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ABSTRACT: To utilize high-capacity Si anodes in next-
generation Li-ion batteries, the physical and chemical trans-
formations during the Li—Si reaction must be better
understood. Here, in situ transmission electron microscopy
is used to observe the lithiation/delithiation of amorphous Si
nanospheres; amorphous Si is an important anode material 1st Lithiation
that has been less studied than crystalline Si. Unexpectedly, the a-Si'..
experiments reveal that the first lithiation occurs via a two- \‘. .
phase mechanism, which is contrary to previous understanding oSi . . ./

and has important consequences for mechanical stress

evolution during lithiation. On the basis of kinetics measure-

ments, this behavior is suggested to be due to the rate-limiting

effect of Si—Si bond breaking. In addition, the results show that amorphous Si has more favorable kinetics and fracture behavior
when reacting with Li than does crystalline Si, making it advantageous to use in battery electrodes. Amorphous spheres up to 870
nm in diameter do not fracture upon lithiation; this is much larger than the 150 nm critical fracture diameter previously identified
for crystalline Si spheres.
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D riven by emerging applications such as electric vehicles, fracture behavior,”* atomic level details of the lithiation of
there has been intense interest in recent years in crystalline Si,*> and the effect of stress on the kinetics of
developing new high-capacity materials for higher energy Li- lithiation.”” These studies have led to a more complete
jon batteries."™* One such material, silicon, is an especially fundamental understanding of the lithiation process, but this
promising candidate for replacing the commercial graphite research has focused primarily on the reaction process of
anode because its theoretical specific capacity is ten times crystalline Si (c-Si). In many cases, amorphous Si (a-Si) is used
higher than glraphite,s’6 However, problems resulting from the as the active material in battery electrodes; in addition, ¢-Si is
~300% volume expansion and contraction during lithium converted to the amorphous phase and remains amorphous
alloying/dealloying with silicon have prevented commercial after the first cycle. As such, it is necessary to understand the
implementation: these dimensional changes can result in volume expansion, lithiation dynamics, and stress evolution in
fracture of active particles and unstable solid electrolyte a-Si particles to better engineer nanostructured a-Si anodes.
interphase (SEI) growth, leading to loss of capacity with Here, we present in situ TEM results showing the lithiation and
cycling.6 Much progress has been made recently by designing delithiation of well-defined a-Si nanospheres. Interestingly, the
silicon nanostructures that resist fracture or have dimensionally a-Si spheres are lithiated by an unexpected mechanism that is
stable surfaces for SEI growth.7_19 In parallel, these electro- similar to the two-phase reaction that occurs during lithiation of
chemical studies have been guided by experiments using novel c-Si, but the kinetics of the reaction and fracture behavior are
techniques to understand the Li—Si alloying reaction on the significantly different than in the crystalline case.
nanoscale.’°™** In situ transmission electron microscopy

(TEM) has been particularly useful and informative; in situ Received: December 3, 2012

TEM studies have revealed important features of this reaction, Revised:  January 3, 2013

