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25th Anniversary Article: Understanding the Lithiation of
Silicon and Other Alloying Anodes for Lithium-lon Batteries

Matthew T. McDowell, Seok Woo Lee, William D. Nix, and Yi Cui*

Alloying anodes such as silicon are promising electrode materials for next-
generation high energy density lithium-ion batteries because of their ability
to reversibly incorporate a high concentration of Li atoms. However, alloying
anodes usually exhibit a short cycle life due to the extreme volumetric and
structural changes that occur during lithium insertion/extraction; these
transformations cause mechanical fracture and exacerbate side reactions. To
solve these problems, there has recently been significant attention devoted to
creating silicon nanostructures that can accommodate the lithiation-induced
strain and thus exhibit high Coulombic efficiency and long cycle life. In par-
allel, many experiments and simulations have been conducted in an effort to
understand the details of volumetric expansion, fracture, mechanical stress
evolution, and structural changes in silicon nanostructures. The fundamental
materials knowledge gained from these studies has provided guidance for
designing optimized Si electrode structures and has also shed light on the fac-
tors that control large-volume change solid-state reactions. In this paper, we
review various fundamental studies that have been conducted to understand

ited to a relatively short traveling distance
per charge (~160 km) due to limitations
of specific energy/energy density and also
the cost of the battery system. To address
this issue, the United States Advanced Bat-
tery Consortium (USABC) has put in place
long-term goals for electric vehicle bat-
teries to guide research in this area.! The
energy density and specific energy require-
ments put forth for battery pack systems
are 300 Wh L' and 200 Wh kg at a C/3
discharge rate (a C/3 rate corresponds to
complete discharge in three hours), and
the battery is required to cycle 1000 times
with a maximum of 20% capacity degrada-
tion. One way to achieve these goals is to
pursue the development of new electrode
materials with higher specific capacity than
traditional materials, while maintaining the

structural and volumetric changes, stress evolution, mechanical properties,
and fracture behavior of nanostructured Si anodes for lithium-ion batteries and
compare the reaction process of Si to other novel anode materials.

1. Introduction

The Li-ion battery has become the energy storage device of choice
for portable electronic devices such as smart phones, laptop com-
puters, and tablet PCs due to its high energy density.'3! How-
ever, emerging electric transportation systems, including hybrid
electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs),
and fully electric vehicles (EVs) require batteries with even higher
specific energy, energy density, and cycle life, along with lower
cost and improved safety. Most mass-producible EVs are lim-
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required cycle life. High capacity materials
can increase energy content per weight and
volume while reducing the cost per energy
unit, although they also present new mate-
rials challenges.

In commercial Li-ion batteries, the
usual positive electrode materials are
metal oxides or phosphates (such as LiCoO,, LiMnO,, or
LiFePQ,), and the negative electrode is graphite. Both the posi-
tive and negative electrode materials react with Li via an inter-
calation mechanism: Li ions or atoms reside in interstitial
sites within the host lattice, and the insertion/extraction of Li
results in only small strains and minimal irreversible struc-
tural changes in the host material. As a result, the intercalation
mechanism can result in good capacity retention over many
cycles, but the specific capacity of these materials is relatively
low due to the limited number of intercalation sites for Li ions
within the host lattice. In contrast, negative electrode materials
such as Si, Ge, and Sn react with Li via a different mechanism:
Li forms alloys with these materials, which involves breaking
the bonds between host atoms, causing dramatic structural
changes in the process.”™! Since the atomic framework of the
host does not constrain the reaction, anode materials that form
alloys can have much higher specific capacity than intercalation
electrode materials. For instance, the equilibrium Li-Si alloy
with the highest Li concentration is the Li),Sis phase, which
is much more Li-rich than fully-lithiated graphite (LiCq).% In
terms of theoretical specific capacity, the Li-Si alloy phase can
attain 4200 mAh g~! while graphite exhibits only 372 mAh g™'.
The theoretical specific capacities for other alloying anodes,

wileyonlinelibrary.com

1



http://doi.wiley.com/10.1002/adma.201301795

2 wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

such as Ge and Sn, are also very high (1623 and 994 mAh g,
respectively). However, the large number of Li atoms that
can be inserted into these materials causes extreme volume
changes (310% for full lithiation of Si).'% The volumetric and
structural changes during Li insertion and extraction usually
result in rapid decay of the specific capacity with cycling due to
mechanical fracture/decrepitation of particles and irreversible
side reactions with the organic electrolyte that are exacerbated
by volume changes.[%11"13] One mechanism by which fracture
is thought to cause capacity decay is via the electrical isolation
of fractured active material fragments. Preventing mechanical
fracture and diminishing the significance of side reactions in
these anode materials during electrochemical Li insertion and
extraction is therefore essential for utilizing their high specific
capacity for long-lasting, higher energy density Li-ion batteries.

Among the many candidate alloying anode materials, Si is
considered one of the most promising because of its exception-
ally high specific capacity, its abundance in the earth's crust,
and the benefits of a well-developed industrial infrastructure
for manufacturing. Si has been studied for use in Li batteries
for more than three decades,!'*!! but mechanical degradation
and capacity decay have typically prevented good cycling perfor-
mance. In early 2008, our group demonstrated that Si nanowire
anodes can be used to mitigate mechanical fracture, opening up
the opportunity to use nanomaterials design to address these
issues.l'?l Since then, various Si nanostructures have shown
promise for improved cycle life.'>1?7l Nanostructured Si
anodes are advantageous for a number of reasons, including for
their ability to accommodate lithiation-induced strain without
fracture and their good rate capability.?®?°! Si nanostructures
such as nanowires, nanoparticles, and nanotubes have been
designed and fabricated for use in Li-ion batteries.['%17-26:30
In addition, some nanostructures have been specifically engi-
neered with volume change as a key design factor, including
core-shell nanotubes and yolk-shell type nanoparticle assem-
blies.['82223] The surface chemistry and structure of nanostruc-
tured electrodes have also been studied.’'**l The success of
these designs, as summarized in one of our recent reviews,
illustrates the importance of understanding and controlling
the effects of volume change in nanostructured Si anodes. In
general, it is vital to develop a fundamental understanding of
how the size, shape, and crystallinity of Si nanostructures affect
volume expansion, stresses, and fracture; this knowledge can in
turn be used to design structures with improved electrochem-
ical performance and can also guide the development of other
alloying anode materials.> Furthermore, from a scientific per-
spective, the influence of stress and volume change on the ther-
modynamics and kinetics of this solid-state transformation is of
particular interest. With this motivation, there has been much
attention focused on understanding the volume changes, stress
evolution, and mechanical failure during the lithiation/delithi-
ation of Si. In this review, we discuss the fundamental aspects
of the Li-Si electrochemical reaction and also the factors that
influence fracture in Si anodes.

This review is organized in the following manner. First,
the physical processes, structural changes, and volume expan-
sion/contraction during the lithiation/delithiation of Si will
be discussed. Next, the effect of Si crystallography on volume
expansion will be examined. Modeling efforts to understand

M

Matthew McDowell received his
B.S. in materials science and
engineering from Georgia Tech
in 2008, and he recently finished
his Ph.D. in Prof. Yi Cui's lab at
Stanford University. His current
research involves studying elec-
trochemical transformations in
high capacity battery electrode
materials, and he is broadly
interested both in electrochem-
ical systems and the dynamic properties of nanomaterials
and interfaces.

Seok Woo Lee received his B.S.
in mechanical engineering from
Pohang University of Science
and Technology (POSTECH) in
2003 and his Ph.D. in mechan-
ical engineering from Korea
Advanced Institute of Science
and Technology (KAIST) in 2008.
Currently, he is a research asso-
ciate in the Geballe Laboratory for
Advanced Materials at Stanford
University. His research interests are in electrochemical
systems for energy storage and harvesting.

William D. Nix received his
Ph.D. from Stanford University
in 1963. Since then, he has
been involved in studying the
mechanical properties of a wide
variety of materials. In recent
years, his research has focused
on nanoscale size effects on
mechanical properties and also
the mechanics of high-capacity
lithium battery electrodes. He is
a member of the National Academy of Engineering and the
National Academy of Sciences.

Yi Cui received his B.S. in
chemistry from the University
of Science and Technology of
China in 1998 and his Ph.D.
from Harvard University in
2002, followed by work as a
Miller Postdoctoral Fellow at the
University of California, Berkeley.
In 2005, he became a professor
in the Department of Materials
Science and Engineering at
Stanford University. He leads a group of researchers
working on nanomaterials for energy, electronics and
biotechnology.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2013,

DOI: 10.1002/adma.201301795



ADVANCED
MATERIALS

M

mechanical stress evolution and fracture, along with related
experiments, will then be presented. Finally, the review will
conclude with a section comparing the Li-Si alloying reaction to
reaction processes in other novel anode materials.

2. Electrochemical Lithiation of Crystalline Si

Many Si electrodes that have been developed and tested utilize
crystalline Si as the active material. It has been commonly dem-
onstrated that the first lithiation of crystalline Si results in sig-
nificant irreversible capacity loss!'>3¢ and substantial particle
fracture.’”! To understand these processes, it is necessary to
study the structural changes and volume expansion during lithi-
ation of crystalline Si structures. In the following section, studies
on the lithiation and amorphization of crystalline Si will be pre-
sented, and aspects related to electrochemical behavior, crystal-
lization of lithiated Si, and material properties will be discussed.

