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Studying the Kinetics of Crystalline Silicon Nanoparticle
Lithiation with In Situ Transmission Electron Microscopy

Matthew T. McDowell, Il Ryu, Seok Woo Lee, Chongmin Wang, William D. Nix,

and Yi Cui*

Silicon has attracted significant attention for use as the negative
electrode material in Li-ion batteries!'™! in part because it has a
specific capacity about ten times that of commercial graphite.
In contrast to traditional intercalation electrodes, Si and Li react
via an alloying process, which results in an enormous (~300%)
volume expansion due to the uptake of up to 4.4 Li atoms per Si
atom in the fully alloyed material.*”] This large volume change
is a fundamental issue that has hindered the widespread use of
Si in batteries. Concentration gradients associated with volume
expansion can cause significant mechanical stress to exist
within electrode structures, which can lead to fracture and elec-
trical isolation of the active material.®'! In addition, volume
expansion/contraction of Si structures can promote unstable
growth of the solid-electrolyte-interphase (SEI), which results
in high ionic resistance and poor cycling performance.l'?l Frac-
ture compounds this issue: the SEI grows on the new surfaces
of a fractured electrode particle, which could promote electrical
isolation since the SEI is electronically insulating.’¥! In short,
the volume changes during Li alloying/dealloying are the cause
of many problems associated with this system, so it is vital to
understand the fundamental nature of these volume changes
and how they relate to the reaction itself.

The electrochemical properties of the Li-Si system have been
studied for more than three decades,!*!%! but research on the
effects of volume expansion has only been performed more
recently.’1% In the past few years, a number of studies have
specifically focused on lithiation and volume changes in crystal-
line Si nanostructures. The lithiation of crystalline Si is a two-
phase reaction in which a reaction front separates the growing
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Li,Si amorphous phase from pristine crystalline Si.l'’~'% The Li
concentration increases abruptly at the reaction front, which has
nanoscale thickness.?”! This is a different physical process than
the lithiation of amorphous Si, which progresses via a single-
phase reaction and is thought to be diffusion-controlled.?!l A
number of experimental studies have shown that crystalline Si
undergoes anisotropic lithiation and volume expansion, with
preferential expansion occurring perpendicular to {110} crystal-
lographic planes.?224 This phenomenon has been proposed to
be due to differing reaction rates at different crystallographic
surfaces of crystalline Si,>~?7) which is qualitatively similar to
anisotropic etching of Si single crystals. The observation of ani-
sotropic expansion in these experiments strongly suggests that
the lithiation kinetics of crystalline Si nanostructures are con-
trolled by the rate of the reaction at the interface rather than by
diffusion through the lithiated phase.[?>?]

Other studies have shown that in addition to causing frac-
ture, the mechanical stress generated during Li insertion can
affect the nature of the Li-Si reaction. Experimental work has
revealed that biaxial stresses exceeding 1.5 GPa exist during
lithiation and delithiation of amorphous Si thin films;?% these
stresses are much higher than in conventional intercalation-type
electrodes and can significantly alter the thermodynamics of
the Li-Si system.[?>3% In a recent study, Zhao et al. developed an
analytical model encompassing volume expansion and plastic
deformation that describes the stress evolution in spherical
crystalline Si nanoparticles during lithiation.?®l Interestingly,
this study predicts that the stress that arises in a crystalline par-
ticle during lithiation acts in thermodynamic opposition to the
electrochemical driving force for the reaction between Li and Si;
this means that the stress could affect both the electrochemical
potential and the reaction rate. In addition, the stresses present
during the lithiation of Si have been shown to depend on the
shape and the crystallinity of the structure of interest.[11:26:31]

