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A B S T R A C T

To make solid-state batteries viable for industrial applications, the resulting electrode or separator layers must 
fulfill specific requirements, including the mechanical stability and consistent product quality. This study sys
tematically investigates the processability of slurry-based separators comprised of β-Li₃PS₄ (LPS) and hydroge
nated nitrile butadiene rubber (HNBR) as binder for uniaxial densification. Fabrication and stack pressure, 
densification temperature, and layer thickness are taken into account. Key properties such as coating density, 
adhesion strength, hardness, reduced elastic modulus, ionic conductivity and electrochemical cell performance 
are evaluated. To reveal the impact of binder, the ionic conductivity was also analyzed for the pure electrolyte 
powder. Distribution of relaxation times (DRT) analysis was applied. Significant differences in the stress-induced 
strain in the electrolyte crystal lattice that is assumed to improve the charge transfer were identified for the 
binder-based separators compared to pure electrolyte powder. Also, the fast elastic recovery after compaction, 
potential binder migration, and the importance of the sample cell transfer for the interpretation of the measured 
ionic conductivity were analyzed. The latter is also compared to separators containing Li6PS5Cl (LPSCl). These 
findings provide fundamental insights into the densification of sulfide-based electrolytes, especially with regard 
to the role of the binder, which is necessary for scalable battery production.

1. Introduction

Solid-state batteries are a promising next-generation battery tech
nology, which potentially achieve a higher power density and energy 
density compared to conventional lithium-ion batteries due to the pos
sibility of bipolar stacking and an application of silicon or lithium metal 
as anode [1–4]. Sulfide-based electrolytes are of particular interest for 
solid-state batteries due to their high ionic conductivity and ductility 
[1,2].

One interesting sulfide-based electrolyte material is Li3PS4 (LPS), 
which is associated with having the highest chemical stability in the 
Li2S-P2S5 systems [5,6]. The crystalline phase of LPS depends on the 

temperature: A transformation of the low-temperature γ-phase to the 
β-phase was reported at 573 K, followed by a transition to the α-phase at 
746 K [7]. The high-conducting β-phase is stabilized at a lower tem
perature by nanostructuring [5,8]. However, according to Yang et al. 
[9], the γ-phase probably can resist larger stress and strain due to a 
higher bulk, shear and Young's modulus, as well as Poisson ratio when 
compared to the β-phase.

Furthermore, one fundamental aspect in the processing of solid-state 
batteries is the choice of binder. The ideal binder has to fulfill several 
requirements including high cohesion and adhesion, mechanical and 
(electro-)chemical stability toward sulfide-based ionic conductors, 
thermal stability, cost efficiency and low environmental impact. In this 
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study, hydrogenated nitrile butadiene rubber (HNBR) was used as 
binder with relatively low glass transition temperature (Tg) needed for 
flexible and mechanically stable sheets [10,11]. One study identified 
HNBR as the mechanically best-performing binder compared to poly
isobutylene, poly(butyl methacrylate), poly(styrene-butadiene-styrene), 
and poly(styrene-ethylene-butadiene-styrene) for the preparation of 
slurry-based separators [10]. Moreover, it provides high thermal sta
bility [11]. HNBR is a hydrogenated derivative of NBR, exhibiting 
enhanced oxidative stability due to the saturation of the C=C double 
bonds in the polymer backbone [10].

However, a major challenge is the sensitivity of sulfides against 
moisture, resulting in material degradation and the release of toxic 
hydrogen sulfide (H2S), thus complicating production scale-up 
[2,12,13]. The processing is commonly performed in an inert glovebox 
atmosphere [14–17] or in a dry room [18–20]. The slurry-based sepa
rator is either coated directly onto one electrode or is prepared as a free- 
standing layer, which can be laminated onto the electrode. However, to 
realize free-standing separators, a high mechanical stability of the layers 
is required. One important step here is the densification process, 
commonly realized by uniaxial compaction [17,21]. Ideally, the sepa
rator thickness should be reduced as much as possible to improve the 
specific energy, while minimizing the internal resistance [22]. Thick
nesses of as little as 30 μm have been reported in the literature [22,23]. 
Besides uniaxial densification, warm isostatic compaction is reported to 
result in a more homogeneous density distribution [18,24,25]. Howev
er, for uniaxial and isostatic compaction only semi-continuous pro
cessing can be realized while calendering serves as continuous 
densification strategy [15,26,27]. In one study [15], LPS and LPSCl 
separators with HNBR were calendered. Here, LPS separators showed 
high fragility, thus cannot be easily processed. For the LPSCl, better 
mechanical stability was achieved but slight deterioration in the specific 
ionic conductivity for an increase in line load or fabrication pressure was 
found.

The correlation between fabrication and stack pressure is the focus of 
many research studies [15,21,28,29]. To gain a better understanding, 
the following section describes possible events beginning from the 
compaction of the sample to the measurement of impedance that are 
also illustrated in Fig. 1: 

1. During densification, particle rearrangement, binder migration, 
fragmentation of agglomerates and particles, introduction of strain, 
elastic and plastic deformation can take place depending on the 
applied densification parameters and material composition. In the 
case of amorphous and glass ceramic material, in contrast to 
microcrystalline particles, a sintering process of the particles is 
postulated [28]. Furthermore, based on the Janssen effect, the wall 
friction affects the vertical pressure during powder compaction that 
can lead to uneven density distribution [30].

2. After stress release, fast elastic recovery occurs. This could result in 
interparticular micro-contact losses [15,31,32]. Moreover, different 
elastic recovery of the individual components can result in cracks 
within the sample [33].

3. For the analysis of the ionic conductivity after densification, the 
sample is either measured in the same cell body used for densifica
tion or is transferred in a new cell body. This is particularly impor
tant because, during densification, the sample is effectively pressed 
into the surface of the current collectors, ensuring better contact with 
the current collector when the same cell body is used for electro
chemical impedance spectroscopy (EIS). However, in the case of 
calendering the sample always has to be transferred in a cell body 
after compaction for EIS, thus cannot be compacted in the cell body 
itself [15].

4. Interface resistance between the current collector and sample is 
significantly dependent on the stack pressure likely due to uneven 
surface roughness resulting in current constrictions [15,21,29]. 
Recommendations here are to use carbon powder as the current 
collector to allow better contacting also at low stack pressure [21] or 
sputtering of noble metals onto the pellet for conformal contact [29].

5. Depending on the compaction state of the sample and applied stack 
pressure, renewed particle rearrangement, as well as plastic and 
elastic deformation can take place.

2. Experimental

2.1. General conditions

Unless noted otherwise all processing steps and sample preparations 
were performed in an argon-gas-filled glovebox (generally H20 < 5 ppm, 

Fig. 1. Schematic illustration of the densification of a separator in a glovebox followed by EIS in a climate chamber.
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O2 < 5 ppm).

2.2. Material

Commercial β-LPS (NEI Corporation) was used as solid electrolyte 
with a particle size distribution of d10 ≈ 1 μm, d50 ≈ 7 μm, and 
d90 ≈ 40 μm measured by analytical centrifugation as reported in a 
former study (slight underestimation of coarser particles possible due to 
premature sedimentation) [15]. Particles with a diameter of up to 
100 μm are present. The tested LPSCl (NEI Corporation) has a particle 
size distribution of d10 ≈ 1 μm, d50 ≈ 2 μm, and d90 ≈ 7 μm [15]. At a 
stack pressure of 25 MPa and 25 ◦C and a pre-compaction at 100 MPa 
and 40 ◦C an ionic conductivity of 0.02 mS cm− 1 was measured for LPS 
and 1.18 mS cm− 1 for LPSCl (see Figs. 4 and 6). To produce slurry-based 
layers, p-xylene (Merck KGaA) was used as the solvent and HNBR 
(Therban AT LT 2004, Arlanxeo Deutschland GmbH) as the binder. To 
allow good analysis of the separators, the slurry was coated onto 
aluminum foil in case of LPS (Speira GmbH) and in case of LPSCl onto a 
siliconized polyester foil (PPI Adhesive Products GmbH).