2.1. Two-Phase Lithiation and Electrochemical Solid-State
Amorphization

Crystalline Si is electrochemically lithiated via a two-phase mech-
anism in which the Si is consumed to form lithiated amorphous
Si (Li,Si), and the two phases are separated by a sharp reaction
front of nanometer scale thickness.”****l On a fundamental
level, this two-phase behavior likely occurs because of the large
activation energy required to break up the crystalline Si matrix:
a high concentration of Li atoms near the reaction front is
required to weaken the Si-Si bonds, leading to favorable lithiation
kinetics and the observed two-phase behavior.?**!! The lithiated
amorphous phase that forms at the expense of the crystalline Si
is highly lithiated, with x = 3.4 + 0.2 Li atoms per Si atom (this
is close to the stoichiometry of the commonly reported terminal
crystalline phase at room temperature, where x = 3.75).2l The
formation of highly lithiated Si at the reaction front causes most
of the volume expansion to occur right at the front, which leads
to enormous gradients in transformation strain.

A few early studies focused on this unique electrochemical
solid-state amorphization process.>*? In the Li-Si system, four
intermediate equilibrium phases have been found to form
during equilibrium Coulometric titration experiments of Li in Si
electrodes at high temperature (415 °C).'**l The nominal compo-
sitions of these phases are Li;,Siy, Li;Si;, Li;3Siy, and Li,;Sis. The
sequential formation of these compounds results in a stepped
galvanostatic voltage profile during high-temperature electro-
chemical experiments, as shown in Figure 1. At room tempera-
ture, however, the galvanostatic voltage profile of typical crystal-
line Si electrodes during lithiation shows a relatively flat voltage
plateau around 0.1 V that suggests a two-phase field over most
of the lithiation process; this is demonstrated by the example
voltage curve for a half cell with a Si powder working electrode
(Figure 1).°0 Ryu et al. showed similar behavior using the more
precise galvanostatic intermittent titration technique (GITT) for
a crystalline Si particle electrode upon lithiation.*3! The single
voltage plateau observed during room-temperature alloying of Li
with crystalline Si (solid line in Figure 1) is clearly different than
the equilibrium voltage profile at high temperature (dotted line
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Figure 1. Coulometric titration curve for the Li-Si system at 415 °C
(dotted line) and galvanostatic charge/discharge of a Si powder electrode
at room temperature (solid line). The stepped voltage profile of the high
temperature experiment is indicative of a series of two-phase reactions.
In contrast, room-temperature lithiation shows a single gradually sloping
plateau and large hysteresis between lithiation and delithiation. The high
temperature data is taken from ref. [14].

in Figure 1).' This is because the room temperature lithiation
process involves electrochemical solid-state amorphization and
results in the formation of a metastable amorphous Li,Si phase
instead of the equilibrium intermetallic compounds. Solid-state
amorphization occurs because the formation of the equilib-
rium phases is kinetically hindered, so the amorphous phase
(which has lower Gibbs free energy than the reactants) forms.!
Experimentally, the amorphization process was explored by Lim-
thongkul et al. with X-ray diffraction and high-resolution electron
microscopy experiments.”) More recently, the two-phase struc-
ture of the amorphous Li,Si/crystalline Si interface was imaged
with scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HRTEM).[3841]

2.2. Crystallization of Highly Lithiated Amorphous Si

According to the equilibrium Coulometric titration at high tem-
perature (415 °C) and the phase diagram, Li),Sis is the most
Li-rich phase of the Li-Si system, and the theoretical maximum
specific capacity upon lithiation of Si is commonly calculated
as 4200 mAh g! by considering this phase.**] However,
several studies have shown that the final phase of lithiated Si
at room temperature is not Li),Sis. Obrovac et al. studied struc-
tural changes during the Li-Si alloying process using ex situ
X-ray powder diffraction.®] They found that when the poten-
tial of the electrode falls below about 50 mV vs Li/Li*, highly
lithiated amorphous Si suddenly crystallizes to form the Li;5Si,
phase instead of Li,,Sis. The Li;5Si, phase is not an equilibrium
phase but is instead metastable. Chevrier and Dahn have noted
that the Li;sSi, phase is the only crystalline Li-Si phase in which
all the Si atoms have equivalent crystallographic sites; each Si
atom has 12 Li neighbors.%l First principles simulations and
experiments have shown that in the amorphous phase before
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Figure 2. In situ X-ray diffraction during galvanostatic cycling of a crystalline Si electrode in a half cell at room temperature. In panels (a-c) the potential
profiles are shown in the bottom sections, and corresponding plots of the intensities of different Bragg peaks during cycling of the cell are shown in the
top sections. The cycling rate was C/100. a) Potential profile and the intensity of two Si peaks and two LiysSiy peaks during the first discharge (lithiation)
of the crystalline Si. As the crystalline Si is lithiated, the Si peaks gradually disappear as amorphous Li,Si (a phase with fixed composition) forms via a
two-phase reaction. The amorphous lithiated phase crystallizes into the Li;sSiy phase when the potential decreases below ~60 mV. b) Potential profile
and the intensity of two LiysSi4 peaks during the first charge (delithiation). The Li;sSi, peaks disappear as the material is delithiated, eventually forming
amorphous Si at the end of charge. ¢, Potential profile and the intensity of two Li;sSi, peaks during the second discharge. The lithiated material remains
amorphous until the end of discharge, when the Li;sSi, phase reappears. d) Schematic summarizing the phases that form as a function of specific
capacity during the charge—discharge cycling of a Li/Si electrochemical cell at room temperature. The Liys4,Si4 notation designates that this phase has
slightly variable stoichiometry. The Li,Si, Li,Si, and Li,Si notation represent amorphous Li-Si phases with different compositions; Li,Si and Li,Si are amor-
phous phases with a fixed composition, while the Li content in Li,Si varies. Reproduced with permission.[’l Copyright 2007, The Electrochemical Society.

Li;sSiy crystallization, Si atoms are well dispersed and mostly
surrounded by Li atoms.[*240 This suggests that the similarities
in the local atomic environments in the lithiated amorphous
phase and the crystalline Li;5Si, phase might lead to kinetically-
favored crystallization of the metastable phase instead of the for-
mation of a thermodynamically stable phase. Upon delithiation
of the crystalline Li;sSiy phase, the material transforms back to
amorphous Si. An in situ X-ray diffraction study performed by
Li et al. also confirmed these results;[*’! Figure 2a-c show the
intensity of the Bragg peaks of the Si and Li;5Si, phases along
with the corresponding electrochemical potential profile during
the first lithiation, the first delithiation, and the second lithi-
ation. During the first lithiation (Figure 2a), the crystalline Si
peaks decrease in intensity with increasing capacity due to the
disappearance of Si and the formation of amorphous Li Si. At
the end of the first lithiation (when the potential drops below
about 60 mV vs Li/Li*), Li;sSiy peaks appear as the highly lithi-
ated amorphous Li,Si phase crystallizes into Li;5Si,. During the
first delithiation (Figure 2b), the intensity of the Li;sSi, peaks
decreases linearly with time, but crystalline Si peaks are not

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

detected again because the Si at the end of charge remains
amorphous throughout cycling. During the second lithiation
(Figure 2c), the amorphous Li,Si phase again crystallizes into
the Li;5Si, phase when the electrode potential decreases below
about 60 mV. Figure 2d shows a summary of the phase trans-
formations that occur during cycling. The sudden crystalliza-
tion of the Li;sSi, phase during room temperature lithiation has
also been observed with electron diffraction during the lithia-
tion of Si nanowires and nanoparticles with in situ TEM.[2948-51]
Overall, the vast majority of studies have reported the formation
of Li;sSi, as the terminal phase, which supports the belief that
Li;sSiy is the most highly lithiated phase at room temperature.
It should be noted that a few TEM studies have reported the
existence of the Li),Sis phase; however, this might be a result of
the specific conditions used in these works.>2>3]

Further work has been devoted to clarifying how the tem-
perature during lithiation affects the terminal crystalline
phase formed. Using X-ray diffraction, Kwon et al. showed the
emergence of the Li,; Sis phase at higher temperatures during
lithiation of a Si thin film.’ It should be noted that there has
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been debate in the literature about the differences between the
Li,,Sis and the Li,;Si5 phases; in most cases, the two phases are
not differentiated.l® This study found that the Li;sSi, phase is
formed as the terminal phase below about 85 °C, but the Li,;Sis
phase forms at the end of lithiation at temperatures higher than
100 °C. It was also found that if Si is lithiated at room tempera-
ture but the voltage is held at 0 V vs Li/Li* after lithiation, the
Li,; Sis Bragg peaks begin to develop after about 24 hours.’*
This suggests that the metastable Li;sSi, phase can transform
to the thermodynamically stable phase if given sufficient time.
In another informative study, Key et al. performed in situ and
ex situ nuclear magnetic resonance (NMR) to shed light on
some of the properties of the metastable Li;5Si, phase.*?l This
phase was shown to accommodate some nonstoichiometry (i.e.,
it is not a line compound), and it was also observed to undergo
a self-discharge mechanism in which Li from this phase reacts
with the electrolyte and is lost from the electrode when the cell
is held at the open circuit potential. This important observa-
tion is potentially a source of capacity loss in batteries with Si
anodes, and further study on how to mitigate this effect is war-
ranted. We note that the formation of the lithiated crystalline
phase might depend on a number of variables, including tem-
perature, lithiation rate, the size of the starting Si material, and
whether the Si is crystalline or amorphous.

