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ABSTRACT: The practical application of all-solid-state batteries (ASSBs) requires reliable operation at low
pressures, which remains a significant challenge. In this work, we examine the role of a cathode composite
microstructure composed of solid-state electrolyte (SSE) with different particle sizes. A composite made of
LiNi0.8Co0.1Mn0.1O2 (NCM811) and fine-particle Li6PS5Cl (LPSC) shows a more uniform distribution of SSE on the
surface of NCM811 particles, ensuring intimate contact. Moreover, the composite features reduced tortuosity, which
enhances Li ion conduction. These microstructural advantages result in significantly reduced charge transfer
resistance, helping to suppress mechanical distortion and electrochemical degradation during cycling under low-
pressure conditions. As a result, the fine-LPSC cathode composite exhibits enhanced cycling stability at a moderate
stack pressure of 2 MPa, outperforming its coarse-LPSC counterpart. Our finding confirms the important role of
microstructure design in enabling high-performance ASSBs operating under low-pressure conditions.

All-solid-state lithium batteries (ASSBs) utilizing non-
flammable solid-state electrolytes (SSEs), coupled with
layered oxide cathodes and lithium metal anodes, have

garnered significant attention for their potential to achieve
higher energy densities and improved safety in next-generation
energy storage systems.1,2 However, ASSBs face several
challenges compared to conventional liquid electrolyte
batteries, including insufficient capacity, low Coulombic
efficiency, low power density, and rapid capacity degrada-
tion.3,4 An important cause of these issues lies in the
composition of the cathode electrode, which consists of
cathode active materials (CAMs) directly surrounded by SSE
particles.5 This configuration introduces several limitations:
(1) incomplete physical contact between all solid particles
(solid−solid contact), (2) the inability of SSE to infiltrate the
gaps and voids between particles, (3) volume changes in CAM
during (de)lithiation that disrupt architectural stability due to

lattice expansion and distortion, and (4) delamination at the
CAM-SSE interface.6−9 These factors prevent the formation of
a homogeneous ion percolation network, hindering lithium-ion
conduction within the cathode composite and compromising
electrochemical performance.9,10

These challenges necessitate the use of high stack pressures
to ensure adequate contact between the cathode and SSE.11

For example, Sakka et al. employed X-ray computed
tomography (CT) to investigate the effect of stack pressure
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on the CAM-SSE interface. They found that at high pressures
(50 MPa), SSE particles filled internal cavities within the
cathode composite, significantly improving the contact area
fraction compared to conditions at or below 12 MPa, resulting
in a notable reduction in charge transfer resistance.12 A model
developed to assess the stability of the CAM-SSE contact
showed that a pressure of 25 MPa was sufficient to maintain a
stable interfacial contact. However, the requirement for such
high pressures increases production costs and reduces the
overall energy density at the pack level. To achieve high-
energy-density ASSBs, industry generally aims to operate at or
below 5 MPa. Therefore, there is a clear need for improved
processing techniques to reduce reliance on such high
pressures.
From the above discussion, it is clear that a key strategy for

enhancing the performance of ASSBs under low pressure is to
design a cathode composite microstructure that ensures
optimal interfacial contact between the CAM and SSE. Studies
have shown that smaller SSE particles (around 4 μm) enhance
charge transport properties.13 Tan et al. showed through both
modeling and experiments that reducing the size of SSE
particles can improve cathode utilization.14 Likewise, reducing
the size of CAM particles can also offer more contact points

between CAM and SSE, leading to improved performance.15 A
hierarchical composite structure that combines small (∼300
nm to 4 μm) and large (∼20 μm) Li5.5PS4.5Cl1.5 particles with
CAM was shown to result in a lower tortuosity and faster
lithium (Li) ion transport.16 Research has shown that coating
an SSE layer onto the surface of CAM particles can establish
intimate interfacial contact, leading to improved performance
even at low pressures.17−19 Thus, improved design of a cathode
composite microstructure holds great promise for developing
ASSBs with higher energy densities, lower stack pressures, and
stable long-term performance. An ideal microstructure should
feature intimate contact between the SSE and CAM while
maintaining robust SSE pathways with low tortuosity to
facilitate Li ion transport.
In this study, we report a wet roll-mixing method to produce

fine-LPSC powder, which facilitates the preparation of a high-
performance fine-LPSC cathode composite architecture with
enhanced cathode utilization and low tortuosity. Our approach
results in a more uniform distribution of LPSC around the
LiNi0.8Co0.1Mn0.1O2 (NCM811) particles (∼1 to 5 μm) within
the composite, ensuring a larger, more intimate interfacial
contact and establishing an efficient Li ion percolation
network. This microstructural improvement leads to higher

