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ABSTRACT: All-solid-state batteries employing sulfide solid electrolytes
promise high energy density and safety but suffer from poor cycling stability
and rate performance due to fundamental shortcomings in composite
electrode architectures. To address challenges, this study introduces bimodal
composite cathodes formed by blending large polycrystalline and small single-
crystalline cathode active materials (CAMs). This bimodal configuration
optimizes particle packing and porosity, thereby reducing ionic tortuosity and
enhancing Li+ transport. At an extreme CAM loading of 90 wt%, a bimodal
composition with a 7:3 mass ratio of polycrystalline to single-crystalline CAM
exhibited enhanced rate performance and 87.8% capacity retention after 200
cycles, outperforming unimodal composite cathodes. Distribution-of-relaxa-
tion-times analysis, operando X-ray diffraction, operando electrochemical
pressiometry, and three-dimensional simulations revealed that the enhanced
mechanical performance of densely packed electrode structures originates not from stress relaxation but from uniform stress
dispersion. These findings establish a comprehensive framework for advancing the design and optimization of complex composite
cathodes.

Lithium-ion batteries (LIBs) with high energy density have
made remarkable progress over the past decade, enabling

longer driving ranges for electric vehicles and extended
operating times for portable electronic devices.1 However,
the intrinsic instability of liquid electrolytes used in conven-
tional LIBs, combined with the structural instability of layered
oxide cathode active materials (CAMs), has raised serious
concerns regarding their long-term safety and reliability.2−5 To
address these safety limitations and the plateau in energy
density, all-solid-state batteries (ASSBs) incorporating solid
electrolytes have emerged as promising next-generation energy
storage systems.6−9 Among the various solid electrolytes
explored, sulfide-based solid electrolytes (SSEs) are considered
particularly promising for commercial ASSB applications due
to their ionic conductivities comparable to those of liquid
electrolytes and their relatively facile processability.10−15

Paradoxically, however, replacing liquid electrolytes with
SSEs has often resulted in incomplete utilization of the
theoretical specific capacity of conventional CAMs. This
limitation arises primarily from the fundamental challenges of
composite electrode design in ASSBs. Interfaces formed
through the mechanical mixing of CAMs and SSEs frequently
exhibit poor interfacial contact.16 Furthermore, the electro-
chemical instability of SSEs leads to interfacial degradation,
which significantly increases overall cell impedance, thereby

diminishing reversible capacity and cycling stability.17 In
addition, high porosity within the electrode exacerbates
nonhydrostatic stress generation during cycling�an effect far
more pronounced in ASSBs than in LIBs�causing mechanical
deterioration and reduced long-term stability.18,19 To over-
come these challenges, various strategies have been proposed,
including the development of SSEs with enhanced ductility and
electrochemical stability, optimization of SSE particle size, and
the incorporation of functionalized binders to improve
electrode mechanical integrity.20−24 Collectively, these studies
underscore that achieving reliable and high-performance
ASSBs requires not only advances in materials design but
also electrode-level engineering. In this context, the choice of
CAM is as critical as that of SSE in determining ASSB
performance.25 Conventional large polycrystalline CAMs used
in liquid-electrolyte-based LIBs and small single-crystalline
CAMs introduced more recently each exhibit distinct
advantages and drawbacks.26 The outstanding cycling stability
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of single-crystalline CAMs�primarily attributed to their
superior mechanical robustness�has attracted considerable
attention, positioning them as promising candidates for ASSB
cathodes.27 Their small particle size also enables short and
efficient Li+ diffusion paths, resulting in excellent rate
performance.28 Conversely, polycrystalline CAMs remain
attractive due to their cost-effective manufacturability and
high packing density, which contribute to elevated volumetric
energy density.29−31 Moreover, appropriately large particle
sizes in CAMs can yield electrochemical advantages by
providing favorable size compatibility with SSE particles.32,33

In this study, unimodal and bimodal composite cathodes were
f a b r i c a t e d u s i n g l a r g e p o l y c r y s t a l l i n e L i -
Ni0.88Co0.10W0.01Al0.01O2 (NCWA) and small single-crystalline
LiNi0.82Co0.13Mn0.05O2 (NCM), and their electrochemical
performances were systematically compared. To achieve high
volumetric energy density, the CAM content was fixed at 90 wt
% of the total composite cathode�one of the highest reported
in recent literature. ASSB performance was evaluated using
Li4Ti5O12 (LTO) as the anode, selected for its negligible
volume change during lithiation and delithiation.34 From a
materials perspective, large polycrystalline CAMs with
improved mechanical properties achieved through transition
metal doping demonstrated partially viable performance in
ASSBs.35,36 However, their inherent rate limitations could not
be mitigated solely through compositional optimization. This
work therefore introduces an electrode-level engineering
strategy based on bimodal composite cathodes, wherein
NCM particles occupy the interstitial voids between NCWA
particles, effectively reducing overall electrode porosity. The
optimized CAM arrangement and its influence on electrode
electrochemistry and mechanical integrity were analyzed
through comprehensive post-mortem electrochemical, struc-
tural, and mechanical characterizations. In particular, operando
electrochemical pressiometry and three-dimensional simula-
tions were employed to elucidate the mechanisms by which
bimodal configurations enhance performance. Finally, the
study highlights the critical role of porosity control in the
rational design of high-performance composite cathodes for
ASSBs.

