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ABSTRACT: Si anodes for Li-ion batteries are notorious for their large volume expansion
during lithiation and the corresponding detrimental effects on cycle life. However, calendar
life is the primary roadblock for widespread adoption. During calendar life aging, the main
origin of impedance increase and capacity fade is attributed to the instability of the solid
electrolyte interphase (SEI). In this work, we use ex situ nano-Fourier transform infrared
spectroscopy and X-ray photoelectron spectroscopy to characterize the structure and
composition of the SEI layer on amorphous Si thin films after an accelerated calendar aging
protocol. The characterization of the SEI on non-washed and washed electrodes shows that
brief washing in dimethyl carbonate results in large changes to the film chemistry and topography. Detailed examination of the non-
washed electrodes during the first lithiation and after an accelerated calendar aging protocol reveals that PF6

− and its decomposition
products tend to accumulate in the SEI due to the preferential transport of PF6

− ions through polyethylene oxide-like species in the
organic part of the SEI layer. This work demonstrates the importance of evaluating the SEI layer in its intrinsic, undisturbed form
and new strategies to improve the passivation of the SEI layer are proposed.
KEYWORDS: silicon, anode, SEI, electrolyte, interface, FTIR, spectroscopy

1. INTRODUCTION
Li-ion batteries are the pinnacle of high-density, long-lasting
electrical energy storage for portable electronics, electric
vehicles, and stationary applications. Regardless of their
commercial success, there is still a strong need and ongoing
R&D work to improve their performance in terms of energy
density and lifetime. For this reason, there has been much
effort to replace or mix the standard graphite negative
electrode with silicon-based materials.1 As silicon alloys with
Li, the material undergoes a significant volume expansion and
contraction (∼300%2), which leads to Si particle decrepitation
and loss of mechanical integrity of the composite electrode.
After many years of research, sufficient cycling stability of Si-
based cells has now been demonstrated;3 however, the
calendar life of such cells falls short compared to graphite
cells and thus represents a major roadblock to the widespread
adoption of Si anodes.3

The calendar life cell degradation is a result of a complex of
interrelated physicochemical processes in the anode, cathode,
and electrolyte. During aging, the cell is stored at a certain state
of charge (SOC) at open circuit voltage meaning that the large
volume expansion/contraction of Si cannot play a role in the
observed performance loss. Rather, the intrinsic instability of
the solid electrolyte interphase (SEI) layer on Si and,
consequently, its constant reformation and growth are the
main culprits.3,4 Many modifications to Si anode cells have
been attempted to improve the SEI layer stability by
incorporating electrolyte additives (such as fluoroethylene
carbonate and vinylene carbonate) and surface modifications,

which tune the electrolyte reduction and SEI formation.5,6

Despite these efforts, there is yet to be a consensus on the
functional structure of the SEI and its (non)-passivating
properties in the context of calendar life aging.

The SEI is a passivation layer that forms as a result of the
thermodynamic instability of the electrolyte coming in contact
with the negative electrode.6 When the electrolyte reacts at the
surface of the electrode, it forms a variety of organic and
inorganic compounds that must have sufficient Li-ion
conductivity, electronic resistivity, and the ability to block
the electrolyte from further decomposition. Making a
connection between the SEI structure and its properties is
not a simple task and is marred by the lack of appropriate
characterization techniques and methodologies. Washing the
electrodes with pure carbonate solvents [e.g., dimethyl
carbonate (DMC)], which aims to remove the residual
electrolyte prior to characterization, is typically seen as a
necessary step to investigate the SEI; however, it is not clear to
what extent even brief exposure to a large volume of solvent
can affect the structure and composition of the SEI layer itself.
Recently, the breathing effect of the SEI on Si anodes, whereby
the SEI thickness grows and shrinks during charge and
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discharge,7,8 has been corroborated by chemical analysis on
non-washed electrodes.9 This breathing effect suggests that
supersaturation and dissolution of electrolyte degradation
products likely play a crucial role in the structure of the SEI
at different states of charge. Considering this delicate balance
of local component concentrations, washing with a pure
solvent is expected to significantly disrupt the local chemistry
and morphology of the film and be counterproductive to
characterizing the SEI in its intrinsic, undisturbed form.

Another challenge in the characterization of the SEI layer is
the lack of adequate tools that possess the requisite sensitivity
and spatial and chemical resolution to measure SEI
constituents. Considering the classical SEI models (i.e.,
bilayer/mosaic10), resolving individual building blocks of the
SEI on the nanoscale is still a task of crucial importance in
order to develop a functional SEI model. Cryogenic trans-
mission electron microscopy (cryo-TEM) has been revolu-
tionary in the visualization of the SEI layer, showing mosaic
and bilayer structures with organic and inorganic particles
mixed in an amorphous matrix on the nanoscale.11,12 cryo-
TEM results have also demonstrated that a high-spatial
resolution technique is crucial for identifying the functional
components of the SEI, while techniques with large probing
areas (e.g., XPS) can lead to inaccurate conclusions.13

However, most cryo-TEM experiments require washing of
the electrodes and high vacuum, which also disrupts the SEI
from its original form.14 Recently, Zhang et al. observed
swelling of the SEI with cryo-TEM by vitrification of the SEI
(along with the electrolyte) on Li metal wires and, moreover,
showed that there is a considerable difference in the SEI layer
thickness in dry versus wet forms: demonstrating the value of
investigating non-washed SEI layers.15

Recently, various new and advanced scanning probe
methods have been employed to study the SEI layer on Li-
ion negative electrode materials with nanometer resolution and
chemical specificity.16−19 One approach is that of infrared
scattering-scanning near-field optical microscopy (s-SNOM),
which has been used to construct infrared (IR) optical images
(at various monochromatic wavelengths) of the SEI layer on
highly oriented pyrolytic graphite, Sn, and Si.9,18,20 Signifi-
cantly, the IR images collected with s-SNOM possess sub-
diffraction-limit spatial resolution (ca. 20 nm), which is needed
for SEI component delineation. Such fine IR resolution is
accomplished by first illuminating a metallic atomic force
microscope (AFM) probe tip, which is adjacent to a sample
surface, with a usually tunable monochromatic IR laser light
source. Then, because of the probe’s geometry and metallic
properties, the electromagnetic field within nanoscopic regions
about the probe tip’s end is plasmonically enhanced; in turn,
this induced “near-field” couples with IR active vibrational
modes in the sample. Additionally, the magnitude of the near-
field enhancement is non-linearly dependent on the tip/sample
distance, so as the AFM probe oscillates normal to the sample
surface in a tapping mode, scattered light intensity from
nanoscopic volumes around the probe tip’s end will periodi-
cally vary in time and match the AFM probe’s tapping
frequency. By using lock in amplification and a pseudoheter-
odyne detection scheme,21 the near-field optical response
(both amplitude and phase) from the local interaction between
the tip and the sample can be extracted from the total
backscattered light that is polluted with a large far-field
background signal.

