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Abstract

To develop solid-state batteries with high power and energy densities, solid electrolytes with
fast Li* transport are required. Superionic lithium argyrodites have proven to be a versatile
system, in which superior ionic conductivities can be achieved by elemental substitutions.
Herein, we report the novel selenophosphate-based  lithium  argyrodites
Lis-«PSes-xBri+x (0 < x < 0.2) exhibiting ionic conductivities up to 8.5 mS-cm™ and uncover the
origin of their fast Li* transport. Rietveld refinement of neutron powder diffraction data reveals
a better interconnection of the Li* cages compared to the thiophosphate analogue LisPSsBr, by
occupation of two additional Li* sites, facilitating fast Li* transport. Additionally, a larger unit
cell volume, lattice softening and higher structural disorder between halide and chalcogenide
are unveiled. The application of LisgsPSesssBriis as catholyte in In/Liln|LisPSsBrl|
LiNio.83C00.11Mno.0602:Lisg5PSes.85Br1.15 solid-state batteries leads to severe degradation upon
charging of the cell, revealing that selenophosphate-based lithium argyrodites are not suitable
for application in lithium nickel cobalt manganese oxide (NCM) based solid-state batteries from
a performance perspective. This work further expands on the understanding of the structure-
transport relationship in Li* conducting argyrodites and reemphasizes the necessity to consider
chemical and electrochemical stability of solid electrolytes against the active materials when
developing fast Li* conductors.
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1. Introduction

Solid-state Li-metal batteries provide a promising alternative to state-of-the-art liquid
electrolyte-based batteries to improve safety and performance.’ Solid electrolytes are the
centerpiece of solid-state batteries, which can be used as separator and to provide sufficient
ionic percolation in composite cathodes (as catholyte) or composite anodes (as anolyte).*° To
realize sufficient areal loadings of active material for competitive energy densities, solid
electrolytes with ultrafast Li* transport are one major requirement.>®

A plethora of Li* conducting materials have been developed as solid electrolytes for solid-state
batteries including oxides®°, halides!**3 phosphates’**® and thiophosphates'’?!. Among
these materials, lithium thiophosphates stand out owing to their high ionic conductivities and
mechanical softness.!”1%22 Especially, the lithium argyrodites LisPSsX (X = Cl, Br, 1) have
recently attracted significant attention?, since some of the fastest Li* conductors can be
synthesized by elemental substitution of these materials, including LissPo.sGeosSsl
(18.4 = 2.7 mS-cm™)! and LissSio.sSbo.4Ssl (24 mS-cm™)?, At this point, there are a variety of
compositions that exhibit ionic conductivities above 10 mS-cm™,}"18.24-26 \which is indeed the
necessary ionic conductivity to provide fast enough transport in composite electrodes.?’

Lithium argyrodites can crystallize in a low-temperature orthorhombic and a high-temperature
cubic polymorph, of which only the cubic polymorph in space group F43m is a superionic
conductor.?®2° While the phase transition temperature strongly depends on the exact
composition, the halide incorporation has been found to be crucial for stabilization of the high-
temperature polymorph at room temperature.®®3! In the fully-ordered crystal structure of cubic
LisPSsX, which is exemplary as shown in Figure 1a, the halide anions X form a face-centered
cubic lattice (Wyckoff 4a) with the octahedral voids occupied by PSs* tetrahedra (P on
Wyckoff 4b and S on Wyckoff 16e) and free sulfide on half of the tetrahedral sites
(Wyckoff 4d).3%%2 However, for X=CI" and Br there is X7/S? site-disorder between
Wyckoff 4a and Wyckoff 4d, which can be further tuned by adjusting the synthesis
conditions.®*34 By altering the composition, it seems that site-disorder can even be induced in
the case of the iodide-materials.!’*> Computational and experimental studies suggest that the
site-disorder is promoted by similar ionic radii of S?-and X.32:3¢

There is a strongly positive correlation between site-disorder and enhanced Li* transport, which
has been linked to an improved interconnection of the Li* substructure through occupation of
new Li* sites in site-disordered structures.®373 Generally, there are five types of tetrahedral
voids in the lithium argyrodites structure that can potentially be occupied by lithium ions,
classified as type 1 to type 5 (T1 to T5) based on the number of corners and edges shared by
each tetrahedron with neighboring PS4 units as illustrated in Figure S1.3%% While for LigPSsl
only type 5 positions (T5 and T5a) have been reported, recent crystallographic studies have



revealed an additional partial occupation of the T2 position for LisPSsCl and LigPSsBr.%’
Occupancy on these positions results in cage-like Li* structures around the Wyckoff 4d site.
This strongly affects the ionic transport properties, since different Li* jump processes can occur
depending on the occupied tetrahedral Li* positions.®®3° When only type 5 sites are occupied,
as it is the case for LigPSsl, Li* transport is restricted to localized doublet-jumps T5-T5a-T5
from the center of one T5 tetrahedron via a shared tetrahedral face (T5a, 24g) that do not form
an interconnected network for three-dimensional transport. With additional Li* occupancy on
T2 positions, inter-cage Li* transport via T5-T2-T2-T5 is facilitated as shown in Figure 1b,
resulting in significantly improved ionic conductivities of over three orders of magnitude for
LisPSsCl and LigPSsBr compared to LisPSs1.32%" In some “Li* excess” systems with x(Li) > 6
including LissPo.4GeosSsl, Li* occupancy on T4 positions has been reported suggesting that
even faster transport can be achieved if this position is occupied.® First-principles molecular
dynamics calculations have revealed that the occupancy on this site opens up another low-
energy inter-cage diffusion pathway via T5-T4-T5, contributing to the ultrafast Li* conduction
of Lie.sPo.4GeosSsl.%®