2.3. Separator preparation

For this study, separators with 97 wt% or 95.7 wt% solid electrolyte 
and, accordingly, 3 wt% or 4.3 wt% HNBR binder were produced. HNBR 
was first dissolved in p-xylene, followed by adding the electrolyte 
powder. Using a dissolver (Dispermat CV3-PLUS, VMA Getzmann 
GmbH), a peripheral disk velocity of 1 m s− 1 was kept for 30 min to 
reach a 30 wt% solids content, before being increased to 3 m s− 1 for 
another 60 min. The slurry was coated onto an aluminum substrate by a 
film applicator (Coatmaster 510, Erichsen GmbH & Co. KG) with a 
coating speed of 10 mm s− 1 at room temperature. Aluminum was used as 
substrate since the LPS-based sheets are not mechanically stable enough 
to form a free-standing film. Two layer thicknesses were investigated by 
producing sheets with 300 μm (S300) and 500 μm (S500) gap of the doctor 
blade (see Table 1). Afterwards, the separators were dried overnight at 
room temperature. Additionally, analogous to the LPS separators, LPSCl 
separators were produced with 95.7 wt% electrolyte and 4.3 wt% HNBR 
binder but with a solids content of 63.5 wt% and were coated onto a 
siliconized foil.

2.4. Densification

Uniaxial densification was realized using a two-column laboratory 
press (PW 10, Paul-Otto Weber GmbH). For the binder-based separators, 
samples were punched out. For the pure electrolyte samples, ca. 150 mg 
of electrolyte powder was used for the compaction. All samples were left 
either in a heatable pressing matrix or transferred into a cell body 
consisting of a PTFE cylinder and two stainless steel plungers for 2 min 
for acclimatization followed by another 2 min for the compaction. The 

thickness of the separator were determined using a tactile dial gauge 
(Mitutoyo). The mass was weighed using a fine balance (Sartorius Lab 
Instruments GmbH & Co. KG). For LPS and HNBR, respectively, true 
densities of 1.88 g cm− 3 [34] and 0.96 g cm− 3 [15] were used. 
Presuming that the materials are inert towards each other, and that the 
binder is homogeneously distributed, the density of the solid electrolyte 
and binder mixture ρM can be calculated to be 1.83 g cm− 3 for a 3 wt% 
binder content, and 1.81 g cm− 3 for a 4.3 wt% binder content. For the 
determination of the coating density, the thickness and weight of three 
to five samples were measured. The rate of compression was calculated 
according to Eq. (1) with δa being the layer thickness after densification 
and δi being the initial layer thickness in a non-compacted state: [35]. 

Π = 1 −
δa

δi
(1) 

2.5. Adhesion/cohesion strength measurement

Adhesion/cohesion strength was measured according to Haselrieder 
et al. [36] with a material testing device (Z020, ZwickRoell GmbH & Co. 
KG). For standardization, punched-out separator samples with a diam
eter of 12 mm were measured. The measurements were realized in a dry 
room with an air supply dew point of TD ≈ − 27 ◦C.

2.6. Pore size distribution

The pore size distributions of the separators were measured by 
mercury intrusion (Quantachrome Instruments) according to the pro
cedure of Froboese et al. [37]

2.7. Scanning electron microscopy (SEM)

SEM images were obtained in an SEM Phenom XL (Thermo Fisher 
Scientific Inc.) at 0.1 Pa and a primary beam voltage of 10 kV/15 kV. 
The device is placed in a dry room (air supply dew point TD ≈ − 27 ◦C). 
Energy-dispersive X-ray spectroscopy (EDX) mapping was performed 
with a Crossbeam 340 (Carl Zeiss Microscopy Deutschland GmbH) at 
10 kV.

2.8. Electrochemical impedance spectroscopy (EIS)

For EIS, the separator was placed between two sealed stainless steel 
plungers in an air-tight PTFE tube [14,15,38]. The samples were 
removed from the glovebox and kept for 20 min in a climate chamber 
(SU-242, ESPEC) at 25 ◦C for acclimatization. The measurement was 
performed using a potentiostat (Zennium, Zahner-Elektrik GmbH & Co. 
KG) with a frequency range of 4 MHz to 10 Hz in potentiostatic mode 
with an amplitude of 20 mV. Stack pressure was applied either by a cell 
press at 25 MPa or by a manual hydraulic press (MP250D, MAASSEN 

Table 1 
Definition of the separator types described in this study.

Separator type Description Schematic illustration Solid electrolyte Binder content

S300 The slurry was coated by a 300 μm gap size of the doctor blade onto the substrate. LPS 3 wt%

S500 The slurry was coated by a 500 μm gap size of the doctor blade onto the substrate.

LPS 3 wt%/ 
4.3 wt%

LPSCl 4.3 wt%

Pure powder Pellet consisting of electrolyte powder.
LPS 0 wt%

LPSCl 0 wt%
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GmbH) for stack pressures >25 MPa. Relaxis 3 (rhd instruments GmbH 
& Co. KG) was used for data analysis. The Kramers-Kronig relations to 
identify the reliable frequency range for data fitting assessed the data 
quality.

2.9. Distribution of relaxation times (DRT) analysis

Prior to DRT analysis, all spectra were corrected for their open- 
circuit high-frequency offset verified for physically meaningful 
behavior. The processed data were then loaded into a Python environ
ment (Python 3.13.5) with the hybrid-drt package from Huang et al. [39] 
installed. DRT inversion was performed using the packages probabilistic 
hybrid regression-classification framework, yielding the distribution of 
relaxation time γ(τ) over log-spaced relaxation timescales τ. This prob
abilistic output reflects the hybrid regression–classification framework 
proposed by Huang et al. [39] For each spectrum, the dual-inversion 
algorithm was applied to generate and compare candidate discrete 
equivalent-circuit–like models, selecting the most plausible representa
tion based on internal scoring metrics. The identification and robustness 
of characteristic relaxation times were confirmed by evaluating and 
comparing three independent impedance spectra for each material 
under identical conditions.

2.10. Nanoindentation

Nanoindentation was performed using a TriboIndenter TI 900 
(Hysitron Inc.). The samples were prepared on a glass slide in a glove
box. The measurement was performed under a constant argon-gas flow. 
Global measurement was performed by stressing the samples with a flat 
punch (∅ = 50 μm). For the reduced elastic modulus, the deformation of 
the diamond tip is included but estimated as negligible. The device 
software provided the data for hardness and reduced elastic modulus.

2.11. X-ray diffraction (XRD)

A Stoe StadiP powder diffractometer in Debye Scherrer geometry 
with Mo Kα1 radiation (λ = 0.7093 ̊A) was utilized for X-ray diffraction 
measurements. The 2θ collection ranged from 4◦ to 60◦, with a step size 
of 0.015◦. To avoid material degradation in air, samples were sealed in 
borosilicate glass capillaries.

2.12. Rietveld analysis and Stephens anisotropic microstrain model 
analysis

Rietveld refinements were carried out using the TOPAS-Academic 
V7.25 software package [40]. Structural information of LPS was taken 
from Homma et al. [7] An instrumental parameter file was created by 
refining a LaB6 standard. The peak shape was modeled using a modified 
Thomson− Cox− Hastings pseudo-Voigt function, which was refined to 
the peak shape of the LaB6 standard. For the subsequent refinements, U, 
X, and Y were constrained to instrument values and W was refined freely 
[41]. Fit indicators (e.g., Rwp and Rexp) were used to assess the quality of 
the refined structural models. The obtained goodness-of-fits resulted 
mostly in values above 2 due to the high statistics of the measurement 
and thus very low Rexp. The following parameters were initially refined: 
(1) scale factor, (2) background coefficients using a Chebyshev function 
with 12 free parameters, (3) zero-shift error, (4) the peak shape 
parameter W of the initially obtained modified Thomson− Cox − Hast
ings pseudo-Voigt function modeled peak shape, (5) lattice parameters, 
(6) fractional atomic coordinates, (7) isotropic atomic displacement 
parameters, (8) atomic occupancies of the anions. The latter ones were 
then allowed to refine subsequently with all other parameters, to 
quantify the anion site disorder. In the final step, Stephens' anisotropic 
strain model was used to describe the internal strain, since significant 
anisotropic peak broadening was observed in the strained samples [42]. 
The model allows for six independent strain parameters in a cubic 

system, S400, S040, S004, S220, S202 and S022 corresponding to the 
axis direction and surface diagonals of the orthorhombic unit cell of LPS. 
Resulting values were plotted according to the generalized mustrain 
approach from GSAS II as strain-surface plots [43].

2.13. Fourier-transform infrared (FTIR) spectroscopy

FTIR spectroscopy measurements in the ATR (attenuated total 
reflection) mode were performed in ambient atmosphere using a Nicolet 
iS 50 FTIR system (Thermo Fisher Scientific Inc.), equipped with an MCT 
detector, a SMART iTX ATR accessory and a germanium crystal. The 
angle of incidence was 45◦ and 64 scans were accumulated at a spectral 
resolution of 4 cm− 1. Before each series of measurements, a background 
spectrum was taken and before each FTIR-ATR measurement, the Ge 
crystal was cleaned with ethanol. Separator samples were quickly 
pressed onto the cleaned Ge crystal to minimize reactions of the elec
trolyte with ambient water vapor as much as possible.