Beyond IR imaging at the nanoscale with s-SNOM, a
somewhat similar approach can be used to conduct Fourier
transform infrared (FTIR) spectroscopy at the nanoscale
(Figure 1). To do so, an s-SNOM-like setup can be adopted,

along with the utilization of a broadband IR light source (such
as an ultrabroadband synchrotron or broadband laser and an
asymmetric Michaelson interferometric detection scheme
where the tip-sample system is incorporated into one of the
arms of the interferometer).22 In this way, local high-resolution
nano-FTIR spectroscopy can be performed, which closely
matches standard far-field FTIR references.19,23

Nano-FTIR spectroscopy is an ideal tool for characterizing
the SEI due to its nanometer-scale resolution and chemical/
structural sensitivity to a large variety of organic and inorganic
compounds. This technique is non-destructive and can be
operated under ambient conditions without exposing the SEI
layer to vacuum, which has been shown to undesirably alter the
composition of the SEI.14 Recently, this technique was used to
investigate in situ Li metal plating and the associated chemical
changes at the interface with a solid polymer electrolyte,
demonstrating the effect of local heterogeneity during the Li
plating process.19 Ex situ tip-enhanced Raman spectroscopy, a
related scanning probe technique, was applied to show local
heterogeneity in the SEI on thin film Si anodes after cycling.17

These studies, in addition to recent cryo-TEM work,24 suggest
that the variations in nanoscale heterogeneity of the SEI layer
could be crucial for the functional structure and stability of the
SEI.

In this work, we use ex situ IR imaging, nano-FTIR
spectroscopy, and XPS to investigate the effects of solvent
washing and long-term aging on the SEI structure and
chemistry on model 50 nm thick amorphous Si electrodes.
We propose a unique degradation mechanism that could
rationalize the observed electrochemical performance loss of
the Si electrode during long-term aging.

2. MATERIALS AND METHODS
2.1. Si Thin-Film Electrode and Pouch Cell Fabrication. To

enable high-resolution nano-FTIR spectroscopy and AFM measure-
ments of the structure and composition of the SEI layer, a model ∼50
nm thick and 1/2 inch diameter amorphous Si (a-Si) electrode was
used. The electrode was fabricated using a 1/2 inch diameter quartz
wafer (University Wafer, U01-210714-1: Fused Silica JGS2). The
quartz wafer was DC sputter coated (3 × 3″ TORUS Mag Keeper
sputter guns) with Ti as an adhesion layer and Cu (1.0 μm) as the
current collector on both sides. a-Si (50 nm) was sputtered onto one
side from a Silicon target (Kurt J. Lesker, Si, P-type, Mono, 0.005−
0.020 ohm-cm, 99.999% pure) at a power of 150 W for 8 min at a
pressure of 1 × 10−4 mTorr under flowing Argon. The thickness of
the Si layer was evaluated by white light reflectometry measurements.
AFM images of the deposited Cu substrate and a-Si film show surface

Figure 1. Schematic of the operating principle of nano-FTIR
spectroscopy for investigating the SEI on the silicon anode.
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root mean square (RMS) roughness of 3.68 and 8.01 nm, respectively
(Figure S1). The amorphous structure of the Si film was confirmed
with Raman spectroscopy (Figure S2). XPS of the pristine a-Si
electrode revealed a thin layer of native SiOx on the Si surface (Figure
S4).

The a-Si electrodes were evaluated electrochemically in two-
electrode pouch cells, using Li metal foil (13 mm diameter, 1.0 mm
thickness, MTI Corporation) as the counter electrode with a Celgard
2635 separator (20 mm diameter). The pouch cells were assembled
from poly foil bags (Sigma Aldrich, Z183385) with dimensions of 5.5
cm × 6 cm. Ni tabs were used to provide the electronic wiring to the
electrodes and each cell was heat sealed with adhesive polymer tape
(MTI Corporation, EQ-PLiB-NTA4). The cells were filled with 20 μL
of Gen 2 electrolyte [1.2 M LiPF6 in EC, ethyl methyl carbonate
(EMC) 3:7 wt %, Tomiyama Chemicals, Japan]. All cell assembly was
performed in an Ar-filled glove box with O2 and H2O below 0.1 ppm.
After cell assembly, light pressure was applied to the electrode stack
with a clamp.

2.2. Electrochemical Characterization. Electrochemical meas-
urements were performed with a Biologic VMP-3 potentiostat with
the cells in a Testequity thermoelectric chamber (Model TEC1) set
to 30 °C. Prior to experiments, the cell was allowed to rest for 5 h at
an open circuit prior to the current being passed. An electrochemical
protocol that simulates an accelerated calendar aging protocol was
performed.25 The protocol involves 5 CV cycles at 0.1 mV/s starting
at OCV ∼3 V and continuing between 0.05 and 1.5 V, followed by a
linear sweep voltammetry (LSV) scan to 0.05 V and 12 h voltage hold
at 0.05 V.

After the voltage hold, the cell was disassembled in the glove box
and either washed or left as is. Two washing procedures were used in
this work: (i) 50 μL of anhydrous dimethyl carbonate (DMC, >99%,
Sigma Aldrich) was pipetted on the surface of the Si electrode and
then left for 1 s and then an edge of a Kimwipe was used to remove
the solvent off the surface and (ii) the Si electrode was immersed in 5
mL of DMC for 5 s and the edge of a Kimwipe was used to remove
the excess solvent in the same manner as method (i). For nano-FTIR
spectroscopy and AFM measurements, the electrodes were mounted
on carbon tape on an AFM metal mounting disc and heat sealed in a
polyfoil bag. The sealed bags were then transferred to the N2-filled
glovebox, opened, and the electrodes were immediately investigated
with AFM, infrared imaging, and nano-FTIR spectroscopy.

