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In situ atomic-scale imaging of electrochemical
lithiation in silicon

Xiao Hua Liu'*, Jiang Wei Wang?, Shan Huang3, Feifei Fan3, Xu Huang?, Yang Liu', Sergiy Krylyuk>¢,
Jinkyoung Yoo’, Shadi A. Dayeh’, Albert V. Davydov>, Scott X. Mao?8, S. Tom Picraux’, Sulin Zhang?,
Ju Li°, Ting Zhu®** and Jian Yu Huang'*

In lithium-ion batteries, the electrochemical reaction between the electrodes and lithium is a critical process that controls
the capacity, cyclability and reliability of the battery. Despite intensive study, the atomistic mechanism of the
electrochemical reactions occurring in these solid-state electrodes remains unclear. Here, we show that in situ transmission
electron microscopy can be used to study the dynamic lithiation process of single-crystal silicon with atomic resolution.
We observe a sharp interface (~1nm thick) between the crystalline silicon and an amorphous Li,Si alloy. The lithiation
kinetics are controlled by the migration of the interface, which occurs through a ledge mechanism involving the lateral
movement of ledges on the close-packed {111} atomic planes. Such ledge flow processes produce the amorphous Li,Si
alloy through layer-by-layer peeling of the {111} atomic facets, resulting in the orientation-dependent mobility of

the interfaces.

storage devices in portable electronics and transportation

vehicles'. The electrochemical reaction in the electrodes is a
subject of great interest?” in the quest to develop high-performance
electrode materials that can radically improve the capacity, rate and
cyclability of these batteries. In this regard, nanomaterials such as
nanoparticles and nanowires are being extensively studied as the
building blocks of next-generation electrodes®1°. This is motivated
by the notion that their nanometre dimensions can shorten the elec-
tron and ion transport paths and enable facile strain relaxation, thus
enhancing both the rate capability and flaw tolerance of the nano-
material-based electrodes*®. Nanomaterials are generally produced
in the crystalline form. The first lithiation of these nanomaterials
at room temperature thus involves solid-state amorphization, par-
ticularly in silicon, a promising anode material with an extremely
high theoretical capacity (3,579 mAh g™ ' at room temperature)
for lithium-ion batteries!""!2 It is also being increasingly recognized
that the solid-state amorphization during silicon lithiation could
have a significant impact on stress generation and fracture,
leading to capacity fading?. Although recent studies of lithiated
silicon have revealed the formation of sharp interfaces between crys-
talline silicon (c-Si) and amorphous Li,Si (a-Li,Si) alloy*-!>, there is
currently a lack of critical knowledge about the dynamic lithiation
mechanisms. Revealing the atomic-level and real-time processes of
lithiation is crucially important for understanding the physical
basis of microstructural evolution, morphological changes and
mechanical degradation in silicon-based electrodes. The insights
gained could therefore help in developing strategies to mitigate
mechanical failure during electrochemical reactions.

|_ithium-ion batteries are increasingly being used as energy

Recently, the lithiation kinetics in a single-crystal silicon matrix
were found to be highly anisotropic'*!¢17. In other words, the rate
of crystalline-to-amorphous phase transformation seems to depend
strongly on the ‘invasion direction’ of the lithium, with (111) reported
to be the slowest (meaning the {111} surfaces of the silicon exposed to
Li*-containing electrolyte would expand the slowest) and (110)
appearing to be the fastest'”. Generally speaking, the kinetics of
phase transformation can be either (i) long-range transport con-
trolled, (ii) short-range reaction and interfacial mobility controlled,
or (iii) under mixed control'®. In (i), most of the total free energy
drop is spent on long-range diffusion of Li* ions and electron trans-
port across the product/reactant phases, and little is spent locally near
the phase interfaces, where the phase transformation occurs. In (ii),
the opposite is true. As such, when considering the origin of the
observed anisotropic lithiation, it is natural to ask whether the appar-
ent anisotropy is caused mainly by (i) long-range transport or (ii)
short-range reaction/interfacial mobility. If the latter is true, what is
the atomistic origin of the anisotropic interfacial mobility?