In order to analyze a possible accumulation of the binder at the 
separator surface the SpectraRay/4 software for simulation of optical 
ellipsometry, absorption and transmission from Sentech Instruments 
GmbH was used to calculate ATR absorbances due to vibrations of 
aliphatic -CH2- near 2900 cm− 1 of the pure binder and of LPS/binder 
composites, respectively.

2.14. Measurements with CompreDrive

For the LPS powder, ∼100 mg or less was loaded into the CompreCell 
of the CompreDrive (rhd instruments GmbH & Co. KG), an electro
chemical test system with controllable pressure application. For the 
binder-based sheets, two punched out discs were stacked systematically 
in the CompreCell, pre-pressed at around 100 MPa for 10 min to remove 
the aluminum foil, because contact points between the aluminum and 
electrolyte-binder layer were broken resulting in a single disc being 
loaded back into the CompreCell. The CompreCell is equipped with two 
hard tungsten carbide pistons with a diameter of 6 mm, which serve as 
electrodes and apply uniaxial force to the sample. Double O-rings within 
the cell maintain an air-tight seal, ensuring an inert atmosphere during 
the experiment.

Once the sample was loaded, the cell was transferred out of the 
glovebox and mounted in a CompreDrive press, which was connected to 
a potentiostat (NEISYS novocontrol) in a two-electrode configuration. 
The CompreDrive press, controlled by CompreDriveControl software 
(ver. 1.15), allows for real-time monitoring of applied force and precise 
stack pressure control. The software also tracks motor position, enabling 
the calculation of the relative piston displacement at any given time.

A reference blank cell measurement was conducted before to deter
mine the reference motor position for every relevant pressure step. This 
reference was later used to adjust for setup deformation by subtracting 
the reference motor positions from the sample measurements, allowing 
the calculation of the in situ sample thickness. Temperature control was 
achieved with a Julabo Presto A40 thermostat, which was connected to a 
heating/cooling mantle surrounding the cell.

EIS was employed to measure the ionic conductivity of the samples. 
Measurements were performed at stack pressures of 0.01, 0.025, 0.05, 
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, and 
1.5 GPa during the compression cycle, followed by decompression in the 
reverse order. A resting time of 15 min was adjusted between each stack 
pressure step to ensure pressure equilibration. Impedance spectra were 
recorded at 25 ◦C, across a frequency range from 1 MHz to 1 Hz, with an 
applied AC voltage of 25 mV (rms). Data were analyzed using RelaxIS 
3 software (rhd instruments GmbH & Co. KG), applying proportional 
weighting to the data points. The frequency range was adjusted to 1 MHz 
to 1 kHz for some samples to ensure meaningful fits. Following the EIS 
measurements, the cell was reintroduced into the glovebox, where the 
samples were then removed from the CompreCell to record their final 
weights and thicknesses.

C.A. Heck et al.                                                                                                                                                                                                                                 Journal of Energy Storage 152 (2026) 120084 

4 



2.15. Measurement of elastic recovery

In order to estimate the elastic recovery of the separators after 
compaction, a material testing device (Z020, ZwickRoell GmbH & Co. 
KG) was used placed in a dry room (air supply dew point TD ≈ − 27 ◦C). 
Both plungers for supporting the sample and compaction (∅ = 1 mm 
of the upper plunger) are made of hardened steel (hardness = 1620 ±
50 kg mm− 2). Elastic recovery was tested at two different speeds, 
1 mm min− 1 and 5 mm min− 1 (loading speed = unloading speed). For 
compaction, 500 N was set (≈640 MPa). To account for the recovery of 
the measurement setup itself, linear regression was conducted for five 
unloading force-displacement curves for each tested speed (see Fig. S1 in 
the Supporting Information), and the averaged slope was used as 
correction factor acorr to obtain the corrected plunger distance dp,corr 
according to Eq. (2): 

dp,corr = dp +
F

acorr
(2) 

The recovery was calculated as described in Eq. (3) with δa being the 
separator thickness after compaction and δmax being the separator 
thickness at maximum load: 

Springback =
δa − δmax

δmax
• 100% (3) 

To determine δa, the corrected plunger distance was identified for the 
loss of plunger contact to the separator sample and for δmax the corrected 
plunger distance at maximum load.

2.16. Estimation of statistical significance

To estimate the statistical significance of the measurement data in 
terms of nanoindentation and elastic recovery using a two-tailed Welch's 
t-test, the p-value was calculated according to Eq. (4): 

p = 2*(1 − F(|t|) ) (4) 

F(|t|) denotes the cumulative distribution function of the test statistic 
distribution under the null hypothesis. A p-value <0.05 indicates that 
the probability of obtaining such an extreme result, assuming the null 
hypothesis of no statistical difference in the measurement data is true, is 
less than 5 %. This argues against the null hypothesis and provides ev
idence of a real effect or difference in the data.

2.17. Electrochemical characterization

Rate performing tests were conducted using a BaSyTec XCTS 
(BaSyTec GmbH) in a climate chamber (Binder GmbH) at 25 ◦C and a 
stack pressure of 25 MPa. The cells were cycled in a voltage window of 
2.2 V to 3.7 V vs. Li/InLi. The applied charge and discharge rates were 
varied from 0.02C (CCCV, 3 cycles), 0.05C (CCCV, 3 cycles), 0.1C 
(CCCV, 3 cycles) and 0.02C (CCCV, 1 cycle). Indium (99.99 %, 127 μm 
thickness, Thermo Fisher Scientific Inc.) served as the anode with a 
diameter of 12 mm. Cathodes were used with 71 wt% single-crystalline 
LiNi0.83Mn0.06Co0.11O2 (MSE Supplies LLC) as cathode active material, 
24 wt% LPSCl (pre-milled), 3 wt% polyisobutylene (Oppanol N80, BASF 
SE) and 2 wt% carbon black (C-NERGY Super C65, Imerys S. A.). For the 
cathode slurry preparation by dissolving (Dispermat CV3-PLUS, VMA- 
Getzmann GmbH) p-xylene was used as solvent. The solids content was 
35 wt% and the peripheral velocity of the disk 4 m s− 1 for 60 min. The 
slurry was coated onto aluminum (Coatmaster 510, Erichsen GmbH & 
Co. Kg, 10 mm s− 1). The separator was coated directly onto the dried 
cathode also by doctor blading with a gap size of 500 µm. The mass load 
of the cathode was 9 ± 1 mg cm− 2. The cathode-separator composite 
with a diameter of 15 mm was compacted at 200 MPa and 40 ◦C for 
2 min after 2 min acclimatization. Due to the direct coating of the 
cathode with the separator, the exact mass of the cathode samples used 
for cell assembly could not be directly determined and was therefore 

estimated using cathode samples without the separator.

3. Results and discussion

3.1. Adhesion/cohesion strength, reduced modulus of elasticity, and layer 
hardness

In order to investigate the densification of the LPS separators, the 
impact of fabrication pressure and temperature were analyzed. One of 
the first observations when dealing with LPS separators is that they 
become brittle in the compacted state. Low fracture toughness despite 
the low material stiffness is already described for 70:30 Li2S-P2S5 [44]. 
The LPS layers become more brittle with increasing fabrication pressure. 
Moreover, a curvature of the samples after fabrication gets more pro
nounced until a fabrication pressure of 200 MPa, while 300 MPa samples 
are flat after densification and partly or entirely detached from the 
substrate (Fig. 2a)). The curvature observed after densification may 
result from the high stress at the interface between the substrate and 
electrolyte layer, due to the greater lateral strain, thus stretching the 
electrolyte layer more than the aluminum substrate [45]. At 300 MPa, 
this stress may be sufficient to disrupt the contacts between the substrate 
and electrolyte layer, leading to partial or entire detachment of the 
electrolyte layer from the substrate [45]. This is also reflected in the 
adhesion/cohesion strength measured for a fabrication pressure of 
25 MPa to 400 MPa shown in Fig. 2b). In the non-compacted state, a 
cohesive failure was observed, where only the upper layer of the sepa
rator peeled off, resulting in the measurement of a very low cohesion 
strength of 0.13 MPa. However, an adhesive failure was observed for all 
compacted samples. The entire layer detached from the aluminum 
substrate. The densification results in an initial increase of the adhesion 
strength for densification pressures of 50 MPa and 100 MPa, followed by 
a decrease for fabrication pressures of 300 MPa and 400 MPa probably 
due to the reduction of contact area between the coating layer and the 
tested aluminum. As mentioned before, samples compacted at 200 MPa 
showed a strong curvature. For testing, the samples must be placed flat 
onto a stamp; they need to be straightened, resulting in additional stress 
on the separator leading to strong flaking, hindering a measurement of 
samples compacted at 200 MPa. For 300 MPa and 400 MPa, the adhe
sion strength decrease is also accompanied with higher standard devi
ation due to the high brittleness and partial detachment of the 
electrolyte layer resulting in random cracking and flaking.