Figure 1. Characterizations of the cathode composites. FIB-SEM cross-sectional images for the coarse-LPSC cathode composite (a) and the
fine-LPSC cathode composite (b). Schematic diagram of the cathode composite and Li+ ion tortuosity for the coarse-LPSC cathode
composite (c) and the fine-LPSC cathode composite (d). (e) Nyquist plots of the coarse-LPSC and fine-LPSC cathode composites, along
with the equivalent circuit model. (f) Corresponding DRT plots for both cathode composites.
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capacity, improved long-term cycle stability, and better rate
performance, all of which are achievable at low pressure. More
importantly, our work underscores the critical role of the
cathode composite microstructure in optimizing electro-
chemical performance at low pressures, offering valuable
insights for industrial-scale ASSB development.
Various synthesis methods were employed to produce fine-

LPSC powders (Figure S1), including ball-milling without
solvent (denoted as LPSC ball-milling), roll-milling without
solvent (LPSC rolling), ball-milling with toluene solution
(LPSC@To ball-milling), and roll-milling with toluene
solution (LPSC@To rolling).20 As shown in Figure S2, the
particle sizes of all synthesized fine-LPSC powders decrease
(∼1 μm) with these methods. In addition, the particles
prepared by the ball-milling process are smaller than those that
were roll-milled (Figure S3). This is to be expected due to the
high energy involved in the ball-milling process. When
comparing the fine-LPSC prepared in the presence of toluene,
the roll milled material has much less fraction of very small
particles of <0.25 μm while preserving an appreciable number
of particles of >3 μm in size. This particle size distribution is
advantageous in generating a uniform cathode composite
structure with low tortuosity.16 Moreover, the X-ray diffraction
(XRD) pattern of LPSC ball-milling reveals the presence of
Li2S impurities (Figure S4). In contrast, the XRD pattern of
LPSC@To rolling is similar to that of coarse-LPSC. Addition-
ally, electrochemical impedance spectroscopy (EIS) results
(Figure S5) show that the ionic conductivity of the LPSC@To
rolling electrolyte is the highest among the fine-LPSC samples,
indicating that the roll-mixing process with toluene minimizes
adverse effects on the LPSC and preserves its original
properties.
Next, we provide a detailed comparison between coarse-

LPSC and fine-LPSC prepared using the LPSC@To rolling
electrolyte. The residual toluene content was measured via
thermogravimetric analysis (TGA). The decomposition
temperature for both electrolytes is approximately 365 °C
(Figure S6), with no new peaks observed, indicating that the
fine-LPSC contains no residual toluene solution. Figure S7
presents the pore size distribution profiles of both electrolyte
pellets obtained through focused ion beam (FIB) cross-
sectional scanning electron microscopy (SEM). The coarse-
LPSC pellet exhibits 11.3% surface porosity, while the fine-
LPSC pellet shows only 4.4% porosity, indicating a denser
structure. Additionally, the relative density of fine-LPSC is 90%
(Figure S8), demonstrating that the fine-LPSC powders
achieve a significantly higher relative density. The specific
surface area of the electrolytes was assessed by using the
Brunauer−Emmett−Teller (BET) method (Figure S9). The
coarse-LPSC and fine-LPSC exhibit surface areas of 6.02 and
9.24 m2/g, respectively, showing that the roll-mixing process
increases the surface area, in agreement with the SEM
observations. Therefore, fine-LPSC is expected to show
improved interfacial contact between the CAM and LPSC,
contributing to enhanced performance.
To examine the distribution of LPSC around the CAM of