Recently, an increasing halogen content has been found to significantly improve the ionic
transport in LigxPSsxCli+x®?® and LisxPSsxBri+?® solid solutions with reports of ionic
conductivities up to 12 mS-cm™ and 11 mS-cm™, respectively for sintered pellets along with
significantly decreased activation barriers. Gautam et al. have correlated the improved ionic
conductivity of LiexPSs.xCli+x with the lowering of the effective anionic charge by introducing
an excess of chloride in the Li* cage center.?® By presence of monovalent anions on Wyckoff
4d sites, the Coulomb interactions between the central anion and lithium ions are weakened.
This results in an increased mean distance of lithium ions from the cage center (Rmean), Which
in turn facilitates inter-cage transport as a consequence of smaller inter-cage distances and thus
decreased activation barriers.?8333* Similar influences of the descriptor Rmean has been found in
Lie.sPo4GeosSsl as well.®

Inspired by the previous success of introducing an excess of halide into the argyrodite structure,
we have investigated the effect of introducing excess bromide into selenophosphate-based
argyrodites of the Lis-xPSes.xBri+xsolid solution series. Based on reports on LisPSs.«SexBr*° and
LisPSs.xSexl*! the introduction of larger and more polarizable Se? is expected to lead to
widening of diffusion pathways and lattice softening, which is expected to further improve ionic
transport. Structural changes, including changes in the Li* substructure, have been investigated
by high-resolution powder neutron diffraction and 3P MAS NMR. The ionic transport
properties are explored by temperature dependent impedance spectroscopy and ‘Li nuclear
magnetic resonance spin-lattice relaxometry. This work shows that the ionic conductivity can
be increased to 85 mS-cm?® by increasing the bromide content in the
LisxPSes«Bri+x solid solution series. Compared to previously reported LisPSsBr, the
selenophosphate-based Lis-xPSes.xBri+x substitution series reveals larger lattice parameters and
lower activation energies for Li* transport, coupled with a higher degree of Se?/Br site-



disorder. The substitution has significant effects on the Li* substructure, leading to the
occupation of two additional Li* positions, T4 and T3, which offer additional pathways for
inter-cage Li* diffusion when compared to LisPSsBr. Finally, the novel fast-conducting
bromide-rich selenophosphate Lis.ssPSes.ssBri.1s is tested as a catholyte in solid-state batteries
and compared to the sulfide-based LisPSsBr, demonstrating that even if fast ionic transport is
achieved, stability and usability of the solid electrolytes in solid-state batteries is not always a
given.

(a) LisPChsBr (b) LisPSsBr
(Ch=S, Se)

O

a Br(4a) Ch? (4d) PCh,> (4b)

Figure 1. (a) Unit cell of LisPChsBr (Ch =S, Se) in the anion-ordered configuration. Br™ ions
form a face-centered cubic structure with Ch? occupying half of the tetrahedral voids and PSs>
units occupying the octahedral interstices. Introduction of larger selenides leads to expansion
of the unit cell volume. The Li* cages around the Wyckoff 4d position are excluded for the sake
of clarity. (b) Li* cages around the Wyckoff 4d position in LisPSsBr include type 5 and type 2
Li* positions, which only enables inter-cage jumps via T2 sites. The arrows describe Li*
transport pathways from one T5 position to T5 positions of neighboring Li* cages. (c) Li* cages
around the Wyckoff 4d position in LigPSesBr include type 5, type 2, type 3 and type 4 Li*
positions, which enables multiple inter-cage jump pathways. The arrows describe potential Li*
transport pathways from one T5 position to T5 positions of neighboring Li* cages.



2. Experimental

Synthesis. All syntheses of the Lis.xPSesxBri+x substitution series (0 < x < 0.25) were carried
out in a glovebox under argon atmosphere (H20 < 0.1 ppm, Oz < 0.1 ppm). Lithium bromide
(Alfa Aesar, 99.998%), selenium (Alfa Aesar, 99.999%), red phosphorus (ChemPUR, 99.99%)
and freshly prepared lithium selenide (as described below) were mixed in stochiometric ratio.
The mixtures were hand ground in an agate mortar, pressed into pellets and filled into carbon
coated quartz ampules with an inner diameter of 10 mm and 10-12 cm length, which were then
sealed under vacuum. All ampoules were dried for two hours at 800 °C under dynamic vacuum
p <4 mbar prior to their use to ensure the absence of any water in the reaction atmosphere. The
sealed ampoules were then transferred into a tube furnace and heated to 450 °C at a heating rate
of 100 °C/h followed by further two weeks of annealing at 450 °C. The final product was
obtained after air-quenching and the obtained pellets were hand ground for further
characterization. All powders were kept under argon atmosphere or vacuum at all times to
prevent contact with moisture and oxygen.

