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Thin, fast-conducting and mechanically robust separators are expected to be advantageous in enabling
all-solid-state batteries with high energy densities and good electrochemical performance. In this study,
a potentially new scalable fabrication route for flexible thiophosphate—polymer separator membranes is
demonstrated. By infiltrating a commercially available polymer mesh with the highly conductive inor-
ganic solid ion conductor LissPS45Clys, a hybrid separator membrane with a high ionic conductivity is
realized. The electrochemical evaluation via rate capability tests reveals superior performance at low
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stack pressures and high C-rates, when comparing cells employing the hybrid membrane separator, to
cells utilizing conventional solid electrolyte separators. As a proof of concept, a full cell implementing
the hybrid membrane between a Si-based anode and a LiNig g3C0011MNg 0602—Lis sPS45Cly 5 composite
cathode is evaluated. The experimental work is complemented by resistor network modelling of the
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Introduction

Lithium-ion batteries are the most widely used electrochemical
energy storage systems for portable electronic devices today.
However, the lithium-ion technology slowly reaches its theore-
tical limits in terms of energy density, and the need for
alternatives is greater than ever, due to the increasing energy
demand of our society."”? All-solid-state batteries could be a
promising next generation technology offering both higher
energy density and improved safety. While the replacement of
the liquid electrolyte with a solid electrolyte paves the way for
high energy electrodes® on the one hand, safety aspects such as
leakage or flammability of the electrolyte may become obsolete
on the other.? Although all-solid-state batteries are promising,
the technology is challenging and fundamental questions in
terms of processability, scalability, and physical and electro-
chemical properties of the solid electrolyte remain unclear. In
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hybrid membrane sheets, shedding light on potential challenges in cell operation.

addition, high costs due to under-developed infrastructure for
large-scale production or the handling of Li-metal negative
electrodes still need to be evaluated and tested for their
practicability.*

Since the implementation of lithium as a metal anode in solid-
state batteries still presents several challenges, such as dendrite
growth or continuous SE degradation due to unfavorable SEI
formation, Si/C is emerging as an alternative focus in many
studies.>”” Silicon has an inherently high and promising theoretical
capacity of approximately 3579 mAh g~ *,® but during the lithium
insertion and extraction processes, it undergoes significant volume
changes of up to 300%,” resulting in reduced electronic percola-
tion, irreversible lithium trapping, and capacity loss, among
others.'® To address this issue, the use of carbon additives is a
common method that effectively buffers the volume changes while
preserving electronic percolation.' To compete with current
lithium-ion batteries, solid-state batteries need to reach higher
power and energy densities. First, this is possible with higher
active material loadings whereby fast ion conductors are key to
reducing the inherent transport limitations in solid-state electrode
composites.”> A promising solid electrolyte class exhibiting high
ionic conductivities is thiophosphates, with Li-argyrodites such as
LigPSsCl or Lis sPS, 5Cl; 5 standing out due to their mechanical and
electrochemical properties, among other sulfidic electrolytes."*'*

Second, an increase in the energy density of the solid state
battery can be realized when the resistance of the solid electro-
lyte separator is reduced.’®'® While fast ion-conductors can

>
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also be a solution, reduction of the separator thickness should
be the direction to achieve the goal. As an example, the need for
a thin separator was demonstrated by Lee et al., where a 30 pm
thick separator was introduced, leading to energy densities of
900 Wh L™"."7 However, film preparation of solid electrolyte
separators requires the use of complicated binder and solvent
mixtures."® One promising alternative strategy is to combine
polymers with inorganic sulfide solid electrolytes via a hybrid
approach.'® For instance, Kim et al.® recently showed that
combining a polymeric membrane of 45 pm size with a sulfide
solid electrolyte can enhance the physical contact between the
separator and electrodes, thus improving cell performance,
when compared to a reference cell without the polymer.

