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Crystallite Size of pristine Li;SiPSg

The primary particle size, i.e. the crystallite size, can be estimated from the peak broaden-
ing observed in X-ray diffraction experiments. Peak broadening is affected by the domain
size and instrumental broadening (size broadening), as well as broadening by lattice strain
(defects). We measured powder X-ray diffraction (see Figure S1) to compare the Bragg peak

broadening of the <50um and >50um PSD fractions. The peaks of the <50um sample
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Figure S1: (a) XRD pattern of tetragonal Li;SiPSg (#-LizSiPSg) for the <50 um and >50 um
fractions measured in Debye-Scherrer (capillary) geometry. (b) Zoomed-in XRD pattern.

are slightly broader compared to the >50 um sample, which is reflected in the FWHM and
integral breadth of the five selected single peaks shown in Figure S1b. According to the
Scherrer equation, a lower FMHM or integral breadth translates to a larger crystallite size.
However, one needs to account for instrumental broadening, which for the used lab diffrac-
tometer (STOE StadiP) is almost on the same order as the FWHM or integral breadth of
the ¢-LizSiPSg sample. As a reference for instrumental broadening, a Si standard (NIST
640d) was measured using the same instrument parameters. Although, a precise domain
size determination by XRD is not feasible, the slightly larger FWHM of the <50 um sample

indicates slightly smaller domain sizes compared to the >50 um sample.
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Process of SEM image analysis using ImagelJ

This section describes the workflow for analyzing gray-scale images acquired using scanning
electron microscopy (SEM). SEM images can contain different information depending on
the type of detector used to generate the image. While secondary electron (SE) detectors
provide topographic information, back-scattered electron (BSE) detectors resolve composi-
tional details by displaying heavier atoms brighter than lighter elements. Since the subject
of this study, the solid electrolyte ¢-Li;SiPSg, is homogeneous in composition, SE images
were used to analyze particle morphology and size distribution. However, for composites
such as catholytes - a mixture of solid electrolyte, cathode active material, binder, and con-
ductive additive - BSE images can help distinguish between the individual components of
the mixture. Combining the analysis of SE and BSE images can improve segmentation.
The flowchart of the analysis of SEM images to determine the particle size distribution
and morphology parameters is shown in Figure S2. In the following, important parts of the
process and possible sources of error are described in more detail. These mainly concern
the decisions that the user must make and depend on the user’s experience. Since SEM
images consist of individual pixels, each with a gray-scale value, the intensity of the pixel,
such as brightness, can be used to determine whether a pixel belongs to the foreground
or the background. For this method, the background should have a homogeneous gray
value without artifacts, such as individual ”high spots” (bright pixels/noise) or ”shadows”.
Overexposure of the background can be corrected by applying a filter, such as a Gaussian
blur, to the image (see Figure S3b). While this process smooths the image and reduces
noise, it has the disadvantage of losing detail and blurring the boundaries between the
background and particles. Therefore, the user should be careful in this processing step and
try different smoothing algorithms to find the best one for the task. After preparing the
image, a mask must be created to separate the background from the region of interest (ROI)
by choosing an appropriate threshold (see Figure S3c). Here, only the ROI is analyzed

while the background is ignored. For the analysis of particles, they must be separated. This
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can be done either by physical separation before image acquisition or by image processing.
Although we finely dispersed t¢-Li;SiPSg powder on the SEM sample holder, we visually
observed larger agglomerates of touching particles. To digitally separate the agglomerates,
the distance-transformed watershed algorithm was used as part of the MorphoLibJ5! plugin.
This algorithm is a combination of Euclidean distance map and watershed segmentation that
together results in good segmentation without oversegmentation of particles. The segmented
particles are separated by either a 4-fold (pixels sharing an edge) or 8-fold (pixels sharing an
edge or vertex) connected line. The type of connection can affect the roundness of objects,
especially for smaller objects. It can also be a source of error for later analysis, as some
algorithms interpret diagonally (8-fold connectivity) separated particles as not separated.
Once the agglomerates are resolved and the remaining holes are filled, the ROI can be
analyzed (see Figure S3d). Several particle counting and particle morphology algorithms
are available either as a built-in function or as part of a ImageJ plugin. For this study, the
plugin morphology by G. Landini®? and the built-in particle analysis tool of Image] were
used. After analyzing the ROI, the overlaid gray-scale mask that distinguishes individual
particles can be converted to a randomly colored mask (see Figure S3e), which can be used

to create false-color SEM images (see Figure S3f), as shown in this paper.
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LUT gnlasbay overl y

Figure S3: (a) Original SEM image, (b) after applying Gaussian blur filter, (c¢) binary mask
after thresholding. Black and white parts denote the background and ROI. (d) Separated
particles after applying distance transform watershed algorithm, (e) Colored mask showing
the individual particles, and (f) False-color SEM image by merging (a) and (e).