The precursor lithium selenide was prepared via the stochiometric reaction of selenium powder
(Alfa Aesar, 99.999%) and elemental lithium (Alfa Aesar, 99.9%). First, selenium powder was
transferred into a quartz ampule with an inner diameter of 12 mm and 10-12 cm length, which
was pre-dried as described above. Then, elemental lithium was weighed into a graphite crucible,
which was pre-dried together with the quartz ampoule. Subsequently, the graphite crucible
containing elemental lithium was placed in the same ampoule. The ampoule was cooled in
liquid nitrogen to prevent sublimation of selenium, was sealed under vacuum, transferred into
a tube furnace and heated from room temperature to 400 °C at a rate of 12 °C/h, followed by
48 h of annealing. After natural cooling, lithium selenide was obtained, which was hand ground
and checked for purity by powder X-ray diffraction before use.

Neutron powder diffraction. Neutron powder diffraction data of the LisxPSesxBri+x
(0 <x<0.4) samples were collected at Oak Ridge spallation neutron source (SNS, Oak Ridge
National Laboratory) using the PAC automatic sample changer at the POWGEN diffractometer
(BL-11A beamline). The samples (~600 mg) were placed into cylindrical vanadium cans (& =
3 mm) and sealed with a copper gasket under inert atmosphere to avoid air exposure during the
measurement. The diffraction data were collected for seven hours per diffractogram in high-
resolution mode with a center wavelength of 1.5 A. All samples were measured at 293 K.
Additionally, diffraction data was collected for two selected compositions, LisPSesBr and
LisssPSesssBri .15, at 250 K, 200 K and 150 K. The comparison of the structural data to LisPSsBr
is based on previous work by Minafra et al. using the same instrument and conditions.*’

Rietveld analysis. Rietveld refinements were carried out on absorption-corrected neutron
diffraction data using the TOPAS-Academic V6 software package. The structural model by
Minafra et al. obtained from neutron refinements of LigPSsBr was used as starting model.*’
Pseudo-Voigt and GSAS back-to-back exponential functions were used to fit the peak profile



shape.*? Fit quality was assessed based on the indicators Rwp and goodness of fit (GOF).
Following parameters were refined in the given order: (1) Scale factor, (2) background fit by a
Chebychev polynomial with 12 parameters, (3) lattice parameter and (4) the peak shape. Once
a suitable profile fit was achieved, the (5) isotropic thermal displacements parameters, (6)
fractional atomic coordinates and (7) occupancies were refined for all elements except for
lithium. Finally, Li* positions were investigated. All possible Li* positions including T1-T5 and
T5a were probed during refinement, using the starting conditions from Minafra et al.3” Once
negative or unphysical values for displacement parameters or occupancies occurred the
occupancy of lithium on the corresponding sites was assumed to be below the resolution limit
and was thus not included into the refinement model. The occupancy of Li* positions was
constrained to maintain the nominal stoichiometry and thereby ensure charge neutrality.
Additionally, the same displacement parameter for all Li* positions was assumed due to their
similar chemical environment in tetrahedral coordination, and this was needed for a stable
refinement. All constraints applied during the Rietveld refinements as well as the results of the
refinements are given in Tables S1 to S12.

Raman spectroscopy. The samples were fixed on a microscopy glass slide using Kapton tape
to prevent reactions with humidity and ambient air. For the measurements, a Bruker Senterra Il
Raman microscope with a laser wavelength of 532 nm and a laser power of 2.5 mW was used.
Each sample was measured at four different positions applying a 20-fold magnification lens
and an integration time of 5 s. The Raman spectra were recorded in a 47-1548 cm™ range with
a spectral resolution of 4 cm™. For data processing the OPUS 7.5 software package was used.

Potentiostatic electrochemical impedance spectroscopy. AC impedance spectroscopy
was applied to determine the ionic conductivities. Approximately 300 mg of the powders were
hand pressed into pellets, which were then isostatically pressed at 413 MPa for 30 minutes. The
obtained pellets were put into 10-12 cm long, carbon coated quartz glass ampoules with an inner
diameter of 10 mm. After sealing the ampoules under vacuum, the pellets were placed in a tube
furnace and sintered at 450 °C for ten minutes, followed by natural cooling, resulting in relative
densities between 89% - 95%. Due to its higher fragility under natural cooling conditions a
cooling rate of 10 °C/h was used for the pellet with the nominal composition LisgPSes.gBr.2.
All pellets were then sputter coated with gold electrodes under vacuum of 0.1 mbar, using a
sputtering time of 300 s per side and a current of 30 mA. Subsequently, the pellets were
incorporated into a pouch cell with dimensions of ~2 cm x 2 cm and contacted using aluminum
current collectors. The impedance spectra were recorded with an Alpha-A impedance analyzer
(Novocontrol Technologies) in a temperature range from 298 K to 173 K. An AC excitation
voltage of 10.6 mV was applied to record spectra in a frequency range of 5 MHz to 100 mHz.
Before each measurement, the temperature was equilibrated for one hour to ensure the sample
has reached the targeted temperature. For further evaluation of the data, including the fitting of
the Nyquist plots, the RelaxIS 3 software package by rhd instruments was used. The data quality
was assessed by Kramer-Kronigs analysis to determine the reliable frequency range for fitting



of the data. Uncertainties of the ionic conductivity were calculated from fit and geometrical
errors.