From the preceding discussion, it is clear that the lithiation
of crystalline Si is a complex process in which the diffusion of
Li, the reaction rates at different surfaces, and the mechanical
stress all play roles. A comprehensive understanding of how
these factors influence the lithiation process is necessary for
better control of the electrochemical characteristics of Si elec-
trodes, but it is difficult to probe the dynamic aspects of such
a reaction using conventional ex situ experimental techniques.
In this work, we overcome this limitation by using in situ trans-
mission electron microscopy (TEM) to observe the lithiation of
crystalline Si nanoparticles in real-time, and we measure and
analyze the time-dependence of the lithiation-induced deforma-
tion to reveal that mechanical stress plays a significant role in
governing the kinetics of the reaction.
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Figure 1. In situ lithiation of a group of nanoparticles. a) Schematic showing an in situ TEM electrochemical cell. b) Particles attached to a Cu-coated
SiNW before lithiation has begun. Particles to be analyzed are labeled with letters. c,d) The same particles viewed during lithiation. The time labels
above the images in b-d correspond to the time that has passed since the initial application of the electrical bias. €) Typical SAED pattern of pristine
Si nanoparticles before reaction. f) Typical diffraction pattern of particles after full lithiation showing the presence of the Li;sSi4 phase. g-i) Time-series
of images of individual particles from the group and corresponding measurements of the crystalline core diameter and the outer diameter of each
particle during lithiation. Each particle shows an initial rapid decrease in the core diameter, followed by a slowing of the reaction front. In (i), the sudden
decrease in core diameter at ~110 seconds corresponds to particle fracture. All scale bars are 100 nm.

In situ TEM electrochemical cells have recently been
developed3?l and have proven to be invaluable for studying
physical transformations in a variety of materials during
lithiation/delithiation.!*2+33-40] Here, we employ a similar
in situ electrochemical cell with a slightly modified experi-
mental arrangement to allow for particle lithiation. The
experiments are possible due to the use of a specialized dual-
probe electrical biasing TEM sample holder (Nanofactory
Instruments). As shown in the schematic in Figure 1a, a Si
nanowire (NW) with a thin layer of Cu on one sidewall is
attached to the bottom Au probe on the holder. Silicon nano-
particle clusters are attached along the length of this NW. A
LiCoO, powder electrode is attached to the top probe, and
an ionic liquid electrolyte is coated on this electrode. The
ionic liquid has extremely low vapor pressure and does not
evaporate in the high vacuum of the TEM column, thus ena-
bling these experiments. In the TEM, the tip of the NW is
immersed in the liquid electrolyte, resulting in the creation
of a nanoscale electrochemical cell where the Si electrode
is the working electrode and the LiCoO, electrode is the Li-
containing counter electrode. By electrically biasing the Si
electrode between —3.7 and —4.0 V vs the LiCoO, electrode,
Li* from the electrolyte is reduced at the NW, and Li diffuses
into the NW to cause complete lithiation. Lithium also
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diffuses from the lithiated NW into the particles, which will
be demonstrated later.

A few details of this experimental setup are relevant to
the analysis in this study. First, the Cu coating on the NW is
employed to increase the electronic conductivity of the wire to
allow for faster lithiation and more reliable performance.l*”!
Previous work has suggested that without coatings or doping,
the lithiation rate of NWs can be limited by electron transport
since the NWs are many microns in length;['l here we bypass
this problem. Second, previous experiments on in situ lithia-
tion of Si structures have revealed that the surface diffusion of
Li atoms is very fast compared to bulk lithiation.>?*3% In the
current experiment, this is very important: fast surface diffu-
sion results primarily in uniform spherical shell lithiation of
the particles attached to the NW instead of lithiation proceeding
from one side of each particle to the other.

Data from a typical in situ lithiation experiment are pre-
sented in Figure 1. Figure 1b shows a group of pristine nan-
oparticles attached to a NW. After applying a bias of —3.8 V,
the NW and the nanoparticles begin to be lithiated. Figure 1c
and d show the same group of nanoparticles during lithiation.
Note that each nanoparticle begins to be lithiated at a different
time, and that the figures are labeled with the time after the
electrical bias was first applied. The corresponding video of this
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process (Video S1) is available in the supporting information.
During lithiation, volume expansion of each particle occurs via
the growth of the Li,Si phase at the expense of the crystalline
Si. As previously mentioned, fast surface diffusion allows for
relatively uniform spherical lithiation in each particle, so that a
growing Li,Si shell forms around a shrinking crystalline core.
The lithiated shells on many of the particles in these images
are observed to crystallize into the Li;5Si, phase during lithia-
tion while the Si cores are still present. For example, the shell
on the large particle in the upper right (particle i) of Figure 1c
has crystallized at this point in the lithiation process. A typical
selected area electron diffraction (SAED) pattern for pristine Si
nanoparticles is shown in Figure le, and a typical diffraction
pattern for the Li;sSi, phase is shown in Figure 1f.

