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Abstract

Morphology, material property, and mechanical constraint jointly govern the chemo-
mechanical behavior of ion-intercalation particles, yet their coupled effects remain in-
sufficiently understood. Here we establish a thermodynamically consistent single-particle
framework and combine analytical solutions with multiphysics simulations to determine
how these factors regulate lithiation and stress generation. We study hollow spheri-
cal, cylindrical, and ellipsoidal particles with isotropic or transversely isotropic material
properties under fully constrained, inner-free, or unconstrained boundary conditions. We
show that the transient lithiation pathway and the associated stress and strain fields are
governed not by morphology, property, or constraint alone, but by their coupled interac-
tion: isotropic particles are sensitive to the mechanical constraint, whereas transversely
isotropic particles exhibit persistent heterogeneous lithiation dominated by anisotropic
diffusivity. Flux decomposition analysis reveals that the mechanical contribution to Li
flux is negligible in spheres but dominant in ellipsoids. Correlation analysis further shows
that Li concentration and volumetric strain exhibit strong anti-correlation in uncon-
strained particles but weak correlation under full constraints. Bayesian optimization of
hollow ellipsoids identifies Pareto-optimal morphologies that balance lithiation capacity
against peak tensile stress. These results provide a unified framework for the morphology-
property interplay in intercalation particles and offer morphology design principles for
chemo-mechanical stability.
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Figure 2: Evolution of elastic energy as a function of normalized volume-averaged Li concentration,
(¢)/Cmax, for particles with different isotropic or transversely isotropic (TI) properties, morphologies,
and mechanical constraints: fully constrained, inner-free, and unconstrained. (a) Spherical particle with
isotropic properties. (b) Cylindrical particle with constrained axial displacement. (c¢) Cylindrical particle
with unconstrained axial displacement (zero total axial force). (d) Ellipsoidal particle. In (a) and (d),

the total elastic energy is plotted in unit of J. In (b) and (c), the elastic energy per unit axial length is
plotted in unit of J/m.
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Figure 3: Full fields of normalized Li concentration z1; = ¢/cmax in an isotropic ellipsoidal particle at
t = 2000 s (first row) and ¢ = 3600 s (second row) under different mechanical constraints: (a)&(e)
fully constrained, (b)&(f) inner-free, (c)&(g) unconstrained, and (d,h) Fickian-like process neglecting

elasticity.
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Figure 4: Full fields of normalized Li concentration xr; = ¢/cmax in a transversely isotropic ellipsoid at
t = 2000 s (first row) and ¢t = 3600 s (second row) under different mechanical constraints: (a)&(d) fully

constrained, (b)&(e) inner-free, and (c)&(f) unconstrained.
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