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ABSTRACT: Precise in situ atomic force microscopy (AFM)
is used to monitor the formation of the solid electrolyte
interphase (SEI) on Si electrodes. The stability of these
passivation films on negative electrodes is critically important
in rechargeable Li-ion batteries, and high capacity materials
such as Si present substantial challenges because of the large
volume changes that occur with Li insertion and removal. The
results reported here show that the initial rapid SEI formation
can be stabilized before significant Li insertion into the Si
begins and that the rate at which this occurs varies significantly
with the nature of the surface. The initial cycling conditions also have a substantial impact on the SEI that forms, with faster rates
leading to a smoother, thinner SEI film. To quantitatively interpret the SEI measurements, irreversible expansion of the Si during
the first cycle was also monitored in situ with specifically designed specimen configurations. On the basis of the experimental
results, relatively simple models were also used to describe the initial formation and stabilization of the SEI and to describe the
relationship between the SEI thickness and expected SEI degradation mechanisms.
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1. INTRODUCTION

Much of the current research on rechargeable Li-ion batteries is
motivated by electric vehicles, where improved energy density
is critical. Silicon-containing anodes have received considerable
attention, largely because pure Si has almost 10 times the
capacity of the current commercial standard, graphite.1

However, the corresponding large volume expansion that
occurs during cycling can exceed 300%.2,3 This creates
substantial problems with mechanical degradation of the
material that ultimately limits the cell lifetime. Recent research
has begun to address these issues. For example, work on
fracture mechanisms demonstrates that cracking can be reduced
or eliminated by reducing size scales (e.g., employing nanosized
particles, nanowires, etc.)4−6 or by using a complex
architecture.7−13 Another serious difficulty associated with
large volume changes is the formation of a stable passivation
film on the electrode surface. Fundamental understanding of
the formation and properties of these layers on Si has received
less attention. The work presented here uses in situ
measurements to probe the formation of these films.
The organic electrolytes that are widely used in Li-ion

batteries are reduced on the anode surface to create a film that
is usually referred to as the solid electrolyte interphase (SEI).14

To prevent further electrolyte decomposition and the
concomitant irreversible consumption of Li, this film must
passivate the surface. This process and the passivation
properties are critical because the Li loss to SEI formation
ultimately reduces the capacity of the cell, a problem which is

further exacerbated by the increase in relative surface area
associated with the nanoscale Si materials that are widely
studied. Stabilizing the SEI on Si is particularly challenging
because the expansion of the electrode forces the SEI to
expand, and this in turn can cause the SEI to break and reform,
which greatly increases irreversible Li consumption and
decreases lifetime. Some improvements in passivation have
been achieved with artificial SEI layers,15,16 encapsulation of Si
particles,17−19 electrolyte additives,20−23 and combinations of
several of these approaches.24−28 The SEI chemistry and
changes in the Si have been investigated with Raman
spectroscopy,29 XRD,30 NMR,31,32 and overall chemical
composition.33−35 Several previous papers have also reported
in situ observations of SEI formation on Si, but these have been
limited to electrochemical and impedance measurements36−38

and recently in situ NMR.39

In the current paper, we investigate SEI formation at different
potentials using in situ AFM measurements. By obtaining high
spatial resolution in an electrochemical environment, we have
been able to directly image the initial SEI formation process
under different conditions. While there has been some previous
AFM work done on battery electrodes, this has largely been
focused on monitoring the expansion of patterned electrodes in
situ40,41 or ex situ,42 on characterizing cracking,43 or was based
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on another material (e.g., carbon SEI44,45 or tin SEI46,47). With
the improved AFM instrumentation employed in our work,

more precise measurements were possible. This allowed us to
observe SEI formation in more detail than was previously

Figure 1. Si island after cycling to (a) 0.2 V, (b) 2.2 V, (c) 0.1 V, and (d) 2.2 V. In (a) and (b) the SEI is stable but is unable to withstand electrode
expansion in (c) and shows irreversible SEI in (d). (e) Schematic diagram showing our interpretation of the results in (a)−(d).
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possible and provides useful information guiding the initial
formation cycles to improve the long-term cycle stability.
While the configurations employed in our experiments

facilitate precise AFM measurements, they clearly differ
substantially from most battery electrodes. One critical
difference in more realistic microstructures is the way that
large Li-induced volume changes in Si produce large strains in
the SEI. These effects are evident in our initial experiments (see
Figure 1); however, most of the work presented here uses
specimens that were specifically designed to prevent lateral
expansion of the Si. This allowed us to focus attention on the
underlying SEI formation mechanisms, in the absence of the
large strains produced by volume changes in the Si. These
findings are thus a necessary first step that serves as a basis for
continuing work to build a detailed understanding of SEI
formation in more complex Si structures.

2. EXPERIMENTAL APPROACH
The samples for the in situ AFM were prepared on 500 μm thick
quartz wafers (40 mm diameter). A bonding layer of 10 nm thick Ti
and 200 nm thick Cu current collector was deposited by electron beam
evaporation, at a rate of 1 A/s for both metals. The island pattern was
created by the lift-off process through a standard lithographic process,
using the following procedure: Photoresist (AZ 5214 E) was spin
coated on the current collector at 3000 rpm (500 rpm/s ramp rate) for
a total time of 45 s. The prebake was at 110 °C for 60 s. The
photoresist was exposed with 365 nm wavelength (80 mJ/cm2 dose),
using the nickel mesh (SPI Ni 500) as a photomask. The sample was
then developed in AZ 300 MIF for 50 s. The deposition of Si was also
done by the electron beam evaporation, with at least 8 h of pump
down time (<2e-6 Torr) and at the deposition rate of 2 Å/s.
Photoresist after the deposition was dissolved in acetone. The Al2O3
was deposited using reactive sputtering of aluminum in oxygen
atmosphere. A 10% oxygen, 90% argon composition was used with an
applied power of 180 W, resulting in a deposition rate of ∼0.1 Å/s. For
fabrication of Cu island samples the lithography procedure was
identical, and Cu was deposited using the same technique as the
current collector, followed by deposition of 5 nm thick Al2O3 as
described above. For the complementary experiments done at Brown
University, the only change was the wafer size which was 250 μm thick
(25.4 mm diameter).
The in situ measurements were conducted with a Dimension ICON

Electrochemical AFM setup inside an argon-filled glovebox (Nano
Surfaces Division, Bruker), where both H2O and O2 were below 10
ppm. The tips used were FastScan-C (Bruker AFM Probes),
composed of a silicon nitride cantilever with a sharp silicon tip.
Cycling was conducted against Li metal foil, in an electrochemical cell
designed for lithium-ion battery materials, and sealed during AFM
operation. The electrolyte was a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (1:1 vol. ratio with 1 M LiPF6).
Constant voltage holds were used for most of the experiments, to
permit more direct comparisons between samples.
The cycled samples were also examined with post-mortem

transmission electron microscopy (TEM, JEOL 2100F). A focused
ion-beam (FIB, FEI HELIOS 600) was used to prepare these
specimens using a lift-out technique, to create a cross section of the
cycled films.

