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A B S T R A C T

High-capacity silicon anodes hold great promise for safe and energy-dense all-solid-state lithium batteries 
(ASSLBs), yet their practical application is hindered by interfacial degradation and mechanical fracture, which 
severely limit their cycle life. Herein, we unravel the particle-size-dependent electro-chemo-mechanical failure 
mechanisms of Si anodes in sulfide-based ASSLBs. The micro-sized Si (μm-Si) anode exhibits favorable initial 
Coulombic efficiency (ICE, 79.15%) and reversible capacity (2260.5 mAh g− 1) but succumbs to progressive 
particle fracture under prolonged cycling due to cumulative mechanical stress from large volume swings. By 
contrast, the nano-sized Si (nm-Si) anode suffers from severe interfacial side reactions and irreversible volume 
expansion due to its larger specific area and dense electrode structure, resulting in lower initial performance (ICE 
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of 72.21%, 1372.7 mAh g− 1). In subsequent cycles, the nm-Si anode experiences continuous interfacial side 
reactions, leading to substantial accumulation of interfacial decomposition byproducts and sustained capacity 
decay. These contrasting failure pathways establish electro-chemo-mechanical coupling as the governing prin
ciple and provide a particle-size-dependent design framework for high-performance Si-based ASSLBs.

1. Introduction

Energy density and safety together form the fundamental re
quirements for energy storage devices (Kim et al., 2023; Liao et al., 
2025; Lin et al., 2017; Liu et al., 2023; Lv et al., 2026; Yang, Hu, Jiang, 
Yuan, et al., 2023; Yue et al., 2025). Sulfide-based all-solid-state lithium 
(Li) batteries (ASSLBs) have attracted considerable attention due to the 
non-flammability and high ionic conductivity of sulfide solid-state 
electrolytes (SSEs), which inherently address safety concerns while 
providing a solid foundation for high energy density (An et al., 2019; 
Cao et al., 2019, 2021; Feng et al., 2018; Man et al., 2023; Wang et al., 
2025; Yang et al., 2024; Yang, Hu, Jiang, Cheng, et al., 2023). To further 
elevate energy density, the rising silicon (Si) anode offers a critical 
pathway. With its ultra-high theoretical specific capacity (~4200 mAh 
g− 1) (Cao et al., 2022; Pan, Xu, et al., 2022; Pan, Xu, et al., 2022; Ye 
et al., 2024), far surpassing that of traditional graphite anode (372 mAh 
g− 1), the Si anode holds great promise for unlocking the full potential of 
ASSLBs in future applications (Ge et al., 2021; Ham et al., 2024; Sun 
et al., 2025; Wang et al., 2022, 2024; Yang et al., 2022). However, the 
rapid capacity degradation of Si-based anode casts a shadow over their 
practical application (Adhitama et al., 2022; Gomez-Ballesteros & Bal
buena, 2017; He et al., 2021; Zhou et al., 2019).

In general, Si anodes undergo significant volume expansion and 
shrinkage during reversible lithiation/delithiation (Li et al., 2021; Zhu 
et al., 2019). On one hand, the huge volume change of the Si anode 
during cycling induces significant stress and strain, leading to particle 
fracture, structural deterioration, and contact loss at the solid/solid 
interface within the composite electrode (Bai et al., 2022; Bonkile et al., 
2023; Lin et al., 2015; McBrayer et al., 2021; Oh et al., 2022). On the 
other hand, the low operating potential of the Si anode triggers reduc
tive decomposition of the sulfide SSEs at the interface, resulting in 
surface passivation and increased interfacial resistance (Domi et al., 
2020; Kim et al., 2021; Li et al., 2024; Liao et al., 2023; Song et al., 2023; 
Wang et al., 2021). The coupling of these electro-chemo-mechanical 
effects gives rise to rapid capacity fading and short cycle life in 
Si-based ASSLBs (Huo et al., 2024; Wan et al., 2022; Wang et al., 2023; 
Yan et al., 2023). Nevertheless, the underlying coupled failure mecha
nisms remain poorly understood in all-solid-state systems, hindering the 
effective modulation of Si anode performance (Jiang et al., 2025).