2.3. Nano-FTIR Spectroscopy and AFM. Nano-FTIR spectros-
copy and AFM measurements were conducted with a commercial
Neaspec n-SNOM microscope using PtIr-coated AFM probes
designed for nano-FTIR spectroscopy and delivered in a PDMS-free
metal shipping container (“nano-FTIR probes” via Neaspec). All
experiments were conducted in the N2 glovebox with a measured O2
concentration of <20 ppm. AFM images were taken in tapping mode
using a tapping amplitude of 90 nm and a resolution of 19.5 nm/pixel
for 5 × 5 μm images and 1.95 nm/pixel for 0.5 × 0.5 μm images.
Images were processed and RMS roughness was calculated using the
Gwyddion software.26

Nano-FTIR spectra were taken with two different IR broadband
lasers (Neaspec): laser B (1500−700 cm−1) and laser C (1800−1100
cm−1). The near-field IR images, “white light images”, were collected
simultaneously with the AFM topography measurements by fixing the
interferometer mirror position to the most intense feature of the
interferogram and recording the resulting optical amplitude value.
The measured IR reflectance spectra of the two lasers on a Si wafer
surface can be viewed in Figure S3. The spectra were collected with a
tapping amplitude of ∼90 nm, a spectral resolution of 13.9 cm−1, and
an integration time of 40 ms per pixel, and five measurements
averaged. The spectra that show a range of 1800−700 cm−1 are two
spectra from laser B and laser C taken sequentially and then combined
into a single spectrum. Line scans were performed with Laser C with a
range from 1800 to 1000 cm−1. Spectra taken from a polished Si wafer
were used as the reference. It is common in the literature to find
either the phase, or imaginary part, of the complex nano-FTIR
spectrum reported as absorption. This is because, in the small angle/
phase approximation, the two are mathematically proportional to one
another: z″ = A sinϕ → z″ ≈ A ϕsmall. In this work, the second
harmonic of the imaginary component of the complex-valued nano-
FTIR spectra normalized to Si are reported as nano-FTIR absorption
because (i) the small phase approximation is not valid for our data
and (ii) there are compelling arguments in the literature which assert
the imaginary part, as opposed to the phase, most closely matches
FTIR absorption databases.27

2.4. X-ray Photoelectron Spectroscopy. XPS was performed
with a Thermo-Fisher K-Alpha Plus XPS using an Al X-ray Source
(1.486 eV) at the Molecular Foundry, LBNL. The washed or non-
washed Si electrodes were transferred to the XPS load lock in an air
free manner using a K-Alpha Plus vacuum transfer module. A flood
gun for charge neutralization was used in all experiments. The
electrodes spent 30 min under a vacuum in a load lock prior to being
analyzed in the main sample chamber. Depth profiling was performed
using monoatomic Ar ions with an energy of 4000 eV, and the
sputtering rate of SiO2 for all experiments was measured to be 37.5
nm SiO2/min based on the etching time of a 100 nm SiO2/Si wafer. A
200 μm X-ray spot size was used, and the etching dimension was 1
mm × 2 mm. The atomic % composition was calculated in CasaXPS
for a survey scan taken from −20 to 1400 eV with a pass energy of
200 eV and energy spacing of 1.0 eV. The high-resolution spectra
were collected with a pass energy of 150 eV and energy spacing of 0.2
eV. No attempts were made to reference the binding energy of the
XPS spectra and are presented without processing.

2.5. ATR-FTIR Spectroscopy. Ex situ attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy measurements
were performed inside an N2-filled environmental chamber
(818GBB/Plaslabs). A Shimadzu IRTracer-100 spectrophotometer
outfitted with the single reflection PIKE technologies MIRacle ATR
sampling accessory equipped with Ge crystal was used to record ATR-
FTIR spectra. The FTIR spectra were averaged over 40 scans with a
spectral resolution of 4 cm−1.

Figure 2. (a) Cyclic voltammograms of the a-Si electrode at a scan rate of 0.1 mV/s. (b) Current response to a 12 h 0.05 V hold after the initial 5
CV cycles and LSV to 0.05 V.
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3. RESULTS
3.1. Electrochemical Characterization of the Thin

Film a-Si Electrode. Figure 2a presents initial 5 CV cycles of
the thin film a-Si electrodes showing the typical electro-
chemical response of amorphous Si.9,28,29 The voltammograms
appear very reproducible, demonstrating that the thin-film a-Si
is not undergoing any significant mechanical degradation
during the alloying/dealloying reactions with Li.30 The first
cycle shows a sharp peak at 0.425 V, which is not present in the
subsequent cycles suggesting it is related to passivation of the
surface. Based on the similar CV features of sputtered Si thin
films as reported by Hüger et al.,31 we believe that the peak at
0.425 V is associated with the initial Li insertion into
amorphous Si and the beginning of the SEI layer formation,
which we will demonstrate in Section 3.3. Figure 2b shows the
current response to the long-term hold at 0.05 V and the
steady-state parasitic current of 0.3 μA/cm2 after 12 h. The
high initial current (70 μA/cm2) is attributed to lithiation of
the Si film at the beginning of the 0.05 V hold while the slowly
decreasing current (i.e., parasitic current) is attributed to the
irreversible electrolyte reduction and the SEI layer’s gradual
growth and reformation.

3.2. Evaluation of the Effects of DMC Washing on the
SEI Layer. To characterize the structure and topography of the
SEI layer after the 5 CVs and 12 h hold at 0.05 V, the non-
washed and washed electrodes were examined with optical
microscopy, AFM, near-field IR imaging, and nano-FTIR
spectroscopy (Figure 3). The optical images of the non-washed

electrode (Figure 3a) show an iridescent appearance with a
gradient between colors, while the optical image of the washed
electrode (Figure 3b) shows two areas with very different
contrast. Area 1 of the washed electrode has a textured
appearance as compared to the non-washed electrode, whereas
Area 2 has an iridescent color pattern and looks more similar
to the non-washed electrode. The AFM topography image of
the non-washed electrode (Figure 3a) has a low RMS surface
roughness (0.306 nm) without any large topographic features.
The corresponding white light image (which is collected at the
same time as topography) shows little contrast indicating that
the near-field reflectance of the incoming IR light is similar
across the micrometer length scale of the scan.

In contrast to the non-washed electrode, the DMC-washed
electrode (Figure 3b) in Area 1 shows substantially higher

RMS surface roughness of 27.74 nm and discernible 50−300
nm particles. The near-field white light image of the
corresponding area also displays significant heterogeneity.
The topography image of the washed electrode in Area 2
showed a somewhat smoother surface (3.733 nm RMS
roughness) but was still one order of magnitude coarser than
the non-washed electrode. The white light IR image of Area 2
in the washed electrode was also more uniform than Area 1
suggesting that the different regions vary in terms of
topography and IR reflectance.

