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Abstract: Silicon-based anodes are very promising anode materials for next-generation lithium-ion
batteries (LIBs) due to their high theoretical capacity, low working voltage, and high natural abundance.
However, practical implementation is severely hindered by intrinsic drawbacks including significant
volume expansion, low electrical conductivity, and unstable solid electrolyte interphase (SEI) films,
collectively leading to poor cycling stability. Herein, the fundamental principles governing volume
expansion and SEI formation in silicon anodes were reviewed, followed by in-depth discussion on the
expansion mechanism. The dual failure modes (mechanical and chemical instability) was analyzed, while
the detrimental consequences of cycling degradation was expounded. The modification research on
silicon-based anodes in recent years were elaborated from the perspective of multi-dimensional nano-silicon
structure design, including the design, preparation, advantages and disadvantages of 0D (silicon
nanoparticles, silicon quantum dots, efc.), 1D (silicon nanowires and silicon nanotubes), 2D (silicon
nanosheets, silicene), and 3D (porous silicon, silicon nanosponges) nano-silicon materials, as well as the
differences in structure, performance and application of other silicon-based anode materials (pure Si anode,
SiO, anodes, Si/C composite anodes). Finally, the critical needs for innovative technologies, fundamental
understanding in mechanism, in-situ characterization, and synergistic modification strategies were
emphasized. Future research directions and application prospects for high-performance silicon anodes were
outlined.
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Fig. 3 Ledge mechanism of crystalline silicon (a)P); Finite element results of lithiated (i) and delithiated silicon (ii)
electrode and SEM image (iii) of crack formation in <100> directions (b)*"); Finite element simulation of stress
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Fig. 4 Schematic diagram of degradation mechanism of SEI-driven silicon-based anode!**!
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Fig. 6 Schematic diagram of Si nanostructure and morphology
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Table 1 Performance comparison of nano-silicon anode materials by structural architecture
0D Si-CBPOD SR R A+ bk 1110.8 1000 4 75.6 [53]
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VGs@Si@PCFs L 25 22 RS IR ST +C VD 2205.0 3000 1 83.5 [60]
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Fig. 7 Schematic diagram of synthesis process of MPCF@VG@SiNDs/C (a); Charge-discharge profiles of MPCF@VG@SiNDs/C

for the 1st, 2nd, and 100th cycles at 0.1 A/g (b); Long-term cycling performance of MPCF@VG@SiNDs/C at 1 A/g (c); CV
profiles of MPCF@VG@SINDs/C at different scan rates (d); Rate performance of MPCF@VG@SINDs/C (e);
Galvanostatic charge/discharge voltage curves at 0.1 C (inset is the prepared pouch full cell) of MPCF@VG@SiNDs/C (f)
and cycling performance at 0.1 C (g) of MPCF@VG@SiNDs/CP*
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Fig. 8 Schematic diagram of synthesis process of SINW/CNF/CNT array (a); Specific capacity comparison of SiNW,
SiNW/CNF, and SiNW/CNF/CNT electrodes at 1 C (1 C=2 A/g) between 0.005 and 2.5 V (b); Rate performance of
SiNW/CNF and SiNW/CNF/CNT electrodes at various rates from 0.2 C to 8 C for 120 cycles (c); Voltage profiles of
flexible full battery (d); Cycle performance at 1 C for flexible full cell in different bending states (e); Voltage versus
specific capacity profiles of fully flexible batteries before and after 20, 40, 60, 80, and 100 cycles of bending, the
digital images showing the applications of fabricated flexible Li-ion battery to charge an LED and smartwatch ()%
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Fig. 9 Schematic illustration of synthetic procedure for Si-NSs@rGO (a); Long-term cycling performance of Si-NSs, Si-NSs@rGO,
nano-Si and nano-Si@rGO at 2 A/g for 1000 cycles (b); Rate capabilities of Si-NSs, Si-NSs@rGO, nano-Si and

nano-Si@rGO electrodes (c); CV curves of Si-NSs@rGO at various scan rates (d); Electrochemical impedance spectroscopy
of Si-NSs@rGO and nano-Si@rGO electrodes after activation (e)””
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Fig. 10 Schematic illustration for synthesis of VGs@Si@PCFs composite anode via electrospinning, magnetron sputtering and
chemical vapor deposition method (a); Cycle performance of VGs@Si@PCFs, VGs@Si@CFs and Si@Cu electrodes at

high current density of 1.0 A/g (b) and low current density of 0.1 A/g (c); Rate performance of VGs@Si@PCFs,

VGs@Si@CFs and Si@Cu electrodes (d); Charge and discharge curves of VGs@Si@PCFs electrode from 3.0 to 0.005 V
(vs. Li"/Li) obtained at a mass current density of 0.1 A/g at the 1st, 100th, 200th, 300th and 500th cycles (¢)/*”
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Table 2 Comparative analysis of scalability potential and commercial prospects for nano-silicon anode materials by
structural architecture
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Table 3 Comparison of performance and commercial maturity major of silicon-based anode materials in LIBs
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