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HIGHLIGHTS

o Multi-modal imaging shows a bilayer SEI structure on silicon-graphite electrodes.

e Most Li deposited in the SEI is in the form of LiF.

e LiF concentration in the SEI is proportional to maximum SEI resistivity.

o XPS shows an inverse relationship between Li;CO3 and LiF in the SEI composition.

e Data discrepancies arise from varying depth and spatial resolution of the techniques.
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Composite silicon-graphite (Si-Gr) anodes can improve battery energy density, due to Si’s high gravimetric ca-
pacity, while mitigating mechanical degradation of the anode and solid-electrolyte interphase (SEI) caused by Si
volumetric expansion. Optimizing these anodes is challenging, in part due to difficulty characterizing the SEI
structure and composition. In this work, we present multi-modal characterization of the SEI on composite Si-Gr
anodes to relate SEI chemical composition and structure to functional properties. Discrepancies in elemental
concentrations from X-ray photoelectron spectroscopy, Auger electron spectroscopy, and energy-dispersive X-ray
spectroscopy (EDS) are attributed to varying information depth and lateral resolution of the individual probes.
However, by combining quantitative composition information with spatially resolved element mapping from
scanning transmission electron microscopy, EDS, and electron energy loss spectroscopy, a holistic picture of the
SEI emerges. We observe the bilayer SEI structure and a direct correlation between elemental Li and F, suggesting
that most Li in the SEI exists as lithium fluoride (LiF). Further, LiF concentration is directly proportional to the
maximum SEI resistivity, as determined by scanning spreading resistance microscopy. Lastly, there is an inverse
relationship between lithium carbonate and LiF concentration in the SEI, providing insight into the detailed
chemistry of SEI formation and evolution.

1. Introduction mechanical instability of both the active material and the associated

solid-electrolyte interphase (SEI). The SEI is an electron-insulating, Li*

As efforts to decarbonize the transportation sector become more
widespread, there is a need for lighter electric vehicle (EV) batteries to
facilitate rapid commercialization [1]. Silicon (Si) as an anode material
has much greater theoretical capacity (3579 mAh gg') than the more
standard graphite material (Gr, 372 mAh garl) [2,3]. However, Si un-
dergoes large volumetric changes during cycling, which results in
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ion-conducting layer that forms on the electrode surface due to elec-
trolyte reduction occurring at low anode potentials [4]. An effective SEI
is a critical factor in determining the anode performance, as it provides
passivation against continued electrolyte decomposition during cycling.
However, in Si anodes, the volumetric changes that occur during cycling
damage the SEI and form new SEI on the freshly exposed Si material,
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which consumes Li and results in sustained capacity fade over the bat-
tery lifetime [5-7].

Although using pure Si would provide maximum electrode capacity,
due to its (electro)chemical and mechanical instability, small amounts of
Si are instead added to Gr electrodes to increase the energy density while
mitigating mechanical issues [8]. Composite electrodes, made of active
material particles of multiple phases held together with a binder, have
been studied in a variety of electrode systems as a means of retaining the
advantageous properties of the constituent active phases [9-11]. Indeed,
composite Gr-Si anodes have reduced capacity fade and reduced
manufacturing costs compared to pure Si anodes [2,5]. However, the Si
content is typically kept under 33 wt%, resulting in a specific capacity of
only ~1300 mAh ggﬁmde, far below the theoretical limit of pure Si [12,
13]. To improve electrode capacity and therefore EV efficiency and
range, it is necessary to increase the Si content, and with this comes a
need to understand and address factors that limit durability in Si and
composite electrodes, such as SEI instability and poor calendar life [14,
15].

A stable SEI is key to supporting extended cycle and calendar life for
batteries. An effective SEI should cover the electrode surface and pre-
vent electron transfer that causes deleterious electrolyte reduction re-
actions at low anode potentials during charging, while still maintaining
a Li* ion conducting pathway [16]. However, the influence of various
SEI species, such as lithium fluoride (LiF) and lithium carbonate
(LioCO3), on key properties (e.g., resistivity) and performance metrics
(e.g., long-term capacity fade) are not well understood [17-19]. The
mechanisms that form these compounds and the ways that cycling
conditions and electrolyte composition impact SEI properties are also
debated. These uncertainties have hindered scientifically guided design
of the battery SEI to optimize cell performance in Si and composite Si-Gr
anodes. For example, it is generally agreed that fluoroethylene carbon-
ate (FEC) as an electrolyte additive improves cell performance, but the
mechanism and its exact impact on the SEI is debated [20,21]. The lack
of consensus on SEI formation, chemistry, and ideal properties means
that there is a need for comprehensive characterization methods to study
the SEI and its characteristics to further improve electrode performance.
By obtaining data on characteristics such as the chemical compounds
present in the SEI, we can better understand how degradation occurs in
the electrolyte. This data, when correlated to electrochemical data and
information on properties such as resistivity, will allow us to analyze the
impacts of SEI compounds and optimize performance.

