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Impressive electrochemical performance has been demonstrated with sulfide-based solid-state batteries. However, these results
are predominantly obtained under high stack pressures—up to hundreds of MPa. While such conditions are valuable for probing
fundamental material properties and intrinsic performance limits, the resulting cell metrics are not easily transferable to practical
applications. Consequently, there is a growing imperative for application-oriented evaluation of SSBs under more realistic, low-
pressure conditions in the single-digit MPa range. In this study, we demonstrate that the assessment of low-pressure performance
can be significantly influenced by the chosen cell architecture. By comparing the cycling performance of sulfide-based SSBs—
utilizing an NMC composite cathode and an In/(InLi), anode with argyrodite-type LicPS5Cl as electrolyte—in both pouch-cell
and press-cell configurations, we reveal significant discrepancies in electrochemical performance at stack pressures ranging from
0 MPa to 25 MPa. Notably, the developed pouch cells exhibit superior electrochemical performance at low stack pressures of 1 MPa
compared to their press-cell counterparts despite the same materials used. Using three-electrode pouch cells, we identify In/(InLi),
anode delamination as a primary low-pressure failure mechanism. Overall, our findings emphasize that a realistic assessment of
SSB cell performance requires cell architectures that mirror targeted applications.

© 2026 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, https://creativecommons.org/
licenses/by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited.

[DOI: 10.1149/1945-7111/aea0a2]

Manuscript submitted July 21, 2026; revised manuscript received August 19, 2026. Published September 8, 2026.

Supplementary material for this article is available online

Solid-state batteries (SSBs) emerge as an attractive alternative
to conventional liquid electrolyte-based lithium-ion batteries due to
their potential for increased energy density and enhanced safety.!'*>
While SSBs have already demonstrated impressive electrochem-
ical performance under tailored operating conditions, research is
now focusing on achieving such performance under more practical
conditions.>™ In contrast to using liquid electrolyte, which easily
wets the active materials, maintaining intimate contact in SSBs is
more challenging.®” Even when employing sulfide-based solid elec-
trolytes (SEs), which offer favorable room-temperature malleability
and higher ionic conductivity compared to oxides, interface contact
inevitably deteriorates as the active material undergoes volumetric
changes during (de-)lithiation.*'> To counteract this contact loss,
stack pressures up to hundreds of MPa are typically applied.'*"'*
While such conditions are valuable for probing fundamental material
properties and intrinsic performance limits, the resulting cell metrics
are not directly transferable to practical operating conditions.

Consequently, recent studies have begun to evaluate SSB per-
formance under reduced stack pressure. For example, Gao et al.
studied the performance of sulfide-based composite positive elec-
trodes (hereafter referred to as cathode) of different composi-
tions at low stack pressures of 2 MPa."® Using Li3;InCls as
catholyte, LiNig33Co00.11Mno 060> as cathode active material (CAM),
an LigPSsCl separator and an In/(InLi), negative electrode (here-
after referred to as anode), they obtained a discharge capacity of
around 100 mAh g~! after 50 cycles with a charge and discharge
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rate of 0.3C at 80 °C. By reducing the cut-off potential from 4.4 V
vs. Lit/Li to 4.2 V vs. Lit/Li, they could increase the capacity
retention to around 120 mAh g~'. While this demonstrates that cell
operation at relatively low stack pressure is feasible, the beneficial
effect of a reduced cut-off potential, i.e. reduced volumetric changes
of the CAM, underscores the importance of maintaining interfacial
contact within the composite. To mitigate chemo-mechanical degra-
dation, high stack pressures of more than 50 MPa are therefore still
predominantly used when a satisfactory cathode performance is the
main interest.'

Yet, the used stack pressure may differ considerably when the
anode is the primary focus of investigation.'*™'® With a lithium
metal anode, lower pressures are usually applied as excessive pres-
sure can accelerate lithium creep through the separator, thereby
increasing the risk of dendrite formation.'®"** Conversely, if the pres-
sure is too low, pore formation at the lithium metal-SE interface
leads to contact loss during electrodissolution (i.e. discharging of
the battery).'®!? Furthermore, stack pressure was shown to influ-
ence interphase formation in SSBs.”! Similarly, careful attention
to stack pressure requirements is essential for silicon-based con-
cepts. Severe microstructural degradation caused by the large volume
changes of silicon upon (de-)lithiation, are—similar to the compos-
ite cathode—often mitigated by high stack pressures of 50 MPa and
more. "%

Clearly, the identification of viable stack pressure conditions
for SSB electrodes becomes challenging when cathode and anode
performances differ substantially within the investigated pressure
range. For investigation of the cathode under low operating pressure,
LisTisOj, as zero-strain material has been employed in composite
anodes.”® In such a cell, assessing the influence of stack pres-
sure on the cathode performance is facilitated as chemo-mechanical
degradation of the anode can be assumed to be negligible. In a
different approach, Doerrer et al. made use of a lithium metal
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Figure 1. Schematic illustration of cell configurations commonly employed in SSB research and employed in this study. The performance of press cells with
pelletized components and pouch cells with sheet-type components may be influenced by distinct factors (indicated by blue lines). A press cell containing a
sheet-type cathode may exhibit mixed characteristics of press cells and pouch cells.

reference electrode to study the fast-charging capabilities of a
LiNig.83C00.11Mng 0602:LisPS5Cl composite cathode under a low
stack pressure of 0.2 MPa.?® In addition, the authors used a specifi-
cally designed setup with which they could apply a higher pressure
of 10 MPa alone onto the In/(InLi), counter electrode. In this
configuration and with optimized cut-off potentials, a capacity reten-
tion of 81% was demonstrated after 3000 cycles at an asymmetric
charge/discharge rate of 4.8 C and 1.6 C at 30 °C.