Nano-FTIR spectra were then taken at several locations on
each electrode and are presented in Figure 4 along with ATR-

FTIR spectra for comparison/reference. Nano-FTIR spectros-
copy has a lateral spatial resolution of roughly the tip’s radius
of curvature (usually ∼20 nm) where the coupling between the
local evanescent near-field and the sample occurs.23 That said,
modest resolution changes have been shown as a function of
demodulation harmonic, albeit at a cost to signal-to-noise:
better resolution and worse signal-to-noise scale with
increasing harmonic.32 As for the probing depth, this depends
on a set system of parameters, including in the least, harmonic
number (as before), and the tip/sample geometry and optical
properties, i.e., complex refractive index. In the model case of a
pure and almost IR transparent (>97% transmittance at 1742
cm−1) organic polystyrene overlayer, a limiting probing depth
of about 100 nm has been demonstrated; while for conductive
materials such as metals, subsurface probing depth is drastically
reduced to a few nanometers.33,34,35 Considering that the SEI
is composed of organic and inorganic insulating materials, we
expect a somewhat similar maximal limit to the probing depth
(approximately 100 nm) in this work. However, the calculated
near-field electric field intensity decays exponentially with
distance away from the tip, meaning that nano-FTIR spectra
are comprised of spectral features that are dominated by

Figure 3. Optical microscopy, AFM topography, and near-field IR
white light images after the initial 5 CVs and 12 h hold at 0.05 V of
the (a) non-washed electrode and (b) washed electrode (50 μL of
DMC for 1 s).

Figure 4. Nano-FTIR spectra at spots 1−3 in Figure 3 and ATR-
FTIR spectra of the non-washed a-Si electrode after 5 CV cycles and
12 h 0.05 V hold, the “dry” Gen 2 electrolyte, and lithium ethylene
dicarbonate (LiEDC) from ref 36.
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scattering events from the surface and near-surface regions,
though some smaller contribution from deeper subsurface
regions 10s of nm below the surface cannot be excluded.32,34

The nano-FTIR spectra of the non-washed electrode at Spot
1 (Figure 4) are comprised of a series of peaks that match with
the peaks in the nano-FTIR and ATR-FTIR spectra of the dry
Gen 2 electrolyte and lithium ethylene dicarbonate (LiEDC,36

or reidentified as lithium ethylene monocarbonate37). The
absorption bands characteristic of C�O stretching in
carbonate functional groups with ethylene carbonate are
visible around 1770 cm−1 and LiEDC around ∼1650
cm−1.36,38,39 IR bands in 1500−1250 cm−1 range are assigned
to vibrational modes related to C−H bending and symmetric
stretches of O−CO2 groups in ethylene carbonate and LiEDC,
respectively, while the region from 1200 to 1000 cm−1 is
characteristic of C−O stretching.36,38 Finally, the region from
950 to 750 cm−1 is dominated by stretching modes of the P−F
bonds in the PF6

− anion41 and possibly from other P−F or P−
O−F containing reduction products of PF6

−, such as POF3,
LixPOFy, and OPF(OCH3)2.

9,40,43 LiEDC is a commonly
identified product of ethylene carbonate reduction on Si and
other types of negative Li-ion electrodes.9,36,42 The dry
electrolyte component detected in the spectrum at 1192 and
1083 cm−1 is consistent with the fact that the electrodes were
not washed prior to analysis. When the cell is disassembled, the
more volatile EMC is expected to evaporate leaving behind a
solid mixture of EC/LiPF6.

9 The identification of LiEDC in
the SEI on a-Si thin film electrodes in the Gen 2 electrolyte is
consistent with our previous ATR-FTIR analysis of non-
washed electrodes.9 The fact that nano-FTIR spectrum (area
of ca. 1.26 × 10−9 mm2) matches well with the ATR-FTIR
spectrum, which averages signal from a much larger area (2.54
mm2), suggests that the chemical composition of the non-
washed a-Si SEI layer is consistent over a large length scale.
Furthermore, relatively weak contributions from the dry
electrolyte (EC/LiPF6) to the FTIR spectra indicate a rather
low surface concentration of electrolyte residues which we
attribute to the low roughness of the pristine Si electrode,
which leaves less area for the residual electrolyte to remain
after disassembly.

The nano-FTIR spectra of the washed electrode in Area 1 at
Spot 2 (Figure 4) show broad peaks centered around 1650 and
1350 cm−1, which are characteristic of carbonate-related
vibrations as seen in the LiEDC spectrum. However, the
peaks are broader than the non-washed electrode suggesting
that in addition to a large change in the topography, a change
in the chemistry of the surface had also occurred due to the
washing process. Furthermore, the peaks associated with EC at
1192 and 1083 cm−1 (which correspond to C−O stretching)
and the peak at 840 cm−1 (P−F stretching) associated with
LiPF6 salt have disappeared or decreased in intensity
confirming that the washing procedure successfully removed
the electrolyte from the SEI layer. A recent study found that
the peak at 1650 cm−1 corresponding to C�O stretching in
carboxylates can shift in wavenumber depending on the
number and conformation of Li coordinating the C�O
bond.17 Furthermore, the frequency of the C�O vibration in
carbonate solvents is also sensitive to Li coordination.38,39

Considering this Li+ coordination-frequency dependence, we
speculate that the broadening of the peaks at 1650 and 1350
cm−1 seen in the nano-FTIR spectra of the washed electrode
could originate from a similar type of Li+ coordination change
between the washed and non-washed electrodes.

The nano-FTIR spectra of the washed electrode in Area 2 at
Spot 3 (Figure 4), which had a similar optical appearance to
the non-washed electrode, show strong absorption bands of
LiEDC and no signal from EC. In addition, a peak at 840 cm−1

is still visible, which is attributed to residual LiPF6 salt41 or P−
F or P−O−F containing reduction products,9,43 which are
commonly detected in the SEI formed in LiPF6-based
electrolytes.42,44−46 These results show that even a brief
washing results in a dramatic change in surface morphology
and chemical composition of the SEI layer. Prolonged washing
of the a-Si electrode in a large amount of solvent (5 mL of
DMC for 5 s) resulted in the almost complete removal of the
LiEDC layer and a high surface roughness (12.10 nm) (Figure
S5), demonstrating how the parameters of the washing
procedure can greatly influence the physicochemical properties
of the film.