The contrast between the crystalline core and the lithiated
shell allows for precise measurements of the time-dependence
of lithiation. It should be noted that due to slight movement
of the sample within the column during lithiation, the diffrac-
tion contrast from the crystalline core is not visible in every
frame. Figures 1g-i show cropped images of three individual
nanoparticles during lithiation along with graphs of the meas-
ured outer and core diameters as a function of time. The three
graphs all show the same trend: the particles first undergo a
rapid decrease in the core diameter followed by slowing of the
reaction front. The nanoparticle in Figure 1i, which was ini-
tially 185 nm in diameter, fractures near the end of lithiation,
as seen in the image recorded at 148 s. This was the only par-
ticle observed to fracture in this particular experiment, which
can be understood because its diameter is on the order of pre-
viously reported critical sizes for fracture.*'!] The particle that
fractures (Figure 1i) also shows reaction front slowing, but after
crack initiation at the surface at about t = 110 seconds, the core
diameter decreases more rapidly. All other particles that could
be measured in this group (six total) also exhibited reaction
front slowing, and initial diameters ranged from 33 nm to 185
nm. This observed decrease in lithiation rate is unexpected on
the basis of transport kinetics, since with a continuous supply
of reactant, an interface-controlled reaction is expected to
progress linearly with time.'”] The kinetics of this reaction are
directly related to the performance of actual Si electrodes, so a
comprehensive understanding of this phenomenon is of great
importance.

To demonstrate the generality of these observations, data
from ten different experiments were collected and analyzed.
Figure 2a is a log-log plot showing the average final velocity of
the reaction front as a function of the average initial velocity
from particles in all these experiments. The final velocity was
calculated as the slope of a line fit to the last few measured
points of the core radius-vs-time curve for each particle, and
the initial velocity was similarly calculated using the first few
points. Some experiments were monitored until all the particles
were fully lithiated, but other experiments were stopped earlier;
this could contribute to slight scatter in the results. The black
dashed line indicates where the final and initial velocities would
be equal (i.e., constant velocity of the reaction front). Essentially
all of the points fall below the constant velocity line, which
indicates that the reaction front slows as lithiation progresses
in these particles. It is also evident that there is range of ini-
tial velocities in these experiments, from about 0.07 nm s~! to
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Figure 2. a) Logarithmic plot of the average final velocity vs the average
initial velocity of the reaction front for each particle that does not frac-
ture. Each set of shaded symbols in the plot corresponds to a different
experimental group. The vast majority of particles exhibit slowing of the
reaction front. b) Graph of the lithiated shell thickness of six different
particles from a single experimental group as a function of time (these
data are from the images shown in Figure 1). The legend indicates the
initial diameter of each particle. c) Graph of the lithiated shell thickness as
a function of time from another group of particles. Both (b) and (c) show
that lithiation in small and large particles slows on a similar time scale;
in other words, crystalline cores remain in the smaller particles even after
much thicker regions have been lithiated in larger particles. This indicates
that the slowing of the reaction is not due to diffusion limitation.
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3 nm s7!. Each shaded symbol in the plot corresponds to a dif-
ferent experimental group, and the particles from each group
exhibit similar initial velocities. The absolute velocity of the
reaction front depends on a number of factors, including the
electronic resistance of the NW framework to which the parti-
cles are attached and the local ionic resistance at the electrolyte
interface. Therefore, we think that variations of these values
probably cause the initial velocity differences among the dif-
ferent experiments. Regardless of the initial velocity, however,
the final velocity is usually lower.