Motivated by the promising approach of combining a poly-
meric membrane with a sulfide solid electrolyte that exhibits a
high ionic conductivity, a proof-of-concept approach for the use
of a commercial polyamide membrane (nylon 6.6) as the frame-
work for a flexible and free-standing separator is explored in
this work. By using an infiltration technique (Fig. 1(a)), the
polyamide mesh may help to easily create and upscale a thin,
flexible, and fast-conducting membrane as shown in Fig. 1.
After the fabrication and characterization of the free-standing
membrane itself, it is tested as a separator in half-cells and
solid-state battery full cells. This work shows that already
existing fast and easy processes can be used to produce thin,
flexible, and highly ion-conducting separators with promising
cell performance.

Results and discussion

Li5s 5PS,5Cl; 5 (LPSCl;5) was chosen as the solid electrolyte
because of its high ionic conductivity of ~10 mS cm™**' and
good performance in solid-state batteries.”* A commercially
available nylon 6.6 mesh (Fig. 2(a)) was used as a three-
dimensional scaffold for infiltration. Its high thermal and
mechanical®® stability makes it an ideal component for hybrid
membrane preparation. Besides the nylon 6.6 mesh, alterna-
tive scaffold materials (polyaramid (Kevlar) and polyethylene

a) LPSCI, 5 Binderin p-xylene
Q)

Dispersion

Hybrid membrane

Solvent evaporation

Infiltration

Fig.1 (a) Schematic illustration of the membrane preparation. Photo-
graphs showing (b) an infiltrated membrane, (c) a bent, infiltrated
membrane, and (d) thickness measurement, showing the membrane
thickness in mm.
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Fig. 2 Scanning electron micrographs of (a) empty and (b) infiltrated PA
membranes with the binder and a false-colored image section showing
the distribution of S and C. (c) Simulated microstructure of the polymer
scaffold and the SE—polymer composite. The composite structure consists
of 100 x 400 x 400 voxels, with each voxel representing a volume of
1 um?>. (d) Local current densities (Jioc) flowing through the solid electrolyte
phase when applying a virtual potential gradient of 0.01 V to the system.