However, characterizing SEI morphology, composition, and evolu-
tion in composite anodes is non-trivial. Much previous SEI character-
ization work has been conducted on model thin-film or wafer electrodes;
this approach provides an ideal sample for many techniques but does not
fully represent a composite system [7,22-24]. In composite systems, the
SEI forms in a layer around all the electrode active particles, creating a
three-dimensional structure with a rough surface [25]. The spatial dis-
tributions of the multiple phases, which exist at disparate length scales,
are difficult to deconvolute, and the system only increases in complexity
during cycling, when electrolyte degradation occurs, multicomponent
and heterogenous SEI forms and evolves, and active material reacts with
Li* ions (i.e., intercalation, alloying).

Many of the techniques used to study the SEI have a fixed sampling
volume (i.e., surface vs. bulk sensitive, detection area) and spatial res-
olution, and therefore are limited in their ability to characterize the
complex three-dimensional structure of the SEI and capture heteroge-
neity within the SEL Each technique serves a unique purpose, and no
single technique can fully characterize the SEI, particularly in a com-
posite system. Analysis techniques such as X-ray photoelectron spec-
troscopy (XPS) and Auger electron spectroscopy (AES) identify
compounds and species close to the sample surface [26,27]. However, in
a composite electrode with a complex three-dimensional SEI of varying
thickness, these techniques may not fully characterize the SEI. Scanning
transmission electron microscopy (STEM) uses a cross-sectional sample
to fully analyze the whole SEI, but this technique involves difficult
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sample preparation and instrument operation, and is more limited in
terms of chemical characterization [28]. Scanning probe-based scanning
spreading resistance microscopy (SSRM) can measure SEI resistivity, but
not composition [25,29]. A more complete understanding of the SEI and
how to improve it requires a combination of techniques.

In this paper, we present a combined analysis of multiple charac-
terization methods—including STEM, energy-dispersive X-ray spec-
troscopy (EDS), electron energy loss spectroscopy (EELS), AES, XPS, and
SSRM—to study the SEI in composite Si-Gr electrodes. Combined, these
techniques provide information on the SEI's elemental composition and
spatial distribution, chemical composition, and electrical resistivity. We
discuss the strengths and limitations of each technique and demonstrate
how combined analysis provides insights that exceed those provided by
any single technique. By studying two different electrolyte systems (with
and without FEC additive) cycled at two different temperatures, we
demonstrate how to analyze and relate elemental and chemical
composition, spatial component distribution, and electronic resistivity.
We also demonstrate a possible trade-off between the amounts of LiF and
Li;CO3, as well as a link between maximum SEI resistivity and LiF
content.

2. Methods

A range of chemical and elemental analysis techniques are utilized in
battery research, each with strengths and limitations [30]. Many of these
techniques, although not all, are surface sensitive, as the electrode in-
terfaces and the SEI layer are of particular interest. In this study, we
analyze a Si-Gr composite anode, combining multiple techniques for a
holistic view of the SEI morphology, composition, and electrical re-
sistivity as a function of electrolyte composition and battery cycling
conditions. The composite anode structure and an overview of the
techniques used here are presented in Fig. 1.

The composite anode, consisting of Gr, Si, conductive carbon parti-
cles, and binder, forms a three-dimensional SEI structure when cycled,
as shown in Fig. 1(a) and (b). The binder is not depicted, as it is ideally
distributed uniformly around all particles and is not (electro)chemically
active. For the sake of clarity and generalizability to other composite
electrodes, the particles are shown as idealized spheres and are not to
relative scale [14]. The complex SEI structure, coupled with the rough
surface that often results from larger (micron-scale) particles, means
that surface analysis must be done carefully. We take into consideration
the interaction depth of each technique, as the analysis volume could
consist of either only SEI or SEI plus active material. Even if the depth is
shallow enough that only SEI is studied, the composition can vary based
on the underlying active material or a spatially heterogeneous SEI. We
also consider the spot size to determine whether the interrogated vol-
ume/surface is a representative average or whether it varies with the
location of the probe.

2.1. Characterization techniques: strengths and limitations

We begin with a short summary of the techniques used herein. STEM
(Fig. 1(c)) works by rastering a focused, small-diameter (typically <1
nm) electron probe to image a sample while also identifying and
spatially mapping individual elements through techniques such as EDS
and EELS [28]. A spatial elemental map provides insight into where the
SEI forms, and what morphology and composition changes might occur
during cycling. Unlike the other techniques herein, STEM is not strictly
surface sensitive; rather, it is carried out on a very thin (electron
transparent) cross-sectional sample that has been extracted from the
electrode using focused ion beam (FIB) techniques. STEM collects im-
ages containing both SEI and composite active particles. EDS measures
the energy of X-rays emitted by the sample, with a known characteristic
energy for each element [28]. The number of X-ray counts for one
element relative to another provides quantitative concentration anal-
ysis. EELS measures the energy lost by the incident beam electrons after
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Fig. 1. Schematic diagrams of (a) the phase distribution of a composite electrode with multiple particle sizes (note that binder is not represented for the sake of
clarity, as binder content is typically low), (b) SEI formation on the same composite electrode, (c) STEM interaction with a cycled composite electrode sample, (d)
AES interaction with the sample, (e) XPS interaction with the sample, and (f) SSRM interaction with the sample.

