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ABSTRACT 

Micron-sized silicon ( µ-Si) offers a scalable pathway to high-capacity anodes, and its application in solid-electrolyte-free systems 
has garnered attention as a strategy to maximize energy density. However, achieving both high energy and power densities 
in such configurations remains challenging due to the lack of internal ionic conduction pathways and stress-accommodation 
mechanisms. Here, we report a Chain-based Networking (CN)-Si electrode architecture that overcomes these limitations and 
maximizes energy and power densities without incorporating solid electrolytes within the electrode. In this design, µ-Si particles 
are tightly wrapped and interconnected by single-walled carbon nanotubes (CNTs), forming a mechanically robust conductive 
network. The CNT wrapping imposes compressive stress during lithiation, distributing internal strain and preventing crack and 
void formation, mimicking the stress-dissipation principle of Prince Rupert’s drop. As a result, the CN-Si electrode delivers superior 
electrochemical performance, with 78% capacity retention at 3C, significantly outperforming conventional Si electrodes using 
polymer or carbon black binders. In full-cell configurations with LiNi0.8 Mn0.1 Co0.1 O2 (NCM811) cathodes, the CN-Si electrode 
retains 78.8% capacity after 3000 cycles at a high C-rate (5C). These findings demonstrate that stress-engineered micro-Si 
architectures can simultaneously overcome kinetic limitations and maximize both energy and power densities in solid-state battery 
systems, advancing practical high-performance All-Solid-State Batteries (ASSBs). 
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 Introduction 

s the demand for electric vehicles and energy storage systems
ontinues to rise, the development of Li-ion batteries (LIBs)
ith high energy density and enhanced safety has become
ncreasingly critical [ 1–3 ]. All-solid-state batteries (ASSBs) are
aining attention as a promising solution, primarily because the
hermal and mechanical stability of solid electrolytes not only
ll rights reserved, including rights for text and data mining and training of artificial inte
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enables the use of high-capacity anode materials (such as Si
and Li) but also suppresses the risk of battery explosion [ 4–7 ].
In particular, Si anode exhibits several advantages, including a
high theoretical capacity (3579 mAh g− 1 ), natural abundance, low
raw material cost, and a low electrochemical potential (0.4 V
vs. Li/Li+ ) [ 8–11 ]. In the ASSBs system, Si anodes demonstrate
intrinsically high chemical and thermodynamic stability with
solid electrolyte and they also show mechanical stability. This
lligence technologies or similar technologies. 
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s because the surrounding solid electrolyte phase suppresses
he volume expansion of Si anode, and the solid electrolyte
nterphase (SEI) forms only at the specific contact points where
he solid electrolyte meets the Si [ 8, 9, 12–14 ]. This localized
EI formation is beneficial because it prevents continuous and
ncontrolled growth of unstable SEI layers, leading to a reduction
n the consecutive loss of Li source [ 15, 16 ]. In contrast, liquid-
ased electrolytes in traditional LIBs behave differently. The
luid of liquid electrolyte continuously percolates and interacts
ith all of the exposed surfaces derived from the cracked Si,
ausing continuous and unstable SEI formation. This repeated
EI growth consumes Li and damages battery performance [ 17–
0 ]. Therefore, the combination of Si anodes and solid electrolytes
olds tremendous potential. 

n ASSBs, solid electrolytes are typically based on oxides, poly-
ers, and sulfides [ 21, 22 ]. Among these, sulfide-based solid
lectrolytes are considered the most promising for practical appli-
ations due to their high ionic conductivity ( ∼ 3 mS cm− 1 ) and
xcellent processability [ 23–25 ]. Because of the ductile nature of
ulfide-based electrolytes, the electrode can be easily fabricated by
ixing active materials with solid electrolytes and compressing
hem. However, the existence of solid electrolytes within the
lectrodes can lead to some issues: 1) The large amount ( > 30
t%) and high density of solid electrolytes in the electrodes
ake it challenging to achieve high energy density compared
o conventional LIBs [ 26, 27 ]. 2) The high reactivity between
ulfide-based solid electrolytes and conductive additives raises
he irreversible capacity [ 25, 28, 29 ]. 3) A large amount of the
oundary between the solid electrolyte and Si within the electrode
auses the interfacial gap because of the volume expansion of
i during cycling, resulting in a severe increase in interfacial
esistance [ 5, 30–32 ]. Therefore, recent research has focused on
iffusion-Dependent Si electrodes without solid electrolytes [ 13,
0, 33 ]. In this electrode system, low-cost and abundant pure
icro-Si can be used, and it enables the achievement of sufficient
onic conductivity within the electrode even without solid elec-
rolytes. Specifically, the transformation of Si into a Li-Si alloy
uring lithiation gives high Li-ion and electronic conductivity
s is, and the soft nature of Li-Si allows the electrode to be a
ense thin-film form, which minimizes interfacial contact losses
 34, 35 ]. Moreover, the formation of SEI occurs at the interface
etween the solid electrolyte separator and the electrode, rather
han within the electrode itself [ 13, 30 ]. Interestingly, these
lectrodes can achieve even higher volumetric energy density
han anode-free systems (i.e. Li metal anode) (Figure 1a, b ;
ote. S1 ). 

n this account, recent studies have proposed the pure Si
lectrodes (including low-cost micron-sized Si with a small
mount of binder, etc.), which have shown significantly stable
ycling performance [ 13, 36, 37 ]. However, it is noted that
he vertical crack propagates within the electrode after cycling
de-lithiation state) [ 38–40 ]. This is because pre-formed Li-
i alloy contracts under stack pressure with vertically applied
ne-directional force, which leads to the development of high
nidirectional tensile stress in the horizontal direction during
elithiation. Such destroyed electrode structures cause the loss
f Li-ion (dead particle) and electron pathways, resulting in the
egradation of electrochemical performance. When considering
he solid electrolyte free electrode, such phenomena are a more
of 15
serious situation from the viewpoint of the power density (rapid
delithiation process). Rapid Li-ion extraction accelerates locally
severe contraction during the Li-Si to Si phase transition, which
not only reduces interfacial contact but also disrupts continuous
pathways for Li-ion and electron transport within the electrode.
Moreover, under such high-rate conditions, the limited diffu-
sion kinetics of Li can lead to pronounced local Li depletion,
inducing stress concentration and intensifying structural damage
beyond that caused by uniform, slower delithiation [ 41–43 ].
The intrinsically low electrical conductivity of the Si ( ∼ 3 ×10− 5
S cm− 1 ) aggravates the properties of the fast (dis)charging.
Such poor power density could present a significant barrier to
practical applications. Therefore, to achieve high-energy- and
high-power-density ASSBs, there is strong motivation to propose
an enhanced design that preserves the structural stability of Si in
solid-electrolyte-free electrodes. 