Previous results have suggested that the SEI is heterogenous
on the nanoscale;9,18−20 therefore, we aimed to use the high-
resolution capabilities of the nano-FTIR to evaluate this
assessment. We probed the film over a 200 nm line scan in 10
steps, close to the limit of the technique’s resolution.23 Figure
5 shows the AFM topography images along with the position

of the probing locations and the corresponding nano-FTIR
spectra with the reference spectra for LiEDC and the dry
electrolyte. The topography of the surfaces is very smooth, and
the resulting spectra do not vary significantly in terms of peak
ratios as a function of position. For the non-washed electrode
(Figure 5a), the spectra were taken at a different location from
Spot 1 (in Figure 3a) and show similar features including
identical peak positions corresponding to C�O, C−O, and
C−H vibrations from LiEDC and the dry electrolyte, as
described in Figure 4. Another notable feature is that the
absorption around 1100−1050 cm−1, which correspond to
overlapping C−O vibrations in EC and LiEDC, varies subtly at
each point in the line scan. Considering nano-FTIR’s

Figure 5. AFM topography images and high-resolution nano-FTIR
spectra of the (a) non-washed and (b) washed a-Si electrode after the
5 CV cycles and 12 h hold at 0.05 V. “Dry” Gen 2 electrolyte
spectrum and lithium ethylene dicarbonate (LiEDC) spectrum from
ref 36.
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sensitivity to molecular orientation,19 we speculate that these
variations originate from different conformations of the LiEDC
and EC molecules on the surface/subsurface region.
Furthermore, the nano-FTIR spectrum from each location
has similar IR absorption peak characteristics as the bulk ATR-
FTIR measurement (Figure 4), which indicates that the
chemical composition, structure, and distribution of the
organic compounds in the SEI of the non-washed a-Si
electrode are fairly homogenous.

For the washed electrode, a line scan was taken in Area 2
(Figure 3b), which was comprised of LiEDC without any
contributions from the electrolyte. The high-resolution line
scan (Figure 5b) shows similar features as the line scan from
the non-washed electrode but with modified peaks shapes and
positions. One notable difference is the peak at 1644 cm−1

becomes less broad with the removal of the electrolyte,
suggesting that the coordination of the C�O bonds with Li
could be altered resulting in a change in the frequency of the
C�O stretching as previously described.17 Based on the
similarity between these two regions of the washed and non-
washed electrode, we presume that the brief 1 s DMC washing
procedure removed some of the LiEDC layers completely (as
seen in Washed Area 1) while leaving some of the LiEDC
behind without any electrolyte present (as seen in Washed
Area 2). This conclusion is further supported by the similar
appearance of the two LiEDC-containing regions as seen in the
optical, topography, and IR images.

Another important observation is that, in the non-washed
electrode line scan (Figure 5a), the peak ratios between the
LiEDC and the electrolyte do not vary significantly with
position. This implies that the dry electrolyte is well mixed
with the LiEDC components as opposed to agglomerating in
distinct regions larger than 20 nm (the positional resolution of
the spectra). If agglomeration of the electrolyte was occurring,
we would expect to see some regions with a high relative
amount of electrolyte contributions compared to other regions
with high LiEDC concentration; however, this is not the case
for the line scans. It is also possible that there is a nanometer
thin layer of the dry electrolyte on top of a layer of LiEDC, and

the near-field is detecting both due to the near-field
penetration through IR transparent organic compounds.34

However, we believe that the former explanation is more likely
because of the recent evidence of swelling of the SEI in EC/
LiPF6-based electrolytes15 suggesting percolation of the SEI
with the electrolyte. In fact, the porous SEI is commonly
proposed to trap solvent and LiPF6, which are commonly
detected in XPS measurements even after washing.42,44,45 This
is a significant result because the SEI, in addition to stopping
the transport of electrons, must also prevent the mass transport
of the electrolyte components to the SEI/electrode interface.47

We can imagine that in its wet form, the LiEDC layer is mixed
with the electrolyte (including EMC) and could allow
electrolyte molecules closer to the electrode surface where
charge transfer takes place.

To further investigate the effects of washing on the structure
and composition of the SEI layer, ex situ XPS depth profiling
was performed on the non-washed and washed electrodes after
the 5 CV cycles and 12 h voltage hold. Figure 6 shows the
XPS-derived atomic % for Li, F, C, O, P, and Si versus the
etching time together with the corresponding F 1s, P 2p, and Si
2p spectra. The elemental composition of the SEI on the non-
washed electrode (Figure 6a) is dominated by F and Li except
for the shallow region at the film surface, which is rich in O
and C, likely originating from the residual EC and/or LiEDC.
The composition after the first 5 s after etching is dominated
by F and remains relatively similar until the Si component
begins to emerge and grow at the expense of the F
contribution indicating the approach of the SEI/Si interface.
The gradual emergence of the Si component despite the flat
SEI surface and electrode (as seen in the AFM) could be due
to uneven etching rates between different SEI components. In
the non-washed electrode, the appearance of the Si
contribution is seen around 60 s of etching (Figure 6a). The
F 1s and Si 2p spectra show that the F contribution is
comprised of multiple peaks, which are attributed to P-F (from
LiPF6 or its reduction products) and LiF,48 while the peak in
the Si at 98.8 eV is assigned to LixSi.

45 These assignments are
supported by the Li 1s spectra (Figure S6), which show a

Figure 6. XPS derived composition depth profile versus etching time, F 1s spectra, and Si 2p spectra for the a-Si electrodes after 5 CV cycles and 12
h potential hold at 0.05 V (a) non-washed, (b) washed with 50 μL DMC for 1 s and (c) immersed in DMC for 5 s.
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correlation between the disappearance of the F peak at 687.9
and Li peak at 58.5 eV and the emergence of the Si peak at
98.8 eV and Li peak at 55.6 eV. Furthermore, there is no
correlation between peaks in the P 2p and the F 1s peak at
687.9 suggesting that the predominant F species is LiF and not
LiPF6 (Figure S6). This assignment is further supported by the
valence spectra, which shows two peaks at 32 and 11 eV (seen
in Figure S6), which match the previously reported valence
spectra of LiF,44 which is different than LiPF6.

49 Based on the
non-washed nano-FTIR and XPS depth profiles, the Si SEI
after the accelerated calendar aging protocol appears to be
comprised mostly of LiF and other PF6

− decomposition
products along with organic products, such as LiEDC and
polyethylene oxide (PEO).

In contrast to the depth profile of the non-washed electrode,
the spectra of the electrode that was washed for 1 s with 50 μL
of DMC (Figure 6b) show peaks with similar shapes and
positions for Si 2p and F 1s, but the F contribution is reduced
to less than 5% after 95 s of etching. If the Ar ion etching rate
(i.e., distance/time) is comparable between the SEI chem-
istries, the SEI layer on the washed electrode is apparently
thinner because the Si signal was observed at a shorter etching
time. In fact, the electrode soaked in DMC for 5 s (Figure 6c)
reveals a signal from Si just after 5 s of etching and the
crossover between the F and Si concentrations occurring 30 s
earlier than the electrode washed in DMC just for 1 s.
Interestingly, LiF, which is expected to have a low solubility in
organic carbonate solvents,50,51 appears to be significantly
washed away. We speculate that although LiF has limited
solubility in DMC, its surrounding constituents (i.e., C, P, and
O containing compounds) are more soluble,50 which would
explain why it can still be removed from the SEI layer during
the washing in DMC. The combined nano-FTIR and XPS
depth profiling results show how even brief contact with pure
DMC solvent can not only remove the electrolyte residue but
also dramatically change the structure and chemistry of the SEI
layer. Considering the deleterious effect of washing in pure
DMC, we restricted the following SEI layer analysis to non-
washed electrodes only.

