Pressure-induced dislocations and their influence on ionic transport in
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ABSTRACT

The influence of microstructure on ionic conductivity and cell performance is a topic
of broad scientific interest in solid-state batteries. The current understanding is that
interfacial decomposition reactions during cycling induce local strain at the interfaces
between solid electrolytes and anode/cathode, as well as within the electrode
composites. Characterizing the effects of internal strain on ion transport is particularly
important given the significant local chemomechanical effects caused by volumetric
changes of the active materials during cycling. Here, we show the effects of internal
strain on the bulk ionic transport of the argyrodite LigPSsBr. Internal strain is
reproducibly induced by applying pressures with values up to 10 GPa. An internal
permanent strain is observed in the material indicating long-range strain fields typical
for dislocations. With increasing dislocation densities, an increase in the lithium ionic
conductivity can be observed that extends into an improved ionic transport in solid-
state battery electrode composites. This work shows the potential of strain
engineering as an additional approach for tuning ion conductors without changing the

composition of the material itself.
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INTRODUCTION

Solid-state batteries using inorganic ion conductors are considered to be one of the
most promising next-generation technologies for energy storage. To achieve successful
commercialization, the development of batteries with higher energy densities and
better cycling performance at affordable cost is indispensable.*? Many solid
electrolytes have been synthesized in the past years and much effort has been made
on structural modifications to achieve faster ion transport.3 Even within the same class
of materials, there is a large variation of the ionic conductivity achieved by
modifications in composition and disorder.*> Lattice softness, polarizability and the
energy landscape are tunable factors which reveal the enormous influence of the
structural changes on ion transport.®’ Lithium argyrodites LisPSsX (X = Cl, Br, 1) have
attracted considerable interest as electrolytes for solid-state batteries due to their
intrinsically high ionic conductivities and their structural tunability, which make even
higher ionic conductivities achievable. Typically, lithium argyrodites are synthesized by
solid-state synthesis or ball milling.8° Interestingly, the cooling process results in
tunable Br/S-site disorders which affect the ionic conductivities in LigPSsBr.>° In
addition, elemental substitutions have been proposed to lower the activation energy
and flatten the energy landscapes for Li* transport,**! as well as tune the charge carrier
density,!> possibly leading to enhanced ionic conductivities. Nevertheless, it still
remains challenging to significantly increase the ionic conductivity of these materials

to achieve higher performance in solid-state batteries.®

Theoretically, strain has been suggested to potentially affect the ionic conductivity in
solids,*® however, strain engineering has yet to be explored in the fast conducting solid
electrolytes for solid-state batteries. Strain engineering, and more specifically the
incorporation of internal strain into materials, has been historically developed to tune
mechanical properties,* as well as thermal and electronic transport.’® In the analysis
of strain, both elastic and plastic deformation need to be considered. For instance,
elastic strain is reversible and disappears once the external forces are removed, where
the material returns to its original shape. It is governed by Hooke’s law and is
characterized by a linear stress-strain relationship. In contrast, plastic strain is

permanent and arises as a result of introducing dislocations into the atomic structure



(as illustrated in Figure 1b). This introduction of dislocations occurs through

macroscopic plastic deformation of the material.®
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Figure 1. Dislocation in a cubic lattice. (a) A representation of the atomic rearrangements in a
cubic pristine lattice, where the arrows represent the applied stress and (b) atomic
rearrangements which accompanied by the motion of an edge dislocation as it moves in

response to applied stress. The center represents the edge dislocation line.

Dislocations are non-equilibrium defects that are kinetically stable but will annihilate
when they become mobile enough at elevated temperatures. Dislocations are
characterized by the Burgers vector, which gives information about their orientation
and their magnitude. Within the dislocation, a dislocation core is the central region of
a dislocation line, at which the lattice structure is distorted or disrupted due to the
presence of the dislocation. It is a small, localized region on the atomic level within a
crystal lattice with high density of defects and lattice irregularities. Because dislocation
cores are topologically one-dimensional, there has been particular interest in using
them to tune electronic and ionic transport properties.’’” The intrinsic ability of
dislocations to multiply and propagate determines many mechanical properties of
metals and alloys.'® Vacancies and interstitials can rapidly diffuse, by using dislocation
cores as pathways/fast diffusion channels. In particular, the open space at the
dislocation core offers fast diffusion channels for defects and dislocation lines can act

as fast paths for diffusing atoms; a phenomenon called pipe diffusion.’18

Elastic strain has been proposed to enhance the performance of electrochemical

19,20

devices, such as solid oxide fuel cells and batteries?! by enhancing ion conduction.



However, it was shown that dislocation cores can have a negative impact on oxide ion
diffusion in metal oxides by slowing down the ions because of the segregation of
charged defects.!” As oxygen vacancies and dopant metal cations both accumulate at
dislocation cores, these ionic defects can then interact and trap each other.'” In terms
of thermal transport, the introduction of dislocations effectively result in the scattering
of the mid-frequency phonons, reducing the lattice thermal conductivity and
improving the thermoelectric figure of merit.2%23 Strain and microstructural changes
at heterophase boundaries in composite solid electrolytes have been suggested to be
responsible for the increased ionic conductivity.?* Regarding solid electrolytes for
solid-state batteries, strain is present at the interface of the solid electrolyte with the
cathode and the anode due to interfacial reactions and volumetric expansion and
contraction of the electrodes during charging and discharging cycles.'3 The effects of
strain on Li* diffusion have been reported for the g-LisPSasolid electrolyte by using ab-
initio molecular dynamics, where elastic strain was suggested to promote Li* disorder
and increase ionic conductivity, having a similar effect as chemical substitution.!3
Although internal strain has also been shown to induce lattice softening,'® it is unclear
whether it may result in decreased activation barrier for ionic transport. Effects of
dislocations have also been studied in yttria-stabilized zirconia used as a solid

electrolyte for fuel cells, where their introduction led to higher ionic conductivity.?

