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ABSTRACT
Solid-state battery fabrication requires the densification of solid electrolytes to achieve optimal cycling performance and high
energy density. However, the underlying compaction mechanisms of these electrolytes remain poorly understood. Here, we
investigate the effect of pressure consolidation on the ionic conductor Li6PS5Cl with particle size distributions (PSD) ranging
from 4 to 40 µm. Heckel analysis reveals that samples with smaller PSDs exhibit higher compressibility at lower pressures. X-ray
diffraction peak profiling shows that applied pressure induces lattice strain, leading to peak broadening, while pair distribution
function analysis demonstrates a reduction in coherence length upon pressing. Dark-field X-ray microscopy further provides
spatially resolved orientation maps, uncovering intragranular structural variations within individual Li6PS5Cl agglomerates after
compression. To better understand the origin of stress fluctuations, we performed discrete element method simulations using the
experimental PSDs. The results indicate that smaller particles and broader PSDs experience higher stresses, whereasmonodisperse
systems do not exhibit significant stress fluctuations with position or particle size. This suggests that the high strain observed
cannot be attributed solely to smaller particles, but rather to size inhomogeneity. Overall, these findings highlight that both particle
size and its distribution play a critical role in processing solid electrolytes for solid-state batteries.
Vasiliki Faka and Mohammed Alabdali contributed equally to this work.
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1 Introduction

Solid-state batteries are of high interest due to their potential high
energy densities [1]. Solid electrolytes, as their main component
[2], have been extensively investigated; with sulfides to be one
of the most promising candidates [3]. Many efforts have focused
on increasing the ionic conductivity of solid electrolytes [4, 5],
needed to enable high energy densities and high-power output
[6]. In solid-state systems, close contact between particles is
required to generate homogeneous electric (both electronic and
ionic) currents and minimize internal resistance [7]. This makes
the application of pressure at different steps of the cell building
process indispensable. The densification of solid electrolytes is a
significant part of the cell assembly, because higher relative den-
sities usually promise higher ionic conductivity [8]. Additionally,
the densification process can significantly impact the resulting
porosity, especially along the densification direction, enhancing
or inhibiting cycling properties [9]. On a laboratory scale, solid
electrolytes are pressed in the form of pellets to fabricate solid-
state batteries [10]. The number of empty spaces (voids) existing
among the solid electrolyte particles is considered unfavorable,
therefore a high relative density of pellets is needed to improve
particle contact [11]. High-pressure compression reduces the
voids between the solid electrolyte particles, thereby forming
better lithium-ion conduction pathways and enabling higher
ionic conductivity [12]. A recent work from Korjus et al. [13].
reported the in situ densification of Li6PS5Cl, where cracking
of large Li6PS5Cl particles was observed when applying high
densifying pressures. Efforts to scale up the densification of
sulfide-based solid-state battery components indicate that cal-
endering remains the dominant industrial approach due to its
robustness and high throughput; however, its applicability is
constrained by particle fracture, interlayer delamination, and
pronounced elastic recovery (‘spring-back’) at elevated line loads,
as demonstrated in the Li6PS5Cl separator sheet study by Heck
et al. [14]. These mechanically driven limitations highlight
that densification window and microstructural stability become
increasingly narrow at production-relevant pressures. In slurry
based manufacturing, the required binder, as a non-conductive
additive, can limit the ionic transport severely, since slurry
processing requires relatively high polymer fractions (≈4 wt.%).
Dry processing routes on the other hand, as demonstrated by
Rosner et al. [15]. and Dupuy et al. [16]. enable much lower
binder contents (≈0.5−1 wt.%), preserving the ion-transport
network.

Previous computational modeling studies investigating solid-
state composite electrodes at themesoscale show that the optimal
performance is achieved when the composite cathodes and
anodes have around 30 wt. % of Li6PS5Cl [17, 18]. These efforts
studied the influence of the particle size distribution (PSD) based
on the D50 values without a deep analysis on the impact of the
heterogeneity within the PSD of the Li6PS5Cl solid electrolyte.
However, our previous computational study [19] shows that
the ionic conductivity changes depend on the applied stress,
thereby the compression stress during processing influences the
final conductivity in composite electrodes. Additionally, there
are no simulation studies focusing on the compaction behavior
within argyrodite systems, since they are not easy to design
and likely computationally expensive to simulate with high
2 of 15
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fidelity. A sole experimental fracture visualization reported with
a Li1+xAlxGe2−x(PO4)3 separator [20].

Experimental reports about compression under high-pressure of
Li6PS5Cl revealed increasing contact area and sphericity of single
solid electrolyte particles, suppressing the voids between and
within the solid electrolyte particles, further enhancing ionic con-
ductivity [21]. Additionally, lattice strain resulting from pressure-
induced dislocations has been reported in Li6PS5Br to enhance
Li+ ion transport [22]. Another way of reducing non-conductive
voids is the optimization of the particle sizes of the electrode
composite components, like those of the solid electrolyte and
cathode active materials [23]. Investigation of the densification
of Li6PS5Cl separator tapes revealed significant influences of the
pre-processing of powder particles on the microstructure and
emphasizes on the necessity of further refinement of both powder
processing and densification techniques [9]. While the effect
of pressure on the structural properties of Li6PS5Br argyrodite
has been investigated, the influence of the particle size on the
compaction of argyrodite-type materials remains unexplored.

Motivated by the need to further improve solid electrolyte
properties and to gain a more complete understanding of the
influences of processing; here, we investigate the impact of
pressure on Li6PS5Cl with varying particle size distribution (4,
11, 20, and 40 µm). In situ impedance measurements under
pressure are performed and Heckel analysis is used to investigate
the compaction behavior of Li6PS5Cl. X-ray diffraction (in situ
and ex situ) in combination with pair distribution function
analysis are used to monitor the structural changes upon and
after applying pressure. Dark field X-ray microscopy orientation
maps further highlight the structural differences on Li6PS5Cl
agglomerates after the pressure application. Simulations on
Li6PS5Cl densification show that the inhomogeneity of PSD in
Li6PS5Cl significantly influences the strain levels experienced by
the particles. However, microstructures with homogeneous PSD
simulations demonstrate a very consistent stress distribution.
The findings of this work highlight the critical role of solid
electrolyte design in tailoring microstructural characteristics to
achieve overall improved solid-state battery performance.