they experience inelastic collisions in the sample [28]. EELS is generally
better than EDS for measuring light elements that don’t emit as many
X-rays, such as Li. It also has high spatial resolution; typical operating
settings can provide a resolution of 25 nm, but higher resolution can be
achieved with thinner samples or aberration corrected instruments [31].
In general, access to STEM instruments is limited and requires extensive
training. Sample preparation is also challenging and time consuming,
especially with air- and moisture-sensitive composite electrodes [28].
AES (Fig. 1(d)) is highly surface sensitive and therefore valuable for
studying SEI—it has a typical information depth of 5-10 nm and is
capable of measuring only the SEI and not the underlying electrode

material (assuming that the SEI is nonporous) [26]. AES measures the
intensity of Auger electrons emitted when a sample is bombarded by an
electron beam. The spot size is on the order of 10 nm, providing highly
localized composition information. AES determines elemental compo-
sition and can create area maps when used in scanning mode. One
challenge that arises when performing AES on a resistive sample, such as
a cycled electrode with a resistive SEI, is charging due to electrons
remaining on the sample, which impacts image resolution. A related
issue is that the electron current injected into the sample during AES can
cause Lit ion migration, which in turn alters surface composition.

XPS (Fig. 1(e)) is a widely used characterization method that
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quantifies elemental composition and chemical states at the sample
surface [27]. XPS bombards a sample with X-ray photons (typically Al
ka, where hv = 1486.7 eV) and measures the intensity of the core-level
photoelectrons emitted by the sample as a function of binding energy.
XPS provides information about composition and chemical states pre-
sent in a sample through core-level peak areas and binding energy shifts,
respectively. Correlations between binding energy separations and peak
areas for various elemental core levels can help identify specific chem-
ical phases that are present in the sample [32]. XPS is surface sensitive,
as emitted electrons cannot travel very far through the sample, with an
information depth of approximately 5-10 nm [27]. By quantifying the
chemical species present at the sample surface, XPS can provide insight
into the SEI’s chemical composition and the specific degradation re-
actions that formed it. XPS spot size is typically on the order of tens to
hundreds of microns, providing electrode-scale average compositions.
XPS analysis of the SEI requires accurate interpretation of binding en-
ergy shifts, which can be challenging due to the impact of
sample-charging effects on low-conductivity samples. However, in-
struments with a charge neutralizer can mitigate charging. Many phases
in LiB SEIs have overlapping XPS peaks, further complicating data
interpretation [32]. Additionally, the X-ray photons in XPS can damage
the SEI and change its composition during measurement, unless care is
applied to control overall X-ray fluence in a particular measurement
area on the sample.

SSRM (Fig. 1(f)), a form of scanning probe microscopy, collects
localized, nm-scale Ohmic resistivity by placing a probe with a nomi-
nally 30-nm tip radius in contact with the sample and forming a circuit
between the sample and the instrument with a constant voltage bias [25,
33]. The use of a logarithmic amplifier to measure small changes in
resistance, coupled with the small size of the tip, allows SSRM to mea-
sure the local surface resistivity, providing the resistivity of the phases
present and their spatial distributions. The surface resolution is limited
to the diameter of the probe tip, and the interaction depth is similar to
the probe size. An effective SEI passivates the active electrode material,
blocking undesirable parasitic electrochemical reactions, so electronic
resistivity is a desirable attribute [16,30,34]. SSRM can offer insight into
SEI quality that becomes especially powerful when paired with
elemental characterization techniques. SSRM measures the resistivity of
the SEI with high lateral resolution, and is also capable of measuring
complex composite systems, in contrast to commonly used techniques
such as four probe measurement, which typically measure thin films
[34]. Previously, SSRM was used by this research group to identify the
individual components in Si-Gr composite anodes, via the intrinsic re-
sistivities of each component [35]. However, when these electrodes are
cycled, the components react and degrade, and SEI forms on the active
material particles [36,37]. The resulting shift in component resistivities
makes it more complicated to identify the components in the anode
through SSRM alone.

