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Abstract: The high theoretical specific capacity of Si as an
anode material is attractive in lithium-ion batteries, al-
though the issues caused by large volume changes during
cycling have been a major challenge. Efforts have been de-
voted to understanding how diffusion-induced stresses
cause fracture, but recent observations of anisotropic
volume expansion in single-crystalline Si nanostructures re-
quire new theoretical considerations of expansion behavior
during lithiation. Further experimental investigation is also
necessary to better understand the anisotropy of the lithia-
tion process. Here, we present a method to reveal the crys-

talline core of partially lithiated Si nanopillars with three dif-
ferent crystallographic orientations by using methanol to
dissolve the Li atoms from the amorphous Li-Si alloy. The
exposed crystalline cores have flat {110} surfaces at the
pillar sidewalls; these surfaces represent the position of the
reaction front between the crystalline core and the amor-
phous Li-Si alloy. It was also found that an amorphous Si
structure remained on the flat surfaces of the crystalline
core after dissolution of the Li, which was presumed to be
caused by the accumulation of Si atoms left over from the
removal of Li from the Li-Si alloy.
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1. Introduction

Silicon is one of the most promising anode materials for
use in rechargeable lithium-ion batteries due to its high
theoretical specific capacity of 4200 mAhg™' and low
cost.!l However, this high lithium storage capacity results
in enormous volume expansion and contraction during
electrochemical lithiation and delithiation, which can
induce mechanical fracture and severe capacity fading.”)
Recently, studies have utilized Si nanostructures, such as
nanowires, nanotubes, and nanoparticles, to improve cy-
cling performance; these nanostructures have greater
fracture resistance than larger particles because lower
stresses are created in the nanostructures during the
volume changes.”! Despite an abundance of research on
electrochemical insertion/extraction of Li into/from Si
nanostructures, fracture of these nanostructures is not yet
completely understood. Further research on the Li-Si al-
loying process is necessary to understand how nanostruc-
ture dimensions, morphology, and crystalline orientation
affect the fracture of these structures during lithiation
and delithiation. In order to understand the fracture of Si
electrodes during electrochemical Li insertion, various
theoretical models have been proposed. Most models de-
scribe fracture as resulting from diffusion-induced stresses
and assume that the process of lithiation is isotropic.”!
These theories do not take into account the experimental-
ly observed anisotropic volume expansion behavior along
<110> directions or the two-phase reaction boundary
separating crystalline Si from amorphous Li-Si during
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lithiation.”) Furthermore, recent studies have shown that
single-crystalline Si nanostructures have a tendency to
fracture between neighboring {110} surfaces during lithia-
tion because of intensified tensile hoop stresses induced
by anisotropic volume expansion.” To approach these
issues, Zhao et al. have developed a model of concurrent
reaction and plasticity considering a sharp phase boun-
dary between the crystalline Si and the lithiated Si.”
They explained how tensile hoop stresses develop at the
particle surface and also estimated the shape of the crys-
talline core and the extent of anisotropic volume expan-
sion during partial lithiation. A different in situ transmis-
sion electron microscopy study of the lithiation of crystal-
line Si nanoparticles showed that the crystalline core be-
comes noticeably faceted as it shrinks due to anisotropic
volume expansion.® To build on this and to develop
a better understanding of the lithiation process, it would
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be informative to systematically monitor the crystalline
core shapes in well-defined single-crystalline nanostruc-
tures as lithiation progresses. Here, we present a method
for revealing the crystalline core of partially lithiated Si
nanopillars of three different crystal orientations. Using
methanol, we are able to remove the amorphous Li-Si
shell on the outside of partially lithiated Si nanopillars,
thereby revealing the shapes of the crystalline cores. We
note that water has too high reactivity with lithiated sili-
con, which would damage the pillars. Methanol is less re-
active and preserves the crystalline core.