2 Results and Discussion

2.1 Compaction of Li6PS5Cl with Varying
Particle Sizes

Fabrication and stack pressure [8] applied on solid electrolytes
are unavoidable steps for impedance measurements and cycling
of solid-state batteries [24]. The application of external, uni-
axial pressure (compression) leads to the densification of the
loose powder (schematically represented in Figure 1a). During
densification, the powder particles are packed more efficiently,
particle-particle contact is improved by minimizing the empty
space (voids) among them, i.e., impacting the porosity [25].
Higher pressures used for the consolidation of solid electrolytes
result in a fully compressed, dense and mechanically stable
pellet. The entire process of densification and consolidation is
also defined as compaction. Here, a pressure range from 0.1
to 1.5 GPa is used to investigate the densification process of
Advanced Energy Materials, 2026
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FIGURE 1 Compaction of Li6PS5Cl with varying particle sizes. (a) Schematic representation of the compaction process, including the densification
and consolidation of the powdered materials. (b) The influence of pressure on the ionic conductivity. (c) The impact of pressure on the σion,sim of
Li6PS5Cl−11 µm of the DEM-simulated microstructure vs. the experimental σion,exp. (d) Heckel analysis is used to investigate the compaction behavior
of the Li6PS5Cl powders with varying particle sizes under pressure.
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Li6PS5Cl powders with four different particles size distributions
(provided by AMG Lithium and marked by their respective D50
values as 4, 11, 20, and 40 µm). The hollow data points represent
measurements where the pressure applied on the powdered
samples was increasing up to 1.5 GPa (Figure 1b). The filled
data points represent measurements where the pressure was
decreasing, and thus, the pellets were already densified. For
pressures higher than 0.7 GPa, there is the so-called activation
volume regime, where a linear behavior of ln(σ) vs. pressure is
observed and the unit cell contraction takes place [26, 27].

In terms of ionic conductivity, two distinct groups can be sepa-
rated from their behavior under pressure (Figure 1b): Li6PS5Cl
with smaller PSD (4 and 11 µm) and Li6PS5Cl with larger PSD
(20 and 40 µm). Li6PS5Cl with smaller PSDs exhibit a gener-
ally/overall slightly lower ionic conductivity, while Li6PS5Cl with
larger PSDs present a higher conductivity. The distinct regimes
of the densification regime, compression and decompression are
Advanced Energy Materials, 2026
depicted exemplarily only for Li6PS5Cl−11 µm (Figure S1), since
the same behavior is observed for all Li6PS5Cl in this study and
the focus is to emphasize on the different regimes. The calculated
ionic conductivity from the DEM-generated microstructures
(σion,sim) exhibits a monotonic increase with applied pressure,
consistent with progressive densification of the microstructure
(Figure 1c). Each microstructure was taken at different points
upon compression reaching up to 1.6 GPa. A monotonic increase
of ionic conductivity with increasing pressure is observed in
the system. The process of microstructure compaction leads
to reduced thickness and increased contact points between par-
ticles, thus yielding higher ionic conductivity values compared to
previous states. It is important to note that the DEM simulations
do not account for pressure-induced changes in lattice parame-
ters or variations in intrinsic material properties. As such, the
observed enhancement in the calculated ionic conductivity can be
attributed only to geometric factors, i.e., particle rearrangement
and void reduction. Despite this simplification, the simulation
3 of 15

e C
om

m
ons L

icense



 16146840, 2026, 12, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202505186 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [23/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
results align well with the experimental trend, indicating that
the primary mechanism driving increased ionic conductivity
during compression in this pressure range is the microstructural.
The observed difference in the ionic conductivity between the
experimental data and simulations stems from the assumed
geometrical properties of the microstructures. This assumption
impacts the percolation pathways, leading to differences in
microstructural voids and particle distribution. However, their
differences tend to disappear under high pressure as Li6PS5Cl
forms an intact, fully connected structure.

The relative density of the densification process is investigated
and shows that Li6PS5Cl, consisting of larger particles (40 µm),
presents 100 % relative density at lower pressure (1 GPa), fol-
lowing the Li6PS5Cl−20 µm material with a 100 % densification
at 1.2 GPa (Figure S2). However, Li6PS5Cl with smaller particles
(4 and 11 µm) present a densification of 95 % relative density,
even after an applied pressure of 1.5 GPa. Heckel analysis is
used to investigate the compaction behavior of Li6PS5Cl powders
under applied pressure (Figure 1d). The smallest particles reveal
a linear and gradual increase, indicating a steadier densifica-
tion process. While linear regions at low pressures indicate
plastic deformation, the largest particles (Li6PS5Cl−20 µm and
Li6PS5Cl−40 µm) present a deviation from linearity at higher
pressure. This behavior is attributed to fragmentation [28] or
particle fracturing [13]. This may indicate that high pressure
leads to cracking of larger particles and the formation of smaller
particles [29, 30]. These small particles then serve to fill the
voids between the larger ones potentially leading to the full
densification behavior at larger PSD.

2.2 Structural Changes of Li6PS5Cl with Varying
Particle Sizes

Solid-state NMR spectroscopy is used to investigate the local envi-
ronments of pristine and pressed samples with varying particle
sizes, by recording both 6Li and 31P MAS NMR spectra. In the 6Li
MAS NMR spectra, a slight increase in 6Li linewidth is observed
for all pressed samples, which can be attributed to increased
strain introducing disorder in the local lithium environments
(Figures S3 and S4 and Table S1). However, it is important to
note that all 6Li linewidths remain below 10 Hz, indicating that
the changes in local environments are relatively small. Moreover,
no significant changes are observed in the 31P MAS NMR
spectra, suggesting that the PS43− tetrahedra remain unaffected
by the applied pressure (Figures S5 and S6). To evaluate how
changes of local structure influence ion transport, static variable-
temperature (VT) saturation recovery 7Li experiments were
performed. These results show that all unpressed and pressed
samples exhibit a single dominant dynamical process in the MHz
regime (Figures S7a,b and Table S2). The activation energy (Ea)
is found to be the same within experimental uncertainty of the
method for all the pressed materials (Figure S7c).

