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Abstract

The lithium argyrodites LisPSsX (X = Cl, Br, I) have been gaining momentum as candidates
for electrolytes in all-solid-state batteries. While these materials have been well-characterized
structurally, the influences of the static and dynamic lattice properties are not fully understood.
Recent improvements to the ionic conductivity of LisPSsI (which as a parent compound is a
poor ionic conductor) via elemental substitutions have shown that a multitude of influences
affect the ionic transport in the lithium argyrodites, and that even poor conductors in this class
have room left for improvement.

Here we explore the influence of isoelectronic substitution of sulfur with selenium in LisPSs.
Se,l. Using a combination of X-ray diffraction, impedance spectroscopy, Raman spectroscopy,
and pulse-echo speed of sound measurements, we explore the influence of the static and
dynamic lattice on the ionic transport. The substitution of S** with Se?” broadens the diffusion
pathways and structural bottlenecks, as well as leading to a softer more polarizable lattice, all
of which lower the activation barrier and lead to an increase in the ionic conductivity. This work
sheds light on ways to systematically understand and improve the functional properties of this

exciting material family.
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1. INTRODUCTION

With the steadily rising demand for safer and higher-density energy storage, all-solid-state
batteries have become a major research topic during the last few decades.!? The implementation
of solid electrolytes into lithium-ion battery technologies would remove the flammability
hazards of organic electrolytes, as well as offer higher mechanical stability and the potential to
utilize Li metal electrodes. Nevertheless, this goal remains challenging, partially due to the
search for materials with not only high ionic conductivity but that also function well within a
device, having the desired morphology, compatibility with the required electrodes, and proper
mechanical stability.>> One of the most important issues is the often low ionic conductivity of
solid electrolytes, and though much progress has been made on this front, the conductivities
can often span several orders of magnitude between seemingly similar (or even seemingly
identical) compounds.®’

Prominent compound classes that are being considered are the lithium conducting garnets such
as LisLasZr2O12, 31! the Li* - NASICON’s LiM>* (PO4)s (M = Ti*", Zr**, Hf*", etc.)!?716, and
the lithium thiophosphates such as LiioGeP2Si2,'7 2! LiS-P2Ss glasses, > 26 the thio-
LISICONS,?3! and the LisPSsX argyrodites.>*> While the thiophosphates are sensitive to
ambient atmosphere and may not have the largest potential window, they demonstrate high
ionic conductivity and high ductility, improving the processability and resulting contact to the
active materials,!74344

Standing out within this family of materials, the halide-containing argyrodites LigPSsX (X =
Cl, Br, I) have been explored with increasing interest. A model crystal structure of the lithium
argyrodites, first reported by Deiseroth and coworkers,* is shown in Figure 1. The unit cell
consists of a face-centered cubic lattice of halide ions (Wyckoff 4a) with PSs* tetrahedra
occupying the octahedral voids (P sitting on Wyckoff 4b) created by the halide ions. The two
possible sites for S are the tetrahedral site (Wyckoff 16¢) and the site Wyckoff 4d that is often
referred to as the "free sulfur site".*> Past studies of the lithium substructure within these
argyrodites identified the existence of two possible lithium sites, where a transition state
(Wyckoff 24g) for short range ion jumps between the main Wyckoff 484 positions exists.>”~
3945 Tt has been established that the halide ion plays a major role in the ionic transport of the
argyrodites: conductivities range from 10°¢ Scm™ (LigPSsI) to 10 Sem! (LisPSsCl), with
LicPSsBr falling in between.’® This conductivity enhancement is heavily influenced by the
appearance of a site-disorder between the free sulfur anion on Wyckoff 4d with the halide on

