame (high- and low-temperature flank

E .4 8PP high and E 4 spp iow, respectively.

EApE1s EAnB Eax EA,BPP high E A BPP 10w
/ eV / eV / eV / eV / eV
LisGeS4 0.53 0.40 0.14 0.64 0.51
Li3.91Ge0.91Sbo.09S4 0.44 0.34 0.11 0.38 0.10
LisGeS4
0.55 0.43 0.17 0.53 0.56
(Hogrefe et al.)>®

The observation of Li" motion characterized by ionic jump rates in the MHz range and kHz
range is achieved by measuring "Li spin-lattice relaxation rates in the laboratory frame 77 ' and
the rotating frame T- 1_pl , respectively.>*>” The Arrhenius representation of the data for
Ty 'and T l_pl are displayed in Figure 6¢ and 6d. The relaxation rates 7" 1;1 for LisGeS4 and
Li3.91Geo.91Sbo.09S4 reveal Arrhenius curves with asymmetric flanks, in which the high- and low-
temperature flanks correspond to long-range and to short-range Li* motion, respectively.’® The
maximum rotating frame relaxation rate of the Sb>* substituted compound is at 296 K, while
the maximum of LisGeSs 1s at 369 K suggesting faster jump rates for the Liz.91Geo.91Sbo.09S4,
complementing the observations from the static 'Li linewidth analysis. The asymmetry of T 1_pl

Arrhenius curve for Liz.91Geo.91Sbo.09S4 is clearly larger than that for Li4GeS4 indicating a much

broader distribution of jump rates in Li391Geo.91Sbo.0oS4 that corresponds to superimposed
processes which cannot be separated.’® For the 7; ' measurements, which capture faster
motional processes than T 1;1, no distinct maximum is observed. It is reasonable to assume that
a maximum relaxation rate T- 1_1 could be observed at higher temperatures. However, the

activation energy Ea; can be determined for specific linear temperature intervals for the 7}
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measurements and the modified Bloemberg-Purcell-Pound (BPP) model is used to determine
the activation energies Ea gpp from the 77,' measurements.*** Clearly a decrease in activation
energy going from LisGeS4 to Liz01Geo.01Sbo.0oS4 is observed when comparing both NMR
relaxation methods and the PEIS measurement indicating that Li* jump rates increase upon Sb>*
introduction. (cf. Table 1). The activation energy Eappphigh for the high-temperature flank of
T l_pl curve decreases by about 40% going from LisGeS4 to Liz.91Geo.91Sbo.0oSs. We note that,
Hogrefe et al. determined a smaller E,gppnigh for the high-temperature flank of LisGeS4 and
observed two overlapping asymmetric rate 7 fpl curves for LisGeS4,%® which they assigned to a
stepwise activated diffusion being absent in this work. Nevertheless, here the activation energy

Ea ppp 10w decreases about 80% indicating a heavily improved short-range Li" transport.

Lithium-ion diffusion pathways. In order to better understand the lithium-ion diffusion
pathways and the lithium-ion substructure, a simplified substructure is shown as a two-
dimensional projection of the Li" polyhedra in Figure 7. The Li" diffusion pathways are well
studied for LisGeS4,>?7 in which long-range Li" diffusion occurs via the edge-sharing Li(3)
octahedra along the b-axis (Figure 1c).>?”?® The ac-plane does not allow for a continuous Li*
diffusion due to the missing direct connection between the Li* polyhedra, but localized jumps

between the face-sharing Li(2) tetrahedron and Li(3) octahedron are possible (Figure 7a).>’

a) b)
Y
A 4

Li(2) Li(4)  Li(3)

Figure 7: Schematic 2D representations illustrating the Li* connectivity of structural motifs in

the ac-plane omitting other polyhedral and atoms of the structure. (a) Li;GeSsand (b) Li*
substructure of Sb>* substituted LisGeSy that is better connected within the ac-plane compared

to LisGeSy due to the introduction of Li(4).

The introduction of Li(4) into the LisGei—SbySs structure enhances the Li" polyhedral

connection in the ac-plane (Figure 7b). As mentioned, Li(2) and Li(4) are face-sharing and form
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a trigonal-bipyramid, where both Li* ions are displaced away from the center towards the shared
face. This arrangement is probably favourable for improving ionic transport at least on a local
level, corresponding to a smeared out nuclear density over both sites.*

To corroborate the hypothesis that the redistribution of Li* despite having a lower carrier
density leads to better diffusivity, the analysis of nuclear scattering densities calculated using
MEM evaluation of the neutron diffraction data is carried out for Li" in LisGeS4 and the highest
Sb>" substituted compound Li301Geo91Sbo.0sSs. The data show a clear difference in Li*
distribution between the unsubstituted and highest substituted compound presented in form of
the iso-surfaces (Figure 8a). Thus, while LisGeS4 is characterized by more localized Li*
distribution, Li" is distributed more over its multiple sites in in Liz.91Geo.91Sbo.0oS4 where the
disordered linear Li(3)-Li(3) and Li(2)-Li(4) units enable Li"* movement and distribution
throughout the unit cell. (cf. Figure 8b and 8c¢).