Herein, we systematically reveal the size-dependent failure mecha
nisms of Si anodes by employing silicon anodes with different particle 
sizes in sulfide-based ASSLBs. Compared with nano-Si (nm-Si), the 
micro-Si (μm-Si) anode delivers a higher discharge specific capacity 
(2260.5 mAh g− 1) with a higher initial Coulombic efficiency (79.15%), 
benefiting from its low specific surface area, which suppresses interfa
cial side reactions and promotes favorable Li-ion diffusion kinetics. In 
contrast, the nm-Si anode suffers from severe interfacial side reactions 
due to its higher specific surface area, leading to increased interfacial 
impedance and consequently lower initial discharge capacity (1372.7 
mAh g− 1) and Coulombic efficiency (72.21%). However, during pro
longed cycling, the μm-Si anode undergoes rapid capacity decay, pri
marily attributed to stress concentration and mechanical fracture of μm- 
Si particles resulting from repeated large volume fluctuations. 
Conversely, the performance degradation of the nm-Si anode is domi
nated by interfacial side reactions, which show significant accumulation 
of interfacial byproducts. Collectively, these results reveal a size- 
dependent interplay of electro-chemo-mechanical coupling effects that 
governs the failure behavior of Si anodes in sulfide-based ASSLBs.

2. Methods

2.1. Materials

The Li foils (100 μm, 99.9%) and Cu foils (9 μm, 99.9%) were both 
purchased from China Energy Lithium Co., Ltd., Tianjin. The Li6PS5Cl 
(LPSCl) SSE powder was provided by Zhejiang Fengli New Energy 
Technology Co., Ltd. The Si powders were provided by Hongwu Tech
nology Co., Ltd. Indium (In, 100 μm, 99.9%) foil was purchased from 
Qinghe County Fuxiang Metal Materials Co., Ltd. Carbon nanotubes 
(CNT) were obtained from Jiangsu Aikang Biomedical Research and 
Development Co., Ltd. All materials were kept in the glove box with 
oxygen and water contents below 1.0 ppm.

2.2. Preparation of Si-based ASSLBs

100 mg of LPSCl solid-state electrolyte powder was placed in the 
mould, and a pressure of 360 MPa was applied by a hydraulic machine 
for 1 min to complete the room-temperature pressing process of the 
electrolyte sheet.

The 3 mg of composite Si powder (60:30:10, Si:LPSCl:CNT by wt.%) 
was placed on one side of the mould and subjected to a pressure of 
360 MPa for 3 min (Si mass loading of 2.3 mg cm− 2). In the half cell, Li or 
Li/In (prepared by cold-pressing a 100 μm thick Li foil and a 100 μm 
thick In foil together under a uniaxial pressure of 5 MPa for 1 min) were 
used as the counter electrode on the other side of the electrolyte sheet. 
The battery was subjected to a constant pressure of 10 MPa through a 
mechanical fastening device to ensure a tight contact between the 
electrode and the electrolyte interface. All operations were completed in 
an argon-protected glove box (H2O/O2 < 0.1 ppm), minimizing the 
interference of environmental factors on the stability of the interface.

2.3. Electrochemical measurements and material characterization

The Land CT2001 multichannel battery tester was used as the cell 
tester. All mould cells were assembled in an argon-filled glove box. Half- 
cell rate performance tests are conducted by gradually increasing the 
current (starting from 1 mA cm− 2). Electrochemical Impedance Spec
troscopy (EIS) tests were performed using the Solartron 1470 E system 
(frequency range from 1 MHz to 0.1 Hz, amplitude of 10 mV). The DRT 
analyses were processed using the MATLAB GUI toolbox. Using stainless 
steel (SS)|Si-anode|SS cells to measure the electric conductivity of the 
composite Si anodes under an applied bias voltage of 10 mV. The ionic 
conductivity of the composite Si anode was calculated through EIS tests 
of SS|Si-anode|SS cells. The cyclic voltammetry (CV) tests of Li|LPSCl|Si 
cells were conducted within the voltage range from open circuit to 
− 0.5 V (vs. Li/Li+), with a sweep rate of 0.1 mV s− 1 for two cycles. The 
pulsed current used by galvanostatic intermittent titration technique 
(GITT) tests of Li/In|LPSCl|Si cells was 1 mA cm− 2, the pulse duration is 
5 min, and the relaxation time is 30 min. The constant current cycling 
tests were carried out using the LAND multi-channel battery testing 
system at a constant temperature of 25 ◦C.