(PE)) were also investigated. However, the resulting hybrid
membranes were found to be less suitable and the results are
discussed in Section S1 of the SI. In addition, grafted cyclodex-
trin—polycaprolactone (GCD-PCL)** was used as a binder to
improve the flexibility. Polycaprolactone based polymers are
well compatible with argyrodite and are characterized by good
wettability toward inorganic particles and electrodes. In addi-
tion, GCD-PCL’s electrochemical stability window of >4.5 V
allows the use of higher voltage cathode materials such
as LiNig g3C00.11MNg 060, (NCMg;).>**® The chosen solvent is
p-xylene, as sulfide solid electrolytes have shown good stability
against it.>® To ensure that the solid electrolyte is not detrimen-
tally affected by the solvent procedure, comparison measure-
ments of X-ray diffraction, Raman and impedance spectroscopy
were performed before and after the p-xylene treatment
(Fig. S4). Scanning electron micrographs of the polymer scaf-
fold and the infiltrated hybrid membrane are shown in Fig. 2. A
comparison of hybrid membranes with and without the binder
are shown in Fig. S5. It is apparent that the solid electrolyte
particles are more strongly adhered to each other when a
binding agent is used. Moreover, physical handling of the
sheets after infiltration is complicated, as cracks appear and
solid electrolyte particles easily detach from the hybrid
membrane when no binder is used. Additionally, the thickness
of the infiltrated layer can be well controlled by adjusting the
amount of dispersion. With the appropriate amount, the infil-
tration primarily fills the pores of the mesh, and only a small
amount of LPSCl; 5 accumulates on the surface connecting the
pores with each other. The false-colored image section in
Fig. 2(b) (energy dispersive spectral maps shown in Fig. S5)
further shows the elemental distribution of C and S and high-
lights that the pores of the polymer framework are intercon-
nected by the solid electrolyte matrix of LPSCl, s.
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Another important aspect is the presence of continuous ion
transport from the top to bottom. Cross-sectional SEM images
(Fig. S6), show that LPSCl, ;5 fills the pores of the polymer
scaffold and forms continuous ion conducting pathways.
Inserting an obstacle into a conductive phase inevitably leads
to a reduction in conductivity.”” To study this effect on ionic
transport, when embedding a polymer mesh into a SE matrix,
transport simulations have been performed. First, a virtual
mesh microstructure was constructed (Fig. S7) based on the
scanning electron micrographs (SEM) and the details of the
mesh provided from the manufacturer (Fig. 2(c)). After filling
the virtual mesh structure with a second phase describing the
solid electrolyte, a virtual composite consisting of ~60 vol%
solid electrolyte and ~40 vol% polymer phase was generated.
As isolating boundary conditions were assumed in the model,
simulations were carried out on composites of different sizes to
exclude boundary effects (polymer phases shown in Fig. S8). By
specifying the ionic conductivities of both the insulating poly-
mer (Gion,polymer & 0 mS em™)*® and the solid electrolyte phase
after solvent treatment (Gion,Lpsc, , = 7.1 mS em ') and then
performing a resistor network simulation as described
previously,”® the effective ionic conductivity of the virtual
composite was computed, yielding Gion composite = 3.3 mMS em L
This value corresponds to a reduction to slightly less than half
the conductivity of the pure solid electrolyte and can be viewed
as the upper conductivity limit, given that the mesh structure is
perfectly packed with solid electrolytes in the simulations. In
addition to the average ionic transport in the mesh membrane,
the local flux densities flowing through each node of the
resistor network were calculated from the stationary potential
distribution using Ohm’s law (Fig. 2(d)). The result indicates
that the mesh structure may cause an uneven ion current
density distribution and current constriction at the interface
with the electrodes. This may potentially impair the perfor-
mance, especially when metal electrodes are used.**?' To
systematically study the effects of both interfacial porosity
and pore depth on the effective ionic conductivity, the solid
electrolyte phase near the interface was partially replaced by
pores (dpore = 0 MS cm™ ') generated using the blobs function
from the PoreSpy library®” (Fig. 3(a)). A total of 16 simulations
were conducted, varying the porosity between 20% and 80%
and the pore depth between 5 pm and 20 pm. Top-view images
of the resulting virtual microstructures are presented in
Fig. 3(b). Among these, structures with higher porosity
(=60%) and greater pore depth (>15 pum) exhibited the closest
visual agreement with the measured SEM images (Fig. 2(b)).
The corresponding simulated effective ionic conductivities are
shown in Fig. 3(c), demonstrating that both increasing pore
depth and interface porosity lead to an overall decrease in
effective conductivity. Notably, within the investigated ranges,
the impact of interface porosity on the effective conductivity is
more pronounced than that of pore depth. Furthermore, high
interface porosities and pore depths can strongly decrease the
effective ionic conductivity to below 1.0 mS cm™".

In addition to the simulations, temperature-dependent elec-
trochemical impedance spectroscopy was used to study the
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Fig. 3 (a) Introduction of interfacial porosity into the virtual microstruc-
ture. (b) Top-view images of the virtual microstructures with varying pore
depths and interface porosity. (c) lonic conductivity as a function of pore
depth and interface porosity for the infiltrated mesh structure.

effective ionic conductivity of the infiltrated mesh structure.
Representative Nyquist plots are shown in the SI (Fig. S9) and
the corresponding Arrhenius plots for the pristine LPSCl; 5 and
hybrid membranes are shown in Fig. 4(a). The room tempera-
ture ionic conductivity was determined using an equivalent
circuit consisting of a resistor and a constant phase element in
series. An overall decrease of the ionic conductivity from
8.3 mS cm ! (pristine LPSCl, 5) to 7.1 mS em ™' (LPSCl, 5 after
solvent treatment) to 0.9 mS cm ™" (LPSCl; s@GCD-PCL@PA,
140 pm) is observed. The measured conductivity of the hybrid
membrane lies below the calculated upper conductivity limit.
While the solvent treatment has only little impact on the ionic
conductivity (Fig. S4c), the observed mismatch in simulated
and measured conductivity is likely due to poor contact bet-
ween the hybrid membrane and the current collectors during
impedance measurements (Fig. 3c), as well as the presence of
pores between the polymer scaffold and the solid electrolyte. In
an additional experiment, improved interfacial contact was
achieved by applying excess LPSCl, s on both sides of the
separator, which yielded an increased measured conductivity
of 2 mS em ™" (Section 5 of the SI).