To better understand the influence of pressure on the structural
changes of these materials, X-ray diffraction is employed both
for the pristine Li6PS5Cl (Figure S8a) and for the Li6PS5Cl
materials after pressing at 1.5 GPa (Figures S9 and S10). The
pristine materials crystallize in the 𝐹4̄3𝑚 space group [31]
(Figure S8b). Significant reflection broadening is observed after
4 of 15
pressure application, with Li6PS5Cl−4 µm exhibiting the largest
reflection broadening (Figure 2a). The reflection broadening is
attributed to the induction of strain in the form of dislocations
due to pressure application and has already been explored in
argyrodite materials [22].

To further elucidate the influence of pressure on Li6PS5Cl with
varying particle sizes, in situ synchrotron high-pressure powder
X-ray diffraction is used to investigate the structural changes
of Li6PS5Cl−4 µm and Li6PS5Cl−11 µm (Figure 2b; Figure S11).
The reflection shift to higher Q values is related to the unit cell
contraction due to the decreasing lattice parameter, a (Table S3).
Following, the strain of the pressed Li6PS5Cl with varying PSD
is quantified via Williamson-Hall analysis, as well as by Rietveld
refinements and the Stephens strain model (Figure 2c) using the
ex situ X-ray diffraction data. Li6PS5Cl−4 µm exhibits the highest
amount of strain, while comparable lattice strain is observed
in the other samples. Next, the strain extracted from in situ
synchrotron high-pressure powder X-ray diffraction is calculated
for the Li6PS5Cl−4 µmandLi6PS5Cl−11 µmmaterials (Figure S12).
The Williamson-Hall analysis for the in situ synchrotron high-
pressure powder X-ray diffraction data reveals a lower strain
induced in Li6PS5Cl−4 µm (strain = 0.81(4) %) compared to
Li6PS5Cl−11 µm (strain = 1.27(6) %) (Figure S12). This can be
attributed to the limited number of particles probed during the
high-pressure powder X-ray diffraction experiment, in contrast
to the ex situ X-ray diffraction analysis, which reflects a bulk
average. Thus, the measurement does not represent a good
average of the bulk behavior, especially considering the size of the
single particles in the sample and the beam size of approximately
60 µm. The strain contour plots and the evolution of the strain,
with a preferred strain-direction according to Stephens of [110],
is presented in Figure S13, and all strain values can be found in
Table S4. Although this finding suggests a difference in the strain
induced by pressure between a finite number of particles (in situ)
and the bulk material (ex situ); the reason for this difference is at
this point unclear. However, we will investigate this observation
in greater detail in the following parts of this work.

Long-range pair distribution function analysis in the range from
0.8 Å to 80 Å for the pristine and pressed materials (Figures
S14a,c) shows a significant decrease of the coherence length in
the pressed materials (Figure 2d). On the short-range scale from
1.5 Å to 20 Å, on the other hand, no significant difference can
be observed (Figures S14b,d). Although the bulk Li6PS5Cl−4 µm
material presents the highest strain of all different PSDs, it is yet
unclearwhy pressure has the highest impact on thismaterial. The
strain can be visualized by the strain contour plots (Figure 2e),
which show how the strain distribution varies in a 3D region.
The higher amount of strain is observed for Li6PS5Cl−4 µm,
while the other three materials present similar anisotropic strain
distribution.

2.3 Diffraction Imaging Measurements and
Intragranular Orientation Variations within a
Single Li6PS5Cl Particle

To further investigate the dislocations induced in these materials
by pressure, dark field X-ray microscopy is used. Although the
hypothesis of dislocations in the Li6PS5Br argyrodite structure has
Advanced Energy Materials, 2026
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FIGURE 2 How particle size affects strain in Li6PS5Cl. (a) X-ray diffraction reveals reflection broadening in the pressed materials. The dotted
pattern corresponds to the unpressed Li6PS5Cl−11 µm and is used as a reference to better visualize the difference in the reflection broadening between
strained and unstrained materials. (b) Synchrotron high-pressure powder X-ray diffraction shows the contraction of the unit cell by shifting to higher
Q values. (c) Strain extracted by two different methods; Williamson Hall (WH) and via Rietveld refinements (RR) using ex situ X-ray diffraction data.
(d) The coherence length as extracted from pair distribution function analysis using an envelope function. (e) The strain contour plots for the materials
after 1.5 GPa, showing anisotropic strain distribution. The higher amount of strain is observed for Li6PS5Cl-4 µm.
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already been presented and analysed (Figure 3a) [22], there has
been no direct experimental observation of dislocations shown so
far. Here, by using DFXMmeasurements [32] (Figure 3b), we aim
to investigate the local orientation and strain of single particles
(Figure 3c). DFXM does not resolve individual dislocation cores
unless the dislocation spacing is above the spatial resolution of
Advanced Energy Materials, 2026
the system [33], which is typically not the case in these types of
materials. However, in this study, we measure the misorientation
within grains by mapping the intragranular orientation spread,
which arises from underlying dislocation structures. When the
dislocation spacing becomes smaller than the resolution limit (set
by the diffraction-limited imaging system and detector pixel size),
5 of 15
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FIGURE 3 Diffraction imagingmeasurements. (a) Schematic representation of a dislocation core in a cubic lattice. (b) Schematic representation of
the DFXM set-up. (c) DFXMorientationmaps of Li6PS5Cl−4 µm (i, ii, iii) and LiPSCl−11 µm (iv, v, vi) illustrate the local orientation variations around the
hkl diffraction vector. Panels (i) and (iv) depict mosaicitymaps, which combine the center-of-mass (COM) information from both the φ and χ tilts. Panels
(ii) and (v) display the full-width at half maximum (FWHM) of the φ distribution across the grains, serving as a proxy for dislocation density through
the relationship FWHM ∼ √ρGND. Lastly, panels (iii) and (vi) present maps calculated from the spatial gradients of the COM maps, quantifying the
intragranular misorientation as √(Δφ2 + Δχ2). These maps provide a comprehensive view of the orientation and strain distributions, highlighting the
microstructural differences between the two samples.
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it is no longer possible to see isolated dislocations but the lattice
curvature or misorientation fields caused by their presence is still
detectable.