Based on these studies, applying stress to a solid can lead to structural changes in
materials. In porous materials, while applying pressure initially consolidates a material,
it can involve plastic deformation during of the rearrangement of particles. After the
material is fully densified, the application of additional pressure will begin to compress
the structure itself.?® As electrolytes are usually consolidated at high-pressures of 350
MPa and above,?” and solid-state batteries are still often constructed to have a nominal
stack pressure of over 50 MPa,?® there is an open question as to what happens to Li*

conductors under these elevated pressures.

In this work, we investigate strain engineering to alter the ionic conductivity of LisPSsBr.
Strain is induced in LigPSsBr by applying pressure (0.5 GPa, 1.0 GPa, 1.5 GPa and 10.0
GPa) and characterized using powder X-Ray diffraction. Powder X-ray diffraction

analyses of the already pressed/strained material (“ex-situ”) are compared to the



synchrotron X-ray diffraction analyses under applied pressure (“in-situ”). The strain is
guantified and compared for both techniques, using the Williamson-Hall method and
the Stephens’ anisotropic strain model. Internal strain remains in the material, even
after the release of the applied pressure, corresponding to the introduction of
dislocations into the structure. Pair distribution function and Raman analyses reveal
no change in the short-range local structure. However, the dislocations shorten the
overall coherence length of the material, indicating that the origin of the long-range
strain is caused by dislocations. Nuclear magnetic resonance and impedance
spectroscopy analyses suggest that the short-range transport is hindered in strained
LisPSsBr and that the long-range total ionic transport is improved. Finally, the strained
and unstrained LisPSsBr are tested as catholytes in solid-state batteries to examine if
the strain is favorable for the electrochemical performance. The ion transport of the
composite material is analyzed by measuring the partial ionic and electronic
conductivities, as obtained from transmission line modeling of impedance
measurements, as well as DC polarization measurements. This work shows the impact
of internal strain on the ionic conductivity of solid electrolytes and underlines the
significance of an accurate understanding of the processes occurring in solid state

batteries under pressure.



METHODS

Synthesis. All synthesis steps of LisPSsBr were carried out under inert Ar atmosphere
(O2 < 0.5 ppm and H;O < 0.5 ppm). Lithium sulfide (Li;S, Alfa-Aesar, 99.9%),
phosphorous pentasulfide (P4S10, Merck, 99%) and lithium bromide (LiBr, ultradry, Alfa-
Aesar, 99.99%) were mixed in the appropriate stoichiometric ratio and hand-ground
in an agate mortar. For the ball-milling synthesis, the obtained composition was
transferred into a 45 mL zirconia ball milling cup with 5 mm diameter balls (40:1 mass
ratio of balls to precursor) and milled for a total of 150 cycles (10 minutes milling time
and 10 minutes resting time). During the 150 cycles of milling, the ball mill cups were
opened twice to remove the caked powder from the walls of the milling cups and to
hand-grind it. Subsequently, the obtained powder was pressed into a 1 cm diameter
pellet and filled into carbon-coated ampoules that had been preheated at 1073 K for
2 hours under dynamic vacuum to remove any traces of H,O. The ampoules were then
sealed under pressure < 10~ mbar and transferred into a tube furnace already
preheated to 823 K. The ampoules filled with material were annealed for 30 minutes

and left to cool down with a cooling rate of 4 K/h, resulting in 10% Br=/S?~ site disorder.>

Uniaxial applied pressure experiments for strain introduction and potentiostatic
electrochemical impedance spectroscopy (PEIS). A CompreDrive setup (rhd
instruments) was used for the pressure-dependent experiments. 100 mg of LisPSsBr
was loaded into a 6C CompreCell (6 mm diameter) under Ar atmosphere (H,0 < 0.5
ppm and Oz < 0.5 ppm). Pressure was applied uniaxially and kept constant with high
accuracy (0.5%) during the entire measurement. An external heating mantle kept the
internal temperature of CompreCell constant at T= 298 K, controlled via a Presto A40
thermostat (Julabo). AC impedance spectroscopy was utilized to determine the ionic
conductivities and the impedance spectra were recorded with an SP-150 impedance
analyzer (Bio-Logic Science instruments Ltd.) at room temperature. The temperature
was equilibrated at T = 298 K for two hours, in the beginning of each measurement,
to ensure complete stabilization of the pellet temperature. Potentiostatic
electrochemical impedance spectroscopy (PEIS) was recorded utilizing a sinusoidal
excitation voltage signal of 150 mV in a frequency range from 1 MHz to 100 mHz. The

resulting impedance spectra were evaluated with RelaxIS 3 Impedance Spectrum



Analysis software (rhd instruments) and the data quality was examined by using the

Kramers-Kronig relations to determine the reliable frequency range for data fitting.

Powder X-Ray Diffraction and Synchrotron High-Pressure Powder X-Ray Diffraction.
Powder X-ray diffraction measurements were performed on a laboratory STOE STADI
P diffractometer in Debye-Scherrer geometry with a Dectris MYTHEN2 1K detector in
Debye-Scherrer mode at room temperature. The radiation source was Cu Kalpha(1) (A
= 1.5406 A) employing a Ge(111) monochromator. The X-ray diffraction data was
collected within a 20 range from 10° to 70° in A(28) = 0.015° steps. All samples were
measured in sealed borosilicate glass capillaries with a diameter of 0.5 mm to ensure

no reaction with air and moisture.

Synchrotron high-pressure powder X-ray diffraction was performed using diamond
anvil cells (DACs) at the 115 beamline, at Diamond Light Source, UK. The X-ray energy
was 29.2 keV (A = 0.4246 A) and a 2D CdTe Pilatus3 2M area detector was used for data
collection. Integration of 2D diffraction images was performed using the Dawn
software,?® while Rietveld refinements were performed using TOPAS-Academic V7
software package.3° Silicone oil was selected as the pressure-transmitting medium,
which can be expected to maintain hydrostatic conditions during compression within
the measured pressure range.3! In this way, the isotropic application of pressure in the
whole area of the sample can be achieved.3? The gasket material was 200 pum foil of
steel, preindented to a thickness of 80-100 um and with a 400 um diameter hole EDM
‘drilled’ into it to form the sample chamber. Samples, ruby and silicone oil were loaded
into the DAC under Ar inert atmosphere. Loaded samples were freely floating in the
pressure medium and not bridging the anvils. The applied pressure was in a range from
ambient to 1.5 GPa in Ap = 0.1 GPa steps. The pressure was adjusted using a LeToullec
style membrane-type DAC with 700-micron culets and the pressure was determined
by the Ruby luminescence method (see Supporting Information, Figure S1).3334 An
illustrative diagram including the ex-situ and in-situ application of pressure is now

presented in the Supporting Information (Figure S1a and b).