Particle size distribution of t-Li;SiPSg

Figure S4a-c and Sba-e show SEM images with a false-color overlay used to analyze the
particle sizes and shapes of the two screened size fractions. The PSD, as shown in this work, is
truncated at smaller particle sizes, as a consequence of the chosen image magnification. This
effect is more pronounced for the >50 pm sample, because a lower SEM image magnification
was needed for this sample in order to have good count statistics while still resolving small

particles compared to the respective largest ones.

Figure S4: False-color SEM images of < 50 pm ¢-Li;SiPSg particles. A total number of 3475
particles were measured.

In addition to the number-based particle size distribution measured by SEM image anal-
ysis, we used sedimentation analysis in a centrifugal field (LUMiSizer, LUM GmbH) to
measure the volume-based PSD of ¢-Li;SiPSg. For this purpose, some powder was dispersed
in a solution of p-xylene and 4.5 wt.% HNBR, the latter being added to adjust the vis-
cosity. During centrifuging with increasing speed from 300 to 4000 rpm, the samples were
illuminated with an 870 nm laser beam. The PSD could be calculated from the measured
sedimentation velocity distribution based on known material properties such as viscosity
and density. The PSD from sedimentation analysis (LumiSizer) and SEM image analysis is

shown in Figure S6.



Figure S5: (a)-(e) False-color SEM images of > 50 um #-Li;SiPSg particles. (f) SEM image
of a t-Li;SiPSg particle showing the rough surface morphology observed on large particles.
A total number of 5118 particles were measured.
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Figure S6: Cumulative volume percent as a function of particle size for the <50 pm sieving
fraction of ¢-Li;SiPSg. The distribution curve for the SEM image analyis is calculated from
the number-based distribution of Feret diameters.



The particle size parameters Do, Dsg, and Dgg, given in table S1 and S2, describe the
particle size (Feret diameter) at which 10%, 50%, and 90% of the volume- and number-based

size distribution are smaller than the given value.

Table S1: Volume based size distribution parameters for t-Li;SiPSg particle size fractions
obtained by sieving. The volume based distribution was calculated from the Feret diameter.

Parameter <50pm >50pm

Dyp / pm 17 89
Dso / pm 35 138

Table S2: Number based size distribution parameters for ¢-Li;SiPSg particle size fractions
obtained by sieving.

Parameter <50pm >50pum

Dig / pm 3 9
D50 / pnm 11 17
Dgo / nm 27 98
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Morphology of t-Li;SiPSg particles

Parameters describing the (2D) shape of a particle must meet certain criteria.>® Based on
these criteria, many shape descriptors have been proposed and used by researchers in differ-
ent research areas. In this study, we have used some of the most popular shape descriptors,
namely convexity, sphericity, circularity, and solidity. The dimensional and derived dimen-
sionless parameters extracted from SEM image analysis using ImageJ are shown in Table S3
and Table 5S4, respectively.

Figure S7a shows the particle shape parameters convexity, solidity, and sphericity in a
2D scatter plot for the <50 pm particle size fraction. Most particles have quite high values
of convexity and solidity, but sphericity is quite low. While sphericity correlates negatively
with bumps (small inscribed circle) and positively with spikes (large circumscribed circle),
solidity and convexity are more robust to star-like patterns. The 2D representations of four
different particles shown in Figure S7 help to understand the concepts of convexity, solidity,
and sphericity. Convexity is sensitive to the outline because it is the ratio between the
perimeter of the shape and the perimeter of the smallest enclosing polygon (convex hull). It
is 1 for shapes such as rectangles, spheres, or triangles, while it is close to 0 for stars. Solidity,
on the other hand, is sensitive to area, as it is the ratio between the particle area and the area
of the convex hull. A comparison of particles 1 and 2 from Figure S7a shows that the two
dents in particle 1 caused by the elongated part result in lower solidity, while the convexity
in 1 and 2 is almost identical. When the outline of the particle is more irregular and thus the
circumference is longer, as in particle 3, the convexity is lower compared to particles with
regular outline like 1. In this case, the solidity is not strongly affected by the irregularity
in the particle outline. Particle 2 has a higher sphericity than particles 1, 3 and 4. Since
sphericity describes the ratio between the radii of the inscribed and circumscribed circles,
dents, grooves, or peaks directly affect these circles and thus reduces sphericity. Therefore,
sphericity is a good measure of how close a 2D object is to a circle. From Figure S7a, it

can be seen that ¢-Li;SiPSg particles with higher convexity and solidity also have higher
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sphericity values, with the latter correlating more strongly with solidity than with convexity.

