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ABSTRACT Silicon (Si)-based materials hold promise as the next-generation
anodes for high-energy lithium (Li)-ion batteries. Enormous research efforts
have been undertaken to mitigate the chemo-mechanical failure due to the
large volume changes of Si during lithiation and delithiation cycles. It has been

AlL,O,
found that nanostructured Si coated with carbon or other functional materials Coating /
can lead to significantly improved cydability. However, the underlying \
mechanism and comparative performance of different coatings remain poorly L"‘s'\ Li, Si

understood. Herein, using in situ transmission electron microscopy (TEM)
through a nanoscale half-cell battery, in combination with chemo-mechanical
simulation, we explored the effect of thin (~5 nm) alucone and Al,0; coatings on the lithiation kinetics of Si nanowires (SiNWs). We observed that the
alucone coating leads to a “V-shaped” lithiation front of the SiNWs, while the Al,0; coating yields an “H-shaped” lithiation front. These observations
indicate that the difference between the Li surface diffusivity and bulk lithiation rate of the coatings dictates lithiation induced morphological evolution in
the nanowires. Our experiments also indicate that the reaction rate in the coating layer can be the limiting step for lithiation and therefore critically
influences the rate performance of the battery. Further, the failure mechanism of the Al,0; coated SiNWs was also explored. Our studies shed light on the

design of high capacity, high rate and long cycle life Li-ion batteries.
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mising candidate as the next-genera-

tion anode material for lithium (Li)-
ion batteries (LIBs) because of its high Li
storage capacity (~3579 mAh/qg) achieved
with Li;sSis as the final phase at room
temperature.’ 3 However, Si undergoes large
volume changes (~300%) during lithiation/
delithiation process, causing disintegration
of active anode materials from the battery
system.*”” To address this issue inherent
to Si-based anodes, nanostructuring and
compositing with carbon or other func-
tional materials’ 2> have been widely
explored to improve the electrochemical

Silicon (Si) has been identified as a pro-
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performance of Si-based anodes. In particu-
lar, surface coatings®® 3¢ on nanoparticles
(NPs) or nanowires (NWs), rather than a
simple mixture of conductive additives
and Si, received considerable attention,
and have been proven to be an effective
way to enhance the cycling performance.
Surface coatings are expected to function in
multiple roles: First, they act as a protective
layer that can mitigate the unwanted and
continuous side reactions between Si and
electrolytes. Second, a conductive coating
layer can ensure good electronic and/or
ionic contact during cycling. Third, the coat-
ing layer acts as a mechanical confinement
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that buffers the volume change of the anode during
cycling.

Carbonaceous materials, such as amorphous carbon
and graphite, are excellent candidate coating materials
due to their high conductivity and high mechanical
strength. These properties yield improved structural
stability, cyclability and columbic efficiency of Si.?®
Other types of coatings were also explored. Atomic
layer deposition (ALD) of Al,O3 coatings on cathodes
has been reported as a protective layer by prevent-
ing the cathodes from side reactions with the elec-
trolyte.®**” Similarly, an ALD Al,0; coating on Si
anodes®'?? was used as an artificial solid electrolyte
interphase (SEI) layer to suppress the decomposition of
electrolytes caused by surface reactions on Si. Recently,
it has been shown that organic—inorganic composite
layers deposited via molecular layer deposition (MLD)
can effectively tailor the mechanical properties and
the electronic and ionic conductivities of Si-based
anodes.*® Specifically, the MLD process can eliminate
the native oxide layer on Si particles, leading to fast
lithiation and high Coulombic efficiency.'*° Though
several types of coatings have been demonstrated to
improve the Si anode performance, the underlying
mechanisms remain elusive. From a design perspec-
tive, it is vital to understand how the surface coatings
evolve structurally and chemically during the electro-
chemical cycling, and how such structural and chemi-
cal evolutions affect the lithiation/delithiation kinetics
and degradation of Si anodes.

Herein, we use a half-cell nanobattery coupled with
in situ transmission electron microscopy (TEM) to
characterize the lithiation behavior of Si nanowires
(SINWSs) with two types of surface coatings: Al,O5 and
MLD alucone. Our studies show that the difference in
the surface diffusion relative to the bulk lithiation of the
two types of coatings gives rise to distinct lithiation
morphologies. We further observed the intimate cou-
pling between lithiation kinetics and stress generation
and failure in the surface coated SiNWs, which sheds
light on the rational design of durable Si-based anode
materials.