Having noted that enormous mechanical strength is achieved by
the management of stress distribution (i.e., external compressive
stress on the surface and tensile stress inside) in the principle of
Prince Rupert’s drop (Figure 1c ), we considered whether a similar
balance of stresses—external compression and internal tension—
could serve as a mechanical reinforcement mechanism for Si
anodes. In this study, we designed a Chain-based Networking
(CN)-Si electrode using µ-Si, inspired by this stress-distribution
concept. To realize this CN structure, carbon nanotubes (CNTs)
were employed as the chain material, owing to their high
mechanical strength and excellent electrical conductivity ( ∼ 106 S
cm− 1 ). During lithiation (charging), the CNT chains redistribute
internal stress and suppress localized expansion [ 44 ], while
during delithiation (discharging), the CNT confinement induces
surface compressive stress and internal tensile stress, forming
an internal stress configuration analogous to that of a Prince
Rupert’s drop. This dual-stress equilibrium enhances structural
robustness and prevents crack and void formation. Furthermore,
the highly conductive CNTs alleviate localized stress concen-
trations, promote uniform lithiation/delithiation, and facilitate
efficient electron transport, thereby contributing to excellent
high-rate performance. As a result, CN-Si shows a capacity
retention of 78% ( ∼ 2560 mAh g− 1 ) at 3C ( ∼ 9.9 mA cm− 2 ) compared
to the reference electrode containing polyvinylidene difluoride
(PVDF) binder or styrene-butadiene rubber (SBR)/sodium car-
boxymethyl cellulose (CMC) binders with conductive agent
(47% and 43%). The CN-Si/LiNi0.8 Mn0.1 Co0.1 O2 (NCM811 ) full-cell
exhibits strong durability in ASSBs, retaining 78.8% of its capacity
after 3000 cycles at a current density of 11.5 mA cm− 2 at room
temperature. 

2 Results and Discussion 

2.1 CNT wrapping Creates a Stress-Managed 

CN-Si Architecture 

To fabricate CN-Si electrodes, µ-Si was mixed with single-walled
CNTs (material characterization is shown in Figure S1 , and
detailed fabrication is described in the Methods section). Two
comparison electrodes were prepared to evaluate the efficacy
of CNTs in forming electrically conductive and mechanically
robust chain-like networks: a polymer-based Si electrode (P-
Si) using PVDF binder, and a carbon and polymer-based Si
Advanced Energy Materials, 2026
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FIGURE 1 Structural design concept and properties of the CN-Si electrode. a, Schematic comparison of full-cell configurations in ASSBs using 
Li metal (anode-free) and lithiated Si anodes, highlighting the cell thickness for each case at identical areal capacities. b, Gravimetric and volumetric 
capacities of Li metal (anode-free) and Si anodes. c, Schematic representation of the CN-Si electrode architecture, inspired by the fracture-resistant 
properties of Prince Rupert’s drop. d, Hydrostatic stress (compression positive) during delithiation of a single-particle model for P-Si and CN-Si. e, Cross- 
sectional SEM image of the CN-Si electrode after fabrication. f, Top-view SEM images of the CN-Si electrode after lithiation. g, Schematic representation 
of the self-mitigating internal stress mechanism at the particle level in the CN-Si electrode throughout the charge–discharge process. h, i, Schematic 
comparison of mechanical responses of the CN-Si (h) and P-Si (i) electrodes at the electrode level during delithiation, respectively. j, Schematic image 
of the in situ pressure measurement system for CN-Si and P-Si electrodes during cycles. k, l, Graphs showing pressure variation during cycling for P-Si 
(k) and CN-Si (l) electrodes. To minimize the influence of the counter electrode pressure, full cells with NCM811 cathodes were employed. 