4a;>"8 the disorder increases from the iodide (0 %) to the chloride (~60 %).>8



A variety of different substitution series have already been performed on the argyrodites to
probe underlying influences on the conductivity.336-3%45-47 Substitution of the halides to form
solid solutions of Cl/Br or Br/I has demonstrated clear effects on alteration of the anion site-
disorder, with associated changes in ionic conductivity, but the disorder effects are coupled
with compositional differences.’® Aliovalent substitution has also led to conductivity
enhancements in the iodide structures, by substituting P with Si, Ge, and Sn, with large
reductions in activation energies; effects in this case are also coupled with increases in Li
content.’®37 Introduction of Se in place of S in LigPSsBr was explored as a method to increase
the polarizability of the lattice, but induced competing effects by reduction of the beneficial S*
/Br disorder.* LisPSsI has the lowest ionic conductivity of the halide argyrodites (also having
the lowest anion site disorder), but the capacity to improve its conductivity based on these
substitutions justifies more exploration of the composition. While the aliovalent substitution
described above has led to ionic conductivities in the range of 102 S:cm™!, it remains unclear if
larger improvements may be possible using isoelectronic substitution, and by what mechanism

such improvements would arise.
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Figure 1. a) Unit cell of LisPSsl. The halide ions construct a face-centered cubic lattice with
the free sulfur anion occupying half of the tetrahedral voids. Additionally, the PSs tetrahedra
occupy the octahedral voids of the face-centered cubic lattice. b) Lithium forms cluster-like

arrangements around the free sulfur site. The Li* diffusion pathways are shown in grey.

Often when optimizing the ionic conductivity of solid electrolytes, effort is focused primarily
on altering static structural influences such as by modifying the lithium concentration, finding

materials with face-sharing polyhedra, and expanding the width of the diffusion pathways and



structural bottlenecks.>!2204 While this is a very valuable approach, recently the idea of
altering the lattice dynamics through introducing softer, more polarizable anions has
resurfaced.”*34-3! The idea of softer lattices stems from considerations of transition state

theory for ionic conduction,’%%

and that a softer anion lattice due to altered anion polarizability
results in weaker bonds, leading to a larger displacement amplitude for a mobile ion moving
through the lattice. This larger displacement amplitude is thought to lead to faster ionic transport
by lowering the associated activation barrier.>!** This influence of the lattice dynamics on the
ionic transport has recently been corroborated using the average vibrational frequency (phonon
band center) as well as the Debye frequency as a descriptor for lattice dynamics.”-384-5!1
Further, recently a coupling of rotational disorder and Li* translation has been brought into the
discussion in the lithium argyrodites.>

Following these ideas of lattice softening and wider diffusion pathways positively influencing
1onic conduction, in this work we introduce a series of isoelectronic substitutions within LicPSs.
Sel. Using a combination of structural analysis via Rietveld refinements against X-ray
diffraction data and impedance spectroscopy to assess ionic transport, we show the influences
of selenium substitution in LigPSs..Se . Furthermore, by measuring the Raman vibrational
spectra and pulse-echo speed of sound to obtain the changing Debye frequencies, the changing
lattice dynamics are explored. The substitution of S with Se leads to an increase of the ionic
conductivity of up two orders of magnitude from the unsubstituted LisPSsI. This increase in
conductivity stems from a linear decrease of the activation barrier that can be explained by the

changing static structural features of wider diffusion pathways as well as a softer more

polarizable lattice.

2. EXPERIMENTAL METHODS

Synthesis. The preparations for all samples within the LisPSs..Se.l substitution series were
carried out under argon atmosphere. Li>S (Alfa Aesar, 99.9 %), P>Ss (Sigma Aldrich, 99 %)
and Se (Alfa Aesar, 99.999 %) were used as received. Lil (Alfa Aesar, 99.95 %) was dried for
at least 48 h at 450 °C under dynamic vacuum to remove the majority of Lil-(H20) (see
Supporting Information Figure S1). Li>Se was prepared by a gas phase reaction of Se with
lithium metal (Alfa Aesar, 99.9 %), using the same approach as recently reported.** The
chemicals were mixed in their stoichiometric ratio, hand ground in an agate mortar for at least
15 minutes and pressed into dense pellets before loading into ~10 cm long quartz ampoules (10
mm inner diameter) that had each been pre-heated at 800 °C for at least 1.5 hours under dynamic

vacuum to ensure the removal of all traces of water. The ampoules containing the powder



mixtures were sealed under vacuum before the reactions were performed at 550 °C for 2 weeks
and afterwards air quenched to room temperature. Quenching of the ampoules was needed for
a selenium content of x > 3, in order to prevent phase segregation, therefore, all samples were

quenched to ensure better comparability.