3. RESULTS

3.1. Expansion and Contraction of Si Islands. An initial
example of AFM observations during electrochemical cycling of
a Si island is shown in Figure 1. The 46 nm film thickness here
is significantly smaller than that used in previously reported
AFM investigations of Si.40,41 With this configuration,
significant lateral expansion of the islands has been directly
observed and attributed to shear lag effects.48 In this prior work,

the islands were produced by through-mask sputtering. In the
current AFM study, the lithographically produced islands
exhibit less lateral expansion. This difference appears to be
caused by residual photoresist at the edge of the islands. In
most of the experiments described below, this edge feature was
large enough to prevent lateral motion (this simplifies the
interpretation of some of the results). In Figure 1 there is less
pinning due to the photoresist, and some lateral expansion is
still observed. During the first cycle (partial lithiation to 0.2 V
(Figure 1(a)) and subsequent delithiation (Figure 1(b)), the
lateral expansion is due to both Si expansion and SEI formation.
During the next cycle, the lower potential of 0.1 V produces
more lateral expansion due to additional lithiation (Figure
1(c)). Here, a much larger irreversible out-of-plane expansion is
observed near the island edge.
To interpret the large vertical expansion near the outer edges

in Figure 1, it is first important to consider the implications of
the shear lag region.48,49 At a free edge, shear lag operates over
a distance on the order of hστ−1, where σ is the in-plane stress
in the center of the island and τ is the interfacial resistance to
this lateral expansion (due to either plastic deformation in the
current collector or sliding along the interface). In the absence
of SEI considerations, the maximum out-of-plane expansion will
occur in the center of these islands, while the lateral expansion
in the shear lag region will reduce the out-of-plane expansion.
In contrast to this the AFM results in Figure 1 show large
expansion near the edges. We attribute this to unstable SEI
formation in the shear lag region, as depicted in Figure 1(e).
This does not occur in the center of the island where
passivating SEI can form without lateral expansion of the
underlying Si (i.e., where the Si behaves like a continuous film
with expansion only occurring normal to the substrate). On the
basis of this understanding, the irreversible lateral expansion
during the first cycle reflects both Si expansion and some SEI
formation on the edge. Note that during the first cycle to 0.2 V
the SEI thicknesses in the edge and center of the island do not
differ as dramatically as they do after the subsequent cycle to
0.1 V. In the subsequent cycle we believe that the large
irreversible expansion near the edge reflects SEI which initially
forms at higher potentials and then breaks open and continues
to grow because of the larger lateral expansion of the island at
lower potential. Here the behavior in the shear lag zone leads to
both a large expansion parallel to the substrate during lithiation
and a corresponding contraction during delithiation, and the
latter appears to be masked by the large amount of SEI that
forms during Li insertion. Thus, the SEI that initially forms at
higher potentials is subjected to large lateral stresses when the
underlying Si undergoes substantial lateral expansion in the
shear lag region. In contrast, the Si closer to the center of the
island is out of the shear lag zone, and here the Si expansion
and contraction occur normal to the substrate. This absence of
dimensional changes parallel to the SEI film leads to a much
more stable SEI in the center of the islands. Since the AFM
results only provide information on the change in dimensions,
it is difficult to provide a precise interpretation of the
differences that are observed near the edge of the island in
Figure 1. However, it is noteworthy that the increase in
thickness and roughness that occurs here is consistent with the
idea of unstable SEI formation in the shear lag region.
Most of the subsequent investigation of SEI formation that is

reported here focuses on Si islands where the shear lag effect is
minimal (i.e., controlled with residual photoresist at the island
edges). Note that the island configuration was used rather than
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continuous films because this made it possible to use the
surrounding Cu current collector as a reference for precise
height measurements. The procedure for conducting baseline
studies of SEI formation on Cu is described in Section 3.2,
before proceeding to the presentation of the Si results in
subsequent sections.
3.2. SEI on Copper. The growth of SEI on a Cu current

collector provides a necessary reference measurement for the
subsequent study of Si surfaces. The specimen configuration
used for this is shown schematically in Figure 2(a). The oxide-

coated islands were employed as a reference, with the AFM
measuring the height difference. The dielectric film blocks
electron conduction through the oxide such that there is no SEI
growth on the pillar, and this then allows us to monitor SEI
growth on the Cu as the difference between the two interfaces
(Figure 2(b)). These results are shown in Figure 2(c), where
most of the observed growth occurs during the hold at 1.5 V.
We attribute this irreversible thickness change to the initial
formation of SEI on Cu. Lithiation of the material is unlikely as
Cu does not have significant capacity, and copper oxide does
not have significant capacity above 1.5 V.50,51 The quick
stabilization of the thickness at 1.5 V suggests that continuing

growth of this ∼20 nm thick layer is much slower. This
thickness is also maintained at the lower hold of 0.6 V, which
indicates that the Cu surface is still passivated here. Some small
thickness variations occur when the potential is dropped below
0.6 V; however, when the voltage is increased back to 1.5 V the
thickness is again ∼20 nm.
There are several possible explanations for the small

thickness increase that is observed at lower potentials (see
Figure 2(c)). Some alloying between Li and copper oxide is
known to occur, and this could explain the small reversible
height change observed between 0.05 and 0.6 V. There is also
evidence showing that a thin inorganic passivation layer forms
at these voltages and that it forms at the bottom of the organic
layer.52 However, the change in height here is also close to the
experimental limit for these measurements, and thus at this
time it is difficult to determine the cause of this small reversible
difference.
Overall, the AFM measurements on Cu are consistent with

prior work on SEI formation. The SEI thickness observed here
appears to be largely due to the organic decomposition
products. The formation of a smaller amount of inorganic
material may contribute some to the overall thickness at lower
voltages; however, this is a much smaller effect and does not
affect the measurements in the time frame of the experiment.