High-pressure experiment. A Walker-type multi anvil high-pressure setup (1000t

down force press (mavopress LPR1000-400/50) was used to apply a quasi-hydrostatic



pressure of 10 GPa to the LisPSsBr powder. 20 mg of LisPSsBr was loaded into a
platinum capsule (99.95%, Ogussa, Vienna, Austria), to additionally prevent the
material from exposure to air. The platinum capsule was placed into an a-BN (Henze
Boron Nitride Products AG, Lauben, Germany) crucible, which has an inner diameter
of 2.8 mm and an inner height of 5 mm. The crucible was closed with a lid of a-BN and
placed in an MgO octahedron. All the handling and preparation of the octahedron was
performed in an Ar glovebox. Completion of an 18/11-assembly with eight tungsten
carbide cubes (Hawedia, Marklkofen, Germany) and loading in the press was carried
out under air. More information about the high-pressure apparatus can be found in
literature.3>737 The pressure was increased to 10 GPa within 271 minutes and held for
60 minutes. The choice of 60 minutes was made after taking into consideration that
the time does not influence the amount of induced strain in this material (See
Supporting Information, Figure S2). Afterwards, the pressure was released to ambient
conditions within 813 minutes. The octahedron was cracked in the glove box, and the
crystalline sample was recovered from the surrounding parts with a spike. Each
application of high-pressure loading yields an approximate total of 20 mg of LisPSsBr
powder, due to the small capacity of the a-BN crucible. Consequently, the 10 GPa
sample is not included in all measurements within this study owing to limitations in

mass availability.

Williamson-Hall analysis. According to the Williamson-Hall method, diffraction line
broadening can be attributed to the presence of internal strain and grain size
contributions, which have different functional dependencies on scattering angle, i.e.,
20.38 The degree of peak broadening, quantified by the full width at half maximum
(FWHM) or, more generally, the integral breadth () of the diffraction peaks, which can

be extracted from X-ray diffraction data and used in the Williamson-Hall equation,

B cos(0) = (C exgrp) sin(0) + ‘. (1)

dxRrD

This predicts a linear dependence of the quantity Scos(8) when plotted vs. sin(8)
with the slope being a metric of the internal strain eyy = Céexrp, Where C is a
proportionality factor of the internal strain exgp and the y-intercept can be related to

the grain size, dxgrp, and the wavelength, 4, of the X-rays.



To determine the integral breadth 3, a pseudo-Voigt function is used to fit the intensity
I of the diffraction peaks. Explicitly, each individual Bragg reflection was fit using the

pseudo-Voigt function:
1(29) = Imax[nL(ZH - 260) + (1 - 77)0(29 - 290)] . (2)

This function is selected to fit the peaks, because of the split asymmetry of the peak
broadening that can be present and it is the convolution of a Lorentzian, L and a
Gaussian, G distribution function, where the Gaussian function, with weighting
coefficient 1. The prefactor I,,,,scales the maximum peak height for each Bragg

reflection.

The Gaussian function has an exponential 20 — 26, dependency, which is divided by

the Gaussian peak width of the XRD reflections.

(3)

G(20 — 26,) = exp(— "(29;2290)2).

96

The split-Lorentzian full width half maximum (I') was allowed to be different on the

left and right side of the peak maximum and the split-Lorentzian function is given by:

) o L =1 20 <6,
L(26 =260) = Gamagperayme VT = 1y, 20 > 6,

(4)

By fitting each diffraction peak according to Eqgs. 2 — 4, and taking into consideration

the baseline of each reflection, the integral breadth § was determined according to:

B = ——— [2%max 1(20) d26 (5)

Imax—Ibaseline 26min

Where 20,,;, and 20,,,, define the range of each fitted diffraction peak, which is
divided by the subtraction of the maximum value of intensity minus the corresponding

value of the intensity from the baseline.

The Williamson-Hall approach does not specify the origin of the strain; isotropic or
anisotropic and can therefore be applied regardless of the microscopic origin of the
internal strain. The equations used to extract the value of the value of the dislocation
density are also based on a modified Williamson-Hall method. The dislocation density
pq is defined as the total length of dislocation line per unit volume of crystal and is

given by the following equation:1®



2p2 1/2
AK = ? n (—’”‘ BZD"dC) K, (6)

where, AK and K, in this modified Williamson-Hall equation equal to AK =
(A260)cosbg/A and K = 2sinfgz /A, respectively. The wavelength of the CuKa is A =
1.5406 A. The full width at half maximum (FWHM) or integral breadth (f) of the
corresponding diffraction peak at 6, is denoted by A26, while g is the diffraction
angle at an exact Bragg position. The parameter A is determined by the effective outer
cut-off radius of dislocations (A = 2), Bp is the Burger’s vector and the constant C is
an average dislocation contrast factor and can vary from 1 to 4, depending on the

nature of the material.?®

= AK = slope KC'/? + intercept,

2
l
(mA?B}/2)pg* = slope = pq = lﬁl (7)

Therefore, the dislocation density can be calculated, when knowing the slope of the

K — AK graph.

