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Composition-gradient Design of Silicon Electrodesto Mitigate
M echanochemical Coupling Degradation
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(School of Aerospace and Mechanics, Tongji University, Shanghai 200092, China)

Abstract: As an anode for lithium-ion batteries, silicon material has the advantage of high energy density. However,
the volume effect during charge-discharge cycles causes instability in the active coating's surfaces and diffusion stress
induced by internal polarization, leading to inevitable structural degradation and capacity fading. Inspired by
functionally gradient materials, this study proposed a five-layer composite gradient silicon electrode. Experiments and
multi-scale electro-chemo-mechanical coupled model demonstrate that the designed symmetric and linear gradient
silicon electrodes effectively mitigate mechanochemical coupled degradation, showing superior cycling and rate
performance compared to traditional uniform electrode. Specifically, the symmetric gradient electrode retains a
specific capacity of 2065 mAh-g ' after 100 cycles at 0.2C (1C=2.65 mA-cm >) rate, with a capacity retention rate of
81%, while that of uniform electrode is 51%. The linear gradient electrode exhibits an average discharge capacity 1.5
times that of the uniform electrode at 1C rate. Moreover, both types of gradient electrodes demonstrate smaller

impedance variations before and after cycling compared to the uniform electrode. These composite gradient electrodes
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are implemented through an innovative multi-layer coating process, and improved structural stability and

electrochemical performance without material modifications, providing a reference for designing and fabricating

high-performance silicon electrodes.

K ey wor ds: lithium-ion battery; silicon electrode; functionally gradient material; multi-physics field coupling
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concentration gradients in the thickness direction. Colorful figures are available on website
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Table S1 Parametersof lithium-ion battery

Parameter Symbol Value
Initial Li" concentration of active material o)) 3650 mol-m™
Initial electrolyte salt concentration Co,e 1000 mol-m™
Maximum Li" concentration of active material’>)! Cs 365000 mol-m™
Li" diffusion coefficient of Sil® D 2x107% m*-s!
Partial molar volume of Si'®” Q 4.92x10'% m*-mol ™!
Si particle density Psi 2340 kg'm™
Si Poisson’s ratio Asi 0.22
SP Young’s modulus®* Esp 32.47 GPa
SP Poisson’s ratiolS* Hsp 0.315
SP density!S% PSP 1900 kg-m™
SA Young’s modulus Esa 12 GPa
SA Poisson’s ratio HSA 0.3
SA density OSA 1500 kg'm™
SP/SA matrix Pm 1766 kg-m™
Electronic conductivity of CBDB® OCBD 700 S-m!
Porous matrix density PP 477 kg'm™
Reaction kinetic constant k 5%107° m-s”!
Initial porosity of the AMC &0 0.67
Porosity of active separator'>*! Es 0.6
Faraday’s constant F 96500 C-mol ™’
Gas constant R 8.314 I-K "-mol™
Temperature T 298.15 K
Transfer coefficient A 0.5
Li" transference number I+ 0.36
Thickness of AMC Iamc 52 um
Thickness of separator Isep 20 pm
Thickness of the current collector leu 10 pm
D Vi(l+n;-SOC) Der =Dy =—5 Dy =eauc Dy (S11)
eamc =1 —— _ T &
V(1+ns -SOC) (S10) Oeff = EAMC' P00 (512)
- (1-&) Z(ﬂ(lJrni-SOC)) A, e ARERALBRAE,; ¢ NIEMEE; Do RANH Y
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~ pi

K, ViR H AR, A4S SivSP M SA; ¥ &
WL I WD G AR B e SRR AH o AR B I &R 4K
(nsi=3, nsp=nsx=0); ns 7 FELIRBEAAR 50 VF (1) 2K AR
PR 218 10%).
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Fig. S2  Schematic diagram of the electrode scale model
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