RESULTS AND DISCUSSIONS

Figure 1A,C shows the high-resolution (HR) TEM
images of the morphologies of alucone and Al,O3
coated SiNWs, featuring conformal surface coatings
with a thickness of ~5 nm. Both the alucone and Al,O3
coating layers show strong adhesion to the SiNWs. The
chemical compositions of coating layer for both alu-
cone and Al,O3 were analyzed using energy dispersive
X-ray spectroscopy (EDXS) in scanning transmission
electron microscopy (STEM), as shown in Figure 1,
panels B and D, respectively. The Al and O are rich on
the surface of the Al,O3 coated SiNWs (panel D), in-
dicating a uniform Al,Os layer was deposited. The C and
O are rich in the region of alucone coating (panel B),
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Figure 1. (A and C) Bright-filed TEM images of conformal
coatings of alucone and Al,O; on Si nanowires. (B and D)
STEM mode energy dispersive X-ray spectroscopy (EDXS)
elemental mapping and cross-sectional elemental profile
of alucone (C and O rich in the coating region) and Al,03;
(Al and O rich in the coating region) coated Si nanowire,
respectively.

indicating that Al-polymer composite (3D network of
—Al,(—OCH,—CHO—-CH,0),,, (n:m = 1)) is coated.

The initial lithiation process of alucone coated SiNWs
is illustrated by a series of time-resolved TEM images
captured from Supporting Information Video S1. Prior
to lithiation, the SiNW had a uniform diameter of
~160 nm, as shown in Figure 2A. After a bias of —3 V
was applied, Liions were electrochemically driven from
Li,O/Li (the bottom) to alloy the alucone coated SiNW.
The lithiation proceeded by the migration of the two-
phase interface separating the crystalline Si (c-Si) phase
and lithiated amorphous Li,Si (a-Li,Si) phase, which has
been revealed as the typical lithiation mechanism for
¢-Si materials.” Lithiation first caused notable radial ex-
pansion in the region close to the electrode/electrolyte
contact point, as highlighted by the white arrows in the
bottom. The lithiation depth decreased gradually from
the contact point to the far in the longitudinal direc-
tion, exhibiting a “V-shaped” lithiation front, as shown
in Figure 2B,C. Throughout the lithiation process,
the alucone coating layer remained morphologically
intact and tightly bonded with the SiNW, as shown in
Figure 2EF, though the coating thickens from 4 to
10 nm.

Another interesting observation from Figure 2A—C
is the lithiation process for a small alucone coated Si
nanoparticle (SiNP) (~45 nm) that attached to a coated
SiNW (~160 nm). As indicated by the top white arrow,
the coated SiNP is lithiated with Li ions supplied via
their surface diffusion along the SiNW since the SiNP is
far from the Li,O electrolyte. We observed that the size
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Figure 2. (A—C) Time-resolved TEM images of an alucone-coated SiNW under lithiation. White dash lines indicate the
interface that separates lithiated and unlithiated regions. (D) Magnified view of the close end of SiNW after 600s lithiation;
TEM images of alucone coatings before (E) and after (F) lithiation.

Figure 3. (A—D) Time-resolved bright-field TEM images of an Al,0s-coated SiNW under lithiation, with white dash lines indicating
the interface between lithiated and unlithiated regions; TEM images of the alucone coatings before (E) and after (F) lithiation.

of Si nanostructures plays a vital role in the lithiation
kinetics. The smaller the size of the nanostructures, the
larger the surface-to-volume ratio they have. Thus, for
smaller nanostructures, the fraction of surface lithia-
tion is larger, and lithiation is faster. The large surface-
to-volume ratio also relaxes the lithiation-generated
stress more effectively.*®*' Both lead to a faster lithia-
tion rate in smaller sized nanostructures. We observed
that the SiNP was nearly fully lithiated in 300 s (~300%
volume expansion), while the adjacent part of SINW was
barely lithiated, consistent with the size-dependent
lithiation kinetics.