Here, we report the atomistic mechanism of dynamic lithiation
in single-crystal silicon, obtained by directly observing the electro-
chemical reaction of a nanoscale battery using an individual
silicon nanowire inside a transmission electron microscope
(TEM)!'2!°. We present atomically resolved dynamical images that
clearly reveal a ledge mechanism of interfacial motion and solid-
state amorphization.

Ledge mechanism of lithiation in c-Si
Figure 1 and Supplementary Movies S1,S2 show the lithiation of a
silicon nanowire with a (111) growth direction. The pristine
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Figure 1 | Progressive migration of the sharp ACI during solid-state amorphization (lithiation) of a crystalline (111)-oriented silicon nanowire. a, Pristine
silicon nanowire with rough sidewalls due to faceting. b, Electron diffraction pattern from the pristine single-crystal silicon nanowire. ¢, Partially lithiated silicon
nanowire with an a-Li,Si layer surrounding the c-Si core. The ACl is sharp and flat. d, Corresponding electron diffraction pattern indicating the amorphization
process. e-g, Time-lapse images showing migration of the {112} ACI during lithiation. The ACl is ~1 nm thick and did not change in thickness, but became

smoother during progressive migration.

silicon nanowire is single crystalline with six faceted {112} side faces
(Fig. 1a,b, Supplementary Fig. S1). Upon lithiation, a Li,Si alloy shell
is developed, which is amorphous with a grey contrast (Fig. 1c,d).
The amorphous/crystalline interface (denoted ACI) is only
~1 nm thick and features a unique striped contrast (Fig. le-g).
The outermost layer of the lithiated wire exhibits a darker contrast
than the inner a-Li Si layer (Fig. 1c,e), and consists of a-Li,Si and
Li,O, both of which result from the lithiation of the native SiO,
that covered the sidewall of the silicon nanowire (Supplementary
Fig. S1). The nanowire was viewed along the [110] direction, and
the ACI was mainly parallel to the (112) plane. As the ACI migrated
towards the wire centre, the c-Si core shrunk progressively.
Meanwhile, the a-Li,Si shell thickened dramatically due to the
large radial expansion (yielding ~280% volume increase).
Interestingly, the ACI did not change in thickness throughout the
entire process (Fig. le-g). However, it became flatter, as demon-
strated by the reduced height of the bump with respect to the base-
line in Fig. 1g. It is known that (111)-oriented silicon nanowires
grown by the chemical vapour deposition method are usually
saw-tooth-faceted on their sidewalls due to the lack of low-index
planes parallel to (111) (Fig. la, Supplementary Fig. Slc)*.
Initially, the ACI was nearly parallel to the sidewall, and therefore
replicated the faceted surface morphology. As lithiation proceeded,
the facets on the ACI diminished (Fig. 1c) as a result of the
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orientation-dependent interfacial mobilities of the ACI (discussed
further later).