These studies, as well as the vast amount of literature on sulfide-
based SSBs in general, rely on laboratory-scale “press cells,” which
employ thick cell housings and rigid metal pistons as current col-
lectors (see Fig. 1 “Press cell”).”” In such configurations, friction
between the pistons and the cell housing can lead to significant devia-
tions between externally applied and internally experienced pressure
(especially at low stack pressure). Moreover, those cells may suf-
fer from a poor current collector-electrode contact as the current
collectors cannot adapt to the electrode surface.”®? In contrast,
in SSB pouch cells that utilize thin, flexible, sheet-type compo-
nents, friction at the cell edges does not occur and electrodes are
directly coated onto current collectors, enabling improved interfacial
conformality.*>*! However, transitioning to pouch cell architectures
introduces additional challenges, including the need for binders and
advanced fabrication techniques such as tape casting, calendaring,
and isostatic pressing (see Fig. 1 “Pouch cell”). Due to their adhesive
and elastic properties, binders are believed to mitigate mechan-
ical degradation and functionalized binders have been shown to
enhance the low-pressure performance of cathodes.”* * Similarly,
the densification procedure influences residual porosity and material
contact and by that potentially the microstructural integrity of the
composite.*

Consequently, the properties of press and pouch cells may differ
considerably, particularly at low stack pressures. Yet, although SSB
commercialization will require the fabrication of pouch cells, the
systematic investigation of their performance under practical stack
pressures has yet received limited attention. Chen et al. observed
a considerable drop in reachable capacity and deterioration of the
long-term cycling stability in SilLigPSsClILiNip§Co0o.1Mng.; O2 pouch
cells when isostatic stack pressure was reduced from 5 MPa to
1 MPa.*” Using a three-electrode setup, they attributed this decline
to an impedance increase at both the cathode and the silicon anode

caused by contact loss to the solid electrolyte. While pouch cell
cycling in a similar pressure range has also been conducted in
other studies, the primary objective of these experiments is often
the demonstration of a practical cell concept rather than a system-
atic evaluation of pressure-dependent limitations.>**~*! Hence, for
these cells high-capacity Li-and Si-based concepts are typically used
at the anode side, complicating the independent assessment of the
acceptable stack pressure requirements for anode and cathode. In
addition, this impedes direct comparison with the extensive body of
press cell literature, in which an In/(InLi), counter electrode is com-
monly employed. Therefore, the transferability of results obtained
from press cells to pouch cells remains unclear.

In this work, we address this by systematically investigating
the influence of stack pressure on sulfide-based SSB performance,
with particular emphasis on differences between press cell and
pouch cell configurations at low stack pressures. To this end, we
examine three cell architectures: (i) a press cell with pellet-type
cathode and pellet-type separator, (ii) a press-cell with sheet-type
cathode and pellet-type separator, and (iii) a pouch cell with sheet-
type cathode and sheet-type separator. As solid electrolyte and
cathode active material we use commercially available LigPS¢Cl
and LiNigg3C00.11Mng 0602, respectively. An In/(InLi), anode is
employed as a model counter electrode since it is well-established
and the superior performance of indium at low stack pressures
compared to other metal anodes has recently been demonstrated.*
Additionally, three-electrode pouch cells are constructed to identify
the dominant mechanisms contributing to long-term capacity fading
under low stack pressure.

We demonstrate that the developed pouch cells exhibit substan-
tially improved electrochemical performance at low stack pressures
(0 MPa and 1 MPa) compared to press cell configurations. In both
cell types and in accordance with literature reports, capacity fad-
ing at zero stack pressure is primarily governed by contact loss at
the In/(InLi), anode interface, while the composite cathode seems to
remain comparatively stable. Overall, our findings emphasize that a
realistic assessment of SSB cell performance requires practical cell
architectures that mirror targeted applications. Low-pressure perfor-
mance in press cell type setups might be significantly impacted by
setup limitations (e.g. unavoidable friction with the cell housing)
rather than intrinsic pressure limitations of the cell.
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Experimental

Preparation of separator and cathode sheets.—Separator and
cathode films were prepared using a tape casting process. For this,
a binder solution, which was used for both films, was prepared by
dissolving 5 wt.-% polyisobutylene (Oppanol N-150®, BASF) in
ortho-xylene (99%, extra dry, Thermo Fisher Scientific).

For preparation of the separator, 1.67 g of the pre-mixed binder
solution was added to 2 g of LigPSsCl (LPSCI) solid electrolyte
powder (Dsp = 5 pm, POSCO) and mixed at 2000 rpm for 5 min in
a centrifuge mixer (Speedmixer DAC 150, Hauschild). The result-
ing dispersion was then further homogenized for 1 min using an
ultrasonicator (UP100H, Hielscher Ultrasonics). Three zirconia balls
(5 mm diameter) and 1 ml xylene were added, and the dispersion was
again mixed at 2000 rpm for 5 min. Subsequently, additional 0.3 ml
of xylene were added followed by a final mixing step under iden-
tical conditions. Using a doctor blade (1803/60/4, BEVS Industrial
Co.), the dispersion was then coated onto a siliconized polymer foil
(PPI Adhesive Products) with a wet film thickness of 600 um. After
drying under vacuum at 80 °C for 12 h, the film was sealed in a
pouch bag and isostatically compressed at 350 MPa for 5 min. This
resulted in a ca. 110 um thick freestanding film with a binder con-
tent of 4 wt.-% and an ionic conductivity of about 0.5 mS cm™' (at
25 °C and a stack pressure of 25 MPa).

