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Multiplicative decomposition of gradient deformation tensor
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indicates that the kinetics of lithiation are likely controlled by
short-ranged processes near the reaction front (interfacial diffu-
sion and reaction, with adjacent plastic flow), and not by long-
ranged diffusive transport along the length of the wire. This is in
sharp contrast to the L ! t1/2 behavior found in the lithiation of
SnO2 nanowires in prior studies using a liquid-cell setup.33

Intriguingly, crack-induced fracture of the Li15Si4 nanowire was
also observed at some extreme situations (Figure S7, Supporting
Information). Figure S7a shows a split Li15Si4 nanowire in the
fast lithiation process polarized at !4 V against Li metal. The
nanowire was fractured into two subwires (Figure S7b!d) along
the central crack (Figure S7e). Due to the limitations against such

strong electric potentials in the liquid cell geometry, a similar self-
splitting phenomenon has not been observed in that case, but the
fracture phenomenon shows a clear link to the more common
anisotropic swelling phenomenon observed in all conditions.
In cases when the Li2O electrical isolation layer is not thick
enough, and we see a short circuit between the Si nanowire and
the Li metal, then the lithiation proceeds rapidly at 0 V applied
potential with the same fracture phenomenon. Thus, we conclude
that the fracture is related to the fast lithiation of the nanowire and
not the strong potential (!4 V) used in the solid cell.

To understand the anisotropic swelling and fracture in the
lithiated nanowire, we modeled Li diffusion coupled to elasto-
plastic deformation (Figure 5a). The diffusion was described by a
nonlinear model (Supporting Information) with diffusivities
depending on the local Li concentration, giving an evolving
core!shell structure with the sharp interface separating a Li-
deficient core (ratio of Li to Si, x ≈ 0) and Li-rich shell (x ≈
3.75). Figure 5b shows the simulated Li distribution in the wire,
demonstrating the progressive development of the three-dimen-
sional tapered c-Si core (Figure 5c). Numerical studies indicate
that the small taper of the core is the manifestation of faster Li
diffusion on the cylindrical surface than in the bulk of the wire, as
suggested by the recent first principles calculations of lithium
migration barriers.12 To capture the anisotropic dimensional
change of the cross section, we have matched the model to the
observed cross-sectional shape by using an appropriate aniso-
tropic lithiation-induced strain, i.e., 150% in [110] and 40% in
[111] at the lithiation limit of x = 3.75 (see Figure S8c, Support-
ing Information). Moreover, our model indicates that the lithia-
tion reaction front (i.e., the core!shell interface) should move
much faster in the [110] direction than [111], in order to
facilitate the development of dumbbell-shaped cross sections in
finite element calculations (Figure S9, Supporting Information).
Such anisotropy in migration velocity of the reaction front was
realized numerically by assigning the anisotropic Li diffusivities.

Figure 4. Statistics of the reacted Si nanowire length (L) versus time (t)
plot. The linear L!t relationship was observed for both the solid and the
liquid cells for the same batch of Si nanowires. The reaction front
migration speed was about 10!200 nm/s in the solid cell and about
60!200 nm/s in the liquid cell. The larger variation of the speed in the
solid cell was likely due to the variation of Li+ transport in the Li2O
electrolyte.

Figure 5. Simulated Li and stress distributions in a [112]-oriented Si nanowire. (a) 3D simulation of a progressively lithiated nanowire (i.e., the Li flux is
prescribed at the front end), showing the development of the dumbbell-shaped cross section along the longitudinal direction. The contour indicates the
normalized Li concentration, c, defined as the actual Li concentration divided by the Li concentration in the fully lithiated state (x = 3.75). (b) The wire is
cut to expose the Li distribution in the (111) cross section, showing the tapered Si core structure, which is consistent with the TEM image of (c). (d) The
Li distribution, c, in the (112) cross section at a representative postnecking stage, showing the [111]-elongated Si core. The black circle indicates the
initial cross section of the pristine Si nanowire. (e) Distribution of the von Mises equivalent stress, σeq = (3σijσij/2)

1/2, corresponding to the Li
distribution in (d); the areas in red attain plastic yielding. (f) Schematic of neck growth along the longitudinal direction of the nanowire. The front cross
section shows the distribution of the normal stress component, σ11. At the plane of x1 = 0, σ11 is tensile near the surface indent and compressive in the
center, the diminishing of central compression with increasing indent facilitates unstable necking growth (indicated by white lines) that can progress to
form cracks.
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