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Abstract

The solid electrolyte interphase remains a central challenge to lithium-ion battery durability, in part due to poor under-
standing of the basic chemistry responsible for its formation and evolution. In this study, the SEI on a non-intercalating
tungsten anode is measured by operando neutron reflectometry and quartz crystal microbalance. A dual-layer SEI is
observed, with a 3.7 nm thick inner layer and a 15.4 nm thick outer layer. Such structures have been proposed in
the literature, but have not been definitively observed via neutron reflectometry. The SEI mass per area was 1207.2
ng-cm?, and QCM provides insight into the SEI formation dynamics during a negative-going voltage sweep and its
evolution over multiple cycles. Monte Carlo simulations identify SEI chemical compositions consistent with the com-
bined measurements. The results are consistent with a primarily inorganic, dense inner layer and a primarily organic,
porous outer layer, directly confirming structures proposed in the literature.

Further refinement of techniques presented herein, coupled with additional complementary measurements and sim-
ulations, can give quantitative insight into SEI formation and evolution as a function of battery materials and cycling
conditions. This, in turn, will enable scientifically-guided design of durable, conductive SEI layers for Li-ion batteries

for a range of applications.
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1. Introduction

Despite their ubiquity in energy storage for diverse
applications, commercial implementation of lithium-ion
batteries (LIB) remains constrained by a number of
durability and safety issues. Central to many of these
issues are degradation reactions at the anode-electrolyte
interface. At low anode electric potentials, electrolyte
reduction products form interfacial layers on the anode
surface, such as the solid electrolyte interface (SEI) [1,
2]. The SEI is ionically conductive but electrically resis-
tive, and is therefore theoretically self-passivating and
prevents further electrolyte degradation. However, con-
tinued SEI growth and electrolyte decomposition dur-
ing extended battery cycling is an ongoing problem that
leads to capacity fade, reduced charge/discharge rates,
and shorter battery lifetimes [3-5]. In addition, un-
controlled SEI decomposition reactions at temperatures
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above roughly 80°C can contribute to thermal runaway
events and catastrophic battery fires [6-9].

As such, designing a durable, highly conductive, and
stable SEI can significantly improve the power density,
durability, and safety of LIBs for a range of applica-
tions. While a number of treatments, charging proto-
cols, and chemical additives have been identified to in-
crease the SEI’s chemical and thermal stability [10-17],
there is little ability to directly and quantitatively relate
these techniques to the resulting SEI properties. In short,
scientifically-guided design of stable SEI interfacial lay-
ers requires a better understanding of their elementary
chemistry and structure, and how these properties vary
with new materials, additives and operating procedures.

Significant attention has focused on the composition
of the SEI using techniques such as TEM, AFM, XPS,
FTIR, and NMR [1, 3, 18-35]. The SEI properties have
been observed to be highly dependent on the electrolyte
composition (solvent, salt, and additive compositions),
the charging current and voltage, and the anode state
of charge. Several studies have proposed a dual-layer
structure, with a dense, inorganic inner layer adjacent to
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the anode and a porous, organic outer layer adjacent to
the electrolyte [26, 36—41]. However, there is still a need
for greater chemical and spatial resolution to enable a
truly mechanistic understanding of the SEI chemistry.
For example, it is challenging to find a probe which is
both sensitive to molecules rich in low-Z elements such
as Li and is able to quantify chemical composition on
the sub-nm scale, as is required to fully understand SEI
chemistry.

Neutron Reflectometry (NR) measures the reflected
intensity of a highly collimated neutron beam as a func-
tion of the grazing angle (or scattering vector Q). Fit-
ting NR data yields a high-resolution (on the order of 1
nm) 1D profile of the neutron scattering length density
(SLD), which is a function of the local composition and
density (see section 2.3). Because neutrons are highly
penetrating and weakly interacting, NR is capable of
operando measurements that do not alter the chemicals
present in the sample. Combined with its sensitivity to
isotopes and elements with low electron density (for ex-
ample, hydrogen and natural Li contribute to very low
SLDs, whereas high concentrations of deuterium and
®Li contribute to rather high SLDs), its high spatial res-
olution, and non-destructive nature, NR is particularly
well suited for operando SEI studies.

