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Conformal coating of silicon (Si) anode particles is a common strategy
for improving their mechanical integrity, to mitigate battery capacity
fading due to particle volume expansion, which can result in particle
crumbling due to lithiation induced strain and excessive solid—electro-
lyte interface formation. Here, we use operando transmission electron
microscopy in an open cell to show that TiO, coatings on Si/SiO,
particles undergo thickness dependent rupture on battery cycling where
thicker coatings crumble more readily than thinner (~5 nm) coatings,
which corroborates the difference in their capacities.

Si has gained considerable traction as an anode material in Li-
ion batteries, in which composite electrodes that have different
amounts of Si and carbon'™ (with a theoretical capacity for Si
of above ~4000 mA h g~" based on a Li,,Ss stoichiometry) offer
an enhancement in capacity when compared with pure graphite
powder (~370 mA h g~ ). However, the breaking of Si particles
because of strain caused by repeated lithiation (during battery
charge/discharge cycles) limits exploitation of their full capacity
and rate capabilities. In particular, the large volume change
(>300%) of Si particles*” upon lithiation can result in particle
pulverisation,® accompanied by excessive solid electrolyte inter-
phase (SEI) formation. The size-dependent cracking’ and
shape-dependent lithiation® behavior of Si has been reported,
which provided indications about how the mechanical char-
acteristics of Si particles evolve during battery cycling and affect
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their electrochemical performance. Even nanosized particles that do
not easily break during charge/discharge cycles owing to improved
strain relaxation are still plagued by excessive electrolyte consump-
tion associated with multiple SEI formation events, which causes
rapid depletion of cyclable Li. The surface coating of Si-based
nanostructures offers a tradeoff between mechanical integrity and
electrochemical performance. Among a wide range of surface coat-
ings for Si/Si0,, including Cu,’ C,'>'" polymers,*” alumina™ and
carbides,"* the coating of Si particles with titanium oxide (TiO,)">"®
is highly appealing as TiO, is converted to lithium titanate on
lithiation via the reaction TiO, + Li* + €~ <> LiTiO,, offering not
only high rate capability but also long-term stability during repeated
lithiation/delithiation cycles by preserving active particle cores and
reducing SEI formation, thereby mitigating battery capacity decay
and improving battery longevity. The use of a metal oxide coating on
Si also makes charge/discharge processes less exothermic'” when
compared to pure Si, contributing to battery safety. Despite the
beneficial role of such coatings'®'® for protecting active particles
from parasitic reactions (electrolyte decomposition) and particle
pulverization (via strain dissipation), their role in mediating reac-
tions with Li during repeated lithiation/delithiation is not yet
understood. Postmortem (ex situ) electrode analysis has been used
to infer that coated active particles exhibited minimal particle
cracking/fracture, in alignment with their better electrochemical
performance when compared with their uncoated counterparts.
The development of a local understanding of the behavior of
such coatings during lithiation/delithiation requires direct visualiza-
tion of individual particles during cycling via in situ transmission
electron microscopy (TEM). Liquid cell in sitw TEM has been used to
study Li dendrites on gold-based electrodes,*® mechanistic pathways
associated with MoS, lithiation,** and sodium metal nucleation®
on electrode with different surfaces. Solid-state cell in situ TEM has
provided insight about Si/polypyrrole®® anodes, for which a poly-
pyrrole coating on Si improves mechanical properties. However,
studies involving metal oxides (e.g:, TiO,) that are the most common
coating materials are still limited. The thicknesses of such coatings
are an important consideration because they can affect both the
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mechanical interaction (between coating and active particles) and
mass loading of active particles. Therefore, it is important to assess
how coating thickness can influence battery capacity upon cycling.
Here, we perform an operando TEM study of the lithiation/delithia-
tion of Si/SiO, nanoparticles (average core diameter ~100 nm)
coated with two different TiO, coating thicknesses (~5 and
~10 nm) using a solid-state electrolyte (Li,O).