Rietveld analysis and Stephens’ anisotropic microstrain model analysis. Rietveld
refinements were carried out using the TOPAS-Academic V7 software package.3® An
instrumental parameter file was created by refining a (001) Si standard for Cu-XRD data
and a LaBe standard for the synchrotron data. The peak shape was modeled using a
modified Thomson-Cox-Hastings pseudo-Voigt function which was refined to the peak
shape of the LaBs standard for synchrotron data and the silicon standard for the Cu
Kal XRD data. For the subsequent refinements, U, X, and Y were constrained to
instrument values and W refined freely.*° Fit indicators (e.g., Rwp and Rexp) Were used
to assess the quality of the refined structural models. The following parameters were
initially refined: (1) scale factor, (2) background coefficients using a Chebyshev function
with 10 free parameters, (3) zero-shift error, (4) peak shape, which was modeled using
a modified Thomson-Cox-Hastings pseudo-Voigt function, (5) lattice parameters, (6)
fractional atomic coordinates, (7) isotropic atomic displacement parameters, (8)

atomic occupancies of the anions were then allowed to refine subsequently all other



parameters, to quantify the anion site disorder.? In the final step, Stephens’ anisotropic
strain model was used to describe the internal strain, since significant anisotropic peak
broadening was observed in the strained samples. The model allows for two
independent strain parameters in a cubic system, Sa00 and S220. When ‘cubic equality’
Sa00 = 25220 is not observed, the strain in the respective material can be considered to

be anisotropic.*!

High-pressure neutron powder diffraction. Neutron powder diffraction (NPD) under
pressure (in-situ) was performed at the beamline BL-3, using the Spallation Neutrons
and Pressure Diffractometer (SNAP), at the Spallation Neutron Source (SNS), at Oak
Ridge National Laboratory (ORNL). NPD measurements under pressure were
performed using a Paris-Edinburgh (P-E) press fitted with single-toroidal cubic boron
nitride anvils*>*3 from ambient pressure to 1.5 GPa, with an increasing step of 0.05
GPa. Pb was used as a pressure calibrant, since its reflections do not overlap with the
reflections of LisPSsBr. Samples were handled under He atmosphere and loaded into a
null-scattering Ti-Zr alloy** encapsulated gasket. To ensure the safe transfer of the
gasket out of the glovebox, the gasket was sealed via pressing at 0.05 GPa. Then, it was
transferred into the P-E cell and the measurements were performed under room
temperature (298 K). The data collection time was 6 h for each pressure (0.5 GPa, 1.0

GPa and 1.5 GPa). Data reduction was carried out using the Mantid software package.*

Pair distribution function analysis. Total scattering data was collected using a Stoe
STADI P diffractometer (Ag Kq1 radiation: A = 0.55941 A, Ge 111 monochromator) in
Debye-Scherrer geometry with four Dectris MYTHEN2 1K detectors. The samples were
measured in sealed borosilicate glass capillaries (Hilgenberg) with a diameter of 0.5
mm over a Q-range of 0.8-80 A~1. Data reduction was carried out using PDFgetX346
with a Q-range cutoff of Qmax = 12 A~1. Small box modeling was performed using
TOPAS-Academic V7 software package.?° The data were fitted over an r-range of 2-20
A where (1) scale factor, (2) correlated motion factor, (3) lattice parameters, (4) atomic
positions, and (5) isotropic atomic displacement parameters were subsequently

refined.



Raman spectroscopy. Raman measurements were performed on Bruker SENTERRA I
spectrometer which operates with a 532 nm laser and is equipped with an objective
lens with 20-fold magnification. For every sample, three different spots were
measured, by applying a laser power of 2.5 mW, an integration time of 1000 s and four
co-additional measurements. The sample preparation was carried out in an Ar
glovebox with 0;< 0.5 ppm and H;0 < 0.5 ppm. Each powder sample was placed onto
one microscope slide, framed with silicone vacuum grease and sealed air-tight with a
microscope glass cover, to prevent the exposure of the samples to air and moisture

during the measurement.

Nuclear magnetic resonance spectroscopy. Solid-state 3'P magic-angle spinning
(MAS) nuclear magnetic resonance (NMR) spectra were recorded on a Bruker DSX 500
spectrometer (11.74 T wide bore magnet with a Larmor frequency of 202.4 MHz),
utilizing a 2.5 mm Bruker MAS probe. All experiments were conducted using a pulse
length of 2.5 s, corresponding to a flip angle of m/2 at a nutation frequency of 100
kHz, and recycles delay of 100 s were used for the single-pulse excitation scheme. The
samples were packed into 2.5 mm ZrO; rotors under Ar atmosphere (H,0 < 0.5 ppm
and 02 < 0.5 ppm). MAS was conducted at a spinning frequency of 25.0 kHz and the
magic angle was calibrated using the 23Na resonance of solid NaNOs under MAS. The
31p chemical shift scale was referenced to phosphoric acid (H3POs, 85 %) at 0 ppm.
Static saturation-recovery ’Li NMR experiments were conducted at different
temperatures to determine T; on a Bruker Avance Il 300 spectrometer equipped with
a wide bore magnet which operates at 300 MHz (7.05 T) using a broadband NMR probe
(Bruker, VTN). Samples were packed into 4 mm MAS rotors in an Ar glovebox (H20 <
0.1 ppmand 02 < 0.1 ppm). All experiments were conducted at a resonance frequency
of 116.6 MHz with a pulse length of 2.5 us corresponding to a nutation frequency of
100 kHz. The length of the recovery delay was increased in four steps per decade from
t1 = 10 sto t2g = 56.234 s. The Fourier transformed signals were 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 by
using a nitrogen gas flow and electrical heating. Cooling of the nitrogen gas in the

temperature range from 200 K to 290 K was achieved with an Air Jet XR compressor-



based cooling system from SP Scientific (FTS Systems). An uncooled nitrogen gas flow
was used to control the temperature in the range from 320 K to 440 K. 'H NMR spectra
of methanol (200 K to 290 K) and ethylene glycol (320 K to 440 K) were recorded to

externally calibrate the temperature with the occurring shifts in signal frequency.*®

Impedance spectroscopy. AC impedance spectroscopy was conducted on free-
standing pellets made from powders of the materials pressed at various pressures (0.5
GPa, 1.0 GPa, 1.5 GPa and 10.0 GPa). After the materials were subjected to their
respective pressures, the resulting pellets were hand ground and approximately 220
mg of the powders were hand pressed into pellets again to ensure comparable pellet
densities. All pellets were pressed isostatically at 410 MPa for 45 minutes, resulting in
experimental densities of approximately 88%. Then, gold electrodes were sputtered
onto the pellets. The pellets were then contacted with aluminum current collectors
and fixed into pouch cells. The impedance spectra were recorded using an Alpha-A
impedance analyzer (Novocontrol Technologies) in a temperature range from 298 K
to 173 K (one hour of equilibration time per temperature step), utilizing an AC
excitation voltage of 10 mV in a frequency range of 5 MHz to 100 mHz. Due to the
much smaller sample volume available from the high-pressure 10 GPa sample, a press
cell with smaller diameter was used for the calculation of the ionic conductivity and
the SP-300 analyzer which can probe a smaller temperature range. The RelaxIS 3
software (rhd instruments) was utilized for data evaluation and data quality was
tested using the frequency range for fitting of the data using the Kramers-Kronig
analysis. Uncertainties of the ionic conductivity were calculated from the standard

deviation of the triplicate measurements.