Advanced Energy Materials, 2026 3 of 15
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lectrode (CP-Si) using carbon black and SBR/CMC. X-ray
iffraction (XRD) and scanning electron microscopy (SEM)
nalyses were conducted to examine the structure and mor-
hology of materials within electrodes. XRD analysis confirms
hat Si crystal peaks were observed in all electrodes (Figure
2 ), but no other peaks were detected. This is because carbon
nd polymers exhibit amorphous structures, and single-walled
NTs have few graphene stacking layers. To investigate how
tress redistribution within the CN-Si architecture—inspired by
rince Rupert’s drop—contributes to mechanical reinforcement,
ultiphysics finite-element simulations were performed using
OMSOL Multiphysics (Figure 1d ). The 2D single-particle model
sed for this comparative simulation is illustrated in Figure S3 ,
nd further details are provided in Note S2 . During delithiation,
N-Si develops a compression-dominated outer Si region while
etaining tensile stress toward the particle interior. The compli-
nt CNT layer accommodates the particle-volume change and
edistributes interfacial loading, creating a Prince Rupert’s-drop-
nspired stress environment with a shell–core-like stress topology
 45 ], thereby effectively suppressing mechanical degradation.
ign-resolved hydrostatic-stress analysis further supports this
ensile-interior/compressive-outer-region configuration (Figure
4 and Table S8 ). In the cross-sectional SEM images, the fabri-
ated CN-Si electrode shows that the Si particles are encapsulated
y a bundle layer of CNTs (Figure 1e ). This layer of CNTs forms
 network structure within the electrode (Figures S5 and S6 ).
fter lithiation, the layer of CNTs exists as a boundary in
he gap between Si particles (Figure 1f ). Previous carbon-based
i anode strategies have mainly aimed to enhance electronic
ransport, stabilize SEI/interphase formation, or accommodate
i volume changes [ 12, 46, 47 ]. In contrast, the CN-Si electrode
ses CNTs as a continuous chain-wrapping framework that
oes beyond conventional conductivity enhancement or passive
olume buffering by regulating stress evolution and providing a
onfining environment around Li–Si domains. The retained CNT
oundary provides conductive pathways while maintaining this
onfinement after lithiation. Upon delithiation, contraction of
he Li–Si domains within this confined structure can generate a
hell–core-like stress environment, similar to the strengthening
oncept of Prince Rupert’s drops (Figure 1g ). At the electrode
evel, the structural evolution of the CN-Si electrode upon de-
ithiation is shown in Figure 1h . Since the isostatic compressive
tress derived from CNT wrapping is applied to Li-Si upon
elithiation, the electrode shrinks without void formation and
reserves its morphological integrity. Additionally, the structure
here the CNT layer surrounds the Si particles leads to excellent
lectronic conductivity at both the particle and electrode levels.
uch phenomena promote uniform lithiation and de-lithiation
f Si particles within the electrode, preventing localized volume
xpansion and contraction. These mechanisms suppress the
ormation of cracks and voids upon cycling, maintaining high
tructural stability with low interfacial resistance. In contrast, the
-Si and CP-Si electrodes have a relatively weaker mechanical
trength (the tensile strengths of PVDF and SBR are approxi-
ately 50 and 17.5 MPa, respectively) than that of CNTs (the ten-
ile strength of single-walled CNTs is > 100 GPa). The delithiation
f Li-Si results in significant volume contraction under cell stack
ressure (i.e. vertical stack pressure) without the benefit of iso-
tatic compressive stress. This anisotropic shrinkage often leads
of 15
to the formation of a columnar porous architecture and structural
discontinuities (Figure 1i ). Consequently, the electrode suffers
from morphological degradation, including particle pulverization
and interfacial delamination, which compromise mechanical
stability and electrochemical performance. It is also seen that the
dot-shaped carbon structures of CP-Si are partially connected (see
the cross-sectional and top view of the SEM image regarding
various electrodes in Figures S5 and S6 , respectively), leading
to an overall non-uniform delithiation process. To substantiate
this claim, we prepared a fixed-volume cell to measure the stack
pressure changes that are affected by the internal stress change
within the electrode derived from massive Si volume variation
(The schematic diagram of the cell and the results are shown in
Figure 1j , and detailed conditions are described in the Method
section). During the charging process, P-Si exhibits a slight
increase in stack pressure, which is attributed to the expansion of
Si (Figure 1k ). However, the pressure increase remains moderate,
as the porous electrode ( µ-Si particles with interparticle gaps as
shown in Figure S5 ) gradually compacts into a denser structure
(a Li-Si thin film as shown in Figure S7 ), thereby mitigating the
direct transmission of expansion force into stack pressure. In con-
trast, the CN-Si electrode exhibits a pressure decrease, attributed
to the constraining effect of CNT wrapping. As supported by
the simulation in Figure 1d , this CNT-wrapped structure pro-
vides a compression-dominated stress environment during Li–Si
contraction upon delithiation, thereby suppressing void forma-
tion and stabilizing the electrode structure. Notably, the CN-Si
electrode maintains a substantial pressure drop ( − 11.4 MPa),
particularly during delithiation in subsequent cycles, suggesting
that volume contraction occurs without the formation of cracks
or voids—likely due to the compressive environment sustained
within the electrode (Figure 1h ). The P-Si electrode exhibited
a relatively smaller stack pressure change of − 7 MPa. This
is likely due to the formation of cracks and voids within its
columnar structure during cycling, which limited the extent of
electrode thickness contraction compared to CN-Si (Figure 1k ),
resulting in a less pronounced pressure decrease. It should be
noted that the stack-pressure evolution in a fixed-volume cell
does not directly measure internal compressive stress, but repre-
sents a cell-level chemo-mechanical response reflecting electrode
structural evolution during lithiation/delithiation. Therefore, the
distinct pressure responses of P-Si and CN-Si are interpreted as
the macroscopic manifestation of different electrode behaviors
caused by the presence or absence of CNT-mediated isostatic
compressive confinement. This interpretation is consistent with
the mechanism proposed in Figure 1h , as supported by first-
cycle FIB- SEM observations showing thickness retention of
CN-Si ( ∼ 10 µm, Figure 2c ) and crack formation with larger
thickness in P-Si ( ∼ 12 µm, Figure S10 ). The particle-level simu-
lation in Figure 1d further supports CNT-mediated compression-
dominated stress redistribution. This pressure behavior is also
distinct from that commonly observed in conventional liquid-
electrolyte LIBs. In conventional LIBs, Si-based anodes typically
exhibit a continuous increase in stack pressure, primarily due to
excessive SEI formation caused by the repeated exposure of Si
to the liquid electrolyte. In contrast, the ASSB system described
here significantly suppresses SEI formation by eliminating liquid
electrolytes within the electrode, which likely contributes to a
reduction or stabilization of stack pressure. 
Advanced Energy Materials, 2026
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FIGURE 2 Working mechanism of each electrode during the charging and discharging process. a, Voltage profile of each electrode with inset 
images showing morphological evolution at various DODs, and corresponding in situ EIS data in the high-frequency range with the fitted equivalent 
circuit. b, RCT values of each electrode depending on DOD. c, Cross-sectional SEM and FIB-SEM/EDS images of the CN-Si electrode before and after the 
first cycle, showing no observable thickness change. 
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.2 CN-Si Preserves Interfacial kinetics and 

tructural Integrity During Delithiation 

o elucidate the electrochemical behavior of each electrode, in
itu Electrochemical Impedance Spectroscopy (EIS) measure-
ents were performed at various depths of discharge (DOD)
f 20%, 45%, 70%, and 90% (Figures 2a and S8 ). The extracted
itting parameters, including Rs , RCT , and Zw , are summarized
n Table S1 . P-Si and CP-Si electrodes exhibited low impedance
uring the early discharge stages but showed a pronounced
ncrease in charge-transfer resistance ( RCT = 11.3 Ω and 11.7
, respectively) at 90% DOD (Figure 2b ), which is attributed
o Li/e− transport loss caused by crack and void formation
uring delithiation. In contrast, the CN-Si electrode maintained
table impedance behavior up to 70% DOD, though with slightly
igher RCT than the other two. This apparent resistance arises
rom the intermediate CNT interlayer between adjacent Li–
i domains, which acts as an additional interfacial element
n EIS and effectively facilitates uniform charge transport and
dvanced Energy Materials, 2026