For the cathode, a dry powder mixture was prepared in an initial
step. LiNig $:Mnyg,07C00.1102 (NCM, D5y = 3-5 um, MSE Supplies)
and LPSCI (Dsp = 0.7 um, POSCO) were mixed with a weight
ratio of 80:20 in a batch mill (Tube Mill, IKA-Werke) for 4 min
with 15000 rpm. To avoid comminution of the conductive addi-
tive during high frequency milling, 1.5 wt.-% of carbon nanofibers
(Sigma-Aldrich, product number 719781) were introduced in a sub-
sequent step and the mixture was thoroughly homogenized by hand
in an agate mortar for 10 min. Afterwards, 1.5 ml of xylene were
added to 2 g of the mixture which was then mixed at 2000 rpm for
5 min and ultrasonicated for 2 min. Three zirconia balls and 0.61 g
of the pre-mixed binder solution (corresponding to 1.5 wt.-% binder
in the cathode) as well as 0.6 ml of xylene were introduced in two
subsequent steps, and each was followed by mixing and ultrasonica-
tion identical to the first step. A wet cathode film with a thickness
of 300 um was then cast onto a carbon-coated Al foil (17 pm thick-
ness, PI-KEM), which served as current collector. The final drying
and densification of the cathode films was identical to that of the
separator film. All preparation steps were carried out under argon
atmosphere if not stated otherwise.

Preparation of pouch cells.—Cathodes were punched from the
cathode film into a half-dumbbell shape, featuring a circular active
area (15 mm diameter) and a narrow rectangular extension to which
tabs can be attached (see Fig. 1). Circular separator discs (18 mm
diameter) were punched from the separator film and placed on the
cathode. For the In/(InLi), alloy anode, first, an indium disc (15 mm
diameter, 100 wm thickness, ChemPur) and then a lithium disc
(9 mm diameter, 100 pm thickness, China Energy Lithium Co.) were
stacked on the separator. The cell stack was then sealed in a pouch
bag and isostatically pressed at 350 MPa and room temperature for
15 min. After pressing, the cell was removed from the pouch bag
and a stainless-steel current collector (20 wm thickness, GoodFellow)
with a half-dumbbell shape was positioned on the anode. Finally,
aluminum tabs were glued to the current collectors, and the cell was
again vacuum sealed in a pouch bag.

Three-electrode cells were assembled based on a configuration
reported by Sedlmeier et al., in which a lithiated gold wire is
sandwiched between two separator sheets and serves as reference
electrode.*® For this, the polyester coating of an insulated gold wire
(50 pm diameter gold wire, 7 um polyester coating, Goodfellow
Cambridge Limited) was removed at the tip in an initial step. To inte-
grate the gold wire into the cell, the two-electrode setup as described
above was adjusted, and two separator discs were used. The tip of

the gold wire was then centered between the separator discs. The
dimensions of the components and the remaining cell preparation
were identical to the two-electrode cells. In the last step, the gold
wire was electrochemically lithiated with a current of 250 nA for 12 h
leading to the formation of a Li—Au alloy phase which provided a
stable potential of 0.31 V vs. LiT/Li.

Preparation of press cells and sheet-type press cells.—SSB cells
with pellet-type and sheet-type composite cathodes were assembled
in an in-house developed casing already used in other studies and
described in detail by Zhang et al.”” For preparation of the separator,
60 mg of LPSCI (Dsp = 5 um) were loaded into a PEEK sleeve
(10 mm diameter) and compacted between two steel pistons using a
hand press. For the cathode, either a composite powder mixture (a)
or a sheet (b) was integrated as follows:

a) First, a dry powder mixture consisting of NCM, LPSCI (D5 =
0.7 pm), and carbon nanofibers was prepared with a weight ratio
of 80:20:1.5. Three zirconia balls (5 mm diameter) were added
to 100 mg of material, and the mixture was agitated for 30 min
with an oscillation frequency of 30 Hz using a mini vibrating
mill (Pulverisette 23, Fritsch).** Subsequently, 9.81 mg of the
powder (corresponding to an area capacity of 2 mAh cm~2) were
homogeneously distributed on the separator and a carbon-coated
aluminum foil disc (9.6 mm diameter) was added.

b) A cathode disc (9.6 mm diameter) was punched from the cathode
films and placed on the separator.

For the anode, an indium disc (9 mm diameter) and a lithium disc
(6 mm diameter) were placed on the separator. Finally, the cell was
uniaxially pressed at 375 MPa for 3 min.

Electrochemical characterization.—To test the long-term
cycling performance, an initial formation cycle was conducted with
0.1 C (1 C =200 mA g~") between 2.0 and 3.7 V using a BCS-
805 battery cycler (BioLogic). When the potential reached 3.3 V,
3.7V, and 2.0 V, it was held at that potential until the current dropped
below 0.02 C. After the constant-potential step at 3.3 V, a potentio-
static impedance measurement was performed in a frequency range
from 10 kHz to 100 mHz with an amplitude of 10 mV. Following
the formation cycle, the cells were galvanostatically cycled with
1 C without further constant-potential steps. At the cut-off poten-
tials the potential was allowed to relax for 10 min. Three-electrode
cells were cycled with the same protocol using a VMP-300 potentio-
stat (BioLogic), except that the upper frequency limit was increased
to 3 MHz. To test the rate performance, the C-rate was stepwise
decreased from 2 C to 0.1 C followed by two check-up steps at 2 C
and 1 C and final step with 4 C.

All cells were either cycled without additional stack pressure or
at 1 MPa or 25 MPa and at 25 °C or 40 °C. The stack pressure
is calculated using the electrode areas. For pressure application, a
custom-made frame was used equipped with a force sensor as well
as a spring to compensate for pressure relaxation.