Li3 9:G€4.915b0,0954

b (x10%) /
fm-A-=

R

Figure 8: (a) lllustration of Li* iso-surface of LisGeSy and Liz 91Gey.91Sho.09S4 at 0.05 fim-A~3

-40

iso-surface level. (b) Display of different slices depicting the Li* probability calculated for
LisGeSy4. The Li* distribution of LisGeSy is localized over the different Li” sites. (c) Depiction

of Li" probability slices for Lis.o1Geo.91Sho.09Ss showing a stronger Li" distribution.
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While Li(1), Li(2) and Li(3) scattering densities are localized in LisGeSa, the incorporation of
Sb**introduces the Li* disorder over these Li" sites as well as to the additional Li(4) site (Figure
S3), showing a clear connection between them (Figure 8c). In other words, ionic motion
between Li(1), Li(2)/Li(4) and Li(3) seems to occur more easily. Additionally, the diffusion
pathway along the b-axis via Li(3) exhibits a transition via interstitial sites including Li(1).
Thus, the connectivity is improved since Li(1) links to both Li(3) and Li(2)/Li(4) sites.
Transport in the ac-plane occurs via the linear Li(2)-Li(4) units. As indicated by "Li spin-lattice
relaxometry in the rotating frame, the short-range Li* transport is facilitated for higher Sb>*
contents indicated by a reduction of activation energy of 80% going from LisGeS4 to
Li3.91Geo.91Sbo.09S4. This fits well with the newly found Li(4) position and the Li" disorder over
the four Li" sites upon Sb>" substitution and the therewith increasing Li* disorder. More
precisely, the Li* occupancy seems to shift mostly from Li(2) and Li(3) to Li(4). Li(2) shares
faces with Li(4) and Li(3) and is located right in between Li(4) and Li(3), thus a redistribution

of Li" on a local level is highly possible (Figure S7).

Structure-property relationships. Overall, the introduction of Sb>* into LisGeS4 and with it the
introduction of an additional Li" position and the subtle (< 3%) reduction in Li" carrier density,
clearly leads to a stronger, more uniform Li" distribution, higher conductivity and lower barriers
for ionic transport. Unclear is, however, on what scale the different structural and compositional
influences alter the ionic conductivity, since just a superposition of them is measurable. In this
section we will try to discern a few suggested influences.

Unit cell expansion and total Li* polyhedral volume. In most cases, an enlargement of the unit
cell is associated with enhanced ionic motion. The increase in volume within the substitution
series Lis—«Ge1-xSbxS4 due to higher Sb°* content may be beneficial for ionic motion (Figure
5¢). Besides a volume change, a change in electrostatic interactions is expected since Ge*" is
replaced by Sb>* on the (MS4)"~ polyhedral unit. To probe a change in Coulombic interactions,
the Li" diffusion pathway and corresponding activation energies Ea pvsk are calculated via bond
valence site energy (BVSE) calculations (Figure 9a and S8). The calculated Li" diffusion
pathway is the same when introducing Sb>* (Figure S8). Similar to the activation energy Ea pgis,
Eapvse decreases with the unit cell volume (Figure 9a). However, the decrease for Eapvsk 1S
close to linear and not as pronounced as the decrease of Ea pris. Nonetheless, this indicates that
the attractive Columbic interactions between Li" and the (MS4)"™ polyhedral units are reduced,
since the distance between the ions is enlarged due to the expansion of the Li" polyhedral

network (Figure 4d) and a lower polyanionic charge is found. However, the volume effects
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from the small unit cell expansion as well as purely electrostatic interactions may not
sufficiently describe the change in Li" distribution indicated by a new Li" site and the

corresponding change in ionic transport.
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Figure 9: (a) Activation energy determined by PEIS and BVSE calculations that both decreases

with increasing unit cell volume. (b) The charge carrier density changes less than 3%, however,
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the ionic conductivity is altered over two orders of magnitude depicting that the carrier density
may not be a major contributing factor in the enhancement of ionic motion (c) A positive
correlation between the configurational entropy and the room-temperature ionic conductivity
is found showing the positive influence of structural disorder on ionic motion. The dashed lines

represent guides-to-the-eye.