Nuclear magnetic resonance (NMR) spectroscopy. Solid-state 3P magic-angle spinning
(MAS) NMR spectra were recorded on a Bruker DSX 500 spectrometer equipped with a
11.74 T wide bore magnet using a 2.5 mm Bruker MAS probe operating at a Larmor frequency
of 202.4 MHz. A pulse length of 2.5 us, corresponding to a flip angle of n/2 at a nutation
frequency of 100 kHz, and a recycle delay of 100 s were used for the single-pulse excitation
scheme. The powder samples were packed into 2.5 mm ZrO> rotors under argon atmosphere.
MAS was conducted at a rotation frequency of 25.0 kHz and the magic angle was calibrated
using the Na resonance of solid NaNOs under MAS. The 3P chemical shift scale was
referenced to phosphoric acid (HsPOa4) at 0 ppm.

Static saturation-recovery ‘Li NMR experiments were recorded on a Bruker Avance |11 300
spectrometer equipped with a 7.05 T wide bore magnet using a VTN broadband probe operating
at a Larmor frequency of 116.6 MHz. The powder samples were transferred into 4 mm ZrO>
rotors under argon atmosphere. All experiments were conducted with a pulse length of 2.5 us
for a flip angle of n/2, corresponding to a nutation frequency of 100 kHz. The length of the
recovery delay was incremented with four steps per decade from t; = 10° s to tzs = 56.234 s.
The free-induction decays were Fourier transformed and integrated in TopSpin and the resulting
signal intensity curves were fitted using an exponential saturation function with stretching
exponent. The temperature of the sample was regulated in the temperature range between 200 K
and 290 K by using a nitrogen gas flow of an Air Jet XR compressor-based cooling system
from SP Scientific (FTS Systems) and electrical heating. In the temperature range from 320 K
to 440 K an uncooled nitrogen gas flow and electrical heating were used to stabilize the
temperature. External calibration of the temperature was achieved by using the chemical shift
differences of the *H NMR resonances of methanol (200 K to 290 K) and ethylene glycol (320 K
to 440 K).*®

Assembly of solid-state batteries. To compare the performance of LisgsPSesgsBri1s as
catholyte to  LisPSsBr, solid-state  battery half-cells of the composition
In/Liln | LisPSsBr | NCM83:Lis ssPSes.s5Br1.15 and In/Liln | LisPSsBr | NCM83:LisPSsBr were
assembled in press cells in a glovebox under argon atmosphere (H2.O < 0.1 ppm, O2 < 0.1 ppm).
The setup of the press cells is adapted from a previous report.** Commercial
LiNiog3C00.11Mng0sO2 (NCM-83, MSE supplies) was dried over night at 250 °C in a
Bichi B-585 glass oven prior to use. For the composite cathode, the as-prepared
LisgsPSesssBri1s and LisPSsBr were used as catholyte and NCM-83 was used as the cathode
active material. While NCM-83 and LisssPSes.s5Br1.15s were weighted in a 54:46 weight ratio,
NCM-83 and LisPSsBr were weighted in a 65:35 weight ratio to obtain a 45:55 volume ratio in
both cases. The mixtures were subsequently soft milled in a 100 mg batch for 15 minutes at
15 Hz using five ZrO; balls (& =5 mm). For the cell assembly, 60 mg of LigPSsBr was filled



into the press cell as separator. After hand pressing, 12 mg of the cathode composite was
distributed homogeneously on the separator surface. Subsequently, a pressure of three tons was
applied for three minutes. For the anode a lithium rod (abcr, 99.8%) was cut into 1.5-2 mg
pieces and pressed into foil. The freshly prepared lithium foil and indium foil (chemPUR,
100 pm thickness, 9 mm diameter, 99.999%) were used to form the In/Liln anode in-situ. After
finishing the cell assembly, the press cells were fixed in an aluminum frame and put under
~60 MPa pressure. Before starting electrochemical measurements, the battery was rested at
OCV for six hours to allow for formation of the In/Liln alloy and to achieve microstructural
relaxation. For cell cyclisation, the cells were charged to 3.7 V and discharged to 2.0 V versus
In/Liln at 298 K using a C-rate of 0.1 C based on a capacity of 200 mAh-gcam™ for NCM-83.
To investigate the influence of applied potential on the degradation during cycling, half-cells
were charged with 0.1 C from 2.0 - 3.7 V versus In/Liln in steps of 0.2 V. After each charging
step the batteries were rested for one hour, followed by a potentiostatic electrochemical
impedance spectroscopy (PEIS) measurement. Those PEIS measurements were performed at
298 K using a BioLogic VMP-300 potentiostat. An AC voltage of 10 mV was applied and
impedance spectra were recorded in a frequency range of 7 MHz to 10 mHz. For further
evaluation of the data, including the fitting of the Nyquist plots, the RelaxIS 3 software package
by rhd instruments was used. The data quality was assessed by Kramer-Kronigs analysis to
determine the reliable frequency range for fitting of the data.

3. Results & Discussion

Structural characterization. Lithium argyrodites of the target composition LisxPSes-xBri+x
(x=0,0.05,0.1, 0.15, 0.2, and 0.3) have been synthesized with increasing bromide content, to
assess the influence of structural changes on ionic transport properties and were checked for
purity using powder X-ray diffraction. For the structural characterization, neutron powder
diffraction has been carried out, and the diffraction patterns were analyzed by Rietveld
refinement. In contrast to X-ray diffraction, neutron diffraction data allows to differentiate
between the isoelectronic bromide and selenide and further enables detailed investigation of the
Li* substructure. All neutron diffraction patterns are shown in Figure S2.