The linear behavior of the Arrhenius data (Fig. 4(a)) across
the whole temperature range indicates no side phase formation
after the infiltration process with p-xylene as no significant
change in the activation energy of ion transport before and after
infiltration is observed (0.40 eV and 0.42 eV). This indicates that
lithium-ion transport remains unaffected, with the mesh serv-
ing solely as a mechanical stabilizing framework.

To further explore the electrochemical properties of the
hybrid membrane, we measured them in a half-cell configu-
ration. We employed the NCMg;/LPSCl, 5 composite in a weight
ratio of (70:30) as the positive electrode and Li/In alloy as the
counter electrode. As a reference, half-cells were built with a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Arrhenius plot of the infiltrated membrane LPSCl;s@GCD-
PCL@PA with activation energy Ex = 0.42 eV and pristine LPSCly 5 with
activation energy En = 0.40 eV. (b) Discharge capacities of the rate-
performance test in a Li/In half-cell setup at 20 MPa and 40 MPa, where
1C = 180 mAh g%

9wtypical 600 um thick pristine LPSCI, 5 separator.® As reported
previously, the performance of all-solid-state batteries is highly
sensitive to applied stack pressure during the measurement,**>*
and Fig. 4(b) also shows that a decrease in the stack pressure
from 40 MPa to 20 MPa causes a significant decrease in the
specific capacity of the electrode at different C-rates (Fig. 4(b)).
Note that the thin hybrid membrane applying a pressure of
40 MPa was not possible. By applying a stack pressure of
20 MPa, we prevent the metal anode from penetrating the
relatively thin membrane, which would cause the cell to short-
circuit directly after assembly. When the hybrid membrane is
used as the separator, the specific capacity values at different
current densities are comparatively more stable compared to the
one with a compressed pristine LPSCl, 5 separator. Consider-
ing the lower stack pressure of 20 MPa, the cell with the
hybrid membrane shows an adequate discharge capacity of
78 (£9) mAh g~ ' at 0.1C and better performance compared to
the fully inorganic cell at elevated C-rates. While the fully
inorganic cell initially exhibits higher discharge capacities at
C/10, its performance converges with that of the hybrid cell after
approximately five cycles. Toward the end of the measure-
ment, both cells show comparable cycling behavior at C/10.
The discharge capacity for the hybrid membrane at 0.2C is
64 (£6) mAh g, whereas the value of 54 (+ 15) mAh g~ for
the pristine LPSCl, 5 is already lower. This gap increased at 0.5
and 1C, and the observed capacities for the hybrid membrane
are still 46 (£1) mAh g~ and 28 (£8) mAh g ', respectively.
Since these results are quite promising as a proof of concept,
a full cell with a Si/C composite as the anode and the previously
mentioned NCMg; composite cathode is built, and the corres-
ponding cell setup and experimental conditions are shown in
Fig. S10. Using a composite containing Si/C instead of a Li/In
alloy enables the cell to cycle at 50 MPa without the risk of Li/In
penetrating the membrane. A N/P ratio of unity was selected. To
examine whether the current density influences the long-
term cycling behavior, the full cells were cycled at 0.1C
and 0.5C. Fig. 5(a) and (b) show that after 15 formation cycles,
the discrepancy between charge and discharge capacity has