Figure 2 and Supplementary Movie S3 present close-up views of
the atomic structures of an ACI and unambiguously reveal a ledge
mechanism of c-Si lithiation. The seven arrows mark the ledges con-
sisting of successive inclined (111) atomic planes (Fig. 2a-c), and
the red dot arrays represent a two-dimensional projection along
the [110] direction of the pristine silicon lattice in the silicon nano-
wire core (Fig. 2d). The high-resolution TEM images of Fig. 2a—c
show that the atomic arrangement in the ACI is highly distorted
and exhibits a unique striped contrast, which is clearly different
from the perfect c-Si lattice in the inner core of nanowire. It also
differs distinctly from the amorphous shell, which has a disordered
structure, as the periodic feature in the ACI (that is, a short array of
bright spots) is clearly resolvable. Dynamic observation of migration
of the ACIs suggests a ledge-mediated mechanism of solid-state
amorphization, with lithium atoms squeezed into the large open
space between two neighbouring (111) bilayers (that is, two
closely spaced (111) atomic planes, such as Aa in the diamond
structure with AaBbCc stacking). This increases the (111) bilayer
spacing, leading to peeling of the top (111) bilayer. Meanwhile,
the ledges (that is, atomic steps) flow along the (111) plane, and
silicon atoms at the ledges are ‘dissolved’ into the a-Li Si phase.
As a result, the lithiation reaction takes place by atomic removal
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Figure 2 | Ledge mechanism of lithiation in c-Si. a-c, High-resolution TEM image sequences showing the lithiation process by lateral ledge flow (marked by
coloured arrows) in the ACI and simultaneous peeling-off of the {111} planes over 5s. The ACl is ~3-4 atomic layers thick, and the atomic layers are
distorted and different from both the regular lattice in the bottom c-Si and the mottled contrast in the top a-Li,Si layer. d, Schematic showing the peeling-off
of the (111) atomic layers by continuous ledge flow in the planes during lithiation. e, Lateral displacement of the seven ledges projected to the horizontal
[111] direction versus time. Ledges moved faster on the {111} facet and slower on the {112} planes. Ledge flow speed is inversely proportional to ledge density,

giving a constant radial etching rate.

from the silicon surface (alloyed into the a-Li,Si shell) during
migration of ledges. Evidently, the peeling of the {111} facets
occurs in a layer-by-layer manner and through lateral ledge flow
in each layer, as illustrated in Fig. 2d. Figure 2e shows the lateral dis-
placement (projected to the horizontal [111] direction) of the seven
ledges versus time. Interestingly, in this short length scale of
~10 nm, with similar radial lithium flux from the nanowire
surface to the centre, the speed of ledge flow is inversely pro-
portional to the ledge density on the ACI, giving a nearly constant
radial lithiation speed. When the ledges are on the inclined (111)
facet they pass about 2.5 vertical (111) planes per second (spacing
d;;; =031 nm), which is 3.5 times faster than the speed of
0.70d,,, s~ ' observed when the ledges were sitting on the horizontal
(112) ACI.

Although the atomically flat (111) facet shown in Fig. 2 is merely
the local fine feature of the microscopic (112) ACI shown in
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Fig. le-g, it clearly indicates that lithium invasion into crystalline
silicon occurs exclusively along the lateral (110) and (112) directions
of the close-packed {111} planes by the ledge mechanism. Lithium
penetration through {111} planes was never observed, although the
{111} planes were directly exposed to the surrounding lithium sea,
otherwise the lifting-off of a small {111} sheet should have also
been observed in the in situ experiments. Atomic removal at the
ledges of the c-Si {111} planes finally shortens the relatively long
{111} facets in the ACIs, changing the low-ledge-density ACIs
into ACIs with high ledge densities, such as {112} and {110}. We
have also directly visualized the migration of the {110} ACIs by
rotating the silicon nanowires about the [111] axis
(Supplementary Movie S4), which compares the different mor-
phologies of the ACIs that were dependent on the crystallographic
orientations of the silicon. The TEM images in Supplementary
Fig. S2 indicate that the {110} ACI is still narrow (~1 nm wide),
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Figure 3 | Comparison of the migration speed of the different ACls. a,b, Starting structure of a partially lithiated (111)-oriented silicon nanowire. The
nanowire has a flat (111) cross-section and is surrounded by {110} and {112} planes. This structure was created with a transient high potential (=50 V), which
transforms the conventional core-shell lithiation mechanism to an axial lithiation mechanism. ¢, Under conventional lithiation conditions of a —2 V potential
and weak electron beam, lithiation occurs along the radial directions but not along the axial direction. d, Core-shell structure after exclusive radial lithiation.
The average migration speed was 3.9 nm min~' for the {110} and {112} ACls, but nearly zero for the {111} ACI.

but rough and blurred, in contrast to the clearly visible lattice struc-
ture of the {112} and {111} ACIs.