26,36

including phase evolution, anisotropic expansion and Published: January 16, 2013
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Figure 1. In situ experiments. (a) Schematic showing the in situ TEM cell. The a-Si spheres are dispersed onto c-Si pillar arrays etched into Si wafers,
and the Si wafer is attached to a copper metal rod. The counter electrode (Li source) consists of Li metal with a thin Li,O coating (solid electrolyte)
on the tip of a tungsten rod. (b—e) Time series of the lithiation of a single a-Si sphere. The pillar to which the sphere is attached contacts the Li/
Li,O at the top of the frame, and both the pillar and the sphere are lithiated upon application of a bias. The relatively sharp contrast between the
lithiated shell and the Si-rich core reveals an unexpected two-phase lithiation mechanism. The scale bars are 200 nm, and each image is labeled with
the number of seconds after the first image was recorded. (f) Selected-area electron diffraction (SAED) pattern of a pristine a-Si sphere. (g) SAED
pattern of a lithiated sphere showing its amorphous character.
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Figure 2. Analyzing the lithiation behavior. (a) Line scans of the image intensity (i.e., image brightness) during lithiation of the sphere from Figure 1.
Before lithiation (0 s), the intensity varies smoothly across the sphere due to its varying thickness. During lithiation (48 and 61 s), there is an abrupt
change in intensity at the core/shell interface. This indicates a change in concentration since the thickness smoothly varies. The sharp spikes in
intensity at the edges of the particle arise because the particle is slightly out of focus. (b,c) Simulated image intensity line scans for comparison to the
measured data. The mass—thickness contrast of these profiles is generated by simulating diffusion in a sphere with a diameter of 500 nm; the
associated simulated concentration profiles are shown in panels (d) and (e), respectively. Panel (b) shows simulated image intensity profiles at
different times assuming a constant diffusivity of 107 m? s™! in the sphere, and the corresponding concentration profiles are shown in (d). Panel (c)
shows simulated image intensity profiles assuming concentration-dependent diffusivity with lower diffusivity in Li-poor regions; the corresponding
concentration profiles are shown in (e). Concentration-dependent diffusivity results in steeper concentration gradients and image intensity profiles
that more closely resemble the experimental profiles. These results clearly show that the sharp contrast observed in the a-Si sphere during lithiation is
not due to conventional diffusion; instead, there appears to be some slower rate-limiting process that occurs at the core/shell interface. We
simplistically illustrate this here with lower diffusivity in the shell, although this is probably not the physical mechanism at play. See text and
Supporting Information for more details regarding simulation methods.

For these experiments, hydrogenated a-Si spheres (approx- biasing TEM holder (Nanofactory Instruments AB). One probe
imately 10 atom % hydrogen) were synthesized with methods consisted of a copper metal rod or Si nanorod array on which a
reported in previous publications.>’ > The in situ TEM small quantity of a-Si spheres was dispersed, as shown in the
experiments were performed with a specialized dual-probe schematic in Figure la. The other probe was a tungsten rod
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with a piece of Li metal attached to the tip. The probes were
affixed to the TEM holder in an Ar-filled glovebox and
transported to the TEM in an airtight container, where the
holder was then removed and inserted into the TEM. During
this transfer process, the Li was exposed to the air for ~2—35 s,
causing a thin layer of oxide to grow on the Li metal; this layer
acts as a solid electrolyte in the nanoscale electrochemical cell,
as demonstrated in previous studies.””** Inside the TEM, the
metallic probes can be spatially manipulated so that the a-Si
sphere electrode comes into contact with the Li oxide layer
coating the Li electrode, forming an electrochemical cell
(Figure 1a). When the a-Si electrode is biased (usually to —3 V
in this case), Li ions flow through the solid electrolyte and are
reduced at the a-Si, forming a Li—Si alloy phase. Delithiation
was performed by using a bias of +3 V. These potentials are
larger than those used in actual Li-ion batteries; these values are
necessary to drive the Li* jons through the solid electrolyte in
these experiments. As such, the driving force for reaction is
larger here than in conventional batteries, but we do not expect
that this will significantly alter reaction mechanisms since
previous ex situ and in situ work has shown similar reactions
and phase transformations under different experimental
conditions.*** For samples where a-Si spheres were dispersed
on the sidewalls of Si nanorods, the Si nanorods were contacted
to the Li,O electrolyte layer, and lithiation of both the
nanorods and the a-Si spheres occurred.”” The nanorod array
was used because it was experimentally easier to control and
visualize the lithiation/delithiation of the spheres with this
method. In some experiments in which the nanorod arrays were
not used, it was evident that the a-Si spheres broke through the
solid electrolyte to directly contact Li metal, which caused
chemical lithiation to take place. More details about sphere
synthesis and the in situ experiments are in the Supporting
Information.