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Full cell performance of LPSCl; s@GCD—-PCL@PA in the potential
range from 2.6 V to 4.3 V at 25 °C, a pressure of 50 MPa and a current
density of 0.18 mA cm™2 (0.1C) and 0.90 mA cm™2 (0.5C). A 70 wt%:
30 wt% mixture of NCMgz and LPSCl; s was used as the cathode compo-
site. The anode composite was a mixture of Si/C and LPSCl, 5 in a weight
ratio of 55:45. (a) and (b) Capacity retention and Coulomb efficiency over
100 cycles at 0.1C and 0.5C. (c) and (d) Charge and discharge curves for
every 10th cycle (Ist, 10th, ..., 100th) at 0.1 and 0.5C.

equalized. After 100 cycles, a capacity retention of 60% at 0.1C
and 55% at 0.5C is observed. The Coulomb efficiency increases
to >99.5% after 50 cycles and is somewhat more stable for the
cell cycled at 0.1C. The first, 25th, 50th, and 100th charge and
discharge profiles at 0.1C and 0.5C are shown in Fig. 5(c)
and (d). A noticeable capacity loss for the cell cycled at 0.1C
was observed within the first 25 cycles. This behavior can be
attributed to the formation of SEI and CEI, which may consume
active lithium under slow cycling conditions.*> For the
full cell cycled at 0.5C, a larger capacity loss is observed
between cycles 50 and 100. This may be due to the inherently
higher rate leading to reduced performance right from the
beginning. The faster cycling rate tends to stress the system
more than the slower rate, resulting in greater capacity fade
over time.*®

Experimental section
Synthesis

The synthesis route for Lis sPS,5Cl; 5 (LPSCl; 5) has been pre-
viously reported.?” All synthesis procedures and sample treat-
ment for LPSCl, 5 were performed under an argon atmosphere
(<0.5 ppm H,O and O,). Lithium sulfide (Li,S, Alfa-Aesar,
99.9%), phosphorus pentasulfide (P,Ss, Merck, 99%), and
lithium chloride (LiCl, Alfa-Aesar, 99.9%) were hand ground
for 15 minutes to obtain 3 g batches. The mixed materials were
then hand pressed into pellets and filled into 8 cm high silica
ampoules. The ampoules were prepared with a carbon coating
and preheated at 800 °C for 2 h under vacuum to remove all
residual moisture. After placing the precursor in the ampoules,
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the ampoules were sealed under vacuum. After 3 days of
heating at 450 °C (ramp rate: 100 °C h™', natural cooling), the
powders were ground for 15 min, followed by the repetition of
pelletizing, sealing inside the prepared ampoule and annealing
of the sample at 450 °C (ramp rate: 100 °C h™", natural cooling)
for additional 3 days.

Membrane preparation

The membrane preparation was performed inside an Ar filled
glovebox (<0.5 ppm H,0 and O,). The slurry was mixed by
stirring 400 mg LPSCl; 5 and 30 mg of grafted cyclodextrin—
polycaprolactone®® for 1 h in 5 ml p-xylene (Thermo Fisher,
<0.05% H,0, >99% purity) on a stirring plate. A self-designed
infiltration tool was used for membrane preparation (Fig. S1).
A pre-dried membrane (radius = 4.5 mm, thickness = 100 pm)
and 0.5 ml of the slurry were used to prepare a 140 pm
thick LPSCL, s@GCD-PCL@PA membrane. The still wet
membrane was then transferred into a Biichi oven and
dried at 80 °C for 60 h under dynamic vacuum. Before using
the membrane, it was compressed uniaxially at 375 MPa for 3
min. The comparison solvent treatment was performed by
stirring a 20 wt% dispersion of LPSCl, 5 and p-xylene for 1 h.
The solvent was then evaporated under dynamic vacuum at
80 °C overnight.

Powder X-ray diffraction

Powder X-ray diffraction was performed using a StadiP
from STOE in Debye-Scherrer geometry with Cu-K, radiation
(4 = 1.5451 13). LPSCl, ; was sealed in 0.5 mm borosilicate
capillaries and measured at 26 steps of 3° for 120 s in the 26
range of 10°-91°.

Raman spectroscopy

The obtained powder of LPSCl; s, solvent-treated LPSCl, 5
and infiltrated membranes were placed on a Raman sample
holder, which were closed airtight to prevent the samples
from side reactions and humidity. The measurements were
performed using a Bruker Senterra II and a 532 nm laser
source.