Orientation-dependent interface mobility

On a larger length scale, lithiation on a macroscopic {111} face (that
is, a large {111} facet without significant ledges) is kinetically
unfavourable due to the lack of active {111} ledges exposed to
lithium as well as the difficulty of creating a ledge pair, that is, a
lithiated island in the next {111} layer of c-Si. Figure 3 shows that
at a length scale of 100 nm, the (111) cross-section is almost
immobile, while substantial lithiation occurs on the adjacent
{110} + {112} sidewalls. In such a (111)-oriented silicon nanowire
nominally enclosed by {110} and {112} planes, the migration vel-
ocity of the ACISs parallel to the sidewalls, v; 0, (112> Was measured
to be ~3-5 nm min "', but the motion of the {111} ACI, V{111)> Was
not measurable under similar conditions (that is, electron beam
irradiation and local chemical composition). This is consistent
with previous studies that have shown significant swelling along
the (110) direction but negligible swelling along the (111) direction
if both {110} and {111} faces are exposed'*!”. We observed similar
migration velocities for both {110} and {112} ACIs. The comparable
lithiation speeds along the radial (110) and (112) directions lead to
nearly isotropic expansion of cross-sections of the (111)-oriented
silicon nanowires'®. Compared with the dynamically diminishing
{111} ACIs, the {112} and {110} ACIs were atomically rough but
microscopically flat, and their migration was steady and lacking fea-
tures such as flowing ledges.

The atomically resolved observations provide insight into the
origin of why the {112} ACI moves faster than the {111} ACL To
clarify the terminology, from here on we will use {111} atomic
facet’ to mean an individual short facet in a long ACI, and {112}
or {111} ACI to mean a long interface that takes on average the

{112} or {111} planes, but may consist of many short {111}
atomic facets and ledges, thus having finite, atomic-scale roughness.
Figure 4a presents a high-resolution TEM image of a {112} ACI at
the initial stage of lithiation, in which a long (111) facet with a
width of ~15 nm can be seen. Figure 4b shows a typical flattened
{112} ACI after the large {111} atomic facets have been removed
by the peeling process of lithiation. The inset of Fig. 4a shows a mag-
nified TEM image near a {112} ACI, the atomic structure of which is
reconstructed in Fig. 4c. As schematically shown in Fig. 4d, an exact
{112} surface in c-Si is composed of a series of inclined {111} atomic
facets. Each facet consists of four {111} bilayers (indicated by pink
dashed lines), and is thus ~1 nm (or 3d,,,) wide. Geometrically,
the translational periodicity within an exact {112} surface is gov-
erned by that of the diamond-cubic silicon lattice; for example,
the periodicity in the horizontal (111) direction is simply the diag-
onal length of the (001) x (011) rectangular box in Fig. 4d. As a
result, the {111} atomic facets in the inset of Fig. 4a (blue segments)
are the smallest possible structural units for building an exact {112}
surface. Because of the small width of the {111} atomic facets, there
is a high density of ledges associated with the {112} ACI. Such ledges
act as heterogeneous sites to facilitate the Si-Li reactions, giving rise
to a high mobility of the {112} ACI. Similarly, the {110} ACIs geo-
metrically consist of a high density of inclined {111} atomic facets,
explaining the similar mobilities of the {110} and {112} ACIs. It is
also interesting to see from Fig. 4a that one atomically flat {111}
ACI lay initially between two atomically rough {112} ACIs.
However, this {111} ACI was not stable, and only {112} ACIs
remained in the late stage of lithiation, as shown in Fig. 4b.