The corresponding figure for the >50 pm particle size fraction is shown in Figure S8. It
is evident, that the larger PSD sample also shows a broader distribution of convexity and
solidity values, with values as low as 0.6 for convexity and 0.5 for solidity. However, the
majority of particles have convexity and solidity values close to unity. The sphericity only
shows a clear correlation with solidity but not with convexity. This trend was not observed
as pronounced for the smaller PSD sample. Additionally, more particles have low sphericity

as in the smaller PSD sample.
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Figure S7: 2D scatterplot of particle shape, convexity and solidity, with respective marginal
histograms to show the data marker density. The associated sphericity (a) and feret diameter
(b) is represented by a color code as the marker infill color. 2D-representations of four
particles are depicted as filled outlines. The data was measured on the <50pm sieving
fraction.

Since particle shape analysis is based on 2D representations consisting of pixels, the
size of the particles, expressed here as the Feret diameter, can affect the calculation of
dimensional parameters such as area and perimeter. Generally, smaller particles are more
prone to artifacts because they appear ”blockier” than they are. Higher magnification can
mitigate this problem, but at the cost of increasing surface roughness artifacts and generally
lower count statistics (see section above). Here, Feret diameter correlates negatively with

convexity, a parameter sensitive to circumference (see Figure S7b). Smaller particles have
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Figure S8: 2D scatterplot of particle shape, convexity and solidity, with respective marginal
histograms to show the data marker density. The associated sphericity (a) and feret diameter
(b) is represented by a color code as the marker infill color. 2D-representations of four
particles are depicted as filled outlines. The data was measured on the >50pm sieving
fraction.

lower resolution of their respective roughness and therefore tend to have higher convexity.
However, this artifact is less pronounced for solidity. Nevertheless, when analyzing particle
size and shape, the magnification and resolution of the image are of great importance to
the quality of the analysis. Therefore, the user should be aware of this effect and check the

robustness of the morphology parameters to resolution and magnification.
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Table S3: Dimensional parameters from SEM image analysis using the Morphology>? plugin
particles8 for Imagel.

Parameter Symbol  Unit Short description

Area A px?  Object’s area defined by outline

Perimeter P px  Calculated from the boundary pixel’s centers

Feret Dperet px  Maximal distance of two parallel tangents (caliper
diameter)

Breadth Dpgreaatn PX  Largest diameter perpendicular to Feret

Circumscribed circle  R,02 px  radius of the circumscribing circle

Inscribed circle Roin px  radius of the inscribing circle

Convex hull DPhull px  Perimeter calculated from the convex hull pixel’s
centers

Convex area Al px?  Area defined by convex hull outline
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Table S4: Dimensionless parameters® from SEM image analysis using the Morphology 52
plugin particles8 for ImagelJ.

Parameter Formula Comment

D
Aspect Ratio (AR) ——Feret A simple measure of elongation. Not variing with surface
DBTeadth irreculariti
gularities.
: : 4T A o .
Circularity — Synonymous to form factor. Varies with surface irregu-
p larities.
- A o : :
Solidity 1 Measure of how dense an object is. Objects with holes or
hull a highly irregular boundary appear to have a low solidity.
Convexity Phult Relative amount that an object differs from a concave
p object. Measure of how irregular an object is.
. Ry : :
Sphericity Rmm Measure of the degree to which an object approaches a
max circle. Equal to unity for a circle and close to zero for
extreme star-like shapes.
\J2A
Compactness D . Ratio of an object’s area to the area of a circle of the
Feret

same perimeter. Elliptical objects or those with irregular
boundaries have a low compactness.
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Pellet densification of ¢-Li;SiPSg
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Figure S9: (a) Schematic Heckel plot with the 4 distinctive regimes dominated by particle
rearrangement (I), particle plastic deformation (IT), compact elastic deformation (III), and
compact elastic recovery (IV). The orange, dotted line represents the linear regime of the
Heckel plot. (b) Scheme of irreversible plastic deformation by shifting along a (lattice) plane.
(c) Scheme of reversible elastic deformation by compressing the unit cell. (d) Heckel plots
of <50 pm (orange) and > 50 pum (blue) ¢-Li;SiPSg samples. Hollow and filled data markers
represent "out of die” and "in die” data, respectively. ”Out of die” data was extracted from
stack (constant) pressure experiments at 10 MPa, ”in die” data was extracted at pelletizing
(variable) pressure.

If the compaction of a granular powder exhibits rearrangement and/or fragmentation
of the particles, a deviation from the linear Heckel plot can be observed, as indicated in
region (I) in Figure S9a. The models of Cooper and Eaton,>® and Wiinsch™ et al. at-
tempt to provide a two-term model, including the initial (low pressure) regime of particle

rearrangement /fragmentation, as well as the solid compressibility of the compact.