Solid-state battery assembly and evaluation of the strained LisPSsBr as catholyte. To
investigate the influence of the strain in the structure of LisPSsBr on the battery
performance, solid-state battery half cells were assembled. The preparation of the cell
building was carried out in a glovebox under Ar atmosphere (H,0 < 0.5 ppm and O <
0.5 ppm). Commercial LiNio83C00.11MnoosO2 (NCM-83, MSE supplies) was dried
overnight at 250°C, under vacuum, in a Blichi B-585 glass oven prior to use. For the
composite cathode, the LisPSsBr-pressed at 0.5 GPa and LisPSsBr-pressed at 1.5 GPa

were used as catholyte and NCM-83 was used as the cathode active material in a mass



ratio of 65:35 (NCM-83: LisPSsBr), with the configuration of In/Liln|LigPSsBr|NCM-
83:LicPSsBr.

The materials were put in a 5 mL ball mill cup with three 5 mm diameter ZrO; balls.
The cup was sealed with parafilm to prevent the exposure of the composite to air and
moisture and was soft milled at 15 Hz for 15 minutes. For the cell assembly, 80 mg of
LisPSsBr (unstrained) was used as the separator, filled in the press cell and tightened
by hand. After hand-pressing, 12 mg of the composite cathode was distributed
homogeneously onto the surface of the separator. Subsequently, 3 tons of pressure
(380 MPa) was applied uniaxially for 3 minutes. Then, lithium foil was cut from a
lithium rod (abcr, 99.8%) with a mass between 1.5 mg and 1.8 mg and indium foil
(chemPUR, 100 um thickness, 9 mm diameter, 99.999%) was used as the anode to
ensure a stable alloy during cycling. The freshly prepared lithium foil and indium foil
were used to form the In/Liln anode in-situ. The press cell was fixed in an Al frame and
tightened by applying force of 10 Nm with a torque, resulting in 50 MPa of stack
pressure. Triplicates were built for each composite, to ensure the reproducibility of the
results. For short-term cycling, the cells were charged to 3.7 V vs. In/Liln and
discharged to 2.0 V vs. In/Liln at 25 °C, by applying a current density of
j=0.165 mA - cm? corresponding to a rate of 0.1 C. The PEIS measurements were
performed at T = 298 K using a BiolLogic VMP-300 potentiostat. An AC excitation
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 and transmission line modelling (TLM) analysis the RelaxIS 3 software
(rhd instruments) was used. The data quality was assessed by Kramers-Kronig analysis

to determine the reliable frequency range for fitting of impedance data.

Partial charge transport measurements. For the partial ionic transport
measurements, 100 mg of composite with a weight ratio of 65:35 (NCM-83: LisPSsBr)
were used. The mixture was transferred into a 15 mL ZrO; cup with 5 mm sized ZrO;
balls and mixed using a frequency ball mill (Fritsch pulverisette 23 Mini Mill) at a
frequency of 15 Hz for 15 minutes. As electronically blocking electrodes, 80 mg of
Lis.sPSa5Cl1s were placed on each side of the composite. The airtight cell was pressed

uniaxially at 3 tons for 5 minutes and then indium foil (diameter 9 mm) and pressed



lithium (1.5 mg) was placed on both sides of the solid electrolyte. For the effective
electronic transport measurements, 100 mg of composite was used, and steel stamps
were used as ionic blocking electrodes on both sides. The cell was closed airtight and
was pressed uniaxially at 3 tons for 3 minutes. The cells were placed in a metal frame

to apply a pressure of 50 MPa and were left for 6 hours at 25 °C for equilibration.

Potentiostatic electrochemical impedance spectroscopy (PEIS) was performed at 298
K, using a Biologic VMP 300 potentiostat for the determination of the ionic
conductivity of the symmetric cell with ionic blocking electrodes. An excitation
amplitude of 10 mV and a frequency range from 10 mHz to 7 MHz were used.
Following the impedance measurement, a subsequent DC polarization measurement
was performed. A voltage from -45 mV to 50 mV increased stepwise by 5 mV, while
each voltage step was kept for 2 h for equilibrium. For the measurements of the
effective ionic conductivity, the same conditions were used for the impedance
spectroscopy. The DC polarization measurement was performed in a voltage range
from 0.5 mV to 5 mV, with an increasing step of 0.5 mV. For the equilibrium, each

voltage step was measured for 6 hours to ensure full polarization.



RESULTS AND DISCUSSION

Straining of the solid electrolyte. Two different approaches based on powder X-ray
diffraction were used to analyze the structure of the argyrodite. In the first approach,
the structures of the pristine material and the pressed materials were studied ex-situ,
after releasing the applied pressure from the samples (Figure 2a, 2b). In addition, to
gain deeper insight into the structural changes occurring in the LigPSsBr during the
applied pressure, in-situ diffraction was performed under hydrostatic conditions
(Figure 2c, 2d). These two approaches allow the monitoring of structural changes in
LisPSsBr during and after pressure release. Looking at the ex-situ diffraction data, no
evidence for a phase transition or amorphization process is visible for the argyrodite
up to pressures of 1.5 GPa (Figure 2a). A significant broadening of the reflections
reveals that internal strain has been induced in the structure, which remains present
after the pressure release (Figure 2b). The in-situ measurements corroborate the
reflection broadening in hydrostatic conditions (Figure 2c), meaning that the strain in
the structure can be induced by either uniaxial or hydrostatic pressure. The in-situ
measurements also confirm the retention of the LigPSsBr argyrodite structure for
pressures up to 1.5 GPa. As the applied pressure is increasing, the broadening of the
reflections becomes more pronounced (Figure 2a, 2c). The difference between the ex-
situ and in-situ measurements can be seen, when comparing Figures 2b and 2d. After
pressure release, only the reflection broadening is present in the samples. However,
in the in-situ experiments, an additional shift additionally to higher Q, corresponding

to an in-situ unit cell contraction (Supporting Information, Table S1).