Figure 1b—e shows bright-field TEM images of the lithiation
process of a single a-Si sphere (the associated video is in the
Supporting Information). In this particular experiment, the
sphere is attached to the sidewall of a ¢-Si nanorod. The
diameter of this sphere was 569 nm before lithiation and 792
nm after lithiation, which corresponds to 170% volume
expansion. Of 26 spheres that were measured, the total volume
expansion varied from 101 to 332% with an average of 204%.
This range of volume expansion is probably due to different
experimental conditions, such as the quality of electrical contact
or variations in the thickness of the solid electrolyte oxide layer,
that result in different degrees of lithiation in each sphere. Since
the particle in Figure 1 remains amorphous during lithiation,
the image contrast of the a-Si evident in Figure 1lb—e is
governed by the mass (atomic number) and thickness of the
specimen. Thicker regions and heavier elements scatter incident
electrons more effectively, leading to darker regions in bright-
field images. The striking feature from the images is the
contrast between the darker core and the lighter shell of the
particle midway through lithiation (Figure lc,d). The core
remains approximately spherical because fast surface diffusion
of Li results in relatively uniform lithiation from all surfaces.””
On the basis of electrochemical results, previous work has
assumed that the lithiation of a-Si is always a diffusion-
controlled single-phase process in which Li and Si form a
complete solid solution.*”*' However, the contrast in the
images in Figure 1lc,d (which was clearly observed in many
samples) seems to indicate that there is a relatively sharp
change in Li concentration between the darker Si-rich core and
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the lighter Li-rich shell; this is not expected from a
conventional diffusion-based process. These observations are
important because the distribution of Li during lithiation
directly affects the stresses in the particle, which can lead to
particle fracture; thus, it is important to determine precisely
how this reaction proceeds.

Here, we investigate the reaction process in more detail.
Figure 2a shows a series of line-scans of the image intensity
(image brightness) across the sphere in Figure 1b—e. The
intensity scans are averaged to reduce noise; see the Supporting
Information for details of the averaging process. The intensity
of the pristine Si sphere (Figure 2a, 0 s) varies over the cross
section as expected due to its spherical shape. After full
lithiation (Figure 2a, 129 s), the image intensity of the lithiated
sphere varies in a similar manner but with less contrast between
the edges and the middle due to the high concentration of Li (a
lighter element than Si) in the sphere. During lithiation (Figure
2a, scans labeled 48 and 61 s), the line scans show relatively
sharp contrast (and thus a Li concentration difference) between
the darker core and brighter shell regions, and the boundary
moves inward as the core disappears. To clearly illustrate the
degree to which the observed concentration gradient differs
from the conventional diffusion-controlled solid solution case,
we have simulated the expected concentration profiles for
diftusion in a sphere. To do this, we employ a simple finite-
difference simulation to numerically evaluate Fick’s second
law™ (see Supporting Information for complete modeling
details). For the simulations, the initial concentration of Li is
taken to be a constant maximum value at the surface of the
sphere and zero everywhere else; this replicates the
experimental conditions of fast surface diffusion. Although
this simple method is an approximation and does not take into
account volume expansion or stress effects on diffusion,*** it
serves as a useful comparison to better understand our
experimental data. Figure 2d shows expected Li concentration
profiles at different times for Li diffusion into a sphere if a
constant diffusivity of D = 107'° m* s is used.** In addition,
Figure 2b shows simulated TEM image line scans across a
spherical particle based on these calculated concentration
profiles during lithiation (these simulated line scans include
both mass and thickness effects on image contrast). The
simulated TEM intensity profiles do not show the sharp dip in
intensity in the middle of the particle during lithiation, as
observed in the experiments (Figure 2a). For further
comparison, Figure 2e shows a different set of concentration
profiles generated by simulating diffusion with diffusivity that is
strongly concentration-dependent; in this case, the diffusivity is
taken to be

2 2
D= CLiDma.x + (1 + CLi) Dmin

where ¢, is the normalized Li concentration and D,,,, and D,;,
are defined to be 107'¢ and 1077 m? s7', respectively. This
functional form results in lower diffusivity in Li-poor regions.
As expected, the concentration profiles in Figure 2e are steeper
than the constant diffusivity case, resulting in simulated TEM
images (Figure 2c) that more closely resemble those obtained
in the experiments; the simulated image intensity shows a dip
in the core region. However, the contrast between the core and
the shell in this simulation is not as sharp as in the experiments.
This comparison indicates that the observed behavior is not
controlled by conventional diffusion as previously thought;
instead, there appears to be a slower process occurring at the
interface of the Si-rich core that limits the rate of reaction and
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causes steeper Li concentration gradients to exist. Although we
have modeled this as simply lower diffusivity in Li-poor regions
for illustrative purposes, this is probably not the actual physical
mechanism at play, as discussed below.