Additionally, two-electrode pouch cells were evaluated under
varying pressure conditions during the cycling experiment at 25 °C
and 40 °C using a CompreDrive automatic press (rhd instruments)
and an SP-200 potentiostat (BioLogic). First, a formation cycle was
carried out as described above which was followed by six cycles
with 1 C at 25 MPa. The pressure was then stepwise decreased to
1 MPa and at each pressure one cycle was conducted with 1 C. After
reaching 1 MPa the pressure was either stepwise increased back to
25 MPa or an additional formation cycle was performed at 1 MPa
before the pressure was increased again.

Preparation of cross sections.—Cross sections were prepared
using a XEIA3 Xe-plasma focused ion beam-scanning electron
microscope (FIB-SEM, Tescan). All sample transfers were carried
out under an inert Ar-atmosphere or vacuum using a VCT transfer
module (Leica).
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Results

Cycling performance of press and pouch cells at different stack
pressure.—To assess the differences between press cells containing
pelletized components and pouch cells containing sheet-type com-
ponents, the long-term cycling stability and rate capability of these
cells were evaluated at stack pressures of 25 MPa, 1 MPa and 0 MPa
(where 0 MPa denotes the absence of additional applied stack pres-
sure other than atmospheric pressure). While some differences may
be inherent to each cell configuration, others may stem solely from
the fabrication of sheet-type components, such as isostatic densifica-
tion or the presence of a polymer binder. To decouple these effects,
a second press cell configuration was tested in which the pellet-type
cathode was substituted by a sheet-type cathode (see Fig. 1 “Press
cell with sheet-type cathode”). For evaluation of the cycling stabil-
ity, cells were subjected to continuous cycling at 1 C, preceded by
a formation cycle at 0.1 C and with intermediate constant-potential
holds at 3.3 V vs. In/InLi and at the cut-off potentials. The low-
rate formation cycle with constant-potential holds serves a dual
purpose: it allows an assessment of the CAM utilization, and in
addition, it ensures an initial comparable and high state-of-charge
(SoC) for all cathodes. The latter is essential for comparison as
the overpotentials due to kinetic limitations may vary for the three
cell configurations resulting in diverging maximal reached SoCs
and, consequently, differing degrees of chemo-mechanical degra-
dation. Moreover, the elevated SoC maximizes chemo-mechanical
stress during the formation cycle, thereby amplifying differences in
chemo-mechanical degradation between the different cell configura-
tions. To ensure reproducibility of the results, measurements were
repeated three times at 25 °C for each cell configuration and stack
pressure.

Figures 2a-2c show the potential profiles, i.e. profiles of the
potential difference, during the formation cycle for the three cell
configurations at 25 MPa, 1 MPa and 0 MPa stack pressure. At
25 MPa, the charge and discharge curves display a similar profile for
all configurations exhibiting a characteristic plateau at around 3.55 V
associated with the Hy—H; transformation in Ni-rich NCM.* The
delivered charge and discharge capacities are virtually identical and
in the range of the theoretical capacity of the used NCM (200 mAh
¢~"). This confirms that a high CAM utilization can initially be
achieved with both press cells and pouch cells, indicating effective
mixing through dry powder and slurry-based electrode preparation,
respectively.** For pouch and press cells with pellet-type cathode,
a reduction of the stack pressure from 25 MPa to 1 MPa does not
result in a considerable decrease of the attainable capacity at 0.1 C
and the H,—H3 transformation is still visible in both potential pro-
files. While charge and discharge curves of these configurations are
similar at 25 MPa and 1 MPa, the press cell with sheet-type cathode
exhibits a higher overpotential and longer constant-potential holds
suggesting slower kinetics. Compared to a stack pressure of 1 MPa,
releasing the stack pressure entirely has a minor influence on the
potential profiles, and all cell configurations retain a high discharge
capacity of more than 180 mAh g~! after the constant-potential hold.
Overall, the formation cycles show that press cells and pouch cells
initially deliver a similar electrochemical performance, even when
cycled without stack pressure, if the C-rate is low, i.e. if kinetics
plays a minor role.

In contrast, significant differences between the three cell con-
figurations become apparent at different stack pressures during
continuous cycling with 1 C (see Figs. 2d-2f). At 25 MPa, pouch and
press cells reach comparable capacities of approximately 125 mAh
g~ in the initial cycles. While the capacity of the pouch cells
remains almost constant and above 120 mAh g~' after 100 cycles,
the press cells with pellet-type cathode show more pronounced
capacity fading, dropping below 100 mAh g™'. Increasing the stack
pressure of press cells with pellet-type cathode to 75 MPa leads
to improved capacity retention, corroborating chemo-mechanical
degradation as the dominant degradation mechanism (see Fig. S1).

Notably, press cells with sheet-type cathodes exhibit substantially
lower capacities compared to the other configurations, not exceed-
ing 100 mAh g~!. As all configurations show comparable CAM
utilization in the formation cycle, this is ascribed to kinetic losses
due to the blocking of charge transport paths by microstructural
defects, which causes higher tortuosity, and lower effective conduc-
tivities. This is supported by cross sectional SEM images of uncycled
sheet-type cathodes of these cells that show a highly degraded com-
posite cathode microstructure with fractures formed within the SE
phase, secondary CAM particles, and at the CAMISE interface (see
Fig. S2). These fractures probably originate from over-pressurization
caused by isostatic densification during cathode sheet preparation
followed by uniaxial pressing of the cell stack during assembly of
the press cell. Isostatic densification leads to a highly densified com-
posite, likely altering its response to subsequent uniaxial pressing.
The composite cannot accommodate the applied stress through fur-
ther densification, resulting primarily in elastic deformation. Upon
pressure release, this induces a springback effect detrimental to the
microstructural integrity of the composite.*6~*%