At first glance, the slowing trajectory of the shrinking core
diameters as a function of time in Figure 1g-i might be seen as
evidence of a diffusion-limited reaction. However, recent anal-
ysis has suggested that the lithiation of crystalline Si is a reac-
tion-front limited process.??l Here, the direct time-dependent
measurements of the reaction front position during lithiation
provide insight as to whether the reaction is diffusion-con-
trolled. With planar geometry, diffusion limitation would result
in a characteristic reacted length scale that is proportional to
/Dt , where D is the diffusivity and t is time.[*!] With spherical
geometry, the time-dependence of the characteristic diffusion
length is qualitatively similar; slight differences are due to the
concentrating effect of the spherical geometry, especially near
the end of the diffusion process (see the supporting informa-
tion for more details). Comparing the reaction kinetics in par-
ticles with different sizes can yield useful information about
whether the rate is controlled by diffusion or the interfacial
reaction.

Figures 2b and c are plots of the lithiated shell thickness of
multiple nanoparticles as a function of time for two different
in situ experiments. The lithiated shell thickness is used as the
metric for comparison because it is the distance over which Li
must diffuse during lithiation to react at the core interface. The
TEM data for the group of particles in Figure 2b are presented
in Figure 1, and the data for Figure 2c are in the supporting
information. The lithiated shell thickness was measured either
until in situ observation ended or until the particles were
fully lithiated (i.e., no crystalline core remaining). The dotted
lines in Figure 2b and 2c represent the characteristic length
scale for diffusion assuming a Li diffusivity in the shell of
D =101 m? s7L.*4 It is clear that the measured data behave dif-
ferently: the lithiation rate slows in both smaller and larger par-
ticles on similar time scales. For a diffusion-limited process, the
smaller particles should be fully lithiated much faster than the
larger particles, but here it is evident that the crystalline cores
in the smaller particles are retained for longer than expected for
diffusion limitation. From this data, it can be concluded that
the total lithiated thickness is not the controlling factor for the
slowing reaction front; the reaction front kinetics must be the
rate-controlling feature.

If the kinetics of the reaction are controlled by the interface
reaction rate instead of diffusion, the question now arises as to
why the reaction rate decreases with extent of lithiation. Pre-
vious in situ work has shown that the propagation of the Li Si
reaction front down the length of coated NWs is linear with
time when the NWs are held at a constant potential.'*3% How-
ever, the “reaction front” in this case is the lithiation near the
surface of the NW, which is usually followed by slower lithia-
tion of the core region of the NW after the initial reaction front
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passes. This is actually similar to the particle case, where the
reaction slows as it progresses into the interior of the structure.
For this interface-controlled reaction, the observed slowing of
the reaction front must be due to changing reaction conditions
at the interface between the crystalline Si core and the lithiated
shell. Based on recent modeling efforts,l we show here that
the effect of evolving mechanical stress at the reaction front on
the driving force for reaction could be the factor that slows the
lithiation rate.

In a recent noteworthy study, Zhao et al. develop an ana-
lytical model to predict stress during the lithiation and volume
expansion of crystalline Si.?®! This study assumes that the reac-
tion is limited by the interface reaction rate and also allows for
plastic deformation in the lithiated silicon.?% The electrochem-
ical lithiation of Si is represented as
Li+ Lsio liisi M

x X

Each Li atom is presumed to react with pristine crystalline
Si at the atomically sharp Li,Si/crystalline Si interface to form a
new unit of lithiated silicon. The driving force for the consump-
tion of one Li atom to form 1/x units of Li,Si is identified as?®!

AG = AG, —ed+ i [U,iiQSi _ U"LlixSiQLixSi] (2)

In this expression, AG is the net Gibbs free energy change,
AG, is the free energy change with no mechanical stress or
applied voltage, and @ is the voltage applied to the electro-
chemical cell. The term in brackets is the modification to the
net driving force due to the presence of mechanical stress in
the structure: 6Si,, is the mean stress in the Si core at the inter-
face, oLi,Si,, is the mean stress in the lithiated silicon at the
interface, and QSi and Q!**5 are the volumes per Si atom and
unit of Li Si, respectively. As written here, a negative AG drives
lithiation. This means that compressive hydrostatic stress in the
crystalline Si favors lithiation, while compressive hydrostatic
stress in the lithiated silicon impedes lithiation.?®! By calcu-
lating the stresses in the structure, we can use this expression
to determine their effect on the driving force.