It is well established that mixing powders with different
particle sizes enhances packing density, but ASSB composite
cathodes comprise not only CAMs but also SSEs and
conductive carbon additives (CC).37−39 Because porosity
regulation within composite cathodes critically influences
ASSB electrochemical performance, the porosity of unimodal
composite cathodes (UCCs) and bimodal composite cathodes
(BCCs) was systematically evaluated.32,40,41 To verify whether
blending large polycrystalline NCWA with small single-
crystalline NCM reduces porosity and improves packing
density, tap-density measurements, He pycnometry, and
scanning electron microscopy (SEM) were performed. The
CAM fraction was fixed at 90 wt% in all composite cathodes to
maximize energy density. For improved CAM/SSE interfacial
contact, wet-milled Li5.5PS4.5Cl1.5 (S-LPSCl1.5; D50 = 0.72 μm)
was used as the SSE, and Super P was used as the CC,
maintaining CAM:SSE:CC = 90:9.5:0.5 by weight (details are
provided in the Supporting Information, Experimental
Methods). UCCs were prepared using only NCWA or only
NCM, denoted CAM10:0 and CAM0:10, respectively. BCCs
were prepared by blending NCWA and NCM at 8:2, 7:3, and
6:4 weight ratios, denoted CAM8:2, CAM7:3, and CAM6:4.
Tap densities for CAM-only blends and complete composite
mixtures (including SSE and CC) are summarized in Table S1.
As expected, bimodal CAM powders show increased tap
density and the corresponding composite cathodes also exhibit
enhanced packing density, although the improvement is
smaller than in the CAM-only mixtures because SSE particles
convert a unimodal system into a bimodal one and a bimodal
system into a trimodal configuration. Cross-sectional SEM
images of cathodes cold-pressed at 300 MPa are shown in
Figure 1a, where pores are highlighted in red. Elemental
distribution maps obtained via energy-dispersive X-ray spec-
troscopy (EDS) and the corresponding unmarked SEM images
are provided in Figure S1. Even with SSE and CC present,
NCM is homogeneously distributed among NCWA particles,
and the ductile SSE fills interstitial voids between NCWA and
NCM particles, producing a denser electrode structure. Figure
1b further visualizes the pore size and distribution. BCCs
exhibit markedly reduced total pore area compared with

Figure 1. Two-dimensional image characterization of composite cathodes. (a) Cross-sectional scanning electron microscopy (SEM) images of each
composite cathode (scale bars: 20 μm). (b) Pore size and distribution within the composite cathodes, where the red regions represent pore
structures. (c) Composite cathode−pore overlay images. Each column corresponds to one type of composite cathode.
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UCCs. Although CAM10:0 and CAM0:10 show similar total
pore areas, CAM10:0 contains a few large pores whereas
CAM0:10 contains many small pores, indicating that CAM
particle size directly influences the morphology and distribu-
tion of pores. Consequently, CAM10:0 likely possesses lower
tortuosity than CAM0:10, a hypothesis that will be
substantiated through subsequent electrochemical analyses.
To provide a quantitative comparison beyond visual
inspection, porosity was calculated using image analysis
software (ImageJ; National Institutes of Health, USA) by
determining the ratio of the red-marked pore area to the total
area, as presented in Table S1.22 The porosity of CAM10:0
and CAM0:10 were 16.8% and 18.0%, respectively, whereas
those of CAM8:2, CAM7:3, and CAM6:4 were 10.2%, 7.6%,
and 10.9%, respectively. These results confirm that BCCs
achieve approximately 35%−58% lower porosity than UCCs,

with minor variations depending on the NCWA-to-NCM ratio.
For cross-validation and to complement the two-dimensional
image analysis, He pycnometry measurements were performed,
and the results are summarized in Table S1.25 Consistent with
the SEM-based analysis, BCCs exhibited lower porosity (8%−
11%) compared with UCCs (11%−13%), with CAM7:3
demonstrating the lowest porosity among all samples.
Photographs of the composite cathode pellets used for He
pycnometry are shown in Figure S2. Each pellet was prepared
by pressing approximately 1 g of composite cathode powder
under identical conditions to ensure consistency across all
samples.