NCM811, we analyzed the FIB cross-sectional SEM images of
both coarse-LPSC and fine-LPSC cathode composites (Figures
S10 and S11). Multiple images are shown to illustrate the
uniformity of the microstructure. Energy-dispersive X-ray
(EDX) mapping of the Ni and P signals was used to
characterize NCM811 (small particles) and LPSC (large
particles), respectively. The results show that the coarse-LPSC

cathode composite exhibits significant agglomeration of LPSC
particles, with a heterogeneous distribution of LPSC around
the NCM811 particles (Figures 1a and S12). In contrast, the
fine-LPSC cathode composite shows a more uniform
distribution of LPSC particles around NCM811, resulting in
a more homogeneous microstructure (Figures 1b and S13).
Moreover, we investigated the cathode utilization and Li ion

transport tortuosity for both cathode composites modeled
using discrete spherical particles (Figure S14). The inter-
particle forces were simulated using Hertzian contact within
the granular package of LAMMPS software.21 To model the
calendaring process, we employed velocity-Verlet time
integration with explicit time steps in the microsecond range,
ensuring numerical stability. CAM utilization was calculated by
measuring the percentage of NCM811 particles in contact with
LPSC particles.14 A table summarizing the CAM utilization for
different contact criteria (defined by the minimum overlap
between two particles relative to the sum of their radii) is
provided in Table 1. The simulations predict that the coarse-

LPSC cathode composite would exhibit a lower CAM
utilization. For example, at a 2% overlap, the fine-LPSC
cathode composite achieves nearly 100% CAM utilization,
significantly higher than the 83% utilization observed in the
coarse-LPSC cathode composite (with unused red atoms
shown in Figure S14e). This indicates that the fine-LPSC
cathode composite can deliver higher capacity due to its
superior interparticle contact.
The tortuosity of the LPSC pathways, a crucial factor in

determining effective ionic conductivity in batteries, was
analyzed for both cathode composites (Figure S15).22

Quantitatively, the fine-LPSC cathode composite exhibits a
median tortuosity of 1.21, compared to 1.84 for the coarse-
LPSC. Figure 1c,d illustrates the stark difference in the
tortuosity between the coarse- and fine-LPSC cathode
composites structures. In the coarse-LPSC cathode composite,
Li ions must navigate a more circuitous route, while the fine-
LPSC provides more direct pathways. The reduced tortuosity
of the fine-LPSC structure significantly enhances Li ion
transportation during (de)lithiation.
EIS measurements were conducted to investigate the Li ion

transport kinetics for both cathode composites with the
cathode composite/LPSC/Li full cell configuration.23 Typical
EIS plots are shown in Figure 1e, where three semicircles can
be identified using an equivalent circuit model, including the
bulk resistance of the SSE (Rb), the SEI interface resistance
(RSEI), and the charge transfer interface resistance (RCT).

24

The significant change in impedance occurs at Rct, where the
resistance of the fine-LPSC cathode composite decreases from
17.3 Ω in the coarse-LPSC cathode composite to 9.9 Ω. The
corresponding distribution of relaxation time (DRT) curves

Table 1. Summary of the CAM utilization

Configuration Minimum Overlap CAM Utilization

Coarse-LPSC 0% 94%
2% 83%
5% 56%
10% 20%

Fine-LPSC 0% 100%
2% 100%
5% 94%
10% 28%
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are shown in Figure 1f. Figure S16 provides a detailed analysis
of the seven peaks, labeled P1−P7, with a focus on the changes
observed in peaks P1 to P4. Notably, the grain boundary
resistance at P1 decreases, while its time constant increases
from 0.5 to 1.4 μs for the fine-LPSC cathode composite. Since
the time constant (τ) is the product of resistance (R) and
capacitance (C), the increase in time constant indicates a rise
in the capacitance at the grain boundaries, which becomes the
dominant factor in the system. Typically, capacitance is
positively correlated with the electrochemical surface area.24

Since the chemical composition remains unchanged, the
observed enhancement in capacitance is attributed to the
increased interfacial area, consistent with the reduction in the
particle size of the fine-LPSC cathode composite. Moreover,
the peak P4 can be directly identified associated with the
charge transfer process of the cathode interface from Figure
S16, exhibiting a reduction in the fine-LPSC cathode
composite, similar to the behavior observed in Figure 1e.
This demonstrates that the fine-LPSC electrolyte effectively
enhances Li ion transport within the cathode composite and
promotes improved charge transfer kinetics.25