3.3. Simultaneous SEI Formation and Silicon Ex-
pansion. In prior work with Si it was observed that initial
SEI consists primarily of organic decomposition products,
followed by inorganic salts.36 Based in part on this information,
we used constant voltage holds, both above and below the
potential where substantial Li insertion occurs in Si. Patterned
Si islands were employed, such that the Cu current collector
provided a convenient reference surface. At positions
sufficiently far away from the edge of these islands, the Si
surface behaves like a continuous thin film.48 The AFM
measurements were analyzed in two ways, by either looking at
the average of the active area per scan (for the entire sample) or
averaging each line individually to get higher resolution (single
process).
Representative AFM images of a Si island at different states

of charge are shown in Figure 3. The sample shows reversible
cycling and no visible cracking or delamination during the
timespan of the experiments. The irreversible height change
observed after delithiation is attributed to both SEI formation
and the a-Si phase transformation discussed in section 3.4. The
tall feature at the edge of the islands is an artifact produced by
the lithographic procedure employed during fabrication
(described in Section 2). TEM shows that this edge contains
residual photoresist, which appears to restrict the lateral motion
of the islands along the metal surface. This stationary edge is
seen in Figure 3 (in contrast to our previous work with islands
produced by through-mask sputtering, where island edges
exhibited significant lateral expansion).48,49 Most of our
subsequent experiments were conducted with specimens
where more residual photoresist was present, to restrict the
lateral expansion of the Si islands. This prevents the
uncontrollable SEI formation seen near the edges in Figure 1
and allowed us to conduct detailed investigations of SEI
formation on Si surfaces that only expand normal to the
substrate. During electrochemical cycling, the displacement of
the top surface of these Si islands is caused by both SEI
formation and the Li-induced expansion of the underlying
active film. The latter is expected to dominate when the voltage
drops below 0.6 V. This is clearly observed in Figure 4(a)

Figure 2. (a) Configuration for Cu SEI measurements, where original
island height is approximately 55 nm. (b) After SEI growth the height
difference decreases and is measured. (c) SEI thickness on Cu
measured by AFM (orignal height − current height). Error bars show
the average deviation.
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where the measured surface heights at the end of the 0.05 V
hold were 220 nm (367%) and 200 nm (333%), at the island
center and edge, respectively. At the end of this relatively short
hold, the measured expansion is slowing, but it has not yet fully
equilibrated (i.e., Li is still diffusing into the Si). In these
measurements it is not possible to determine whether the SEI
thickness is still increasing as the Si expands. However, after
delithiation the net height change observed here is 80 nm
(center) and 65 nm (edge). These are substantially thicker than
the corresponding net change on Cu. Interpreting this AFM
data further requires an assessment of the combined effects of
SEI formation and irreversible Si expansion. The TEM image in
Figure 4(c) confirms that the SEI layer is noticeably thicker
than the corresponding ∼20 nm thick layer observed on Cu
and that the rest of the height difference is caused by
irreversible expansion of the Si. The EDS scan on the TEM
cross-section shown in Figure 4(d) confirms that the darker
layer does not contain Si and is thus SEI. These data also show
significant Pt penetration in the SEI, which suggests that the
layer is porous. This is also consistent with previously reported
results.52−55

The results in Figure 4(a) also show that the island center
expands more than the edges, throughout the process.
Analogous thickness variations have been reported with thicker
islands.40 This center to edge height profile may be associated
with the apparent phase boundary that exists between
amorphous and lithiated Si during the first cycle,56 although
it is not yet clear that this argument is fully consistent with our
experiments.
3.4. Silicon Coated with Aluminum Oxide. An addi-

tional investigation of irreversible Si expansion was conducted
using an island coated with a 10 nm thick Al oxide film. This
dielectric again blocks the transport of Li ions and electrons
(i.e., similar to its effect on Cu described in Section 3.2). In
these specimens, lithiation/delithiation occurred through edge
defects that were produced during lithography (Figure 5(a)).
This is seen in Figure 5(b) where a clearly discernible profile
moves in from the edge. This is absent in the following cycles,
as can be seen in Figure 5(c). The average height during cycling
is plotted in Figure 5(d). The amounts of expansion during
lithiation (180 nm) and after delithiation (70 nm) are both less
than the analogous measurements on the island in Figure 4(a).

This is consistent with the expected absence of SEI on top of
the oxide. Also, the reversible expansion after delithiation is
almost identical to that observed in the TEM image in Figure
4(c) (i.e., in the postcycled Si island). On the basis of these
similar thicknesses, we conclude that the irreversible expansion
in the Si is not particularly sensitive to the SEI layer that forms.
The direct AFM measurements on this specimen also made

it possible to track the motion of the lithiation front. Since the
lithium is inserted into Si through the edge, the scan in Figure
5(a,b) shows a sharp boundary between the lithiated and
delithiated regions, which is consistent with other recent work
where this type of sharp boundary was observed in amorphous
Si during the first cycle.56,57 The position of this front as a
function of time is plotted in Figure 5(e). The initial time here
corresponds to the point where the voltage is decreased from
0.3 to 0.1 V. A quantitative interpretation of the initial transient
is difficult; however, after several minutes the interface moves at
a rate of ∼4.7 nm/s. This type of front was not observed during
delithiation, where the measured height drops uniformly. This
is consistent with prior in situ TEM work which shows that the
type of sharp boundary indicated in Figure 5(e) is only present
during the initial lithiation cycle.
Most of the expansion at lower voltages is caused by

lithiation of the Si, and the results in Figure 5(d) show that a
substantial amount of this expansion is irreversible after the Li
is removed. For comparison, recent observations with in situ
TEM56 show that after one full lithiation/delithiation cycle
amorphous particles exhibit an increase in radius of ∼9.5%.
This corresponds to a volume increase of ∼31%, which is
reasonably close to our measured change of ∼15%. We believe
that our observation provides important validation of this prior
work. One important distinction is that the AFM cell permits
the use of liquid electrolytes that are used in real batteries. The
electrical contact is also better defined in the AFM cell,
compared to the TEM where electrical contact with the
nanostructured Si can be more difficult to maintain. Another
difference is that the in situ TEM experiments require very high
overpotentials because of the challenges associated with the
experimental configuration. Because of these issues, it is
possible that some of the irreversible expansion in the TEM
experiments is associated with difficulties in removing all of the
Li from the Si. In comparison, the AFM measurements provide

Figure 3. 3D image of electrode with the “pulse” SEI: (a) pristine electrode and (b) fully lithiated electrode during the 2nd cycle.
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much better voltage control, with excellent contact between the
Si islands and the current collector throughout the experiments.