2.2. Electrode sample preparation

Here, we present an analysis of four Si-Gr electrode samples pro-
duced by the Cell Analysis, Modeling and Prototyping (CAMP) facility at
Argonne National Laboratory. The electrode slurry, containing 15 wt%
Paraclete Energy Si nanoparticles (average diameter 150 nm), 73 wt%
Hitachi MagE3 graphite (average diameter 20 pm), 2 wt% TIMCAL C45
conductive carbon, and 10 wt% lithium polyacrylate (LiPAA) binder,
was coated on a 10 pm copper (Cu) foil with 3.0 mg/cm? coating
loading, with a calendered thickness of 37 ym. The electrode was dried
at 150 °C under vacuum prior to use. The electrolytes used were:

e Gen2 - 1.2 M lithium hexafluorophosphate (LiPFg) in ethylene car-
bonate (EC): ethyl methyl carbonate (EMC) (3:7 by wt%)
e GenF — Gen2 with 10 wt% FEC additive

Half-cells were prepared in an argon (Ar)-filled glove box using a
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2032-type coin cell format—consisting of 14-mm-diameter Si-Gr elec-
trode, 19-mm-diameter Celgard 2325 separator, and 15.5-mm-diameter
Li metal (Alfa Aesar, 99.9%, 0.75 mm thick) electrode—with 40 pL
electrolyte. The coin cells were cycled at a rate of C/20 for the first three
cycles, and then C/3 for the next 22 cycles, for a total of 25 cycles The
cycling voltages ranged from 0.05 to 1.5 V vs. Li/Li*. 3.68 mA was
applied as 1C rate current. Two cells of each electrolyte (Gen2 and GenF)
were cycled in temperature-controlled chambers, one set held at 25 °C
and the other held at 70 °C. Electrochemical cycle data is shown in
Fig. S1, which agrees well with previously reported results [38].

After the 25 cycles were completed, the cells were electrochemically
delithiated and disassembled in the glove box and the retrieved elec-
trodes were soaked in dimethyl carbonate (DMC) for 60 s to remove
residual electrolyte. Then, the electrodes were dried under dynamic
vacuum for 30 min prior to performing surface characterizations.

2.3. Characterization details

XPS results were collected using a Physical Electronics VersaProbe III
with a base pressure below 2x107° Torr. The samples were mounted in
an Ar glovebox and transferred in a sealed vessel to the AES, preventing
any atmospheric exposure. Monochromatic Al Ka X-ray excitation (hv =
1486.7 eV) was used to generate photoelectrons. The binding energy
(BE) values were calibrated using the core-level spectra of sputter-
cleaned Au and Cu foils (Au 4f7/2 = 83.96 eV and Cu 2p3/2 =
932.62 eV) [39]. On each sample, a single 100 pm square area was
analyzed.

STEM samples were prepared using an FEI Nova NanoLab 200 dual-
beam FIB workstation. FIB lift-out samples were prepared using 30-kV
Ga™ ions, with the sample surface protected first with platinum (Pt).
Final FIB milling was performed with <5-kV Ga' ions to minimize
sample damage. STEM-EDS and STEM-EELS data were gathered using an
FEI F20 UltraTwin field emitting gun STEM operated at 200 kV. EDS
results were obtained using an EDAX Octane T Optima windowless 60-
mm? silicon drift detector EDS system. EELS data were obtained using a
Gatan Model 977 Enfinium ER EELS system. Samples were transferred
from an Ar glovebox to FIB to STEM via an air-free transfer system and
an air-free TEM sample holder.

AES and scanning Auger microscopy (SAM) results were collected
using a Physical Electronics 710 AES with a base pressure lower than
3x1071% Torr. Samples were transferred into the instrument using the
same atmosphere-free method as XPS. The beam energy was 5 kV, and
the beam current was 10 nA. The ion gun’s charge neutralizer setting
was used on these samples to prevent charging.

SSRM measurements were collected using a Veeco Dimension 5000
system fitted with a Bruker SSRM module installed in an Ar glovebox.
Conductive diamond-coated Si probes (Bruker DDESP-V2) were used for
SSRM scans, and a —0.25 V bias was used to avoid potential lithium
plating.

Details for data processing for all the above techniques can be found
in the Supplementary Information.

3. Results
3.1. XPS

The C 1s, O 1s, P 2p, and F 1s XPS spectra and fittings for all four Si-
Gr samples are shown in Fig. 2. LiF was detected by XPS in all Si-Gr
samples; Gen2 at 70 °C had the most; GenF at 70 °C and 25 °C had
similar amounts; and Gen2 at 25 °C had the least. Li,CO3 was also
detected in all four samples; the GenF samples had similar amounts at
high and low temperatures, whereas the Gen2 at 70 °C had the smallest
amount and the Gen2 at 25 °C had the largest amount. These data
indicate an inverse relationship between the relative amounts of LiF and
Li»CO3 in each sample. Results show greater amounts of Li,POy in the
electrodes cycled at 70 °C relative to 25 °C, and greater amounts of
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Fig. 2. XPS results for four samples showing P 2p, C 1s, O 1s, and F 1s core-level spectra. Differential surface charging occurred in the Gen2 25 °C sample and the

resulting peak shifts are indicated.