In summary, the lithiation of crystalline Si occurs via a two-
phase reaction in which highly lithiated amorphous Si forms at
room temperature instead of equilibrium phases. In addition,
the metastable Li;5Si, phase is commonly found to form when
the voltage decreases below about 50 mV during lithiation.

3. Anisotropic Lithiation and Volume Expansion
of Crystalline Si

As mentioned previously, fracture due to large volume changes
during lithiation and delithiation is a significant cause of
capacity decay in Si anodes. To understand fracture, it is first
necessary to understand the nature of expansion and contrac-
tion during lithiation/delithiation and to relate this to stress
evolution in different Si structures. Acoustic emission studies
during the electrochemical cycling of initially crystalline Si par-
ticles have shown that more fracture events take place during
the initial crystalline-to-amorphous transformation than during
subsequent cycling.?”! This indicates that it is also essential to
understand the differences in volume expansion in amorphous
and crystalline Si. In this section, experimental observations of
the volume expansion behavior of crystalline Si are discussed.

To study the effect of crystallography on lithiation and
volume expansion, well-defined single crystalline Si structures
are necessary. Studies of this type have utilized Si micro/nano-
structures either etched from single crystalline Si wafers or fab-
ricated through bottom-up techniques (such as Si nanowires).
Using ex situ or in situ electron microscopy, volume changes
during or after lithiation/delithiation have been monitored
in individual structures. There have been a few independent
studies that established the existence of anisotropic lithiation in
crystalline Si; these works are detailed below.

In one study, Lee et al. examined the lithiation-induced
shape and volume changes of crystalline Si nanopillars with dif-
ferent crystallographic orientations.l*® Si nanopillars with three
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Figure 3. Experiments revealing anisotropic lithiation and expansion of
crystalline Si nanostructures. a,b) SEM images demonstrating aniso-
tropic lateral expansion upon lithiation of crystalline Si nanopillars with
three different axial orientations (<100>, <110>, and <111>). The top row
(a) shows pristine pillars, and the second row (b) shows fully lithiated pil-
lars. After lithiation, volume expansion is observed to occur along <110>
directions perpendicular to the nanopillar axis. Reproduced with permis-
sion.5¢ Copyright 2011, American Chemical Society. c) Cross-sectional
SEM image of a patterned (111) single-crystalline Si wafer with {110}
(sidewalls) and {111} (top surface) crystal planes exposed to the electro-
lyte before (left) and after (right) galvanostatic lithiation. After lithiation,
the Si was observed to primarily expand laterally in the <110> directions,
with only negligible expansion in the [111] direction. Reproduced with per-
mission.’] Copyright 2011, WILEY-VCH Verlag GmbH & Co. d,e) In situ
TEM images of anisotropic swelling of a Si nanowire during lithiation. The
pristine nanowire (d) has two lateral {110} surfaces and a round cross
section. After lithiation, the nanowire expands into a dumbbell shape,
with preferential expansion occurring at the lateral {110} surfaces. Repro-
duced with permission.[8 Copyright 2011, American Chemical Society.

different axial orientations (<100>, <110>, and <111>) were
fabricated on Si wafers (Figure 3a). These wafers were then
used as the working electrodes in conventional electrochemical
half-cells. After potentiostatic lithiation, it was found that the
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Figure 4. a-c) In situ TEM images of the electrochemical lithiation of a Si nanoparticle with an initial diameter of about 160 nm. a) Pristine nanoparticle.
b) The same particle after 21 s of lithiation. Fast swelling at the labeled (110) surface is visible, and the (110) plane is flattened. There is a twin boundary
in the particle (labeled TB). c) With further lithiation, the crystalline core becomes highly faceted, with flat {110} planes visible at the crystalline core.
Reproduced with permission.?’l Copyright 2012, American Chemical Society. d-f) SEM images of Si nanopillars with three different axial orientations
(<100>, <110>, and <111>) after partial lithiation and subsequent removal of the lithiated phase to expose the crystalline cores. The cores of the pillars
display flattened {110} surfaces at the sidewalls. Both of these experiments show that during lithiation, the shrinking crystalline Si cores are bound by
flat {110} planes. Reproduced with permission.’® Copyright 2012, WILEY-VCH Verlag GmbH & Co.

initially circular cross sections of nanopillars with <100>, <110>,
and <111> axial orientations expanded into cross, ellipse, and
hexagonal shapes, respectively, as shown in Figure 3b. These
shapes form because most volume expansion occurs at the
{110} surfaces on the sidewalls of the pillars. For example, pil-
lars with a <110> axial orientation have two {110} side surfaces
and two {100} side surfaces, leading to preferential expansion
along two radial directions. Dimensional expansion ratios along
lateral <110> and <100> directions were measured to be 245%
and 49%, respectively, which means that in this case, the {110}
surfaces experience approximately five times greater dimen-
sional change than the {100} surfaces. The average overall
volume expansion ratios of pillars with <100>, <110>, and
<111> axial orientations were measured to be 242.7%, 270.8%,
and 263.8%, respectively.

In another study, Goldman et al. fabricated arrays of Si bar
structures by photolithography and deep reactive ion etching
(RIE), and volume expansion after lithiation was observed
using ex situ SEM, as shown in Figure 3c¢.”) On a (111) wafer,
the pristine bar structures have {110} planes on the sidewalls
and {111} planes on the top surfaces of the bars. Galvanostatic
lithiation caused volumetric expansion to predominantly occur
at the lateral {110} sidewalls, and expansion at the (111) top
surface was negligible (Figure 3c). When similar bar structures
were patterned on a (110)-oriented wafer, {111} planes were
exposed at the sidewalls. These structures showed volumetric
expansion primarily at the (110) top surface planes, resulting in
vertical extension of the bars after galvanostatic lithiation.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In a third related study, Liu et al. reported the direct obser-
vation of the anisotropic swelling of Si nanowires during
lithiation using in situ TEM.P® The Si nanowires had <112>
axial orientations; thus, there are two {110} surfaces at the side-
walls with normals that are 180° from each other. Figure 3d
shows TEM images of the round cross-sectional shape of a pris-
tine Si nanowire of this type. Upon lithiation, it was found that
the volumetric expansion of the Si nanowire is highly aniso-
tropic, resulting in a dumbbell-shaped cross section as shown
in Figure 3e. The greater volume expansion occurred at the
{110} sidewalls, and the dimensional expansion ratio along the
<110> lateral direction was roughly eight times greater than
that along the <111> direction.

To determine the underlying causes of anisotropic expan-
sion, it is helpful to examine the structure of the reaction
front. To this end, Liu et al. studied the lithiation of individual
crystalline Si nanoparticles in real time with in situ TEM.[?’]
Figure 4a-c show TEM images during lithiation of a Si nano-
particle containing a twin boundary in the center of the particle.
The particle shows bumps at the outer surface due to preferen-
tial expansion at {110} surfaces. Underneath these bumps, flat
{110} facets are found at the boundary of the crystalline core.
As the crystalline core of the particle shrinks during lithiation,
the flat {110} facets propagate inward and disappear after the
particle is fully lithiated. In a similar study, Lee et al. studied
the shape of the crystalline Si core in partially lithiated Si nano-
pillars with <100>, <110>, and <111> axial orientations. The
nanopillar electrodes were partially lithiated in conventional
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Figure 5. High-resolution in situ TEM image of a {112}-oriented Si/Li,Si
reaction front during the lithiation of a crystalline Si nanowire. The amor-
phous/crystalline interface region is a few atoms thick, and the crystalline
Si lattice is highly distorted in this region. {111} Si planes at the reaction
front are marked by arrows. As shown in the accompanying schematic,
the Si lattice is broken up by Li penetration between {111} planes at the
interface and the peeling off of these planes. Thus, the orientation of
{111} planes with respect to the interface controls the reaction rate at
the interface and leads to anisotropic expansion during lithiation. Repro-
duced with permission.[*!l Copyright 2012, Macmillan Publishers Ltd.

electrochemical cells, and then they were removed from the
cells and the Li,Si shell was etched away with methanol.l®!
Subsequent SEM observation revealed the shape of the crystal-
line cores (Figure 4d-f). For each of the three axial orientations
(Figure 4d-f), the crystalline Si core is bound by relatively flat
{110} surfaces. Although these studies do not reveal atomic-
scale mechanisms, they suggest that anisotropic expansion is
due to differences in interfacial mobility of different crystallo-
graphic planes: the flat {110} planes are observed because they
react the fastest.

Recently, in situ TEM experiments by Liu et al. have revealed
the atomic-scale mechanisms of the lithiation process and have
verified that anisotropic expansion is due to differences in inter-
facial mobility of different crystallographic planes during lithi-
ation.!! It was found that it is kinetically easier for Li atoms
to penetrate and break up the crystalline Si lattice along <110>
and <112> lateral directions than along <111> directions. Inter-
estingly, a ledge mechanism of lithiation was directly observed,
in which layer-by-layer peeling of {111} facets controls the
kinetics of the lithiation process, as shown in Figure 5. Li pen-
etration through close-packed {111} planes was never observed;
instead, these planes were peeled off and broken up into indi-
vidual Si atoms.[*!]