We previously showed that Si nanoparticles® that are not in
direct contact with solid-electrolyte (in operando) can still be
lithiated over a few tens to hundreds of nanometers, as the
lithiation reaction is mediated by interparticle connectivity.
Here, we coat similar Si nanoparticles with two different
thicknesses of TiO, using atomic layer deposition (ALD) in a
fluidized bed reactor at 150 °C. Titanium isopropoxide with
water was used as the co-reactant, with the coating thicknesses
depending on the number of coating cycles. Details about the
coating procedure can be found in the ESI.{ A thin native Si
oxide layer, which passivates the Si nanoparticles, can be
observed in Fig. la. Fig. 1b and c show energy dispersive
X-ray spectroscopy mapping of Si nanoparticles for TiO, coating
thicknesses of ~5 and ~10 nm, respectively. The TiO, coating
envelops the Si nanoparticles, either individually or as clusters,
around the native oxide layer. These nanoparticles were used to
assemble batteries in a Nanofactory TEM specimen holder,
with Li/Li,O on a tungsten (W) needle serving as a solid-state
electrolyte in an open cell configuration, as shown in Fig. 2a
and in bright field TEM of Fig. 2b. Details about the battery
assembly can be found in the ESI.¥ High resolution TEM and
scanning TEM images of bare Si/SiO, particles as well as TiO,
coated Si/SiO, particles are shown in Fig. S1 of the ESL. Fig. 3
shows Si particles coated with 5 nm thick TiO,, which were
largely preserved upon lithiation (Fig. 3a-h) and delithiation
(Fig. 3i-p). Despite seldom coatings rupture on these nano-
particles, they were mostly observed to be intact. Complete
lithiation/delithiation cycles of two different 5 nm TiO, coated
Si nanoparticle clusters can be followed in Movies S1 and S2 in
the ESIT (both movies plays at 24 x speed). It should be noted
that the coated Si nanoparticles are also likely to rely on

Fig. 1 Energy dispersive X-ray spectroscopy mapping of Si hanoparticles
used in operando experiments. (a) Si nanoparticles with an oxide layer,
(b) Si nanoparticles coated with ~5 nm of TiO,, and (c) Si hanoparticles
coated with ~10 nm of TiO,.
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Fig. 2 (a) Schematics of transmission electron microcopy (TEM) half
copper grid with titanium oxide (TiO,) coated silicon/silicon oxide
(Si/SiO,) nanoparticles and tungsten needle scratched against Li metal,
which contains a Li/LiyO fragment as a solid-state electrolyte. (b) Bright-
field TEM image showing the open cell configuration used to perform
lithiation/delithiation of Si/SiO, nanoparticles coated with TiO,.

lithiation

(TEM)
recorded at different stages of the lithiation/delithiation of silicon
(Si/SiOz) nanoparticles coated with ~5 nm of titanium oxide. (a—h) lithia-
tion and (i—p) subsequent delithiation. Scale bar is 100 nm.

Fig. 3 Bright-field transmission electron microcopy images

interparticle connectivity for (de)lithiation, because many
nanoparticles that are not directly in contact with the electro-
lyte (Li,O) are able to expand in size (lithiation).

In contrast, clusters of Si nanoparticles with a thicker (~10 nm)
TiO, coating have a greater tendency to rupture. Fig. 4(a-h) and (i-p)
show different stages of lithiation and delithiation, respectively. The
complete (de)lithiation process of the 10 nm TiO, coated particles
can be seen in Movie S3 in the ESL{ Movie S4 (ESIT) shows
electrochemical lithiation of another Si nanoparticle cluster with
10 nm TiO, coated particles (both movies plays at 24x speed).
By comparing the responses of Si nanoparticles with the two
different coating thicknesses, the use of a ~10 nm TiO, coating
can be seen to result in cracks and breakage compared with a
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(TEM)
recorded at different stages of the lithiation/delithiation of silicon
(Si/SiO,) nanoparticles coated with ~10 nm of titanium oxide. (a—h)
Lithiation and (i-p) subsequent delithiation. Scale bar is 100 nm.