Field emission scanning electron microscopy and energy
dispersive X-ray spectroscopy

Scanning electron micrographs (SEM) were collected using a
Carl Zeiss AURIGA CrossBeam working station and an accel-
erating voltage of 3 kV. For the energy dispersive (EDX)
measurement, an 80 mm? X-Max detector at an acceleration
voltage of 15 kV was used.

Electrochemical cell assembly

All electrochemical measurements were carried out in PEEK
lined, airtight press cells with stainless steel current collectors
(4 = 0.785 cm?).*® All measurements were performed using a
Biologic-VMP300 and a climate chamber maintained at 25 °C.

For electrochemical impedance spectroscopy, 100 mg of
Lis sPS;5sCl; s or an infiltrated membrane was placed in
between two steel stamps and uniaxially pressed at 375 MPa
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for 3 min. An external pressure of 50 MPa was then applied
using a metal frame. The frequency range for impedance
measurements was 1 MHz to 100 mHz. RelaxIs software (rhd
instruments) was used for the analyses.

For the full cell, an anode composite and a cathode compo-
site were mixed with a shaker mill (Fritsch, Pulversiette 23) at
45 Hz for 10 min. 100 mg of the cathode composite was
prepared by mixing 70 wt% LiNig g3C00.11Mng 060, (MSE Sup-
plies) and 30 wt% LPSCl, 5. NCMg; was dried at 250 °C over-
night under dynamic vacuum in a B-585 oven. The anode
composite consisted of Si/C powder (10 wt% Si, 90 wt% C)
and LPSCl, s in a ratio of 55 wt% to 45 wt%.'* To build the cell
with a N/P ratio of 1, 12 mg of the cathode composite (mass
loading: 10.7 mg cm %) was distributed on one of the steel
stamps and pressed together with the separator at 375 MPa for
3 min. Then, 5.8 mg of the anode composite was homoge-
neously distributed on the other side of the separator and
pressed by hand. The long-term stability tests were conducted
at C/2 for 140 and at C/10 for 100 cycles in a voltage window of
2.6-4.3 V.

For the half-cell setup, the cathode composite was retained
but instead of the anode composite 1.5 mg of Li (aber, 99.8%)
and a 9 mm In-foil (chemPUR, 100 pm thickness, 99.99%)
were pressed onto the other steel stamp. Rate performance
was measured 5 times at C/10 (j = 0.214 mA cm %), C/5
(j = 0428 mA cm ), C/2 (j = 1.070 mA cm %), C/1
(j = 2.140 mA cm™?), and finally measured again at C/10. The
voltage window was 2.0-3.7 V versus In/Liln. We selected the
maximum pressure under which stable cycling of the half-cell
could still be achieved without inducing mechanical failure or
short-circuit. All electrochemical measurements were thus car-
ried out at a stack pressure of 20 MPa.

Conclusions

This work demonstrates a successful infiltration of a polyamide
mesh using Lis 5PS, 5Cl; 5 and a polycaprolactone based poly-
mer as a binder. The whole process of membrane preparation
including infiltration, drying and cold pressing is simple and
can be easily optimized for instance by introducing calendaring
or hot-pressing steps. The ionic conductivity of 0.9 mS cm ™' is
reasonably high and will not be the limiting factor as a
separator for high performance solid-state batteries. Neverthe-
less, simulations of the transport in these hybrid sheets suggest
potential current constrictions at high current densities. The
successful incorporation of the hybrid membrane into a solid-
state battery full cell has been achieved via a proof-of-concept
approach. Overall, the development of a fast-conducting hybrid
membrane that can be used as a separator in solid-state
batteries is possible using simple techniques. With minor
improvements, they can achieve similar electrochemical per-
formance to their nonhybrid competitors. Nevertheless, open
questions regarding dendrite penetration and potential current
constrictions remain, which may make this concept useful only
when composite electrodes are used in both the anode and
cathode.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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