In Fig. 2c) the resulting adhesion strength is shown as a function of 
the densification temperature from 20 ◦C to 100 ◦C compacted at 
100 MPa (adhesive failure) compared to the non-compacted state 
(cohesive failure). An increase in the temperature results in a linear 
increase in the adhesion strength for the observed temperature range. 
For the separators compacted at 100 ◦C, the highest adhesion strength of 
1.27 MPa was measured. The strength increase probably results from the 
softening of the viscoelastic binder leading to a higher amount of contact 
points between the particles and substrate. In addition, after compaction 
and cooling to room temperature, potential shrinkage of the binder takes 
place, creating additional tension and improving the adhesion strength 
to the substrate. In real battery cell applications, the separator is coated 
or laminated onto the electrode. Based on these results, better adhesion 
can also be expected for high temperature application during the 
densification of the electrode-separator compound.

Fig. 2d) demonstrates the reduced elastic modulus obtained by 
nanoindentation. It is increased when going from a non-compacted state 
to 100 MPa and to 300 MPa. Thus, a denser structure of the separators 
results in a higher resistance against deformation, and increased mate
rial stiffness. A slight increase in the reduced elastic modulus was 
observed for the separator compacted at 100 ◦C compared to 40 ◦C (p- 
value = 0.036 according to Eq. (4)). The layer's hardness (Fig. 2e)) 
increased when going from a non-compacted state to 100 MPa and 
300 MPa due to increased interlocking of the sulfidic particles (see Fig. 
S9 in the Supporting Information). Moreover, the hardness of the 
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separator compacted at 100 ◦C is lower compared to the samples com
pacted at 40 ◦C (p-value = 4.85 •10− 9 according to Eq. (4)). Reduced 
hardness at 100 ◦C might be caused by a thermal softening of the elec
trolyte and/or binder and plasticizing effects of the electrolyte. Similar 
to the adhesion/cohesion strength, the spread of the measurement data 
at 300 MPa for both hardness and reduced elastic modulus is very high 
as it is typical for brittle materials [46].

3.2. Separator surface

In Fig. 3a) SEM images are shown for separator S300 and S500 samples 
non-compacted and compacted. The densification temperature was 
40 ◦C. The higher the fabrication pressure, the smoother the surface 
appears. The separator surface roughness influences the contacting with 
the electrodes. For example, in the case of lithium metal, rough surface 

Fig. 2. a) Schematic illustration of the uniaxial compaction adapted from Heck et al., Ref. [15] under the terms of the CC-BY 4.0 license. Copyright: The Authors 
(2024), published by Wiley-VCH GmbH and LPS separators compacted with different fabrication pressures. b) Adhesion/cohesion strength as a function of the 
fabrication pressure of separators S300 compacted at 40 ◦C. Error bars present the standard deviation of ten samples. c) Adhesion strength as a function of the 
densification temperature of separators S300 compacted at 100 MPa. Error bars present the standard deviation of nine to ten samples. d) Reduced elastic modulus for 
different densification states determined by 63 indents. e) Hardness for different densification states determined by 63 indents. Individual data points are shown as 
red dots, the average value is shown in numbers. All graphs present data for LPS separators with 3 wt% HNBR. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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structure of the separator favors short circuits due to the current 
focusing on sharper protrusions [47]. In Fig. 3b) SEM images of the 
separator surface compacted at different densification temperatures but 
with a constant pressure of 100 MPa are shown. An increased sintering 
of the particles can be observed for separator S300 when going from 
20 ◦C to 40 ◦C to 80 ◦C. In contrast, according to the areas depicted for 
SEM analysis no significant difference for the different densification 
temperatures can be seen for separator S500. Close particle contact on the 
separator surface is already achieved at 20 ◦C. It is presumed that the 
reduction of surface roughness also affects the contact with the current 
collector for impedance measurement.

3.3. Specific ionic conductivity – Impact of fabrication pressure on LPS

In order to investigate the impact of the separator surface for 
different fabrication pressures on the results of impedance measurement 
the following analyses were conducted: In Fig. 4b) to d) the ionic con
ductivity of the pure powder and separators with 3 wt% and 4.3 wt% 
binder as a function of the fabrication pressure is shown. Representative 
Nyquist plots and used equivalent circuits are shown in Figs. S2 and S3 
in the Supporting Information. The samples either were measured right 
after compaction in the cell body that also was used for the compaction 
(press body = cell body) or were compacted and measured in two 

different bodies (press body ∕= cell body, see Fig. 4a)).
In the first case, the separator was compacted and EIS was measured 

in the same PTFE cell body. In the second case, the separator was 
compacted in a stainless steel pressing matrix and transferred into a 
PTFE cell body with stainless steel plungers. For the pure powder, the 
ionic conductivity is slightly higher for samples that are compacted in 
the same body for a fabrication pressure >25 MPa. This is due to the 
better contact with the plungers used as current collector and thus, 
reduced contact resistance between the plungers and the sample. 
Additionally, the stress exerted on the separator can slightly vary be
tween the PTFE cell and the stainless steel pressing matrix, even if the 
same force is applied due to the individual wall friction effects of the cell 
material used according to the well-known Janssen equation [30].

For 3 wt% and 4.3 wt% HNBR, also generally a higher ionic con
ductivity was measured for the samples directly compacted in the cell 
body. However, for the pure powder the trend in ionic conductivity 
remains for both cell transfer systems (increase in ionic conductivity 
with an increase in fabrication pressure). Instead, for 4.3 wt%, the ionic 
conductivity rather increases in case of press body = cell body while it 
rather remains on a constant level for press body ∕= cell body. This may 
be attributed to different surface roughness after densification for 
samples with binder compared to the pure powder: The binder can act as 
a filler between the electrolyte particles, closing voids and thus, 

Fig. 3. SEM images of separator S300 and S500 layers with 3 wt% HNBR for a) different fabrication pressures (compacted at 40 ◦C) and b) different densification 
temperatures (compacted at 100 MPa).
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smoothing the surface. In addition, the binder-based separators were 
coated onto aluminum. The surface characteristics of the measurement 
plungers are also expected to influence the measurement results.

Additionally, DRT analysis was performed. The results are shown in 
Fig. 5. The peaks were assigned based on reference [48]. Bulk transport 
is not visible, since the corresponding time constant is not possible to 
resolve within the measured frequency range. The pure LPS powder 
shows the highest grain boundary contribution which gets smaller with 
binder addition and shifted to lower time constants (= faster process) for 
more binder (Fig. 5a)). Thus, the introduction of the HNBR reduces the 
grain boundary contributions significantly probably due to a surface 
passivation of the LPS particles. The pure LPS shows a facilitation in 

grain boundary contribution (faster process at lower time constant) with 
densification (Fig. 5b)). For the LPS separators with 3 wt% HNBR there 
is a more pronounced facilitation with compaction. Compaction in the 
cell body itself shifts the grain boundary contribution to lower time 
constants than for press body ∕= cell body. Separators with 4.3 wt% 
HNBR exhibit less of a shift with applied pressure. Compaction in the cell 
body shifts the process to lower time constants but for press body ∕= cell 
body the potential two processes do not get faster but less pronounced, 
relatively the slower process gets even more weight.

These findings imply that for the LPS high fabrication pressure is 
needed to improve the ionic conductivity. If possible, the sample should 
be compacted in the cell body itself for EIS analysis.

Fig. 4. a) Schematic illustration of press body = cell body and press body ∕= cell body. Specific ionic conductivity as a function of the fabrication pressure for 
separators with b) pure LPS powder, c) 3 wt% HNBR and d) 4.3 wt% HNBR of separator S500. The orange data points present the non-compacted samples. All 
measurements were performed at 25 ◦C and a stack pressure of 25 MPa. Each data point represents one individual sample measured. For each variation, three samples 
were measured, in exceptional cases two. The standard deviation is based on the variation of the layer thickness and the fit error given by RelaxIS.
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Fig. 5. a) Results of DRT analysis for separators with pure powder, 3 wt% and 4.3 wt% HNBR. Results of DRT analysis for b) the pure LPS powder, c) separator with 
3 wt% HNBR and d) 4.3 wt% HNBR for non-compacted state and compacted at 100 MPa for press body = cell body and press body ∕= cell body. EIS was performed at 
25 ◦C and a stack pressure of 25 MPa.