LiyPOyF, when cycling in Gen 2 electrolyte relative to Gen F electrolyte.
The amounts of both Li,POy and Li,POyF, follow the same trends relative
to LiF.

3.2. STEM-EDS and EELS

In the EDS images shown in Fig. 3(a), F appears concentrated closer
to the active particles, and other elements, like C, show a greater density
near the SEI surface. The maps from the Gen2 at 70 °C sample are shown
in Fig. 3 as an example; EDS maps for the other samples can be found in
Fig. S3. The EELS images show some clustering of elements and com-
pounds, particularly F and Li, which is discussed in more detail in the
next section. However, there is also a more uniform distribution of O and
C, as well as Li in some areas. Although O and C are both present in the
electrode materials, by referencing the Si location and the C density, we
can get a general idea of what is SEI and what is active material. We can
also qualitatively show that electrode components other than LiF are
well distributed at this length scale.

3.3. SSRM

Resistivity values from SSRM mapping of the sample surface are
shown in Fig. 4. The average SEI resistivity values were similar, with
Gen2 at 70 °C having greater resistivity than Gen2 at 25 °C, and both
GenF samples having similar resistivities. The maximum resistivity
values for each sample varied more, with Gen2 at 70 °C having the
highest value, then GenF at 70 °C, then GenF at 25 °C. Gen2 at 25 °C had
the lowest maximum resistivity. There is not a clear correlation between
average and maximum resistivity values.

4. Discussion
4.1. Composition analysis

The quantitative elemental composition of the SEI is of interest
because it offers insight into the degradation reactions that occur during
cycling. The composition can be found through several different tech-
niques; however, each has different sensitivities, interaction volumes,
and uncertainties [27,40-42]. The uncertainty associated with each
technique depends on the extent of calibration performed and the cor-
rections done, as well as the capabilities of the individual instrument.
This uncertainty should be taken into consideration when analyzing
quantitative SEI composition data. In many cases, relative elemental

Fig. 3. (a) STEM-EDS maps from Gen2 at 70 °C showing SEI containing F, C,
and O on both Gr and Si particles, with a separation between C and F indicating
a possible bilayer. (b) STEM high-angle annular dark field (HAADF) and EELS
maps of the sample with Gen2 at 70 °C, with clear overlap of Li and F in ~100-
nm LiF particles.



Z. Huey et al.

da.
Gen2 25°C

2500
2000 1

£ 15001

c

3

S 10001

5001

10° 107 10* 10° 10 10%

Resistivity (1 - cm)

— GenF 70°C

2000 |

£ 15004

[

3

S 10004
5001

0

10° 102 10* 10 10%® 10%°

Resistivity (2 - cm)

. Average
B Maximum

-

o
[
<

10?

108

Resistivity (Q*cm)

107

Gen2 25°C

GenF 25°C

Journal of Power Sources 564 (2023) 232804

pemn Gen2 70°C

2000
2 1500
e
3
S 1000

500

10° 102 10* 10° 10°® 100
Resistivity (2 - cm)

o
2800 GenF 25°C
2000
2 1500
=
B
S 1000

500

10° 102 10* 10° 10% 101
Resistivity (Q - cm)

Gen2 70°C  GenF 70°C

Fig. 4. (a) Histograms for surface SSRM data, showing the distribution of resistivity values for the SEI and the underlying active material. (b) Average and maximum
SEI resistivity values for each sample from SSRM data. Average resistivities are similar, but the maximum resistivities vary more.

amounts are more instructive than absolute amounts, especially when
comparing electrode samples cycled under different conditions. Using
multiple characterization techniques provides a comprehensive under-
standing of SEI composition, but the high variability should be
addressed.

Fig. 5 provides the relative molar concentrations (%) of selected SEI
elements (carbon [C], oxygen [O], fluorine [F], and phosphorus [P]), as
measured and calculated by STEM-EDS, AES, and XPS. In some cases,
the three techniques measure markedly different compositions, likely
due to differences in information depth, with no clear trends across the
four samples. These discrepancies may also be the result of varying
sampling volumes. The elements quantified here are of particular in-
terest in SEI research, as they originate from the EC, EMC, and LiPFg in
the electrolyte, as well as the FEC additive, and form documented
compounds such as LiF, Li,COs, LiOH and Li phosphates and phosphides
[30]. Although hydrogen is expected to be present in various SEI phases,
it cannot be directly detected by the techniques used here.