For the Lis-xPSs.xCli+x solid solution series a certain solubility limit exists and the free S?- cannot
be fully replaced by the halide anion. Here, in the case of Lis.xPSes«Bri+x, a sharp increase of a
LiBr side-phase is observed at x = 0.3 by powder neutron diffraction data (Figure S3) suggesting
that the solubility limit is reached between 0.2 < x < 0.3. All compositions within the solid
solution regime only contain a minimal amount of LiBr side phase below 2 wt% and therefore
close to the detection limit and no further side phases were observed. Investigation of the lattice
parameter by Rietveld refinement against the neutron diffraction data reveals a linear decrease
of the lattice parameter up to x = 0.2 (Figure 2a). Potential explanations for the unit cell
contraction are the increase in Li* vacancy content or changes in the Li*™ substructure as



observed in Lis-xPSsxCli+x.2 Since the ionic radii of Se? (1.96 A) and Br- (1.98 A) are similar®,
this should only have negligible influence on the lattice parameter. Beyond x = 0.2, no further
decrease of the lattice parameter is observed, supporting above findings regarding the solubility
limit. Due to the onset of side-phase for compositions with x > 0.2, only the compositions

0 <x<0.2 were considered for all further investigations.

For the refinement of the neutron diffraction data, the structural model from Minafra et al. for
LisPSsBr was used as starting point.3” The refinement data of all compositions and employed
constraints, including tabulated structural data are compiled in the Supporting Information
(Figures S4, S5 and Tables S1-S12). All compositions crystallize in cubic F43m space group,
typical for the fast-conducting lithium argyrodite high-temperature polymorph. The full
replacement of S% in LisPSsBr by larger Se as in LigPSesBr leads to significant expansion of
the unit cell volume, indicated by an increasing lattice parameter a (Figure 2a). Additionally, a
higher site-disorder between the chalcogenide and halide is observed for LisPSesBr when
compared to LisPSsBr, possibly due to the larger size-mismatch between S? and Br-, compared
to Se? and Br~ (Figure 2b). While the Br/Ch? site-disorder for pristine LigPSsBr is 16.1(6)%,
the site-disorder is 44.7(7)% in the case of LigPSesBr, leading to a significantly higher halide
occupancy on the Wyckoff 4d position. For increasing degrees of substitution X in
LisxPSesxBri+x, Rietveld refinement of the powder neutron diffraction data reveals a steady
increase of Br occupancy on Wyckoff 4d from 44.7(7)% for x = 0 up to 50.2(7)% for x = 0.2.
To further probe the Br site occupation of Wyckoff 4d in the LiexPSesxBri+xsubstitution series,
3P MAS NMR spectra have been recorded for compositions with x = 0 to 0.2, as exemplary
shown for LisPSesBr in Figure 2c and for all remaining compositions in Figure S6. As described
by Koch et al.*® and comparably for the LisPSsBr by Wang et al.?®, the mixed Wyckoff 4d site
occupation by Br/Se? splits the 3P NMR resonance into five signals in the range
of -75.6 to -98.5 ppm. They can be assigned according to a distribution of Br/Se? on the four
nearest neighbor Wyckoff 4d positions around the PSes* tetrahedron with (in order of
decreasing chemical shift) 4Se, 3SelBr, 2Se2Br, 1Se3Br and 4Br as illustrated in Figure S7.
From the relative integrals of each 3P signal, the bromide occupation on Wyckoff 4d can be
compared to the results from the neutron diffraction data in Figure 2d. In agreement with the
results from neutron powder diffraction, a trend towards higher Br occupation of the Wyckoff
4d position with an increasing degree of substitution x was found. The Br occupancy from
3P MAS NMR measurements can be given as 45.3(5)% in the case of LisPSesBr and steadily
increases to 51.1(5)% in the case of x=0.2 for LiexPSesxBri+. With probabilities for a
statistical mixing taken from the relative integral analyses, the Br and Se?" site-occupancy on
Wyckoff 4d can be modeled with a binomial distribution, as shown in Figure S8. Comparing
the relative integrals from 3'P MAS NMR to the binomial model, the most apparent difference
is the lower-than-expected occurrence of 4Br and 4Se-coordinated PSes* tetrahedra, which
could be explained by a preference towards homogeneous charge distribution in close proximity
to the PSes* tetrahedra. The presence of PSes* tetrahedra was verified by Raman spectroscopy.



For all compositions of the Lis.xPSesxBri+x substitution series the symmetric stretching mode
of PSes> tetrahedra is observed at wavenumbers v = 233 - 235 cm™, which is in line with
previous reports (Figure S9).404* According to Bernges et al. the wavenumber of the symmetric
stretching mode of the PS4 units in LisPSsBr lies at v = 420 cm™, indicating softening of the
lattice upon full substitution of S?- by Se?.*? Besides purely static structural influences on ionic
conductivity such as Li* concentration and width of diffusion pathways, the dynamics of the
host lattice have been shown to strongly impact ionic transport.324! Here, the softer anion
sublattice incorporating Se* aids fast ion conduction, since it exhibits a weaker bonding
interaction to the mobile lithium ions.
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Figure 2. (a) The lattice parameter decreases linearly along with increasing degree of
substitution. (b) The evolution of bromide occupancy along with increasing degree of
substitution. (c) 3P MAS NMR spectrum of LisPSesBr showing the spectral deconvolution and
assignment with respect to the occupancy of the Wyckoff 4d positions (see Figure S7 for details).
(d) 3P MAS NMR and neutron powder diffraction data show a trend towards higher bromide
site-occupancy on Wyckoff 4d with an increasing degree of substitution. The uncertainties
correspond to one standard deviation based on the refinement of the neutron powder diffraction
data.