Numerous studies over the past decade have demon-
strated the validity and utility of NR for operando char-
acterization of layered structures in LIBs, including the
SEI [42-50]. Owejan, et al. first used NR to quantify the
SEI thickness and SLD on a non-interacalating Cu elec-
troes. They observed large variations in the SLD (i.e.
composition) and thickness (so-called ‘SEI breathing”)
during a range of potentiostatic holds meant to mimic a
charge-discharge cycle [42]. Veith and colleagues also
observed this breathing phenomena via NR of the SEI
on amorphous Si [47]. Veith and colleagues have used
NR to thoroughly investigate a broad array of electrode-
electrolyte interfaces, including on Si [48, 49] and a
high-voltage LMNO cathode [43]. While NR is a very
useful probe for SEI analysis, it is also very challenging,
and thus far no NR studies have definitively observed the
two-layer SEI structure proposed in the literature.

Herein, we demonstrate parallel operando NR and
electrochemical quartz crystal microbalance with dis-
sipation monitoring (EQCM-D) measurements to di-
rectly quantify the structure and neutron SLD of an SEI
formed on a non-intercalating tungsten anode. QCM-
D measures the vibration frequency and dissipation of
a piezoelectric crystal under a sinusoidal voltage input.
The frequency shift can be used to determine SEI mass
with high sensitivity (~2 ng/cm?) and time resolution
(~100 Hz). QCM-D has previously been combined with

simultaneous electrochemical measurements (EQCM-
D) to understand SEI formation dynamics [40, 51-54].
Because the elementary chemistry of electrolyte reduc-
tion remains poorly quantified, a non-intercalating tung-
sten electrode is used for all experiments here, in order
to isolate the NR and electrochemical signal due to in-
terfacial layer growth, separate from any intercalation-
related artifacts. Subsequent work will extend these
initial results to examine the impact of electrode ma-
terial, electrolyte composition, and intercalation activity
on relevant substrates such as carbon.

This study expands upon the previous NR measure-
ments of the SEI on a non intercalating Cu electrode
[42], improving the NR sensitivity via anode material
selection and alternative electrolyte deuteration. Com-
bined analysis of the data provides insights into the
elementary chemistry during the initial stages of elec-
trolyte reduction on this system. NR measurements di-
rectly observe a two-layer structure similar to that pro-
posed for the SEI, including a dense, 3.7 [3.5, 4.0] nm
thick inorganic inner layer and a porous, 15.7 [14.4,
17.9] nm thick organic outer layer. The layer mass
was 1207.2 [1205.2, 1209.2] ng cm™? after a series of
9 cyclic voltammetry (CV) cycles between 0.05 V and
1.45 V (vs Li/Li*). Throughout the manuscript, num-
bers in brackets represent 68% confidence intervals and
error bars and + uncertainties represent one standard er-
ror. Results reveal two main reduction processes, one at
~0.75 V and one at < 0.25 V (vs. Li/Li"), with heavier
molecules deposited during the former process. Corre-
lating the parallel NR and EQCM-D results identifies
SEI chemical composition which are consistent with the
combined experimental data.

2. Experimental Methods

2.1. Electrochemical Control

For the NR and EQCM-D experiments below, a Ref-
erence 600 potentiostat (Gamry Instruments') was used
to control the electrochemical measurements. The mea-
surement uncertainty of the potentiostat was +1 mV on
all voltage measurements and +0.2% of the measured
current. During NR experiments, the open circuit poten-
tial (OCP) was monitored continuously after cell assem-
bly, with the cell at room temperature. During EQCM-
D, cyclic voltamograms (CV) were used to grow an SEI
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on the sensor surface. Ten cycles were recorded at 10
mV/s between 0.05 and 1.5 V at a controlled temper-
ature of 30°C (all voltages in the paper are relative to
Li/Li").