STEM-EDS is conducted on a sample cross section, so it measures the
entirety of the SEI, as well as the active Gr and Si particles. This affects
the trends in the composition data and should be taken into

consideration. A significant amount of Si was measured, as expect-
ed—between 17.6 and 33.2 atomic %. Si is not observed in XPS and AES,
which implies complete coverage by the SEI. EDS measured more C than
XPS did in all samples, but when compared to the AES data, this rela-
tionship is less consistent. The Gr particles imaged in EDS may account
for the higher amount of C, as XPS does not penetrate through the SEI to
these particles. AES has a different sensitivity to C than EDS does, which
is discussed in depth in the following paragraph and may account for
inconsistent trends in the C data. EDS also shows less O than both other
techniques; this is likely due to the cross-sectional nature of the samples,
as more of the analyzed area is not SEI and therefore contains less O. The
P percentage is much higher in EDS than in AES and XPS and was thus
not considered in this study. This discrepancy is due to the Pt commonly
used in STEM sample preparation by FIB. The Pt and P EDS peaks cannot
readily be distinguished; thus, Pt is erroneously measured as P, falsely
increasing the percentage. A small amount of Pt was also identified in
EDS, but not in AES or XPS. The AES and XPS data showed only small
amounts of P, and there were no large areas of P identified in the EDS
data. For these reasons, the STEM-EDS quantification data is presented
in Fig. 5 with Pt, Si, and P removed and C, O, and F renormalized to
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provide the most direct comparison of compositional values across
techniques.

AES provides quantitative elemental information by calculating
concentrations from the Auger peak intensity [26]. The AES data
collected showed no Si signal, indicating that an SEI of at least 10 nm
had formed on the Si-Gr samples. This thickness is consistent with
STEM-EDS maps, discussed in the next section. We therefore assume that
the SEI covers all electrode materials, that only the SEI composition is
measured, and that any C or O measured is part of the SEI. Like XPS, AES
sensitivity depends on the element detected, the overall matrix
composition, and the morphology of the measured surface. The differ-
ence in C amounts between AES and other techniques observed here is
likely due to heterogeneity across the SEI, as each technique measured a
unique portion of the sample. For AES, one 50-pm square SAM map with
a spot size of approximately 10 nm was analyzed for each sample,
whereas XPS analyzed 100-pm square areas, and STEM-EDS analyzed
2-5-pm-square areas. Additionally, C may segregate to the organic-rich
outer SEI layer (discussed in more detail in the following section),
whereas F is largely presumed to exist in the inorganic inner layer. AES
and XPS have different inelastic mean free paths (IMFPs) for different
elements and can thus detect different elements at different depths; for
the elements in this study, the IMFPs are greater for XPS than for AES
(see Table S1). It makes sense that AES data includes a greater amount of
C and a lower amount of F than XPS, as XPS measures a larger portion of
the SEI thickness. Although heavier elements can be difficult to differ-
entiate in AES due to overlapping energy peaks, the elements analyzed
in this study are easily distinguished from one another [43]. The error in
the EDS data is calculated from data collected from 5 to 6 different sites
on each sample. AES and XPS data was collected from much larger maps,
so the 1% error was calculated through instrumental error.

The XPS composition values in Fig. 5 show the least agreement with
the other two techniques, but the trends between samples are qualita-
tively like the AES data. As previously mentioned, XPS and AES have
different IMFPs, which is one source of their differing composition
measurements. However, it is still likely that the full depth of the SEI is
not analyzed in Fig. 5. In a composite system with a three-dimensional
SEIL, where thickness depends on surface location, it is impossible to
know how much of the SEI has been measured. It is noteworthy that the
amount of F, which is the only element studied in all three techniques
and is uniquely present in the SEI and not the electrode itself, exhibits

Oxygen

Gen2 25°C  GenF 25°C Gen2 70°C  GenF 70°C

Phosphorus

GenF 25°C
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Fig. 5. SEI elemental composition for carbon (C),
oxygen (O), fluorine (F), and phosphorous (P), as
measured for the four cells by STEM-EDS, AES, and
XPS. Results show variation across all three tech-
niques due to differences in the interaction depths
and sensitivities of each instrument. Phosphorous is
not measured with STEM-EDS due to peak overlap
with Pt, which is used in sample preparation and re-
sults in falsely high values. Error bars for STEM-EDS
are based on 5-6 separate images, to capture sample
spatial heterogeneity. AES and XPS imaging were
over large areas and already capture spatial hetero-
geneity. Error bars for these techniques represent 1%
standard error of measurement, the instrument
resolution.

W STEM-EDS
B AES
. XPS

id
f

Gen2 70°C  GenF 70°C

the same composition trends across all three techniques.