X-Ray diffraction and structural analysis. X-Ray diffraction experiments were carried out
on a STOE Stadi P in Debye-Scherrer geometry. The diffractometer is equipped with two
DECTRIS MYTHEN detectors and a silver anode (A = 0.5594 A, Ge(111) monochromator)
Rietveld refinements were carried out using the TOPAS software package.’® A visual
assessment, as well as the fit indicator goodness-of-fit (GOF) were used to determine the quality
of the fits. A Chebyshev function of 10 parameters was used to fit the background. For the peak
shape modelling a modified Thomson-Cox-Hastings pseudo-Voigt function was employed. The

used constraints can be found in the structural tables in the Supporting Information.

Electrochemical impedance spectroscopy. Electrical conductivities were measured using AC
impedance spectroscopy, using pellets with a thickness of ~2 mm and a geometric density of
>85 % packed into argon filled pouch cells. The pellets were isostatically pressed and
afterwards annealed for 15 minutes at 550 °C. Evaporated gold electrodes (0.53 cm?) were used
for contacting. The electrochemical impedance analysis (EIS) was conducted in the temperature
range of -40 °C to 60 °C using a VMP300 impedance analyzer (Biologic) at a frequency range
of 7 MHz to 100 mHz with an amplitude of 10 mV. In order to obtain statistical information,

three pellets of each composition were prepared and measured separately.

Speed of sound measurements. Pulse-echo speed of sound measurements were performed on
consolidated discs using an Epoch 600 (Olympus) with 5 MHz transducers for longitudinal and
transverse speeds of sound. The samples were coated with a thin layer (< 200 nm) of gold in
order to prevent side reactions of the sample with the couplant honey. All measurements were
performed under nitrogen atmosphere. Three pellets of each composition were measured, with
at least two responses per pellet, and these three data sets used to determine the average speeds

of sound, thereby reducing the measurement uncertainty.

Raman spectroscopy. The samples were placed on a microscopy glass slide and sealed air-
tight with grease and a glass coverslip. A Senterra Raman spectrometer (Bruker Optics) was

used with an excitation wavelength of 532 nm. A resolution of 3-5 cm™! was achieved in the



range of 47-1548 ¢cm™! with a 20x magnification lens using an integration time of 3 s per
spectrum and 100 spectra per measurement. A low laser power of 0.2 mW was used to prevent

sample decomposition.

3. RESULTS AND DISCUSSSION

Structural changes. The solid solutions of LisPSs..Se.I were chosen in order to observe lattice
effects independent of any halide anion site-disorder (due to the negligible disorder present in
the T argyrodites),>’3%46 as this would further complicate the structure-transport analysis, with
the benefit that the compositions studied are distinguishable due to differences in X-ray

scattering form factors of S, Se and L.
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Figure 2. a) Rietveld-refinement example of LisPS1Se4l including the Lil impurity phase (~3.5
wt.%) and b) all obtained diffraction patterns of the solid solutions LisPS5.xSexl.

In order to study the structural changes within the LisPSs..Se.l solid solution series,
compositions with a step size of x = 1 of increasing selenium content were synthesized by
classical methods and investigated using Rietveld refinements against X-ray diffraction data.
Figure 2 shows a representative Rietveld refinement for the composition of LicPSiSe4l and all
X-ray diffraction patterns for comparison. All other refinement results can be found in the
Supporting Information (Figures S2 — S7). While a minor contribution of Lil can be found as
an impurity phase, a linear expansion of the lattice parameters caused by the larger ionic radius

of selenium (198 pm) in comparison to sulfur (184 pm)>’ can be observed, thus obeying



Vegard's rule®® (Figure 3a). The absence of a major selenium rich impurity phase indicates a
true solid solution for the LisPSs.xSex] system without the existence of a solubility limit. Small
impurity fractions of Lil(H20) can still be found for the solid solutions of x < 3, which seem to
only occur when LisS is used as a precursor. Additional structural features such as the Se
occupancy on the free chalcogenide site (Wyckoff 4d), the Se occupancy on the PSsxSex*
tetrahedra (Wyckoff 16¢) and the volume of the P(S/Se)s* tetrahedra can be found in Figure 3
as well. Similar to the lattice parameters, the incorporation of selenium leads to an expansion
of the P(S/Se)4> tetrahedra. With increasing degree of substitution, the amount of sulfur and
selenium on the free sulfur site as well as on the P(S/Se)4* tetrahedra increases (Figure 3¢ and
3d). The overall change in the Se occupancy on both lattice sites suggests an even distribution
between the sites and no clear site preference for Se. While unsubstituted LigPSsI exhibits no
significant site-disorder between I and S*, a minor change in the disorder can be found during