For the Rietveld refinement of the powder neutron diffraction data all tetrahedrally coordinated
positions that can possibly be occupied by lithium ions (T1-T5) were considered. Thereby, non-
negligible occupancies on four Li* positions including T5, T2, T4 and T3 are found. The Li*
occupancies found for LisxPSesxBri+ and previously reported for LisPSsBr by Minafra et al.



are shown in Figure 3a. Compared to the Li" substructure of LisPSsBr, there is a significantly
higher Li* occupancy on the T2 site for all investigated Lis.xPSesxBri+x compositions. While
for LisPSsBr approximately 30% of all lithium ions occupy T2 sites, this share lies at 48(2)%
for LiePSesBr and steadily increases up to 55(2)% for LissPSessBri2. Additionally, all
compositions of LiexPSesxBri+x show occupancy on the T4 site (between 2.9(9)% and
3.9(10)%) and the T3 site (between 3.2(5)% and 3.7(4)%) which have not been reported for
LiePSsBr. Occupancy on the T4 site has previously been found for highly conducting Lis+xP1-
«GexSsl solid solutions® and is hypothesized to open up an additional pathway for inter-cage

* diffusion.® Occupancy on the T3 site has also been reported for high conducting
thioantimonate-based lithium argyrodites.?* The occupancy on type 5 positions is reduced to
around 40% as opposed to approximately 70% in the case of LisPSsBr. In general, all studied
compositions of LiexPSesxBri+x exhibit a significantly higher occupancy of positions involved
in inter-cage transport i.e. T2, T4 and T3. These results suggest that the Li* cages are more
interconnected than for LisPSsBr, facilitating long-range Li* transport as illustrated in Figure
3c,d. Increasing occupation of the T2 position with increasing degree of substitution suggests
that with higher x the preference towards inter-cage transport increases.
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Figure 3. (a) Li* distribution across Li* positions in LisPSsBr and Lis.xPSes.xBri+xas a function
of x. (b) Mean distance of lithium ions to the Li* cage center (Wyckoff 4d) as a function of x.
All uncertainties correspond to one standard deviation based on the refinement of the neutron
powder diffraction data. (c) Representation of the connectivity of Li* cages in the case of
LisPSsBr including T5 and T5a sites (grey) and T2 sites (green). (d) Representation of the



connectivity of Li* cages in the case of LisPSesBr including T5 and T5a sites (grey), T2 sites
(green), T3 sites (orange) and T4 sites (blue).

Using temperature dependent powder neutron diffraction, changes of the Li* site-occupancy
with temperature have been investigated between 150 K and 293 K for LisPSesBr and
LisgsPSesssBri1s and are compared to LisPSsBr. While the trend is not as pronounced as for
LiePSsBr, also the selenophosphates show a tendency towards decreasing occupancy on the T5
position with increasing temperature (Figure S10). These results suggest, that while the T5
position may still be the energetically lowest position on the potential energy surface of all
occupied Li" positions, the other Li* positions are very similar in terms of their potential energy.

As the mean distances of lithium ions to the center of the Li* cages formed around Wyckoff-
4d, named Rmean, has been shown to be a valuable descriptor of the changing Li* substructure
in lithium argyrodites®®, Figure 3b shows this for the series of solid solutions Lis-xPSes-xBrix
which reveals an expansion of the Li* cages with increasing bromide content. This observation
is analogous to the Lis-xPSsxCl1+x substitution series, in which a cage expansion was observed
for higher x and was correlated to lowering of the effective anionic charge in the cage center
due to substitution of S* by CI~.%

lonic transport. Temperature dependent electrochemical impedance spectroscopy was
employed to measure the ionic conductivity and activation energies for ionic transport for
Lis-«PSes-xBri+x (0 < x < 0.2).3 To minimize uncertainties of the extracted impedance values
caused by the high ionic conductivity of the materials, low-temperature impedance data was
acquired from 173 K to 298 K.

The impedance spectra recorded at temperatures from 173 K to 298 K were fit with an
equivalent circuit model containing a resistor in series with a constant phase element (CPE)
corresponding to the materials total resistance and the electrode blocking behavior respectively
(Figure 4a,b). More complex models give unreasonable fits at these temperatures, as the
processes cannot be further resolved. At lower temperatures from 173 K to 213 K, it was
possible to fit the data with an equivalent circuit model consisting of two serial elements
containing a resistor in parallel to a CPE, in series with another CPE (Figure S11). The resulting
fits are in good agreement with the obtained experimental data as it is exemplary shown for
LisPSesBr in Figure 4c. For the first RP element capacitances around 4 - 107! F suggest this
process is related to bulk transport. Alpha values of 0.97 demonstrate the ideality of the
semicircle.*’ For the second RP element, capacitances between 3 - 10 to 8 - 10”° F indicate the
corresponding semicircle may be attributed to the grain boundaries.*® However, low alpha
values between 0.5 to 0.65 provide indication that the grain boundary contributions cannot be
clearly deconvoluted, as it is typical for lithium argyrodites.*® Therefore, for further calculations
only the total resistance is considered. The calculated temperature dependent ionic
conductivities exhibit linear Arrhenius behavior as shown in Figure 4d.
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Figure 4. (a) Arrhenius plots of the LisxPSesxCli+x solid solution. (b)-(d) Representative
Nyquist plots for temperature dependent impedance data of LisPSesBr. Insets show the
equivalent circuit models used to fit the impedance data.