2.2. NR Cell Fabrication

While our prior study pioneered NR as an in operando
probe of SEI properties on a non-intercalating copper
electrode [42], the effect of the SEI on the NR data
was subtle. This is due to the relatively weak neutron
scattering contrast between the SEI and adjacent lay-
ers, as compared to the much higher contrast between
the Cu working electrode and its adjacent layers in the
cited study. The current study employs a tungsten work-
ing electrode to reduce the dominating effects of the
electrode-substrate contrast, and thereby improves the
sensitivity of NR to the SEI (see Supporting Informa-
tion).

Silicon wafers 76.2 mm in diameter and 5 mm thick
(El-Cat Inc.) served as the substrate for the work-
ing and reference electrodes. The native oxide was
removed from the working electrode via HF exposure
(RCA cleaning), and then a roughly 10 nm thick dry
thermal oxide was grown on the Si, to prevent spon-
taneous growth of tungsten silicides and to prevent Si
substrate lithiation. A ca. 15 nm thick tungsten film was
then deposited via DC magnetron sputtering using a 76
mm diameter target at a controlled deposition current of
0.22 A (resulting in an 80 W power) and an argon pres-
sure of 0.12 Pa. On a separate 5 mm thick wafer, roughly
15 nm thick tungsten was sputtered directly onto the na-
tive SiO, and Lithium foil (Sigma Aldrich) was pressed
onto the tungsten to act as the counter and reference
electrode.

The two electrodes were electrically separated by a
500 pm thick Kalrez 4079 gasket, which is chemically
compatible with the electrolyte. The gasket was affixed
to the working electrode, and electrolyte was pipetted to
form a meniscus in the 1.5-inch diameter hole in the gas-
ket center. The electrolyte was 1 M (1 mol L") LiPFg
salt (BASF, >99%) in a 1:1 (v/v) mixture of EC (Alfa
Aesar, >99%) and deuterated DEC (d-DEC, CDN Iso-
topes, >99%). DEC solvent deuteration increases its
SLD, providing better scattering contrast with the low
SLD of the lithium-rich SEI. Trace water in the solvents
was removed before mixing by adding 3 molecular
sieves (Sigma-Aldrich) at 40°C for two hours.

The counter electrode was then pressed onto the gas-
ket, with aluminum foil leads between each electrode
and the gasket for current collection. The electrodes and
gasket were then clamped together between Al fronting
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Figure 1: Schematic of electrochemical cells. a) NR compatible half
cell. Working and counter electrodes are deposited onto 5 nm thick
polished Si wafers, which are clamped onto either side of a 500 um
thick Kalrez gasket to define the electrolyte volume. Spring-loaded Al
fronting and backing plates are used for compression. b) The EQCM-
D cell uses the Biolin Scientific open module. Strips of Li foil serve
as counter and reference electrodes, while the QCM-D lead is used for
electrical contact to the tungsten working electrode.

and backing plates, as described previously [55]. All
cell assembly work was done in a helium-filled glove-
box. The NR compatible half-cell is shown schemati-
cally in Figure 1(a).

2.3. NR data collection and fitting

NR experiments were performed on the MAGIK in-
strument at the NIST Center for Neutron Research [56].
Our previous publications describe NR data collection
in detail [42, 55, 57], but briefly: specular NR measures
the reflected intensity of a collimated, monochromatic
neutron beam scattered from the sample surface. Fitting
the variations in reflected intensity as a function of scat-
tering vector Q, yields a one-dimensional depth profile
of the sample SLD, which is a function of the sample
composition. For a mixture of multiple phases (such as
the SEI):

SLD = ZVkSLDk (1)
k

where V; is the volume fraction and S LDy the pure-
phase SLD of phase k, summed over all phases present.