Fig. 6. Specific ionic conductivity as a function of the fabrication pressure for separators with a) LPSCl and 4.3 wt% HNBR analyzed for press body = cell body and 
press body ∕= cell body and b) for LPSCl and 4.3 wt% HNBR compared to pure LPSCl powder compacted in press body = cell body. The orange data points present the 
non-compacted samples. All measurements were performed at 25 ◦C and a stack pressure of 25 MPa. Each data point represents one individual sample measured. For 
each variation, data points of three samples measured are shown, in exceptional case two or four. The standard deviation is based on the variation of the layer 
thickness and the fit error given by RelaxIS.
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3.4. Specific ionic conductivity – Impact of fabrication pressure on LPSCl

In order to compare these findings with another electrolyte, the re
sults of a former study [15] for LPSCl were reproduced (press body ∕= cell 
body) compared to samples compacted in the same body (press body =
cell body, Fig. 6a)). In contrast to the results obtained for LPS the ionic 
conductivity decreases for both cell setups with an increase in fabrica
tion pressure. Different dependencies on the fabrication and stack 
pressure for different sulfide-based electrolytes are already reported by 
Cronau et al. [28] They postulate a difference in the compaction results 
for amorphous and crystalline materials: While pressure-induced sin
tering is expected to occur in amorphous material, the grain boundaries 
between crystalline particles are still preserved after pressure release 
[28]. Cross-section SEM images shown in S7 to S11 confirm a sintering 
of LPS after compaction, while for the LPSCl no sintering effect appears. 
LPS is a less crystalline and softer material compared to LPSCl [49,50]. 
In case of pure powder demonstrated by Cronau et al. [28], despite the 
potential absence of particle sintering in microcrystalline electrolytes, 
an increase in ionic conductivity with increase in fabrication pressure 
was observed at stack pressures above 50 MPa. However, a former study 
[15] demonstrated that even at a high stack pressure of 70 MPa (contact 
resistance is assumed to be negligible for 70 MPa based on the results 
obtained by Doux et al. [21]) the densified LPSCl-HNBR separators 
exhibit lower conductivity compared to the non-compacted ones. The 
fact that the reduced ionic conductivity in compacted state originates 
from the HNBR and not from the absence of a sintering effect is addi
tionally supported by the increase in the ionic conductivity for the pure 
LPSCl powder in compacted state compared to the non-compacted state 
(see Fig. 6b)).

The different results for LPS and LPSCl separator compaction might 
be explained by a different binder distribution and/or resulting porosity 
due to the different solids contents realized by dispersion process. For 
the LPSCl a higher solids content (63.5 wt%) for the same binder content 
can be realized compared to LPS (30 wt%) due to viscosity limitations. 
Literature findings also indicate that this type of LPS in combination 
with HNBR allows only low solids contents [14,38], while LPSCl slurries 
can be formulated with substantially higher solids contents [10,15,32]. 
This might be due to the high porosity of the LPS particles themselves 
presumably due to synthesis conditions (see Fig. S4 in the Supporting 
Information) resulting in a high specific surface area. Due to the higher 
solids content for LPSCl, the non-compacted separator has a lower 
porosity (37 ± 2 %) compared to the non-compacted LPS separator 
(76 ± 4 %) [15]. Possibly, for the compaction of the highly porous LPS 
separator the particle-particle contact is significantly improved while for 
the LPSCl separator compaction results in a more insulating embedding 
in the HNBR binder. Another reason might be different particle rear
rangement due to different particle sizes. If large particles are present 
relative to the layer thickness, as is the case with LPS in this study, the 
deformation behavior of the separator is influenced sooner by the direct 
compression of the particles than by their rearrangement. In addition, 
the impact of fast elastic recovery after compaction should be addressed 
in future studies [15,32].

In terms of ionic conductivity, these findings imply that no 
compaction should be performed for LPSCl-HNBR separators (at least for 
the tested binder content of 4.3 wt%). No significant difference in the 
measured ionic conductivity was found whether the sample was com
pacted in the cell body or not.

3.5. Specific ionic conductivity – Impact of stack pressure on LPS

An increase in the stack pressure led to an increase in the ionic 
conductivity of the binder-based LPS separators (Fig. 7). Similar ionic 
conductivities were obtained for stack pressures at 25 MPa, 50 MPa, 
100 MPa and 200 MPa for 3 wt% and 4.3 wt% binder-based separators. 
This indicates that the insulating character of the binder is limiting the 
ionic transportation at higher stack pressures, while for lower stack 

pressures voids are more relevant (see Fig. 8a)). Moreover, besides the 
denser structure of the sample the contact resistance to the current 
collector (plungers of the cell body) decreases with increasing stack 
pressure, resulting in the measurement of a higher ionic conductivity 
[21].

In order to investigate the impact of stack pressure in more detail, the 
ionic conductivity was also measured as a function of the applied stack 
pressure from 0.01 GPa to 1.5 GPa and its release back to 0.01 GPa for 
the pure LPS powder, as well as separators with 3 wt% and 4.3 wt% 
binder content (Fig. 8a)). One measurement series is based on the 
stepwise compaction and subsequent stress release of one sample in 
contrast to the results presented in Fig. 7. In Fig. 7, each data point 
represents the measurement of a single individual sample, being 
measured only once. For the stepwise increase of stack pressure in Fig. 8
in case of pure powder, a maximum ionic conductivity of 0.26 mS cm− 1 

at 1.3 GPa was achieved, for 3 wt% HNBR 0.09 mS cm− 1 at 1.2 GPa and 
for 4.3 wt% 0.08 mS cm− 1 at 1.3 GPa. The measured ionic conductivity 
is consistent with the given ionic conductivity by the LPS manufacturer 
between 10− 4 und 10− 5 S cm− 1 and data from literature [14,51,52].

For the pure LPS powder also a second compaction and pressure 
release was applied (see Fig. 8b)). A lower ionic conductivity was ach
ieved compared to the first compaction but results in a similar ionic 
conductivity at 0.1 GPa with 0.14 mS cm− 1 (first compaction) and 
0.13 mS cm− 1 (second compaction) [29].

XRD for the pure powder is exemplarily shown in Fig. 8c), in-situ 
high-pressure X-ray synchrotron diffraction data and the correspond
ing Rietveld refinement for the LPS powder and the separators with 3 wt 
% and 4.3 wt% HNBR are presented in Fig. S5 and S6 in the Supporting 
Information, as well as the crystallographic information in Table S1 to 
S5. For all XRD refinements, LPS crystallization in the metastable 
β-phase with 2 wt% Li2S is confirmed. The strain analysis reveals that 
the LPS material is already slightly strained (1 %) in the non-compacted 
state, likely due to synthesis conditions and slight anisotropy (more 
strain along the short unit cell axis in [010] and [001] direction, sig
nificant strain in [101] and [011] direction).

This is enhanced by compaction to 1.5 GPa for all samples: The strain 
in diagonal direction [101] and [011] outweighs the axis, but there is no 
significant strain in [100] and [110] direction. This is in agreement with 
previous work, where strain is induced in the Li6PS5Br argyrodite 
pressed within the same pressure range [53]. The strain increases from 

Fig. 7. Specific ionic conductivity of separator S500 with a binder content of 
3 wt% and 4.3 wt% and pure LPS powder as a function of the stack pressure. 
Each data point presents one individual sample measured. For each variation, 
data points of three samples are shown, in exceptional case two. The standard 
deviation is based on the variation of the layer thickness and the fit error given 
by RelaxIS. All measurements were performed at 25 ◦C.
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1 % to 3.9 % for the pure LPS powder, but the presence of binder 
significantly reduces the straining of the material for the same pressure 
to 3.6 % for 3 wt% HNBR and 3.4 % for 4.3 wt% HNBR. The strain 
describes the introduction of lattice defects, e. g. dislocations, facili
tating charge transport and thus, improves ionic conductivity [53]. 
Consequently, it can be hypothesized that the binder acts as a buffer 
during compaction reducing the amount of strain. Thus, ionic conduc
tivity for the binder-based samples is lower compared to samples com
pacted without binder not only because of its insulating property but 
also due to the reduction of stress-induced strain.