Comment on pellet recovery

Upon pressure release, the cracks, observed in S10, may be introduced, which could increase
the tortuosity for ion conduction. In the process of pellet recovery, we have experienced that
the mechanical stability of the sample is sensitive to the previously applied pressure. Since
the die limits the expansion of the pellet in the axial direction, it is likely that some stress

builds up on the walls of the die as the pressure is released. To press the pellet out of the
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mold, the friction between the die wall and the pellet must be overcome. The stress on the
walls can increase the friction, possibly leading to mechanical failure of the pellet when it is
released from the die. The abrupt movement of the press bars resulted in the breaking of the
pellet edges at best, but most often the pellet broke into many pieces. Taking the pellet out
more slowly helped solve this problem in some cases. Notably, we observed that for some
solid ion conductors (other than thiophosphates) a lower compaction pressure yielded a more
stable pellet, while higher pressures led to mechanical failure of the pellet during recovery
from the die. This might be caused by a large elastic recovery of some materials building up

internal stress.

Figure S10: SEM images of ¢-Li;SiPSs. (a) Broken cross-section of the pellet, (b) surface of
the pellet, (c) broken cross-section close to the pellet’s surface and (d) in the middle of the
pellet.
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Figure S11: Nyquist plots of ¢-Li;SiPSg at low (a) and high (b) pelleting pressures. The
circle and triangle data markers represent the < 50 and > 50 pm particle size fractions, while
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Derivation of Activation Volume

Similar to the effect of temperature on diffusion, which is a temperature-activated process
following an Arrhenius law, thermodynamic laws allow the definition of an activation volume
AV. Here, we briefly review the thermodynamics of ion diffusion and the definition of the
activation volume. The ionic conductivity of solids can be described as a thermally activated

process following an Arrhenius behavior:

-AG
ol = ope*sT (1)

During diffusion, mobile ions must overcome the Gibbs free energy AG to jump from one lat-
tice site to an adjacent one. Solving equation (1) for AG and assuming a closed system with
the number of particles N of chemical potential i (IN; = const.) at a constant temperature

(T' = const.), we obtain:

AG = kBT (ln(O_O)T7NZ- - ln(O—)T,Ni) . (2)

Equation (1) includes the pre-exponential factor oy, that is defined as:

2.2
ZNqeroy,
0p = TO, (3)

with 2z, n, ¢, r, and 1y being a geometrical factor, the number of charge carriers per unit
volume, the charge (e.g. for Lit ¢ = 1), the "jump” distance between two neighbouring
sites, and the attempt frequency, respectively.

Assuming z, n, and ¢ to not change with pressure, equation (2) can be written as:

AG = ]{IBT (IH(T)T,Ni + ln(l/g)TJVi — IH(U)TyNJ (4)
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It follows, that the Gibbs free energy AG depends on the jump distance, the attempt fre-
quency and the conductivity. The partial derivative of AG with pressure is defined as the

activation volume AV:
A
(_a G) _ AV (5)
W ),

Combining equation (2) and (5) gives:

While the variation of conductivity with pressure is readily available through experimenta-
tion, it is much more difficult to obtain information on the pressure variance of the jump
distance and attempt frequency that contribute to the pre-exponential factor. Some approx-
imations and simplifications can be found in the literature. In a cubic crystal system, for

example, this correction term can be estimated by the compressibility 5 and the Griineisen

o enr(s(3)- (25 )

constant ~:57510
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3IP_.NMR of pristine and pressed t-Li;SiPSg
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Figure S12: (a) 3'P MAS NMR spectra of pristine and pressed ¢-Li;SiPSg of different particle
size fractions. Peaks attributed to crystalline ¢-Li;SiPSg and to the amorphous side phase
are depicted in orange and blue, respectively. The fit is displayed as an orange, dashed line.
The measured data is depicted as a dark gray line. (b) Full width half maximum (FWHM)
of 3P MAS NMR ¢-Li;SiPSg peaks.
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Discrete element method simulation
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Figure S13: Contact surface as a function of the pelletizing pressure.

In the DEM simulation the compaction of perfect spheres attributed with friction effects,
form the pellet. The solid electrolyte powder, however, consists of particles that are far from
spherical. They rather have various morphological features, such as holes, jags, dips, and
bulges, which contribute to surface roughness (see for example Figure S7). This can increase
friction by causing the particles to coalesce into larger agglomerates that require higher stress
to break up. Additionally, surface roughness can introduce current constriction effectsS 513
at the inter-particle contacts, especially, when the particles are not allowed to connect at
low pressure. Fleig has shown that a larger number of inter-particle contact spots give rise
to a smaller current constriction effect and thus a smaller grain-boundary resistance.5!! At a

higher compression stage, the number of contact surface increases, as shown in Figure S13.
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Methods