Figure 5a shows the evolution of ionic conductivity with changing composition. Already for
pristine LigPSesBr the ionic conductivity is significantly higher than compared to LisPSsBr,
reaching 5.0 mS-cm™, which is likely a result of the better interconnection of the Li* cages
along with increasing unit cell volume and lattice softening. With increasing bromide content
an increase in ionic conductivity up to a maximum of 8.5 mS-cm™ at x = 0.15 was measured.
The trends in ionic conductivity can be correlated to the evolution of Rmean, with further
displacement of lithium ions away from the cage center leading to higher ionic conductivities
(Figure 5b), promoting an even better interconnection of Li* cages. For the composition x = 0.2
the conductivity drops, although the solubility limit may have not yet been reached based on
the diffraction. At this stage, two possible explanations seem reasonable: 1) while the solubility
limit has not been reached based on diffraction, LiBr exsolution may have already started (see
Figure S3) or 2) the lower conductivity may be due to the adjusted sintering conditions for
x = 0.2 as a high mechanical fragility was observed. The changing mechanical properties or
thermal treatment history, which has been shown to affect the ionic conductivity,®® can affect
transport.

The activation energies show values between 0.35 and 0.39 eV determined by impedance
spectroscopy and 0.25 and 0.26 eV determined by ‘Li NMR spin-lattice relaxometry across all
compositions, which is in line with the observed high Li* conductivities. The deviations in the



activation energies are related to the intrinsic differences between ‘Li NMR relaxometry and
impedance spectroscopy. ‘Li NMR relaxometry mainly considers the activation energy related
to ionic transport through the bulk of the material, while the contributions of ionic jumps over
grain boundaries can be neglected.®® The fitted ‘Li relaxometry NMR data is given for
LisPSesBr in Figure 5¢ and for all remaining compositions in Figure S12.
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Figure 5. Room temperature ionic conductivities as a function of (a) composition and (b) Rmean.
(c) Arrhenius plot of the 'Li NMR spin-lattice relaxation rates for LigPSesBr with indicated Li*
self-diffusion activation energy Ea (see also Figure S12). S denotes a stretching exponent from
a modified BBP fit (see in reference for details).>® (d) Activation energies determined by
potentiostatic electrochemical impedance spectroscopy and ‘Li NMR relaxometry. Note that
the error bars are enclosed within the symbols.

Evaluation of the selenophosphates as catholytes. Due to their high ionic conductivities the
materials from the LiexPSes.xBri+x substitution series appear as promising candidates for
catholytes in solid-state batteries. In order to verify their performance, the highest conducting
composition of the solid solution series LisgsPSesgsBriis is tested as catholyte in
In/Liln|LiegPSsBrINCM-83:LisgsPSess5Briis  half-cells and compared to LisPSsBr as a
catholyte.



In Figure 6a the ~cycling data for the first ten cycles of a
In/Liln|LigPSsBrINCM-83:Lisg5PSesg5Bri1.15 cell in a potential range of 2.0 — 3.7V versus
In/Liln and with a charging rate of 0.1 C (areal capacity g. = 1.65 mAh-cm™ and current density
j=0.165mA -cm?) is shown. For comparison, the first ten cycles of an
In/Liln|LisPSsBr[INCM-83:LisPSsBr cell using LisPSsBr instead of LisgsPSesgsBriis as
catholyte at the same charging rate of 0.1 C (0a = 1.99 mAh-cm™, j = 0.199 mA - cm™) is given
in Figure 6b. The reference cell with NCM-83:LisPSsBr cathode composite achieves a high
initial charge capacity of 208 mAh-g and high charge and discharge capacities around
150 mAh-g* in subsequent cycles. In contrast, the cell with NCM-83:L s ssPSes ssBr1.15 cathode
composite only achieves a low initial charge capacity of 39 mAh-g™ and negligible charge and
discharge capacities in the subsequent cycles. Additionally, the typical features of a charging
curve as it can be seen for In/Liln|LiePSsBr|INCM-83:LisPSsBr cells in Figure 6b are not
present. The impedance data collected after each charge are shown for the 1%, 2", 3 5% and
10" cycle of both cells in Figure 6¢ and 6d. While the impedance data for the reference cell
suggest only a slight increase of total impedance from the 1% to the 10" cycle from around
200 Q to 300 Q, the total impedance of the cell with the LisgsPSes.gsBr1.15 catholyte shows very

high total resistances of over 40 kQ, even after the first cycle.
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Figure 6. (a), (b) Charge and discharge curves of the first ten cycles of an
In/Liln|LisPSsBr[INCM-83:SE cell at 0.1 C and 25°C containing LisPSesBr (orange) or
LisPSsBr (blue) as catholyte. (c), (d) Evolution of total impedance after charging during the
first ten cycles of an In/Liln|LisPSsBrINCM-83:SE cell at 0.1 C and 25°C containing LisPSesBr



(orange) or LisPSsBr (blue) as catholyte. Due to the shifting of the impedances, the y-axis scales
are arbitrary and are hence omitted.