To model the stress during volume expansion and plastic
deformation of spherical Si particles, Zhao et al. use a modified
version of calculations made by Hill.**l Discussion of the stress
profiles resulting from this model, along with similar results
we obtained via finite element modeling for spherical lithia-
tion, are presented in the supporting information. It should be
noted that the stresses from this model are generally consistent
with the finite element modeling in work by Liu et al.’l The
analytical model predicts that the crystalline core experiences
homogeneous hydrostatic compression, which increases in
magnitude as the core size decreases. The stress in the lithi-
ated shell is inhomogeneous and triaxial (the radial and hoop
stress values differ). At the Li,Si/Si interface, the hydrostatic
stress in the shell is even more compressive than in the core,
but it reverses and becomes tensile at the surface of the par-
ticle due to the continual volume expansion at the reaction
front that pushes out the already-lithiated material. The signifi-
cant compression in the Li Si directly adjacent to the Li,Si/Si
interface can be physically understood because this material is
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constrained by the core as it expands and plastically deforms
according to the yield criterion.

An important result of this model is that the magnitude of
the stresses evolve with the extent of lithiation: the hydrostatic
stresses on either side of the Li Si/Si interface (the stresses that
contribute to AG in Equation 2) become more compressive
as the crystalline core shrinks, as shown in Figure 3a. In this
figure, the extent of lithiation is represented by the a/b ratio,
where b is the outer radius of the particle and a is the radius of
the crystalline core (see schematic inset). Details regarding cal-
culations for this figure are contained in the supporting infor-
mation. The difference between the hydrostatic stress values on
each side of the Si/Li,Si interface at a specific a/b value is always
constant, but the magnitude of the compressive stress increases
substantially with decreasing core size. The significant increase
in pressure in the vicinity of the reaction front represents
changing conditions that could affect the propagation velocity
of the front, as suggested by Zhao et al. and detailed next.

Based on the stress calculation in Figure 3a, the stress con-
tribution to the driving force (the part of Equation (2) that is
in brackets) as a function of a/b for reaction of a single par-
ticle is shown in Figure 3b. In this model, the yield strength
assigned to the Li,Si significantly affects the calculated curve.
The yield strength for lithiated silicon has been variously
reported to be between about 0.5 GPa and 1.5 GPa.l202844 Here
we calculate the stress contribution to the driving force for two
different values of the yield strength, 0.5 and 1 GPa, with the
understanding that the actual behavior may lie somewhere
between these curves (see supporting information for calcula-
tion details). From Figure 3b, it is clear that the changing stress
during lithiation causes the stress contribution to the Gibbs
free energy to become more positive, as previously shown by
Zhao et al.?®! Looking again at Equation (2), the increasingly
positive stress contribution to AG reduces the total driving force
for the reaction, since the combined chemical and electrical
driving force (the first two terms in the equation) is negative.
If we assume the velocity of the reaction front depends expo-
nentially on the driving force, as in transition state theory,2%!
this decrease in driving force would result in a decrease in reac-
tion front velocity as the particle is lithiated, which is what is
observed in the experiments. According to the modeling, the
stress contribution is large enough to cause the total driving
force to disappear at some value of a/b, which would cause
the reaction front to halt. In the experiments, this was not
observed: the reaction front sometimes slowed significantly, but
never completely stopped. This discrepancy could be due to i)
an overestimate of the stress effect due to simplifications used
in the model or ii) possible viscoplastic behavior in the lithiated
silicon, where time-dependent stress relaxation might also alter
the driving force.