The above atomically resolved observations also suggest an effi-
cient kinetic mechanism of solid-state amorphization at room temp-
erature?!, as illustrated in Fig. 4e,f. The disruption of the c-Si lattice
is generally known to be difficult, because the energy needed to
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Figure 4 | Atomically resolved structure of the ACI. a, High-resolution TEM image at the early stage of lithiation, showing the {112} ACI with a long smooth
{111} facet in the middle and a series of short, inclined {111} atomic facets on the two sides. b, The {112} ACI in the late stage of lithiation, with short {111}
atomic facets surviving. ¢, Reconstructed atomic structure of a {112} ACI based on the inset image in a, showing that an exact {112} ACI actually consists of a
series of periodic {111} atomic facets. d, Geometrical origin of the periodicity (3d,;;) of {117} atomic facets. Red dots reveal the repeating units in the face-
centred cubic lattice; each dot contains two silicon atoms in the adjacent {111} atomic sheets, as indicated by the big red dot in c. e, Relaxed atomic structure
of a {112} ACI from molecular orbital theory calculations (see Methods), showing the high local concentration of lithium atoms (green) that invade the
exposed {112} surface of the c-Si (red). f, Proposed mechanism of solid-state amorphization based on TEM observations: silicon atoms break away from the
c-Si by a mechanism with low energy barriers, in which several lithium atoms enclose a single silicon or a Si-Si pair located near the edge of {111} atomic
facets, weaken the Si-Si covalent bonding, and cause the easy dissociation of c-Si.

remove a silicon atom from the low-index smooth surface of c-Si has
been measured to be a large fraction of the formation energy of a
vacancy in c¢-Si (2.4-3.5eV)?2. This usually causes the rate of
silicon dissociation from c-Si to be extremely low at room tempera-
ture. However, near the ACI (Fig. 4e), the local lithium concen-
tration is high in the lithium-rich a-Li Si phase, facilitating an
interfacial process of several lithium atoms enclosing a single
silicon or Si-Si pair at the edge of {111} atomic facets*»**. A pre-
vious study of silicide formation indicates that a group of metallic
atoms (lithium in this case) can collectively weaken the Si-Si
covalent bonding by electron transfer’’. This leads to the easy dis-
sociation of silicon atoms from c-Si at the ACI (Fig. 4f), thereby

NATURE NANOTECHNOLOGY | VOL 7 | NOVEMBER 2012 | www.nature.com/naturenanotechnology

resulting in solid-state amorphization with high rates at room temp-
erature. The resulting high mobilities of ACIs are essential for the
high-rate capability of batteries. In addition, the applied voltage
and doping can further increase the rate of electron/ion transport
and interfacial reaction, thus enhancing the amorphization rate?.
Nevertheless, the lithium-rich local environment near the ledges
of {111} atomic facets of an ACI appears to be the key to enabling
the fast processes of electrochemically driven solid-state amorphiza-
tion in c-Si, which become observable in the time window (that is,
minutes) of the TEM experiments.

In contrast, the low mobility of an atomically flat {111} ACI can
be attributed to the low density of ledges, particularly the high
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Figure 5 | Ledge mechanism observed in a (110)-oriented silicon nanowire during lithiation. a, High-resolution image of the pristine silicon nanowire with a
flat (111) surface and 1-nm-thick SiO, layer. b, Morphology of the partially lithiated silicon nanowire. With fast Li* transport via surface diffusion, lithiation
proceeds along (111) from top to bottom (that is, from surface to core) and via ledge flow along (110) from right to left (marked by green arrows). c-e,
Enlarged zones showing vertical etching of the flat {111} plane, formation of ledges, and ledge-flow-dominated lithiation, respectively. Red arrows indicate
ledges and cyan arrows ledge-flow directions. These images represent different stages of lithiation, and the ACI was gradually tilted towards (110).