Taken together, these experiments have established that ani-
sotropic lithiation and expansion is primarily a result of dif-
fering interfacial mobilities of different crystallographic planes.
Diffusion of Li in crystalline Si does not play a role since the
symmetry elements of a cubic crystal mathematically result
in isotropic diffusivity.l®!] Assuming fast enough Li diffusion
through the amorphous Li,Si phase to reach the crystalline
core in a nanostructure, this type of reaction process would
result in reaction front-limited kinetics for lithiation of crystal-
line Si nanostructures.®2%% These conclusions have also been
supported by direct electrochemical measurements® and by
finite element modeling efforts. By assigning different reaction
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front velocities to different crystallographic surfaces in finite
element simulations of volume expansion and plastic deforma-
tion during the lithiation of Si, a few studies have reproduced
the experimentally observed lithiated nanopillar cross sec-
tions.[2%4 This supports the theory that anisotropic expansion
during the lithiation of crystalline Si is a result of the interface-
limited reaction with differing reaction rates at different crystal-
lographic planes. This process might be similar to anisotropic
wet chemical etching of single crystalline Si,°! which involves
chemical reactions that also have dramatically different rates
at different crystallographic planes of Si; these different rates
are influenced by the bond density at different surfaces (among
other factors). Finally, we note that in addition to the kinetics-
based explanation, first-principles calculations have indicated
that different crystallographic planes of Si react at different
electrochemical potentials,°®®”] which may also contribute to
anisotropic expansion.

4. Electrochemical Lithiation and Volume Changes
in Amorphous Si

The reaction of amorphous Si with Li is different than the
crystalline case, as evidenced by the sloping voltage profile for
amorphous Si (Figure 6, bottom panel).®®! This sloping voltage
profile suggests a single-phase lithiation reaction; however,
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Figure 6. Changes in length, width, height, and volume of a patterned
amorphous Si thin film during electrochemical cycling measured with
AFM. The corresponding galvanostatic voltage curve is shown below the
AFM measurements. These measurements show that the height and
volume of the films increase/decrease almost linearly with lithiation/del-
ithiation. Reproduced with permission.[®®l Copyright, The Electrochemical
Society.
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recent experiments have found evidence for two-phase reaction
behavior, which will be discussed later. During galvanostatic
tests, a slight decrease in voltage about halfway through lithia-
tion is usually observed;!'!l this feature has been hypothesized
to be due to the local environment surrounding inserted Li
atoms.[7% Li atoms that are inserted later in the lithiation pro-
cess are primarily surrounded by other Li atoms, which results
in less charge transfer to Si atoms and therefore a slightly lower
electrochemical potential.®) Based on nuclear magnetic reso-
nance (NMR) data and X-ray pair distribution function (PDF)
analysis, Key et al. have developed a physical model for amor-
phous Si lithiation that also helps to explain the slight drop in
potential.?! The Si lattice is broken up into Si clusters by the
end of the observed higher voltage process, and further lithia-
tion breaks up these clusters into isolated Si atoms. Late in the
lithiation process, the metastable crystalline Li;sSi, phase has
been observed to form, similarly as in the lithiation of crystal-
line Si.l*>71

Early work on probing the ~300% volume changes in amor-
phous Si thin films during lithiation/delithiation was carried
out by Beaulieu et al.I®®!l Using in situ atomic force microscopy
(AFM), they studied the volume changes of patterned amor-
phous Si films with thicknesses of 0.3-0.5 um as the films
reversibly reacted with Li. Data from this study are shown in
Figure 6;1°®l the changes in area, height, and volume of the Si
film during the reaction with Li were measured at different
points along the voltage profile. The height and volume change
linearly with the Li content in the electrode and revert almost
to the original values after the first two cycles. Although the
height changes dramatically, the lateral dimensions of the pat-
terned films do not noticeably shift; this is probably due to the
physical constraint of the substrate. The maximum volume
change of the electrode was approximately 300%, which is sim-
ilar to the theoretical volume change for the transformation of
Si to crystalline Liy,Sis, 311%.'% This early study demonstrated
the importance of experimentally monitoring volume changes
in Si anodes.

As previously mentioned, the sloping voltage profile during
lithiation of amorphous Si has led most researchers to conclude
that lithiation is a single-phase reaction that does not feature a
reaction front. However, recent in situ TEM experiments have
revealed more complex two-phase lithiation behavior.’273! This
distinction is important since the two different reaction mecha-
nisms should theoretically cause different stress evolution and
fracture behavior. In one study by McDowell et al., hydrogen-
ated amorphous Si spheres ranging from 400 to 870 nm in
diameter were lithiated and delithiated inside a TEM. During
lithiation, a phase boundary between the amorphous Li,Si
region and the pure amorphous Si region was clearly observed.
High-resolution imaging by Wang et al. has shown that this
phase boundary is of nanoscale thickness. Upon analysis, this
two-phase behavior was attributed to the rate-limiting effect of
Si-Si bond breaking in the amorphous Si, which is similar to
the crystalline case. However, the concentration of Li required
to break the Si-Si bonds is probably less for the amorphous case
than the crystalline case, suggesting a lower activation energy
for bond breaking."273! It should also be noted that on subse-
quent lithiation/delithiation cycles, a single-phase mechanism
was observed;!’? this could be a result of Li trapped within the
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Si or structural changes after delithiation (such as excess Si
dangling bonds) that make it kinetically easier to break apart
the Si matrix. We speculate that the density of amorphous Si
synthesized by various methods may affect the phase behavior
during this reaction, and future study is needed. The effects of
the two-phase initial lithiation mechanism of amorphous Si
on kinetics and fracture behavior will be discussed and com-
pared to the crystalline case in subsequent sections. Finally, as
expected, it was found that amorphous Si undergoes isotropic
expansion during lithiation because there is no underlying crys-
tallography that affects lithiation.

5. Modeling of Stresses and Fracture during
Electrochemical Charge and Discharge

Thus far, we have primarily discussed the phase transforma-
tions and volume changes during lithiation and delithiation
of nanostructured Si electrodes. However, it is equally impor-
tant to understand the mechanical stresses that develop due
to these volume changes, since the stresses can cause fracture
and mechanical degradation. To better understand the relation-
ship between volume changes and fracture during charge and
discharge, there have been efforts to model the stresses that
arise during lithiation and delithiation of Si structures. The
stress states that develop during a single-phase and a two-phase
reaction are quite different.??%2 Since single-phase lithiation/
delithiation has been observed to occur upon cycling of Si elec-
trodes, we will first focus on the diffusion-induced stresses
(DIS) that have been predicted to occur during single-phase
lithiation/delithiation.

5.1. Modeling of Diffusion-Induced Stresses due to Single-Phase
Lithiation/Delithiation

Diffusion-induced stresses generally arise from inhomoge-
neous volume changes resulting from Li concentration gradi-
ents within Si. For example, during Li insertion in a spherical
particle, the outer shell increases in volume, but the inner
region contains less Li and expands to a lesser degree. This
strain gradient gives rise to stresses that vary throughout
the particle. Diffusion-induced stresses have been described
with both analytical and finite element models. Christensen
and Newman introduced a continuum model to describe the
stresses during volume expansion and contraction of spher-
ical electrode particles, and they primarily focused on carbon
insertion compounds that undergo less significant volume
changes than Si.l'¥l An important conclusion was that hydro-
static stress in the outer shell is compressive during Li inser-
tion and tensile during extraction, while the hydrostatic
stress in the core of the particle is the opposite. Cheng, Ver-
brugge, and co-workers have since developed analytical linear
elastic solutions for the time-dependent diffusion-induced
stresses that arise in solid structures under a variety of con-
ditions."*78] They have shown that surface stresses in small
nanostructures can affect stress profiles during charging
and discharging and have also studied the effects of poten-
tiostatic vs. galvanostatic operation and concentration-
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dependent properties on the resulting stresses in electrode par-
ticles. Golmon et al. presented simulations describing similar
linear elastic deformation and the resultant stresses in spher-
ical Si particles, and they demonstrated that both faster lithia-
tion and larger particle size result in higher maximum tensile
stress in the particle interior.””) In another study, Deluca et al.
developed a linear elastic stress-diffusion model to simulate
the stresses present during Li insertion in solid and hollow
electrode particle structures.® They found that hollow parti-
cles experience lower stresses than their solid counterparts,
as has also been shown by Yao et al.’l In addition to these
studies, a number of reports have focused on the effect of the
large volume changes and associated pressure on the chemical
potential and therefore the diffusion of Li.B18% The results gen-
erally indicate that accounting for pressure-dependent diffusion
results in a decrease in predicted stress magnitudes®2#4 caused
by gentler Li concentration gradients. Furthermore, one study
predicted that under certain charging conditions, diffusion near
the surface of a plate electrode might slow to the point that
it ceases, an effect called “surface locking.”® Overall, these
studies have largely used linear elastic continuum models to
predict diffusion-induced stresses during charge/discharge of
electrode structures, and they have shown that the diffusion-
induced stresses are rate- and size-dependent.