To further investigate if the broadening can be increased further, the material was
pressed at 10 GPa (Figure 2a). The X-ray diffraction pattern indicates that the material
is not amorphized, but rather shows an even pronounced broadening of the
reflections. The Rietveld refinements against the diffraction data can be found in the

Supporting Information (Figure S3 and S4).
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Figure 2. Strain induced by pressure revealed from ex-situ and in-situ X-ray diffraction. (a)
and (b) The broadening of reflections as a function of increasing pressure in the ex-situ
diffraction. (c) and (d) The increase of strain and the concomitant Q-shift as a function of

increasing pressure revealed by the in-situ diffraction.

Quantitative and qualitative analysis of strain. Williamson-Hall analyses (Figure 3a) of
the ex-situ X-ray diffraction measurements are used to quantify the internal strain ewn
(%) of the samples as a function of applied pressure (Figure 3b). The good matching of
the Williamson-Hall analyses of the in-situ and ex-situ measurements can be found in
the Supporting Information, Figure S5. In addition, the anisotropic strain model by
Stephens via Rietveld refinements are used to quantify the strain egr from the in-situ
diffraction data due to the higher data quality. The slope of the Williamson-Hall graph

for the ex-situ data (Figure 3a) is ey = C¢, where ¢ is the internal strain within the



material and the constant C has typical values between 0.5 and 4 depending on the
material and nature of the internal strain.*® Thus, eyy is expected to be proportional
to the actual internal strain in the material. Here, we consider C = 1, to simplify the
analysis. Figure 3b shows that with increasing pressure, more microstrain is found in
the material. The relationship between the strain obtained from the Williamson-Hall
analysis, ewn and from the Stephens’ anisotropic strain model, egris shown to be linear
(Figure 3c). Therefore, the choice of the constant C = 1 is validated and confirms the
accurate calculation of strain from both methods in these powdered materials. With

higher pressure on the material, higher amounts of strain can be found.
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Figure 3. Williamson-Hall analysis of 10% Br /S* LisPSsBr. (a) Williamson-Hall plots for all
applied pressures. Increasing pressure results in increased internal strain of LisPSsBr
characterized by the slope eywy. (b) Internal strain vs. pressure in LisPSsBr showing that with
more pressure, more strain is induced. (c) The amount of internal strain determined from the
Williamson-Hall method agrees well with that determined from Stephens’ anisotropic strain

model. (d) 31P MAS NMR spectra reveal broadening of the resonances.

Structural effects of strain on the solid electrolyte. Typically, the site-disorder

between the halide and sulfide anions in argyrodites has been shown to affect the



materials’ properties.’ Here, the Rietveld refinement analyses also show that the
degree of Br7/S%~ site disorder is not significantly impacted by the application of
pressure up to 1.5 GPa (see Supporting Information, Table S1). To verify the structural
understanding from the diffraction experiments, 3'P NMR spectra were obtained for
the unstrained and strained materials (Figure 3d). The 3P NMR spectra for untreated
and treated LigPSsBr show multiple resonances located at 92.5 ppm, 91.3 ppm, 89.8
ppm, 88 ppm, and 83 ppm. These can be assigned to combinations of the Br-/S?~ mixed
site configurations of the second coordination sphere around the PSs* units. The
highest 31P shift can be assigned to a 4S0Br configuration, while the lowest shift can be
assigned to 0S4Br mixing.>® The 3!P NMR spectra after applying different pressures
(Figure 3d) reveal a broadening of all resonances as the strain increases in the LigPSsBr
structure in accordance with the X-ray diffraction results. Therefore, the higher strain
found in X-ray diffraction data is accompanied with a higher line broadeningin 3'P NMR
spectra. In addition, 7°Br and °Li and 33S NMR spectra were collected (Figure S6),

showing only minor changes for all the different applied pressures.

Origin of strain. It is important to understand the underlying mechanism causing the
internal strain. The most plausible explanation is that applying pressure results in
plastic deformation and the introduction of dislocations into the material. Dislocation
densities can be estimated from the slope of the modified Williamson-Hall plot (Figure
S7). Even though these estimated dislocations densities require several assumptions
about the nature of the dislocations (for procedure see Experimental Section), it is
expected to give qualitative insights,®® revealing that a higher dislocation density
corresponds to more internal strain (Figure 4a).°! Along with X-ray diffraction,
dislocation densities can be measured through neutron diffraction (indirect method)
and transmission electron microscopy (direct method).>? Neutron diffraction under
pressure was performed to explain the nature of the dislocations and the results can
be found in the Supporting Information (Figure S8). Despite the high neutron flux, the
small amount of material in the in-situ neutron cell during the measurement (~30 mg)
was not sufficient to obtain a reasonable signal-to-noise-ratio in the data sets, so
further analysis of the neutron diffraction measurements is prevented. However, as

visible in Figure S8, significant reflection broadening with increasing pressure is



observed in the neutron diffraction data. The comparison of dislocation densities using
all available methods would be helpful, however the argyrodites are unstable under
the high electron doses in transmission electron microscopy, making this analysis

unfeasible for the purpose of this study.
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Figure 4. Strain in the form of dislocations in the structure. (a) The dislocation densities
calculated from the Williamson-Hall analyses. (b) Annealing of the material results in its return
to the original structure, suggesting dislocations are a likely source of the internal strain. (c, d)
The strain contour plots for the (c) unstrained and (d) strained material after 1.5 GPa, as
obtained from the generalized strain model, showing anisotropic strain distribution in the

argyrodite structure.