energetic cost of repeated nucleation of ledge pairs. To reveal how
the {111} ACI migrates, Fig. 5 shows the ACI structures in a
(110)-oriented silicon pillar. Initially, this wire exhibits an atomic-
ally flat {111} side surface (Fig. 5a), which is a projected view
along the (112) direction. Upon lithiation, lithium atoms quickly
transport along the surfaces and insert into the c-Si bulk lattice.
Compared with {112} ACIs, the movements of {111} ACIs take a
much longer time (the image in Fig. 5b was taken 4,328 s after
Fig. 5a). In Fig. 5b, lithium insertion occurs from right to left
(marked by green arrows), so the local atomic structures at different
sites (enclosed by rectangles denoted c, d and e to link with Fig. 5c—e)
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represent different stages of lithiation. Intriguingly, the ledge mech-
anism is seen again, including the formation of ledge pairs on the
atomically flat {111} plane (Fig. 5¢), the emergence of long {111}
terraces (Fig. 5d), and shortening of the terraces by lateral move-
ment of ledges (Fig. 5e). Because a TEM image is a two-dimensional
projection and the {111} planes are not infinitely large in a nano-
wire, it is worth noting that the formation of the ledge pairs in
Fig. 5¢c, defined as two opposite ledges of an outermost {111}
layer, might not be produced by lithium penetration through the
close-packed plane (that is, ledge flow along the incident electron
beam direction could also produce the morphology). As a result
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of ledge flow within the {111} layer, the width of the {111} terraces is
reduced and the density of ledges on the ACI increased. Meanwhile,
the ACI is tilted from the slow-moving directions ({(111)) towards
the fast-moving directions ((110)). The rotation of the {111} ACI
towards the fast-moving {110} AClIs in this (110)-oriented silicon
nanowire is similar to the case of (111)-oriented silicon nanowires
where the {111} ACIs are reoriented to the fast-moving {112}
ACIs (Fig. 4). These results lend further support to the notion
that the migration of ACIs occurs through the {111} facet- and
ledge-mediated mechanism.

The ledge-mediated mechanism of anisotropic c-Si lithiation
provides a mechanistic basis for understanding its morphological
evolution and failure. For example, recent experiments have
shown a strong orientation dependence of morphological changes
in lithiated silicon nanowires and microslabs!*'17. It was observed
that the lithiated silicon undergoes a large expansion (~100% linear
strain) in the (110) direction, but a considerably smaller expansion
(~10% linear strain) in the (111) direction. To understand such ani-
sotropic swelling, we developed a diffusive reaction and elastic—
plastic deformation model to simulate the morphological changes
during the lithiation of silicon nanowires'*?°. Our model was
based on the key results from the above atomically resolved in situ
TEM experiments. The ledge-mediated lithiation mechanism leads
to a strong orientation dependence of the interfacial mobility; that
is, the {110} and {112} ACIs move at least an order of magnitude
faster than the {111} ACI. Such highly anisotropic interfacial mobi-
lity gives rise to drastically different swellings in different orien-
tations. In other words, to minimize the strain mismatch between
the unlithiated and lithiated phases across the ACI, the lithiation
strain occurring at the ACI tends to align with the local normal
direction of the ACI. This leads to a large expansion along the direc-
tion of the fast-moving {110} ACIs and a small expansion in the
direction of the slow-moving {111} ACIs. As a consequence of
such strongly anisotropic swelling, large, non-uniform tensile
plastic flow develops in the lithiated silicon nanowires, which
could even result in fracture by self-splitting a single nanowire
into two sub-wires!'>%.

Conclusions

We have observed the atomically resolved, dynamic lithiation
process in single-crystal silicon nanowires. The in situ TEM exper-
iment shows that the lithiation interface between the crystalline
silicon and the amorphous product of the Li Si alloy is atomically
sharp (~1 nm thick). A dynamic ledge mechanism of lithiation-
induced solid-state amorphization is revealed, providing a mechan-
istic understanding of the room-temperature amorphization and
orientation-dependent mobilities of the amorphous/crystalline
interface. These results provide insights into morphological
changes (for example, anisotropic swelling), phase evolution (for
example, rate-controlling mechanism) and mechanical degradation
(for example, lithiation-induced fracture) during electrochemical
alloying of lithium. Our work should motivate research into the
interfacial dynamics that govern the rate and deformation behaviour
of phase-transforming, high-capacity electrodes, which could be
used to build high-performance lithium-ion batteries.

Methods
The (111)-oriented silicon nanowires were grown on a heavily doped Si(111) wafer
(n-type, electrical resistivity p = 0.001 £ cm) via a vapour-liquid-solid mechanism
catalysed by 100 nm gold nanoparticles as described elsewhere?. SiCl, precursor
diluted in H,/N, was introduced into a horizontal hot-wall chemical vapour
deposition reactor and PH, (100 ppm in N,) was used as the dopant source.
Epitaxial silicon nanowires with lengths of ~6 um and diameters of ~130 nm were
obtained from a 4 min growth at 900 °C and 600 torr. The as-synthesized silicon
nanowires were examined with a field-emission scanning electron microscope (FE-
SEM, Hitachi 4700) operated at 21 kV.