The mean misorientation for a Li6PS5Cl−4 µm particle is
0.0394 whereas this number is 0.0727 for a single analysed
Li6PS5Cl−11 µm agglomerate. For the sample with a mean
misorientation of Δθ = 0.0394◦, the calculated GND density
is approximately ρGND ≈ 1.14 × 1012 dislocations/m2. This
value is consistent with the distribution observed in the mis-
orientation histogram (Figure S15), which shows a notable
6 of 15
population of higher misorientation angles across the grain
boundaries.

Such misorientation variations indicate a significant degree of
local lattice distortion, further supporting the presence of a
larger dislocation density. The correlation between the histogram
data and the calculated GND density underscores the sensitivity
of the microstructure to strain accommodation mechanisms
within the grain. This higher density of dislocations suggests
increased plastic activity, likely influenced by the crystal’s defor-
mation history or intrinsic defects. These findings highlight the
Advanced Energy Materials, 2026
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FIGURE 4 DEM Simulations. (a) DEM-simulated Li6PS5Cl microstructures composed of experimentally measured PSD for Li6PS5Cl−4 µm. (b,c)
Violin plots illustrating the simulated distribution of particle-level stress, based on D50 for compressed structures composed of (b) experimentally
measured PSD and (c) single particle size. (d,e) Simulated stress-resolved Li6PS5Cl microstructures visualized with particles color-coded according
to the local stress exerted on the particle along z axis for (d) experimentally measured PSD and (e) single particle size.
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importance of the local microstructure when looking at the
pressure introduction of strain in these materials. These results
present the first demonstration of DFXM applied to powder-like
diffraction patterns from particles. In contrast to bulk crystals,
such as polycrystalline grains, single crystals or thin films; this
work presents the imaging of orientation fields in discrete par-
ticles in the micron-scale, which is a significant methodological
advancement. Here, resolving intragranular orientation varia-
tions within a single Li6PS5Cl particle, with spatial and angular
resolution sufficient to detect strain and dislocation structures
was achieved.

2.4 Impact of Particle Size Distribution on Stress
Heterogeneity

To gain a deeper understanding of the mechanisms underlying
the compaction behavior of Li6PS5Cl, DEM simulations were
conducted using varying PSDs. The experimental PSDs and scan-
ning electron microscopy (SEM) images of the different Li6PS5Cl
powdered material are provided (Figures S16 and S17). Simu-
Advanced Energy Materials, 2026
lated microstructures (Figure 4a; Figure S18a) employing the
experimentallymeasured PSDexhibit pronounced fluctuations in
stress along the z-coordinate, with smaller particles experiencing
significantly higher stress levels (Figure 4b; Figures S19 and S20).
In the analysis of the DEM simulation results, the outermost 20 %
regions at both the top and bottom regions of the microstructure
were excluded in Figure 4b,c to eliminate boundary effects
arising from particle–wall interactions. This approach ensures
that the evaluation reflects the intrinsic response of the bulk
material to compression. In contrast, simulated microstructures
composed of a single particle size (Figure S18b) display a very
homogeneous stress distribution, both spatially and across all
particles (Figures S19b,d). In these single particle size systems,
stress magnitudes appear largely independent of the particle size,
indicating uniformmechanical loading across themicrostructure
(Figure 4c; Figure S19b).

To ensure the fidelity and direct relevance of the DEM analysis
(Figure 4) to the experimental observations, the PSDs used for
all simulations were identical to those measured experimentally
for each respective Li6PS5Cl sample (Figure S16). Consequently,
7 of 15
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the modeled systems, such as the Li6PS5Cl−4 µm sample,
accurately reflect the inherent polydispersity of the physical
powders, comprising a mixture of particle sizes rather than
a simple monodisperse collection. This direct correspondence
ensures that the DEM results, particularly those relating to stress
distribution and strain, are grounded in the actual microstructure
and heterogeneity of the materials investigated in Figure S17.

The calculations demonstrate that the spread of particle sizes
within the PSD exerts a significant influence on stress hetero-
geneity, rather than the PSD itself. Inhomogeneous PSDs result
in more pronounced stress variations, driven by non-uniform
particle-particle interactions and resulting in an uneven stress
distribution (Figure 4b; Figure S20). This inhomogeneity leads
to elevated stress concentrations in smaller particles, which
may enhance their susceptibility to plastic deformation and
dislocation activity. However, when the microstructures are
composed of single particle sizes, the stress distribution remains
consistent, leading to the conclusion that the broad particle size
distribution of Li6PS5Cl−4 µm is the reason for the increased
experimentally observed strain in this material. Figure 4d depicts
the simulatedmicrostructures composed of the experimental PSD
of Li6PS5Cl, and Figure 4e shows the simulated microstructures
of the single size particle systems. All particles in the simulated
microstructures are color coded based on the stress magnitude
applied in the z-coordinate, which ranges from 0 to 3 GPa. The
particles within the microstructures with experimental PSD are
exposed to a high variation of stress due to their sizes, where
stress higher than 3 GPa is exerted on small particles, and
larger particles are experiencing lower stress. In Figure 4e, it
is noticeable that particles closer to the walls experience lower
stress due to particle-wall interaction. However, the stress applied
to interior particles of the microstructures is homogeneous and
mostly around 3.5 GPa (Figure 4c). The observation that different,
single-size particle distributions exhibit similar stresses is a
general effect in contact mechanics and largely independent of
the materials class. In polydisperse packings, smaller particles
tend to exhibit higher contact pressure and stress, especially
under uniaxial compaction. This results from Hertzian contact
mechanics, sample geometry, where small particles are confined
in tight pores and thus increase the sampled contacts per unit
volume [34].