3.3. Characterization of Initial Phases of the SEI Layer
Formation. To investigate the origin of the cathodic peak at
0.417 V during the initial SEI formation and compare it to the
effect of the long-term aging (Figure 2), we performed ex situ
nano-FTIR analysis of the non-washed electrodes at 0.5, 0.3,
and 0.05 V during the first LSV scan (Figure 7a). Figure 7b

shows the AFM and near-field IR white light images of the
corresponding electrodes taken from the different voltages.
The images of the electrode removed at 0.5 V are very similar
to images of the pristine a-Si electrode (Figure S1b) except for
some surface features with higher IR absorption, which are
identified to be agglomerates of the residual electrolyte (Figure
S7). No electrolyte reduction products were observed,
consistent with the low amount of charge that had been
consumed during the LSV scan above 0.5 V.

The AFM and IR white light images of the electrode
removed at 0.3 V, i.e., after the reduction peak at 0.417 V
(Figure 7b), show distinctly different surface features, which
are similar to the non-washed electrode after the initial 5 CV
cycles and 12 h potential hold at 0.05 V (Figure 3a). The
surface topography is much less rough (RMS roughness of 0.17
nm) than the pristine electrode (8.01 nm) and is similar to the
cycled non-washed electrode (Figure 3a), indicating that a film
has formed on the electrode surface. The IR white light images
show a similar uniformity across the scanned area further
supporting the presence of a new surface film. The electrode
removed at 0.05 V is also uniform in both topography and IR
white light reflectance like the 0.3 V electrode and the cycled
electrode, suggesting that this is a common attribute of the
non-washed SEI on the Si electrodes.

To characterize the chemistry of the surface film, nano-FTIR
spectroscopy was then performed on the Si electrodes at the
different voltage cutoffs. Figure 8a shows representative nano-
FTIR spectra at 0.5, 0.3, and 0.05 V and reference nano-FTIR
spectra of the electrolyte and ATR-FTIR of LiEDC. In fact,
high-resolution (20 nm steps) nano-FTIR line scans were
performed on the 0.3 and 0.05 V electrodes (Figures S8 and 9)
and showed consistent spectra with all major absorption
features at the same position and similar relative intensities as
the spectra shown in Figure 8a despite the change in position.
Another notable finding is that similar to the line scan data on
the cycled electrode (Figure 5a), all the spectra have
contributions from the dry electrolyte that do not change
with position suggesting that the organic components are
uniformly mixing with the electrolyte on the nanometer length
scale as opposed to agglomerating into large separate regions.

At 0.5 V (Figure 8a), the nano-FTIR spectra were collected
from two main locations: a reflective and non-reflective spot of
the near-field IR white light image. The spectrum from the
non-reflective spot matches with the nano-FTIR spectra of the
dry electrolyte, confirming that no significant reactions have

Figure 7. (a) LSV at a sweep rate of 0.1 mV/s to 0.05 V, (b) AFM and (c) near-field IR white light images of the non-washed a-Si electrodes at 0.5,
0.3, and 0.05 V during the first LSV scan.
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occurred at 0.5 V. The reflective spot shows weak and broad
features that could not be assigned to any of the products from
electrolyte reduction. At 0.3 V, after the large reduction peak,
the surface chemistry is distinctly different showing absorption
peaks corresponding to organic reduction products. Peaks
attributed to LiEDC at 1644, 1402, and 1317 cm−1 are present
along with residual dry electrolyte peaks at 1192 and 1083
cm−1. In addition, there are notably several new peaks at 1453,
1261, 971, and 829 cm−1 (marked with star), which we
tentatively assign to PEO functional groups. A direct
comparison of a PEO ATR-FTIR spectrum with the 0.3 V
spectrum is presented in Figure S8d showing that the new
peaks match well with a majority of the PEO IR absorption
bands. The C−O−C stretching52 peak of PEO at 1100 cm−1 is
also visible at somewhat lower intensity in the 0.3 V spectra.
The PEO moieties in the organic SEI components are not a
new result, as they have been observed by NMR5,53−55 and
mass spectroscopy56−58 with several reduction pathways being
proposed. Also, the Li coordination environment can modify
PEO peaks position and intensity of the PEO peaks; for
instance, the band corresponding to C−O−C stretching
around 1090 cm−1 broadens and decreases in relative intensity
to the feature at 945 cm−1 as a function of the LiPF6
concentration.59 Coordination of the C−O−C groups by Li-
ions in the PEO moieties could possibly explain the differences
in the observed spectra with that of pure PEO.

At 0.05 V (Figure 8a), the nano-FTIR spectrum has similar
features to the 0.3 V spectrum, except the peaks attributed to
LiEDC are more intense relative to the peaks assigned to PEO,
suggesting that the LiEDC products are accumulating on the
surface during polarization at low potentials. The spectrum of
the electrode after the 5 CV cycles and 12 h voltage hold
shows a larger contribution from the LiEDC peaks further
suggesting that LiEDC accumulates at holds at low potentials.
Another notable difference is that intensity of the P−F bands
centered around 840 cm−1, which originates from PF6

− anion
and its P−F/P−O−F containing decomposition products9,41,43

is much higher for the electrode after the 12 h hold than in
electrodes tested at 0.3 and 0.05 V during the first cathodic

scan. The presence of PF6
− anion and its decomposition

products in the SEI film is also supported by the ex situ XPS
results showing a shoulder at higher binding energies than the
LiF F 1s peak (Figure 5a), which is typically assigned to P−F
and P−O−F species.9,41,43 This is further supported by the P
2p spectra (Figure S5), which show peaks at multiple binding
energies that can be attributed to the PF6

− anion and its
corresponding reduction products. These differences suggest
that PF6

− anion and its decomposition derivatives are
accumulating in the SEI as a result of the calendar life aging
procedure.