To assess the electrochemical performance of each
composite cathode, galvanostatic cycling tests were conducted
within the voltage range of 2.7−4.3 V versus Li+/Li. The
protocol consisted of two formation cycles at 0.1 C, followed

Figure 2. Electrochemical characterization of composite cathodes. (a) First charge/discharge profiles of ASSB cells at 0.1 C. (b) First charge/
discharge profiles at 0.5 C. (c) Cycling stability over 200 galvanostatic cycles at 0.5 C. (d) Volumetric energy densities of each composite cathode
at 0.1 and 0.5 C, and the percentage decrease in energy density with increasing C-rate (volumetric energy density refers only to the composite
cathode). (e) Rate performance of ASSBs at various C-rates from 0.1 to 3 C. The numbers at the top indicate the C-rate applied at each rate step.
(f) Volume fractions of materials and pores, and tortuosity values derived from these volume fractions. Colors in the columns represent the material
volume fractions for each composite cathode, and the overlaid dots indicate the corresponding ionic tortuosity factors. (g) Nyquist plots of AC
impedance for electron-blocking cells fabricated with each composite cathode; the cell configuration was [SUS foil | Li metal | Li6PS5Cl | composite
cathode | Li6PS5Cl | Li metal | SUS foil], with a measurement frequency range of 5 MHz−1 mHz. (h) I−V plot derived from chronoamperometry
curves of DC impedance for ion-blocking cells fabricated with each composite cathode; the cell configuration was [SUS foil | composite cathode |
SUS foil], with measurement voltages ranging from 0.1 to 0.5 V in 0.1 V increments, each step maintained for 600 s. In (g) and (h), the symmetric
cell configurations used to measure the effective ionic and electronic conductivities are shown.
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by continuous cycling at 0.5 C from the third cycle onward.
The first-cycle voltage profile is shown in Figure 2a and the

initial performance metrics are summarized in Table S2. Since
five types of composite cathodes were compared, detailed

Figure 3. Electrochemical impedance spectroscopy (EIS) analysis and surface characterization of the composite cathodes. Distribution of relaxation
time (DRT) curves obtained (a) before and (b) after galvanostatic cycling, with peaks D1−D4 assigned to distinct kinetic processes. X-ray
photoelectron spectra of (c) S 2p and (d) P 2p acquired after galvanostatic cycling. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
spectra of negatively charged interfacial fragments: (e) PS4

3−-related fragment PS− (m/z = 62.9458) and phosphate-related fragment PO2
− (m/z =

62.9636); (f) polysulfide-related fragment S2
− (m/z = 63.9441) and sulfite/sulfate-related fragment SO2