Synthesis and Sample preparation

Tetragonal Li;SiPSg (¢-Li;SiPSg) was prepared from a stoichiometric mixture of LisS (Sigma
Aldirch, 99.98%), red phosphorus (Merck, 99%) and sulfur (sublimed). An excess of 5 wt%
sulfur was added to the mixture to ensure an oxidizing reaction atmosphere during the
synthesis. The starting mixture (10g) was ball-milled using a Retsch PM 200 ball mill with
50mL ZrOs jar and 10 ZrO, balls of 10 mm diameter. The ball mill was programmed to
mill for 24 h at 500 rpm, with 5 min milling and 1 min cooling down pause. The homogenized
mixture was placed in glassy carbon crucibles and subsequently sealed in quartz glass ampules
under vacuum. The ampules were transferred to a tube furnace and heated to 525 °C at a rate
of 50 Kmin~!, annealed for 100 h, and naturally cooled down by switching of the furnace. The
crystalline powder is pale-yellow colored and sensitive to moisture. The samples and cells
were thus prepared and stored in an Argon filled glovebox ((p(O2)/p <5ppm, p(H20)/p
<b5ppm). Pristine ¢-Li;SiPSg powder was sieved using a 50 pm mesh size sieve to yield
particle fraction, one with particle sized smaller than 50 pm and one with particles larger
than 50 pm. The sieve was placed on a vortex mixer to facilitate the powder sieving by
vibration. This was done until visually no more powder accumulated at the bottom of the
sieving pan. The powder that passed the 50 pm mesh size sieve is denoted the < 50pm
fraction, while powder that remained in the sieve after the sieving process is denoted the
>50pm fraction. Although the > 50 pm fraction has a greater number of particles below

50 um, the volume of the sample is dominated by particles larger than 50 pm.

Scanning Electron Microscopy

Scanning electron microscopy images were taken with a VEGA TS 5130 MM microscope
(equipped with an Ozford X-MaxN 20 (SDD) detector) or a TESCAN VEGA4 LMU mi-

croscope. The samples were prepared by scattering little amounts of ¢-Li;SiPSg powder
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on a sticky carbon tape. Images were taken of areas at which individual particles were
evenly spread out to ensure better image analysis. The particles were analysed using the
software ImageJ5'* and the plugins MorphoLibJ®' and Morphology®® by G. Landini. A
more detailed description of the particle segmentation and size analysis can be found in the

electronic supporting information (see above).

Gas Pycnometer

The true density of ¢-Li;SiPSg was measured with a micromeritics AccuPyc I 1340 gas py-
cnometer using Helium gas. A weighed amount of ¢-Li;SiPSg powder was placed in an alu-
minium crucible and subsequently transferred to the gas pycnometer. The analysis chamber
was purged 10 times with Helium prior to the measurement. The accessible analysis cham-
ber volume was measured 10 times (10s of equilibration time) per sample and the mean
density of the sample was calculated from the volume displacement and the sample weight.
An average of four samples was used as the reference density for the calculation of relative
pellet density. The density of ¢-Li;SiPSg powder was measured to be 2.008(6) g cm ™3, while
the reported crystallographic density is 1.923(9) gem™3.51° The experimentally determined
density is by 4.4 % larger that the reported one. This difference is small and might originate

from measurement and weighting uncertainties.

Nuclear Magnetic Resonance

3P solid-state NMR measurements were performed on a Bruker Avance-III wide bore spec-
trometer in a magnetic field of 9.4 T. The powder sample was loaded into a pyrex MAS insert
(Wilmad Glass, product # DWGSK2576-1), flame sealed and subsequently transferred into
a 4mm ZrO, rotor. The *'P spectra (Larmor frequency 161.9 MHz) were recorded using a
Bruker BLL4 MAS probe at a spinning speed of 10kHz. A simple Bloch Decay excitation
scheme with a total of 512-4096 accumulations in each experiment was used. The relaxation

delay was chosen long enough to allow for complete relaxation of the magnetization and to
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ensure a quantitative measurement. The spectra are referenced against the external signal

of 85 %H3P0,45'6 and were fitted using the Dmfit5!” software.

Variable Pressure Measurements

For the variable pressure measurements, CompreCell cells (RHD INSTRUMENTS) were used.
The cells are comprised of an electrically insulating AlsOg3 cylinder in a stainless steel liner.
Hard metal pistons of 6 mm diameter apply the uniaxial force onto the sample, while also
serving as the electrodes. The cell was loaded with 50 mg of sieved #-Li;SiPSg powder. A
double O-ring design ensures an air-tight seal for inert atmosphere conditions during the
experiments. The cell was inserted into a CompreDrive press (RHD INSTRUMENTS) and
connected to a potentiostat in a two-electrode configuration. The CompreDrive system
allows for constantly monitoring the applied force and actively controlling the pressure. The
information about the motor position can be used to calculate the displacement of the hard
metal piston at each pressure step and thus the pellet thickness. A reference run without
sample was performed prior to the compaction experiment to later subtract the influence
of setup deformation during the high pressure experiment. The temperature was controlled

using a Julabo Presto A0 thermostat connected to heating/cooling mantle housing the cell.