Se substitution, to a maximum of ~ 7 % (see Supporting Information Figure S8).%*
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Figure 3. a) The incorporation of the larger selenium leads to an expansion of the unit cell, as
well as the b) P(S/Se)s tetrahedral volume. A true solid solution is indicated by the linear

expansion of the lattice, indicating the absence of a solubility limit for selenium within LisPSs.



Sexl. ¢) Partial chalcogenide occupancies on the free sulfur site (Wyckoff 4d) and the d)
tetrahedral site (Wyckoff 16e).
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Figure 4. A steadily increasing selenium occupancy and expanding lattice leads to wider
diffusion pathways for Li*. Shown are the resulting Li* coordination-tetrahedra (Li-(S/Se)s-I)
in grey, the long-range inter-cage jump transition area (Li-(S/Se):1) (blue) and the short-range

intra-cage jump transition area (Li(S/Se)3) (orange).

The expansion of the P(S/Se)s* tetrahedra is in close structural vicinity to Li* and hence an
influence on the diffusion pathways can be expected. Two different Li* positions are known in
LicPSsX, namely the Wyckoff 484 and 24g, which form cages around the free S* in the
tetrahedral voids of the face-centered cubic lattice.’*>* These two positions give rise to three
different jump processes: (i) a so-called doublet jump from 484 via 24g to another 484 position,
(i1) an intra cage-jump of 484 to 484, and (iii) an inter-cage jump from position 484 to 484.
While the inter-cage jumps seem to be the rate-limiting step for the Li*” jump process and overall
measurable ionic conductivity,’’84%59 the structural features around all jumps are of interest
as they directly influence the diffusion behavior for lithium.

Figure 4 shows the evolution of the Li-(S/Se)s triangular transition area and the corresponding
Li-(S/Se)sl tetrahedra with increasing Se content, both of which describe the pathways of the
doublet jump and intra-cage jump. Further shown is the side of a Li-(S/Se)sl tetrahedron,
coordinated by I, (S/Se) and (S/Se). This side of the tetrahedron is the bottleneck for the inter-



cage jump as the lithium ions will have to pass through this triangle during the jump from one
cage to another. While the X-ray diffraction data makes it impossible to locate the Li* in the
structure, Figure 3 shows that all anionic structural features describing the diffusion pathways

widen geometrically, which will likely affect the overall ionic transport.

Lattice dynamics. Recently, there has been increased interest in understanding the influence
of the lattice vibrations and dynamics on the ionic transport in ionic conductors.*®>%6° With the
incorporation of a more polarizable anion, the lattice vibrational properties were observed to
soften, which in turn affects the ionic transport by decreasing the enthalpy and entropy of
migration.’®*°-3! Further, it was recently shown that additional polyhedral anion dynamics exist
that are coupled to the Li* translation.’> However, in the LicPSsI series reported here, the Li*
ion jumps and rotational dynamics are independent of each other, which beneficially prevents
further complication of the analysis. In this work, the resulting lattice dynamics are assessed

61,62

using the optical and acoustic modes of the dispersion relation. Raman spectroscopy and

the measurement of the speed of sound within a material can give reliable information regarding
the phonon dynamics and average phonon frequencies.38:49-30.63-63

Figure 5a shows the influence of increasing selenium occupancy on the stretching mode of the
PS4Sey* tetrahedra. First, the appearance of multiple, isolated PS4.,Se,* tetrahedral species
can be observed for the mixed S/Se compounds that correspond to a symmetry reduction from
T4to C3y and eventually C»y with increasing degree of substitution. Such a behavior has already