3.5. Surface Roughness. The AFM measurements also
provide detailed information about the evolution of surface
roughness. Comparisons between Cu and Si cycled under the
same conditions are summarized in Table 1. On copper, the
root mean squared (RMS) roughness increases during initial
SEI formation and then reaches a fixed value. This parallels the
growth of the SEI thickness that is occurring. The observation
that the SEI is somewhat rougher than the initial Cu surface is
consistent with expected inhomogeneities in the organic
decomposition products (e.g., nanoporosity, etc.).
Much rougher surfaces were observed during SEI formation

on Si. The RMS values here are comparable to or larger than
the measured SEI thickness. One possible explanation is that
the SEI that forms on Si is less homogeneous, possibly with
more porosity. The large volume change and flow that occur in
the underlying Si may also produce a rougher Si/SEI interface,
which is then manifested in the rougher SEI/electrolyte
interface observed by AFM. The reduced roughness observed
near the edge of the Si islands may be related to the reduced
out-of-plane expansion in the Si that also occurs near the edge
(see Section 3.3). However, the transition to a smoother
surface near the edge occurs rather abruptly. This difference
could be related to the specimen preparation. Also, the amount
of roughness detected by AFM is not immediately apparent in
the TEM image in Figure 4(c). Because the AFM measure-
ments are conducted in situ, they should reflect the surface that
is present during electrochemical cycling. The preparations
needed for TEM (drying, etc.) appear to reduce the roughness.
This might, for example, be expected with a nanoporous layer.

3.6. Impact of Initial Cycling Conditions. The alternate
conditions in Figure 4(b) were used to explore the impact of
cycling rate. Here, the first cycle was conducted by quickly
decreasing the voltage from 1.5 to 0.05 V, in contrast to the
intermediate constant voltage holds employed with the
specimens described in sections 3.2−3.5. These voltage holds
were instead used in the second cycle. With this first cycle
“pulse”, the AFM measurements clearly show that the SEI is
thinner. This is consistent with prior work showing that SEI
formation at lower voltages can be more effective at passivating
the surface against further SEI growth. The differences in SEI
formed under different conditions are discussed further in
Section 4. As noted in Section 3.3, initial Li insertion into the Si
will contribute to the observed height increases. Looking at the
reversible changes, both cycling conditions produce similar
contractions of ∼100 nm during delithiation. This change is
slightly larger in the “pulsed” sample, which may reflect some
additional lithiation in this film (possibly due to slightly faster
lithiation kinetics). The irreversible height change occurs
mostly during the first cycle with ∼20 nm expansion during
the pulse hold and another 10 nm during the second slower
cycle. This is significantly less than the irreversible expansion
measured during slower cycling.
For cycles with a rapid voltage drop from 1.5 to 0.05 V, the

AFM measurements for different specimens are compared
directly in Figure 6(a,b). The sample height was then calculated
from each individual line scan to allow for resolution that is ∼5
s per data point. These results are consistent with the proposed
interpretation of SEI formation. The fastest and largest
expansion occurs when the pulse is used in the first cycle.
With a subsequent pulse in the second cycle, the initial height is
increased because of the pre-existing SEI from the first cycle.
The total expansion due to Li insertion then reaches roughly
the same height, which implies that minimal additional SEI

Figure 4. Height of Si electrode (error bars in a and b show the
average deviation): (a) in situ AFM measurements during the slower
first cycle, showing thick SEI formation; (b) in situ AFM
measurements during the faster first cycle; (c) post mortem TEM
image after the same cycling schedule as in part a; and (d) EDS of the
cross-section (graph represents the intensity of elements along the line
shown on the right).
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growth occurs during this second cycle. The third data set in
Figure 6(a) provides a fast second cycle that was run on a

specimen where the first cycle was done with the 0.6 V hold
described in Section 3.2 (i.e., slow cycling). The initial height is

Figure 5. Al2O3 coated sample: (a) 2D image of the first cycle showing front motion (the front is surrounded by the green outline); (b) 3D image
during the first cycle showing the front motion (the front is surrounded by the green outline); (c) 3D image of the Si during the second cycle (the
area where the transformation was first seen in the first cycle is surrounded by the blue outline); (d) thickness plot; and (e) front progress relative to
the edge. Multiple heights are shown to highlight the rapid transformation that is occurring.

Table 1. Surface Roughness of Cu and Si during Cycling

RMS roughness (nm)

sample initial after pulse during full lithiation after delithiation

Si island/
slower 1st cycle

Si center 5.7 (OCV) N/A 64.8 66.6
Si edge 4.1 (OCV) N/A 20.3 20.6
Cu 2.3 (OCV) N/A 6.295 6.0

Si island/fast 1st cycle Si 6.4 (air) 9.3 9.0 7.5
Cu 3.9 (air) 10.0 9.2 7.9
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the largest of the three, which reflects the thicker SEI that forms
during a slower first cycle. The somewhat slower rate of
expansion that is shown in Figure 6(b) (during fast cycling)
implies that this thicker SEI leads to an increased resistance to
lithiation, under these conditions.

The thinner SEI formed with the first cycle “pulse” also
exhibits significantly smaller RMS roughness values compared
to the Si results presented in Section 3.5. Thus, the faster
stabilization of the SEI that occurs here appears to be correlated
with smoother SEI surfaces. This is generally consistent with
the possible interpretations outlined in Section 3.5, to explain
the differences observed between Si and Cu. Again, the
roughness difference may reflect changes associated with the
formation of the SEI/electrolyte interface and/or the SEI/Si
interface.

4. ANALYSIS AND DISCUSSION
4.1. SEI Formation. Measured SEI growths at 0.6 V for

different specimens are compared in Figure 6(c). On Cu a
central observation is that the SEI layer reaches a relatively
constant thickness quickly before 0.6 V. At this moderate
potential, a thicker SEI forms at a somewhat slower rate on Si.
Our interpretations of these results are largely based on the
proposed mechanisms depicted schematically in Figure 7(a−c).