Figure 3 depicts a series of time-resolved TEM
images of the lithiation process of two Al,O5 coated
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SiNWs (see the Supporting Information Video S2). As
shown from Figure 3A,B, only the thinner (pristine,
~26 nm in diameter) SiINW was in direct contact to the
Li,O/Li, and after ~40 s its diameter grew to 44 nm,
corresponding to a ~286% volume expansion assum-
ing no longitudinal expansion. Although the thicker
(pristine, ~52 nm in diameter) SINW was not in direct
contact with Li,O/Li, it became lithiated and its diam-
eter reached 61 nm (~161% volume expansion), as
shown in Figure 3B, possibly due to the contact
between the two SiNWs. As shown in Figure 3CD,
the second period of lithiation started at 158 s with
both SiNWs in contact with the Li,O/Li. We observed
that the thicker SINW grew from 61 to 91 nm in diameter
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in 60 s, while the thinner one only expanded 2 nm
in diameter during this time period, as shown in
Figure 3CD. Lithiation over the two time periods
resulted in a total volume expansion of ~316% and
~306% for the thin and thick SiNWs, respectively. The
faster lithiation of the less lithiated SiNW in the second
period is possible due to the lithiation-induced stress
effect. It has been revealed that lithiation induces
compressive stress at the reaction front, causing a
retardation effect on further lithiation. As lithiation
depth increases, lithiation-induced compressive stress
at the reaction front also increases, and the retardation
effect becomes stronger.3342~** This explains lithiation
proceeds faster in less lithiated SiNWs. We further
observed that during the whole lithiation process of
both two Al,O3 coated SiNWs the thicknesses of the
lithiated layers increased evenly along the longitudinal
direction of the nanowires over time, exhibiting an
“H-shaped” lithiation front. After lithiation, Al,O5 coat-
ing remained on the Si surface, as shown in Figure 3E,F.
The thickness of the coating increased from 5.6 to
8.1 nm, indicating the Al,O5 layer was also lithiated.

We compare the lithiation kinetics of alucone
and Al,O; coated SiNWs with the same diameter
to eliminate the size effect on lithiation kinetics. As
shown in Figure 4, the time-resolved TEM images in
panels A and B depict the typical lithiation process for
the alucone and Al,O5 coated SiNWs with the same
diameter, respectively. The alucone coated SiNW has
a clear “V-shaped” lithiation front, comparing to the
“H-shaped” lithiation front of the Al,O3 coated SiNW
as shown in the corresponding schematic drawings.
Figure 4C displays the lithiation depth vs time for the
two types of SiNWs, showing that lithiation proceeds
much faster in the alucone coated SiNW. This is
consistent with our previous results on the alucone
coated SiNPs that have a supreme fast lithiation/
delithiation rate.3® The linearity of the curves also
indicates that lithiation in the coated SiNWs is reaction
limited.

The distinct lithiation front profiles in alucone
(“"V-shaped”) and Al,Oz (“H-shaped”) coated SiNWs
may stem from the difference in the relative reaction
rate of Li on the surface and in the bulk for these two
coatings. Generally, surface lithiation is diffusion limit-
ing, and is much faster than the bulk lithiation, which is
reaction limiting. We denote a = (k/ky), the ratio of the
surface (k;) and bulk (k) lithiation rates, where a. > 1.
The self-limiting effect of lithiation due to the lithiation-
induced compressive stress at the reaction front
further slows down the reaction rate, or equivalently
a smaller ky, giving rise to an even larger a. Similar to
the native SiO, layer on bare SiNWs, Al,O3 coatings
have a low intrinsic Li ion conductivity and high
mechanical stiffness (and hence high compressive
stress at the lithiation front). Thus, the stress-mediated
Li reaction rate within the Al,O5 coating is much slower
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Figure 4. (A and B) Time-resolved TEM images show the
development of lithiation profiles of the alucone and Al,O03
coated SiNWs and schematics of the Li diffusion paths
through the SiNWs that dictate the lithiation behavior;
(C) average lithiation thickness vs time for the alucone
(black square) and Al,O; (red dot) coated SiNWs.