2. Results and Discussion

Following the methods employed in previous research,
the Si nanopillars used in this study were prepared by dry
etching single-crystalline Si wafers of various crystal ori-
entations (<100>, <110>, and <111>).% Drop-cast
silica spheres were used as an etch mask to create pillars
with circular cross sections. The pillar diameters varied
from 300 to 500 nm and were determined by the initial di-
ameter of the silica spheres, and their height was around
2-3 um. After pillar fabrication, the Si wafer on which
the pillars were etched was cut into pieces with areas of
~25 mm?, and these pieces were electrochemically lithiat-
ed by inserting them into half-cells with Li foil as the
counter/reference electrode. Next, the potential of the sil-
icon electrode was swept to 10 mV vs. Li/Li" at a sweep
rate of 0.1 mV/s and was then held for two or three hours
to cause partial lithiation, at which point a crystalline
core of the pillar remains while the shell is lithiated.
After electrochemical lithiation of the pillars, the half-
cells were opened and the samples were washed in aceto-
nitrile in an argon-filled glove box. In order to examine
the crystalline core of partially lithiated pillars, some sam-
ples were immersed in methanol in an argon-filled glove
box for as long as it took for bubble generation to termi-
nate (30-45s). The bubbles are hydrogen, produced by
the mild reaction of lithium with methanol.!”? The remain-
ing crystalline Si nanopillar cores were observed in a scan-
ning electron microscope (SEM) and transmission elec-
tron microscope (TEM). Partially lithiated pillar samples
that were not etched in methanol were also examined
with an SEM. As Li-containing silicon alloys react rapidly
in air, these samples were sealed in glass vials inside an
argon-filled glove box before being transported to the
SEM.

Figure 1 consists of SEM images of initially pure crys-
talline Si nanopillars with a <110 > axial orientation. Fig-
ures la—c show top-down SEM images of a pristine pillar,
a partially lithiated pillar (120 mV for 10 hr), and a par-
tially lithiated pillar that has been methanol etched, re-
spectively. Although the pillars seen in Figures la—c are
not the same pillar, each is representative of all pillars
prepared using a given approach. After partial lithiation,
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Figure 1. Partial lithiation and methanol etching of a <110> Si
nanopillar. Top-down SEM images of a <110> Si nanopillar a)
before lithiation, b) after partial lithiation, and c) after etching of
the amorphous Li-Si alloy with methanol. For partial lithiation,
a voltage of 120 mV vs. Li/Li* was applied for 10 hr. d) Composite
false-color image merging panels a—c for dimensional comparison.
e) SEM image along the < 100> direction, as indicated in panel
¢ and its schematic. f) SEM image along the < 110> direction, as
indicated in panel c and its schematic. All scale bars are 200 nm.

the initially circular pillar (Figure 1a) becomes an ellipse
due to preferential expansion along the two <110> di-
rections at the pillar sidewalls, as shown in Figure 1b.5"
After methanol etching of the amorphous Li-Si alloy, the
width of the pillars is clearly reduced and a rectangular
crystalline core with fin structures on the {110} sidewalls
is revealed, as shown in Figure 1c. Figure 1d is a composite
image in which Figures 1a—c have been merged and col-
ored for comparison of the shapes and dimensions in
each image. After partial lithiation (green), the expanded
pillar has a greater width than the pristine pillar (red).
After methanol etching of the amorphous Li-Si alloy sur-
rounding the crystalline core, the width of the core (blue)
is narrower than the pristine pillar, but the fin structures
extend to the initial boundary of the pristine pillar. Side
views of an etched < 110> axially oriented pillar viewed
along the <100> and < 110> directions, as indicated in
Figure 1c, are shown in Figures le and 1f, respectively. In
Figure le, the crystalline core is noticeably thinner due to
its preferential consumption along <110> directions
during lithiation, and the fins are attached to the {110}
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sidewalls of the crystalline core. Figure 1f shows a similar
pillar viewed along a <110 > direction, and it is clear that
the crystalline core is thicker than in Figure le. A TEM
micrograph providing a tilted view of an etched <110>
Si pillar supports the shape of the <110> pillar estab-
lished in Figures le and 1f (see Figure S3 in Supplemen-
tary Information).