t

mechanical stress redistribution within the electrode. A consis-
tent trend was observed in the corresponding Distribution of
Relaxation Times (DRT) analysis (Figure S9 ). The DRT analysis
was performed based on a regularized deconvolution approach
for EIS spectra, and the peak assignments were made tentatively
according to the relaxation-time ranges and their evolution with
DOD (Table S2 ) [ 48, 49 ]. Up to 70% DOD, CN-Si exhibited
higher DRT peak intensities than P-Si and CP-Si, which can
be attributed to additional CNT-related interfacial responses
while maintaining stable impedance evolution. At 90% DOD,
however, P-Si and CP-Si displayed a dramatic rise in RCT due to
structural degradation, whereas CN-Si showed less pronounced
interfacial resistance growth with peaks continuously shifting
toward shorter relaxation times, reflecting enhanced reaction
dynamics. An additional peak appeared around 10− 7 s exclu-
sively for P-Si, which may be associated with a high-frequency
contact/interfacial response arising from structural heterogeneity
and electrolyte-side microcrack formation (inset of Figure 2a ).
Furthermore, an SEI-related peak (10− 6 ∼ 10− 5 s range), indistinct
5 of 15
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n earlier cycles, became prominent at 90% DOD for all electrodes,
uggesting the formation or growth of decomposition-derived
nterphase layers at exposed Si/SSE interfaces during deep delithi-
tion. Notably, the CN-Si electrode exhibited the smallest RSEI
nd a uniform, left-shifted low-intensity peak profile, indicating
hat CNT encapsulation mitigates interphase-related resistance
rowth and preserves intimate electrical contact throughout
ycling. To further validate these electrochemical interpretations,
ross-sectional SEM and FIB-SEM analyses were performed to
xamine the structural evolution of the electrodes after first
ycling. The CN-Si electrode exhibited no discernible change
n thickness, maintaining approximately 10 µm before and
fter the first cycle (Figure 2c ). In contrast, the P-Si electrode
howed a larger thickness of approximately 12 µm with clear
rack formation after the first cycle (Figure S10 ). This comparison
upports that CNT wrapping helps preserve electrode integrity
nd suppress crack/void formation during Si volume change,
onsistent with the stress-dissipation mechanism described in
igure 1h . These observations suggest that the improved inter-
acial kinetics of CN-Si arise not only from enhanced electronic
onductivity but also from the stress-regulation effect of the CNT
hain network, which preserves electrode integrity and active
eaction pathways during delithiation-induced contraction. 

.3 CN-Si Sustains High-Rate Kinetics by 
uppressing Delithiation-Induced Cracking 

ased on these electrochemical analyses, we next evaluated
he overall performance of the CN-Si electrode under practical
alf-cell conditions and compared it with that of the reference
lectrodes (CP-Si and P-Si). As shown in Figure 3a , the P-
i electrode exhibited the highest discharge capacity of 3563.1
Ah g− 1 and an initial coulombic efficiency (ICE) of 91.9%. The
P-Si and CN-Si electrodes demonstrated discharge capacities
f 3183.4 mAh g− 1 and 3210.4 mAh g− 1 , with ICE values of
7.7% and 89.3%, respectively. The slightly lower ICEs of the
P-Si and CN-Si electrodes may be associated with additional
arbon-containing interfaces and increased initial polarization.
or CN-Si, this ICE decrease is more likely associated with the
ithiation overpotential introduced by the CNT network rather
han with pronounced CNT-accelerated LPSCl decomposition.
his interpretation is supported by the planar-interface control
est: Cu|LPSCl exhibited a pronounced decomposition-associated
oltage response above 0.8 V, whereas CNT-coated SUS|LPSCl
howed a voltage profile similar to SUS|LPSCl without such a
esponse (Figure S11 ). Nevertheless, the C-rate test revealed that
he CN-Si electrode exhibited higher capacity retention at all
ates compared to the P-Si and CP-Si electrodes (Figure 3b ).
articularly at a high rate of 3C (9.9 mA cm− 2 ), the CN-Si electrode
etained 78% of its original capacity at 0.3C (0.99 mA cm− 2 ),
hile the P-Si and CP-Si electrodes retained only 47% and 43%,
espectively. Compared with representative Si-based anode half-
ells reported for all-solid-state batteries, CN-Si delivers a high
eversible capacity of approximately 2560 mAh g− 1 even at 3C
9.9 mA cm− 2 ), highlighting its excellent high-rate capability
Figure S12 and Table S3 ). In P-Si and CP-Si electrodes, the Li-Si
ilm undergoes structural changes during delithiation as it reverts
o Si, forming columnar cracks and voids (As schematically
epicted in Figure 1h,i ). This effect could be more pronounced
t high current densities, where the rapid contraction of Si
of 15
may lead to uneven Li-ion and electron reactions, resulting in
localized delithiation. To further investigate the rate capability,
we quantitatively analyzed the lithiation capacity derived from
galvanostatic and potentiostatic stages at different current den-
sities upon lithiation (Figure 3c–e ). As shown in Figure 3f , the
CN-Si electrode exhibited the lowest lithiation capacity from the
potentiostatic region across all C-rates compared to the other
electrodes. At a rate of 3C, the P-Si and CP-Si electrodes reach
the cut-off voltage with severe overpotential, finally leading to the
lithiation capacity of 5.2% and 6.7% at the potentiostatic region,
respectively. Such anincreased capacity contribution from the
potentiostatic stage indicates the high overpotential of the P-Si
and CP-Si electrodes during the charging process. This is because
the lower structural stability of the P-Si and CP-Si electrodes
leads to the formation and growth of cracks and voids as the
current density increases. Such a phenomenon significantly
damages the electrode structure and creates resistance to Li-ion
and electron transport. On the other hand, the CN-Si electrode
showed only about 3% of its capacity from the potentiostatic
region. This reduced potentiostatic contribution is attributed to
the combined effects of CNT-mediated crack/void suppression
and enhanced electrode-level electronic conductivity. Four-point
probe measurements showed that CN-Si exhibits an electronic
conductivity of 9010 S cm− 1 , which is much higher than those
of CP-Si (13.9 S cm− 1 ) and P-Si (0.141 S cm− 1 ) (Figure S13 ). To
verify that the superior performance of CN-Si is not simply due to
enhanced electronic conductivity, a Super P-rich CP-Si electrode
containing 10 wt% Super P was prepared as a high-conductivity
control. SEM analysis shows that Super P does not encapsulate
Si particles or form a continuous wrapping network, unlike the
CNT layer in CN-Si (Figure S14 ). Despite the increased amount
of conductive carbon additive, the Super P-rich CP-Si electrode
exhibited poorer cycling performance than CN-Si (Figure S15 ).
These results indicate that high electronic conductivity alone
is insufficient to achieve the electrochemical stability of CN-Si,
and that the CNT chain network plays an additional mechanical
role by confining Si/Li–Si domains and suppressing crack/void
formation. To verify the fast-delithiation properties of the CN-Si
electrode, P-Si, CP-Si, and CN-Si electrodes were fully lithiated
at 0.1C and then delithiated at 2C, corresponding to 6.6 mA
cm− 2 (Figure 3 g; voltage profiles are shown in Figure S16a ).
Here, fast delithiation is defined as delithiation at 2C; because
the DOD was limited to 50%, the effective delithiation time was
approximately 15 min. This condition was selected to focus on the
early-stage structural response and crack initiation under high-
rate conditions, avoiding excessive mechanical deformation that
may obscure subtle degradation mechanisms. Upon lithiation,
Si particles in all the electrodes (CN-Si, P-Si, and CP-Si) are
transformed into a thin Li-Si film without any pores within the
electrode (Figure 3 h and S7 ). The results demonstrate that the
CN-Si electrode showed no formation of columnar cracks and
voids (Figure 3i ). In contrast, significant cracks and voids were
observed in the P-Si and CP-Si electrodes as shown in Figures 3j
and S16b , respectively. 