To characterize the substrate prior to electrochemical
activity, the tungsten working electrode was first iso-
lated in a helium-filled aluminum can, and NR data was
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Figure 2: OCP data taken during NR measurements. The low initial
OCP and noisy decay over the course of the measurement indicates a
moderate internal short. Only the NR data from the relatively stable
OCP window indicated was used for analysis of the OCP condition.

collected on the bare tungsten electrode (“Wyyee”). The
electrolyte-filled cell in Figure 1(a) was then assembled
and NR data was taken at OCP. As shown in Figure 2,
the measured OCP indicated unintentional shorting be-
tween the counter and working electrodes. The OCP
was roughly 0.59 V for the first 5 h of the measurement,
and decayed to roughly 0.48 V over the the subsequent
15 h. NR fits were performed only on the data collected
during the relatively stable OCP window, as indicated in
the figure. At this potential an SEI formed on the tung-
sten, and this data set is labeled “Wsg;.” To measure
the electrode/electrolyte interface in the absence of any
electrochemistry, a second electrolyte-filled cell, identi-
cal to the first except lacking any Li on the counter elec-
trode, was assembled and measured with NR. This data
set measures the chemical reactivity of the electrolyte
and tungsten anode prior to reduction, and is labeled
“Welyle i

This study uses Reflld [58] to fit the NR data. A
model SLD profile is proposed as a layered structure
of material “slabs,” each with three parameters: real
and imaginary SLD (which are linked via the composi-
tion), thickness, and width of the interface with the next
layer (i.e. the interfacial roughness and interdiffusion).
The reflectivity of this model can then be calculated and
evaluated against the measured data, using the y? met-
ric to maximize the model’s goodness-of-fit. A differ-
ential evolution algorithm (DREAM) randomly gener-
ates a large number of these models within a specified
parameter space and allows this population to “evolve”
over a user-defined number of generations. Because the
probability of retaining a given parameter set is propor-
tional to its likelihood, determined from Xz’ the resul-
tant population density represents the probability den-

sity. The approach therefore serves as a robust method
to sample multi-dimensional parameter spaces without
selecting only the nearest local minima (as can occur in
gradient descent approaches), is able to identify multiple
best fits when more than one solution is statistically fea-
sible, and provides accurate uncertainty estimates for fit-
ted parameters, as it explicitly preserves inter-parameter
correlations.

Because the “Wy,e’ and “Wsg;” data sets were col-
lected on the same sample, these data sets were fit
simultaneously, defining common substrate fitting pa-
rameters (Si-SiO, interface width, SiO, thickness and
SLD, and SiO,-W interface width) which were applied
to both models. The SLD of the tungsten layer is al-
lowed to vary to account for possible composition varia-
tions, which could result from a slightly porous W layer
filled alternately with He, electrolyte, lithium, and/or
SEI compounds, for example. Similarly, the tungsten
layer thickness and interfacial width are allowed to vary
between the two models. The Wy, data was fit to a
model with a surface layer at the W/vapor interface. The
fitting process was repeated for zero, one, and two dis-
tinct layers at the electrode-electrolyte interface in the
Wsgr model. The interface layer properties were al-
lowed to vary over a wide range, to account for a range
of possible layer thicknesses and compositions. The
Bayesian Information Criteria (BIC) was used to dis-
criminate between the different models [59-61].

A model was fit to the “Wejy.” data set which included
the Si substrate, the SiO, thermal oxide, a tungsten elec-
trode layer, and an electrolyte reservoir. Similar to the
W’ /*WiEr fitting, this model was fit to the “Wejye
data for models which proposed zero, one, two, or three
distinct layers between the W and the electrolyte lay-
ers. Again, the BIC was used to differentiate between
the competing models. The only constraint imposed for
‘Welyte, Telative to the “Wyyee/*Wsgr’ fits, was that the
electrolyte relative density in “Weyye’ was constrained
to be within + 2.5% of that in the ‘Wgg;” fit. Other
layer properties in “Wey.’ were allowed to vary inde-
pendently from the “Wy,.’/*“Wsg; fitting results.