X-ray diffraction analysis shows that the strained material, upon being subjected to
annealing at 823 K, returns to its original state (Figure 4b). This temperature was
selected because it aligns with the synthesis temperature of LisPSsBr. During annealing,
the dislocation density decreases; equals to the initial value of the unstrained material,

leading to the relaxation of strain in the material. This observation corroborates a



dislocation mechanism, as dislocations are known to anneal out with temperature.>3
The decrease in dislocation densities can be attributed to two key mechanisms:
dislocation annihilation involving dislocations possessing same Burger's vectors, and
dislocation absorption involving dislocation with different Burgers vectors, occurring
at grain boundaries.”®> More specifically, dislocation absorption at grain boundaries
occurs as dislocations migrate and interact with the boundaries between individual
grains in the material. During this process, dislocations can be absorbed or
incorporated into the grain boundaries, further reducing the overall dislocation
density and promoting strain relaxation. The observed restoration of the original
structure through dislocation annealing provides insights into the material's response
to thermal treatments and its ability to recover from deformation-induced strain.
Anisotropic strain refinement reveals the predominant orientation of the strain in the
structure in the S220 vector direction.*° The distinction between the unstrained
material and the material after 1.5 GPa can be visualized by the strain contour plot
(Figure 4c, 4d), which shows how the strain distribution varies in a three-dimensional
region. The plots were created using obtained Stephens’ strain values from the
Rietveld refinements.?%4! The contour plots for all applied pressures can be found in

the Supporting Information, Figure S9.

Influence on the local structure. Pair distribution function analyses (Figure 5) and
Raman spectroscopy (Figure S10) were performed to investigate differences in the
short-range order of the argyrodites. The introduction of more dislocations, when the
material is pressed up to 10 GPa, should lead to a local change in the arrangement of
atoms in the argyrodite structure. However, no significant differences in the G(r) are
observed up to 20 A and the distribution of distances among the atoms seems to be
unaffected. The refinement results of the G(r) can be found in the Supporting
Information, Figure S11. Nevertheless, considering that dislocations perturb the
coherence length, a closer look at the longer r-range in the pair distribution functions
(Figure 5b) shows a faster loss of G(r) the higher the applied pressure was. By using
the spherical diameter approach to fit the data a much lower coherence can be found,
corresponding to 14 nm in the material pressed at 10 GPa, compared to 46 nm in the

unpressed sample.
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Figure 5. Pair distribution function analysis shows the effect of strain in the local structure in
LigPSsBr. (a) PDF shows no significant difference in the argyrodite structure between the
unstrained and strained materials in the short-range. The difference curve of the fit is depicted
by the blue lines. (b) A significant decrease of the coherence length is observed with higher

strain.

Influence on the ionic transport. The influence of the strain on the ionic conductivities
and the activation energies of LisPSsBr is probed by temperature dependent
electrochemical impedance spectroscopy. Low-temperature impedance data was
acquired from 173 K to 298 K for all samples up to 1.5 GPa. Due to the much smaller
sample volume available from the high-pressure 10 GPa sample, a smaller
temperature range had to be probed. The impedance data was fit with an equivalent
circuit model. This model consists of a parallel connection of a resistor and a constant
phase element (CPE), both in series to a second CPE. The first CPE corresponds to the
internal capacitance of the argyrodite powder, and the second CPE corresponds to the
electrode blocking behavior (Figure 6a). The temperature dependent ionic
conductivities exhibit linear Arrhenius behavior (Figure 6a) and reveal that the
activation energies associated with Li* jumps in both strained and unstrained LisPSsBr
remain unchanged (within uncertainty), however a shift to higher ionic conductivities
can be seen. Here, an increase in internal strain seems to correspond to an increase in
ionic conductivity (Fig. 7a). To ensure reproducibility of the results, triplicate

measurements were performed on three separately pressed samples. The activation



energy extracted from the Arrhenius plots equals to Ea = 0.36 + 0.01 eV (Figure 6b).
Although triplicate measurements of three separately pressed samples were not
possible for the sample pressed at 10 GPa, due to the limited sample mass, the results
fit into the general trend. The induced strain in the structure does not appear to affect
the energy barrier for long-range Li* jumps within LisPSsBr. This finding suggests that
the structural changes induced by pressure do not significantly influence the energy
barrier for Li* jumps. The material at ambient pressure is not included in the analysis,
because the pellet preparation includes the isostatically pressing at 410 MPa prior to
the impedance measurements (see Experimental Part) and therefore already induces

internal strain in LisPSsBr (see Supporting Information, Figure S12).
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Figure 6. Determination of E, and o0i,, from temperature-dependent impedance
spectroscopy. a) Representative Nyquist plots of the strained materials acquired at room
temperature. The various shapes represent the experimental data and the lines show the fit.
b) Arrhenius plots of LisPSsBr reveal that activation energies are consistent (within uncertainty)
in the strained materials. (b) T; relaxation above and below room temperature, which verified
the consistency of the activation energies for all materials (within uncertainty). A shift in the

peak to higher temperatures is indicative of slower ionic transport.

The ionic conductivity shows more than two-fold increase in the higher strained
materials compared to the least strained one. This finding suggests that strain
engineering can be used to improve the ionic conductivity in solid electrolytes.
Impedance spectroscopy is utilized to capture the long-distance transport of Li* within
the material, providing a comprehensive understanding of bulk Li* motion. In contrast,
’Li NMR spectroscopy can distinguish Li* jump processes in the bulk material at shorter

time scales. In this study, ’Li NMR spectroscopy is employed to further investigate the



changes in activation energies in strained LigPSsBr, compared to the findings obtained
from impedance spectroscopy. The Arrhenius plot of the spin-lattice relaxation times
T, obtained from ’Li relaxometry (Figure 6c) confirms that the activation energies are
unchanged within statistical error. The activation energies and the pre-exponential
time constants or residence time (to) were obtained from fitting the relaxation rate
curves with a modified BPP model.*’ Although the magnitude of Ea is different from
that determined from the impedance measurement, which has been observed before
in argyrodite solid electrolytes,” the trend is the same. Spin-lattice relaxometry can be
used to estimate the correlation time t of the mobile ions between hopping events, at
a given temperature T (see Table S2 for exact values). Fitting the BPP model to the data
below room temperature (Figure 6c), we find that the more strained materials have
progressively larger residence times. This can be observed directly from the maximum