2.4 Optimized CNT Loading Stabilizes Cycling 
by Preserving Active Reaction Pathways 

In the cycle test, the P-Si and CP-Si electrodes showed a severe
capacity drop with discharge capacities of 609.8 mAh g− 1 and
Advanced Energy Materials, 2026
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FIGURE 3 Electrochemical Rate Capability of Comparative Electrode Systems. a, Voltage profiles of each electrode during the first cycle, with 
an inset showing a magnified view of the profile. b, Rate capability of P-Si, CP-Si, and CN-Si electrodes during delithiation from 0.3C to 3C, with the 
lithiation rate fixed at 0.3C. c-e, Voltage profiles of P-Si (c), CP-Si (d), and CN-Si (e) electrodes during rate testing from 0.5C to 3C. f, Quantitative analysis 
of lithiation capacity obtained from galvanostatic and potentiostatic steps at 0.5, 1, 2, and 3C rates. g, Graphical voltage profile showing electrochemical 
operating conditions for the post-mortem analysis of the fast-discharging test. h, Cross-sectional SEM image of the CN-Si electrode after the first 
lithiation. i, j, Cross-sectional SEM and EDS analysis of CN-Si (i) and P-Si (j) electrodes after formation (100% lithiation at 0.1C (1C = 3.3 mA cm− 2 ) 
and 50% delithiation at 2C). 
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24.3 mAh g− 1 (capacity retentions of 17.8% and 17.7%) after
0 cycles, respectively. The CN-Si electrode demonstrated a
ischarge capacity of 1932.8 mAh g− 1 and the highest capacity
etention of 59.2%, which is 42% higher than those of the other two
lectrodes, along with an improved average coulombic efficiency
Figure 4a ). To investigate the effect of CNT content on the
lectrochemical performance of CN-Si electrodes, a series of
ompositions with varying CNT loadings (0.5 wt% to 4 wt%) were
valuated. The initial discharge capacities for CN-Si electrodes
ith 0.5, 1, and 4 wt% CNT were measured to be 3025.0,
492.4, and 1872.2 mAh g− 1 , respectively, with corresponding
nitial coulombic efficiencies (ICEs) of 88.2%, 87.9%, and 81.1%
Figure S17a ). Upon subsequent cycling, the electrodes with 0.5
t% and 1 wt% CNT exhibited poor capacity retention of only
9.2% and 25.6%, respectively (Figure S17c ). These results suggest
hat the low CNT content is insufficient to effectively wrap
he Si particles and exert the necessary compressive stress for
tructural stabilization (Figure S18 ). In contrast, the electrode
ontaining 4 wt% CNT experienced short-circuiting after only
he second cycle (Figure S17b ). Post-mortem optical/SEM/EDS
nalysis of the 4 wt% CNT electrode after micro-short behavior
evealed localized Li metal deposits near the Si electrode/LPSCl
egion and deposit-like features on the electrode surface (Figure
19 ). The corresponding EDS maps showed O-rich and Si-
oor regions around these deposits, consistent with oxidized
i-derived products associated with localized Li deposition. In
ddition, a CNT-only control experiment confirmed that Li can be
lated and stripped on the CNT network (Figure S11 ), supporting
he electrochemical feasibility of Li deposition on CNT-rich
lectronically conductive domains. These observations support
he proposed mechanism shown in Figure S18c , where exces-
ive CNT loading forms highly percolated electronic pathways
hile relatively limiting ionic transport. Such electronic/ionic
ransport imbalance can promote local electron accumulation
t the electrode/solid-electrolyte interface, inducing localized Li
eposition and electronically driven side reactions, eventually
eading to premature short-circuiting. To further rationalize the
ptimized CNT content, the theoretical dense-film volumetric
apacity of CN-Si electrodes was estimated at the fully lithiated
i15 Si4 state (Note S3 and Table S4 ). The 2 wt% CNT electrode
etained 99.2% of the volumetric capacity of pure Li15 Si4 , indi-
ating that CNT incorporation at this level introduces only a
egligible volumetric-capacity penalty while providing sufficient
etwork formation for structural stabilization. Based on these
bservations, the CN-Si electrode with 2 wt% CNT was found
o exhibit the most balanced and stable electrochemical perfor-
ance among the tested compositions. To further investigate
he effect of binder content on electrode performance, we also
valuated a P-Si electrode incorporating an excessive amount
2 wt%) of PVDF. Despite the increased polymer content, no
mprovement in cycling stability was observed (Figure S20 ). This
esult indicates that PVDF, owing to its relatively low mechanical
trength, fails to generate sufficient compressive stress even
t higher concentrations, thereby limiting its effectiveness in
tructural stabilization. EIS analysis was conducted to compare
he electrochemical resistance caused by the structural evolution
f each optimized electrode upon cycling (Figure 4b–d ). The
-Si and CP-Si electrodes exhibited charge-transfer resistance
 RCT ) values of approximately 17 Ω and 14 Ω, respectively, after
he first cycle. These values increased significantly to 40 Ω and
2 Ω after 50 cycles. On the other hand, the CN-Si electrode
of 15
demonstrated an RCT value close to 0 Ω after the first cycle
and the lowest RCT value of approximately 30 Ω after 50 cycles.
The corresponding DRT analysis further supports the suppressed
interfacial degradation of CN-Si (Figure S21 ). Based on the DRT
peak assignments discussed above, the peak in the 10− 6–10− 5 s
range can be associated with an interphase/SEI-related response.
After 50 cycles, CN-Si exhibited the smallest peak intensity in
this region among the three electrodes, suggesting suppressed
interphase-related resistance growth during cycling. This trend is
consistent with previous carbon-coated Si anode studies showing
that carbonaceous surface layers can stabilize SEI/interphase
formation and suppress interfacial resistance growth [ 50–52 ].
For CN-Si, the CNT network appears to further support this
behavior by preserving electrode integrity and limiting newly
exposed Si/SSE interfaces during cycling. The cycle-dependent
voltage profiles normalized by SOC further support that the CNT
network does not significantly accelerate electrolyte decompo-
sition during cycling (Figure S22 ). In the first cycle, P-Si and
CN-Si exhibited nearly similar Si lithiation/delithiation voltage
behavior, indicating that CNT incorporation did not introduce a
distinct additional decomposition-related voltage feature at the
initial stage. As cycling progressed, P-Si showed pronounced
overpotential and distorted voltage profiles, which are associated
with structural degradation and loss of reaction pathways. In
contrast, CN-Si maintained voltage profiles similar to its initial
behavior, without a distinct additional high-potential plateau
or abnormal voltage response. These results suggest that CNT-
induced LPSCl decomposition or interfacial side reactions are
not significantly accelerated during cycling. Subsequently, the
potential behavior during the delithiation of Si was analyzed
using differential capacity ( dQ/dV ) plots for the P-Si, CP-Si, and
CN-Si electrodes at the fifth, 30th , and 50th cycles to investigate
the underlying charge and discharge mechanisms (Figure S23 ).
The dQ/dV plots revealed that all electrodes exhibited a peak
at ∼ 0.4 V in the fifth cycle, corresponding to the delithiation
of the fully lithiated Li15 Si4 phase (Figure 4e–g ). However,
as cycling progressed, the ∼ 0.4 V peak was almost absent
in the P-Si and CP-Si electrodes, while the CN-Si electrode
consistently maintained a strong peak at ∼ 0.4 V, after the 50th 
cycle (Figure 4g ). These results indicate that in the P-Si and
CP-Si electrodes, the formation of cracks and voids during
cycling leads to a loss of electrical and ionic pathways within
the electrode. This prevents reaching the fully lithiated state
of the Li15 Si4 phase. Conversely, the CN-Si electrode maintained
its morphological integrity because the CNT network ensures
uniform electrochemical reactions and superior performance
upon cycling. It should be noted that the half-cell configu-
ration employs Li metal as the counter electrode, where the
Li/LPSCl interface can form decomposition-derived interphases
and increase interfacial impedance during cycling [ 53 ]. Thus,
the half-cell cycling result represents a conservative evaluation
of the CN-Si electrode under additional interfacial constraints
associated with the Li metal counter electrode. To investigate
the practical applicability of the CN-Si electrode without relying
on a Li metal counter electrode, a full cell comprising a CN-
Si anode, SSE, and LiNi0.8 Mn0.1 Co0.1 O2 (NCM811 ) cathode was
fabricated and evaluated at room temperature (Figures 4h-j ).
Detailed full-cell parameters, including cathode loading, cathode
areal capacity, N/P ratio, solid-electrolyte thickness, voltage
window, C-rate definition, and capacity-balancing method, are
summarized in Table S5 . The full cell delivered an initial specific
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FIGURE 4 Electrochemical characterization of various electrodes. a, Cycling performance of Li|SSE|P-Si, Li|SSE|CP-Si, Li|SSE|CN-Si electrodes 
operated at 0.3C during 50 cycles. b-d, Electrochemical impedance spectra of Li|SSE|P-Si, Li|SSE|CP-Si, and Li|SSE|CN-Si cells after the first and 50th 