Although elemental analysis is a necessary and useful intermediate
step, insights into the compounds that comprise the SEI are required to
understand electrolyte decomposition processes and relate parameters
such as electrolyte additives to electrochemical performance. For
example, LiF is known to be an important component in an effective SEI,
yet its role and the processes leading to its formation are not well un-
derstood [17,19]. We do know that some of the F originates from the
LiPFg salt present in the electrolyte, and FEC additive provides another
potential source of F [44]. Although FEC is known to improve electrode
performance, the mechanism for this improvement is not well under-
stood; some studies have concluded that FEC increases the amount of
LiF, while others have found the opposite [21,45]. As shown in the XPS
spectra (Fig. 2), LiF was detected in all Si-Gr samples, both with and
without FEC added to the electrolyte. At 25 °C, a higher concentration of
LiF was detected when FEC was present, indicating that FEC was an
additional source of LiF formation. However, the opposite was observed
at 70 °C, where the Gen2 sample showed a significantly higher LiF signal
in the absence of FEC. Such behavior can be attributed to the much more
severe electrolyte decomposition taking place in the absence of FEC at
elevated temperatures in half-cells [38]. Also shown in Fig. 2 is an in-
verse relationship between the amount of LiF and LipCOs3 at the SEI
surface, indicating a possible inverse relationship between the com-
pounds; thus, if one is desired for cell performance, then the chemistry
should be modified to minimize the other. LiF content appears to affect
SEI electronic resistivity, which is discussed in a later section. Based on
this, creating a more resistive SEI can be accomplished by decreasing
Li»COg3 and increasing LiF.

The P in the SEI originates from the LiPFg electrolyte salt, which
forms LiyPOyF, and LixPOy phases upon reduction. Determining the
exact stoichiometries of these compounds requires a separate series of
experiments and is beyond the scope of this work. XPS results show a
similar trend in the amount of LiyPOy and the amount of LiF. Previous
literature reports have shown a decrease in the amount of Li,POyF,
relative to LixPOy after 400 cycles with the addition of FEC to electrolyte
[18]. This trend is observed in our samples at 70 °C but not 25 °C. While
there may be a link between phosphorous-containing SEI compounds
and improved SEI stability, further investigation is required. The SEIs in
composite electrodes are heterogeneous, but the XPS analysis area is
much larger than the composite particle size (and comparable to or



Z. Huey et al.

larger than the other characterization techniques discussed here), so it is
likely that the areas analyzed were representative of the overall SEI.

We note that the electrodes in this study were cycled in half-cells; in
addition, the SEI speciation has contributions from the Li metal elec-
trode, as electrochemical data showed it is unstable at 70 °C in the
absence of FEC, which provides effective passivation layer [38]. None-
theless, the characterizations performed on these electrodes and the
correlations made among the different techniques are valid and provide
valuable information.

4.2. Elemental location

Mapping techniques reveal elemental distributions over various
length scales within the composite anode, correlating these distributions
with morphology and depth. For example, STEM provides high-
resolution elemental maps of a sample cross section, allowing for a
visualization of the SEI variation normal to the active material surface.
In the Si-Gr samples studied, the SEI thickness, identified by locating Li,
F, O, and C in relation to the Si and Gr particles, varied from tens to
hundreds of nanometers due to the range of particle sizes and shapes, as
well as the proximity to other particles and pore space.

SEIs in LiBs are sometimes described as having bilayer structures,
with organic compounds on the surface, closest to the electrolyte, and
inorganic compounds closest to the electrode [46,47]. Other studies
suggest a more mosaic-like structure, with grains of different compounds
stacked together in an irregular pattern [48,49]. The combination of
EDS and EELS imaging (shown in Fig. 3) suggests that there is an SEI
bilayer with segregation of organic and inorganic phases, but also that
these layers are separated to some extent into particulate domains.

The surface distribution of elements in the SEI can be determined
qualitatively through SAM, as shown in Fig. S4. C and O are present in
the SEI, so they are present over most of the SAM maps. However, in the
25 °C at Gen2 and the 70 °C at GenF samples, the C and O do not
completely cover the map; there are domains that have different con-
centrations of these elements. In the 70 °C Gen2 and the 25 °C GenF
samples, there is a more uniform distribution of these two elements.

One drawback of XPS is the relatively low lateral resolution, which
makes it difficult create spatial maps of the compounds in a composite
electrode sample (where the SEI can be heterogeneous on the nano-
scale). SAM provides high-resolution mapping, but it generally provides
no information on chemical states, and like XPS, it is insensitive to bulk
compositional variations. As discussed previously, STEM characteriza-
tion is a useful tool for making elemental maps at relevant length scales,
and it probes more deeply within samples than other techniques. In
some cases, these maps can be used to study the location and size of
different compounds in the SEI by correlating between elements. For
example, in the STEM-EELS mapping (Fig. 3(b)), Li and F were found to
be in nearly the same location, and there were not any large domains of
either element located independently of the other. The existence of LiF is
well documented in LiB SEIs, so it can reasonably be concluded that
these overlaps represent regions of LiF [19,49]. The small LiF domains
(around 50-150 nm in width) are consistent with previous reports [17].