At 1 MPa, the performance of pouch and press cells differ with
respect to initially attainable capacity, and more pronouncedly, long-
term capacity retention. Compared with 25 MPa, the pouch cell
capacity in the first cycles decreases by approximately 30% to
90 mAh g~ !, whereas the capacity of the press cells with pellet-
type cathode decreases by approximately 60% to 50 mAh g~'.
Interestingly, the variation between the press cells increases at
1 MPa, which may indicate a more prominent role of friction at low
stack pressures. While some friction arises from the rubber sealing
rings that isolate the cell from ambient air, a potentially greater con-
tribution may stem from In/(InLi), residues which can be pressed
between steel piston and sleeve during cell preparation (see Fig.
S3). In consequence, the actual stack pressure experienced by the
cell stack may deviate from the nominally applied value, and—as
these friction forces can vary between individual cells—the spread
of results may be higher. Upon further cycling, the capacity of the
press cells diminishes to 0 within the first 50 cycles, proving rapid
degradation. The pouch cells, by contrast, demonstrate a remarkable
long-term cycling stability and around 80 mAh g~ are still achieved
after 100 cycles. We further like to note, that a pouch cell cycled at
1 C and 40 °C, which is a reasonable operating temperature for prac-
tical applications, also exhibits stable cycling after reaching a plateau
at a capacity of 130 mAh g~ (see Fig. S4). In agreement with the
results at 25 MPa, the press cells with sheet-type cathodes exhibit
a significantly inferior cycling performance, practically preventing
low stack pressure operation. Unlike at high stack pressure, where
fractures present in the cathode may be partially closed, low stack
pressures are insufficient to do so, resulting in high overpotentials.

Cycling without stack pressure further demonstrates the superior
performance of the pouch cells. Even though the complete removal
of stack pressure leads to a considerable capacity decrease, approx-
imately 25 mAh g~! can be delivered after 100 cycles with no
indication of substantial further decay. A stabilization of the capacity
is also observed in an analogous experiment conducted at a C-rate
of 0.5 C, with slightly faster fading in the initial cycles due to the
higher capacities delivered at this C-rate and the correspondingly
higher chemo-mechanical stress (see Fig. S5). The capacity of the
press cells with pellet-type cathode, on the other hand, quickly drops
from initially 10 mAh g~' to 0. We note that friction is of particular
importance at zero stack pressure. Without additional stack pressure
the current collector in a press cell, i.e. the steel stamp, cannot follow
the cathode upon volume contraction, resulting in a lower effective
stack pressure or even complete contact loss. This is different com-
pared to a pouch cell, where the cell stack always experiences at
least atmospheric pressure.

At low stack pressures, cell performance limitations attributable
to the In/(InLi), anode must be considered. In SSB press cells
containing an indium metal anode and NCM622 as CAM, Wang
et al. reported a decrease of the cell capacity below 2 MPa due
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Figure 2. Long-term cycling of In/InLiILPSCIINCM press cells with pellet-type cathode (blue), press cells with sheet-type cathode (yellow) and pouch cells
(red) with a stack pressure of 25 MPa, 1 MPa and 0 MPa. (a)—(c) Potential profiles of the formation cycle with a C-rate of 0.1 C and intermediate constant-
potential steps. (d)—(f) Evolution of the discharge capacity qq;s during cycling with 1 C. The temperature was 25 °C and the areal capacity was 2 mAh cm—?2
The circles are the average of three cells, and the shaded areas indicate minimum and maximum values of these cells. The artifacts after 47 and 59 cycles for
the pouch cells at 0 MPa were caused by a software failure of the potentiostat. Potential profiles of all 1 C cycles are depicted in Fig. S7.

to pore formation and interfacial contact loss during dealloying.**
Although the same In/(InLi), anode was employed for all cell con-
figurations to ensure a high comparability, configuration-specific
factors may influence the cell performance. These include, e.g. an
improved anodelseparator interfacial contact through isostatic den-
sification during pouch cell assembly, or inhomogeneous current
distribution arising from a less planar interface between separator,
anode and pelletized cathode, potentially affecting anode lithiation
and delithiation (see Fig. S6).%¥

These configuration-specific differences are further supported
by electrochemical impedance spectroscopy (EIS) measurements
recorded after the 3.3 V constant-potential holds during the initial
slow-rate formation cycle (see Fig. S8). Even at this early stage, a
significant increase in the impedance contribution typically assigned
to the anode is observed for the press cells when operated at low stack
pressure. This strongly hints that the rapid capacity loss observed
during continuous 1 C cycling in these cells is inherently tied to
early contact loss at the anode interface. In the case of the pouch
cells, while the overall impedance is also pressure-dependent, both
the anode and cathode contributions appear to scale equally with
pressure, indicating a much more balanced and mechanically robust
interfacial contact across the entire cell.

Figure 3 shows the discharge capacity reached at C-rates between
0.1 C and 2 C for the three configurations at 25 MPa, 1 MPa and
0 MPa stack pressure. For this, the rate tests were conducted starting
with high C-rates as preceding cycles with low C-rates, i.e. when
a higher SoC is reached, may already result in chemo-mechanical
degradation. This can lead to a misrepresentation of the rate capa-
bility and by that may complicate comparison, especially when cells
are operated under challenging conditions, i.e. low stack pressure.