The advantages of the fine-LPSC cathode composite can
thus be summarized as follows: (1) the fine-LPSC electrolyte is
uniformly distributed around the NCM811 particles in the
cathode composite, and (2) it creates continuous diffusion
pathways, ensuring sufficient ionic percolation for Li ion
transport. These characteristics enable the fine-LPSC electro-
lyte to enhance direct physical contact between NCM811 and

the SSE, thereby facilitating more efficient Li ion transport and
percolation.
The electrochemical performance of the fine-LPSC cathode

composite is compared with that of the coarse-LPSC cathode
composite through capacity, cycling stability, and rate
capability tests in ASSBs with NCM811 and a lithium metal
anode. As shown in Figures 2a,b and S17, the fine-LPSC
cathode composite exhibits higher capacity than the coarse-
LPSC cathode composite in the first cycle under all pressure
conditions. Specifically, the fine-LPSC cathode composite
delivers 18, 20, and 22 mAh g−1 higher capacity than the
coarse-LPSC cathode composite at 30, 10, and 2 MPa,
respectively. These results correlate well with predictions from
the utilization simulation, where a higher utilization corre-
sponds to a higher capacity. The coarse-LPSC cathode
composite achieves approximately 85% of the capacity of the
fine-LPSC cathode composite. The slight discrepancy between
the experimental results and simulations may indicate that
further refinement of particle overlap is needed for the specific
C-rate used.
As cycling progressed, the coarse-LPSC cathode composite

showed significant capacity degradation, with 84.0%, 74.3%,
and 63.3% capacity retention after 100 cycles at 30, 10, and 2
MPa, respectively (Figure 2c). In contrast, the fine-LPSC
cathode composite demonstrated superior cycling stability,
retaining 90.3% and 88.9% capacity at 30 and 10 MPa,
respectively, representing improvements of 7.5% and 19.7%.
Notably, at 2 MPa, the fine-LPSC cathode composite retained

Figure 2. Electrochemical performance of ASSBs employing the coarse-LPSC cathode composite and fine-LPSC cathode composite at 0.1 C,
30 °C, and different pressures. Charge−discharge voltage profiles for the coarse-LPSC cathode composite (a) and the fine-LPSC cathode
composite (b) under 30, 10, and 2 MPa. (c) Cycling performance of the coarse-LPSC cathode composite and fine-LPSC cathode composite
under 30, 10, and 2 MPa.
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85.6% capacity, a significant improvement of 35.2%. The rate
capability was also evaluated by cycling the cells at various
current densities (0.1, 0.2, 0.3, and 0.5 C) for five cycles, as
shown in Figure S18. The fine-LPSC cathode composite
exhibited 40% and 50% higher capacity than the coarse-LPSC
cathode composite at 0.3 and 0.5 C, respectively. These results
demonstrate that the fine-LPSC cathode composite signifi-
cantly enhances the long-term cycling stability and rate
performance of NCM811 in ASSBs, particularly at lower
stack pressures (2 MPa).
Galvanostatic intermittent titration technique (GITT)

measurements were conducted on both cathode composites
after 100 cycles to assess the polarization behavior. The results,
shown in Figure 3a−c, reveal that the fine-LPSC cathode
composite exhibits lower polarization compared to the coarse-
LPSC cathode composite at 30 and 10 MPa, with the
difference being especially pronounced at 2 MPa. Polarization
is indicative of incomplete solid−solid contacts between the
SSE and NCM811 particles, which may be due to uneven
contact or microvoids and cracks within the internal regions of
the NCM811 particles�an issue we will address later. This

finding supports the observation that Li ion transport
percolation is more effective in the fine-LPSC cathode
composite than in the coarse-LPSC cathode composite after
long-term cycling at 2 MPa.
EIS measurements were performed to obtain the Nyquist

plots for both cathode composites after 1 and 100 cycles at 30,
10, and 2 MPa, respectively (Figure 3d−f). These plots show
the bulk resistance of the SSE (the grain boundary resistance,
RSSE bulk + RSSE gb), the interface resistance between the SSE
and cathode (RSSE/NCM), as well as the interface resistance
between the SSE and the anode (RSSE/anode).