Recently, in situ experiments measuring the stress evolution
in thin-film amorphous Si anodes during lithiation/delithi-
ation have indicated that both yielding and plastic flow occur
(these experiments will be discussed later in this review).5¢
Inelastic deformation was not considered in many of the afore-
mentioned studies, and it is expected to significantly affect
the stresses and fracture behavior of Si electrode structures.
Plastic flow can also decrease the energy efficiency of a Li bat-
tery, since the rearrangement of atoms dissipates energy but
does not significantly contribute to the free energy stored in
the material.B®#7] Although the precise nature of plastic defor-
mation on the atomic scale in amorphous Li Si has not been
experimentally determined, first-principles density functional
theory (DFT) simulations have suggested that Li-assisted Si-Si
bond breaking and re-forming is largely responsible for plastic
flow.®8] This mechanism obviously differs from conventional
defect-mediated plasticity in crystalline metals and other mate-
rials. A number of models have recently been developed to
account for the effects of both elastic and inelastic deformation
on the resulting stresses in Si anode structures.’789-°1 Bower
et al. developed a comprehensive finite-strain elastic-plastic
model and calculated the coupling between stress and elec-
trochemical potential in a thin film Si anode during cycling,
which matched well with experiment.®) Zhao et al. showed
that plastic deformation in a spherical Si particle can signifi-
cantly decrease the magnitude of the charging rate-dependent
stresses that develop. This indicates that materials with lower
yield strength are less prone to fracture. Also, during lithiation,
plastic deformation was predicted to occur primarily in the
outer shell region of the particle where the Li concentration is
higher, while plastic deformation does not take place in the par-
ticle interior.®”] In another noteworthy study, Cui et al. devel-
oped a new formalism for treating the stress-dependent portion
of the Li chemical potential, which is designed specifically for
more accurately treating the extremely large transformation
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strains that occur during the Li-Si reaction.”!! This new chem-
ical potential replaces the commonly used result from the
important work of Larche and Cahn,® which is only accurate
for small elastic or transformation strains.”!l Using this new
formalism, the authors developed an elastic-plastic model for
the stresses that develop due to the diffusion of Li in a spherical
amorphous Si particle. Interestingly, the hoop stress at the sur-
face of the particle is predicted to be compressive during the
early stages of Li insertion, but at later stages, the hoop stress at
the surface becomes tensile due to the expansion of the interior
of the particle. This effect could facilitate crack formation at the
surface of the particle. This study shows that the unique nature
of the physical processes occurring during the electrochemical
alloying of Li and Si could require entirely new theoretical
frameworks for accurate modeling.

5.2. Modeling of Stress Evolution during Two-Phase Lithiation

The models discussed up to this point were designed to simu-
late the single-phase reaction in which Li diffuses into or out
of a material as determined by Fick’s laws. However, during
the initial lithiation of crystalline (and amorphous) Si, a dif-
ferent physical process occurs: the unreacted Si is converted
to lithiated amorphous Si via a two-phase reaction where the
concentration of Li changes over a sharp reaction front. Lithi-
ation and volume expansion occur in a local region near the
reaction front, and the overall deformation is controlled by the
movement of the reaction front instead of by the diffusion of
Li (as in a single-phase reaction). Modeling of two-phase lithi-
ation of crystalline Si particles with different geometries has
shown that the stress state is quite different than in the single-
phase case.?”6293 An important result is that during lithiation
of spherical crystalline particles, significant tensile hoop stress
can develop at the surface, while hydrostatic compression is
present in the crystalline Si core. This stress state is the oppo-
site of the predictions of most models of single-phase lithiation.
To illustrate these differences, Figure 7 shows the hoop stress
present in spherical structures that are undergoing single-phase
and two-phase lithiation/delithiation processes. During two-
phase lithiation of Si particles, the hoop stress at the particle
surface arises because the advancing reaction front becomes
surrounded by an already-lithiated Li,Si shell (Figure 7c). Fur-
ther lithiation at the reaction front causes volume expansion to
occur at the front, which pushes out the already-lithiated mate-
rial near the surface and eventually causes hoop tension. The
tensile hoop stress at the surface in the crystalline case can lead
to crack initiation at the surface of particles, as confirmed in
recent experiments to be discussed later.?*%4

5.3. Modeling Fracture due to Volume Changes

In addition to studying the stress evolution during charge and
discharge of Si, much work has been done to study the mech-
anisms underlying fracture. This is important because the
growth of cracks is influenced by both the stress present and
the length scales involved. In early work on fracture in alloying
anodes, Huggins and Nix developed a linear-elastic fracture
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Figure 7. Schematics showing the predicted hoop stress near the center and near the surface of representative spherical particles during single-phase
and two-phase lithiation/delithiation processes. The particles are depicted as partially lithiated, with the shade of gray representing the Li concentration.
a) Single-phase lithiation, which has been observed to occur in amorphous Si after the first cycle, has usually been predicted to result in compressive
hoop stress near the surface and tensile hoop stress in the particle interior.®”] b) Single-phase delithiation, which occurs in lithiated amorphous Si that
has not crystallized into the Li;sSiy phase, causes the hoop stress to reverse: there is now tensile hoop stress near the surface and compressive hoop
stress in the particle interior. ¢) Two-phase lithiation, which involves the movement of a sharp reaction front separating two phases with different Li
concentrations, causes different stresses to develop than in the single-phase lithiation case. In two-phase lithiation of crystalline Si, the Si core experi-

ences compressive hoop stress, while the lithiated surface region can experience tensile hoop stress.[®

mechanics model to account for the influence of particle size
on fracture.?”® By using a simplified bilayer plate geometry,
they predicted that for specific values of fracture toughness and
volumetric transformation strain, there should be a critical size
below which fracture will not occur in an electrode structure.
These calculations are shown in Figure 8. This result underpins
the experimental search for nanostructured anode materials.

size / micrometers

Criticat

Dilation strain parameter

Figure 8. Predicted critical size below which fracture will not occur as
a function of dilation strain parameter (equivalent to volume change,
AV/V) for different values of the fracture toughness of a material. The
fracture toughness values, with units of MPaVm, are shown in the legend.
For a specific value of fracture toughness, the critical size decreases with
increasing volumetric strain. This graph shows that for a given material,
smaller structures are more resistant to fracture. Reproduced with per-
mission.?8l Copyright 2000, Springer Science and Business Media.
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Other more recent studies have built on this fracture
mechanics framework by studying crack growth for different
geometries and in different materials systems.”>’] In recent
work by Ryu et al., the strain energy release rate associated with
advancing a crack was predicted for Si nanowire structures
based on a diffusion-induced stress analysis assuming pre-
existing flaws; a critical diameter for fracture of ~300-400 nm
was predicted.®!] Also, it was shown that the critical diameter is
larger for delithiation than for lithiation. Grantab and Shenoy
performed finite element simulations to model crack growth
in cylindrical Si nanowire structures during cycling, and found
that pressure-dependent diffusion significantly alters the global
stress and also the local stress at the crack tip.[®? In other work,
Cheng and Verbrugge predicted the conditions under which
cracks will initiate and propagate in electrode particles.l”>%!
Bhandakkar and Gao developed a cohesive zone model to sim-
ulate the nucleation of cracks due to diffusion-induced stress
in flat and cylindrical structures.’>!% They also predicted a
critical dimension below which an electrode structure would
remain crack-free, and they showed that crack nucleation is
more likely to occur at the surface of an amorphous Si particle
during Li extraction rather than in the interior during Li inser-
tion, even though tensile stresses are present in both cases.

As a final note on modeling efforts, a number of first-princi-
ples atomistic models have been used to predict elastic proper-
ties of Li-Si alloys.[197-1% These studies generally predict elastic
softening with increasing Li content.

6. Experimental Studies of Stress Effects on
Fracture and Lithiation

We have previously discussed the models that have been
developed to describe the stress evolution during insertion/
extraction and how cracks form and grow. Now we focus on
experiments that are related to the measurement of stresses
and the effect of stress on fracture, electrochemical potential,
and lithiation kinetics.
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Figure 9. a) Galvanostatic discharge/charge curve of an amorphous Si
thin film anode cycled at a rate of C/4. b) Corresponding in situ biaxial
stress measurement during the charge discharge process. The arrows
in both graphs indicate cycling directions. The two curves X and Y in
(b) correspond to horizontal and vertical displacement of adjacent laser
spots in the wafer curvature experiment. Reproduced with permission.[#l
Copyright 2010, Elsevier.