X-ray photoelectron spectroscopy (XPS) measurements were con
ducted using an Al Kα X-ray source (1486.6 eV) with a linewidth of 
0.68 eV. The XPS spectra were calibrated using the C 1s peak at 
284.6 eV. The morphologies of the Si anode were characterized by 
scanning electron microscopy (SEM, JSM-7401 F, Japan) at 3.0 kV. The 
X-ray diffraction (XRD) patterns were obtained using the Bruker D8 
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Advance diffractometer (with Cu-Kα radiation, 40 kV, 120 mA). The 
pressure changes of Li/In|LPSCl|Si-anode cells were monitored through 
PSM-1CH (Beijing Zhongke Wanyuan Technology LTD) with an initial 
pressure of 185 MPa.

3. Results and discussion

3.1. Electrochemical performance of Si anodes with different particle sizes

Composite Si anodes were prepared by mixing different Si powders 
with LPSCl electrolyte and CNTs. The μm-Si and nm-Si powders exhibit 
average particle sizes of 4 μm and 100 nm, respectively (see Supple
mentary Fig. S1). XRD analysis of composite Si anodes reveals no 
detectable impurity phases beyond the signals of crystalline Si and the 
sulfide SSE (Fig. S2), confirming the good chemical compatibility be
tween Si and the sulfide SSE during the preparation process.

To evaluate the electrochemical performance of the Si anodes with 
different particle sizes, Si||Li half cells were assembled and character
ized. In terms of initial capacity and Coulombic efficiency, the μm-Si 
anode delivers an initial discharge capacity of 2260.5 mAh g− 1 and an 
initial charge capacity of 1802.2 mAh g− 1, with an initial Coulombic 
efficiency (ICE) of 79.15%. In contrast, the nm-Si anode exhibits lower 
values of 1901.1 and 1372.7 mAh g− 1, corresponding to an ICE of 
72.21% (Fig. 1a). Rate capability tests further reveal the superior ca
pacity performance of μm-Si, which retains higher specific capacities of 

1624.4, 1348.2, 1061.3, and 753.7 mAh g− 1 at 0.1, 0.2, 0.5, and 1.0 C, 
respectively, compared with 1305.2, 1082.8, 819.0, and 574.1 mAh g− 1 

for nm-Si under the same conditions (Fig. 1b). The corresponding 
voltage-capacity curves further highlight the more pronounced capacity 
loss and voltage polarization in the nm-Si anode (Fig. 1c and d). 
Regarding long-term cycling stability, the μm-Si anode exhibits rapid 
capacity degradation, retaining only 11.5% of its initial capacity after 
200 cycles, indicative of severe structural failure during prolonged 
operation (Fig. 1e). Conversely, despite a sharp capacity decline in the 
initial cycles (1st-50th cycle), the nm-Si anode shows a relatively stable 
subsequent cycling behavior (50th-200th cycle), achieving a capacity 
retention of 18.9% after 200 cycles (Fig. S3).

Taken together, the μm-Si anode delivers higher initial reversible 
capacity and superior rate performances yet suffers from rapid capacity 
fading upon extended cycling. In contrast, the nm-Si anode exhibits 
lower initial reversible capacity but achieves enhanced long-term 
cycling stability. These distinct electrochemical characteristics suggest 
fundamentally different degradation mechanisms depending on particle 
size between the two Si anodes, motivating a detailed mechanistic 
investigation into their respective failure processes.

3.2. Interfacial chemistry investigation

To elucidate the size-dependent failure mechanism, the Li+ and 
electron transport behavior of Si anodes were systematically examined. 

Fig. 1. Electrochemical performance of Si anodes with different particle sizes. (a) Galvanostatic charge and discharge profiles of μm-Si and nm-Si anodes at the initial 
cycle. (b) Rate performances and (c-d) corresponding charge and discharge profiles of μm-Si and nm-Si anodes (1.0 C = 5.7 mA cm− 2). (e) Long-cycling performances 
of μm-Si and nm-Si anodes at 1.0 mA cm− 2.
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Firstly, the μm-Si anode shows both higher ionic conductivity (7.5 10− 4 

vs. 3.8 × 10− 4 mS cm− 1 of nm-Si) and electronic conductivity (9.6 10− 4 

vs. 1.9 × 10− 4 mS cm− 1 of nm-Si) before cycle (Fig. 2a). Galvanostatic 
intermittent titration technique (GITT) analysis confirms the lower po
larization of μm-Si throughout the initial cycling (Fig. 2b). The detailed 
Li diffusion coefficient calculation further demonstrate faster ion 
transport within μm-Si (Fig. 2c). These results indicate that larger Si 
particle size facilitates a more continuous charge transport network 
within the composite Si anode, thereby enhancing the active material 
utilization.