To further evaluate the importance of the broad particle size
distribution of Li6PS5Cl, sieving of Li6PS5Cl−4 µm is investigated
here (Figure 5a). The pressure-induced strain calculated from
the Williamson-Hall analysis is significantly decreased when
Li6PS5Cl−4 µm presents a more homogeneous particle size
distribution (Figure 5b), further confirming the high-pressure
synchrotron diffractionmeasurements and theDEM simulations.
Additionally, the compaction behavior of a mixture consisting of
Li6PS5Cl−40 µm and Li6PS5Cl−4 µm particles is also examined.
Here, the question is if we can control the fragmentation observed
above in the larger particles. To target this, a mix of Li6PS5Cl
with 40 and 4 µm particles is prepared, with the hypothesis
that filling of the voids existing in the Li6PS5Cl−40 µm pellet
will prevent the fragmentation of the larger particles (Figure 5c).
Heckel analysis reveals that the area of fragmentation is no
more visible for the mixture of 40 and 4 µm particles, further
confirming our hypothesis. This emphasizes the importance of
considering not only the absolute particle size when choos-
8 of 15
ing solid electrolytes, but also the distribution of the particle
sizes.

This is particularly important for their use in solid-state bat-
teries since solid electrolytes for the single elements (anode,
cathode and separator) may require different size distributions.
Broad particle size distributions optimized for high density
may be advantageous in separator layers, allowing thinner
layers and thus higher energy densities [35]. Narrow distri-
bution on the other hand—tailored to create specific poros-
ity in the cathode and anode layers—may enhance cycling
stability, by providing controlled porosity to counteract con-
tact losses due to volume changes during cycling, particularly
important in the development of conversion type electrode
composites [36–38].

3 Conclusion

This work explores the impact of pressure on the densification of
Li6PS5Cl across different particle size distributions (4, 11, 20, and
40 µm). In situ impedance measurements track changes under
pressure, while Heckel analysis is employed to characterize the
compaction behavior of the powders. Smaller particles exhibit
steady densification, whereas larger particles undergo fragmenta-
tion during compaction. Structural changes induced by pressure
are investigated using X-ray diffraction, revealing higher strain in
smaller particles, and pair distribution function analysis shows
reduced coherence length in the pressed samples. Dark-field X-
ray microscopy orientation maps further highlight intragranular
differences within Li6PS5Cl agglomerates, particularly the higher
misorientation and inferred dislocation density in an 11 µm
particle compared to a 4 µm particle.

Discrete element method simulations provide additional insight
into the origins of strain. The results show that strain lev-
els are strongly influenced by particle size distribution (PSD)
inhomogeneity rather than absolute particle size. Systems with
smaller particles and broader PSDs experience higher stresses,
while homogeneous PSDs exhibit consistent stress distributions
regardless of particle size. Complementary experimental results
support these findings: sieving smaller particles to narrow the
PSD reduces lattice strain, confirming that homogeneity in
particle size distribution mitigates strain development during
densification.

Both the simulation and the experiments capture the impact
of the initial regime where the conductivity rises with increas-
ing pressure due to geometric densification, on conductivity,
where increasing pressure enhances particle–particle contact and
thereby increases ionic pathway connectivity across all PSDs;
however, the experiments reveal an additional microstructural
degradation regime, absent in DEM due to its limited spatial
resolution, where fragmentation, increased grain interfaces, and
microstrain accumulation in systems with smaller particles
or broad PSDs begin to counteract the geometric compaction
effect. This transition occurs once densification forces promote
intragranular deformation rather than merely rearrangement,
leading to disrupted transport-path continuity and ultimately
lower overall conductivity in fine or highly heterogeneous
PSDs.
Advanced Energy Materials, 2026
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FIGURE 5 Tuning of particle size distribution for better compaction of Li6PS5Cl. Graphical representation of Li6PS5Cl−4 µm sieving to investigate
the impact of homogeneity in the strain after applied pressure. Further mixing of the sieved Li6PS5Cl−4 µm with Li6PS5Cl−40 µm to investigate the
fragmentation of larger particles when the voids are filled. (b) Sieving of non-homogeneous Li6PS5Cl−4 µm results in a material with decreased amount
of strain after pressure application, confirming that the inhomogeneous particle size distribution was the cause for the high strain in this material. The
open circle corresponds to LPSCl−4 µmwith a broad PSD, while the filled rectangle corresponds to LPSCl−4 µmwith a narrow PSD. (c) The mixture of
40 and 4 µm Li6PS5Cl shows a linear increase, revealing that the fragmentation can be prevented when filling the voids with smaller particles.
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Based on these findings, different considerations need to be
taken into account when choosing both the particle size and
the particle size distribution of Li6PS5Cl solid electrolytes as
solid state battery components. For separator layers, maximizing
density and mechanical integrity is crucial to suppress Li+
dendrite penetration and to minimize the volume fraction of
the solid electrolyte within the solid-state battery. Thus, nar-
row, homogeneous PSDs are preferable for separators, as local
stress concentrations are minimized, mitigating fracturing and
promoting uniform load distribution. Moreover, a combination
of large and small particles of narrow PSDs can achieve high
densifications at moderate pressure while limiting particle stress,
thus ensuring structural stability of the separator layer. For
electrode components on the other hand, broad, inhomogeneous
PSDs of small particle sizes may be preferable. They allow con-
trolled voids within electrode composites, counteracting volume
changes during cycling, as well as providing optimized particle
contact between solid electrolyte and active material due to large
surface areas and contact. Additionally, the increased local strain
and particle rearrangement associated with wide PSDs, along
with fragmentation and intergranular misorientation, may create
Advanced Energy Materials, 2026
additional ion-transport pathways, which is often the limiting
factor for cyclability in solid-state batteries.