3.6. Layer thickness, coating density, and pore size distribution

Fig. 9a) presents the layer thickness as a function of the rate of 
compression for two different initial layer thicknesses (S300, ∼131 μm, 
S500, ∼308 μm) and a densification temperature of 40 ◦C and 100 ◦C. The 
initial layer thickness of separator S300 is 57 % smaller compared to S500. 
For separator S300 a minimum thickness of 42 μm was achieved 
compared to 102 μm for separator S500, both for a densification at 
300 MPa and 100 ◦C. To achieve a low area-specific resistance and an 
energy density that is sufficient for an industrial solid-state battery 
production a separator thickness below 20 μm is required [22]. How
ever, LPS-based separators are probably too fragile to further reduce the 
separator thickness.

Fig. 8. Specific ionic conductivity of a) separators with 3 wt% and 4.3 wt% binder, as well as pure LPS powder and b) for two compaction cycles of the pure LPS 
powder. Each data point represents an average of three measurements; the second cycle for the LPS powder is based on one measurement. The unfilled points 
represent the progression of pressure release. The measurements were performed at 25 ◦C and a stepwise increase of the stack pressure applied to the sample. The 
error bars include the fitting errors of the impedance measurements as well as the measurement error of the CompreDrive. c) and d) X-ray diffraction patterns of the 
LPS powder before and after compaction at 1.5 GPa. e) Generalized microstrain for the LPS powder non-compacted and after compaction at 1.5 GPa, as well as 
separators with 3 wt% and 4.3 wt% binder after compaction at 1.5 GPa and f) corresponding strain contour plots of the LPS powder.
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In Fig. 9b) the coating density as a function of the fabrication pres
sure and densification temperature is shown for two different layer 
thicknesses. Meyer et al. [54] developed an exponential approximation 
based on the Heckel's equation [55] to quantify the compaction resis
tance (see Eq. (5)): 

ρc = ρc,max −
(
ρc,max − ρc,0

)
exp

(

−
P
γc

)

(5) 

ρc denotes the coating density, ρc,max the maximum coating density, ρc,0 

the initial coating density, P the applied pressure and γc the compaction 
resistance. The approximation parameters are listed in Table S6 in the 
Supporting Information.

As already shown for conventional electrodes [45,56,57] the 
compaction resistance γc increases with an increase in the mass loading. 
This is attributed to a higher interparticular friction due to the higher 
amount of particles [45,57]. The thinner layers show a lower maximum 
density compared to the thicker ones [15,57,56]. Reasons are a weaker 
effect of the more porous contact layers at the dies on the overall density, 
as well as stronger particle rearrangement takes place in the thicker 
layer [15,56]. In general, a slightly higher density for the same densi
fication pressure was measured for 100 ◦C compared to 40 ◦C likely due 
to a higher plasticity of the binder. However, due to the variability 
indicated by the standard deviation, no conclusive interpretation is 
possible. The glass transition temperature Tg of LPS is ∼200 ◦C [34]. 
Here, a relative density of 98 % at 270 MPa for pure LPS powder is 

described [34]. The reduction of porosity and the increased particle 
sintering with an increase in fabrication pressure might be the main 
reasons for the increased brittleness of the layers because pores act as 
stress focal points within the porous layer, providing higher flexibility, 
and facilitating elastic recovery. Higher porosity for thinner layers 
conflicts with the overall goal of producing thin separators (<20 μm in 
the compacted state), which are known to result in low internal resis
tance, high energy density, and reduced battery cell weight [47]. In 
Fig. 9c) the pore size distribution of compacted separator S300 samples is 
shown as determined by mercury intrusion [37]. As expected, the pore 
size within the separator decrease with increasing fabrication pressure. 
It has to be noted that only accessible pores can be measured by mercury 
intrusion [37]. A densification pressure of 25 MPa can already signifi
cantly reduce the pore size in comparison to the non-compacted state. 
Furthermore, densification at 100 ◦C in comparison to 40 ◦C at a pres
sure of 25 MPa and 50 MPa results in a slight shift of the pore size dis
tribution to smaller pore size.

Fig. 9d) demonstrates the pore size distribution obtained for sepa
rators S300 and S500. The pore size distribution is slightly shifted for 
25 MPa, 50 MPa, 100 MPa and 200 MPa to smaller pore sizes for the 
separators S300 compared to S500. For thinner layers, evaporation usually 
occurs more uniformly due to the shorter transport paths for solvent 
removal probably affecting the resulting pore size. The smaller pore size 
of the thinner layer due to the solvent evaporation effects seems to be 
preserved even after compaction. However, edge effects and measure
ment artefacts should be considered, such as pores near the separator 

Fig. 9. a) Layer thickness as a function of the rate of compression. Error bars represent the standard deviation of 15 to 25 layer thickness values for each variation. b) 
Density as a function of the fabrication pressure. Error bars represent the standard deviation of the calculated density of three to five samples. Exponential fit ac
cording to C. Meyer et al. was applied [54]. c) Pore size distribution of separator S300. The separators were compacted at 40 ◦C or 100 ◦C. d) Pore size distribution of 
separators S300 and S500. All graphs present data for LPS separators with 3 wt% HNBR.
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surface have a greater influence on the result obtained for the thinner 
layers. Also, pores at the lateral surface of the samples have a higher 
impact onto the measurement result for the thicker layer.

Fig. 10 depicts the relation between density and stack pressure for 
pure LPS powder, as well as for separators containing 3 wt% and 4.3 wt 
% HNBR (in relation to the measurements of ionic conductivity shown in 
Fig. 8). For each variation, three measurements were conducted and 
averaged. The separators with HNBR (two S500 separators) were pre- 
compacted at 100 MPa for 10 min in order to detach the aluminum 
substrate as preliminary tests have demonstrated that the substrate af
fects the measurement results. The measurement procedure includes 
stepwise compaction of a sample from 0.01 GPa to 1.5 GPa without 
intermediate pressure release, followed by a stepwise pressure release 
back to 0.01 GPa. This is called “in die” measurement condition with in 
situ determination of the sample thickness while for the results in Fig. 9
b) “out of die” measurements were performed [29,58]. For Fig. 9b), each 
sample was compacted only once and the thickness was measured after 
pressure release (effects like elastic recovery took place). For the LPS 
powder a density of 2 g cm− 3 was measured at 1.5 GPa. In Table S7 the 
initial and maximum coating density at a pressure of 0.1 GPa, and the 
compaction resistance are listed for each measurement estimated ac
cording to Eq. (5) [54]. Here, the initial coating density is increased from 
pure powder to 3 wt% to 4.3 wt% binder content. This is due to the pre- 
compaction of the samples with HNBR, the filler effect of the binder, and 
better cohesion between the particles resulting in a denser structure.

However, the maximum coating density of the electrolyte material 
without binder is higher than that of the samples with HNBR binder. Due 
to the lower true density of the binder, the compound density is lower 
compared to the true density of the pure powder. In samples with HNBR 
binder, small voids often remain because the binder, even under high 
pressure, does not fully collapse due to its elasticity. This elasticity al
lows the binder to maintain a certain level of volume, preventing it from 
being completely compacted like the harder sulfidic particles. These 
small voids act as buffers within the structure, maintaining some level of 
porosity. Due to its buffer character, the HNBR also absorbs part of the 
stresses, probably reducing the deformation of the sulfide-based parti
cles and induced strain in the LPS material (see Fig. 8). Additionally, a 

slight further increase in the density can be expected for a further in
crease in the applied pressure >1.5 GPa, meaning that the maximum 
achievable density may not be reached. The compaction resistance for 
the pure LPS powder is lower compared to the samples with binder 
resulting from the higher elastic resistance of the binder, reduced degree 
of motion of the LPS particles embedded in the binder matrix and lack of 
pre-compaction.

3.7. Particle fragmentation

SEM images of separator cross-sections are shown in Fig. S7. Here, 
particle fragmentation can be assumed for densification at both low 
(20 ◦C) and high (100 ◦C) temperatures compacted at 100 MPa but 
cannot be clearly distinguished from sintered grain boundaries. The 
porous LPS particles (Fig. S4) possess inherent fracture points which 
may further break apart during compaction. Particle breakage due to 
compaction has already been reported for harder materials such as 
secondary cathode active materials [59,60], as well as for LPS (in a 
composite cathode) [60] and LPSCl [15] as electrolyte material. How
ever, in composites the stress is concentrated more strongly on the 
material with high Young's modulus [61]. Particle breakage probably 
results in additional interfacial resistance and affects the possible 
achievable maximum density. Apart from this, an increased moisture 
uptake after calendering is described for conventional electrodes due to 
an increased surface area caused by particle breakage of the active 
material and elastic recovery [59,62]. Whether this also applies to the 
moisture-sensitive electrolyte has to be evaluated. Also, small particles 
are more likely to be pressed into voids and particle strength increases 
with a decrease in particle size [15,63–65].