The electrochemical stability of the Si/SSE interface was further 
examined to correlate particle size with the interfacial impedance. The 
μm-Si anode exhibits higher cycling reversibility than nm-Si during the 
initial cycles, suggesting more stable electrochemical reactions and 
fewer parasitic reactions (Fig. 2d and e). Corresponding electrochemical 
impedance spectroscopy (EIS) also reveals that the μm-Si anode exhibits 
a significantly lower interfacial impedance (11.7 Ω) compared with the 
nm-Si anode (16.1 Ω) after the first lithiation (Fig. 2f). This lower 
interfacial impedance further demonstrates the superior electrochemical 
stability of μm-Si (Fig. 2g).

X-ray photoelectron spectroscopy (XPS) analysis reveals that fewer 
decomposition products of sulfide SSE, mainly consisting of Li2S and 
reduced phosphorus species (Ma et al., 2024), are present in μm-Si 
interface after the first lithiation process (Fig. 2h). In contrast, the nm-Si 
anode, with its larger specific surface area, accumulates a higher content 
of these decomposition products on its surface (Fig. 2i), indicative of 
increased parasitic interfacial side reactions that directly compromise its 
initial reversible capacity. The resulting Li2S and reduced P species, both 

characterized by low Li+ conductivity, further severely hinder Li+

transport within the nm-Si anode and deteriorate its rate capability.
Collectively, the larger particle size of μm-Si establishes a more 

effective percolation network for ion/electron transport, while its lower 
specific surface area minimizes initial interfacial side reactions. This 
synergy underpins its higher initial reversible capacity and Coulombic 
efficiency. In contrast, the high specific surface area of nm-Si exacer
bates parasitic interfacial reactions during the initial cycling, which 
significantly impedes charge transfer and degrades electrochemical 
performance. These distinct transport and interfacial characteristics 
provide a mechanistic insight into the initial performance difference, 
paving the way for further investigation into the structural evolution of 
the interface upon prolonged cycling.

To extend the interfacial analysis to long-term cycling and establish a 
link with the evolving electrochemical performance, we further probed 
the interfacial evolution and side reactions of the two Si anodes over 
extended cycles. From the perspective of interfacial kinetics evolution, 
in-situ EIS reveals a pronounced increase in interfacial impedance for 
nm-Si with cycling, consistent with the continuous formation of resistive 
surface layers and ongoing electrode degradation (Fig. 3a and b). 
Impedance fitting revealed a more rapid increase in both contact resis
tance (Rs) and charge-transfer resistance (Rct) for the nm-Si anode dur
ing cycling compared to μm-Si (Fig. S4). This indicates significantly 
more severe interfacial side reactions in nm-Si, which in turn severely 
hindered interfacial ion/electron transport and degraded the anode's 
capacity. Distribution of relaxation time (DRT) analysis further resolves 
the evolution of individual interfacial processes, showing that within 15 
cycles, the nm-Si anode experiences significant accumulation of 

Fig. 2. Interfacial kinetics and interfacial chemistry of different Si anodes. (a) The ionic conductivity and electronic conductivity of μm-Si and nm-Si anodes. (b) GITT 
curves and (c) corresponding Li-ion diffusion coefficients of the Li|LPSCl|μm-Si cell and the Li|LPSCl|nm-Si cell at 1 mA cm− 2. (d, e) The CV curves of μm-Si and nm-Si 
anodes at the initial cycle using Li|LPSCl|Si configuration. The EIS curves of μm-Si and nm-Si anodes after the initial (f) lithiation and (g) delithiation processes. (h, i) 
XPS spectra of μm-Si and nm-Si anodes after the first cycle.
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interfacial byproducts (reflected in the RSEI) and progressive deteriora
tion of charge transfer kinetics (Rct, Fig. 3c). In stark contrast, the μm-Si 
anode exhibits a much slower rise in interfacial impedance, indicating 
superior interfacial stability during the initial cycling stage.