6.1. Stress in Si Electrodes during Charge and Discharge

A number of studies have used in situ wafer-curvature tech-
niques to monitor the stress evolution in thin Si films during
Li insertion/extraction. An early study was performed by Lee
et al.'%] More recently, Sethuraman et al. performed similar
measurements, and compressive and tensile flow stresses in
excess of 1 GPa were found during Li insertion and extraction
(respectively) in amorphous Si films.®% These data are shown
in Figure 9. Figure 9a shows the galvanostatic discharge/
charge curves for a Si film, and Figure 9b shows the simulta-
neously measured biaxial stresses in the film. The stress plot
in Figure 9b shows that during the initial stages of lithiation,
the film undergoes elastic loading. At a capacity of about
300 mAh g, the film yields and plastic deformation begins
to occur, with plastic flow continuing throughout the rest of
lithiation. Upon delithiation, similar behavior occurs, but with
tensile instead of compressive biaxial stresses. These important
measurements reveal the existence of large flow stresses and
extensive plastic flow behavior during phase transformations.
Related work has shown that the nominal flow stress is greater
for thinner films.1%! Other studies have shown that by pat-
terning thin (50nm) amorphous Si films into islands less than
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~7 um in width, the stress that arises during lithiation/delithi-
ation remains elastic.l'”1%] In addition, continuous films were
observed to fracture during delithiation, while the patterned
films did not.’% In another study, the stress was monitored
as a crystalline Si wafer was lithiated via the two-phase crystal-
line/amorphous reaction mechanism previously discussed. The
compressive stress in the amorphous LiSi region remained at
a constant value of ~0.5 GPa during lithiation, which indicates
that the lithiated Si was undergoing plastic flow at this stress
level. During delithiation, the measured biaxial stress rapidly
became tensile. Fracture and a sudden drop in the magnitude
of the tensile stress were both observed near the end of delithi-
ation.1® Taken together, this important research on mechanical
behavior has shed light on the strength, flow behavior, and
damage evolution of Si during cycling.

6.2. Relating Stress to Electrochemical Potential

Since relatively large (~GPa level) hydrostatic stresses have
been shown to exist in Si anodes during Li insertion/extraction,
this influences the Gibbs free energy of the reaction and there-
fore the measured electrochemical potential.®>19%110] Based on
the stress experiment detailed in Figure 9, Sethuraman et al.
employed the Larche-Cahn chemical potential to predict the
magnitude of stress-potential coupling in lithiated Si.'%! It was
estimated that a biaxial stress of 1 GPa would change the meas-
ured electrochemical potential by 62 mV in a thin-film geom-
etry, and experimental measurements show that the coupling
could be as high as 100-125 mV GPa!. This result indicates
that stress in Si anodes contributes to the voltage hysteresis
present during charging and discharging, since the compres-
sive stress during lithiation would decrease the voltage from
the equilibrium value and the tensile stress during delithia-
tion would increase it.'%) In general, voltage hysteresis is det-
rimental since it results in lower energy efficiency, and it also
makes it difficult to determine the state of charge of the battery.
As such, it is important to determine the factors influencing
the hysteresis, and this work provides valuable insight into the
role of mechanical stress in contributing to the voltage hyster-
esis. Other studies in this area have focused on the effects of
stress and physical constraint on the equilibrium Li concentra-
tion during Li insertion and extraction.'10.111]

6.3. The Effect of Stress on the Kinetics of Lithiation

In addition to the aforementioned stress effects, it has also
been predicted that stress can alter the lithiation rate in indi-
vidual nanostructures. In particular, the large stresses that
develop at the Si/Li,Si interface during lithiation of crystalline
Si nanoparticles or nanowires can influence the nature of the
reaction in a unique way; specifically, the stress acts to gradu-
ally decrease the thermodynamic driving force for lithiation as
the reaction progresses.%” This effect results from the spher-
ical geometry of nanoparticles. An in situ TEM experimental
study by McDowell et al. demonstrated the effects of stress on
the lithiation reaction by analyzing the real-time lithiation of
individual Si nanoparticles.”!l It was found that the reaction
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Figure 10. Real-time measurement of the extent of lithiation with time in individual crystalline Si nanoparticles. a-c) In situ TEM images showing a
group of nanoparticles being lithiated. The particles are attached to a Cu-coated Si nanowire from which the Li flows. In (b), the particles are partially
lithiated, and the crystalline Si core/amorphous Li,Si shell structure is evident in many particles (the crystalline Si core is darker). The arrows in these
images mark the particle that is analyzed in panel (d). d) Measurement of the outer diameter and crystalline core diameter as a function of time during
lithiation for the particle marked with an arrow in (a-c). Initially the reaction proceeds quickly, but the reaction front slows significantly as the particle
is lithiated. e) This plot shows the extent of lithiation (quantified as the a/b ratio, where b is the outer radius and a is the core radius) as a function of
normalized time t/t, for six particles from the group shown in panels (a-c). “Normalized time” is given by t/t,, where t, = b,/v, (b, is the initial radius
and v, is the initial reaction front velocity for each particle). This plot shows that particles of all sizes exhibit reaction front slowing when they are lithiated
to a similar a/b ratio. This is evidence for a stress effect on the driving force for the reaction, since the hydrostatic stress in the particles theoretically
does not depend on particle size but only on the extent of lithiation.[62l Reproduced with permission.’l Copyright 2012, WILEY-VCH Verlag GmbH & Co.

front slows significantly as the crystalline Si core is consumed,
whereas traditional reaction front-controlled kinetics predicts
a constant lithiation rate. Data from this study are shown in
Figure 10. Analysis of the data strongly suggests that increasing
hydrostatic compression near the interface during lithiation
causes the slowing reaction rate.’!] A subsequent study has
shown that similar behavior occurs in nanowires, where the
cylindrical shape results in similar stresses as the spherical
nanoparticles.''? In both cases, the reaction front slowing
arises due to the extreme volumetric expansion at the two-
phase interface, and as such it is quite different from other
battery materials systems. This behavior also has direct conse-
quences for battery operation, since the slowing of the reaction
could limit charging rates.

As previously discussed, in situ TEM experiments have
shown that the first lithiation of amorphous Si occurs via a
two-phase reaction in a similar manner as crystalline Si.’?
This should result in similar stress evolution during lithiation,
which might lead one to expect slowing of the reaction front
during lithiation of amorphous Si spheres. However, direct
measurements have shown that the reaction front does not
slow in amorphous Si spheres;’? instead, the reaction front
proceeds approximately linearly with time. This difference
suggests that the hydrostatic stress in amorphous Si spheres

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is lower than that in crystalline Si spheres during lithiation,
which is consistent with the observation of less volume expan-
sion at the reaction front for amorphous Si.[”?!

6.4. Fracture due to Li Insertion/Extraction

The stresses that exist in amorphous Si thin films during
cycling are due both to the constraint of the substrate and to
Li concentration gradients in the film itself. Many studies have
shown that amorphous Si films over ~100 nm in thickness frac-
ture upon delithiation due to tensile stresses.[''>114] Depending
on the substrate material, very thin films (<50 nm) have been
reported to avoid fracture/delamination and maintain high
capacity over thousands of cycles;!'"® this can be explained by
the lower strain energy available to drive crack propagation
in these thin films.'"3 A recent study has sought to reduce
the stresses in thicker films by using Si films placed on soft
poly(dimethylsiloxane) (PDMS) substrates as anodes.% In this
case, the PDMS substrate can deform during volume expan-
sion and contraction, which reduces the stress in the Si film
and allows for stable cycling. This demonstrates that clever
engineering can mitigate some of the problems associated with
stresses and fracture in Si.
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Figure 11. a,b) SEM images of 325 mesh crystalline Si particles before (a) and after (b) lithiation. Cracks on the particle surface were observed after
lithiation. c) Schematic showing the setup of the acoustic emission experiment: elastic waves produced by fracture events propagate through the
electrode until reaching the acoustic emission sensor, which sends a voltage signal to a computer for recording and processing. d) Acoustic emission
signal measured during galvanostatic cycling of a crystalline Si particle electrode. Cumulative hits and voltage vs time are shown. The first lithiation
shows the greatest number of fracture events. Reproduced with permission.”] Copyright, The Electrochemical Society.

Fracture has also been investigated in Si structures without
thin film morphologies. In a series of interesting experiments,
the acoustic emission signal from crystalline Si particle elec-
trodes was monitored during cycling.’’11l In these experi-
ments, a piezoelectric sensor on the back of a Si particle elec-
trode was used to record mechanical vibrations emanating from
the fracture of the particles. Acoustic events corresponding
to particle fracture were detected throughout cycling, with an
increased frequency of fracture events during the initial lithia-
tion of crystalline Si compared to later cycles. The authors also
performed SEM, and cracks on the surface of the particles were
observed after the first lithiation. After the first delithiation,
the particles had a similar appearance but the cracks were less
severe due to particle shrinkage. After five cycles, a multitude
of smaller cracks appeared in the large fissures and many of the
initial particles had been pulverized into smaller particles. This
data is shown in Figure 11.