Overall, these results demonstrate that the compaction behavior
of solid electrolytes is governed not simply by particle size, but
by the inhomogeneity of the size distribution. This work bridges
micro- and macro-scale observations, underscoring that the
microstructural composition of solid electrolytes plays a critical
role in structural evolution under pressure and, ultimately, in
determining the performance of solid-state batteries.

4 Experimental Section

4.1 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 Li6PS5Cl was loaded
into a 6C CompreCell (6 mm diameter) under Ar atmosphere
9 of 15
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(H2O <0.5 ppm and O2 <0.5 ppm). Pressure was applied uni-
axially and kept constant with high accuracy (0.5%) and the
pistonmovement wasmonitored during the entiremeasurement.
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, at 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. All measurements were carried out as
triplicates with statistical standard deviation values smaller than
the plotted size of the data points.

4.2 Heckel Analysis

Heckel analysis was a technique used to characterize the com-
paction behavior of powders under applied pressure. By relating
the applied pressure to the relative density of the pellet, it
provided insights into deformation mechanisms and mechanical
properties, i.e., plasticity and yield pressure of materials. There
were two types of Heckel analysis. The “in-die” (at pressure)
accounts for powder deformation upon applying pressure—in
compression. The “out-of-die” (zero pressure) analysis could be
used in an already compacted material and also accounts for its
elastic recovery. The Heckel equation [39] (Equation 1) is derived
from first-order kinetics and describes the relationship between
applied pressure and relative density,

ln

(
1

1 − 𝜌𝑟𝑒𝑙

)
= 𝐾𝑝 + 𝐴 (1)

where ρrel is the relative density of the pellet, which is equal to
the experimental density divided by the crystallographic density
for every pressure measurement. K and A are the slope and
intercept of the linear region of theHeckel plot. The experimental
densities were determined by monitoring in situ the motor
movement of the CompreDrive setup (rhd instruments) and then
calculating the piston movement. The crystallographic densities
of the different Li6PS5Cl materials were extracted from Rietveld
refinement results of the pressed materials after compaction.

4.3 Ex Situ 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 Kα1 (λ = 1.5406 Å) employing a Ge(111) monochromator. The
X-ray diffraction data was collected within a 2θ range from 10◦
to 90◦ in 0.015◦ steps. To avoid material degradation in air, all
10 of 15
samples were measured in sealed borosilicate glass capillaries
with a diameter of 0.5 mm to ensure no reaction with air and
moisture.

4.4 In Situ Synchrotron High-Pressure Powder
X-Ray Diffraction

Synchrotron high-pressure powder X-ray diffraction was per-
formed using diamond anvil cells (DACs) at the I15 beamline, at
Diamond Light Source, UK. The wavelength used was λ = 0.31 Å,
and a 2D CdTe Pilatus3 2M area detector was used for data
collection. LaB6 was used as a calibration standard to determine
the detector distance. Integration of 2D diffraction images was
performed using the DIOPTAS software [40], while Rietveld
refinements were performed using the TOPAS-Academic V7.25
software package [41]. Silicone oil was selected as the pressure-
transmitting medium, which can be expected to maintain
hydrostatic conditions during compression within the measured
pressure range [42]. In this way, the isotropic application of
pressure in the whole area of the sample could be achieved [43].
The gasket material was 200 µm foil of steel, preindented to a
thickness of 80–100 µm and with a 400 µm diameter hole EDM
‘drilled’ into it to form the sample chamber. Samples, ruby and
silicone oil, were loaded into theDACunder 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 Δp = 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 [44, 45].

4.5 Williamson-Hall Analysis

The Williamson Hall analysis was carried out as described
elsewhere [22]. According to the Williamson-Hall method [46],
diffraction line broadening could be attributed to the presence of
internal strain and grain size contributions, which had different
functional dependencies on scattering angle, i.e., 2θ. The degree
of peak broadening, quantified by the full width at half maximum
(FWHM) or, more generally, the integral breadth (β) of the
diffraction peaks, which could be extracted fromX-ray diffraction
data and used in the Williamson-Hall equation,

𝛽 cos (𝜃) = (𝐶𝜀XRD) sin (𝜃) +
𝜆

𝑑XRD
(2)

This predicted a linear dependence of the quantity βcos(θ) when
plotted vs. sin(θ) with the slope being a metric of the internal
strain εWH = CεXRD, where C was a proportionality factor of the
internal strain εXRD and the y-intercept could be related to the
grain size, dXRD.

4.6 Rietveld Analysis and Stephens Anisotropic
Microstrain Model Analysis

Rietveld refinements were performed using the TOPAS-
cademic V7.25 software package [41]. The structural

information of Li6PS5Cl, taken from Kraft et al. [47], was
Advanced Energy Materials, 2026
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used as a starting model for this study. The peak shape was
fitted by refining a LaB6 NIST standard dataset with a modified
Thomson–Cox–Hasting function, a pseudo-Voigt function to
obtain and fix the instrumental broadening defined by U, V, X,
Y and Z [48]. These parameters were fixed for the subsequent
steps. Fit indicators Rwp, Rexp, and goodness-of-fit were used to
assess the quality of the refined structural model. Refinement
of fitted parameters was carried out in the given order: (1) scale
factor, (2) background fit by a Chebyshev polynomial with
nine parameters, (3) zero error, (4) lattice parameter, and (5)
the peak shape parameter W—as the only parameter to not be
impacted by lattice strain [49]. Upon achieving a suitable profile
fit, the (6) atomic displacement parameters, (7) fractional atomic
coordinates, and (8) occupancies were refined for all elements
except for lithium. The stability of the refinements was ensured
by allowing all the parameters to be refined simultaneously over
multiple cycles (using randomized starting points while applying
a simplified structural model with constraints in agreement
with other reports in literature). Based on the refined structural
models, the Stephens anisotropic strain model was used to
quantify the internal strain, since significant anisotropic peak
broadening was observed in the compacted samples. The model
allows for refining (9) two independent strain parameters in a
cubic system, S400, and S220, corresponding to the axis direction
and surface diagonals of the cubic unit cell of Li6PS5Cl [50].
When “cubic equality” S400 = 2S220 is not observed, the strain
in the respective material can be considered to be anisotropic.
The resulting values were plotted following the generalized
microstrain approach from GSAS II as strain-surface plots [51].
The strain values as calculated by the Stephens anisotropic model
were found in Table S3.