To investigate the chemical stability of Lis gsPSes.g5Br1.15 against NCM-83 at room temperature,
an In/Liln|LisPSsBr[NCM-83:LisgsPSes.g5Bri.15 cell was kept at open circuit voltage (OCV)
without cycling. Impedance spectra recorded after 6 h and 54 h of OCV show unchanged low
total resistances of these cells, indicating chemical stability under these conditions (Figure S13).
These results suggest that the severe decomposition in the first charge cycle, is a result of the
electrochemical instability of LisgsPSesgsBri.1s at elevated potentials. In a theoretical study on
chalcogenide substitutions in lithium argyrodites by Chen et al. a smaller band gap and lower
structural stability of selenophosphate-based argyrodites compared to their sulfide-based
counterpart has been reported.>® The smaller electrochemical stability window likely makes
selenophosphate-based argyrodites more prone to oxidation.

To further investigate the influence of applied potential on the degradation during cycling,
impedance  spectra  were recorded after each 0.2V charging step of
In/Liln|LiePSsBrINCM-83:LisgsPSes.g5Bri.1s cells charged with 0.1 C from 2.0 — 3.7 V vs.
In/Liln (Figure 7). Already at 3.0 V' vs. In/Liln an increase of total resistance was observed,
indicating the formation of an resistive interphase. With further increasing voltage, the total
resistance  grows  continuously.  Similar  experiments  were  conducted for
In/Liln|LiePSsBrINCM-83:LisPSsBr cells. These cells show an onset of degradation at 3.2 V vs.
In/Liln, but a significantly smaller total resistance of less than 100 Q at 3.6 V vs. In/Liln.
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Figure 7: Evolution of total impedance along with increasing potential U vs. In/Liln in
(@) In/Liln|LisPSsBrINCM-83:Lis.ssPSes.ssBri1s and (b) In/Liln|LisPSsBriNCM-83:LisPSsBr
cells. The color gradient from blue to orange emphasizes the increase in potential U from 2.0 V
to 3.6 V.

While the onset of degradation at lower potentials against In/Liln when using LisgsPSes.g5Br1.15
as catholyte may be a result of a smaller electrochemical stability window, the significant



increase in total resistance at higher voltages is likely caused by detrimental properties of the
resulting degradation products.®**? In sulfide-based lithium argyrodites, degradation
phenomena at the interface of NCM and the solid electrolyte have been identified to
significantly impede the Coulomb efficiency, due to formation of phosphate and sulfate-like
species involving lithium and transition-metal ions as the cationic species.>® The thickness of
the interphase layer forming around NCM particles gradually increases during cycling,
eventually inhibiting the Li* transport to and from NCM particles during operation of the cell.
In the case of selenophosphate-based argyrodites, degradation products based on selenates or
selenites are conceivable. In contrast to sulfates, these compounds have significantly smaller
band gaps and thus may facilitate electronic transport and thereby faster degradation of the
catholyte.>* Further investigation of the decomposition products forming at the interface of
NCM-83 and the LisgsPSesgsBriis by X-ray photoelectrons spectroscopy or comparable
techniques have not been conducted, as above cycling experiments clearly show that solid
electrolytes of the LisxPSesxBri+x substitution series are not suitable for use as catholyte in
solid-state batteries, at least when using NCM-based active materials above 3 V versus In/Liln.
In addition to their poor performance as catholytes in SSBs, selenophosphate-based solid
electrolytes are concerning from as safety perspective, as exposure to humidity results in the
evolution of hazardous H.Se.> Nevertheless, cycling within a lower voltage range or the use of
the material in other cell chemistries such as Li-S batteries is potentially possible, but this
requires further investigation. The results of the cycling experiments highlight, that for
development of highly conducting solid electrolyte materials, it is crucial to also test the
material in cells to ensure chemical and electrochemical stability.

4. Conclusion

In this work, the LisxPSesxBri+x (0 <x <0.2) substitution series has been explored and the
performance of LisgsPSesgsBriis as catholyte in solid-state batteries has been tested. Using a
combination of neutron powder diffraction, *'P-NMR and Raman spectroscopy for structural
investigations as well as potentiostatic electrochemical impedance spectroscopy and ‘Li NMR
relaxometry to probe the Li* transport, structure-transport relationships were unveiled.

High Li* conductivities of 5.0 mS-cm™ for LisPSesBr up to 8.5 mS-cm™ were found in the
LisxPSes«Bri+x (0 < x <0.2) substitution series. Comparing LigPSesBr with its thiophosphate
analogue reveals the occupation of two additional Li* positions T3 and T4, opening up further
diffusion pathways and thereby providing better interconnection of the Li* cages in
selenophosphate-based lithium argyrodites. Additionally, larger lattice parameters and a
softening of the lattice upon introduction of selenium were discovered. The increase of ionic
conductivity at higher degree of substitution x in LisxPSesxBri+x (0 <x<0.15) could be
correlated with the increase of the mean distance of Li* ions to the center of the Li* cages Rmean
and higher Li* occupancy on positions involved in inter-cage transport. Solid-state batteries



using LisgsPSesgsBri1s as catholytes indicate the formation of a highly resistive interphase at
potentials >3V vs. In/Liln. This finding suggests that, together with the higher toxicity of
H>Se, selenophosphate-based materials are not suitable for application in solid-state batteries
that use NCM as active materials, nevertheless the high ionic conductivities may be interesting
for conversion-type active materials such Si, FeS; or S.

Besides expanding on the understanding of the structure-transport relationship in lithium
argyrodites, this work demonstrates that good chemical and electrochemical stability of
electrolyte materials are indispensable for the construction of solid-state batteries with high
performance and long cycle life.
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