It is evident from these experiments that fracture of crystal-
line Si particles during the first lithiation is severe and could
contribute to the first cycle irreversible capacity loss commonly
observed in Si electrodes, but until recently this phenomenon
was not understood at the single-particle level. To explore this
issue, Liu et al. used in situ TEM techniques to visualize frac-
ture during the lithiation of crystalline Si particles with sizes
ranging from ~20 nm to hundreds of nm.1?! It was found that
cracks initiate at the surface of particles during the movement
of the reaction front into the particle. In addition, the critical
particle size for fracture was estimated to be about 150 nm
based on the experiments. Crack initiation at the surface is a
direct consequence of the stress state that exists during lithi-
ation of crystalline particles. As previously discussed, both
Liu et al. and Zhao et al. have developed models to describe
stress evolution during lithiation of crystalline spherical parti-
cles.??62] The relevant result is that due to propagation of the
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sharp reaction front separating crystalline Si from highly lithi-
ated amorphous Si, tensile hoop stresses develop at the sur-
face, which results in the observed fracture. This differs from
what is expected in a single-phase reaction, where the surface
region has usually been predicted to be under hoop compres-
sion during lithiation instead of tension (for reference, Figure 7
has schematics illustrating the hoop stress predicted for single-
phase and two-phase reactions in particles).[®’]

Ex situ work by our group has shown that crystalline Si nan-
opillars also fracture at the surface during lithiation, and we
have examined the influence of crystalline orientation and ani-
sotropic volume expansion on fracture.® In this study, we fab-
ricated <100>, <110>, and <111> axially oriented nanopillars on
Si wafers. The diameter of the pillars ranged from ~150 nm to
~400 nm, and the height of the pillars was a few microns. After
lithiation, SEM revealed that many pillars had surface cracks,
and the occurrence of fracture was found to be dependent on
size and lithiation rate. Fracture was observed in ~90% of nano-
pillars that were initially 360 nm in diameter, while only ~5%
of nanopillars that were initially 140 nm in diameter fractured.
These values varied only about 5% with the voltage sweep rate.
For nanopillars of an intermediate size (240 nm), however, the
fraction of nanopillars with cracks increased from ~1% at slow
lithiation rates to about ~20% at fast rates. This seems to sug-
gest a lithiation rate-dependence on the stress evolution at the
surface of the pillars, but more work needs to be done to fur-
ther clarify this effect.

Another important conclusion of this study is that aniso-
tropic expansion during lithiation of crystalline Si nanostruc-
tures influences the location of cracks. This is demonstrated in
Figure 12, which shows crack location statistics in lithiated nan-
opillars with different axial orientations.® For pillars with all
three axial orientations, it is clear that the cracks are primarily
located between neighboring {110} planes. Recalling that the
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Figure 12. Statistical study of the fracture locations at the surface of lithiated Si nanopillars with different axial orientations. Each panel shows an
example SEM image of fractured pillars, a schematic of the pillar cross-section, and a compilation of fracture location data presented as a column
chart. The data were compiled by examining many top-down SEM images and measuring the angle from an arbitrary reference point to the fracture
location, as shown in the SEM images and schematics. The dashed lines in the inset SEM images indicate the reference point (0°), and the solid lines
show the location of the cracks; the angular location of the cracks is measured between these lines. The thicker highlights in the schematic views
and the dashed lines in the column charts indicate the angular location of the {110} surfaces on the sidewalls of the pillars. Arrows point to fracture
sites. a) Pillars with <100> axes expand preferentially at the four lateral {110} surfaces (0, 90, 180, and 270° in the figure), and the four most common
fracture sites are located at the {100} lateral surfaces (45, 135, 225, and 315° in the column chart). b) Pillars with <110> axes expand preferentially at
the two lateral {110} surfaces (55 and 225° in the figure), and the two most common fracture sites are at the lateral {100} surfaces (145 and 325° in
the column chart). c) Pillars with <111> axes have six lateral {110} surfaces that expand preferentially (0, 60, 120, 180, 240, and 300° in the figure), and
the most common fracture sites are the {112} lateral surfaces that are positioned between neighboring {110} surfaces (30, 90, 150, 210, 270, and 330°
in the column chart). Overall, these data show that nanopillars of all orientations consistently fracture at surface locations that lie midway between
lateral planes that undergo preferential lithiation, as shown by the arrows in the schematics. Scale bars in the SEM images are 1 um. Reproduced with
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{110} planes are the locations of preferential lithiation and
expansion, this suggests that anisotropic expansion results in
stress intensification at the surface between the {110} planes,
which causes fracture. Another in situ study on <112> axially-
oriented Si nanowires has also shown that anisotropic expan-
sion can result in fracture.’® In this case, some nanowires were
observed to develop cracks along the axis during lithiation.

In addition to these studies, we have also performed in
situ TEM experiments that reveal in real-time the effect of
anisotropic expansion on fracture locations.’" In this case,
we studied crystalline Si particles instead of one-dimensional
structures. Figure 13 shows a series of TEM images taken
from a video of the lithiation process of a nanoparticle with an
initial diameter of ~480 nm. In this experimental configura-
tion, lithiation occurs at all surfaces relatively uniformly since
surface diffusion of Li has been confirmed to be much faster
than bulk diffusion.[??°0%8] Ag lithiation progresses in this par-
ticle, the darker-contrast crystalline core region shrinks as the
amorphous Li,Si shell grows (Figures 13b,c). The crystalline
core also becomes faceted (Figures 13c,d), as discussed previ-
ously. After 205 sec of lithiation (Figure 13c), a set of two pro-
truding facets that forms a triangular shape is seen on the left
side of the crystalline core during lithiation. Assuming the two
facets are {110} planes, the shape of this protrusion could be
a result of the extensive twinning evident in this particle; it is
also possible that this protrusion is a smaller secondary crystal

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

separated from the larger crystal by a grain boundary. Lithi-
ation is occurring at this protrusion primarily at the top and
bottom facets, while the tip of the protrusion remains sharp.
As such, the lithiated shell directly to the left of the protrusion
tip is thinner than in any other location since less extensive
lithiation is occurring at the tip than at the preferentially-lithi-
ated facets. In Figure 13e, fracture is observed to initiate at the
surface of the partially lithiated particle directly to the left of the
tip of the crystalline protrusion. The location of fracture indi-
cates that the preferential lithiation and concurrent plastic flow
of material above and below the protrusion tip result in inten-
sified tensile hoop stress at the particle surface directly to the
left of the protrusion. This is very similar to the ex situ results
observed after lithiation of nanopillars; in both cases, fracture
occurs at the surface between angled surfaces of preferential
lithiation.’l After the particle fractures in Figure 13e, the
remaining crystalline core of the particle quickly becomes lithi-
ated and the crack grows across the entire particle, as shown in
Figure 13f. The destruction of the original particle morphology
and the separation into two pieces is an example of how frac-
ture could lead to loss of electrical contact in individual parti-
cles. As mentioned before, this is thought to be a mechanism
of fracture-induced capacity loss in Si electrodes and could help
explain why crystalline particle-based electrodes are usually
observed to exhibit relatively large irreversible capacity loss on
the first cycle.[1217:36]
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Figure 13. Series of in situ TEM images showing the lithiation of a ~480 nm diameter crystalline Si nanoparticle. The time from the beginning of the
experiment is displayed in the bottom right of each image. In this experimental setup, the visible particles are in physical contact with each other, and
Li atoms diffuse through the smaller particles to the left of the large particle to react with the larger particle. a) The large particle has just begun to
undergo lithiation. b) Amorphous Li,Si regions (lighter contrast) are visible surrounding the darker crystalline Si core. The angled lines in the core are
twin defects. c) The crystalline core has shrunk significantly, and it is surrounded by an amorphous Li,Si shell. The core is faceted due to anisotropic
expansion. Also, a set of two protruding facets is visible on the left side of the crystalline core. d) The particle before crack initiation. The lithiated shell
has transformed to the Li;sSiy phase. e) With further lithiation, a crack initiates on the left surface of the particle directly adjacent to the crystalline
protrusion. Anisotropic expansion above and below the protrusion results in tensile stress concentration at this surface location. f) After fracture, the
crack grows as the remaining crystalline core is lithiated, causing the particle to almost completely separate into two pieces. Reproduced with permis-

sion.P™] Copyright 2012, WILEY-VCH Verlag GmbH & Co.

Finally, we note that work has also been devoted to devel-
oping surface coatings that do not fracture upon the expansion
and contraction of Si nanoparticles or nanowires. Certain sur-
face coatings, such as carbon or Cu, can ideally promote stable
solid-electrolyte interphase (SEI) growth and result in higher
Coulomb efficiency,!*®! but many surface coatings applied
directly to Si structures will fracture due to volume expansion
of Si upon lithiation, as demonstrated by in situ TEM experi-
ments.P To bypass this problem, hollow nanostructures
of a few different types have recently been developed that all
feature a surface coating and empty space into which Si can
expand.[18222311] Dyring lithiation, the Si can expand into the
empty space without significantly deforming the surface layer
(depending on the mechanical properties and thickness of the
coating), which results in a static surface exposed to the electro-
lyte on which a stable SEI can grow.'?" This design principle,
which was guided by knowledge gained from fundamental
studies, has resulted in half-cells with stable discharge capacity
over hundreds and even thousands of cycles.?2l

7. Measurements of Mechanical Properties
of Li-Si Alloys

Since the mechanical properties of Li-Si alloys play a signifi-
cant role in degradation processes, comprehensive knowledge
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of these properties is necessary. For Li-Si alloys, measuring the
mechanical properties has been a challenge because the mate-
rials are unstable in air. Recently, however, there have been a
few studies reporting mechanical properties of lithiated Si.
Using wafer-curvature techniques, Sethuraman et al. measured
the biaxial modulus of thin amorphous Si films during electro-
chemical lithiation, and found that the biaxial modulus varies
from ~70 GPa for lightly lithiated Si to ~35 GPa for highly lithi-
ated Si.l'?!l Tt is important to take these differences into account
in the modeling of stresses. In two other studies by Ratchford et
al., nanoindentation was used on bulk alloy samples of Li;,Si,
and Li,,Sis to determine Young's modulus, and values of 52.0 =
8.2 GPa and 35.4 + 4.3 GPa were reported, respectively.122123]
Additionally, Hertzberg et al. studied electrochemically lithiated
Si films with nanoindentation, and reported the Young’s mod-
ulus and hardness as a function of extent of lithiation.['?* They
also showed a deviation from the rule of mixtures for Young’s
modulus measurements, which could be explained by changes
in the local environment of Si and Li atoms during lithiation.
The reported hardness values in the study more closely follow
a rule of mixtures, with the hardness of Li;sSiy reported as
1.5 £ 0.8 GPa. In addition to these measured properties, studies
have shown that the lithiation of Si causes a transformation
from brittle behavior to a material that can undergo significant
plastic flow.B®125] This transformation highlights the impor-
tance of understanding the mechanical properties at various Li

wileyonlinelibrary.com

15




16  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

compositions. Finally, the mechanical properties of lithiated or
delithiated nanowires have been examined recently with tensile
tests and AFM indentation tests; these experiments represent
novel approaches for probing the mechanical response of indi-
vidual nanostructures.[126-128]