The results from this model are in good qualitative agree-
ment with the in situ experimental data. A distinguishing fea-
ture of the model is that the slowing of the reaction front should
depend primarily on the a/b ratio (the fractional extent of lithi-
ation), not the actual lithiated thickness (as in diffusion con-
trol). This is evident in the experimental data: in each particle
group, particles of all sizes usually show slowing of the reaction
front at similar values of a/b, as shown in Figure 3c. While the
value of a/b at which slowing occurs is usually similar among
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Figure 3. a) Predicted mean stress evolution on either side of the Si/Li,Si
interface in a spherical particle as it is lithiated. The inset is a schematic
of a particle in the midst of lithiation, with a crystalline core radius a and
an outer radius b. The extent of lithiation on the x-axis is denoted by the
a/b ratio. The mean stress on both sides of the interface becomes more
compressive as the size of the crystalline core decreases, with the stress
in the shell at the interface always of greater magnitude than that in the
core. b) The stress contribution to the Gibbs free energy of reaction as
a function of a/b ratio. The stresses are calculated based on equations
given in the supporting information, and assigning different values to
the yield strength (o,) of lithiated Si results in different curve trajectories.
Here, two curves are calculated, with o,=1GPa and o, =0.5 GPa. The
actual behavior probably lies somewhere between these curves. c) a/b
ratio as a function of time for the group of particles shown in Figure 1.
Particles of different size show reaction front slowing at similar a/b ratios,
which suggests that the stress that builds up in the particles as the a/b
ratio decreases is the controlling factor that causes the reaction front to
slow. The legend shows the initial diameter of each particle.
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particles in a single experiment, this value varies between ~0.2
and ~0.5 among different experiments. This is probably because
of disparities in the quality of electrical contact and ionic trans-
port among different experiments, which can affect the electro-
chemical driving force for the reaction.

As a final note regarding this model, the effects of pressure
on the diffusion of Li might also contribute to the slowing of
the reaction front;[*>*¢l this was not considered in the afore-
mentioned analysis. Although the pressure gradient near the
interface does not change much as the particle is lithiated,
the pressure gradient across the lithiated silicon shell might
change to a greater degree. This could contribute to the slowing
reaction front, but we think that the stress-induced change in
driving force is more significant due to the reasons outlined
previously.

So far, the effect of fracture on the lithiation rate has not
been discussed. In a previous study, Liu et al. examined the size
dependence of fracture during lithiation of Si nanoparticles,
showing that particles less than ~150 nm in diameter gener-
ally do not fracture.’l We also observed similar behavior; an
example of a particle that fractures is shown in Figure 4. This
figure shows a time-series of TEM images of the largest par-
ticle observed in these experiments, with an initial diameter of
~450 nm (see supporting information for the corresponding
video). The lithiated NW in this experiment (the Li source) is
just to the left of the image frame, and Li flows through the
smaller particles at the left to react with the large particle (#1).
These smaller particles are already partially lithiated in the
first image frame (Figure 4a). In this frame, the large particle
has just begun to be lithiated, and an amorphous Li,Si region
is seen at the bottom of the particle. After lithiation for about
3.5 more minutes, the lithiated silicon shell has grown substan-
tially, as shown in Figure 4b. The crystalline core in this image is
faceted, as has been previously reported.” In Figure 4c, a crack
has formed at the left surface of the particle; this crack grows
as the remaining crystalline core is lithiated, and the particle
is almost split in two at the end of lithiation (Figure 4d). This
kind of mechanical failure could possibly result in electrical
isolation of Si fragments in a real battery electrode. Figure 4e
is a plot of the total diameter and core diameter as a function of
time for the large particle (#1) and a smaller particle from the
same experiment (particle #2 in Figure 4a). The diameter of the
crystalline core of the large particle steadily decreases until frac-
ture occurs at a time of 695 seconds measured from the start
of the experiment. Before fracture, the reaction front in this
particle does not slow significantly, which is probably because
the particle is so large that it has not been lithiated enough for
the stress to build up to significant levels. After fracture, the
core is seen to rapidly diminish in size as the crack grows and
the remaining crystalline Si is lithiated. This fast lithiation after
fracture was also seen in particles of intermediate size in which
reaction front slowing first occurred (for example, Figure 1i).
For comparison, the diameter-time behavior for the smaller
particle that does not fracture is also shown in Figure 4e; the
familiar slowing of the reaction front is evident. Interestingly,
fracture and rapid lithiation cause the larger particle to become
fully lithiated before the smaller particle.