Fig. 4 Bright-field transmission electron microcopy images

~5 nm TiO, coating. Up to 15% of the 10 nm TiO, coated particles
were observed to break during in situ battery cycling. All experiments
were performed at <10 e A~ s~* dose rate, which is similar to that
used for biological samples, to ensure the electron beam does not
influence the observation. Given that the same sizes of Si nano-
particles, similar amorphous coatings (Fig. S1 and S4 of ESIt) and
identical cycling conditions were used for both cases, the coating
rupture appears to be influenced primarily by the coating thickness.
It should be noted that cracks that had formed during lithiation
cycles in the ~10 nm TiO, coated particles were able to restore by
reconnecting to some extent (see the Movie S3 in the ESIt). However,
this (all solid-state) observation may not be reproduced in cells that
have liquid electrolytes, in which direct contact between Si and the
liquid electrolyte could occur, leading to new SEI formation, pre-
venting cracks from reconnecting during further cycles.

Therefore, we compared the electrochemical performance of
electrodes made with uncoated Si, 5 nm TiO, coated Si and 10 nm
TiO, coated Si nanoparticles in Li half-cells using a liquid electrolyte.
Details of electrode preparation and battery assembly can be found in
the ESL7 Fig. 5 shows that all three electrodes show almost similar
capacities at the first cycle at G/10 (~1500 mA h g~ "), but markedly
different rate capabilities. Si nanoparticles with a thinner (~5 nm)
TiO, coating delivered capacities up to 1000 mA h g~ during
subsequent cycles at C/10, while particles with a thicker (~10 nm)
TiO, coating showed capacities below 500 mA h g~ " at the same
rates, indicating that Si nanoparticles with 5 nm TiO, coating have
better capacity as well as cycling stability, while Si nanoparticles with
10 nm coating exhibit a gradual decrease in capacity. Interestingly,
the uncoated Si nanoparticles also have a capacity of ~500 mAh g™
at C/10, which is more stable than Si nanopatrticles with the 10 nm
TiO, coating. A similar trend is observed at the C/5 and C/2 rates. At
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Fig. 5 Electrochemical performance of different silicon anodes (Si/SiO»
with no coating, with 5 nm TiO, coating and with 10 nm TiO, coating) at
different C rates. The first 5 cycles are at C/10, at C/5 and at C/2 rates.

C/2, the electrode with Si nanoparticles with the thinner (~5 nm)
TiO, coating offers stable capacities up to ~750 mA h g™, while the
capacity of uncoated Si nanoparticles appears stable but is lower at
~400 mA h g, In contrast, electrodes with Si nanoparticles with
a thicker (~10 nm) TiO, coating exhibit the lowest capacity
(~250 mA h g %), as well as rapid capacity fading. Differences in
capacities (from cells with liquid electrolytes) can be rationalized
based on the operando TEM observations (solid-state). During the
first cycle, electrochemical lithiation of the TiO, coating, (de)lithiation
of Si and SEI formation take place. The electrode with the ~10 nm
TiO, coated nanoparticles showed the highest capacity, likely due to
lithiation of excess TiO,, followed by the ~5 nm TiO, coated
nanoparticles and the uncoated nanoparticles in terms of capacity
values. However, starting from the second cycle the battery is cycled
between 1.2 and 0.01 V vs. Li/Li*, the TiO, coating is already lithiated
and it does not participate actively in further electrochemical lithia-
tion reactions. The fact that only (de)lithiation of Si and SEI
formation take place from the second cycle can be inferred from
the observation that the electrode with the ~5 nm TiO, coated
nanoparticles shows a higher capacity of ~1000 mA h g™, while
both the ~10 nm TiO, coated nanoparticles and the uncoated
nanoparticles show much lower capacities (~500 mA h g™ ).