8. Experimental Studies of Physical Transforma-
tions in Other Nanostructured Anode Materials

Due to the particular promise of Si as an anode material, the
reaction processes in the Li-Si system have been widely studied,
as detailed in this review. Single-nanostructure characterization
techniques have been vital for probing the nanoscale details of
the Li-Si reaction; this type of study has led to greater under-
standing of phase transformations, mechanical degrada-
tion, and reaction kinetics. In addition to Si, however, there
are a number of other promising anode materials that have
been studied in recent years, and experiments have begun to
reveal the wide variety of nanoscale reaction mechanisms that
take place in different materials. These different mechanisms
require the development of new models for stress evolution to
better understand the mechanics of these systems. This section
discusses experimental results (with a focus on single-nano-
structure studies) related to the reaction and mechanical degra-
dation mechanisms of other novel anode materials.

Germanium and tin are group IV elements along with Si,
and they can both alloy with a high concentration of Li (the spe-
cific capacities of Ge and Sn are 1623 and 994 mAh g™!, respec-
tively). Ge has been the subject of a few different in situ TEM
studies, and interestingly, although both Ge and Si have dia-
mond cubic crystal structures, there are important differences
in the reaction behavior. First, the two-phase lithiation of crys-
talline Ge has been shown to be isotropic,?*-13 in contrast to
the significant anisotropic expansion observed during lithiation
of Si. This has important ramifications for lithiation-induced
fracture of Ge nanostructures. In section 6, it was shown that
anisotropic expansion of Si nanostructures causes fracture to
occur between crystallographic planes where preferential lithia-
tion takes place; this is due to heightened tensile stress at these
locations. The isotropic of lithiation of Ge avoids these stress
concentrations, which results in a larger critical size for frac-
ture of Ge nanoparticles.'? Another feature of the Li-Ge reac-
tion is that after delithiation, highly porous amorphous Ge has
been observed to form.'31 Upon cycling, the pores disappear
and reform; this is in contrast to the behavior observed in Si
nanowires, which become porous over tens of cycles.[3%

A few studies have examined the morphological evolution
of Sn particles with cycling. One ex situ study concluded that
50 nm Sn particles undergo fracture during long term cycling,
which indicates that Sn may be less mechanically stable than
Si.1331 In another study, monodisperse Sn nanocrystals with a
diameter of about 10 nm were observed with TEM before and
after lithiation/delithiation.'** Interestingly, there was evidence
of mechanical damage and fracture even in these small crys-
tals, which again suggests differences in mechanical stability of
Sn compared to Si. Other work has focused on using in situ
AFM to probe volume changes in patterned Sn films, and it
was found that volume changes were not completely reversible
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with cycling (as they were in similar experiments with Si
films).[13] Finally, the transformations during lithiation/delithi-
ation of larger Sn particles (~5 microns) have been studied with
in situ transmission X-ray microscopy (TXM).['3¢137] Radial
fracture was observed to occur during lithiation, and the parti-
cles became porous after delithiation. The fracture behavior is
similar to that observed for Si nanostructures, although the Sn
particles were much larger.

In addition to these alloying anode materials, other in situ
experiments have revealed the nanoscale reaction mechanisms
of oxide-based anode materials, such as SnO, and ZnQ.[138-141]
This type of material is lithiated through a conversion pro-
cess where in the early stages of lithiation the metal oxide is
converted to Li,O and the pure metal, and then the metal is
lithiated to form a Li-metal alloy if it is active for Li alloying.
During the lithiation of SnO, nanowires, the SnO, is initially
converted to amorphous Li,O and nanocrystalline Sn.['#0:142] A
reaction front separates the crystalline SnO, from the Li,O/Sn,
and ahead of this reaction front there is a ~200 nm wide “dis-
location cloud” that moves through the SnO, crystal. This indi-
cates that severe plastic deformation occurs both in the SnO,
crystal and the lithiated amorphous region, which is different
than the case of Si lithiation, where dislocations have not been
observed in the Si lattice. Additionally, it has been found that
surface coatings can act as a constraint to control the expan-
sion anisotropy during SnO, lithiation;!!*¥! this also contrasts
with Si,°% where the expansion anisotropy is controlled by the
crystallography of the Si lattice.’*~8 These findings show that
both the reaction mechanism and the mechanics of volume
expansion are quite different for Si and SnO,. In addition to
these tests on SnO, nanowires, in situ TEM results of the lithi-
ation and cycling of ZnO nanowires have been reported.!'*’]
The lithiation of ZnO proceeds by a different mechanism than
SnO,; instead of the dislocation-mediated plasticity observed
in SnO,, the ZnO nanowires undergo significant cracking and
fracture during lithiation, which causes mechanical damage to
the nanowire that remains during cycling. Overall, these results
have begun to reveal the wide variety of different reaction path-
ways possible for the lithiation of anode materials, and they
indicate that there is more to work to be done to uncover and
understand the reaction of Li with other electrode materials.

As a final note regarding novel characterization methods,
Balke and Kalinin et al. have developed an interesting scanning
probe technique, termed electrochemical strain microscopy, for
investigating volume changes and ionic transport in thin film
electrodes.'**14] This technique has proven useful for map-
ping Li flow in LiCoO, and Si films and for determining the
effect of defects on Li diffusion, and it will surely be used in the
future to study a variety of novel battery materials.

9. Conclusions

With the intense recent interest in developing new high-
capacity Li battery electrode materials, Si has received much
research attention. The lithiation of Si is fundamentally dif-
ferent from traditional intercalation anodes: Li alloys with Si,
causing 300% volume expansion in the process. As demon-
strated by the studies discussed herein, the development of
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high-capacity alloying anode materials such as Si requires not
only traditional electrochemical experiments, but also experi-
ments designed to monitor the interrelated effects of volume
expansion/contraction, deformation, stress evolution, and
fracture on the mechanical integrity and electrochemical per-
formance of these materials. For Si, such experiments and
modeling have revealed a wealth of information, including
the effect of crystallinity on volume expansion, the details of
mechanical stress evolution and its relation to electrochemical
potential, and dynamic fracture information. These data are
useful for understanding the physical processes occurring in an
electrode structure during electrochemical reactions, and they
will hopefully guide future Si electrode development and also
the development of other alloying anode materials.

Although much has been learned about the Li-Si alloying
reaction, many topics in this area are as yet unstudied. Some
important future research areas are detailed here.

1. Most of the studies mentioned in this review deal with the
electrochemical reaction of individual Si structures; howev-
er, it is also important to examine the interactions between
particles and the mechanical degradation of electrode frame-
works on a larger (um to cm) scale. This will allow for the
correlation of single particle deformation to the mechanical
integrity and electrochemical performance of the electrode
framework.

2. Itis necessary to study in detail the effects of volume expan-
sion on SEI growth. SEI films have been shown to become
very thick on nanostructured anodes; this is presumably
because volume expansion/contraction can rupture already-
grown SEI and expose new Si surfaces to the electrolyte,
where new SEI forms. Thicker SEI increases ionic resistance
and can cause electrical isolation of fractured particles, which
can lead to capacity degradation. Although some progress has
been made in this area,??! it would be useful to understand
exactly how SEI growth occurs on different alloying anode
nanostructures so new methods can be developed to promote
stable SEI growth.

3. The bulk of this review is concerned with the physical and
chemical transformations during the lithiation/delithiation
of Si. A large number of studies have focused on Si due to
its attractive properties as an anode material, and a good deal
of knowledge about this reaction has been generated. How-
ever, as detailed in section 8, experimental studies on the na-
noscale reaction processes in other nanostructured electrode
materials have also begun to emerge. In most cases, different
materials exhibit different reaction mechanisms, indicating
that it is important to understand these differences through
more experiments and modeling.

4. Complete knowledge of the mechanical behavior of lithiated
Si is necessary to understand and predict structural deforma-
tion during lithiation/delithiation. While some mechanical
properties have already been measured, important questions
remain. For instance, viscoplastic flow behavior and related
mechanisms would be interesting to characterize.

The extent of recent research and the progress made
in understanding the electrochemistry and materials sci-
ence of Si anodes for Li batteries, along with improvements
in performance, suggest that there is a bright future for the
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commercial prospects of this material. With more work towards
fundamental understanding and electrode development, Li-ion
batteries with higher capacity and long cycle life could be
realized.
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