− (m/z = 63.9619).
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quantitative data are presented in the Supporting Information
to enhance readability, while the main text focuses on
qualitative interpretation. At 0.1 C, CAM10:0 exhibited higher
discharge capacity and Coulombic efficiency than CAM0:10,
mainly due to its higher Ni content and larger D50. BCCs
delivered higher Coulombic efficiencies than UCCs, but their
discharge capacities decreased slightly with increasing NCM
content and were generally lower than CAM10:0. At 0.5 C
(Figure 2b and Table S3), the trend changed: CAM10:0 and
CAM0:10 showed comparable discharge capacities, and
CAM7:3 achieved the highest capacity among all composi-
tions. CAM8:2 and CAM6:4 also outperformed both UCCs.
These results suggest that at low current (0.1 C) the Ni
content of the CAM predominantly governs discharge
capacity, whereas at higher rates (0.5 C) electrode-level factors
such as porosity, packing density, and effective ionic
conductivity become dominant. Nonetheless, intrinsic CAM
characteristics remain influential. In particular, CAM0:10
exhibited a higher capacity retention from 0.1 to 0.5 C than
BCCs, consistent with the superior rate capability expected
from the high specific surface area and short diffusion length of
NCM. However, this large surface area is detrimental to long-
term stability. As shown in Figure 2c, CAM0:10 exhibited the
most severe capacity fading over 200 cycles, which was
amplified by the high CAM loading (90 wt%). In contrast,
CAM10:0 showed relatively stable cycling because its lower
surface area suppresses parasitic CAM-SSE reactions, and the
rod-like NCWA primary particles provide improved mechan-
ical strength compared with conventional polycrystalline
CAMs (Figure S3).29,35,36 All BCCs exhibited significantly
enhanced cycling stability relative to UCCs. The improvement
in long-term performance, despite an increase in surface area
compared with CAM10:0, suggests that the primary factors
contributing to capacity degradation extend beyond secondary
particle fracture and interfacial reactions. The results imply that
optimized porosity control in the BCCs plays a decisive role in
mitigating mechanical and electrochemical degradation, there-
by sustaining stable cycling. Figure 2d and Table S3 summarize
volumetric energy densities calculated using packing densities
(Table S1) and discharge capacities at 0.1 and 0.5 C. BCCs
achieve higher volumetric energy density than UCCs due to
increased packing density and enhanced discharge capacities.
To accurately evaluate rate-dependent behavior, rate perform-
ance tests were conducted (Figure 2e), and discharge
capacities at each current rate are summarized in Table S4.
At 0.1 C, CAM10:0 delivered the highest capacity, but its
capacity declined rapidly with increasing C-rate and became
the lowest at 0.5 C. In contrast, CAM0:10 showed the lowest
capacity at 0.1 C, yet reached a discharge capacity comparable
to CAM10:0 at 0.5 C, indicating excellent rate capability
despite low initial capacity. Although the BCCs exhibited
slightly lower capacities than CAM10:0 at 0.1 C, they showed
markedly improved rate performance over the UCCs at 0.33−
1 C. Notably, CAM7:3, with the densest electrode structure,
maintained outstanding capacities at 2−3 C, outperforming
CAM8:2 and CAM6:4. Therefore, beyond simply mixing
NCWA and NCM, determining the optimal ratio is essential
for improving both cycling stability and rate capability.
Moreover, combining NCM�which provides superior rate
performance but limited cycling stability�with NCWA, which
exhibits contrasting intrinsic properties, represents a strategy
that leverages the complementary advantages of both materials.
To elucidate the electrode characteristics of UCCs and BCCs,

effective ionic and electronic conductivity measurements were
conducted, with results shown in Figure 2g and h and
summarized in Table S5.23 The BCCs facilitated Li+ transport
through reduced porosity, resulting in higher effective ionic
conductivity than that of the UCCs.42 Notably, although
CAM10:0 and CAM0:10 have similar porosity, their effective
ionic conductivities differ significantly. This discrepancy arises
because, as seen in Figure 1, even when total pore volumes are
comparable, the actual pore size and distribution significantly
influence ionic transport, with CAM10:0 exhibiting much
lower tortuosity than CAM0:10. In practice, when tortuosity
values are calculated using the bulk ionic conductivity of the
SSE and the SSE volume fraction within the electrode�taking
into account the constituent materials and pores�a clear
difference emerges between CAM10:0 and CAM0:10. This
distinction can lead to meaningful variations in electrochemical
performance, even under similar porosity conditions (Figure 2f
and Table S6). Furthermore, the BCCs exhibited lower
tortuosity overall, as reduced porosity promotes more efficient
Li+ transport and higher effective ionic conductivity.43 In
contrast, the effective electronic conductivity showed little
correlation with porosity (Figure 2h).42 It increased with the
volume fraction of large NCWA particles, likely because larger
CAM particles reduce interfacial transport resistance between
CAM and CC, thereby enhancing electronic percolation and
effective conductivity.42 The chronoamperometry curves used
for DC polarization fitting in Figure 2h are shown in Figure S4.
Considering electrode structure and porosity alongside the
effective ionic and electronic conductivities, CAM8:2 and
CAM6:4 exhibited comparable overall performance: CAM8:2
benefited from slightly higher effective ionic conductivity,
while CAM6:4 showed an advantage from a higher NCM
content favoring rate performance. CAM7:3, where these two
effects are well balanced, demonstrated the best cycling
stability and rate performance among all tested compositions.