XPS depth profiling was also performed on the non-washed
electrodes polarized to 0.3 and 0.05 V (Figure 8b,c) to evaluate
the thickness and composition of the SEI at these points
during the first lithiation. At 0.3 V (Figure 8b), the surface of
the electrode is rich in C and O, which likely originates from
the residual electrolyte and LiEDC/PEO as also seen in the
nano-FTIR measurements. After 10 s of etching, the relative
concentration of C and O decreases, while F increases and
reaches a similar composition as the cycled electrode (Figure
6a) suggesting that LiF is a dominant species in the initially
formed SEI layer. The thickness of the SEI layer on the 0.3 V
electrode is much less compared to the cycled electrode with
the crossover between F and Si occurring at 70 s suggesting
further growth after the initial passivation of the surface at
0.417 V. The Li content also decreases as the bulk Si is
detected and reached 25 at % suggesting that there was also Li
insertion into the bulk Si during the reduction peak. This result
is supported by secondary ion mass spectroscopy (SIMS) and
XPS depth profiling experiments that revealed a composition
of Li0.3Si after the cathodic peak around 0.4 V in sputtered
amorphous Si, suggesting that the onset of the lithiation of
amorphous Si first occurs during this cathodic peak.31,60 In
addition to the bulk lithiation of the Si, we also find that the
onset of SEI film formation also occurs during this 0.417 V
peak, suggesting that the first steps of SEI film formation is
concomitant with the initial Li insertion into the bulk Si.

At 0.05 V (Figure 8c), the depth profile has a similar
composition to the 0.3 V electrode, but the film is much
thicker and the crossover between Si and F components does
not occur in the 200 s etching time. Strikingly, the film appears
to be thicker than the electrode that went through the cycling
and calendar aging protocol (Figure 6a) based on the
emergence of the Si 2p peak at a later time (100 s for 0.05
V and 60 s for calendar aged electrode). This is a surprising
result because it is generally thought that the cycled electrode
should have a thicker SEI layer than at the end of the first
lithiation due to SEI growth over time.61 However, the
possibility of SEI dissolution and chemical changes during the
voltage hold aging could result in different SEI thicknesses
despite more irreversible charge being consumed. Further
investigation will need to verify the effects of cycling and
voltage holds on the SEI thickness.

4. DISCUSSION
4.1. Effects of Washing on the Structure and

Composition of the SEI Layer. Washing electrodes is
often seen as a necessary step to investigate the SEI layer on
Li-ion anodes, however, little work has been done to evaluate
its effects on its structure and composition. Considering the
evidence of the breathing effect on Si anodes,7−9,62 the
supersaturation of SEI compounds, their solubilities, and
dissolution rates could play a crucial role in the local

Figure 8. (a) Nano-FTIR spectra of the non-washed a-Si after
polarization to 0.5, 0.3, and 0.05 V at a scan rate of 0.1 mV/s and after
the 5 CV cycles and 12 h hold at 0.05 V. The stars represent peaks
attributed to PEO (see Figure S8d for a spectral comparison). XPS-
derived composition versus etching time for the non-washed a-Si
electrodes polarized to (b) 0.3 V and (c) 0.05 V at a scan rate of 0.1
mV/s.
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equilibrium that is established in the SEI layer function and
structure. Washing the SEI layer with an excessive amounts of
carbonate solvent could disrupt the delicate equilibrium and
result in dramatic changes to the layer, far more than the
intended effect of removing the residual electrolyte.
Furthermore, there appears to be no agreement in the
literature as to what parameters and metrics should be used
to wash and evaluate the SEI layer on Si anodes. As
demonstrated here, the exact parameters of the washing can
result in different SEI morphologies and chemistries. Table S1
provides a summary of the literature describing washing time,
method, solvent, and washing amount for various studies of the
SEI layer on Si. DMC is the most common solvent to wash
electrodes, and it is uncommon to report both washing time
and the amount of washing solvent, important factors for
dissolution rates of the EC, LiPF6, and the SEI layer
components.

A recent study investigated the effects of washing, Ar ion
sputtering, and time under high vacuum in the context of XPS
characterization of the SEI on Li metal anodes.14 The study
demonstrated that depending on the treatment the SEI layer
on Li metal went through, the exact XPS result could vary and
lead to different conclusions. Our results further support the
importance of carefully controlled SEI treatment before
characterization, as brief washing of the cycled electrodes
with DMC resulted in significant morphological and chemical
changes to the surface film, which is seen in the optical,
topographic, near-field IR images, nano-FTIR spectra, and XPS
depth profiling experiments. In contrast to previous reports of
a highly heterogenous SEI, the surface of the non-washed SEI
layer on the cycled Si anodes has very low roughness and is
chemically homogenous on the nanoscale demonstrating how
washing the electrodes can result in significant and possibility
misleading changes to the SEI layer. Further development and
refinement of ex situ and in situ characterization method-
ologies to study the SEI layer in an undisturbed form are vital
to attain a better understanding of the SEI layer function and
operation.

4.2. Mechanism of Parasitic Reactions in the SEI
Layer. In this work, we used a long voltage hold to mimic an
accelerated calendar age test and evaluate the effectiveness of
the passivation of the a-Si electrode. Since calendar aging is a
major roadblock to the adoption of Si anodes, identifying the
parasitic reactions occurring and their reaction products will be
essential to understanding the instabilities that lead to
continuous electrolyte consumption, cell impedance increase,
and capacity loss. It appears that LiPF6 salt decomposition
products are the primary component of the SEI layer. This is
evident by the high concentration of LiF and other P/F
containing species found in the XPS depth profiles. The
amount of F in the SEI layer compared to the electrolyte is
much higher, which means that multiple LiPF6 molecules are
being decomposed for every solvent molecule that is
decomposed resulting in a large accumulation of LiF and
other PF6

− decomposition products. In addition, there is a
higher intensity of the peak at 840 cm−1 for the electrode that
underwent the calendar aging procedure relative to the
electrodes in the first lithiation (Figure 8a). This implies that
there is a larger fraction of P−F/P−O−F bonds after the
calendar aging test, which must come from continuous PF6

−

anion infiltration and decomposition.
Based on the results presented here, we propose that PF6

−

transport and decomposition is the main source of parasitic

reactions occurring during the long-term potential hold of the
Si electrode at 0.05 V. PF6

− transport into the SEI along with
continual SEI dissolution and swelling of the SEI layer with the
electrolyte can rationalize the continual parasitic cathodic
current that occurs during the calendar aging voltage hold. The
SEI layer is typically thought of as a Li-ion conductor, electron
insulator, and physical barrier for the electrolyte solvents.
However, another crucial characteristic is that mass transport
of the PF6

− anion within the bulk of the SEI layer must also be
prevented. If PF6

− anions can reach the electrode surface, they
will be reduced, and the SEI layer will continue to grow but the
mechanism by which the PF6

− is transported through the SEI
layer is not clear.

