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Abstract — Silicon (Si) is a promising next-generation anode for lithium-ion batteries (LIBs) owing to its high theoretical
capacity (~4200 mAh g') and low operating potential. However, severe volume expansion during cycling causes cracking,
delamination, and unstable SEI formation. To address these challenges, hybrid systems combining Si with carbon, metal
oxides, two-dimensional (2D) materials, or conductive polymers have been developed. These systems enhance electrical
conductivity, buffer structural stress, and stabilize SEI layers. In particular, yolk—shell and multi-shell architectures
effectively accommodate large volume changes and improve cycling stability. Despite significant progress, low initial
coulombic efficiency (ICE), complex synthesis, and limited scalability hinder commercialization. Advances in scalable
fabrication and surface engineering are essential for practical Si-based high-energy LIBs.
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Fig. 1. Schematic illustration of morphological changes in Si active materials during the charge/discharge process. (a) Si microparticles and
(b) Si nanoparticle aggregates. Reproduced from ref. [9], licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/); no
changes made.
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Fig. 2. Schematic illustration of the synthesis process for Si/CusSi-based composite powders. Reproduced from ref. [20], licensed under CC
BY 4.0 (https://creativecommons.org/licenses/by/4.0/); no changes made.
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Fig. 3. (a) Schematic illustration of the fabrication process of the double yolk—shell structure. (b), (c), (d), and (¢) TEM images corresponding
to Si, Si/Si0, Si/Si0:/C, and Si/void/SiO:/void/C spheres, respectively. Reproduced from ref. [25], licensed under CC BY 4.0 (https://

creativecommons.org/licenses/by/4.0/); no changes made.
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Fig. 4. Schematic illustration of various structural designs of Si/C composites as anodes for lithium-ion batteries. Reproduced from ref. [44],

licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/); no changes made.
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Fig. 5. Morphological evolution of a single sheet. (a—c) 2D Si and (d—f) 2D Si@C, where graphene encapsulates silicon, after 1, 10, and 100
cycles, respectively. Scale bar: 1 pm. Reproduced from ref. [49], licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/

4.0/); no changes made.
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Table 1. Electrochemical Performance of Silicon-Carbon Hybrid Systems
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Si/C 0.1 100 941.1 Zhang, 2023
Si/C 0.5 100 605.43 Li, 2023
Si/C 2.0 400 1283 Ma, 2023
Si@C@void@C 0.5 50 1366 Xie, 2017
Meso-Si/C 1.0 1000 990 Xu, 2016
Si/graphite/C 0.5 300 ~400 Wang, 2016
M-pSi@C 1.0 250 1702 Su, 2023
Porous Si/C nanotubes 0.2 200 1300 Chen, 2017
Si/C/graphene 0.2 100 760 Wu, 2015
SirtGO 0.1 100 1433 Liu, 2015
Si/CNTs 5.0 1000 6123 Guo, 2024
Si/CNTs 10 100 800 Gohier, 2012
Si@(POH-AOCNTs) 1.0 500 1195.8 Liu, 2024
Si@CNFs 1.0 100 658.1 Zhang, 2025
c¢pDOPA-crGO-Si 1.0 200 1038 She, 2021
HPC/Si@C 2.0 500 358 Cao, 2024
SiO,@NPC Y.S. 0.1 300 705 Min, 2022
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Table 2. Electrochemical Performance of Silicon-Metal Oxide Hybrid Systems

Si Anodes Current Density (A/g) Cycle Number Remaining Capacity (mAh/g) Source (1st Author, Year)
Porous Si/Fe,03 0.2 100 697.2 Chen, 2020
Si@Sn0O, 0.2 200 1926 Zhu, 2022
Si@a-TiO, 0.42 200 1720 Yang, 2017
Si/TiO, 0.1 100 1010.7 Li, 2016
TiO»/SiNWs 0.1 100 ~1700 Lotfabad, 2013
SiO/Fe,05 0.16 50 1335 Zhou, 2013
Si/Fe,Os@rGO 0.2 200 1744.5 Yan, 2021
Si@Fe,05/C 1.0 300 680.7 Wang, 2019
Si-SnO,-graphene 0.1 20 350 Li, 2017
TiGL@Si 1.0 350 1200 Huertas, 2022
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Fig. 6. Fabrication process of composite electrodes from Si/MXene ink-based slurry. (a) Preparation of composite electrodes using Si/MXene
ink-based slurry. (b) Drying process of the slurry. (c¢) Schematic diagram showing the formation process of the Si/MXene composite.
(d) SEM image. (e) Cross-sectional SEM image. (f) SEM image (scale bar: 1 pm). Reproduced from ref. [75], licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/); no changes made.
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Table 3. Electrochemical Performance of Silicon-2D Material Hybrid Systems

Si Anodes Current Density (A/g) Cycle Number Remaining Capacity (mAh/g) Source (1st Author, Year)
Si@Ti;C, Mxene 0.2 150 188 Kong, 2018
Si@Ti;C, Mxene 1.0 200 1342.8 Yang, 2020

nSi/MX-N 1.5 70 1106 Zhang, 2019

Si/Mxene 0.2 100 2118 Tian, 2019

MoS,@Si 0.1 300 1223 Marriam, 2023

Si/d-TizC, 0.5 200 1130 Zhu, 2019
nmSi-NH,/Mxene 1.0 100 929.5 Kong, 2024

Si/MoS,-G 0.2 90 923 Kawade, 2019
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Fig. 7. Schematic illustration of the fabrication process of PANI-coated Si core—shell structures. Reproduced from ref. [97], licensed under CC
BY 4.0 (https://creativecommons.org/licenses/by/4.0/); no changes made.

Table 4. Electrochemical Performance of Silicon-Conductive Polymer Hybrid Systems

Si Anodes Current Density (A/g) Cycle Number Remaining Capacity (mAh/g) Source (1st Author, Year)
SiNP/PANi 1.0 1000 1200 Wu, 2013
Si-oxalic acid-PANI 1.0 1000 610 Zhou, 2020
Si@Ppy 1.0 500 1047 Zhang, 2024
Si/PANI 1.0 100 5453 Tu, 2013
Si/PANi/C 0.1 200 1470 Mu, 2019
Si/PANi 0.1 25 1840 Cai, 2010
Si@PEDOT 0.5 100 1439.8 Li, 2021
PEDOT:PSS/SiNP 1.0 100 1950 Higgins, 2016
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