Further characterization of these etched pillars with the
TEM allows for a determination of the structure and
composition. Figure 2a shows a TEM image of a pillar
viewed along a <100> direction after partial lithiation
and etching. The core of the pillar shows diffraction and
thickness contrast, while the fins at each edge do not gen-
erate significant contrast. Figures 2b and 2c are high-reso-
lution images of the fin and the tip of the core, respec-
tively. The image of the fin does not contain lattice fring-
es, indicating that it is amorphous, and energy-dispersive
X-ray spectroscopy (EDX) indicates that the dominant
atomic species in the amorphous fin is Si (see Figure S4
in the Supplementary Information). The image and se-
lected-area electron diffraction (SAED) pattern of the
core of the pillar in Figure 2c show that the core is single-
crystalline Si (the same as the pristine pillar). The amor-
phous Si fins observed on the etched pillars are probably
created by the accumulation of Si atoms as the Li atoms
are removed during the etching process (see Figure S5 in
the Supplementary Information for further study of the
mechanism).

The SEM and TEM data from <110> Si nanopillars
after partial lithiation and etching of the amorphous Li-Si

Methanol -
etching
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Figure 2. TEM study of a <110> Si nanopillar after partial lithia-
tion and methanol etching. a) TEM image of the remaining crystal-
line core and fin structure of a <110> Si nanopillar. The scale bar
is 500 nm. b) High-resolution TEM (HRTEM) image of the fin struc-
ture attached to the sidewall of the core, the location of which is
indicated by the dashed rectangle in panel a. The scale bar is
10 nm. ¢) HRTEM image of the tip of the core of the pillar. The
scale bar is 10 nm. The inset image is an SAED pattern showing
that the core is single-crystalline Si with an axial orientation of
<110>.

alloy reveal that the cross-sectional shape of the remain-
ing crystalline core is a rectangle with the shorter dimen-
sion along the < 110> direction. To determine how aniso-
tropic consumption affects the shape of the crystalline
core of pillars with other axial orientations during lithia-

Figure 3. Using the FIB to cut the upper half of a partially lithiated < 100> Si nanopillar that has been etched in methanol. The technique
is utilized to better observe the cross section of the crystalline core. a-c) Schematic view of the FIB cutting technique applied to the crys-
talline core of a < 100> pillar that remains after methanol etching. a) Upon partial lithiation, a < 100> Si pillar expands to a cross-shaped
structure, with a square being the anticipated shape of the crystalline core since the < 100> crystalline Si pillar sidewall has four {110} sur-
faces. b) Li atoms in the amorphous Li-Si phase are etched away with methanol. During this etching process, Si atoms accumulate at the
{110} sidewall surfaces, forming amorphous fin-like structures along these surfaces. c) The sample is loaded in the FIB so that the pillar axis
is normal to the ion beam axis, and the ion beam is used to cut off the top of the pillar, which stands at the edge of the underlying sub-
strate. d) Tilted SEM image showing a methanol-etched < 100> pillar prior to FIB cutting. e) SEM images taken during exposure of the
pillar to the ion beam. As a result of incomplete etching of the upper part of the pillar, a small needle falls onto and remains on the top
surface of the pillar subsequent to beam exposure. f) SEM image of the pillar after FIB cutting. All scale bars are 1 um.
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tion, methanol etching of partially lithiated <100> and
< 111> axially oriented pillars was performed and the
pillars were observed with SEM (see Figure S6 in the
Supplementary Information for the results). However, the
shape of the Si core is difficult to determine from these
images. To unambiguously determine the shape of the
crystalline core after partial lithiation, a focused ion
beam (FIB) was used to cut etched pillars in half so that
the cross section was visible. It was not necessary to cut
the <111> pillars with FIB since the cross-sectional
shape was obvious in top-down images.