To understand this process, it is helpful to compare to the
lithiation of c-Si. The lithiation of c-Si is a two-phase reaction in
which the ¢-Si is consumed to form highly lithiated amorphous
Li,Si.>*%**" The interface separating the two phases is of
nanometer thickness, and the kinetics of the lithiation process
has been shown to be limited by the reaction at this
interface.”>*”*** Fundamentally, this is because of the kinetic
barrier to breaking Si—Si bonds. It has been suggested that the
rate of Si—Si bond breakage is higher when there is a higher
concentration of Li near the Si—Si bond, which weakens it; this
explains why a highly lithiated amorphous phase forms as the c-
Si is consumed.””*>*° Our data show that a similar
phenomenon likely occurs during the lithiation of a-Si; this is
not simply a diffusive process, but it also involves Si—Si bond
breakage in the amorphous phase. The breaking of the Si—Si
bonds is probably a slower process than the diffusion of Li in
the LiSi phase, which would lead to the kinetics of a-Si
lithiation being controlled by the breakup of the Si—Si bonds
and the distinct interface observed between the Li-poor and Li-
rich phases in our experiments.

Although it appears that the lithiation processes of a-Si and c-
Si are more similar than previously thought, there are some key
differences. The most noticeable is that fracture has been
shown to occur during lithiation of c-Si spheres larger than
about 150 nm in diameter and during lithiation of ¢-Si pillars
larger than about 300 nm in diameter,””*® but no a-Si spheres
were observed to fracture in our experiments (the largest
sphere tested was 870 nm in diameter). In c-Si particles, tensile
hoop stress develops at the surface due to the two-phase
lithiation process: newly created Li,Si at the core/shell interface
pushes out the already-formed LiSi, eventually leading to
tension at the surface.””* In addition, anisotropic expansion
due to the crystallography of c-Si leads to stress intensification
and fracture at certain locations.*® Despite the observation of a
two-phase-like lithiation mechanism in a-Si, there are a number
of possible reasons why different fracture behavior is observed.
First, the concentration of Li in the Li,Si phase that forms as
the Si—Si bonds in the a-Si matrix are broken up is probably
lower than that in the c-Si case, which means that there would
be less significant volume expansion at the interface and lower
stresses. This is supported by our experiments, where in many
cases the volume expansion was less than the theoretical 300%
after lithiation. Second, the kinetics of bond-breaking in a-Si
compared to the kinetics of diffusion in Li Si might not be
nearly as slow as the kinetics of bond breaking in c¢-Si relative to
diffusion. Depending on the relative rates, this could cause a
larger Li concentration gradient in the LiSi during a-Si
lithiation than during c-Si lithiation (where there is little to no
concentration gradient in the Li,Si), which would result in less
tension at the surface in the a-Si case. Third, the thickness of
the reaction front is unclear from our experiments; if it is
thicker than in the crystalline case, the stresses could be altered.
Finally, the stress intensification due to anisotropic expansion
of ¢-Si may result in significantly increased tensile stress values
compared to the isotropic a-Si case. Overall, these differences
appear to cause a larger critical fracture size for a-Si compared
to ¢-Si even though the lithiation mechanisms are similar.
Further understanding the differences in stresses and fracture in
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amorphous and crystalline Si is an interesting area for future
study.