At 25 MPa and a C-rate of 0.1 C, all configurations reach
similar discharge capacities in the range of 180-190 mAh g~'.
For pouch cells and press cells with pellet-type cathode, a stack

pressure reduction to 1 MPa and 0 MPa leads to a minor decrease
and approximately 170 mAh g~' are reached for both pressures,
whereas the capacities of the press cells with sheet-type cathode
drop below 150 mAh g~'. The obtained capacities are consistent
with the capacities achieved during the formation cycles in the long-
term cycling test and provide additional evidence for the conclusions
presented above, i.e. if kinetic limitations are negligible, a high
CAM utilization can be achieved with all three cell configurations at
all stack pressures employed. The press cells with sheet-type cath-
ode show higher overpotentials (see Fig. S9), which is caused by
impeded charge transport due to a degraded cathode microstructure.
At 25 MPa and higher C-rates the three configurations exhibit a sim-
ilar capacity and approximately 60 mAh g~ ' are reached at 2 C. At
1 MPa and 0 MPa, the pouch cells achieve the highest capacities,
reaching approximately 20 mAh g~' at 2 C, while zero capacity is
delivered by the press cells with pellet and sheet-type cathodes.
Interestingly, compared to the long-term cycling test at 1 C, press
cells with sheet-type cathode reach a higher capacity at all pressures.
We attribute this to the absence of the formation cycle, prevent-
ing preceding microstructural degradation, which enables improved
charge transport at high C-rates. Check-up cycles conducted with
1 C and 2 C after the rate test show reduced capacities for these
cells, confirming ongoing degradation during the rate test, particu-
larly at low rates (see Fig. S10). Generally, pouch and press cells
exhibit comparable rate capabilities, which is in strong contrast to
the observed pronounced differences of long-term cycling stability.

Microstructural evolution of press and pouch cells during
cycling without stack pressure.—To assess the impact of long-term
cycling on the microstructural evolution, partial cross sections of
the composite cathodes were prepared from pouch cells and press
cells with pellet-type cathode before cycling and after 100 cycles
without stack pressure (see Fig. 4). Figures 4a and 4c show the
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Figure 3. C-rate test of In/InLiILPSCIINCM press cells with pellet-type cathode (blue), press cells with sheet-type cathode (yellow) and pouch cells (red) with
a stack pressure of (a) 25 MPa, (b) 1 MPa and (c) 0 MPa. The temperature was 25 °C and the areal capacity was 2 mAh cm~2 (calculated based on the
theoretical specific capacity of the CAM). The depicted capacities are the average capacities at each C-rate step. The dashed line is provided as a guide to the
eye. A comparable measurement for a press cell with pellet-type cathode at 75 MPa is depicted in Fig. S11.

Figure 4. FIB-SEM images of composite cathodes. (a) Pouch cell, sheet-type cathode before cycling. (b) Pouch cell, sheet-type cathode after long-term cycling.
(c) Press cell, pellet-type cathode before cycling. (d) Press cell, pellet-type cathode after long-term cycling. Fractures are indicated by yellow arrows. Cycling

was performed at 1 C with 0 MPa stack pressure at 25 °C.

cathodes of the uncycled pouch cell and the uncycled press cell,
respectively. In both cases, the SE is homogeneously distributed
between the CAM particles, with no carbon fiber agglomerates and,
in the case of the pouch cell, no binder agglomerates visible. This
further confirms effective mixing of pellet-type and sheet-type com-
posite cathodes, consistent with the findings from electrochemical
characterization. Moreover, despite the distinct densification meth-
ods, i.e. isostatic or uniaxial pressing, inter-particle contacts appear
intimate, and the residual porosity seems comparably low for both
cathodes.’! The differing electrochemical performance of pouch cells
and press cells with pellet-type cathode, particularly at low stack
pressures, is therefore unlikely to originate from different degrees of
composite cathode densification. Importantly, signs of microstruc-
tural degradation prior to cycling, which may be induced by handling
the sheet, cell fabrication, or sample preparation, cannot be observed.

After 100 cycles at 1 C without stack pressure, the pouch cell
cathode exhibits fractures of several micrometers in length, propa-
gating along CAMISE interfaces and through the SE phase, with a
preferential orientation parallel to the electrode plane (Fig. 4b). The
formation of such mesoscopic fractures is likely driven by stress

relief, which is facilitated perpendicular to the cell stack if no pres-
sure is applied, i.e. the cell volume is unconstrained in this direction.
Although contact loss at CAMISE interfaces is expected to promote
fracture formation, the predominantly intact interfacial contact sug-
gests that CAM volume changes are primarily accommodated by
mesoscopic fracture formation rather than interfacial delamination.
Importantly, the preferential orientation of fractures may be partic-
ularly detrimental to ionic transport, as lithium ions must traverse
the cathode thickness, and therefore, along a direction in which
conduction pathways are most severely disrupted.

The pellet-type cathode of the press cells, in contrast, shows no
obvious microstructural degradation after zero stack pressure long-
term cycling despite rapid capacity fading. Moreover, the interfacial
contact between cathode and separator as well as between cathode
and current collector remains intact, as in the case of the pouch
cell (see Fig. S6). This indicates the anode primarily drives capacity
loss, leaving the cathode structurally intact due to a limited depth of
charge and discharge.

Figure 5a shows the cross section of the anodelseparator interface
in the pouch cells prior to cycling, revealing close and conformal
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Figure 5. FIB-SEM images of the anodelseparator interface of (a) pouch cell before cycling, (b) pouch cell after long-term cycling at 0 MPa, and (c) press
cell before cycling. (d) Top-view SEM image of the anode (anodelseparator interface) and corresponding photographic image after cycling.

interfacial contact. After cycling without stack pressure, a single
large fracture near the interface is visible (see Fig. 5b), indicating
microstructural degradation at the anode side as an additional con-
tributor to capacity fading. Interestingly, delamination does not occur
directly at the interface. Instead, a layer of SE particles remains
adhered to the anode, suggesting strong anodelseparator adhesion.
This implies chemo-mechanical degradation within the separator
layer near the interface, driven by anode volume changes and asso-
ciated mechanical stresses, rather than by interfacial void formation
due to lithium depletion during delithiation.

