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Fig. 1. Degradation mechanism of (111) single-crystalline silicon electrodes during lithiation.
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Fig. 2. (a) Schematic diagram of a home-made battery cell; (b) experimental platform for the optical observation.
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Fig. 3. Typical FE-SEM images of a micron-sized silicon

pillar. Here, the scale bars are 10 pm.
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Fig. 4. Morphological changes during lithiation for silicon electrodes at (a)—(d) 72.9 pA/cm?' (e)-(h) 193.3 pA/cm? and

(i)—(1) 465.3 pA/cm?. Here, the scale bars are 5 pm.
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Fig. 5. Profile of voltage and lithiation time for crack initi-
ation of silicon electrodes at different current density. Here,
the scale bars are 5 pm.
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Fig. 6. (a) Relative lithiation depth for crack initiation of silicon electrodes at different current density; (b) hoop stress contour of Si

micropillars obtained by finite element method; (c) hoop stress along the radial direction at different moving velocity of phase inter-

faces.
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Fig. 7. Morphology of the silicon substrate after lithiation.
Here, the scale bar is 500 nm.
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Fig. 8. Cross-section of a silicon micropillar: (a) Before lithi-
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ation; (b) during lithiation.
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Fig. 9. Schematic diagram of stress state at the moment of
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Abstract

The large volume change during lithiation/delithiation leads the silicon electrodes in lithium-ion batteries
to severely degrade the mechanical performance and the silicon electrodes in lithium-ion batteries to further
deteriorate electrochemical properties, which limits the commercial applications of silicon electrodes. After
several year’s studies, the whole process of fracture for crystalline silicon anodes has been almost understood.
However, the relationship between fracture behaviors and the lithiation depth has not been sufficiently studied.
In this work, the in-situ observations of morphological changes (e.g., volume expansion, crack initiation,
propagation, and debonding of lithiated silicon) during lithiation at the different current densities are reported
for silicon micropillars fabricated by standard photolithography and a deep reactive ion etching process. Also,
this work focuses on the relative depth of lithiation of silicon electrodes at the moment of crack initiation, which
is one of the crucial parameters representing the utilization of active materials with no crack. The results show
that the silicon micropillars are broken faster (i.e., crack initiation and pulverization in a shorter lithiation time)
and more seriously at a large current density, exhibiting more prominent symmetry of morphology. However,
the relative depths of lithiation at the different current densities have just a slight difference (i.e., 18%—-22%),
when cracks are initiated. Here in this work, a silicon micropillar fracture is confirmed by the optical
observation, while the relative depth of lithiation is calculated according to the capacity data recorded by the
charge/discharge battery test system. The small fluctuation of the relative depth of lithiation with the large
wave of current density can be ascribed to the dominant role of local stress concentration caused by anisotropic
volume change in fracture behavior, which is validated by the results obtained by the finite element model (i.e.,
the depth of lithiation predicted by numerical simulations is ~ 22.6%). Therefore, the relationship between
fracture behavior and the lithiation kinetics is established, providing an effective strategy for estimating the
utilization of active materials under crack-free operation. With the help of the theoretical mechanics model
considering both volume change and concurrent movement of reaction front, the stress state in the lithiated
silicon at the moment of crack initiation is given, showing the tensile hoop stress near the reaction front.
Consequently, these results suggest that the fracture behaviors depend on the current density, but the position
of crack initiation (i.e., the depth of lithiation with no crack) is unrelated to current density (at least in a
relatively broad range) for large micron-sized crystalline silicon electrodes, thereby shedding light on the

fracture mechanisms and the design of alloy anodes (e.g., size and structure) in lithium-ion batteries.

Keywords: lithium-ion battery, silicon electrode, fracture behavior, current density
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