Electrochemical Impedance Measurements

Prior to measuring the electrochemical impedance of t-Li;SiPSg, the potentiostat was cal-
ibrated using a load-short (100 2-shorted cell) calibration. The impedance spectra were
recorded at 25°C in a frequency range of 1 MHz to 100 Hz and with an applied voltage
of Vrys = 10mV. The spectra interpretation was performed using the RHD INSTRUMENTS
software package RelaxIS 3. Kramers-Kronig relation tests were performed prior to fitting to
check for the reliability of the measured data. All data points were proportionally weighted
during the fitting process to an equivalent circuit. The spectra were mostly fitted in the

frequency range of 1 MHz to 1kHz, however, depending on the pressure, adjustments had to
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be made to avoid unmeaningful fits. Error bars originate from error propagation calculated
from uncertainties in pellet thickness and fitting error. The spectra were fitted using an
equivalent circuit composed of a resistor in series with a constant phase element, accounting

for the ionic resistance and the polarization spike at lower frequencies.

DEM and FV Simulation

As already discussed in the introduction, we expect the mesostructural compaction of the
powder to be the dominant effect in the low pressure regime. The discrete element method
(DEM) is a common tool to model such effects as it enables to incorporate the crucial phe-
nomena of powder compaction, i.e. the particle-particle and particle-wall interactions. Thus,
we decided to employ DEM simulations to verify the hypothesis that powder compaction is
indeed the dominant effect in this pressure regime.

The applied model is based on our previous work in the field of additive manufactur-
ing. 518519 Tt is premised on the DEM, as proposed by Cundall and Strack,>?° where the
particles are described as rigid spheres. Therefore, the kinematics of each particle are com-
pletely described by the position vector of the center of gravity rq as well as the angular
velocity vector w. To mathematically describe the position and rotation we incorporate the

balance of linear and angular momentum of an individual particle i:

(mitc)" = m'g + Z (£ + )., 8)

j
(law)' = (rde x fér) (9)

J
where the particle mass is defined as m = 4/37r3p, and the moment of inertia with respect
to the center of gravity of the particle is denoted by Ig = 0.4mr?. Additionally, g represents
the gravitational acceleration, _ng, and ng symbolize the interaction forces of particles ¢
and j in normal, and tangential direction, respectively. Finally, the vector from the centroid

of particle 7 to the contact point with particle j is delineated as 'rgG = 'rg —rY,. Additionally,
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we need to define the contact laws to model the interaction between particles.

a b

N

Figure S14: Sketches of normal as well as tangential contact laws applied to the particle
pair i,j. (a) Schematic of the spring-dashpot model applied as normal contact law. (b)
Schematic of Coulomb’s law of friction applied as tangential contact law.

Figure S14 shows sketches of the applied contact laws in both normal and tangential

directions. In normal direction a typical spring-dashpot model is employed:

min (0, kxgy + dngn)m,  gn <0

= (10)
0, gn > 0,
with the normal gap between the contacting particles gx = |74 — 74| — (7 + %) and the

corresponding unit normal vector n = (v}, —rf) /||rl — vl ||.525% The case distinction
in (10) ensures that contact forces are only applied if a pair of particles 7, is in contact
(gn < 0). Furthermore, kyx denotes the elastic normal contact stiffness and dy the damping

constant in normal direction. The latter calculates as:

kx meg

dy =2 |In (e , 11
x =2 [In (coon)| \/1n<ccoR>2+w2 (11)

where ccor represents the coefficient of restitution and meg = mm’/ (m? + m’) denotes an

effective mass of the contacting particle pair.
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Finally, the tangential contact law is based on Coulomb’s law of friction:

y min (ul| fill, |krgr + drgr|) tr,  gn <0
CT = (12)
0, gN > O,
with the friction coefficient p as well as the constants for tangential contact dr = dy and

kr = (1 — v)/(1 — 0.5v)kx using Poisson’s ratio v. Moreover, the time derivative of the

tangential gap vector is defined as:
gr=T-nen") (v - ’U]G) +w' X rdy — W x iy, (13)

where I denotes the identity tensor. Please note that the tangential gap vector gr is not
uniquely defined by the geometric configuration. Instead, it is computed by numerical inte-

gration of (13). Furthermore, the unit tangent vector ¢t is calculated as:

B krgr + drgr
|lkrgr + drgr|’

