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All-solid-state Li-ion batteries (ASSLIBs) have emerged as promising next-generation energy storage systems
owing to their superior safety, thermal stability, and potential for high energy density. To realize these advantages,
the development of high-capacity and stable anode materials is crucial. Graphite anodes, commonly used in con-
ventional Li-ion batteries (LIBs), exhibit a low theoretical capacity of 372 mAh g, limiting the overall energy den-
sity of ASSLIBs. In contrast, Li metal anodes offer a much higher capacity (3,860 mAh g™) but face challenges
such as dendrite growth and interfacial instability. Alloy-based anodes, including Si and Sn, have gained attention
because of their abundance, high theoretical capacities (3,579 and 994 mAh g, respectively), and moderate oper-
ating potentials (0.4 V and 0.5 V vs. Li*/Li). Nevertheless, their practical application remains difficult due to severe
volume fluctuations during lithiation and delithiation, leading to mechanical failure and interfacial contact loss. To
overcome these limitations, diverse strategies—such as structural optimization, interfacial engineering, composite
design, prelithiation, and compound modification—have been proposed to enhance the stability and performance of
Si- and Sn-based anodes. This review summarizes recent progress and improvement strategies, offering insights for
the future development and practical implementation of ASSLIB technologies.
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Fig. 1. (a) Schematic illustration of the 50 nm Si film deposition process and SEM images of the Si/LLZTa interface. (b)
Cycling performance at a C/18 rate and (c¢) impedance spectra after lithiation of the Si film [30]; Copyright 2018, American
Chemical Society. (d) Field-emission SEM images of the surface of non-porous and porous Si films (top), and annular dark-
field scanning TEM cross-sectional images of non-porous and porous Si films (bottom). (e) Cycling performance comparison
between non-porous and porous Si films. (f) Rate capability of porous Si films [31]; Copyright 2018, Springer Nature. (g)
Schematic illustration of the columnar-Si (col-Si) anode during cycling (top), and SEM image of col-Si (bottom). (h)
Schematic diagram depicting morphological changes in col-Si during the first lithiation. (i) Cycling performance of
NCM]ISE|col-Si full cell at 25 °C [32]; Copyright 2020, John Wiley and Sons. (j) Schematic illustration of plane and side views
showing the major expansion directions along the <110> orientation for each wafer. (k) Surface and cross-sectional SEM
images of 1st-lithiated bare <110> wafer, pristine grooved <110> wafer, and 1st-lithiated grooved <110> wafer. (I) Cycling
performance of the grooved <110> wafer compared to a powder-based electrode [33]; Copyright 2023, American Chemical
Society
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Fig. 2. (a) Schematic illustration of the simplified local bonding structure within Si during lithiation/delithiation (left), and
Raman spectrum, voltage profile, and differential capacity plot (DCP) of the Si-PAN anode (right). (b) Cycling performance
of full cells using the Si-PAN anode [34]; Copyright 2020, IOP Publishing. (¢) Schematic illustration of the synthesis process
for the interfacial nitrogen layer between Si and MXene (top), and TEM images (bottom). (d) Cycling performance of the Si-
N-MXene anode in a half-cell. (e) Cycling performance of the Si-N-MXene anode-based full cell paired with an LFP cathode
[35]; Copyright 2022, Elsevier. (f) Schematic illustration of ASSLIB composed of Si@MOF|LFP (top), and SEM and TEM
images of the Si@MOF structure along with corresponding Energy-dispersive X-ray spectroscopy (EDS) mapping results
(bottom). (g) Cycling performance and voltage profiles of the Si@MOF anode. (h) Cycling performance of the Si@MOF-
based full cell at 0.5C [36]; Copyright 2022, American Chemical Society
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Fig. 3. (a) Schematic illustration of the structure and lithium-ion transport pathways in the composite electrode, graphite
diffusion-dependent electrode, and graphite—silicon diffusion-dependent electrode (top), along with a cross-sectional SEM
image and corresponding EDS mapping of the Gr/n-Si composite. (b) Rate capability of the Gr/n-Si composite electrode. (¢)
Cycling performance of the Gr/n-Si composite electrode. (d) Digital twin-based 3D structural models of graphite—silicon
electrodes (left), and the change in contact area between silicon and graphite particles during cycling (right) [37]; Copyright
2021, John Wiley and Sons. (e) Schematic illustration of the Si-SE, Si/CNF-SE, and Si/CNF@LPSCI-SE composite
structures. (f) Cycling performance of the Si(55)/CNF(45) composite and Si(55)/CNF(45)@LPSCI composite anodes at 0.5C.
(g) Rate capability of the Si(55)/CNF(45) composite and Si(55)/CNF(45)@LPSCI composite anodes [38]; Copyright 2021,
Elsevier. (h) Schematic illustration of the preparation process | for the Si—-SE—-CB composite. (1) Cycling performance of the Sl—
SE-CB anode in a half-cell at a current density of 0.5 mA cm™. (j) Top- and side-view SEM images of the Si composite anodes
before and after cycling. (k) Schematic illustration of the full cell configuration (top) and cycling performance of the full cell
with cathode mass loadings of 10 and 20 mg cm ™ (bottom) [39]; Copyright 2022, John Wiley and Sons
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Fig. 4. (a) Schematic illustration of the preparation process for the uSi/SWCNT/LPSCI composite. (b) SEM image with the
corresponding EDS maps and HRTEM image. (c) Cycling performance of the #Si/fSWCNT/LPSCI anode at 1 C (3000 mA g™).
(d) Cycling performance of the uSi/SWCNT/LPSCINCMS$11 full cell with an NCM811 loading of 24.5 mg cm~ [40]; Copyright
2025, American Chemical Society. (e) Schematic illustration of the nSi and Li, ,Si-nSi anodes. (f) Cycling performance of the s-
Li, Si-nSiNCM811 full cell with an NCM811 loading of 13.98 mg cm™. (gz Voltage profiles of the s-Li, Si-nSiNCMS811 full
cell at different current densities with an NCM811 loading of 28.32 mg cm™. (h) SEM images of the s-Li, ,Si-—nSi anode in the
pristine state, after 0.1C activation, and after the 100th cycle [41]; Copyright 2024, John Wiley and Sons. (i) Schematic
illustration of the anode|SSE structure for the Li, Si,/Si-Li,,Si; anode. (j) Cycling performance of the Li,,Si;/Si-Li,,Si;]LCO
full cell (N/P ratio = 6.7). (k) TEM images showing a Si particle (left) and a Li-Si@Si particle (right) during lithiation [42];
Copyright 2025, Springer Nature
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Fig. 5. (a) 'Li NMR spectra of Li,Si synthesized under different pressures and durations. (b) Electronic conductivity of Si and
Li_Si. (¢) Plating and stripping performance of Li Si (x = 0.25, 1, and 2) over 20 cycles at 0.2 mA ecm™. (d) Cycling performance
of Si and Li,Si cells at 5 mA cm™. (e) Voltage profiles of Li,Si|LCO full cell with different cathode loadings [43]; Copyright
2024, Springer Nature. (f) Schematic illustration of the preparation process for the c-Li,Si anode. (g) Electronic conductivity
and (h) ionic conductivity of the composite anode as a function of component ratio. Cycling performance of p-Li,SiiNCM811
and c-Li,Si-60[NCMS811 full cells at (i) 1C and (j) 3C. (k) Voltage profiles with the corresponding stress change of the p-
Li,SiiNCM811 (left) and c-Li,Si-60|]NCMS811 full cells (right) [44]; Copyright 2025, John Wiley and Sons
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