From the TEM images, we can also directly measure the
lithiation kinetics of the a-Si spheres. Figure 3 shows a graph of

500 T T T T T T T

m)

n
oy
o
=]
T
ot
L

W
o
o

Lithiated Thickness (
g 8

—Chemical Lithiation
------ Electrochemical Lithiation

80 100 120 140 160
Time (s)

Figure 3. Kinetics of lithiation. This plot shows the lithiated thickness
(the distance from the surface to the core/shell interface) as a function
of time during lithiation of different a-Si spheres. The lithiated
thickness generally increases linearly with time, suggesting that the
kinetics of the reaction is controlled by short-range interactions at an
interface instead of by diffusion. In addition, spheres that underwent
chemical lithiation were lithiated more quickly than those that were
electrochemically lithiated. This could be due to concentration-
dependent interface reaction kinetics, as discussed in the text.

the approximate lithiated thickness as a function of time for a
number of different spheres tested. The lithiated thickness is
the radial distance measured from the surface to the Si-rich core
boundary. Data are shown from spheres that underwent both
electrochemical and chemical lithiation (chemical lithiation is
where the spheres directly contact lithium metal), and it is
evident that chemical lithiation results in faster overall reaction.
For all particles, the lithiated thickness increases approximately
linearly with time, suggesting reaction front control and not
diffusion control of the kinetics.*® The faster lithiation velocity
for chemical lithiation is possibly due to higher concentrations
of Li present during these experiments, since it is likely that the
reaction kinetics at the Si-rich core is concentration-dependent
based on previous discussion.

Interestingly, these results differ significantly from the
previously reported case of c-Si nanoparticle lithiation, where
even though the reaction is interface-controlled, the interface
velocity was observed to slow dramatically with increasing
lithiated thickness.”” The slowing effect was shown to most
likely be due to the significant hydrostatic pressure that evolves
near the ¢-Si/Li,Si interface, which can decrease the driving
force for reaction or possibly alter the diffusivity in the vicinity
of the reaction front.””*’ Since no reaction front slowing is
evident in the current a-Si lithiation experiments, this indicates
that the stress evolution is different in the a-Si spheres;
specifically, it suggests that hydrostatic stress is of lower
magnitude. This is consistent with the fracture behavior
discussed previously.

The delithiation of a-Si spheres was also examined, as shown
in Figure 4. As mentioned before, most of the spheres remained
amorphous after lithiation, which is different than in situ TEM
results of ¢-Si lithiation where the formation of the crystalline
LijsSi, phase is commonly observed.”**° In a few instances,
however, a lithiated crystalline phase was seen (presumably
Li;sSi,), but the patterns were not indexed due to insufficient
diffraction spots. In any case, Figure 4 shows the lithiation and
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Figure 4. Cycling of an a-Si sphere. (a—c) First lithiation. In (b), the
sharp mass—thickness contrast in the partially lithiated sphere reveals
characteristic two-phase behavior. (d—f) First delithiation. No phase
front is visible in the images. (g—i) Second lithiation. Again, no phase
front is visible. The scale bar is 200 nm.

delithiation process of a sphere that remains amorphous during
cycling. During the first lithiation (Figure 4a—c),
concentration boundary is evident in the partially lithiated
state (Figure 4b). During the first delithiation (Figure 4d—f),
however, it appears that the reaction occurs via a single-phase
mechanism since no concentration boundary is visible when the
sphere is partially delithiated (Figure 4e). This is consistent
with our previous discussion since Si—Si bond breaking does
not occur during delithiation, so Li diffusion in the partially
lithiated phase dominates the reaction. It is interesting to note
that during single-phase delithiation, hoop tension is expected
to develop at the surface due to lower Li concentrations there,
but this stress is apparently not significant enough to cause the
particle in Figure 4 to fracture.