1% who also showed that a binomial

been reported for the Na3PS4..Se, system by Krauskopf et a
distribution well describes the occurrence of such mixed tetrahedra. This interchangeability of
sulfur and selenium on the tetrahedral sites suggests similar formation energies for ordered and
partially disordered tetrahedra even for different types of compounds. Figure 5b shows the
correlation between the average crystallographic bond length (and therefore bond strength) and
the corresponding Raman shift. With increasing Se content and increasing bond length, the
Raman shift decreases. The PSes* tetrahedra show an increasing Raman shift at higher Se
content which trends counter to the overall observed changes, suggesting some additional
underlying local processes. Overall, the decreasing Raman shift with respect to the change of

the average bond length indicates a softening of the optical phonons when substituting S for Se

in Li¢PSs..Sel, similar to the one recently found for Na3PS4..Se,.>



3
1
3
2

X 5 So ow T T T T N\ T —\ T T T 2.22
a) @ LIGPSS-xseXI e ‘%.’-, ‘,)?v &;_ § b) 51 .
4 F ¢ ¢ g% ? 1220 %
< z 3 = 3 %2 po
* e E e o C%‘*o o o 6 12185
: = 9 i 2 (=
% H H -— = m
5 P o 3 ) o 1216 =
J 2 o
© % c
il @ 4214 o
o) () o
@ N Q, 2t o o o o o— 1212 §
: 1 3 2
£ : : M £ {210 2
: P 1+ o ° 0 & ]
: : : 2.08 8)
d ; 2 : : 4206 ©
. - - E
: = “ : : ; OF +o od ] 1204
I~ X. 9 == =T I | P 1 ! TN ! N | 1 N L !
600 550 500 450 400 350 300 250 200 420 417 413 361 357 319 315 273 235 231
Raman shift v/ cm™ Raman shift v/ cm™

Figure 5. a) Obtained Raman spectra showing the formation of new, isolated PSai.,Sey
tetrahedra. b) The vibrational energy reduction within the different PS4.,Sey tetrahedra with

respect to the average bond length indicates a softening of the optical vibrational modes.

As the Raman measurements only give insight into the optical phonons, the acoustic phonons
were assessed using speed of sound measurements. Measuring the longitudinal and transverse
speeds of sound probes the group velocity of lattice oscillations close to the center of the
Brillouin zone, which can be expressed as the slope of the dispersion relation in this region (see
inset Figure 6b).>° Using a calculated mean speed of sound vy, and average volume per atom
V, the Debye frequency v, can be obtained and it can be used as a descriptor of the average

lattice dynamics.>%63

- (7)
Vo = \4nv

Figure 6 shows the different speeds of sound and the resulting Debye frequencies of the lattices

Wl

1
, 3 3
Vm ,Withv, = (v‘3 23 ) Eq. (1)

long trans

of these solid solutions. As expected, with increasing selenium content in LisPSs..Se,I the speed
of sound and Debye frequencies decrease, indicating an overall softening of the lattice. In other
words, the larger and more polarizable Se anion leads to a decrease in the energy of the lattice

vibrations and softer/weaker bonding in the framework.
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Figure 6. a) Observed speeds of sound and b) Debye frequencies indicate a softening of the
acoustic phonons with increasing Se content in LisPSs..Sexl. Error bars correspond to standard
deviations obtained from measurements on three samples per composition. The inset shows a
schematic relation of the Debye frequency to the speed of sound within a phonon dispersion

curve.

Ionic transport. The ionic transport properties of the LisPSs..Se,l series were assessed using
temperature-dependent impedance spectroscopy. Representative room-temperature Nyquist-
plots, as well as the resulting Arrhenius plots, are shown in Figure 7. Small grain boundary
contributions and an electrode roughness can be seen that lead to a slight asymmetry for the
low frequency region of the semicircle. The conductivities shown here represent the bulk
contribution of ionic transport as all processes can be distinguished based on the process

66-68 For instance in LisPSesl, the bulk contributions show capacitances in the

capacitances.
range of 59 pF-cm™ and the grain boundary/electrode roughness contributions in the range of
34 nF-cm™. Further, alpha factors of up to 0.96 for the bulk contribution indicate the ideality
of the process.®