SEM images of the press cells’ anodelseparator interface reveal
an anode that appears delaminated even prior to cycling. However,
the high capacity achieved during the formation cycle and the
recently reported significant reduction in interfacial impedance upon
uniaxial pressing of In/(InLi), anodes in press cells indicate that
a robust initial anodelseparator contact is, in fact, initially estab-
lished.”” Therefore, the observed delamination is likely a mechanical
artifact caused by removing the sample from the press cell casing.
Importantly, post-cycling cross-sections of this interface could not
be prepared, as the anode immediately detached from the separa-
tor during cell disassembly (see Fig. 5d). We therefore attribute the
poor long-term cycling stability of the press cells to contact loss
at, or more precisely, immediately adjacent to, the anodelseparator
interface. Crucially, this degradation does not appear to stem from
poor adhesion between separator and anode, but rather from a loss
of SEISE particle contact within the separator just beneath the
interface.

Pouch cell performance under varying stack pressure, impact
of temperature, and high SoCs.—Following the demonstration of
superior pouch cell performance at low stack pressures, we inves-
tigated their performance under variable pressures in greater detail
using a CompreDrive automatic press (Fig. 6a). The cycling exper-
iments were conducted at 1 C. Starting with cycling at 25 MPa the
stack pressure was first stepwise decreased to 1 MPa, followed by
a stepwise increase back to 25 MPa. Prior to pressure variation, a
formation cycle at 0.1 C and six subsequent cycles at 1 C were
performed at 25 MPa to ensure a stabilization of the capacity.

T T T T T T T T T

a) i} va25°C
200 F°™N  F ]
s formalltion ]
= 150 F ace decreasing p ]
_<C: activation Jf T T T T === -— o _ -
000000 % x v v N
E 100} P+ o0 to_ad 215y,
K mcreasmgp Te-
50 1 ]
O 1 1 1 L L 1 L 1 L
6 T T L 1l T nI T .
b) ° 1f va 25°C formation cycle __, ©
200 F 1F v2 40 °C at1 MPa @-
s ]
.5 ocoococol[w v v v
& 150 F | A
- eo0oeei|lv v v v v b6a,
< e s a s , "V,
E 100} I T
é
50 1r b
25 MPa | pressure variation

1 1 L il | 1 [l 1 1

135725 20 15 10 5 0
Cycle p/MPa

Figure 6. Pouch cell cycling tests with varying pressure at 1 C (a) without
formation cycle at 1 MPa and (b) with formation cycle at 1 MPa. The areal
capacity was 2 mAh cm—2. Differences in the capacity obtained in (a) and
(b) of the cells cycled at 25 °C are within the margin of error depicted in
Fig. 2d. The downward-pointing triangles mark cycles during the pressure-
decrease sequence and the upward-pointing triangles mark cycles during the
pressure-increase sequence.

Upon reducing the stack pressure from 25 MPa to 1 MPa,
the capacity decreases monotonically by approximately 30%, with
roughly half of the total loss occurring at pressures below 5 MPa.
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Figure 7. Long-term cycling of 3E In/InLilLPSCIINCM pouch cells with a stack pressure of 1 MPa (violet) and O MPa (green). The colors get lighter for
increasing cycle numbers. (a) 3E pouch cell configuration with a gold wire, which serves as reference electrode. (b) Evolution of the discharge capacity during
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cycling at (c) 1 MPa and (e) 0 MPa. The grey dashed line indicates the open circuit potential of the anode vs. Lit/Li. Evolution of the cathode potential Ewg
during cycling at (d) 1 MPa and (f) 0 MPa. The temperature was 25 °C and the areal capacity was 2 mAh cm™—2. The inset in (f) schematically displays the
proposed electrochemical potential distribution inside the separator upon anode contact loss.

When the pressure is subsequently increased back to 25 MPa, the
capacity partially recovers but does not return to its original levels,
indicating chemo-mechanical degradation at low pressures. At higher
pressures, the difference lessens as interfacial contact within the com-
posite is to some extent restored. To assess the impact of cycling at
low pressure, a similar measurement was performed, except that an
additional formation cycle, i.e. charging to a high SoC, was con-
ducted at 1 MPa (see Fig. 6b). The formation cycle at 1 MPa results
in a capacity drop of 25 mAh g~ in the subsequent 1 C cycle and
the capacity remains considerably lower even after increasing the
pressure back to 25 MPa. This underscores the irreversible dam-
age caused by reaching a high SoC at low pressures. Consequently,
optimized protocols for stable low-pressure cycling may require a
reduced cut-off potential of e.g. 4.2 V vs. LiT/Li to circumvent
the H,—Hj3 transformation in Ni-rich NCM, as demonstrated by Gao
et al., thereby mitigating the associated significant volume change."

While an elevated temperature of 40 °C results in an overall
higher capacity, the profile of the curve is not significantly affected
upon pressure reduction from 25 MPa to 1 MPa, and the relative
capacity decrease is comparable to that at 25 °C. The capacity drop
caused by the formation cycle at 1 MPa is, however, slightly reduced,
as impeded charge transport due to a degraded microstructure is
partially compensated by a higher ionic conductivity.”

Deconvolution of anode and cathode contributions via three-
electrode pouch cells.—To identify the main driver for capacity
fading observed with the pouch cells at low stack pressure, three-
electrode (3E) pouch cells were assembled using a gold wire as a
reference electrode (Fig. 7a).** For this, the wire was lithiated for
12 h to form a Li—Au alloy, providing a stable potential of 0.31 V
vs. LiT/Li (see Fig. S12). Here, cathode and anode correspond to
working electrode (WE) and counter electrode (CE), respectively.