In part, these follow from prior work which shows that the first
SEI constituents which form are organic decomposition
products followed by inorganic components at lower potential
(starting at ∼0.3 V).53 There have also been impedance studies
of electrodes that observe poor passivation, increasing
resistance in the upper voltage regime during the first cycle,
but observed more conducting/passivating SEI at lower
potential.58,59 These reports are consistent with our observa-
tions, and from this it has been assumed that SEI created during

Figure 6. Change in electrode height due to various processes: (a),(b)
SEI diffusion during fast lithiation (1.5 V → 50 mV voltage drop). (a)
Electrode total height (Si + SEI height). (b) The expansion of the
electrode relative to the electrode’s original height (1st cycle
irreversible expansion included). (c) SEI growth during 0.6 V holds.
It can be seen that the SEI does not grow significantly on the Cu
surface (after initial rapid formation) or after being exposed to lower
potentials. Data smoothing was used for electrodes with thick SEI, due
to surface roughness.

Figure 7. SEI growth model: (a) Formation of organic decomposition
products at higher potential. (b) Continuing decomposition increases
the SEI thickness and decreases mesoporosity, which reduces the
growth rate as the solvation complex now has to diffuse to the
electrode through SEI that is thicker and denser. (c) At lower voltage a
dense SEI forms, which allows Li-ion diffusion but passivates by
limiting both electrolyte diffusion and electrical conductivity. (d)
Configurational differences between thin film and particle electrodes.
(e) SEI failure limit based on SEI thickness, h, and estimated
properties.
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the 0.6 V holds is primarily organic. On Cu the SEI grows much
more slowly after the initial rapid formation of a ∼20 nm thick
layer. It is not clear what limits further growth. In many
materials, the growth of a dense passivation layer is often
limited by diffusion. For SEI it has been argued that limited
electron conduction should lead to this effect (shown
schematically in Figure 7) since Li transport from the
electrolyte must be relatively fast for a battery to function
successfully.
One possible contributing factor to the slower initial SEI

growth on Si is that slower electron conduction through the Si
and its native oxide is likely to retard initial SEI formation. The
first cycle measurements in Figure 6(c) show that the measured
thickness continues to increase during the entire 0.6 V hold.
This comparison confirms that the first cycle SEI formation
process occurs relatively slowly.
After cycling to lower voltage and then delithiating, the net

height difference clearly shows an irreversible expansion during
the first cycle that is much larger than that observed on Cu. As
noted in Section 3.3, this difference reflects both irreversible
expansion of the Si and an SEI that is thicker than that observed
on Cu. We propose two general explanations for this difference.
One is that inherent chemical and/or structural differences in
the Cu and Si surfaces lead to variations in the SEI structure
that forms at or above 0.6 V. As one example, the faster initial
growth observed on Cu might produce a denser structure
which imposes a more stringent limit on subsequent growth.
Again, the mechanisms outlined in Figure 7 provide possible
explanations for how variations in the underlying electrode
surface could lead to different SEI structures. A second
significant difference between Cu and Si is that the latter
undergoes a large expansion during lithiation. Because of this
large volume change, the electrode/SEI interface is likely to be
subjected to local fluctuations that may reduce the SEI stability.
In a thin film, the simplest view is that expansion occurs only in
one direction (normal to the electrode surface); however, even
in this case variations in the surface profile during lithiation
could lead to local perturbations that destabilize the SEI. While
this interpretation is speculative at this point, this type of
behavior warrants further investigation.
The experiments with rapid initial cycling (Section 3.6)

provide additional insight into SEI formation and stability.
Critical observations in this experiment are that thinner SEI
forms during the rapid first cycle, and as already noted, it does
not continue to grow in the second cycle during the 0.6 V hold
(see Figure 7). This result is potentially consistent with the
aforementioned previous work which proposes that improved
passivation by the SEI is associated with processes that occur at
lower potentials.58,59 In the experiments with a rapid first cycle,
this passivation should occur at a point where the SEI is thinner
(i.e., compared to the first cycle with a 0.6 V hold). As noted
above, the continuing increase in height during the first cycle
0.6 V hold in Figure 6(c) is likely to be caused by both SEI
formation and initial slow lithiation of the underlying Si.
However, this expansion is not observed after the first cycle
pulse (i.e., during the second cycle 0.6 V hold shown in Figure
6(c)). This lack of expansion is consistent with an SEI layer
that is stabilized after the first cycle pulse. This also indicates
that there is no expansion occurring due to lithiation of the Si at
these potentials. On the basis of this result, one can argue that
the height increase at 0.6 V during the first cycle (Figure 6(c))
is due to SEI (organic compound), with minimal initial Li
insertion in the underlying Si. This is consistent with the

experiments, although it is also possible that the irreversible
changes to the Si structure that occur during the first lithiation
cycle will alter the initial stages of lithiation in later cycles (i.e.,
initial Li insertion could start at higher potentials during the
first cycle).
The lithium transport properties are also very important for

battery electrodes. The SEI resistance per unit length has been
measured in other work and indicates that SEI formed at higher
potential is more resistive.53 This behavior combined with the
increased thickness in our experiments suggests that SEI
formed at higher potentials will negatively affect electrode
cycling capability. This implies that faster Li ion transport will
occur through the thinner SEI formed at lower potentials.
The SEI formed with rapid initial cycling is also smoother. It

is possible that the organic layer that forms during the 0.6 V
hold is inherently rougher only because it is thicker; however,
the observed decrease in roughness with faster cycling may also
reflect a smoother underlying Si surface. It is also possible that
the stress state affects the SEI formation since during the
“pulse” the electrode is in an expanded state which results in
compressive stress on the SEI during delithiation. This requires
further study, but as noted above a rougher Si/SEI interface
could lead to less stable SEI, which in turn grows thicker (i.e.,
because of poorer passivation or more surface area). The
simultaneous evolution of the interface structure as the SEI is
forming suggests additional complexity in controlling the SEI
properties. With reference to the specific experiments with Si
that are reported here, this implies that faster cycling can lead
to more stable SEI by limiting the disruption of the initial Si/
SEI interface.
In general, it is convenient to describe SEI formation with

passivation models that consider both reaction and diffusion
mechanisms. To provide additional insight into the initial SEI
formation that is tracked in the AFM experiments, we employ a
relatively simple version of this approach. Relevant mechanisms
here are the transport of electrolyte species to the electrode
surface and electron conduction through the solid SEI
constituents. The SEI growth rate (change in the thickness,
h) due to both of these mechanisms can then be described with
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+
+⎡⎣ ⎤⎦ ⎡
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⎤
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where the el subscript refers to electron transport and the
corresponding unsubscripted terms describe the mechanism
based on electrolyte transport. The D’s are then the relevant
diffusivities, and the k’s are generalized interface reaction rate
constants (i.e., for a reaction that forms SEI at the electrode
surface and at the SEI/electrolyte interface). More precise
electrochemical descriptions of the interface reactions are
clearly desirable, however, but given the limited scope of our
current analysis a simple one-parameter description is sufficient.
Other recent work has also employed the type of simple
approach we use here.60 The concentrations here refer to the
respective species on the source side of the SEI (electrolyte
surface for CS and electrode surface for Cel