cycles. The EIS spectra were analyzed using the same equivalent circuit shown in Figure 2a . e-g, Differential capacity plots of Li|SSE-based cells with 
P-Si, CP-Si, and CN-Si electrodes at the fifth, 30th , and 50th cycles. h-j, Electrochemical performance of the CN-Si|SSE|NCM811 full cell including voltage 
profiles (h), cycling stability at 1C (i) and 5C (j) under a stack pressure of 250 MPa. 
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apacity of 198.6 mAh g− 1 with an initial Coulombic efficiency
ICE) of 86.3% (Figure 4h ). Furthermore, it exhibited nearly 100%
apacity retention over 150 cycles at 1C (Figure 4i ), corresponding
o 2.3 mA cm− 2 , and retained 78.8% of its capacity after 3000
ycles at 5C (Figure 4j ), corresponding to 11.5 mA cm− 2 . These
esults demonstrate that the high-rate capability observed in
he half-cell is successfully maintained in the practical full-cell
onfiguration. Compared with previously reported NCM811|Si-
ased full cells, the CN-Si full cell shows competitive long-term
ycling stability (Figure S24 and Table S6 ). To further distinguish
he intrinsic contribution of the CN-Si architecture from the
ffects of Li metal counter-electrode instability and high external
tack pressure, P-Si|SSE|NCM811, CP-Si|SSE|NCM811, and CN-
i|SSE|NCM811 full cells were additionally evaluated under a
educed stack pressure of 65 MPa, identical to that used for the
alf-cell tests. Under this condition, the CN-Si full cell exhibited
uperior cycling stability compared with the P-Si and CP-Si
ull cells, confirming that the improved full-cell performance
riginates from the CN-Si architecture rather than solely from
he absence of Li metal or the use of high stack pressure
Figure S25 ). 

.5 Post-Mortem Microscopy Confirms Crack 

nd Void Suppression in CN-Si 

he post-mortem characterization identifying structural degra-
ation of the P-Si, CP-Si, and CN-Si electrodes was conducted
sing Focused Ion Beam (FIB)-SEM and EDS mapping. All
lectrodes were tested in half-cells employing lithium metal as the
ounter electrode, which served as an unlimited Li source. This
onfiguration ensured full lithiation of the Si electrodes in every
ycle, thereby enabling the evaluation of their structural stability
nder rigorous cycling conditions. Cross-sectional SEM images
how the significant cracks and voids observed in the P-Si and
P-Si electrodes (Figure 5a,b ). Such mechanical degradation is
lso observed on the electrode surface along the solid-electrolyte
irection (Figure 5d,e ), disrupting pathways for both Li ions and
lectrons. On the other hand, both the inside and surface of the
N-Si electrode exhibited suppressed formation and growth of
racks and voids (Figure 5c,f ), which implies that CNT effectively
aintained its morphological integrity. To further examine the
rapping effect of CNTs, we used an ion milling machine
dedicated equipment separated from the SEM machine) to
ut a large area of the CN-Si electrode and obtained high-
esolution cross-sectional SEM images along with EDS mapping.
sing an integrated FIB-SEM machine can sometimes make
t more challenging to obtain high-resolution or well-focused
EM images than with a dedicated SEM system due to beam
lignment and stage tilt issues. The analysis confirmed that
NTs effectively encapsulated the Si particles, indicating that the
rapping and tightening action of CNTs imposes compressive
tress on the Si. This compressive confinement contributes to
nhanced structural integrity by preventing crack and void
ormation. Combined with the high electronic conductivity of the
ontinuous CNT network, the preserved electrode architecture
aintains Li-ion/electron transport pathways and active reaction
nterfaces during cycling. This synergistic structural/electronic
tabilization is responsible for the excellent cycling stability and
uperior rate capability of CN-Si. 
0 of 15
2.6 Multiparticle Simulations Reveal 
CNT-Mediated Stress Redistribution and Hotspot 
Suppression 