Figure 7b shows the long-term cycling performance of two 3E cells
cycled at 1 MPa and 0 MPa in comparison with the capacities of the
corresponding two-electrode (2E) cells. At 1 MPa the 3E cell reaches
a capacity of approximately 90 mAh g~ in the initial cycles, which
decreases to 70 mAh g~ after 100 cycles. These values are con-
sistent with the 2E cells, suggesting no substantial contribution of
the anode to the overall cell overpotential and long-term cycling sta-
bility at 1 MPa. This is confirmed by the potential profiles of the
anode potential Ecg (see Fig. 7c¢), which show an overpotential of
80—140 mV relative to the open circuit potential (620 mV vs. LiT/Li)
during charge and discharge, in good agreement with the expected
Ohmic drop across the separator layer (90 mV, as estimated from EIS
measurements, see Fig. S13). Over 100 cycles, the anode overpoten-
tial remains relatively stable, whereas a changing cathode potential
Ewg results in a rather weak but continuous capacity fading (see Fig.
7d). These observations are in line with 3E impedance data obtained
before and after long-term cycling at 1 MPa (see Fig. S13). Here,
the cathode impedance increases, while anode impedance remains
relatively stable.

Without stack pressure, the 3E cell and the 2E cells show more
pronounced differences. While the 2E cells deliver a capacity of
approximately 50 mAh g~! in the initial cycles, the 3E cell reaches
90 mAh g™, indicating significant anode-related capacity losses at
0 MPa. In the subsequent cycles, the capacity of the 3E cell dimin-
ishes rapidly before approaching comparable values like the 2E cells
after 50 cycles, followed by an abrupt drop to 0 mAh g~!. This
accelerated capacity fading may be attributed to more severe chemo-
mechanical degradation of the cathode as higher SoCs are reached
compared to the 2E cells. Both potentials, Ewg and Ecg, change
significantly, and particularly, the anode overpotential increases dras-
tically compared to 1 MPa (see Figs. 7e and 7f), which confirms
that the In/(InLi), anode is not suitable for measurements without
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stack pressure. Moreover, Ecg approaches 0 V vs. Lit/Li suggest-
ing lithium plating, which facilitates dendrite formation and may be
the reason for the abrupt cell failure after 50 cycles. The correspond-
ing 3E impedance data before and after long-term cycling confirms a
significantly increased cathode and anode contribution after cycling
(see Fig. S13).

Importantly, it is likely that the chemo-mechanics of the anode
indirectly affect the mechanical degradation of the cathode, as pro-
posed by Kang et al.>* Moreover, it is likely that the measured
cathode potential is affected by the severe contact loss of the anode
(or close to the anode) at 0 MPa stack pressure.***>° For only a small
fraction of remaining anodelseparator contacts, the main driver for
the measured potential drop on the anode side is likely current focus-
ing. In the case of near-complete delamination of the anode, where
the lateral distance between contact spots comes close to the dis-
tance between the anode and the reference electrode, the reference
electrode potential is significantly affected (as sketched in Fig. 7f),
distorting the apparent cathode potential.

In Fig. S14 of the Supporting Information, we show the repro-
ducibility of the 3E measurements. Moreover, we provide cycling
data of a 3E cell at 1 MPa for 250 cycles at 1 C with intermedi-
ate formation cycles. A stepwise capacity decrease is observed after
each formation cycle, confirming the detrimental effect of high SoCs
and corroborating the findings from the measurements under variable
stack pressures using the automatic press.

Based on these findings, we conclude that at a low stack pres-
sure of 1 MPa (and above) capacity fading is predominantly caused
by cathode degradation. However, in the here tested pouch cells
the capacity fading is rather weakly pronounced, and stable cell
operation is possible as mechanical stabilization of the compos-
ite microstructure may be promoted by the binder. Although the
detrimental effect of insufficient stack pressure on metal anode per-
formance is widely reported and corroborated by our press cell
data,'®*?>> the In/(InLi); anode remains relatively stable even at a
low stack pressure of 1 MPa and 1 C. However, as mentioned before,
it is likely that the observed capacity fading on the cathode side
is indirectly affected by chemo-mechanics of the In/(InLi), anode.
Completely removing stack pressure results in a rapidly increas-
ing anode overpotential upon cycling, linked to anodelseparator
contact loss (revisit Fig. 5), rendering the In/(InLi), anode unsuit-
able for pouch cell operation without or at extremely low stack
pressure.

Conclusions

In this study, we demonstrate significant differences in the
low-pressure cycling performance between lab-scale press cells
and pouch cells. While comparable electrochemical performance is
achieved at higher pressures (25 MPa), pouch cells exhibit a substan-
tially improved performance at low stack pressures (1 MPa and zero
stack pressure). Cross-sectional SEM images together with 3E pouch
cell measurements reveal that capacity fading under zero stack pres-
sure is dominated by contact loss at the anodelseparator interface.
In press cells, stack pressures in the low MPa range are not suf-
ficient to prevent contact loss, as internal friction may reduce the
pressure effectively experienced within the cell. In pouch cells, by
contrast, the In/(InLi), anode proves to be a viable option at a stack
pressure of 1 MPa. By employing the stable In/(InLi), anode, we
demonstrate that the sheet-type cathode undergoes only minor capac-
ity fading at this pressure, suggesting a potentially stabilizing role of
the binder in mitigating chemo-mechanical degradation. Overall, our
results demonstrate that the assessment of low-pressure performance
of SSBs can be highly sensitive to the chosen cell configuration.
While conventional lab-scale press cells are well suited for prob-
ing intrinsic material properties and performance limits at high stack
pressure, their application at low stack pressure can lead to under-
estimation of SSB performance capability. Accurate assessments
require cell architectures that mirror targeted designs for practical

applications. We therefore suggest (lab-scale) pouch cell configura-
tions as a much more reliable platform for assessing the low-pressure
performance of SSBs.
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