of the data (Figure 6c) shifting to higher temperatures, indicating slower transport for

higher pressures. Using the relation 7 = TerA/kT, we find that the correlation time t©
is higher for higher pressures. It is important to note that this is the opposite trend as
is observed from impedance spectroscopy (Figure 7a). At this stage, one may assume
that the dislocations indeed negatively affect the local jump process. However, it may
just be possible that the Li* can diffuse faster, by using the existing dislocation cores as
pathways, similar to pipe diffusion.’”*® This would be in line with an unchanged
activation barrier, suggesting a higher pre-factor and potential change in diffusion
pathway or mechanism. Overall, the long-range transport is improved by a factor of
about 2 (within triplicate measurements), further motivating investigations of
transport in defective ionic conductors, especially as a function of internal strain and

dislocation density.
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Figure 7. How transport is affected in local vs in long range. (a) A twofold increase in the ionic
conductivity within triplicate measurements is observed, probed by impedance spectroscopy.
(b) The activation energies show no difference with higher strain values, as calculated from

NMR and impedance spectroscopy.

Half-cell testing with strained LisPSsBr and charge transport measurements. The
increased ionic conductivity of the strained LisPSsBr opens the question if higher ionic
conductivity or strain in the structure result in a higher performance of solid-state
batteries incorporating the strained solid electrolytes. Besides comparing the
performance of strained and unstrained LisPSsBr as catholytes (solid electrolyte in the
composite cathode) in solid-state batteries, an analysis of the partial transport
properties is important. A balance of partial ionic transport is required in composite
cathodes to achieve high utilization of the theoretical capacity of the active material
during cell cycling.>*>> First, the different strained materials were tested as catholytes
in solid-state batteries using LiNio.s3C00.11Mno.0602 (NCM-83) as the cathode active
material. For the construction of the In/Liln | LigPSsBr | NCM-83:LigPSsBr (strained) solid
state-batteries we chose the materials pressed at 0.5 GPa and 1.5 GPa as catholyte in
the composite cathode. A comparison to an unstrained material is not useful, as the
applied pressure during cell construction already amounts to 0.4 GPa (see
Experimental Part). Cell testing with the samples pressed at 10 GPa was not possible
due to the limited amount of sample and so the “highest” and “lowest” reasonably

strained samples were used. A stable charge capacity of 160 mAh - gcay can be



achieved for both catholytes within the first thirty cycles. The difference in the initial
value of the charge capacity is normally observed in solid-state batteries and results
from irreversible structural rearrangement, loss of available lithium, and chemo-
mechanical effects.”®>’ Overall, based on the capacities, the cells show similar
performance and no significant influence on the long-term cycling stability can be
found. This is expected as the long-term cell performance is strongly determined by

ongoing interfacial decompositions.>®
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Figure 8. How strain impacts the performance of LisPSsBr in cycling. (a) Similar solid state
battery performance of LisPSsBr pressed at 0.5 GPa and 1.5 GPa. (b) Nyquist plots show that
the ionic conductivity of the most strained material in the composite is higher. (c) Schematic
representation of the transmission line model used to fit the impedance data during cycling.
(d) Comparison of the values of ionic conductivity obtain by impedance and DC polarization

measurements.

To further evaluate the unstrained and strained LisPSsBr behavior in the cathode
composite, transmission line modelling of the impedance spectra and DC polarization
was used in an electronic blocking system (Figure 8c). More detailed information on
the approach can be found elsewhere.>>>° The strained material reveals higher
effective ionic conductivity in the composite compared to the unstrained material
(Figure 8b). This finding indicates that the strain that favors the ionic conductivity in
the bulk electrolyte also extends to the electrode composite. Nevertheless, the minor

improvement in the partial ionic transport does not seem to significantly affect the



solid-state battery performance. Considering that solid-state batteries are compressed
under higher pressures — which will clearly induce strain in the argyrodite solid
electrolyte — no significant direct influence of that strain on the battery performance

is found here.

CONCLUSION

In this work, internal strain and dislocations are induced into the structure of LigPSsBr
by applying uniaxial and hydrostatic pressures. Using a combination of ex-situ powder
X-ray diffraction and in-situ synchrotron high-pressure powder X-ray diffraction, we
reveal that the increasing pressure results in increasing strain and dislocation densities.
While pair distribution function analyses and Raman measurements reveal no change
in the low-r range local structural arrangement, however a faster loss of G(r) is
observed in the longer r-range, revealing the lower coherence in the more strained
material. In addition, the increased internal strain is related to higher overall Li*
conductivity. This work shows that strain engineering can be used to increase the ionic
conductivity in solid electrolytes without altering the composition. In addition, the
pressures needed to induce strain in argyrodites lies in the range of typical solid-state
battery fabrication. By testing the influence of strain in catholytes, to see how the two-
fold enhanced ionic conductivity impacts the material’s performance in solid-state
batteries, it is possible to show that the improved ionic transport of the bulk solid
electrolyte extends into the partial ionic transport in the cathode composites. While
faster transport in composites is necessary, fortunately, the overall performance of the

solid-state batteries remain unaffected.

Overall, this work provides a first experimental report of how dislocation densities can
be brought into Li* conducting argyrodites via external pressure, opening up new
routes for modulating ionic transport in the mechanically soft sulfide-based superionic

conductors.



SUPPORTING INFORMATION

Graphical representation of the different pressure set-up; XRDs of the impact of time
on strain; change in lattice parameters; Rietveld refinements for in-situ and ex-situ
diffraction data; Williamson-Hall analysis for the in-situ data; Solid-state NMR °Li, 7°Br
and 33S spectra, calculation of dislocation densities; neutron-diffraction measurements
under pressure; strain contour plots; Raman spectra; PDF data; Williamson-Hall plot

for the pellet pressed at hydrostatic conditions.
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