The parameters listed in S5 have been used to perform the DEM simulations.
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Based on the results from the DEM-simulations, finite volume (FV) simulations were
conducted on the particle microstructures to determine the effective ionic conductivities of
the compressed electrolyte pellets. First, from the known particle positions and diameters
in the compressed samples, voxel-based microstructures with a voxel size of 1 pm were gen-
erated. Then, the simulation environment BEST (Battery and Electrochemistry Simulation
Tool) 327528 was used to calculate the effective conductivity of the pellets by simulating the
steady state current j for an applied voltage difference of U = 1V. Essentially solving the
Poisson equation for the electrolyte phase allows to evaluate the mean current density at the
boundary of the computational domain. For an electrolyte pellet with the thickness [;, the

effective conductivity can be calculated according to equation (15):

O'efﬂi = ll c = (15)

T~

To allow for a comparison of calculated and measured conductivities, the calculated conduc-
tivities were normalized to the maximum value oeg max-

In order to consider the atomistic effect of the activation volume, the bulk conductivity of
the electrolyte was reduced with increasing pressure. For each pressure level p; correspond-
ing to a certain pellet thickness, the bulk conductivity o; can be calculated from a reference
state according to equation (16), which was derived from the simplified expression of the
activation volume (equation (4) in main publication). However, due to the normalization of
the simulated conductivities, the values in Figure 6b in the main text do not depend on the

assumed bulk conductivity but only on the geometric properties of the pellet microstructure.

_AV
0; = elno'ref kBT(pl pref) (16)

In the F'V-simulations the electrolyte material was treated as a homogeneous phase without
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any additional grain boundary resistances between individual particles.
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DFT and AIMD Simulations

Density Functional Theory (DFT) and ab-initio molecular dynamics (AIMD) simulations

have been performed using the The Vienna Ab initio Simulation Package (VASP).529-532

1833

The PBE exchange-correlation functiona and projector augmented wave pseudopoten-

934,835 a5 shipped with VASP have been used. Total energy calculations and structural

tials
relaxations were performed with a k-spacing of 0.25 A7 and an energy cutoff of the plane-
wave basis set of 600eV until the electronic structure and forces were converged within
10-107%eV and 0.01eV Afl, respectively. For the determination of elastic constants, the
cutoff energy was increased to 900eV. AIMD simulations were performed in the NVT en-
semble using the default cutoff energy of 499 eV, only including the gamma-point, with time
steps of 1fs, and using the Nosé-Hoover thermostat. Based on the slope of the mean-squared-
displacements (MSD) of Li ions, tracer diffusion coefficients D have been determined.

2x2x1 supercells (12 formula units) of ¢-Li;SiPSg have been used in all simulations and the

936 was utilized to first occupy the shared Si/P sites, from which seven

supercell program
explicit arrangements were considered (see Figure S15). Next, Li was distributed among
its partially occupied sites in several steps and the structure with the lowest electrostatic
energy was used as basis for the next step. After merging pairs of Lil-Lil sites (fully occu-

pied), the supercell program was used to occupy 87.5% and 62.5% of the Li2 and Li4 sites

simultaneously. Finally, 87.5% of the Li3 sites were occupied.
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Structural Models for DFT/AIMD simulations

Figure S15: Structural models of #-Li;SiPSg that have been used for DFT and AIMD sim-
ulations. For clarity, only PS,*  (purple) and SiS4*" (blue) tetrahedra are shown. Planes
have been added as a guide to the eyes and indicate layers that are occupied by the same
type of tetrahedra.
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Molecular dynamics simulation

For LGPS, the structural archetype to ¢-LizSiPSg, AIMD®37 and single crystal impedance
spectroscopy>®® hint for a weak anisotopic conductivity, while PFG-NMR points more to

S15 (see Figure 4a), we have

isotropic ion conduction. Based on the reported crystal structure
calculated an activation barrier based on the bond valence sum approachS354 of 0.22eV
for 1D ion migration along the ¢ direction and 0.28 eV for 3D migration. Additionally, we
performed AIMD simulations of several explicit arrangements of the PS,*" / SiS,*" anions to
calculate tracer diffusion coefficients of lithium via an analysis of the MSD. The diffusivity
of lithium along ¢ is on average four times higher than in the a/b direction (see Figure S17).
This finding agrees well with the four times higher conductivity in [001] direction compared

538 This anisotropy is also

to [110] measured with single crystal impedance spectroscopy.
reflected in a higher activation barrier of about 155 meV in the a/b, compared to 127(13) meV
in the ¢ direction (see Figure S18). The activation barrier derived from the total MSD
amounts to 136(13) meV, fitting to the trend of the bond valence sum results. The AIMD
activation barriers are lower than measured barriers in other sulfide solid electrolytes and we
attribute this discrepancy to the shortcomings of extracting activation barriers from AIMD

simulations at high temperatures.*?> Moreover, the simulations represent the single crystal

properties and do not consider grain boundiers or (amorphous) side phases.
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Figure S17: Mean squared displacement (MSD) of lithium at MD simulation temperatures of
(a) 500 K, (b) 700 K, and (c) 900 K. The z, y, and z directions align with the crystallographic

a, b, and c direction.
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Figure S18: Arrhenius plot of the total lithium tracer diffusion coefficient (diamond, light
gray), and its individual contributions along the crystallographic a, b and ¢ directions.
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Elastic properties