4.3. Connecting electronic resistivity to composition

Previous SSRM work on individual inorganic SEI components found
that LiF is one of the most highly electrically resistive components, with
a resistivity of 2.18x10'° Q-cm for a pure film [50]. In comparison, pure
Li»CO3 has a resistivity on the order of 10* Q-cm at room temperature
[51]. As discussed above, we determined the presence of LiF through
XPS and STEM-EELS. The quantity of each species can be estimated from
XPS peak intensities, but there are several factors that could introduce
error into this analysis. XPS likely does not analyze the whole of the SEI
through its thickness, and the SEI composition varies with depth. In
contrast, STEM-EDS does analyze the whole SEI, but does not provide a
quantitative value for LiF content. When the F content from each
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technique is compared, the values do not match due to varying inter-
action depths, but they do follow the same relative ranking. Based on
this, we assume that measuring LiF via XPS is a reasonable method for
analyzing resistivity trends. Both the average resistivity of the SEI
domain and the maximum resistivity of each map were compared to the
estimated LiF content, shown in Fig. 6. The maximum resistivity was
directly proportional with the LiF content. From the STEM-EELS images,
we observed that the LiF was in the form of particles on the order of
80-100 nm in diameter. The images were 10-pm-square and contained
128 rows with 128 data points each, meaning that each pixel represents
approximately 80 nm by 80 nm of surface area. The SSRM probe has a
nominal diameter of 200 nm, so it is possible for the probe not to
measure individual LiF particles, particularly if the LiF content is low
and the particles are not clustered together. The measured resistivity is
also impacted significantly by surrounding materials with different re-
sistivities. This particle morphology is likely the reason that the
maximum measured resistivity increases with LiF content, as higher LiF
content can increase LiF particle clustering.

The average SEI resistivity appears to be less closely related to the LiF
content. The Gen2 samples both showed a higher average resistivity
than the GenF samples, although there is not a clear relationship be-
tween temperature and average resistivity. The variation in the rela-
tionship between maximum and average resistivity indicates that LiF is
not solely responsible for a resistive SEI; this is to be expected, as the SEI
is heterogeneous and contains different compounds with different re-
sistivities [50]. However, increasing LiF content may be one method of
increasing SEI resistivity to effectively block parasitic electrochemical
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Fig. 6. LiF content, as determined by XPS, compared to (a) average SEI re-
sistivity, showing a slight correlation, and (b) maximum SEI resistivity, showing
a more significant relationship between LiF content and increased resistivity.
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reactions. Simultaneously, maintaining high Li* ion conductivity should
also be considered [52].

Based on the previously discussed data demonstrating a bilayer SEI
structure, we can assume that the SEI resistivity is not consistent through
its thickness. Previous studies have drawn inconsistent conclusions
about the resistivity of outer versus inner SEI layers [53]. It is worth
noting that the general knowledge about material resistivity may not
fully apply to SEI, as grain size and defect configurations—which can
affect the real resistivity of SEI components—are different from those
found in materials with large grain sizes or single crystalline materials.
Therefore, the average resistivity of the SEI may be a less relevant
property than the maximum resistivity, as the actual volume of the inner
layer and the LiF is independent of the SEI's average resistivity and its
effectiveness in blocking parasitic reactions. Because LiF is not the only
compound controlling SEI resistivity, future studies should conduct
further chemical and SSRM analysis to study other inorganic and organic
species. Si-containing species such as silicon oxide and lithium silicates
are also highly resistive and may be studied by analyzing the Si content
present in the SEI [50]. These species and others (e.g. lithium hexa-
fluorsilicate) are of particular interest for Si electrode optimization, as
they may play a role in poor SEI stability [54]. Organic species that
likely dominate the outer layer of the SEI and directly contact the
electrolyte may play an important role in protecting the electrode active
materials from parasitic reactions.

5. Conclusion

Understanding the SEI in composite electrode systems can be chal-
lenging due to the complex three-dimensional structure, heterogeneity
across the sample surface, and general issues with samples, such as
roughness. Here, we demonstrate approaches for combining and
comparing several different characterization techniques. We showed
that elemental analysis techniques have considerable variability due to
sample interactions and element sensitivities, which should be consid-
ered when measuring composition via any single technique. Combining
multiple techniques can help provide a more comprehensive under-
standing of the SEI and can help correlate its chemical composition to
other physical properties, like resistivity. This insight can guide elec-
trode and electrolyte design to improve cell performance.

In this study, we found the SEI forms a bilayer and fully covers the
electrode surface, but the thickness varies considerably, from 10 to 50
nm on different particles. We also determined that most of the Li in the
SEI is in LiF and is present in clusters in the inner layer, rather than
evenly distributed. We correlated maximum SEI resistivity with LiF
content but found no relationship between LiF concentration and
average SEI resistivity, suggesting that the relationship between LiF and
SEI resistivity is complex, particularly in a heterogeneous SEI, and
additional studies on the role of LiF in electrode passivation are
required. Finally, we found an inverse relationship between concentra-
tion of LiF and LiCO3 on the SEI surface, suggesting it may be possible to
tune LiF content more precisely by decreasing LiCO3, Further study is
warranted on the relationship between other SEI compounds and re-
sistivity, as well as the impacts of SEI heterogeneity and component
distribution on overall resistivity and passivation.
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