S ). The molar
volumes, Vm and Vm,el, describe the volume of SEI per mole of
the respective species (electrolyte and electron).
Parabolic kinetics (h ≅ t1/2) have been observed during

relatively long experiments with graphite electrodes.61 This is
often attributed to slow electron conduction through the
passivation layer, behavior which is consistent with eq 1 at
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longer times where electrolyte diffusion through the SEI ceases
and the kinetics are dictated by a constant value of Del. In
contrast to this, we propose that the reactions that occur as SEI
is first forming should be limited by electrolyte diffusion to the
electrode surface. This process appears to correspond to the
AFM measurements reported in Section 3, with a value of D
that decreases rapidly during the formation of the initial layer.
To describe this with eq 1, we employ a simple phenomeno-
logical form

= α−D D e t
o (2)

Here Do is taken to be roughly equal to the diffusivity of the
rate-limiting decomposition species in the liquid electrolyte,
and α describes the decrease in this diffusivity as the SEI
structure evolves. The parameter α is dictated by the time-
dependent evolution of the solid constituents in the SEI,
including but not limited to the decrease in nanoporosity as the
SEI becomes denser. More detailed modeling which describe
these changes is certainly desirable; however, the form in eq 2
provides a convenient basis for interpreting the key
observations in our experiments in terms of a single parameter,
α. These assessments are summarized below.
4.1.1. Self-Limiting Initial SEI Growth. The premise that Do

corresponds to the liquid implies that Do ≫ Del. Because Del is
relatively small, these effects are not readily apparent in our
relatively short experiments (although these effects should
dictate longer-term SEI growth). On the basis of this, we
neglect the Del term in eq 1 and analyze initial SEI formation
with only the first term on the rhs and eq 2. This leads to a
limiting thickness, h → h∞ as t → ∞:

α
∼ −∞h

D V C D
k

2 o m
S

o

(3)

for relatively small values of Do/k. This thickness corresponds
to the state where electrolyte transport through the SEI is
blocked (i.e., as Doe

−αt → 0). Diffusion-controlled behavior
corresponds to the first term on the rhs of eq 3, where fast
interface kinetics make the last term negligible. With slower
interface kinetics during initial SEI formation, the last term in
eq 3 then predicts some reduction in the layer thickness (note
also that as Do/k increases more terms may be needed to
accurately estimate h∞).
4.1.2. Impact of the Initial Surface (Si vs Cu). The

experimental results indicate slower SEI growth on Si,
compared to Cu. This suggests a lower value of k. While the
definition of k is relatively straightforward (at least in the basic
model), in applying this description to the experiments the
apparent value of k may also include effects of electron
conduction in the underlying electrode (i.e., where slower
conductivity in the Si leads to a lower effective k). In either case
(slow interface reaction or low conductivity), the result in eq 3
indicates that a lower k for Si should reduce h∞ (or have no
apparent effect on this thickness if Do/k is negligible for the
relevant k’s). There should also be a relationship between α and
k. A more precise interpretation of the impact of interface
reaction rates on α requires a better understanding of the
internal structure of the SEI and its time-dependent evolution.
However, a lower k should reduce the rate at which the SEI
densifies and thus reduces α. An accurate mechanistic
interpretation of this effect is difficult without additional data.
As an example, note that if the SEI contains significant
nanoporosity (suggested by the TEM observations in Figure 4)

then a lower k should reduce the rate at which nanoporosity in
the SEI is filled. As seen in eq 3, a lower value of α will lead to a
thicker SEI that evolves over a longer time, which is also
consistent with the experimental observations.

4.1.3. Thinner SEI with Faster Initial Cycling. The thinner
SEI observed with the initial rapid drop to lower voltage is
consistent with a larger value of α. This could reflect faster
interface kinetics at low voltage and also a denser SEI that is
associated with changes in the decomposition product (i.e.,
different phases, etc.). In this case, eq 3 predicts a thicker SEI
with a higher value of k (i.e., with fixed α). Since this
contradicts the experimental observations, we conclude that the
dominant impact of faster cycling is a higher value of α, which
reflects faster evolution of the internal SEI structure (and hence
a smaller h∞). In Section 3, we also noted that a smoother Si/
SEI interface might contribute to the thinner SEI that was
observed. While this is not captured directly in the 1D model
that leads to eq 3, it is also possible to interpret local roughness
effects in terms of their impact on the value of α (i.e., where
roughness alters initial SEI formation in ways that tend to
increase diffusivity and thus decrease α).

4.2. SEI Thickness and Stability. As described in Section
1, a critical issue in rechargeable batteries is the stability of SEI
on electrodes with complex architectures. In these materials,
the large volume changes in Si during cycling will produce
additional large stresses in the SEI, in comparison with the
patterned films employed in our investigation (e.g., see Figure
1). Configurational differences between our samples and simple
particles are also shown schematically in Figure 7(d). The
mechanical deformation that occurs in the SEI can be
interpreted with a continuum mechanics framework, to evaluate
stress evolution and failure. This is similar to recent work that
analyzes failure mechanisms in core−shell structures.62
On the basis of our measurements we consider only stress-

driven mechanisms in the initial SEI that forms (although the
same concepts apply as the SEI becomes thicker during longer-
term cycling). To demonstrate some of the key implications
from our thickness measurements, the current analysis is
limited to SEI with isotropic properties that deform elastically.
The change in the underlying particle volume (V) with
lithiation is also assumed to be isotropic

∫χ χ= +
χ⎛
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m
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(4)

where χ is the Li content (moles Li per moles Si); Vo is the
initial particle volume; Vm

o is the molar volume of the initial
unlithiated Si; and the partial molar volume of Li in the active
material, VLi, dictates the dimensional changes. For a spherical
particle, the corresponding change in the particle radius R is
then