Such a large difference in capacity loss from the first cycle can be
attributed to excessive SEI formation in the case of the ~10 nm
TiO, coated nanoparticles and the uncoated nanoparticles. In
principle, the capacity of the ~10 nm TiO, coated nanoparticles
should not be affected by SEI formation to a large extent because the
active nanoparticles are coated by TiO,, which should protect the
silicon surfacefrom electrolyte exposure. However, the in situ TEM
experiments (solid-state) show that the nanoparticles start to crum-
ble even during the first cycle and the coatings break readily,
providing access to Si-liquid electrolyte interaction in a liquid
electrolyte environment (Fig. 5) and leading to excess SEI formation.
Repeated SEI formation occurs as new surfaces are created because
of particle breaking, resulting in capacity degradation. For the
~5 nm TiO, coated nanoparticles that undergo almost no/seldom
breaking, no further capacity loss due to excess SEI formation is
observed, as depicted schematically (for all the three types of

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Changes in the areas of different nanoparticles plotted as a func-
tion of time during lithiation.

particles tested) in Fig. 5. We consider two possible scenarios to
explain our observations. In the first scenario, the ~5 nm TiO,
coated nanoparticles, despite occasional initial cracks, having a
thinner coating that attaches to the nanoparticles more strongly
and protects them from direct contact in a liquid electrolyte, thus
mitigating continuous SEI formation. This inference is consistent
with the measured capacity retention (Fig. 5), which follows the
order: 5 nm TiO, coated Si nanoparticles > uncoated Si nano-
particles > 10 nm TiO, coated Si nanoparticles. In the second
scenario, the improved resistance of the thinner coating to breakage
results from its higher fracture resistance and strain tolerance. To
gain more insight into the swelling behavior of the 5 nm and 10 nm
TiO, coated Si nanoparticles, their first lithiation and the corres-
ponding expansion in size is plotted as a function of time, as in
Fig. 6. Note that, as the particle’s boundaries are not well defined,
area fraction calculation was performed based on manual segmen-
tation of the acquired images. The gradual swelling of the 5 nm
TiO, coated particles for area calculation is shown in Fig. S2 (ESI¥).

Ex situ TEM analysis has been reported that for 100 nm particles
coated with 3 nm of amorphous TiO,," the coating protects the
particles more efficiently from crumbling owing to better strain
relaxation than a more crystalline coating. Similarly, ex situ micro-
scopic analysis of micron-sized Si with different thicknesses of SiO,*
has been reported that an optimal coating thickness of ~7 nm
facilitated stable capacity retention, whereas increased thickness led
to poorer electrochemical performance and decreased CE%. In our
in situ TEM study, Fig. 6 shows that ~ 5 nm TiO, coated nanoparticles
remain intact even after >180% expansion, while ~10 nm TiO,
coated nanoparticles break within <120% expansion, suggesting
that the ~10 nm TiO, coated nanoparticles are more susceptible to
breakage even with a lesser degree of lithiation. With seldom rupture,
the ~5 nm TiO, coated nanoparticles were able to expand to
>180%, implying the breakage of thicker coating is due to increased
stress compared with thinner coating. This in turn determines the
extent to which Si surface is exposed to electrolyte (in liquid cells) and
electrolyte consumption (via SEI) as more particles break upon
cycling, resulting in different battery capacities (as in Fig. 5), thus
revealing the crucial role of coating thickness.

In conclusion, our operando TEM of battery cycling in an open
cell showed that thicker TiO, coatings on Si/SiO, nanopatrticles tend

This journal is © The Royal Society of Chemistry 2022
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to break more readily compared to thinner coatings, corroborating
their cycling behavior and capacity measured using cells with liquid
electrolytes. Our operando TEM studies contribute to the design of
metal oxide coatings, which are required for improved cycling
stability and battery capacity.
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