We propose two mechanisms for PF6
− anion transport into

the bulk SEI layer (Figure 9): (1) via coupling with PEO/

polymer functional groups and (2) swelling of the SEI layer
with the electrolyte. PEO is a solid electrolyte with Li+
transference number less than 163 meaning that the transport
of Li ions is also associated with the transport of the counter
anions (e.g., PF6

−
, TFSI−). The transference number for Li+ in

polymer electrolytes depends on a variety of factors, including
the salt concentration, crystallinity, the molecular weight, and
the salt anion.64 If we assume that the SEI layer is rich in
organic compounds (PEO/LiEDC), it is possible that PF6

− can
move across the SEI via the mechanism observed in solid
polymer electrolytes, which could enable its eventual reduction
to LiF and other P−F/P−O−F containing species. The XPS
depth profiling compositions support the presence of a LiF/
organic mixed layer showing a composition of LiF, and C and
O containing compounds until reaching the bulk Si interface
(depicted in Figure 9). This conclusion is further supported by
the ease at which LiF is washed away despite having limited
solubility in carbonate solvents (Figure 6).50,51

Furthermore, there is also evidence that adding liquid
solvents into polymer electrolytes, known as polyelectrolyte
solutions, can also affect the transport properties of the counter
anions.63 The complex and dynamic dependence of the
structure and composition of various high and low molecular
weights polymer and liquid components in the SEI could help
explain some of the preferential mass transport of PF6

− that is
being observed. Furthermore, the swelling of the SEI layer with
the electrolyte15 and/or gradual SEI layer dissolution as seen in
the breathing effect also implicates the organic components of

Figure 9. Scheme showing the two proposed mechanisms for PF6
−

diffusion into the bulk SEI layer: (1) diffusion via PEO chains in a
similar manner to their solid-state analogues and (2) infiltration of the
electrolyte into the organic matrix.
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the SEI as also enabling solvent molecule mass transport. The
SEI layer instability, therefore, is a result of the complex and
dynamic dependencies of the reduction product solubilities
and their resulting mass transport properties for the SEI and
electrolyte components. The situation is further complicated
by the SOC of the surface, which could shift the equilibrium
and local reaction rates. For example, LiEDC is not detected in
the delithiated Si surface,9 suggesting that it dissolves much
faster at higher potentials.

Based on these considerations, the ideal SEI component for
prolonged SEI stability would have negligible solubility and or
dissolution rate in the electrolyte and inhibit all electrolyte
components transport, except for Li+. In this view, we can
rationalize why inorganic compounds (e.g., LiF) in the SEI are
often associated with improved SEI stability. LiF is an ideal
component for SEI due to its low solubility50,51 and high
(electro)chemical stability. It also does not support the
transport of PF6

− or solvent molecules, meaning it should
cut off the supply of reactants to the surface and effectively
passivate it. This is supported by a multitude of studies that
demonstrate improved SEI passivation with LiF rich
SEI.5,65−67 However, not all LiF-rich SEI layers show perfect
passivation. For instance, our results suggest a majority of the
SEI layer on the a-Si electrode is comprised of LiF, but the SEI
can still increase in thickness and reduce the electrolyte
suggesting that LiF components are not completely preventing
the parasitic reactions. The key point is that the exact
distribution of the LiF in the SEI is the deciding factor whether
it improves passivation, rather than solely its presence. This is
succinctly demonstrated in a study by Huang et al., showing
that while LiF is detected in the SEI layer on Li metal by XPS,
the cryo-TEM characterization, which has a much higher
spatial resolution, shows the LiF as ∼100 to 200 nm particles
that do not conformally coat the surface, meaning that they
cannot be the main component responsible for passivating the
surface.13

Based on our results, we propose two methods to improve
the passivation of the SEI layer in liquid electrolytes. The first
method is to inhibit the ability of the organic components to
mediate the mass transport of the electrolyte components (i.e.,
PF6

− and carbonate solvent). If the transference number of Li+
was 1, then the PF6

− anion cannot travel into the SEI layer
thus preventing its decomposition in parasitic reactions.
Similarly, if the solvent molecules cannot swell and diffuse
through the organic parts of the SEI layer then it would also
prevent those associated parasitic reactions. Lessons from
improving the Li+ transference number in solid polymer
electrolytes could be used as a foundation for designing the
artificial SEI layer. It has also been demonstrated that
electrolyte additives such as vinylene carbonate (VC) and
fluoroethylene carbonate (FEC) modify the formation of
polymeric species (by forming poly-VC) resulting in a more
stable, less soluble, and compliant organic SEI.5,68 We
speculate that these additives could also be altering the PF6

−

transport properties of the polymer species in the SEI layer
resulting in better passivation. The second proposed method is
to increase the fraction of the inorganic scaffold (e.g., LiF) in
the SEI layer, which can block possible diffusion pathways for
PF6

− and organic solvents. This would be consistent with the
beneficial properties of the FEC additive, which deposits LiF at
a higher potential on Si resulting in better passivation and
higher coulombic efficiency.69 The successful implementation
and demonstration of these strategies hinges on having

adequate characterization methods that allow for the chemistry
of the organic layer and the nanoscale morphology of the
inorganic layer to be confidently tied to its passivation
performance.

5. CONCLUSIONS
The DMC-washed electrodes were found to undergo
significant chemical and morphological changes compared to
the non-washed electrode. For this reason, the non-washed
electrodes were the focus of the analysis as we believe that they
are more representative of the true state of the SEI layer on the
a-Si anode after electrochemical cycling. Two notable
observations were made on the non-washed SEI layers: first,
the layer is chemically homogeneous over multiple length
scales, which is based on the good agreement between bulk
ATR-FTIR and nano-FTIR spectra. Next, the electrolyte on
the surface appears to be mixing on the nanoscale with the
organic decomposition products, LiEDC, which is supported
by peak changes in the washed electrode and high-resolution
nano-FTIR line scans. XPS depth profiling was performed on
the non-washed and washed electrodes, which also demon-
strated how the brief washing reduces the thickness of the SEI
layer. The XPS results also show that LiF appears to be the
dominant species in the SEI layer based on the derived atomic
compositions and high-resolution spectra of the SEI during the
depth profile.

Finally, we characterize the structure of the SEI layer during
the first lithiation and compare it with the SEI layer after the
calendar aging protocol. We find that there is an accumulation
of salt and/or its decomposition products in the SEI of the
aged electrode compared to the first lithiation based on nano-
FTIR spectroscopy. PEO is detected as a possible component
of the SEI layer, which is seen in the spectrum after a large
reduction peak at 0.417 V in the first lithiation. Based on these
results, we propose that PF6

− diffusion through organic
polymer species, similar to solid polymer electrolytes, could
be responsible for the preferential accumulation of salt and its
decomposition products in the SEI layer during the calendar
aging protocol. Based on this result, we propose that tuning the
SEI layer structure to mitigate anion diffusion either via the
organic or inorganic components will be an important strategy
to improve the calendar life of Si-based anodes.
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