χ=R dR
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where Ro is the initial radius. To simplify the current analysis,
we also assume that the passivation layer is thin compared to
the particle (i.e., h ≪ Ro), which means that σrr is small and the
hoop stress at the top of the film can be approximated with
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where h′ = h/Ro and the value of σs decreases slightly at
positions below the surface (i.e., eq 6 is the maximum value).
Young’s modulus and the Poisson ratio for the particle core and
SEI are E, Es, ν, and νs, respectively, and m = Es/E. The biaxial
modulus of the SEI is Ms = Es/[1 − νs]), and εs

o is defined as
the strain in the passivation layer when χ = 0 (i.e., due to
intrinsic growth stresses in the SEI, etc.). For relatively small
expansions the average linear expansion strain in the particle
core is

ε χ
χ

̅ ≅
V
V

( )
1
3c

Li

m
o

(7)

This result follows from eq 4 and the assumption that VLi is
independent of χ.3 With h ≪ Ro the SEI is assumed to be too
thin to provide any significant resistance to the expansion of the
underlying Si (i.e., the SEI does not confine the underlying Si).
Also the form of eq 7 is valid for relatively small strains, which
only applies at relatively low lithiation levels (this is discussed
further in conjunction with Figure 7(e) below). Combining eqs
6 and 7 describes the increase in tensile stress in the SEI as a
function of the state of charge (i.e., χ). For the limiting case of
very small h′ this gives

σ χ ε
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As the SEI becomes somewhat thicker, the denominator in
eq 6 shows that the stress will be smaller than the value in eq 8.
On the basis of this, eq 8 is taken as an approximate upper
bound. This provides a reasonable approximation for
considering the failure mechanisms below, under the premise
that we are considering SEI where h′ is always significantly less
than one. Note also that any mismatch in elastic properties is
unlikely to substantially alter our analysis with eq 8, as long as
the particle is as stiff or stiffer than the SEI (i.e., m ≤ 1). Under
these conditions, the second term in the denominator of eq 6
will be less than one (and usually much less than one).
4.2.1. SEI Thickness. Our in situ measurements provide

direct information about the initial thickness of SEI films. The
differences that were observed have implications for the
mechanical stability of these layers since it is well-known that
thicker films are more susceptible to failure. One important
mechanism is through-thickness cracking. For the simplest case
of a fully elastic SEI layer, basic fracture criteria lead to a critical
thickness63
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(i.e., fracture is energetically favorable at h > hcr), where Γf is
the fracture energy of the SEI. The constant ce

2 = 1.26, and the
elastic response of the SEI is dictated by Ec (Young’s modulus)
and υc (Poisson ratio). This expression assumes that the film
and underlying material have the same elastic properties. It is
relatively straightforward to evaluate a mismatch in these
properties,63 but this level of detail is not included here, given
the absence of precise information about the SEI properties.
Interfacial debonding between an elastic SEI layer and an elastic
substrate is also described with a similar critical value.63
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h f Ecr

d
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d
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where Γd is the interfacial delamination energy and fd is a
geometric factor that depends on the specific configuration
(two standard cases are a straight delamination front where fd =
2/(1 − υs

2) and a circular pinhole where fd = (3 + υs
2)/(2(1 −

υs
2)). These debonding failures can be induced by either tensile
or compressive stress (unlike the fracture criteria in eq 9),
although buckling that leads to delamination is generally driven
by compressive stresses. The result in eq 10 is again a limiting
case where there is no elastic mismatch between the SEI and
the particle.
Since the initial SEI films form quickly, we focus our

attention on failures induced by the tensile stress that increases
as the Si particle expands during Li insertion. Here, eqs 9 and
10 both show that the critical thickness decreases sharply with
increasing σs (and hence increasing χ). Although these
expressions are based on different failure mechanisms, it is
convenient that the critical thickness values in eq 9 and 10 have
similar forms
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where the subscript i refers to one of the mechanisms in eq 9
and 10 (i.e., for fracture i corresponds to Γf and f f = 2/(πce

2(1 −
υs
2)), and for debonding i corresponds to Γd and fd). For a given
layer, the onset of mechanical failure is dictated by the
mechanism with the smallest critical thickness, hcr

him. This case
defines the maximum strain where failures can be safely
avoided. Since an SEI that only undergoes elastic deformation
is restricted to relatively small strains, we treat only this case
here. In this case, the maximum amount of Li that can be
inserted in the Si particle, while maintaining an intact SEI film
is given by:
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Here, the subscript lim denotes the limiting failure mechanism.
This expression can be used to interpret the impact of different
SEI thicknesses. For example, the thinner SEI measured in the
fast cycling experiments will increase χlim by ∼40% (assuming
that the SEI properties are identical for the two cases).

4.2.2. SEI Properties. Two important factors are not included
in the basic analysis above. First, only elastic deformation in the
SEI is considered. Other deformation processes could clearly
lead to more damage-tolerant SEI, particularly in materials with
a substantial organic content. Also, we assume that once the
SEI forms it is inactive with respect to further lithiation/
delithiation. Both of these effects will complicate the SEI
response to changes in the underlying particle volume. With
this in mind, the simpler analysis here is presented merely as a
starting point for considering the stability of the initial SEI films
that form. In this case, the mechanical properties that dictate
behavior are limited to Es, υs, Γf, and Γd. These have not been
measured in SEI; however, the basic failure criteria outlined
above provide some useful insight into the impact of these key
quantities. In particular, from eq 10 note that Γlim/Es is a critical
quantity that will dictate failure during cycling.
To evaluate the impact of different Γlim/Es values note that