In terms of interfacial composition evolution, XPS analysis reveals 
that nm-Si already accumulates substantial Li2S decomposition products 
(33%) within the initial cycle, reflecting the rapid onset of parasitic 
interfacial reactions (Fig. 3d and e). These side reactions consume active 
Li, contributing directly to irreversible capacity loss and early perfor
mance degradation. In contrast, μm-Si exhibits markedly suppressed 
side reactions during the initial cycle, with only 10% Li2S detected. 
However, upon extended cycling (15 cycles), even the μm-Si anode 
begins to exhibit severe interfacial degradation, as evidenced by the 
accumulation of decomposition byproducts and a corresponding decline 
in reversible capacity. This result indicates that the interfacial side re
actions play a significant role in the reduction of the capacity of the μm- 
Si anode.

Hence, the μm-Si anode combines intrinsically fast charge-transfer 
kinetics with superior initial interfacial stability relative to nm-Si, ac
counting for its higher initial capacity and rate capability. Regrettably, 
prolonged cycling progressively compromises the interfacial integrity of 
μm-Si anode, leading to increased side reactions and eventual capacity 
fade. These findings extend the understanding of particle-size- 
dependent interfacial chemistry from the initial to the long-term 
cycling regime, setting the stage for a detailed examination of the cor
responding structural evolution within the Si electrodes.

3.3. Electrode structure and mechanical stress evolution

To further elucidate the particle-size-dependent failure mechanisms 
and extend the understanding beyond interfacial chemistry, we sys
tematically tracked the structural evolution of composite Si anodes 
using ex situ SEM analysis across pristine, lithiated, and delithiated 

states (Fig. 4a and b). Regarding the initial lithiation/delithiation pro
cesses, the μm-Si anode exhibits larger pores due to its larger particle 
size, which serve as effective expansion buffers during lithiation. 
Conversely, the nm-Si anode initially presents a more compact structure, 
offering limited free volume to accommodate volume change (Fig. S5). 
Upon lithiation, both the μm-Si and nm-Si anodes transform into rela
tively uniform and dense structures due to the volume expansion. 
However, the μm-Si anode shows a thickness increase from 45.2 μm to 
66.7 μm (147.6%, anode's thickness after delithiation/anode's pristine 
thickness), followed by a recovery to 50.0 μm upon delithiation 
(Fig. S6). The presence of larger pores in μm-Si provides void space to 
buffer volumetric expansion during lithiation (Fig. 4a). As a result, this 
effectively lowers the overall strain and reduces irreversible deforma
tion, thereby contributing to better structural reversibility. In contrast, 
the nm-Si anode undergoes a more pronounced thickness variation, 
expanding from 25.9 μm to 50.0 μm (193.0%) during lithiation and only 
partially recovering to 43.7 μm during delithiation (Fig. 4b). The rela
tively compact packing of nm-Si particles provides insufficient free 
volume to accommodate lithiation-induced swelling, exacerbating me
chanical stress during cycling. This results in a significantly larger 
irreversible thickness change of 17.8 μm for the nm-Si anode, compared 
to 4.8 μm for the μm-Si anode. The high irreversible structure change of 
nm-Si anode leads to severe active-Si isolation and capacity decrease at 
the initial cycle.

In terms of particle cracking and electrode structural integrity, sub
sequent SEM characterizations further confirm that nm-Si anode de
velops more extensive porosity after the initial delithiation process 
compared to μm-Si (Fig. 4c and d). Owing to the lack of accommodation 
space, the nm-Si anode mechanically fails to withstand lithiation- 
induced expansion, and the subsequent delithiation triggers significant 
structural collapse, which directly compromises its reversible capacity. 
Although μm-Si anode exhibited superior reversibility in volume 
change, prolonged cycling still induces particle cracking due to 

Fig. 3. Interfacial chemistry evolution. (a, b) EIS curves of Li|LPSCl|Si cells with μm-Si and nm-Si anodes after 1st, 5th, and 15th cycles. (c) The corresponding DRT 
curves of Li|LPSCl|Si cells at different cycle numbers. (d, e) XPS spectra of μm-Si and nm-Si anodes after different cycle numbers and (f) the corresponding percentage 
charts of the XPS spectra. The relative contents of different sulfur species were calculated based on their respective fitted peak areas relative to the total sulfur (S 2p) 
spectral area.
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recurrent strain accumulation, as revealed by post-cycling SEM (see 
Fig. 4e, f and Fig. S7).