26 The
calculated resistance values for all samples are presented by
fitting the EIS data in Figure S19. At 30 MPa, the RSSE/NCM
resistance values after 100 cycles for both composites show a
significant increase compared to their initial states, indicating
the increase of the charge transfer resistance (Rct) and the CEI
resistance (RCEI), which can be attributed to the deterioration
of the bulk NCM811 structure and interfacial solid−solid
contact during cycling. Notably, as the pressure decreases, the
coarse-LPSC cathode composite exhibits much higher RSSE/
NCM resistance than the fine-LPSC cathode composite,

Figure 3. GITT curves of the coarse-LPSC cathode composite and fine-LPSC cathode composite at 30 (a), 10 (b), and 2 MPa (c) after 100
cycles. Nyquist and corresponding DRT plots for the coarse-LPSC cathode composite and fine-LPSC cathode composite at 30 MPa (d, g),
10 MPa (e, h), and 2 MPa (f, i) after 1 and 100 cycles.
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implying severe decay of the crystal structure and interface.
Specifically, at 2 MPa, the resistance of the coarse-LPSC
cathode composite increases by 545 Ω, while the fine-LPSC
cathode composite sees an increase of only 34 Ω. We attribute
this to a more uniform stress exerted by the NCM811/LPSC
composite during cycling. The effect of pressure in mitigating
degradation is thus more pronounced with coarse-LPSC
composites. Finally, we note that the Li/SSE interface also
deteriorates with cycling at all pressures. However, the fine-
LPSC composite cells experience a smaller increase in the Li/
SSE impedance. Figure 3g−i shows the corresponding DRT
plots for both cathode composites after 1 and 100 cycles at 30,
10, and 2 MPa. Relaxation times of 10−4−10−1 s are associated
with the impedance of the charge transfer process in the
cathode and anode sides (gray area).27 The area of the DRT
peak can indicate relative polarization resistance and reflect
variations in the rate of the electrode reactions.28 It is observed
that the area of the coarse-LPSC cathode composite increases
by 8% and 26% at 30 and 10 MPa, respectively, after 100
cycles, compared to the fine-LPSC cathode composite.
However, at 2 MPa, the coarse-LPSC cathode composite
shows a marked increase of 115% relative to that of the fine-
LPSC cathode composite, suggesting much slower charge-
transfer kinetics.

To investigate the decomposition of the cathode composites
after long-term cycling, X-ray photoelectron spectroscopy
(XPS) analysis was performed, as shown in Figure S20. The
S 2p spectra indicate that as the stack pressure decreases from
30 to 2 MPa, the decomposition products, including P2Sx
(polysulfides) and Li2Sx, increase in both cathode composites.
The signal at 161.7 eV, which corresponds to the SSE
component PS42−, gradually diminishes, further highlighting
the changes occurring within the cathode composites as a
result of prolonged cycling. Meanwhile, it is evident that the
parasitic side reactions at the interface are much less severe for
the fine-LPSC cathode composite compared to the coarse-
LPSC cathode composite during extended cycling. This
observation can be attributed to the effect of the current and
potential distribution in the cathode composite. When the
structure is nonuniform with poor NCM811 and LPSC
contact, local hot spots with high current densities and
polarizations can accelerate the degradation of the SSE. In
contrast, intimate contacts in the fine-LPSC composite will
increase the SSE/NCM811 contact area but with much less
possibility of enhanced local degradation.
These results suggest that the structure of the cathode

composite has a minimal impact on Li ion transport at high
stack pressures. However, as the pressure decreases, the

Figure 4. Structural stability. (a−f) FIB-SEM cross-sectional image of the coarse-LPSC cathode composite and fine-LPSC cathode composite
after 100 cycles at 30, 10, and 2 MPa. (g−i) XRD patterns of the coarse-LPSC cathode composite and fine-LPSC cathode composite after
100 cycles at 30, 10, and 2 MPa.
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structure of the composite electrode becomes increasingly
important. The fine-LPSC cathode composite significantly
improves the Li ion transport stability at low pressure, leading
to enhanced cycling performance over time.
The structural stability of both cathode composites after