To further support these experimental observations,
multiparticle-scale simulations were conducted to model stress
interactions between adjacent Si particles during lithiation-
induced swelling (Figure 6 ). In this model, a square domain
containing randomly distributed Si particles of varying sizes
was analyzed using the eigenstrain method to impose matched
isotropic swelling (Figure S26 ) and the mechanical properties of
the materials used in the simulation are summarized in Table
S7 . The spring-foundation stabilization used to suppress initial
rigid-body motion was ramped down to a negligible stiffness
as interparticle contact became dominant, ensuring numerical
convergence without affecting the final stress distributions
(Figure S27 ). The von Mises stress distributions for P-Si and
CN-Si at different states of charge (SOC, 23%, 85%, and 100%) are
illustrated in Figure 6 . At a low lithiation state of 23%, stresses
in P-Si remain below the model-defined yield strength, though
local stress concentrations already appear at particle contacts
(Figure 6a ). As lithiation progresses (SOC = 85% and 100%), these
stresses increase markedly, exceeding the compressive strength of
crystalline Si ( ∼ 950 MPa) (Figure 6b,c ) [ 54 ]. In contrast, the CN-Si
configuration exhibits a consistently lower overall von Mises
stress magnitude, while the degree of stress uniformity depends
on the lithiation state (Figure 6d–f ). This reduction arises from
the compliant CNT coating, which acts as a mechanical buffer
that redistributes contact stresses between neighboring particles.
Area-weighted post-processing shows that the mean von Mises
stress in CN-Si is reduced by 21.43%, 12.80%, and 8.64% relative
to P-Si at SOC = 23%, 85%, and 100%, respectively (Table S9 ). The
equivalent-core mean, standard deviation (SD), and coefficient
of variation (CV) further show that the stress-uniformity effect
depends on the lithiation state. Notably, at SOC = 85%, the lower
mean stress in CN-Si is accompanied by higher equivalent-
core SD and CV, indicating stress reduction and redistribution
rather than global homogenization (Table S10 ). The equivalent-
core 95th-percentile von Mises stress is also lower in CN-Si,
decreasing from 91 to 81 MPa, 951 to 921 MPa, and 870 to 805 MPa
at the corresponding SOCs (Table S11 ). The magnified view at
SOC = 23% (Figure 6g ) shows that CNT wrapping effectively
alleviates local von Mises stress at particle contacts, while at
SOC = 100% (Figure 6h ), the hydrostatic stress map shows
compression-dominated regions around the particle exteriors in
the CN-Si configuration. These complementary findings indicate
that CNT wrapping reduces the overall stress magnitude and
suppresses high-stress regions, while redistributing the stress
field as lithiation progresses. The degree of stress uniformity is
SOC-dependent rather than uniform throughout the lithiation
process. To further elucidate the buffering role of CNT, the
maximum principal stress and stress triaxiality distributions
at full lithiation (SOC = 100%) were analyzed (Figures S28
and S29 ). The P-Si configuration exhibits localized σ1 hot spots
and uniformly high triaxial compression across the particle
bed, reflecting severe contact-stress concentration. In contrast,
the CN-Si configuration shows a smoother distribution of
principal stress and stress triaxiality near particle interfaces,
further supporting redistribution of interparticle contact loads.
These results further support the stress-redistribution and
Advanced Energy Materials, 2026
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FIGURE 5 Post-mortem analysis of various electrodes. a-c, Morphological and compositional analysis via cross-sectional SEM and EDS of each 
electrode in a half-cell configuration after 50 cycles under delithiated conditions. The images correspond to the electrode region adjacent to the solid 
electrolyte interface, and the yellow dashed boxes indicate the regions selected for EDS mapping. d-f, Top-view SEM images of Si electrodes in the 
delithiated state after 50 cycles, obtained from disassembled half-cells. g-i, Cross-sectional SEM image and corresponding EDS elemental maps of the 
CN-Si electrode after 50 cycles, prepared by FIB milling across the entire electrode width to visualize large-area structural and compositional features. 
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otspot-suppression effect of CNT wrapping observed experi-
entally and in the von Mises/hydrostatic stress analyses. 

 Conclusion 

n this study, we demonstrated a novel Chain-based Networking
CN)-Si electrode architecture that significantly improves the
tructural and electrochemical stability of Si anodes in all-solid-
tate batteries (ASSBs) without the need for solid electrolytes
ithin the electrode itself. By employing single-walled carbon
anotubes (CNTs) as mechanically robust and highly conductive
hains, individual µ-Si particles were encapsulated and inter-
onnected, forming a continuous, stress-managing network that
s functionally analogous to the stress-reinforcing principle of
rince Rupert’s drops. This CNT-mediated stress redistribution
ffectively mitigated volume-change-induced degradation during
dvanced Energy Materials, 2026
lithiation/delithiation, suppressing the formation of cracks and
voids while maintaining continuous interparticle contact and
electrochemically accessible reaction pathways. Finite-element
simulations further verified that CNT wrapping redistributes
both von Mises and hydrostatic stresses, alleviating contact-stress
concentrations and forming a smoother compression-dominated
stress field around Si particles. As a result, the CN-Si elec-
trode exhibited exceptional rate capability, retaining 78% of its
capacity at 3C, and improved half-cell cycling stability, retaining
59.2% after 50 cycles, significantly outperforming conventional
polymer- and carbon black-based Si electrodes. More importantly,
in a CN-Si/NCM811 full-cell configuration, the CN-Si electrode
retained 78.8% of its capacity after 3000 cycles at 5C, demonstrat-
ing robust long-term cell-level stability. Our findings highlight
a scalable and cost-effective strategy for realizing structurally
resilient, high-energy-density Si anodes by engineering internal
stress distribution at the particle and electrode levels. The CN-Si
11 of 15
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FIGURE 6 Snapshots of the von Mises stress distribution in randomly dispersed Si particles during lithiation. a-h, Subplots (a–c) show the stress 
distribution in P-Si particles at States of Charge (SOC) of 23%, 85%, and 100%, respectively. Subplots (d–f) present the corresponding results for CN-Si 
particles. Subplot (g) provides a magnified view of the particle contact at SOC = 23%, highlighting the pronounced difference in stress concentrations 
between P-Si and CN-Si particles. h, Hydrostatic stress (compression positive) at SOC = 100% for P-Si and CN-Si particles. 
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esign paves the way for the next generation of high-performance
SSBs that meet both energy and power demands without
acrificing mechanical integrity. 