3.8. Considerations on binder migration by FTIR-ATR analysis

Fig. 11a) shows the results of FTIR-ATR measurements of separator 
samples, produced with different fabrication pressures and with 4.3 wt% 
binder content. Additionally, Table S8 in the Supporting Information 
summarizes the positions of dominant peaks in the binder spectrum. 
Peak positions due to LPS or products of its superficial hydrolysis are not 
listed in Table S8 [66].

The binder material is similar to so-called grafted HXNBR (hydro
genated carboxyl nitrile rubber) [67]. Here, grafted XNBR (carboxyl 
nitrile rubber) was synthesized by esterification between carboxyl 
groups (-COOH) of XNBR and alkanols or glycols with different molec
ular weights. Afterwards, the material was hydrogenated. Strong signals 
of aliphatic -CH2-, very similar to polyethylene, can be seen at 
2926 cm− 1, 2855 cm− 1, 1464 cm− 1, and 723 cm− 1 belonging to asym
metric and symmetric stretching vibrations of C-H, deformation vibra
tions of C-H and C-C rocking vibrations, respectively. The peak of the 
nitrile group can be found at 2236 cm− 1. Oxygen-containing moieties 
are visible at 1730 cm− 1, namely the stretching vibration of C=O, and 
around 1171 cm− 1, where several bands of C-O-C stretching vibrations 
in esters overlap.

The modeled layer system consists of an n,k layer for the Ge crystal 
with nGe = 4, kGe = 0 [68], an ultrathin oscillator layer for the binder, 
applying data for polyethylene (PE) from Ref. [68], because PE is 
structurally similar to the (-CH2-)n domains of the used binder material, 
and an effective medium layer for the LPS/pore(air)/binder composite. 
For LPS, an n,k model was used with an average over crystal directions 
of nLPS = 2.14 and kLPS = 0 [69]. Using densities of 1.85 g cm− 3 for LPS 
and 0.96 g cm− 3 for HNBR, volume fractions required for optical 
simulation can be calculated: Assuming an air-pore fraction of 40 vol%, 
and 4.3 wt% binder in the mixture with LPS, the volume fraction of 
binder in the final composite is ∼4.7 vol%.

Fig. 11b) shows simulated -CH2- signals near 2900 cm− 1 for the 
composite only and for the composite with additional ultrathin binder 
layers at the separator surface. The black curve for a 10 μm layer, rep
resenting virtually pure HNBR (black line in Fig. 11 a)), was normalized 

Fig. 10. Density as a function of the stack pressure for pure LPS powder and 
separator sheets with 3 wt% and 4.3 wt% binder under “in die” measurement 
conditions. Exponential fit according to C. Meyer et al. was applied [54]. Before 
each measurement series, the samples with HNBR were pre-compacted at 
100 MPa for 10 min to detach the aluminum substrate. The open points 
represent the progression of pressure release. The measurements were per
formed at 25 ◦C with increasing stack pressure applied to the sample. Error bars 
represent the standard deviation of the calculated density of three samples for 
each variation.
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to 1 at 2920 cm− 1 and all other graphs were multiplied with the same 
scaling factor. According to the calculations, 5.5 % of the absorbance of 
pure HNBR should be found experimentally for the composite. An 
additional uniform 5 nm HNBR layer on top should raise the absorbance 
to 10.5 % of the pure binder absorbance.

Experimentally, three spectra each were analyzed for densification 
pressures of 0 MPa, 50 MPa and 100 MPa, and values for the relative 
binder absorbance were averaged, resulting in 4.6 ± 0.3 % for 0 MPa, 
5.2 ± 0.1 % for 50 MPa and 4.9 ± 0.2 % for 100 MPa fabrication 
pressure. These values are on average 10 % below the result calculated 
without superficial 5 nm binder film (5.5 %), see Fig. 11 b). Moreover, 
there is no significant increase of the relative binder absorbance with 
increasing fabrication pressure, which could be assumed if an accumu
lation of HNBR were the reason for a decreasing specific ionic conduc
tivity for higher pressures. Therefore, it is quite unlikely that a thin 
binder film on the separator surface is formed by densification. It should 
be noted that weaker infrared signals often result in an increase in 
densification degree due to reduced penetration depth. However, since 
the presumed polymer layer is extremely thin, it is fully probed by the IR 
beam, ensuring that the –CH₂ signals are accurately detected.

For further validation, EDX-mapping of non-compacted and at 
100 MPa compacted LPS (and LPSCl separators) with 4.3 wt% binder 
were performed. In addition, no clear evidence for a binder migration to 
the surface of the separators caused by compaction was found. The ni
trogen signal, used as a marker for the HNBR binder, was evaluated but 
was generally quite low. The SEM images and corresponding EDX line 
mapping are shown in Fig. S8 to S11 in the Supporting Information. For 
final conclusions, Time-of-Flight Secondary Ion Mass Spectrometry 
Profiling (ToF-SIMS Profiling) should be performed.

3.9. Estimation of fast elastic recovery

The springback for separators with a binder content of 3 wt% and 
4.3 wt% was exemplarily measured directly after stress release for two 
different loading speeds (loading speed = unloading speed) of 
1 mm min− 1 and 5 mm min− 1 at a load of approximately 640 MPa. The 
results are shown in Fig. 12. The springback increases for both an in
crease in binder content (p-value of 10 • 10− 6 for 1 mm min− 1 and 
2 • 10− 3 for 5 mm min− 1), as well as an increase in loading speed (p- 
value of 4 • 10− 11 for 3 wt% and 2 • 10− 6 for 4.3 wt%).

For 3 wt% HNBR, the separator thickness recovers by 6.7 % on 
average for 1 mm min− 1, and 9.2 % for 5 mm min− 1. For 4.3 wt% HNBR, 

the springback increases from 7.9 % to 10.4 % on average for an increase 
in the loading speed. The higher springback for a higher binder content 
confirms that the binder contributes more to the elasticity and flexibility 
of the separator layer compared to the sulfide-based particles. In addi
tion, the binder acts as a buffer. With an increase in the HNBR amount, 
stress absorption by the binder is enhanced and thus, plastic deforma
tion of the particles is minimized. Consequently, the partly elastic re
covery of the binder embedding the sulfide-based particles might result 
in a reinforcement of inhomogeneous density distribution in case of non- 
ideal binder distribution, formation of cavities and thus, microscopic 
contact loss between the electrolyte particles. If the cohesion of the 
electrolyte particles within the separator layer are deteriorated after 
densification, ionic conductivity can probably be negatively affected 
[15,32]. As it is already hypothesized for tabling, the different elastic 
recovery of the electrolyte and binder could result in high local stress 
and thus, microcracks [33]. For HNBR, the elasticity and thus, spring
back can be reduced by increasing the content of the polar acrylonitrile 

Fig. 11. a) Representative FTIR spectra of binder material (black line) and separator samples produced with different fabrication pressures and 4.3 wt% HNBR. b) 
Simulations of the absorbance of peaks belonging to the asymmetric and symmetric stretching vibrations of -CH2-. Purple curve: theoretical IR signal for LPS 
separator samples with 4.3 wt% binder (4.7 vol%) and 40 vol% pores. All other curves have a thin binder layer with different thicknesses at the surface. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Estimated springback for separators with a binder content of 3 wt% 
and 4.3 wt% and an un-/loading speed of 1 mm min− 1 compared to 
5 mm min− 1. For each variation 13 to 15 measurements were performed. In
dividual data point are shown, the average value is shown in numbers.
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[70]. However, the requirement of a low springback to minimize a po
tential negative impact on the microstructure may conflict with a suf
ficiently high flexibility and mechanical stability of the separator. 
Moreover, the springback is decreased for a decrease in loading speed. 
This is probably mainly due to the binder's viscoelastic behavior. During 
fast loading, viscous effects are less strong, and elastic behavior domi
nates. From this point of view, slow and stepwise pressure application 
and release are recommended to reduce the impact of elastic recovery 
and the achievement of a higher density. In addition, elastic recovery is 
expected to mostly occur directly after densification while slight re
covery occurs during long-term retention of the separator. Short-term 
inert storage is not expected to significantly alter the recovery 
behavior. For HNBR, the dominant portion of the rebound occurs 
immediately after unloading, driven by its elastic component. Any 
additional recovery during subsequent inert storage would be limited to 
minor viscoelastic relaxation processes and is typically small in magni
tude. Elastic recovery was quantified only in the vertical direction, 
although minor recovery is expected in the lateral directions as well. In 
order to investigate the specific effect of the springback onto the 
microstructure, in-situ SEM or micro-computed tomography (μCT) 
measurements should be applied before and after compaction in future 
studies.

