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In situ TEM lithiation/delithiation

The macro-tests worked well, to a degree we did not really
anticipate at the beginning. To double check how the system
works, we also applied in situ electrochemical TEM to directly
monitor the structural evolution during the lithiation/delithiation
of the yolk–shell Si@TiO2 cluster. The experimental setup is
schematically shown in Fig. S20a (ESI†), which is similar to that
in our previous work.42–44 Fig. S20c (ESI†) shows a series of
images taken from the in situ lithiation/delithiation of the
Si@TiO2 cluster (Movie S5, ESI†). Initially (0 s), pristine Si
nanoparticles are visible within the TiO2 shell (15 nm). When
a bias potential of +5 V was applied, the Si particles expanded in
volume immediately as Li+ diffused through the TiO2 shell and
reacted with the Si particles. As shown in the second image
(53 s), the diameter of the silicon particle increased, and at this
time the silicon core was just partially lithiated, forming an
amorphous LixSi shell/crystalline Si core structure. Later, the
expanding silicon touches the inner surface of the TiO2 shell,
shown in the image (84 s). With continuous lithiation, the
expansive force exerted on the TiO2 shell grew larger and larger,
and the TiO2 shell deforms to follow the expansion without
gross structural failure. In the ensuing delithiation, the bias
voltage changes to � 5 V, silicon shrinks to almost the original
size, as shown in image (253 s). Then we repeat the lithiation
process (260–312 s), and find surprisingly that even at such a
high rate (discharging in Bminute, i.e. 60C), the TiO2 frame-
work still retains overall integrity despite the load transfer at the
contacts with Si.

The in situ TEM experiments revealed important details.
First, although TiO2 is thin and the void is not big enough, the
TiO2 shell can bend and later deform without total disintegration.
Second, the TiO2 cluster is robust enough at the ‘‘multi-cellular
tissue’’ level, and can stay connected during lithiation/delithiation
and does not disrupt the electron conduction path, which is an
important electrode decrepitation mechanism. Lithium can
transfer through the lithiated anatase shell and get inserted/
extracted into/out of the silicon. The successful lithiation/
delithiation indicates satisfactory contact between the TiO2

shells and Si particles. Indeed, the rate of Li diffusion through
the TiO2 shell is fast enough to support 45–60C, which indicates
that even though the Si core and TiO2 shell only come into
contact in a small area, high current densities and charging
rates are intrinsically achievable.

Conclusions

For the first time the speed and efficacy of self-repair of a
pressed yolk–shell electrode is systematically evaluated. It is
shown that an exceptional degree of protection against liquid
electrolyte flooding of Li-active Si can be eventually established,
even though the number of cycles and the initial Li loss it takes
to achieve this final condition are admittedly high. However,
these are not show stoppers for SiMAs, if effective means of
pre-lithiation can be devised, since the final electrode thickness
and volumetric/gravimetric specific capacities are still much

better than those of graphite. In long-term cycling, when self-
healing was already completed and the aSEI + nSEI was fully
sealed, the inner Si active materials will not touch the liquid
electrolyte and Li ions were transferred through the aSEI + nSEI
solid electrolyte, which means almost no side reaction occurs.
Then the limited Li ions from the cathode can be cycled
without loss for oxidation/reduction. The stabilized CE can be
as high as 99.99%. From Fig. 6a it can be seen that a lot of green
circles (CI o 0) appeared after several hundred cycles. Our
stabilized CE actually already reached the machine precision
of the battery testing equipment, and lithium consumption in
the full cell can be reduced to essentially zero. The highly
compressed yolk–shell Si@TiO2 tissue, despite the unavoidable
imperfections at the beginning, is surprisingly resilient functionally
and can achieve a startling level of specific capacities and stabilized
coulombic efficiency at low cost, making lithium-constrained full-
cell cycling of a silicon-majority anode (SiMA) an imminent reality.

Experimental
Synthesis of yolk–shell Si@TiO2 powder

First, 7 g of glucose was fully dissolved in 70 ml of DI water and
then transferred to a 80 ml Teflon autoclave, then 50 mg of
commercial silicon nanoparticles (o100 nm, Sigma Aldrich)
was added under sonication. After 30 min of sonication, the
autoclave was put in an oven at a temperature of 170 1C for 8 h.
The brownish Si@C core–shell particles were harvested by three
rounds of centrifugation/washing/sonication in water and absolute
ethanol and subsequently dried under vacuum for more than 4 h.
Generally speaking, commercial Si nanoparticles with higher
uniformity and smaller diameters cost more. Here we choose
relatively cheap commercial Si nanoparticles with a wide diameter
range of 20–200 nm (Fig. S1a, ESI†). After the hydrothermal
process in glucose solution, peanut-like Si@C structures were
formed with typical diameters of 300–600 nm (Fig. S1b, ESI†).
100 mg of the Si@C core–shell particles above was dispersed in
20 mL of absolute ethanol and sonicated for about 10 min to
avoid the agglomeration of the particles. Subsequently, a certain
amount of titanium isopropoxide (TIPP) was added into the
brownish solution and aged for about 10 h. After aging, the
solution was subjected to 3 rounds of centrifugation/ethanol
wash/sonication subsequently and dried in a vacuum oven for
more than 8 h. The resultant powder was annealed in a furnace
at 550 1C for 2 h with a heating rate of 10 1C min� 1 and the final
multi-yolks–shell Si@TiO2 powder was obtained.

Characterization

XRD was carried out using a Bruker D8-Advance diffractometer
with Ni filtered Cu Ka radiation. The applied current and
voltage were 40 mA and 40 kV, respectively. During the analysis,
the sample was scanned from 10 to 701 at a speed of 41 min� 1.
SEM images were collected using a FEI Sirion scanning electron
microscope (accelerating voltage 5 kV) equipped for energy-
dispersive X-ray spectroscopy, and TEM images were collected
on a JEOL JEM-2010 transmission electron microscope operated
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