 Experimental Section 

.1 Materials Preparation 

he Si particles ( µ-Si, 1–10 µm) were dried in vacuum oven at
0◦C overnight before use. Polyvinylidene fluoride binder used
or the P-Si anode was obtained from Sigma-Aldrich. Super P
C65) was obtained from Alfa-Aesar and dried in vacuum oven
t 80◦C overnight before use and SBR/CMC were obtained from
TI Corp. using for the CP-Si anode. SWCNTs (H2 O, 0.4wt%
MC) used for the CN-Si anode was obtained from OCSIAl. Li
etal foil was punched to obtain electrode discs ( Φ= 13 mm) and
sed as the counter electrode in half-cell. Li6 PS5 Cl was used as a
olid electrolytes. 
2 of 15
4.2 Preparation of Si Electrode 

To fabricate the P-Si electrodes, a slurry was prepared using 99.9
wt% of Si, 0.1 wt% of PVdF and NMP (N-methyl-2-pyrrolidone)
solvent before casting on a current collector. For CP-Si electrodes,
a slurry was prepared using 94 wt% of Si, 3wt% of SuperP, 1.5
wt% of SBR, 1.5 wt% of CMC, and D.I water solvent before
casting on a current collector. For the Super P-rich CP-Si control
electrode, a slurry was prepared using 87 wt% Si, 10 wt% Super
P, 1.5 wt% SBR, 1.5 wt% CMC, and D.I. water solvent. In
the case of the CN-Si electrode, a slurry was prepared using
98 wt% of Si, 2 wt% of CNT, and D.I water solvent before
casting on a current collector. All slurries were mixed using
for a Thinky mixer (Thinky Corporation, AR-100). STS foil was
used as a current collector and Doctor blade was using for
casting on a current collector. All electrodes were dried in a
vacuum oven 80◦C overnight and punched to obtain electrode
discs ( Φ = 13 mm and 10 mm, ∼ 3.3mAh cm− 2 ) before use. For
evaluating the full-cell, Si electrodes were punched to obtain
Advanced Energy Materials, 2026
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lectrode discs ( Φ = 13 mm and 10 mm, ∼ 2.5mAh cm− 2 ) before
se. 

.3 Preparation of Cathode Electrode 

ingle-crystal NCM811 particles were obtained from SMLAB and
e coated the LiNbO3 on NCM particles. To fabricate the NCM
lectrode, we mixed the NCM811, VGCF, Li6 PS5 Cl, and Nitrile
utadiene Rubber (NBR) (70:3:25:2 (wt%)) using Hexyl butyrate
HB) as solvent for casting on STS foil. After that, we cast the
lurry on STS foil, dried the resulting electrode in vacuum oven
ith 80◦C overnight and rolled it. We punched the electrode to
btain electrode discs ( Φ = 13 mm and 10 mm, ∼ 2.3mAh cm− 2 ) 

.4 Preparation of SWCNT-Coated SUS 
lectrodes 

o prepare the SWCNT-coated SUS electrode, an SWCNT slurry
as cast onto a SUS foil using a doctor blade. The thickness of
he SWCNT coating layer was approximately 300 nm. The coated
US foil was dried in a vacuum oven at 80◦C overnight and then
unched into disks ( Φ = 13 mm) before use. 

.5 Cell Assembly 

o fabricate cells for obtaining electrochemical performance,
53 mg of LPSCl was pressed as separator layer at 100 MPa.
hen, the Si anode ( Φ = 13 mm) was pressed together with the
PSCl layer at 650 MPa. In the half-cell system, Li metal foil of
he same size was pressed at 20 MPa, and a stack pressure of
5 MPa was applied. For the full-cell configuration, the NCM
omposite cathode was pressed at 400 MPa instead of lithium
etal, followed by the application of a stack pressure of 250 MPa.
or measuring the stress change during cycling, 90 mg of LPSCl
as pressed at 60 MPa. Then, Si anode ( Φ = 10 mm) was pressed
ogether with LPSCl layer at 400 MPa, and the NCM cathode ( Φ=
0 mm) was pressed at 350 MPa. Subsequently, a stack pressure of
0 MPa was applied. We defined the N/P ratio to 1.1 based on the
heoretical capacities Si = 3,300 mAh g− 1 and NCM = 220 mAh
− 1 . All processes were conducted in an Ar-filled glove box. 

.6 Materials Characterization 

-ray diffraction (D8 advance A25, Bruker) was used to analysis
he crystal structures of particles and electrodes using Cu k α
adiation with 2 ϴ in the range from 20.00◦ to 80.00◦. The particle
ize distribution was measured by a particle size analyser (CILAS,
090LD shape Analyzer). The SEM and EDS instrument (Apreo
, Thermo) was used to investigate the surface morphology
f powders and electrodes. The FIB-SEM instrument (AMBER
, Tescan) was used to examined mirco-structure of electrode.
he stress change were measured using Digital Press (TPU-040,
eraleader). The impedance was measured by a Biologic (VSP-
00), The amplitude of the input signal was 10 mV, and the
requency range was from 1 MHz to 0.1 Hz. The cell tester was
sed by a WonATech (WBCS 3000). 
dvanced Energy Materials, 2026
4.7 Electrochemical Performance Tests 

In the Li|SSE|Si system, we applied CC (Constant Current) /CV
(Constant Voltage) and CC processes during charge/discharge.
During the first cycle, the process was conducted at a rate of
0.1C (1C = 3.3 mA cm− 2 ) within a voltage range of 0.005–1.5 V.
For subsequent cycles, the process was performed at a rate of
0.3C with a cut-off voltage of 1 V. In the rate test, we applied the
current from 0.3C to 3C. In the Si|SSE|NCM811 system, CC was
conducted at 0.1C for the initial cycle and at 1C for the subsequent
cycles. The voltage window was set to 2.5–4.2 V for the first cycle,
while the following 1C cycles were operated within 2.8–4.2 V. For
measuring the stress change, we applied CC (0.05C for the first
cycle and 0.1C for subsequent cycles) process and the range of cut-
off voltage is between 2.5 and 4.2 V. The electrochemical stability
of SWCNT against LPSCl was evaluated using planar-interface
cells in which Cu, SUS, or SWCNT-coated SUS was used as the
working electrode. The cells were tested in CC/CV mode at a
constant current of 0.00015 A to 0.005 V, followed by a CV hold
at 0.005 V with a current cutoff of 0.01C. The upper cutoff voltage
was set to 1.5 V. 
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