To correlate structural degradation with mechanical stress evolution, 
in situ pressure measurements were conducted to monitor the dynamic 
stress variations throughout cycling (Fig. 4g and h). Persistent me
chanical stress fluctuations corroborate the degradation mechanism of 
μm-Si anode under extended operation. The more severe volumetric 
expansion of μm-Si particles during each cycle leads to the accumulated 
mechanical stress. Under prolonged cycling with repeated pressure 
swings (3.47 Mpa of μm-Si anode compared to 2.86 Mpa of nm-Si 
anode), this stress buildup renders μm-Si particles prone to pro
nounced fragmentation and rapid capacity degradation within pro
longer cycles. On the contrary, the limited volume variation of nm-Si 
particles in subsequent cycles helps preserve Si particle integrity, 
enabling its stable long-term capacity retention and cycling 
performance.

Overall, the electrochemical behavior and structural stability of Si 
anodes in sulfide-based ASSLBs are fundamentally governed by particle 
size, leading to distinct electro-chemo-mechanical failure pathways 
(Fig. 5). Electrochemically induced volume changes generate mechani
cal stress that disrupts solid-solid contacts, exposing fresh surfaces to 
trigger parasitic chemical reactions, which in turn further amplify 
electrochemical degradation. Therefore, the μm-Si anode offers higher 
initial capacity and rate capability due to its continuous ionic/electronic 
transfer network, porous buffer architecture and suppressed side re
actions, but suffers from progressive particle cracking and rapid capacity 
fading under prolonged cycling. In contrast, the nm-Si anode exhibits 

severe initial degradation originating from drastic interfacial side re
actions yet achieves better long-term stability owing to reduced volu
metric fluctuations. These contrasting behaviors underscore the critical 
role of particle size in dictating the degradation mechanisms of Si-based 
ASSLBs, highlighting a fundamental trade-off between initial electro
chemical performance and long-term structural stability. Based on the 
size-dependent electro-chemo-mechanical failure mechanisms, future 
efforts should be focused on designing bimodal or hierarchical particle 
size distributions to synergistically combine high initial capacity with 
long-term stability, developing stress-buffering electrode architectures, 
and employing operando characterization to unravel coupled failure 
mechanisms. Such strategies will guide the rational design of high- 

Fig. 4. Analysis of anode structure evolutions. (a, b) The cross-sectional SEM images of μm-Si and nm-Si anodes at the initial state, after the first lithiation, and after 
the first delithiation processes. (c, d) The surface SEM images of μm-Si and nm-Si anodes after the first delithiation process. (e, f) The SEM images of μm-Si and nm-Si 
anodes after 200 cycle. (g) The pressure variation and cycle curves of Li/In||Si cells at a current density of 1 mA cm− 2 and (h) the corresponding pressure difference 
value between each lithiation (Plithiation) and delithiation (Pdelithiation) process of Li/In||Si cells.

Fig. 5. Schematic of the size-dependent failure mechanisms of μm-Si and nm-Si 
anodes in ASSLBs.
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energy-density, durable Si-based ASSLBs.

4. Conclusion

In summary, this work systematically unveils the particle-size- 
dependent electro-chemo-mechanical failure mechanisms of the Si 
anode in sulfide-based ASSLBs. The μm-Si anode benefits from its larger 
particle size, which provides a porous buffer architecture that effectively 
accommodates volume expansion during initial cycling, resulting in 
restrained side reactions, lower interfacial impedance, and superior 
structural reversibility. Consequently, μm-Si anode delivers the higher 
initial reversible capacity and rate capability. However, under pro
longed cycling, cumulative mechanical stress from recurrent volume 
fluctuations induces the progressive cracking of μm-Si particles, which 
in turn exacerbates interfacial side reactions and ultimately drives rapid 
capacity fading. In contrast, the nm-Si anode, characterized by its high 
specific surface area and compact packing, suffers from severe interfa
cial side reactions and pronounced irreversible volume change during 
the initial cycle, leading to its significant structural collapse and rapid 
early capacity decay. Nevertheless, its limited volumetric fluctuations in 
subsequent cycles preserve the integrity of nm-Si particles, enabling the 
more stable long-term cycling performance. These contrasting behaviors 
establish a particle-size-dependent trade-off between the initial perfor
mance and long-term durability, providing critical design principles for 
high-performance Si-based all-solid-state batteries.
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