Figure 4g-i shows the same sphere during the second
lithiation process. The results are different than the first
lithiation; here, no concentration boundary is visible and the
reaction process appears to be single-phase. This indicates that
the initial lithiation of the a-Si material is different than
subsequent lithiation cycles, which is probably why previous in
situ studies on c¢-Si lithiation/delithiation have not observed or
commented on the two-phase lithiation process during cycling
of amorphous material. Differences in the first and subsequent
lithiation processes may be caused by a number of factors,
including (1) the p0551b1e trapping of Li in the a-Si matrix after
the first delithiation® or (2) structural changes after the first
del1th1at10n that cause extra Si dangling bonds to be present in
the a-Si.>> These features could contribute to the observed
single-phase lithiation mechanism after the first cycle since Si—
Si bonding in the a-Si matrix would be less prevalent. It is
important to note that before the second lithiation in Figure 4,
the delithiated particle was 25% larger than the initial particle
volume, indicating either that Li remained in the sphere or that
the delithiated phase was of lower density; this could have
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contributed to the single-phase mechanism observed. To
summarize these results and to present a full picture of the
general lithiation/delithiation process for Si, Figure S schemati-
cally shows the first lithiation and cycling behavior of a-Si
compared to c¢-Si.

1st Lithiation
_— >

-Sl.“\..‘
c-Si.“/

Silicon E— _hi2ted
Silicon

Cycllng

Figure 5. Summary of the first lithiation and subsequent cycling of a-Si
and ¢-Si. This figure is color-coded by Li content with blue as pure Si
and red as the fully lithiated phase. The first lithiation for both
materials is characterized by a two-phase reaction, but there are
important differences. The c¢-Si particle undergoes anisotropic
lithiation and volume expansion, leading to a faceted Si core; in
addition, the lithiated phase is very nearly fully lithiated. The a-Si
particle is lithiated isotropically, and the concentration of Li in the
lithiated phase is probably lower than the crystalline case and may vary
with position. Additionally, the reaction of a-Si proceeds approximately
linearly in time, but significant reaction front slowing occurs during
lithiation of c-Si. After the first lithiation, delithiation and subsequent
lithiation cycles proceed via a single-phase mechanism for both
materials, assuming the lithiated phase remains amorphous (if the
crystalline LisSiy; phase forms at full lithiation, then a two-phase
reaction will occur upon delithiation, as previously shown®® but not
discussed here).

Previous electrochemical cycling data also give some
indication that different chemical processes occur during the
first and subsequent lithiation cycles in a-Si, similar to our
observations. In many reports, the first lithiation voltage profile
of a-Si anodes occurs at slightly lower voltages and is
sometimes somewhat flatter than subsequent lithiation
profiles.'”*"3*3* These differences are generally consistent
with the proposed reaction process here, and they indicate that
the chemical processes occurring during the first and
subsequent reactions could be different. The flatter first
lithiation voltage (at least for part of the capacity range)
suggests a two-phase-like reaction, while the higher sloping
voltage of subsequent cycles indicates a one-phase reaction. In
future studies, it would be interesting to determine the atomic-
scale mechanisms responsible for the differences in reaction
behavior on the first and subsequent lithiation cycles. In
addition, it would also be useful to establish whether the
lithiation rate has any effect on the two-phase reaction. In this
study, the large biases that are used result in relatively fast
lithiation; it is possible that with slower lithiation rates the two-
phase mechanism may be less pronounced.

In conclusion, our in situ TEM results of the Li reaction with
a-Si spheres have revealed a variety of interesting aspects of this
technologically important solid-state reaction. The sharp
concentration gradient evident during the first lithiation
suggests a two-phase lithiation mechanism that has not
previously been observed. This discovery is important, since
the stress evolution and fracture behavior are strongly
influenced by the lithiation mechanism.’>>* Although these
observations indicate that the first lithiation of a-Si is more
similar to c¢-Si than previously thought; there are some
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significant differences. In particular, the critical size for fracture
is larger for a-Si spheres, and the lithiation reaction velocity is
approximately constant and does not slow as in the crystalline
case, which suggests different stress evolution during lithiation.
These results imply that a-Si undergoes more manageable
physical transformations than ¢-Si during the first cycle, which
may make it a more desirable active material. Overall, this study
reveals new information about the fundamental nature of the
lithiation of Si with the hope that it will assist in the design of
better-performing battery materials.
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