To identify differences in the cycling stability of each
composite cathode, electrochemical impedance spectroscopy
(EIS) was performed before and after galvanostatic cycling. To
minimize variations associated with the state of charge (SOC),
EIS was measured after the first charge at 0.5 C following the
formation cycles (“before cycling”, Figure S5). Since cathode-
side decomposition typically dominates impedance increase
and LTO is electrochemically stable with negligible volume
change, the anode is expected to have a limited influence on
the high- and mid-frequency semicircle.44,45 After cycling, the
impedance increase in UCCs was larger than in BCCs, and
CAM0:10 showed the most pronounced rise. Although EIS is a
reliable technique, it is difficult to distinguish the individual
components contributing to the resistance increase; therefore,
distribution of relaxation time (DRT) analysis was applied
(Figures 3a and 3b). Each kinetic process has a unique time
constant (τ) and forms a distinct peak, but adjacent processes
may overlap, producing merged peaks that are difficult to
separate.46,47 For clarity, four peaks were assigned: D1 (10−6−
10−4 s) for accumulated mechanical degradation in the
composite cathode (CAM−SSE and SSE−SSE contact loss),
D2 (10−4−10−1 s) for Li+ transport across interfaces and
charge-transfer resistance within the composite cathode, D3
(10−1−101 s) for interfacial resistance at the anode, and D4
(101−102 s) for solid-state Li+ diffusion.46,48−50 Since identical
composite anodes were used, D3 showed similar magnitudes
among cells and differed mainly between pre- and post-cycling
states. For D4, given the same anode configuration, variations
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between composite cathodes were expected due to differences
in Li+ transport between NCWA and NCM. However, no clear
trend was observed before or after cycling. This can be
attributed to the fact that, as shown in Figure S6, the DRT
fitting curve closely matches the EIS data in the high- and mid-
frequency regions but deviates in the low-frequency region.48,51

Accurate evaluation of diffusion-related processes therefore
requires EIS data extending into the ultralow-frequency range
(<0.01 Hz). In contrast, D1 and D2 exhibited clear and
distinguishable changes, indicating that the dominant degra-
dation mechanisms differed among the composite cathodes.
D1 was largest for CAM10:0, whereas CAM0:10 and CAM7:3
exhibited the least degradation. Previous studies have shown
that single-crystalline CAMs exhibit smaller pressure fluctua-
tions than polycrystalline CAMs, consistent with the
interpretation that CAM0:10 accumulates less mechanical
damage.52−56 Importantly, CAM7:3 showed the D1 peak
comparable to CAM0:10 despite containing a substantial
NCWA fraction, demonstrating that the bimodal structure
effectively mitigates mechanical degradation. CAM8:2 and
CAM6:4, which have higher porosity than CAM7:3, showed
larger D1 peaks, emphasizing the key role of porosity in
mechanical stability. Nevertheless, further investigation is
required to clarify how the controlled porosity enabled by
the bimodal structure mitigates mechanical degradation, and
this mechanism is discussed in detail in Figures 4 and 5. The
D2 peak reflects two overlapping effects. First, CAM0:10
exhibited a notably high D2 peak, attributed to its large specific
surface area, which promotes extensive CAM−SSE interfacial
side reactions. Second, in the BCCs, reduced porosity
enhanced effective ionic conductivity and minimized charge-
transfer resistance, resulting in smaller D2 peaks compared
with CAM10:0. Therefore, in the BCCs, the negative effects of
an increased interfacial area�caused by NCM incorpora-
tion�were offset by the benefits of lower porosity and
improved ionic transport. To verify the influence of surface
side reactions related to CAM ratio, X-ray photoelectron
spectroscopy (XPS) analysis was performed, and the results are
shown in Figure 3c,d and Figure S7. In the S 2p spectra, the
most intense peak at approximately 161.6 eV was assigned to
the PS4

3− unit of the argyrodite SSE structure,57−59 and its
intensity decreased from CAM10:0 to CAM0:10, consistent
with its larger interfacial reaction area.16 After cycling, the P2Sx
(163.0 eV) and Li2Sn (164.4 eV) peaks became more
pronounced,60−65 and CAM0:10 showed that approximately
60% of the total signal area consisted of these signals,
indicating that severe decomposition reactions occurred as a
result of the high specific surface area of NCM. In the P 2p
spectra, CAM0:10 exhibited large signal areas corresponding to
P2Sx (133.0 eV) and oxidized phosphorus species such as POx
(134.0 eV), in clear contrast to the other composite
cathodes.59,61,62,64,66−68 Since clear inferences could not be
made when comparing samples other than CAM0:10,
semiquantitative ToF-SIMS analysis was performed, and the
results are presented in Figure 3e and f. In the secondary-ion
mass spectrum (m/z 62.93−62.98), the PS− signal (m/z
62.9458) decreased after cycling for all composite cathodes,
whereas, consistent with the XPS analysis, CAM0:10 exhibited
the highest PO2

− intensity (m/z 62.9636), confirming
extensive phosphate formation.64,69−71 In the m/z 63.93−
63.98 range, CAM0:10 also showed the highest S2

− (m/z
63.9441) and SO2

− (m/z 63.9619) signals, indicating more
extensive formation of sulfite- and sulfate-related side-reaction