than its surface diffusion on the Al,Os; coatings. In
contrast, because of the high Li permeability, the
intrinsic Li reaction rate in bulk alucone is relatively
higher. Lithiation generated compressive stress at the
reaction frontis also low because of its low stiffness. We
follow a0, > Qajucone- Thus, in Al,O3 coated SiNWSs, Li
quickly covers the surface of the coating before appre-
ciable radial lithiation occurs. In fact, any point of the
same radial position along the axial direction of the
nanowire is lithiated nearly at the same time, resulting
an “H-shaped” lithiation front, as shown in Figure 4B.
The similar lithiation profile was also observed in bare
SiNWSs.*? In contrast, because Olajucone is relatively small
(though still much larger than 1), lithiation along the
radial direction within the alucone coating close to
the Li source is appreciable while lithium quickly covers
the surface of the coating, resulting in a “V-shaped”
lithiation front, as shown in Figure 4A.

To further elucidate the surface coating mediated
lithiation kinetics of SiNWs, we employ a chemome-
chanical model that couples Li transport and stress
generation to simulate the lithiation process.***> In our
simulations, the surface and bulk diffusivities are set to
be 100 and 0.5, respectively, in the alucone coatings,
and 1000 and 0.001 in the Al,O3 coatings. The relative
rates are Oajucone = 200, and 0,0, = 1 0°. Li diffusivity in
Siis set to be 0.001. Figure 5 displays the morphologies
of the partially lithiated SiNWs with these two types of
coatings at three different lithiation states, which agree
very well with the experimental observations.
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Figure 5. Chemo-mechanical modeling of the lithiation
processes of the alucone and Al, O3 coated SiNWs. For better
visualizing the processes, only the Li distribution on cross
sections of the nanowires are shown, with red color indicat-
ing the fully lithiated phase and blue the unlithiated phase.
(A—C) Lithiation of an alucone coated SiNW. (D—F) Lithia-
tion of an Al,O; coated SiNW. (A and D) Pristine SiNWs with
different coatings before lithiation. (B and E) Lithiation pro-
cess starts from the bottom ends of the SiNWs. (C and F)
Partially lithiated SiNWs. The low intrinsic Li ion conductiv-
ity of the Al,03 coating layer results in an “H-shaped”
lithiation front, while the high Li permeability of the alucone
layer leads to a “V-shaped” lithiation front.

As mentioned above, the Al,O3; coating or native
oxide layer on Si has a low intrinsic Li ion conductivity,
resulting in accumulation of a large amount of Li ions
on the surface when charging the Si electrode. Because
a large electrochemical driving force is required to
lithiate this type of coating, much higher than
that required for Si alloying with Li, it could induce
pulverization of Si nanostructures or damage to func-
tional surface coatings. This phenomenon is illustrated
in the bright-field TEM images in Figure 6, captured
from Supporting Information Video S3. In particular,
an Al,O3 coated SiNW is pulverized and broke into
half along its twin boundary when lithiated. NWs
No. 1 and 2 are in direct contact with Li,O/Li, while
No. 3 NW is in contact with both 1 and 2 on the upper
side and lower side, respectively, as shown in Figure 6A.
Upon biasing, the No. 1 and 2 NWs were quickly lithiated
to reach the maximum volume expansion (~300%)
within 23 s because of their small dimensions and short
diffusion path. At the same time, No. 3 NW was slowly
lithiated with its diameter increased from 100.2 to
105.1 nm after 23 s as shown in Figure 6B. After full
lithiation of No. 1 and 2 NWs, the No. 3 NW started to be
lithiated at a much faster rate with its diameter increased
from 105.1 to 140.2 nm in another 25 s shown in
Figure 6C. However, this steady lithiation process was
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Figure 6. (A—D) Time sequential TEM images of the failure
process of an Al,O; coated SiNW. (E) Enlarged TEM image of the
No.3 SiNW divided into upper and bottom half and correspond-
ing electron diffraction patterns. The upper half is fully
amorphized, while the lower half is only partially lithiated,
manifesting the asymmetry of lithiation kinetics. (F) A sche-
matic showing symmetry breaking in lithiation kinetics that
results in pulverization of the SINW. Red arrows represent the Li
flow; Li sources on the outer surface is indicated by red, lithiated
coating layer by cyan, lithiated amorphous shell by gray,
unlithiated Si core by black, and the twin boundary by yellow.