4.7 Pair Distribution Function Analysis

Total scattering data was collected using a Stoe STADI P diffrac-
tometer (Ag Kα1 radiation: λ = 0.55941 Å, Ge 111 monochromator)
in Debye-Scherrer geometry with four Dectris MYTHEN2 1K
detectors. The samples weremeasured in sealed borosilicate glass
capillaries (Hilgenberg) with a diameter of 0.5 mm over a Q-
range from 0.8 Å−1 to 80 Å−1. Data reduction was carried out
using PDFgetX3 [52] with a Q-range cutoff of Qmax = 15 Å−1.
Small box modeling was performed using TOPAS-Academic
V7.25 software package [41]. For the local structure, the data were
fitted over an r-range from 1.5 Å to 20 Å where, (1) scale factor,
(2) correlated motion factor, (3) lattice parameters, (4) atomic
positions and (5) isotropic atomic displacement parameters were
subsequently refined. The decay of the intensity toward higher
r gives information about the coherence length, which refers
to the size of ordered domains within a material. Coherence
length values were extracted using a spherical particle model
over an r-range from 1.5 Å to 20 Å [53]. Changes in coherence
length correspond to changes in particle sizes as well as defects
(e.g., strain).

4.8 Nuclear Magnetic Resonance (NMR)
Spectroscopy

Single-pulse 6Li and 31P magic-angle spinning (MAS) NMR
experiments were performed on a Bruker DSX 500 spectrometer
Advanced Energy Materials, 2026
equipped with a wide-bore superconducting magnet operating
at 500.39 MHz (11.75 T) using a broadband 2.5 mm HXY
MAS NMR probe (Bruker). The powder samples were packed
inside zirconia rotors with a 2.5 mm outer diameter under
an Ar atmosphere, and a MAS frequency of 25.0 kHz was
used. Pulse lengths of 10 µs (6Li) and 5 µs (31P) for the 𝜋

2
flip

angle was used. Recycle delays of 120 and 600 s were used
for 6Li and 31P, respectively. All MAS NMR experiments were
referenced to 6Li-enriched Li2CO3 (0 ppm, 6Li) and 1 M H3PO4
(0 ppm, 31P).

Static variable-temperature (VT) saturation-recovery 7Li NMR
experiments were performed on a Bruker DSX spectrometer
equipped with a wide-bore magnet operating at 200.19 MHz
(4.70 T) using a static 5.0 mm HX broadband NMR probe
(Bruker). Samples were packed inside zirconia rotors with a
4.0 mm outer diameter. All experiments were conducted at a
resonance frequency of 77.78 MHz (7Li) with a pulse length of
4 µs for a 𝜋

2
flip angle. The temperature of the sample was

regulated by using a nitrogen gas flow and electrical heating in
the temperature range between 220 and 400K. All recorded solid-
state NMR spectra were processed using the TopSpin software
package.

4.9 Discrete Element Method (DEM)
Simulations

DEM was used to generate and compress a Li6PS5Cl microstruc-
ture of 20 000 particles at randomly selected locations. The
simulations were conducted within the microcanonical (NVE)
ensemble at a constant temperature of 300 K, ensuring con-
servation of the number of particles, total system energy, and
simulation volume. The primary objective of the simulation
was to produce a stress-resolved 3D microstructure of com-
pressed Li6PS5Cl by numerically integrating Newton’s equations
of motion.

During the compression phase, periodic boundary conditions
were imposed along the lateral directions (x and y), while
fixed boundaries were maintained along the compression axis
(z-direction), where two rigid walls were implemented. Com-
pression was applied by displacing the upper boundary plane
along the z-direction, exerting a gradually increasing force until
the pressure on the lateral cross-sectional area reached 1.6 GPa.
The lower boundary plane remained stationary, serving as a
mechanical support. The simulation progressed until the system
approached a converged state, as indicated by the stabilization
of key metrics, including the displacement of the loading plane,
the force transmitted to the system, and the particle arrange-
ments. Based on the results of preliminary convergence efforts,
a simulation time of 8000 µs (8 ms) was decided to be sufficient,
as longer durations did not yield significant differences in the
results.

Material specific parameters, including the Young’s modulus,
Poisson’s ratio and other coefficients for Li6PS5Cl were retrieved
fromAlabdali et al. [19]. and implemented as part of the Granular
Force Fields (GFF) of our DEM approach. The respective values
could be found Table S5. All simulations were executed using
11 of 15
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the LIGGGHTS software package [54] on a single computational
node of the MatriCS platform at Université de Picardie Jules
Verne. The node configuration included 375 GB of RAM and 1
processor (Intel Xeon Gold 6148 CPU @ 2.40 GHz, 40 cores).

A GFF was grounded in the premise that when two discrete par-
ticles came into contact, the resulting surface deformation could
be described by a nonlinear elastic response. This interaction
was governed by the Hertzian contact theory, wherein the force
required to compress the particles was modulated by an effective
stiffness parameter known as the Hertzian modulus. GFFs had
proven particularly effective in capturing the mechanical behav-
ior of granular systems under conditions of high strain rates and
substantial particle deformation [55].