Li* charge carrier density and Li* disorder. The introduction of Sb>" in LisGeSs somewhat
reduces the charge carrier density and a faster ionic motion was found (Figure 5c¢).) In this work,
the optimum Li" density, assuming that all Li* participate in the diffusion process,®' is
associated with the highest ionic conductivity corresponding to ~2.32:10?* carriers-cm* for
Xref(Sb) = 0.09 (Figure 9b). On the one hand, the Li" carrier density decreases only about 3%
indicating that it may not be a major influence on conductivity. On the other hand, the slight
removal of Li" may be a contributing factor to the Li" disorder within the unit cell. MEM
calculations reveal that within Liz 91Geo.91Sbo.09S4, the Li" sites are better connected and the Li*
distribution is stronger when compared to LisGeSs (Figure 8c). Additionally, the NMR
relaxation measurements indicate easier transport on a local level facilitating the different Li*
motion between the Li" sites, especially between Li(2), Li(4) and Li(3) which are now well
connected (Figure S7). Thus, we hypothesize that it is the Li" distribution corresponding to
structural disorder, rather than the subtle change in carrier concentration, that plays the largest
role in the magnitude of ionic conductivity. Configurational entropy is an intuitive metric for
structural disorder, and provides a means to quantitatively connect disorder to the ionic
conductivity. In particular, the configurational entropy describes, in this case, statistically the
distribution of Li" onto the different crystallographic sites. The maximal configurational
entropy is reached when a uniform distribution is achieved, i.e. every site is half occupied. Each
entropic species has to be defined as an element to avoid loss of information regarding the
configuration entropy.®? The sublattice model (SL) defines the configurational entropy as the
following 5263

—R-¥s¥ia® X - In(x)

Xsas

The parameter a° corresponds to the multiplicity of the crystallographic site S, Xf describes the

onfig__
St =

occupancy of species i on the crystallographic site S and R is the molar gas constant. This model
should be able to capture the occupancy changes and thus, creates an opportunity to link

structural disorder to observed sample properties, in this case connect the Li" disorder indirectly
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to the conductivity.®* However, one has to keep in mind that an ideal configurational entropy is
calculated neglecting inhomogeneous mixing within the structure.®?

The calculated configurational entropy scales positively with the ionic conductivity (Figure 9c).
The biggest change in configurational entropy is observed for the incorporation of Sb>* into the
crystal structure, which concurrently introduces a new Li" site Li(4) and results in the highest
increase in ionic conductivity. Afterwards, the configurational entropy and the ionic
conductivity increases steadily further, but to a smaller extent, due to the varying Ge*"/Sb>"
occupancy and the change in distribution in Li* occupancy over the four Li" different sites.
Using the configurational entropy as a descriptor for the occurring structural changes does not
necessarily mean that it is the entropy itself that affects the transport. Rather, the Li" ions
become better distributed within the crystal structure and thus, Li" is able to exchange between
different sites more easily in the Sb>* substituted compounds.

Overall, the idea that structural disorder is connected to ionic conductivity has been shown to
exist in a variety of systems such as Lis vZn; +Gay(PO4)2, Liz25[Si025P0.75]S4,%, LizErCle,*’
LisYCl6'%®® or LigPSsX (X = Cl, Br, )*%*7° by monitoring the changing occupancies of host-
framework atoms or lithium ions. These studies also showed that any degree of higher disorder,
achieved via substitution or different syntheses, is beneficial for the ionic conductivity.'®’ In
addition to host-framework disorder, a disordered Li" sublattice can be intrinsically present in
the sample or it is induced by substitution to promote ionic conductivity.5*%¢717> Thus, this

work highlights the strong importance of disorder on the ionic transport in materials.

4. Conclusion

The substitution series Lis—Ge1-xSbxS4 (0 < Xnominal < 0.2) was synthesized via classical solid-
state synthesis. The introduction of Sb>* results in an anisometric expansion of the unit cell and
the introduction of a new Li" site Li(4), which enhances the Li" polyhedral connectivity locally
in the ac-plane. Thus, the overall Li" sublattice suggests a higher Li" diffusion pathway
dimensionality in Lis—Gei—SbySs than in LisGeSs. The latter is corroborated by MEM
calculations of the Li* nuclear scattering density distribution and NMR measurements of the
ionic transport, showing a higher Li" probability between the different Li* sites and a greatly
reduced activation energy for short-range motion, respectively. An increasing configurational
entropy reflects a higher structural disorder within the Li" sublattice induced by Sb>*
substitution all of which can be linked to an increase in conductivity. Finally, this work
reinforces that subtle compositional changes in in Lis—Ge1—SbxSs can strongly influence the

observable conductivity due to generated structural disorder by substituting aliovalently.
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