interrupted by sudden pulverization of the upper half
followed by the separation of the two halves (Figure 6D).
Electron diffraction patterns (Figure 6E) of the pulveri-
zed SiNW show that the upper half was completely
lithiated and amorphized, while the lower half was only
partially lithiated with an unlithiated crystalline core.
The asymmetric pulverization of the Al,O; coated
SiNW is likely due to the asymmetric lithiation kinetics
and the presence of the twin boundary between the
upper and lower halves of the SiNW, as schematically
shown in Figure 6F. Once the No. 1 and No. 2 SiNWs
are fully lithiated, they become more conductive than
the pristine state. Since the No. 1 SiINW is thicker than
the No. 2 SiNW, the upper surface of the No. 3 SiINW is
more supersaturated by Li ions than the lower surface.
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Under a large overpotential (—3 V), the Al,O5 coating in
the upper half is fully lithiated before the lower half. The
fully lithiated coating in the upper part then serves as
a fast lithium transport channel for further lithiation.
The fast lithium flow stream branches into the lower half
and the twin boundary.*® As this lithiation continues,
the upper half of SINW becomes fully lithiated while the
lower half is only partially lithiated. Owing to the large
volume expansion and stress generated in the upper half
as well as the weak twin boundary, the coating breaks,
and the upper half of the SINW pulverizes and separates
from the lower half, while the lower half of the SINW
remains structurally intact. This phenomenon was not
observed in lithiation of alucone coated SiNWs, possibly
because the permeable alucone coating allows smoother
Li ion diffusion and the lithiated coating is mechanically
more flexible. The above observation indicates the
importance of surface modifications in regulating lithia-
tion kinetics and damage control in Si-based anodes.

It should be pointed out that the electrode/electrolyte
interface in the current open-cell configuration is differ-
ent from that in real batteries. For the case of a real
battery, the SiNWs are fully immersed in the liquid
electrolyte, forming a conformal coating and therefore
Li ion can diffuse in from all directions. Accordingly, the
“V-shaped" lithiation profile observed for alucone coated
SiNWs may be absence in real battery. For the in situ
open-cell, the Li source is in contact with one end of the
SiNW, which appears to be distinctively different from

METHODS

Fabrication of the SINW and processing of the coating layer
have been reported in prior papers.'"® The structure and
chemcial composition of coating layers were examined by
high-resolution transmission electron microscopy (HRTEM)
imaging and energy dispersive X-ray spectroscopy analysis
(EDXS). The EDXS mapping was carried on an JEOL ARM-200
coupled with Si drift detector. HRTEM images and in situ TEM
images were acquired using Titan 80-300 fitted with an objec-
tive lens image corrector and operated at 300 kV.

The in situ TEM observation of the lithiation and delithiation
of the nanowires was carried out using an open-cell configura-
tion as schematically illustrated in Supporting Information
Figure S1. The silicon nanowires were loaded on Pt rod, which
is fixed on one side of TEM holder (Nanofactory STM). Lithium
metal is loaded on W rod which is navigated by piezoelectric
system on the other side of the holder. Lithium metal is driven to
contact the silicon particles. The lithium oxide layer on lithium
metal surface serves as electrolyte. To drive Li* diffusion in Li,O,
an overpotential of —3 V is applied on Si against the Li metal to
lithiate the Si. The microstructure changes were recorded using
a charge-couple device (CCD) attached to the TEM.
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CONCLUSIONS

In summary, the effects of two types of surface
coatings, alucone and Al,O3, were investigated on
the lithiation behavior of SiNWs. Lithiation in these
two coatings and Si are reaction limiting. The dif-
ference in the Li surface diffusivity relative to the
bulk lithiation rate in these two coatings gives rise
to distinctly different lithiation morphologies: an
“H-shaped” reaction front in Al,O3; coated SiNWs
and a “V-shaped” alucone coated SiNWs. Our experi-
ments also demonstrate the intimate coupling be-
tween lithiation kinetics and stress generation.
Lithiation proceeds much faster in less lithiated SiNWs,
possibly due to the lower compressive stress at the
reaction front, and hence weaker lithiation retardation
effect. The asymmetric lithiation kinetics in the Al,O;
coated SiNWs results in asymmetric pulverization of
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