For FIB cutting, pillars of three different axial orienta-
tions (<100>, <110>, and <111 >) were partially lithi-
ated at 10 mV for one or two hours. The initial diameter
of the pristine crystalline Si pillars is around 500 nm. The
schematic presented in Figure 3 outlines the process by
which a methanol-etched <100> Si pillar is milled with
FIB for top-down SEM observation of the shape of the
core. After partial lithiation, the <100 > pillar expands to
a cross shape (Figure 3a), and the shape of the unlithiated
core is shown in gray®™ Etching the amorphous Li-Si
phase with methanol reveals the crystalline core, and
amorphous Si accumulates on the four {110} sidewall
faces of the core (Figure 3b). Next, as illustrated in Fig-
ure 3c, the etched pillar is mounted on an SEM holder
such that the gallium ion beam is normal to the pillar axis
(parallel to the plane of the underlying silicon substrate).
The SEM image in Figure 3d is a picture (52° tilt) of
a <100> pillar after methanol etching. Figure 3e shows
several SEM images captured over the course of the FIB
milling process. The top half of the pillar is visibly milled
away as ion beam exposure is extended. After completion
of FIB milling, the core appears to have a clean cross sec-
tion suitable for top-down-view imaging.

Figure 4 shows top-down SEM images of pillars of vari-
ous axial orientations after partial lithiation (Figures 4a—
¢) and also after etching with methanol and cutting with
the FIB (Figures 4d—f). The images after FIB milling
show the shape of the crystalline core. As described in
a previous study,”” the <100>, <110> and <111 > ax-
ially oriented pillars expand, respectively, into a cross
shape, an ellipse, and a circle due to anisotropic expan-
sion along <110> lateral directions. As shown in Fig-
ure 4d, methanol etching and FIB milling reveals that the
< 100> pillar has a square crystalline core. Amorphous Si
is accumulated on the four flattened {110} surfaces of the
core. The needle-like structure at the upper edge of the
pillar is a fragment of amorphous Si left over from FIB
milling. The crystalline core of the <110 > pillar has a rec-
tangular shape with the shorter dimension along the
< 110> direction (Figure 4e). The <111 > pillar has a hex-
agonal core with flat faces orthogonal to lateral <110>
directions, as shown in Figure 4f. From the shape of the
crystalline core of the etched pillars, it can be concluded
that {110} surfaces of crystalline Si are the favored reac-
tion site for lithiation and volume expansion, much like
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Figure 4. Si nanopillars with three different axial orientations (<
100>, < 110>, and < 111 >) after partial lithiation and etching/FIB
cutting to view the cross section. a-c) Top-down SEM images of
partially lithiated Si pillars held at 10 mV vs. Li/Li* for 1-2 hr.
<100>, <110>, and <111 > pillars expand into a cross, an el-
lipse, and a circle, respectively, as shown in a previous study.”” d)
Top-down SEM image of the cross section of a <100 > pillar after
FIB removal of the top half of the pillar. The four flattened edges
of the crystalline core are {110} surfaces on which the residual
amorphous Si fin is attached. e) Top-down SEM image of the cross
section of a <110> pillar after FIB cutting. The two flattened
edges of the crystalline core are the lateral {110} surfaces. f) Top-
down SEM image of the cross section of a <111 > pillar without
FIB cutting. The six flattened edges of the crystalline core are the
lateral {110} surfaces. All scale bars are 500 nm.

chemical wet etching.'” The crystalline structure is con-
sumed and the amorphous Li-Si alloy grows at these sur-
faces through the migration of a reaction front. This
causes anisotropic volume expansion of the amorphous
Li-Si alloy and shrinkage of the crystalline Si core along
the <110> directions. The anisotropy of Si during elec-
trochemical lithiation is probably caused by the different
electrochemical potentials of the lithiation of each crys-
tallographic Si plane, as shown using density functional
theory (DFT).'!l In addition to anisotropic volume ex-
pansion, the fracture locations in crystalline silicon nano-
structures are related to the anisotropy and the shape of
the crystalline core. As shown in our previous study, frac-
ture occurs at the surface between lateral {110} planes
upon lithiation of the pillars.®® This suggests that tensile
hoop stress is intensified at these locations, and the pref-
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erential lithiation and volume expansion during lithiation
at the flat {110} crystal facets is presumed to cause these
stress concentrations.