Figure 4. X-ray diffraction (XRD) analysis of CAMs and mechanical
characterization of composite cathodes. (a) First charge/discharge
profiles obtained during operando XRD of a LIB. (b) Powder XRD
patterns of NCWA and NCM. (c) Contour plots of operando XRD
patterns during the first cycle (right) with corresponding charge/
discharge curves (left). The upper plots correspond to NCWA, and
the lower to NCM. Peaks that remain stationary throughout cycling�
appearing near 2θ ≈ 46°, 51°, 53°, 71°, and 85°�originate from the
Be window of the operando XRD cell kit (PDF #01-072-2381), while
the additional peaks near 65° and 78° arise from the Al current
collector (PDF #00-004-0787). (d) Variations in the a- and c-axis
lattice parameters and (e) unit-cell volume with respect to cell voltage
for NCWA and NCM. (f) Electrochemical pressiometry results for
each composite cathode, showing the average pressure change
measured during cycling at 0.5 C.
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products. Although XPS could not clearly distinguish differ-
ences between the BCCs and CAM10:0, the ToF-SIMS results
suggest that the overall extent of interfacial side reactions was
slightly higher in the BCCs. However, unlike PO2

− and S2
−,

which exhibited consistent trends, CAM10:0 displayed higher
SO2

− intensity than the BCCs. This likely reflects variations in
preferred reaction pathways influenced by differences in
effective electronic conductivity and intermediate forma-

tion.64,69,72 As similar inconsistencies have been reported
previously, further investigation of sulfite and sulfate species is
warranted. Overall, while CAM0:10 experienced the most
extensive interfacial reactions, it is likely that BCCs also
underwent interfacial side reactions at a larger number of
localized sites than CAM10:0. Nevertheless, these reactions
did not directly correlate with the overall electrochemical
performance of the ASSBs, indicating that although interfacial

Figure 5. Cross-sectional SEM images from Figure 1 were utilized to reconstruct three-dimensional electrode structures (40 × 40 × thickness
μm3), as shown in Figure 5a. The thickness of each reconstructed model was determined from the tap density values listed in Table S1 to accurately
reflect experimental variations in packing density and porosity. To more accurately model mechanical degradation resulting from CAM volume
contraction, multiphysics simulations incorporated the experimentally obtained unit-cell volume change data shown in Figure 4e. (a) Three-
dimensional reconstructed structures for each composite cathode as a function of CAM fraction. Colors denote materials as follows: gray, NCM;
dark gray, NCWA; dark yellow, SSE; black, CC. (b) Elastic strain energy density in the composite cathodes during charging to 4.3 V (Li+/Li),
simulated by accounting for CAM contraction and porosity. (c) Experimental and simulated effective ionic conductivity and ionic tortuosity for
each composite cathode. The bars represent ionic conductivity, and the circles represent ionic tortuosity. (d) Simulated mean pore size and
simulated specific contact area of CAM−SSE for each composite cathode. The green bars represent the mean pore size, whereas the purple bars
represent the specific contact area. (e) Experimental and simulated effective electronic conductivity, and electronic tortuosity derived from
simulations. The bars represent electronic conductivity, and the circles represent electronic tortuosity. (f) Simulated CAM−CAM interparticle
contact points and elastic strain energy density in each composite cathode. The green bars represent CAM−CAM particle contact points, whereas
the purple bars represent elastic strain energy density.
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side reactions are critical, they are not the sole determinant of
degradation behavior in composite cathodes.

In composite cathodes of ASSBs, cumulative internal stress
generated by CAM volume changes affects the electrode
microstructure, promotes mechanical degradation, and can
ultimately lead to cell failure. Since NCWA and NCM differ in
Ni content and microstructure, operando X-ray diffraction
(XRD) was performed for both CAMs to quantify unit-cell
volume changes during charge and discharge. Figure 4a
presents the half-cell voltage profiles obtained during operando
XRD. Owing to its higher Ni content, NCWA delivered a
higher discharge capacity (218.3 mAh g−1) than NCM (201.9
mAh g−1). Consistent with the ASSB results, the smaller NCM
particles with higher specific surface area showed a lower initial
Coulombic efficiency (88.1%) than NCWA (95.3%). Figure 4b
shows powder XRD patterns. The intensity ratios of the (003)
to (104) peaks are 1.79 for NCWA and 1.87 for NCM,
confirming well-developed hexagonal layered structures with
minimal Li/Ni cation mixing.73 The contour plots in Figure 4c
illustrate the evolution of major diffraction peaks, including
(003), (101), and (104). The upper contour plots correspond
to NCWA, and the lower to NCM, with the associated voltage
profiles shown on the left. The lattice parameters, space group,
atomic coordinates, and occupancies used in the Rietveld
refinement of the operando XRD data are listed in Table S7,
and the Rietveld refinement results for each CAM are shown in
Figure S8. The variations in lattice parameters as a function of
voltage are presented in Figure 4d. Both CAMs exhibit
characteristic behavior typical of high-Ni layered oxides. The a-
axis contracts by 2.0% for both NCWA and NCM, while the c-
axis initially expands gradually and then contracts abruptly�by
4.6% and 2.8%, respectively�around 4.15−4.2 V, correspond-
ing to the H2−H3 phase transition. As shown in Figure 4e, the
higher Ni content in NCWA results in a larger total unit-cell
volume change (−6.5%) than that of NCM (−4.8%).74,75