SEI is widely believed to contain a combination of inorganic
and organic materials. Inorganic ceramics typically have values
of Γlim/Es ∼ 10−2−100 nm, whereas Γlim/Es ∼ 101−104 nm
corresponds to the properties of many polymers and organics.64
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Although these ranges reflect substantial variations in proper-
ties, it is instructive to use approximate values (0.1 nm for a
typical ceramic and 100 nm for a typical polymer) in
conjunction with eq 12 to define the regimes in Figure 7(e)
(note that f lim is of the order of 1 for the relevant mechanisms,
and the initial strain in the SEI is neglected for these estimates).
This comparison shows that at higher Γlim/Es values
(predominately ceramic), the initial SEI that forms on dense
Si particles is only likely to survive with very small amounts of
Li insertion in the underlying Si. Figure 7(e) also shows that
moving to lower values of Γlim/Es significantly increases the
acceptable SEI thickness. This is largely due to the lower
expected modulus values for polymers, which logically lead to
much lower stresses in the SEI. Note here that the small strain
approximation used to obtain eq 7 is reasonable for the limited
composition range shown in Figure 7(e) but that a correction
for larger strains is needed when the Si has a higher Li content.
4.2.3. Optimization of Initial SEI Formation. The basic

failure criteria discussed above imply that optimizing the SEI is
likely to involve minimizing h, minimizing Es, and maximizing
Γf and Γd. For example, both Figure 7(e) and the
corresponding discussion above imply that damage-tolerant
SEI will be obtained by maximizing Γlim/Es. While this appears
to suggest that organic SEIs are likely to be more successful, it
is also important to note that the transport properties discussed
in Section 3.2 will determine the thickness of the SEI, both
during initial formation and during slower longer-term growth
that we associated with Del in eq 1. Here, we focus only on the
initial SEI formation which was tracked in our experiments,
where the value of α is critical in determining h∞. Improved
passivation properties (higher α) will lead to thinner SEI and
improved failure resistance. On the basis of the analysis that
leads to eq 12, the quantity to be maximized is

ϕ
α
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Γf
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This reflects the fact that a thinner film with significantly better
passivating properties (higher α) can compensate for a lower
Γlim/Es value.
For single phase materials, each of the properties in eq 13 is

either fixed or is likely to vary over a relatively small range.
However, the complex SEI layers that have been observed
usually consist of multiple phases. Thus, wide variations in
specific properties are likely to be possible in these nano-
composite structures. Also, while the Si electrode properties
clearly change with state of charge, it is not currently known
whether any of the relevant SEI properties vary with the
potential. Furthermore, the key kinetic parameter α is likely to
depend on several more fundamental properties, in ways that
have not yet been determined. Evaluating all of these properties
in real SEI layers is an important challenge for ongoing
research.
The lumped parameter in eq 13 applies only to the initial SEI

formation process that was observed in our experiments. These
measurements were apparently too short in duration to observe
the slower growth of the SEI that is expected after a large
number of cycles (i.e., the effect described with Del in Section
4.1). At these longer times the basic failure mechanisms used to
obtain eq 13 are still valid; however, additional SEI growth and
passivation effects must be combined with the criteria in eq
11−13. This requires additional information about SEI growth,

but in general these additional increases in the SEI thickness
will promote failure by the mechanisms outlined above.

4.2.4. Other Experimental Observations: Irreversible Si
Expansion and Surface Roughness. The estimates in Figure
7(e) are based on our first cycle results, where the SEI thickness
is established before most of the lithiation occurs. This led to
the assumption that εc(χ) ≫ εs

o. With full removal of Li from
the Si, one might expect the volume expansion in eq 4 to be
fully reversible; however, as already described in Section 3.4 this
only occurs after the first cycle. When the initial SEI forms
before significant lithiation of the Si (i.e., during the slow
cycling experiments in Section 3), the irreversible first cycle
expansion of the Si will lead to a relatively large value of εs

o at
the end of the first cycle (i.e., residual tensile strain). For
example, applying the measured volume change in Section 3.4
to spherical particles gives εs

o ≅ 0.15. To describe the reversible
volume changes and strains that are observed during
subsequent cycling, a smaller value of VLi should be used
(i.e., in eq 4, etc.). This effect does not necessarily modify the
criteria in Figure 7 after cycle 1 because AFM and other
experiments show a consistent reversible expansion and
contraction in subsequent cycles. Thus, applying the basic
failure criteria in eq 9−11 would lead to essentially the same
χlim value in the second and subsequent cycles.
As described above, the thinner SEI on Si observed after a

faster voltage drop should improve failure resistance. The
reduced surface roughness that was measured is also potentially
advantageous. This is not immediately apparent in the failure
criteria in eqs 9 and 10. Note here that the tensile failure limit
in eq 9 assumes a limiting flaw size that is equal to the film
thickness. This means that the result shown here is actually a
lower limit, with the idea that highly uniform films can have a
maximum flaw size that is less than the film thickness. In
general a rougher film is likely to exhibit larger flaws and thus
exhibit a critical thickness that is closer to the limit shown in eq
11. In general, roughness can lead to stress localization that
promotes fracture and delamination.

5. CONCLUSIONS

In situ AFM measurements have provided new insight into the
initial lithiation of Si electrodes. The key results are
summarized as follows:
After the first lithiation/delithiation cycle, Si islands show a

net increase in volume of ∼15% (i.e., they do not return to their
original thickness).
During the first lithiation cycle, an initial SEI layer forms

relatively quickly at 0.6 V on Si. Compared to a Cu film that
was used as a reference, the formation rate on Si is slower, and
the initial film that forms is thicker. A relatively simple model
was developed to explain the limiting thickness of these layers,
as a function of a single kinetic parameter α that
phenomenologically describes electrolyte diffusion through
the SEI.
Faster initial cycling leads to an SEI layer on Si that is thinner

and smoother, even after subsequent cycling at slower rates.
This indicates that the initial SEI structure is largely controlled
by the conditions used in the first cycle.
The experimental observations with thin films were extended

to consider the impact of initial SEI thickness on the stability of
the layer that forms. For the simplified case of an elastic SEI
film, a criteria for optimum SEI properties was defined with the
single lumped parameter (eq 13).
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Although the experimental results and analyses presented
here are based on initial SEI formation, it is important to
remember that the stability of SEI during long-term cycling is
also critical. As noted in connection with eq 1, continuing
growth after the initial SEI layer forms is likely to be limited by
transport through the solid (probably the electron conductivity
described with Del). This longer term passivation behavior will
depend, at least in some ways, on the initial SEI layer formation
that we investigated. For example, cracking or delamination of
the initial SEI will impact the morphology of the SEI that forms
during subsequent cycling. The initial SEI structure will also
dictate solid state transport properties and hence influence
subsequent passivation, as seen in our results (although these
effects could damp out after a large number of cycles). This
type of trade-off is applicable to different materials where other
mechanisms are operablefor example, the disruption of
carbon surfaces by solvated ions during the initial stages of SEI
formation could also lead to a more stable SEI.65 In general,
optimizing the SEI properties during initial electrochemical
cycling will improve battery performance. More detailed
evaluation of the correlations between initial SEI formation
and longer term passivation behavior is an important area for
continuing research.
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