3.10. Rate performance

In Fig. 13 the specific discharge capacity of rate performance testing 
is shown for half cells with LPS separators (3 wt% HNBR) in comparison 
to separators composed of pure LPS powder. The binder-based separator 
was directly coated onto the cathode. Higher specific discharge capacity 
at 0.02C was achieved for the pure LPS powder. However, for 0.05C and 
0.1C slightly higher discharge capacity was achieved for the cells with 
binder-containing separators (relatively high standard deviation should 
be considered). This might be due to thinner layer thickness realized for 
the binder-based separators compared to the powder-based separators. 
In addition, at the cathode-separator interface slight degradation of the 
LPSCl in the composite cathode could be expected due to electro
chemical side reactions between the LPSCl, the conductive additive and 
HNBR [71]. The performance data indicates that the separator design 
has a substantial impact on the cell performance of the solid-state 
battery.

3.11. Evaluation in terms of scalable separator manufacturing

A binder is essential for the scalable production of solid-state sepa
rators because it provides the mechanical cohesion and structural 
integrity needed during fabrication, especially for thin separator layers 
<20 μm. The electrolyte powder alone cannot be cast, laminated, or roll- 
processed by calendering in a stable and defect-free form without a 
component that holds the electrolyte particles together. In this study, 
HNBR was tested for slurry-based separator production due to high 
mechanical stability of the produced separators reported in literature 
[10]. However, the HNBR binder significantly reduces the ionic con
ductivity not only by its insulating character but also because the stress- 
induced strain in the electrolyte is minimized. In case of LPSCl-HNBR 
separators, the conductivity was actually reduced in compacted state.

Lower binder content results in a lower elastic recovery. Thus, the 
binder amount should be reduced to an absolute minimum. Isostatic 
pressing could facilitate this more efficiently, given that calendering 
necessitates highly mechanically robust layers. However, slow stress 
release and roller circumferential speed, respectively, necessary to 
reduce the elastic recovery after densification contrasts industrial- 
relevant high-speed throughput. In terms of EIS analysis, appropriate 
measurement strategies have to be established for industrial relevant 
calendering to be able to measure the effectiveness of densification 
because the sample cannot be directly compacted in the cell body 
(compare Fig. 4).

In terms of the electrolyte, LPS is in contrast to LPSCl not suitable for 
scale-up processing due to its high brittleness and lower ionic conduc
tivity. The high fragility results in a high product rejection rate and 
reduced reproducibility. However, the phenomenon of reduced ionic 
conductivity for the binder-containing LPSCl separators in compacted 
state should be further investigated. For example, these studies should 
be extended to further binders such as fibril-forming polytetrafluoro
ethylene (PTFE) used for dry processing [72].

4. Conclusion

This study systematically evaluated the densification of separators 
composed of LPS and HNBR for an application in solid-state batteries. It 
was found that densification led to increased fragility of the separators, 
thus complicating their handling during processing and affecting prod
uct quality. Consequently, high mechanical instability can result in high 
rejection rate of defective separator layers and an increased risk of short 
circuits. Increased brittleness was observed with increasing fabrication 
pressure likely due to a stronger interlocking of the particles, which 
decreases the flexibility of the separator. However, an increase in 
densification temperature results in significant increase in the adhesive 
strength. A higher layer thickness results in a denser layer for the same 
fabrication pressure.

Based on FTIR and EDX results, binder migration to the separator 
surface caused by compaction, resulting in an isolating layer is consid
ered as unlikely. The elastic recovery that might harm the separators 
microstructure and reduces achievable density after compaction in
creases with an increase in loading speed and binder content for the 
tested stress. For the HNBR-LPS separators the measured ionic conduc
tivity is dependent on whether the sample was compacted directly in the 
cell body used for impedance measurement. This is important to accu
rately interpret the results obtained by EIS. For LPSCl-HNBR separators 
however, a deteriorated ionic conductivity after compaction was 
measured regardless of whether the sample was compacted in the cell 
body or not. In addition, stress-induced strain that is assumed to increase 
the ionic conductivity due to the introduction of lattice defects in the 
electrolyte is reduced with an increase in the binder amount. Based on 
these results, low binder content for separator production is recom
mended in order to minimize the reduction in ionic conductivity.

Fig. 13. Specific discharge capacity of rate performance test of half-cells with 
separators containing 3 wt% HNBR and separators composed of pure LPS 
powder (0 wt% HNBR) at 25 ◦C and a stack pressure of 25 MPa. The cathode- 
separator compound was compacted at 200 MPa. Error bars represent the 
standard deviation based on the performance data of four half-cells tested.
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S. Passerini, G. Reinhart, All-solid-state lithium-ion and lithium metal batteries – 
paving the way to large-scale production, J. Power Sources 382 (2018) 160–175, 
https://doi.org/10.1016/j.jpowsour.2018.02.062.

[13] T. Scharmann, C. Özcelikman, D.M. Nguyen, C.A. Heck, C. Wacker, 
P. Michalowski, A. Kwade, K. Dröder, Quantification of hydrogen sulfide 
development during the production of all-solid-state batteries with argyrodite 
sulfide-based separators, ACS Appl. Energy Mater. 7 (2024) 1261–1269, https:// 
doi.org/10.1021/acsaem.3c02888.

[14] M. Batzer, K. Voges, W. Wang, P. Michalowski, A. Kwade, Systematic evaluation of 
materials and recipe for scalable processing of sulfide-based solid-state batteries, 
Mater. Today Commun. 30 (2022) 103189, https://doi.org/10.1016/j. 
mtcomm.2022.103189.

[15] C. Heck, T. Scharmann, M. Osenberg, A. Diener, I. Manke, P. Michalowski, 
A. Kwade, Opportunities and challenges of calendering sulfide-based separators for 
solid-state batteries, Batteries Supercaps 7 (2024) e202300487, https://doi.org/ 
10.1002/batt.202300487.

[16] C. Singer, S. Schmalzbauer, R. Daub, Influence of the slurry composition on thin- 
film components for the wet coating process of sulfide-based all-solid-state 
batteries, J. Energy Storage 68 (2023) 107703, https://doi.org/10.1016/j. 
est.2023.107703.

[17] R. Koerver, I. Aygün, T. Leichtweiß, C. Dietrich, W. Zhang, J.O. Binder, 
P. Hartmann, W.G. Zeier, J. Janek, Capacity fade in solid-state batteries: interphase 
formation and chemomechanical processes in nickel-rich layered oxide cathodes 
and Lithium thiophosphate solid electrolytes, Chem. Mater. 29 (2017) 5574–5582, 
https://doi.org/10.1021/acs.chemmater.7b00931.

[18] Y.-G. Lee, S. Fujiki, C. Jung, N. Suzuki, N. Yashiro, R. Omoda, D.-S. Ko, 
T. Shiratsuchi, T. Sugimoto, S. Ryu, J.H. Ku, T. Watanabe, Y. Park, Y. Aihara, D. Im, 
I.T. Han, High-energy long-cycling all-solid-state lithium metal batteries enabled 
by silver–carbon composite anodes, Nat. Energy 5 (2020) 299–308, https://doi. 
org/10.1038/s41560-020-0575-z.

[19] S. Ito, S. Fujiki, T. Yamada, Y. Aihara, Y. Park, T.Y. Kim, S.-W. Baek, J.-M. Lee, 
S. Doo, N. Machida, A rocking chair type all-solid-state lithium ion battery 
adopting Li2O–ZrO2 coated LiNi0.8Co0.15Al0.05O2 and a sulfide based 
electrolyte, J. Power Sources 248 (2014) 943–950, https://doi.org/10.1016/j. 
jpowsour.2013.10.005.

[20] M. Grandjean, M. Perrey, X. Randrema, J. Laurier, P. Chenevier, C. Haon, 
S. Liatard, Low pressure cycling of solid state Li-ion pouch cells based on NMC – 
Sulfide – Nanosilicon chemistry, J. Power Sources 585 (2023) 233646, https://doi. 
org/10.1016/j.jpowsour.2023.233646.

[21] J.-M. Doux, Y. Yang, D.H.S. Tan, H. Nguyen, E.A. Wu, X. Wang, A. Banerjee, Y. 
S. Meng, Pressure effects on sulfide electrolytes for all solid-state batteries, 
J. Mater. Chem. A 8 (2020) 5049–5055, https://doi.org/10.1039/C9TA12889A.
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