Subsequently, operando electrochemical pressiometry was
conducted to evaluate internal stress variations within the
composite cathodes during cycling in ASSBs.34,76 The
operando electrochemical pressiometry curves for each
composite cathode are presented in Figure S9, and the
corresponding stress change results are shown in Figure 4f. To
correlate these results with the long-term galvanostatic cycling
behavior, internal stress evolution was measured after two
initial cycles at 0.1 C, followed by continuous cycling at 0.5 C.
For the UCCs, CAM10:0 exhibited an internal stress change of
0.33 MPa, whereas CAM0:10 showed a smaller change of 0.19
MPa. Despite using NCWA with an optimized primary particle
morphology and enhanced preferred orientation, CAM10:0
still experienced larger internal stress changes than CAM0:10.
Although variations in Ni content could contribute to this
difference, it should be noted that the operando pressiometry
tests were conducted at 0.5 C, where the ASSBs delivered
discharge capacities of only 140−150 mAh g−1�significantly
lower than the capacities obtained at 0.05 C in the operando
XRD experiments. Hence, the CAMs were not fully lithiated
and delithiated during measurement, and the actual volume
changes would have been smaller. Therefore, the larger internal
stress variation observed for the large polycrystalline CAM is
attributed primarily to its intrinsic material characteristics.
Subsequently, internal stress changes were measured for the
BCCs using the same protocol, and detailed values are
summarized in Table S8. The measured stress changes were
0.303, 0.294, and 0.279 MPa for CAM8:2, CAM7:3, and

CAM6:4, respectively. These values closely matched those
estimated by weighting the individual stress changes of
CAM10:0 and CAM0:10 according to their respective mass
ratios. This finding indicates that the incorporation of small
NCM particles between large NCWA particles, and the
associated reduction in porosity, does not directly diminish
the overall pressure variations. Instead, the magnitude of
internal stress change is governed primarily by the relative
CAM mass fractions within the electrode. Moreover, the
comparable stress evolutions observed among the BCCs
suggest that their enhanced mechanical stability arises not
from a reduction in internal stress generation but from an
increased resistance to mechanical deformation. To further
verify that internal stress change is determined by the CAM
fraction rather than the macrostructural configuration,
operando electrochemical pressiometry was repeated using
modified composite cathodes. In these tests, premixed
CAM10:0 and CAM0:10 composites were sequentially loaded
into the SSE pellets at mass ratios of 8:2, 7:3, and 6:4,
producing samples designated as CAM8+2, CAM7+3, and
CAM6+4, respectively. The resulting pressure profiles were
nearly identical to those of the original CAM8:2, CAM7:3, and
CAM6:4 cathodes. Taken together, these results confirm that,
despite notable differences in the spatial distribution of NCWA
and NCM particles and in electrode porosity, the overall
internal pressure variations remain essentially unchanged.
Therefore, the enhanced mechanical stability and reduced
degradation observed in BCCs originate not from pressure
relief but from the strengthened mechanical integrity of the
composite architecture, which resists stress-induced damage
and contributes to improved cycling stability in ASSBs.