Fracture results in two major changes that could act to
increase the lithiation rate: 1) the stresses in the shell and core
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Figure 4. Effect of fracture on reaction front velocity. a-d) Time-series of
images of the lithiation and fracture of a large (~450 nm initial diameter)
nanoparticle. The lithiated NW (the lithium source) is to the left of the
frame. a) Lithiation has just started to occur, with the Li,Si phase visible
around the edges of particle #1. Particle #2 has already become partially
lithiated. b) The crystalline Si core is clearly visible as the darker-contrast
region in the center of particle #1. c) Fracture initiates at the left surface of
particle #1. d) After fracture, the interior Si region of the particle is quickly
lithiated and the crack grows, tearing the particle apart. All scale bars are
100 nm. e) Measured outer and crystalline core diameters for particles
#1 (larger particle) and #2 (smaller particle) as a function of time. The
reaction front does not slow in particle #1, presumably because the a/b
ratio never decreases to the point where large enough stresses develop.
After fracture, the crystalline core of particle #1 disappears rapidly. The
reaction front in particle #2 slows, and particle #1 is fully reacted before
particle #2.

built up during lithiation are substantially relaxed due to crack
formation, and 2) the newly formed crack creates a path for fast
surface diffusion of Li to the core. As a result, the remaining
crystalline core is lithiated quickly, and the volume expansion of
the core causes the crack to grow and the particle morphology
to be destroyed. In the particle in Figure 4, lithiation of the
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remaining crystalline Si appears to occur directionally since the
Li is now primarily flowing from the fractured area; this would
cause the stress state to differ from that in a particle evenly
lithiated from all surfaces. This might be the reason why the
reaction of the core does not appear to slow as the core is lithi-
ated after fracture.

In summary, in situ TEM experiments of the lithiation of crys-
talline Si nanoparticles have been presented, and the kinetics of
lithiation have been analyzed at the single-particle level. From
measurements of the reaction front position during lithiation, it
was found that the reaction front usually slows as it progresses
into the particles. We suggest that the changing mechanical
stress at the reaction front as lithiation proceeds alters the total
driving force for reaction and results in the observed slowing,
in accordance with a previous modeling study.?! Large stresses
arise because of the extreme volume change that occurs at the
two-phase interface separating crystalline and lithiated Si, and
the particle shape dictates the stress evolution during lithiation.
This phenomenon is unique to crystalline Si and need not be
considered for phase transformations in conventional battery
materials due to much smaller mechanical stresses and strains
in these systems. Also, it is well known that after the first lithia-
tion, initially crystalline Si remains amorphous during cycling.
The stresses and strain that develop during lithiation and del-
ithiation of amorphous Si are expected to be much different
than for crystalline Si;!l as such, it is important to understand
the interrelated effects of stress, diffusion, and particle mor-
phology on the kinetics and thermodynamics of the reaction in
both crystalline and amorphous Si. Nevertheless, we hope this
research will contribute to the search for the optimum struc-
ture, morphology, and cycling conditions for good electrochem-
ical performance.

Experimental Section

The in situ TEM experiments were conducted in an FEI Titan microscope
with a Nanofactory Instruments Dual-Probe STM-TEM in situ sample
holder. The NWSs used in the experiments were grown with the vapor-
liquid-solid method on Si wafers using 50 nm Au nanoparticles as the
catalyst (40 sccm SiH, flow rate, 40 Torr pressure of 2% SiH, in Ar,
490 °C, 12 minutes growth time). After growth, a ~30 nm Cu layer was
deposited on the NWs with thermal evaporation. The Si nanoparticles
were purchased from Sigma-Aldrich. Since the as-received Si
nanoparticles had a fairly thick (~5-10 nm) oxide shell, it was removed
with HF etching before the experiments were performed for consistency.
However, experiments on nanoparticles with oxide revealed similar
reaction front slowing behavior. The ionic liquid electrolyte consisted of
10 wt% lithium bis(trifluoromethylsulfonyl) imide (LiTFSI) in a solvent
of 1-butyl-1-methylpyrrolidinium  bis(trifluoromethylsulfonyl) imide
(P14TFSI). During imaging, the beam was kept at low intensity, which
has been found to be effective for avoiding beam effects.l’)

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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