We calculated the volume-energy curves for the different structural models and fitted them
to the Birch-Murnaghan equation of state.>**5% An average bulk modulus of 22.8 GPa is
obtained. Additionally, the full elastic tensor of ¢-LizSiPSg was calculated (see Table S6) and
a bulk modulus of 23.5 GPa within the Reuss-Voigt-Hill approach5* is obtained. Comparable
bulk moduli have been calculated for LijgMP3S12 (M =Si, Ge, Sn) and LigPS;X (X =Cl,
Br, I) (see Table S7).

Table S6: Averaged stiffness tensor C;; (all entries in GPa) of ¢-LizSiPSg, obtained from the
stiffness tensors of four structural models of ¢-Li;SiPSg with different PS*"/ SiS,*” arrange-
ments. With partially occupied sites, the space group of ¢-Li;SiPSg is P42/nmec.5" Hence,
the entries of C;; that are put in brackets are expected to vanish. The explicit distribution
of PS,* /SiS,*  tetrahedra as well as the distribution of Li ions, however, formally lower
the symmetry of the structural models in almost all cases. As a result, several entries in Cj;
become non-zero. These entries, however, are all below 1 GPa and therefore negligibly low
compared to the proper entries of a tetragonal system with P42/nmc space group.

(385 26.4 135 (0.7) (—04) (0.2)
26.4 41.7 15.4 (—0.1) (-0.4) (0.3)
13.5 154 40.5 (0.9) (0.1) (-0.2)
0.7) (=0.1) (0.9) 11.4 (0.3) (
(—0.4) (—0.4) (0.1) (0.3) 9.6 (
(0.2)  (0.3) (=02) (02) (0.7) 17.8 |
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Table S7: Calculated bulk modulus (B), Young’s modulus (E), shear modulus (G), Poisson’s
ration (v), and Pugh’s ratio (G/B) of selected argyrodite and LGPS-type thiophosphate ion
conductors based on the Reuss-Voigt-Hill approach. The values are taken from the references
in column Ref. 'The value in brackets was obtained from fitting energy-volume curves to the
Birch-Murnaghan equation of state.

Compound B / GPa E / GPa G/GPa v G/B Ref.
e this
t-Li;SiPSs  23.5 (22.8)F 205 11.4 0.29 0.49
work
Lij0GeP2Syo 30.36 37.19 14.35 0.30 0.47 546
Lij0GeP32Syo 27.3 21.7 7.9 0.37 0.29 S47
LijpSiP2Sis 27.8 24.8 9.2 0.35 0.33 S47
Li;pSnP5Sqo 23.5 29.1 11.2 0.29 0.48 S47
LigPS5Cl 28.7 22.1 8.1 0.37 0.28 S47
LigPS;Br 29.0 25.3 9.3 0.35 0.32 S47
LigPSsI 29.9 30.0 11.3 0.33 0.38 S47
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Densities of Pressed Argyrodite Pellets - A Metadata Analysis

Although the importance of pellet density and preparation pressure is well known, few studies
have addressed the influence of these two factors on the conductivity of thiophosphate-based
solid electrolytes. Recently, Ohno and others published a laboratory comparative study that
included such metadata. However, they focused only on the effects on ionic conductivity and
activation energy. Figure S19 shows the relative pellet densities as a function of the pelletizing
pressure. While intuition suggests higher pellet density with pressure, the data presented
in Figure S19 do not show a positive trend in pellet density with pelletizing pressure. In
fact, pellet density fluctuates around an average value of about 85%, with outliers > 100%
(nonphysical value) and < 70%. This metadata analysis indicates that applied pelletizing
pressure is not an appropriate descriptor of the achievable pellet density. However, for some
materials used in the study by Ohno et. al., ionic conductivity shows a positive trend with
increasing pellet density, while no such trend is observed for pelletizing pressure.

Since the bulk (B) and elastic (E) modulus, as well as the G/B ratio of aryrodites, such
as LigPS5Cl, and the t¢-Li;SiPSg prototype, LijcGePySis, is comparable (see Table S7), we
expect similar high pressure densification behavior of the two classes of materials. Both

548

materials meet Pugh’s criterion for a ductile material (B/G < 0.5),°*® undergoing plastic

deformation rather than fragmentation under stress.
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Figure S19: Relative density of pellets prepared from LiggPo4GeggPSsl, LigPS5Cl,
LigPS5Brg 751,05, LigPSsBrgaslg 75, and LigPSsI at different pressures. The data was ex-
tracted from the ESI of Ohno et al.5* The average density and the standard deviation is
shown as a horizontal dashed line and light orange region, respectively.
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