Digital-twin simulations were performed to comprehensively
evaluate the effects of CAM expansion and contraction, as well
as the influence of electrode structural parameters, including
porosity differences. Reconstructed three-dimensional elec-
trode structures are shown in Figure 5a. Model validity was
verified by comparing the simulated ionic and electronic
conductivities with the corresponding experimental results, and
the validated models were then used to perform multiphysics
simulations accounting for CAM contraction and expansion.
Detailed procedures for electrode reconstruction and simu-
lation conditions are described in the Supporting Information,
Experimental Methods. The experimental and simulated
effective ionic conductivities for each composite cathode are
presented in Figure 5c and Table S9. Consistent with
experimental observations, BCCs exhibited higher effective
ionic conductivity than UCCs, with values following the order
CAM6:4 < CAM8:2 < CAM7:3. The average deviation
between simulated and experimental results was 1.98%,
confirming that the 3D models accurately replicate the actual
electrochemical behavior. The simulated ionic tortuosity also
showed the same trend as that derived from experiments. To
further elucidate the influence of CAM ratio and electrode
structure on effective ionic conductivity and ionic tortuosity,
additional multiphysics simulations were conducted using the
reconstructed 3D electrodes. Figure 5d presents the mean pore
size and the specific contact area between the CAM and SSE
for each composite cathode, with detailed values provided in
Table S10. As also observed in Figure 1, CAM0:10 exhibited a
smaller mean pore size than CAM10:0, and CAM6:4 showed a
smaller mean than CAM8:2. Considering the overall porosity,
increasing the NCM fraction reduced mean pore size but
increased the total number of pores, which lengthened Li+
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conduction pathways, increased tortuosity, and reduced
effective ionic conductivity. Despite having the smallest mean
pore size, CAM7:3 maintained the highest effective ionic
conductivity because its exceptionally low porosity provides
the shortest Li+ transport pathways. Thus, while total porosity
is dominant, ionic transport is governed by the combined
effects of pore size and pore number. Additionally, the specific
CAM−SSE interfacial area increased consistently with
increasing NCM fraction. This observation aligns with the
results in Figures 2 and 3, indicating that higher NCM content
provides more potential sites for interfacial side reactions
during electrochemical cycling. Figure 5e and Table S11
present the experimental effective electronic conductivity, the
simulated effective electronic conductivity, and the simulated
electronic tortuosity. The 3.66% discrepancy between simu-
lated and experimental values confirms that the reconstructed
models accurately reproduce the actual composite electrode
structure. Because the composite cathodes contain 90 wt%
CAM, a percolating electronic network is already formed, and
CAM−CAM interfacial resistance mainly governs electronic
transport, leading to only minor variations in electronic
tortuosity. Figure 5f and Table S12 show the number of
CAM−CAM interparticle contacts in the 3D reconstructed
electrodes. Contact points increased with NCM fraction, with
CAM0:10 exhibiting the highest count. Since electron
transport between CAM particles is more resistive than
conduction within CAM itself, these results indicate that, at
similar tortuosity, the particle size of CAM critically influences
the effective electronic conductivity of the composite
cathode.77,78 Figure 5b shows the simulated elastic strain
energy density distribution in the SSE caused by CAM
contraction during charging to 4.3 V versus Li+/Li. Regions of
high stress concentration are depicted in red. Because smaller
NCM particles undergo less contraction than larger NCWA
particles, the local elastic strain energy density at the SSE
interface is relatively lower for NCM-based cathodes. On a
larger scale, examining the CAM−SSE interfaces across the
entire electrode reveals greater mechanical instability in
CAM10:0 compared with CAM0:10 (Figure 5f, Table S12).
This difference arises because a denser, more interconnected
SSE framework formed under reduced porosity effectively
buffers mechanical stress and distributes strain from CAM
contraction, maintaining robust interfacial contact. Accord-
ingly, BCCs with efficient packing show higher mechanical
stability than CAM10:0. Among the BCCs, CAM7:3�with its
most densely packed electrode structure�exhibited elastic
strain energy density comparable to CAM0:10 and delivered
the best electrochemical performance, identifying it as the
optimal BCC ratio.

This study demonstrates that electrode-level engineering
using BCCs provides an effective strategy to overcome the
intrinsic limitations of individual CAMs in ASSBs. The UCCs
exhibit inherent trade-offs: NCWA-based UCCs suffer from
limited rate performance and reduced mechanical stability,
whereas NCM-based UCCs exhibit intensified interfacial side
reactions and lower volumetric energy density. By filling voids
between NCWA with NCM, BCCs lower porosity, raise
effective ionic conductivity, and reduce ionic tortuosity. The
optimized CAM7:3 delivered the highest capacity at 0.5 C,
sustained strong performance at 2−3 C, and showed the best
electrochemical stability over 200 cycles. DRT analysis of EIS,
together with post-mortem XPS and ToF-SIMS, indicated that
interfacial reactions contribute but do not solely govern

degradation. Operando XRD and operando electrochemical
pressiometry provided key mechanistic insights into the
relationship between electrochemical behavior and mechanical
degradation. Independent of the intrinsic stress variations in
UCCs, internal stress variations in BCCs were governed mainly
by the mass-weighted contributions of each CAM rather than
by the electrode’s structural arrangement or porosity. Digital-
twin simulations confirmed reduced tortuosity and more
uniform deformation, minimizing CAM−SSE stress concen-
trations and mechanical degradation. These findings under-
score the critical role of electrode-level design in unlocking the
full potential of ASSBs and provide practical guidance for
developing next-generation composite cathodes with tailored
macrostructures and superior performance.
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