The (110)-oriented silicon nanowires were fabricated by top-down etching of a
heavily doped silicon (110) wafer (p-type with boron dopant, p = 0.085 £ cm).
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Briefly, electron-beam lithography was used to generate a patterned mask (square
array with 20 um pitch in an area of 7 mm x 7 mm). Silicon pillars with lengths of
~10 wm were obtained by a deep reactive ion etch (in CF,, SFs and Ar mixture gas
for ~1 h). A thinning process, comprising sequentially thermal oxidation (1,000 °C
in dry O,), SiO, etch (in 5% HF aqueous solution) and critical point drying, was
repeated over several times to reduce the diameter of the silicon pillars.

To build a nanoscale battery for the in situ TEM study, a small piece of silicon
wafer with silicon nanowires or pillars was cleaved off from a large silicon wafer
substrate and glued to an aluminium rod with conductive epoxy'>!*!. This ensured
good electrical contact between the nanowires and the silicon substrate, which served
as the primary current collector on the silicon nanowire side. Lithium metal was
scratched with a tungsten rod inside a glove box filled with helium (O, and H,O
content < 1 ppm). Inside the same glove box, both the silicon and lithium electrodes
were mounted onto a Nanofactory TEM scanning tunnelling microscope (STM)
holder, which was sealed in a home-built air-tight bag filled with dry helium. The
holder was quickly transferred into the TEM column and the total time of exposure
to air was less than 2 s, which limited the extent of Li,O formation on the surface of
the lithium metal. The thin Li,O layer served a solid-state electrolyte to allow
transport of Li" ions but not electrons. The TEM (Tecnai F30, FEI) was operated at
300 kV and the column vacuum level was ~1 x 10~ torr. Inside the TEM, the
Li,O/Li terminal was driven to contact an individual silicon nanowire. Lithiation
took place after a bias of -2 V was applied on the silicon nanowire with respect to the
lithium metal to drive Li* transport through the solid-state Li,O layer grown on the
lithium electrode!®. During lithiation, the electron beam was blocked except for
imaging and video recording. The lithiation velocity was measured by comparing the
snapshots at different lithiation stages for a given interval.

To understand the atomic structure near the ACIs, we performed quantum
chemical molecular dynamics (MD) simulations at the level of molecular orbital
theory by using the AM1 method in the commercial package MOPAC. In
simulations, we first generated an amorphous phase of a-Li, ,;Si by using a melting—
cooling MD approach. The resulting amorphous structure appears to be reasonable,
as the associated radial and angular distribution functions were close to those of
a-Li; ,5Si produced by an entirely different approach (activation relaxation
technique; ART)?. To build an ACI, we embedded an a-Li; ,Si phase within one
half of a MD supercell and a c-Si phase in the other half. The system was then relaxed
by MD with the zero pressure and constant temperature (7= 300 K). Owing to the
timescale limitation of molecular orbital theory-based MD, the migration of ACIs
could not be simulated to directly match the TEM experiment. However, the MD-
relaxed structure of a {112} ACI (Fig. 4e) clearly revealed a key feature of the local
atomic environment near the ACI; namely, a number of lithium atoms near the
surface of the lithium-rich phase of a-Li; ,5Si tend to enclose the silicon atoms near
the ledges of inclined {111} atomic facets on the c-Si surface. Presumably those
lithium atoms can collectively weaken the Si-Si covalent bonding by electron
transfer’. Motivated by our TEM observations and previous NMR studies of atomic
structures of lithiated silicon®*?, in conjunction with those MD results, we propose
an atomistic mechanism of solid-state amorphization of c-Si at room temperature, as
shown in Fig. 4f.
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