3. Conclusions

In summary, we have investigated the process by which
single-crystalline Si nanopillars are consumed during elec-
trochemical lithiation. Methanol is used to etch the amor-
phous Li-Si alloy and reveal the crystalline core of the
partially lithiated pillars more than showing morphology
changes as reported in our previous studies.™™®! It is
found that the crystalline cores have particular shapes de-
fined by flat {110} lateral surfaces for each pillar orienta-
tion. The cross sections of the <100>, <110>, and
<111 > pillars have square, rectangular, and hexagonal
shapes, respectively, and the flat surfaces of the core are
orthogonal to the <110> lateral directions in each pillar.
The observed crystal shapes are consistent with anisotrop-
ic expansion of the pillars: preferential consumption of
the crystalline Si at {110} lateral planes results in the reac-
tion front proceeding further along these directions, and
it flattens these planes in the process. These observations
provide a better understanding of the anisotropic lithia-
tion behavior and fracture of single crystal Si, and this
knowledge can be used in the estimation of the stresses
that develop in crystalline Si anodes during lithiation.

4. Experimental Section
Silica Nanoparticle Synthesis

Silica nanoparticles were produced by a modified Stober
synthesis.'””!  Briefly, 1.3 mL tetraethyl orthosilicate
(TEOS) was mixed with 10 mL ethanol, and then
a NH,OH/ethanol solution was added to precipitate
silica. After eight hours of reaction, the spheres were cen-
trifuged and cleaned with ethanol and methanol. Silica
nanospheres of 600 nm diameter were produced.

Silicon Nanopillar Fabrication

<100>, <110>, and <111 > silicon wafers (p-type, 10—
20 Qcm, 500-550 um thick) were first cleaned with O,
plasma for 5min and then the colloid of silica nano-
spheres was dispersed on the wafer and allowed to dry.
These Si wafers were then etched using the Bosch process
with a Deep Reactive Ion Etcher (Surface Technology
Systems Co.). SF,; (50 sccm) and C,Hg (80 sccm) were
used for etching and passivation with active times of 3 s
and 6, respectively. The total etching time was 7-9 min
at 350 W of RF power. After dry etching, wet etching
with concentrated HF for several seconds dissolved the
remaining silica nanospheres on top of the pillars.
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Half-cells were made with pieces of the wafers on which
Si nanopillars had been etched as the working electrode.
Li foil was used as the counter/reference electrode. Poly-
mer separators (Nagase) were placed between the two
electrodes, and the sandwich structure was sealed in
a pouch with external electrical leads. The electrolyte was
1M LiPF; in ethylene carbonate/diethyl carbonate (EC/
DEC, 1:1; Merck). For lithiation/delithiation, linear-
sweep voltammetry was used on either a Bio-logic VMP3
battery tester or an Arbin BT2000. For partial lithiation,
the voltage was swept at varying rates from the open cir-
cuit voltage to 10 mV vs. Li/Li", where it was held for 1-
2 hr; alternatively, 120 mV vs. Li/Li* was applied for
10 hr. After electrochemical treatment, the nanopillar
sample was removed in an Ar-filled glove box and
washed with acetonitrile to eliminate residual electrolyte
and SEI. The samples were then transferred to the SEM
(FEI XL30 Sirion SEM) or TEM (FEI Tecnai G2 F20 X-
TWIN TEM) for imaging. To minimize exposure to the
air, the sample was sealed in a glass vial while still in the
glove box and was then carried to the SEM or TEM.

Focused lon Beam Cutting of the Pillars

An xP 3.35 DualBeam System (FEI Company), which is
a dual FIB/SEM apparatus, was used to mill off the tops
of the pillars, exposing the pillar cross sections halfway
up the pillar height. Samples were mounted such that the
gallium ion beam was normal to the pillar axis (parallel
to the plane of the underlying silicon substrate). First,
a pillar near the cleaved edge of the Si substrate was lo-
cated at an ion current of 10 pA (30 kV voltage), and ex-
posure time was minimal so as to prevent noticeable etch-
ing of the pillar at this low ion current. Then, the pillar of
interest was milled at a higher ion current of 30 pA
(30 kV voltage) until the upper half of the pillar was com-
pletely removed.
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