Figure 7 shows the obtained Nyquist plots of all compositions, normalized to the pellet
thickness for comparison. The employed equivalent circuit is shown in the inset. The activation
barriers for ionic migration and the corresponding conductivities, both extracted from the
Arrhenius plots, can also be found. A significant, linear decrease of the activation barrier can
be observed with increasing Se content. This decrease of the activation barrier is governed by

an increase of ionic conductivity of up to 2 orders of magnitude leading to an ionic conductivity

0f 0.28 mS-cm™! compared to 0.0025 mS-cm™! for the unsubstituted LicPSs].
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Figure 7: a) and b) Impedance spectra of all compositions of LisPSs.xSexl at room temperature,
showing the ideality of the measurements and the equivalent circuit that was used for fitting. c)
Calculated Arrhenius diagrams showing the good fit quality and d) room-temperature
conductivity and activation barriers. The Se substitution leads to a decreasing activation
barrier and results in an increased conductivity over multiple orders of magnitude. Error bars
correspond to standard deviations obtained from measurements on three samples per

composition.

Structure - property relationships. Figure 8 shows the influence of the expanding lithium
transition polyhedra on the measured activation barrier as well as the correlation to the lattice
dynamics. Using the three different structural descriptors for the diffusion pathway introduced
above, i.e. (1) the triangular transition areas for the short range doublet jump and (ii) the long
range intercage jump as well as the (iii) resulting Li(S/Se)sI tetrahedral volume, a clear
correlation can be found. With increasing width of the diffusion pathways that govern the jumps
within the Li* cage and from cage to cage (inter-cage jump), the activation barrier decreases
(Figure 8a). As lithium jumps between adjacent sites, the ions surrounding the diffusion

pathway have to be displaced. This is often referred to as the bottleneck for diffusion. By



increasing the static structure, and with it the size of this bottleneck, the required energetic

barrier for the ionic jump is reduced.

In addition to the width of the diffusion pathways, the overall softness and polarizability of the
lattice also plays a role (Figure 8b). With increasing selenium content, the lattice softens and
less energy needs to be expended displacing the lattice during the jump. This influence of an
increasing lattice polarizability leading to a reduced activation barrier has recently been shown
in a variety of Li* and Na* superionic conductors.?®4>-3° In this work, the minor disorder induced
on the anion site (Figure S8) does not seem to correlate to the boost in conductivity, suggesting
the lattice softening and diffusion pathway widening as a primary mechanism for better ionic
transport. This is in contrast to work on LisPSsBr, where Se subsitution induced a substantial

decrease in anion site disorder, convoluting the effects on conductivity.*¢

Overall, LisPSsxSexl clearly represents an example in which lattice softening coupled with
diffusion pathway widening strongly influences ionic transport, and shows great promise if it

can be engineered without affecting beneficial anion disorder in the other argyrodites.
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Figure 8. a) Structure property relationship between the activation barrier and the transition
area for Lithium diffusion. The decreasing activation barrier is attributed to a simplified
transition with increasing area size. b) Furthermore, a direct correlation between the lattice
dynamics and the activation barrier is shown. The Debye frequency shows a linear relation to
the activation barrier. c) Schematic on the diffusion pathways and influence of wider
bottlenecks, related to the data in a). d) Schematic of the effect of lattice softening on the ionic
Jjump. The changing Debye frequency and softer lattice leads to wider oscillator potentials and

lower barriers, related to the data in (b).



4. CONCLUSION

In this work, we report the successful incorporation of Se into the argyrodite structure leading
to the substitution series of LisPSs.xSex]. The linear lattice expansion and absence of a selenium
rich impurity phase indicate the formation of true solid solutions. The incorporation of the larger
and more polarizable anion results in a decrease in the observable activation barrier for ionic
migration, resulting in a conductivity increase of around 2 orders of magnitude. The decreasing
activation barrier can be directly related to changes in the static lattice structure and its lattice
dynamics, showing that wider diffusion pathways and more polarizable lattices can positively
influence ionic conduction in the argyrodite superionic conductors. Moreover, given that the
conductivity of the iodide argyrodite was drastically increased without the influence of
increased anion site disorder (which has been suggested to play a major role in the series of the
halide argyrodites), this work highlights the effects of lattice softening that could be exploited

for improving other known compositions.

Supporting Information.

The effect of pre-drying of the Lil precursor is shown. In addition, all structural data as obtained

from Rietveld refinements can be found here.
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