cycling was investigated by using cross-sectional SEM and
XRD analysis. Upon comparing the cross-sectional morphol-
ogy of the two cathode composites after long-term cycling, the
coarse-LPSC cathode composite shows the formation of
microcracks on the NCM811 particles at 10 MPa compared
to that at 30 MPa (Figure 4a-b), with more pronounced
cracking observed at 2 MPa (Figure 4c). These cracks likely
result from structural changes in the NCM811 particles.
Inhomogeneous current flow to the active material due to the
poor contact with SSE leads to local overcharge and
overdischarge, which are known to cause Li+/Ni2+ mixing,
lattice distortions, and particle strain, which can eventually
result in crack formation.29 As expected, the fine-LPSC
cathode composite exhibits significantly fewer cracks (Figure
4d−f), maintaining better Li ion transport stability at the
interface.
XRD analysis (Figure 4g−i) shows that the diffraction

patterns for both cathode composites align with the layered
hexagonal α-NaFeO2 crystal structure (R3̅m space group) for
NCM811 particles and the cubic argyrodite-type structure
(F4̅3m space group) for LPSC particles. However, the coarse-
LPSC cathode composite displays additional impurity peaks of
polysulfide (Li2Sx),

30 under 2 MPa, suggesting the slight
decomposition of SSE.31 Additionally, the I(003)/I(104) ratio,
which reflects the degree of Li/Ni mixing in the NCM811
material, varied across the samples. A higher ratio indicates less
Li/Ni mixing.32 At 30 MPa (Figure 4g), no significant changes
were observed in either cathode. However, at 10 (Figure 4h)
and 2 MPa (Figure 4i), the ratios for the coarse-LPSC cathode
and fine-LPSC cathode composites are 1.121 and 1.388 at 10
MPa and 1.011 and 1.204 at 2 MPa, respectively. This suggests
that the fine-LPSC cathode composite has a lower degree of
Li/Ni mixing as a result of more uniform Li ion conduction
pathways and more stable crystal structure compared to the
coarse-LPSC cathode composite.33

High-resolution scanning transmission electron microscopy
(STEM) images of the coarse-LPSC cathode composite after
100 cycles at 2 MPa (Figure S21a) reveal the presence of a
rock-salt phase (Fm3̅m) layer on the outer surface, indicating
severe Li/Ni mixing and surface parasitic reactions, which
result in undesirable phase transitions. These transitions
further exacerbate structural degradation and hinder Li ion
diffusion, leading to electrochemical performance degradation.
In contrast, no irreversible phase transition was observed in the
fine-LPSC cathode composite (Figure S21b), highlighting its
greater structural stability and better performance over long-
term cycling at a low pressure. Overall, these findings suggest
that the fine-LPSC cathode composite exhibits a higher
resistance to mechanical degradation and structural instability,
which is consistent with its improved cycle retention at 2 MPa.
In summary, we introduce a simple roll-mixing method using

a toluene solution to prepare a fine-LPSC SSE, which is then
incorporated into the cathode composite. We find that most of
these particles are 1−3 μm in size, with others below 1 μm.
This size distribution, which is slightly smaller than that of our
NCM811 particles, generates a uniform distribution of the SSE
on the surface of each NCM811 particle in the cathode
composite, facilitating the formation of a homogeneous Liion

percolation network and reducing tortuosity for Li ion
transport. As a result, the fine-LPSC cathode composite
maintains intimate contact between the CAM and SSE, leading
to a higher reversible discharge capacity and improved cycling
stability�retaining 85.6% capacity after 100 cycles at 2 MPa,
compared to just 63.3% for the coarse-LPSC cathode
composite. Through comprehensive electrochemical testing
and multiscale characterizations, we demonstrate that the
quality of the cathode composite microstructure plays a critical
role in achieving high electrochemical performance, partic-
ularly at low pressures (e.g., 2 MPa). For the coarse-LPSC
cathode composite, the electrochemically inactive interface
leads to significant resistance and chemomechanical degrada-
tion after extended cycling. In contrast, the fine-LPSC cathode
composite effectively suppresses increases in charge transfer
resistance and mechanical degradation, ensuring better
structural stability over time. Our findings provide valuable
insights into the design of cathode composite architectures
optimized for low-pressure cycling, offering a promising
approach to accelerate the commercialization of ASSBs.
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