The total contact force F between two interacting particles was
expressed as

𝐹 =
(
𝑘𝑛𝛿

𝑛
𝑖𝑗
− 𝛾𝑛𝑣𝑛𝑖𝑗

)
+
(
𝑘𝑡𝛿

𝑡
𝑖𝑗
− 𝛾𝑡𝑣𝑡𝑖𝑗

)
(3)

where kn and kt represented the normal and tangential elastic
constants, respectively. The terms 𝛿𝑛

𝑖𝑗
and 𝛿𝑡

𝑖𝑗
denoted the overlap

distance in the normal direction and the tangential displacement
vector between two contacting spherical particles i and j. The
damping coefficients γn and γt corresponded to the viscoelastic
dissipation in the normal and tangential directions, respectively.
The quantities 𝑣𝑛

𝑖𝑗
and 𝑣𝑡

𝑖𝑗
represented the normal and tangential

components of the relative velocity within the particle pair.

4.10 Ionic Conductivity Calculations

To evaluate the evolution of ionic transport properties under
mechanical compression, the GeoDict software suite [56] was
employed to analyze the compressed Li6PS5Cl−11 µmmicrostruc-
tures obtained by the DEM simulations. The simulated ionic
conductivity (σion,sim) was attributed to the continuous perco-
lating network of Li6PS5Cl particles offering Li-ion transport
capabilities. σion,sim serve as quantitative descriptor for assessing
the influence of the compression protocol on the ionic pathways
of Li6PS5Cl.

The σion,sim was calculated using the relation

𝜎ion,sim = 𝜎bulk ×
(
𝐷ion
𝐷bulk

)
(4)

where σbulk was the intrinsic bulk ionic conductivity of Li6PS5Cl
equal to 2.0 mS⋅cm−1 (in accordance to the experimentally
determined room-temperature ionic conductivity) and Dion and
Dbulk were the effective and bulk diffusion coefficients for Li+,
respectively. The ratio Dion/Dbulk was obtained by numerically
solving the Fick’s first law within the ion-conductive phase,
assuming a concentration gradient Δc imposed across the outer
xy planes of the analyzed microstructure.

The effective diffusivity Dion was determined from the net ionic
flux, j, according to the following equation

𝐷ion = −
𝑗 ⋅ 𝐿

Δ𝑐
(5)
12 of 15
where L denoted the length of the structure along the transport
direction. Periodic boundary conditions were applied in the
lateral xy dimensions to mimic the continuous nature of the
conductive medium. This methodology enabled the assessment
of how the microstructural evolution under mechanical stress
modulates the geometric ionic transport pathways in the Li6PS5Cl
medium.

4.11 Dark Field X-Ray Microscopy (DFXM)

Dark field X-ray microscopy experiments were conducted at
beamline ID03 [57] at the European Synchrotron Radiation
Facility. A photon energy of 17 keV was selected using a channel-
cut Si monochromator. Sample alignment was performed using
a near-field detector positioned 40 mm downstream from the
sample. After aligning the diffraction from individual powder
grains, the diffracted beam was magnified using 87 2D Be CRLs
positioned 275 mm from the sample. The magnified beam was
captured on a far-field camera located 5113 mm downstream. The
high-resolution imaging system consisted of a back-illuminated
PCO camera coupled with a scintillator and a 10 × visible light
objective. The effective pixel size on the detector, accounting for
an −18.34 × X-ray magnification, was 36 nm/pixel. To investigate
local orientation and strain around the hkl diffraction vector,
the sample was rotated in a 2D mesh using tilt angles φ and
χ, with a fixed 2θ of 12.05◦. Measurements were conducted on
two grains from the Li6PS5Cl−4 µm sample and Li6PS5Cl−11 µm
sample. Typical scan ranges were <0.6◦ for ϕ with step sizes as
fine as 0.001◦. Data analysis was performed using the open-source
software darfix [58].

In dark-field X-ray microscopy—similar to electron backscatter
diffraction—geometrically necessary dislocation (GND) density
was estimated from local orientation gradients across a crystalline
volume. Orientation maps were typically obtained by fitting
rocking curves (in ϕ and χ tilts) on a per-pixel basis around
a selected Bragg reflection. The center of mass (COM) of the
rocking curves represented the local lattice rotation, while the
full-width at half-maximum (FWHM) could serve as a qualitative
indicator of lattice distortion or defect content. To compute GND
maps quantitatively, the spatial gradients of the COM orientation
mapswere used. Specifically, for a selected diffraction vector (220)
(in this case for the argyroditematerials), the localmisorientation
angle Δθ per unit length was calculated using the combined
spatial derivatives of the ϕ and χ COMmaps,

Δ𝜃local =
√
(Δ𝜙2 + Δ𝜒2) (6)

Assuming a known Burgers vector magnitude, b, the misorienta-
tion across a subgrain grain could be used to estimate dislocation
density via the relationship

𝜌GND =
Δ𝜃local

𝑏 ⋅ ef fective pixel size
(7)

where Δθlocal was measured in radians per unit length (typically
rad/m), and [b] = m. This yields [ρGND] = dislocations/m−2. The
resulting maps reflected lattice curvature and revealed the spatial
distribution of dislocation content within grains [59, 60].
Advanced Energy Materials, 2026

 C
om

m
ons L

icense



 16146840, 2026, 12, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202505186 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [23/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
4.12 Particle Size Distribution (PSD)

The volume-weighted particle size distribution was obtained
by laser diffraction experiments using a HELOS particle size
analyzer (Sympatec). For each sample, 4.5 mg of powder was
dispersed into 4 mL of p-xylene mixture containing 1 wt.%
polyisobutylene, which was added to enhance the viscosity. Sub-
sequently, the dispersion was ultrasonicated with an ultrasonic
finger for approximately 15min inAr atmosphere (H2O<0.5 ppm,
O2 <0.1 ppm). To obtain a measurement, the dispersion was
injected into a cuvette filled with 40 mL of p-xylene to 1 wt.%
polyisobutylene mixture outside the glovebox until a sufficient
optical saturation for a reliable measurement was achieved. The
dispersion was stirred throughout the measurement to prevent
sedimentation of particles.
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