2.4. EQCM-D Measurements

EQCM-D measurements used the Q-Sense E1 system
with QSX312 sensors (Biolin Scientific) which were 350
pm thick AT-cut quartz crystals with a diameter of 14
mm, and a resonant frequency of 4.95 MHz. The elec-
trode was a 300 nm thick tungsten layer with a surface
roughness of less than 3 nm RMS and and an active
electrode diameter of 10.0 mm. The EQCM-D sensor
was cleaned by sonication in a 2% sodium dodecyl sul-
fate solution at 40°C for 30 minutes. The sensor was


https://doi.org/10.1016/j.jpowsour.2018.11.093

https

Preprint of article published in J. Power Sources,

://doi.org/10.1016/7. jpowsour.2018.11.093

then rinsed with DI water and blown dry with N,. The
QCM sensor/working electrode was installed in a Q-
Sense open module, custom-fit to allow access for the
Li foil counter and reference electrodes (Sigma Aldrich),
as shown schematically in Figure 1(b). The electrolyte
used was identical to that used for the NR measurements
(see Section 2.3). Copper tape was attached to a pin on
the bottom of the QCM module to provide the potentio-
stat with electrical access to the working electrode. The
EQCM-D cell was assembled and tested in an argon-
filled glove box, and the baseline resonant frequencies
and dissipations for the sensor were calibrated in elec-
trolyte. EQCM-D was measured at 30°C using a range
of harmonic overtones of the resonant frequency (n =
1-7). In addition to the CV measurements described in
Section 2.1, EQCM-D measured the SEI mass during a
5-hour hold at 0.59 V, to estimate the mass grown during
the short observed during NR.

2.5. EQCM-D Analysis

The QCM-D data was fit using both the viscoelas-
tic Voigt model and the Sauerbrey model, using the
volume-averaged density and viscosity of the elec-
trolyte (1.26 g cm™ and 1.325 g m™! s7!, respec-
tively) as parameters.[62] The viscoelastic model is gen-
erally more accurate than the commonly used Sauerbrey
model [51, 54, 63, 64] due to factors which violate the
assumptions of the latter (e.g. SEI elasticity, SEI surface
roughness, and the viscosity of the electrolyte) [40, 65].
However, for the present data no differences were found
between the viscoelastic and Sauerbrey models. A low-
pass filter was used to reduce high-frequency noise in
the fitted masses, using the MATLAB? ‘designfilt’ func-
tion with an order of 100 and a cutoff frequency of 10
mHz.

QCM-D data was correlated with the simultaneous
CV data to calculate the mass per electron (m.p.e.) of
the species deposited on the sensor surface during any
given time period:

2)

m.pe=— 0
where F is Faraday’s constant, Am is the change in mass
per area (g cm~2) measured during the specified win-
dow, and AQ = — f jdt is the charge per area (C cm™2)
delivered to the sensor, with j equal to the current den-
sity (A cm™2) and ¢ the time (s). After correcting for iR
drop and subtracting the capacitive double layer charg-
ing current from the measured currents, the m.p.e. was

2The MathWorks, Inc; Natick, MA, USA; www.mathworks.com
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Figure 3: NR results for tungsten in He vapor (‘Wyaee”), in electrolyte
prior to reduction (‘Werye’), and in electrolyte at reducing potential
(“Wsgr’). Solid lines and shaded regions represent best fits and 68%
and 95% confidence intervals, respectively. (a) Reflectivity data and
simulated NR from fitted models. Error bars represent + one stan-
dard deviation; (b) Fitted SLD profiles. Layer names corresponding to
one particular model are color-coded to match that profile, while lay-
ers common to multiple models are colored grey. Due to the narrow
confidence intervals, the best fits are omitted from the SLD profiles.

calculated here for electrode potentials < 1.1 V, using
steps of 0.05 V to calculate Am and AQ. Calculated
m.p.e. values can be compared to those for known SEI
species to understand the layer formation dynamics as a
function of deposition conditions [40, 52, 53].

3. Results and Discussion

3.1. Neutron Reflectometry

Figure 3 shows the NR data and SLD profiles for
Whares Welyte> and Wsgg, and Table 1 lists the fitted pa-
rameter values. The thermal oxide and tungsten layer
thicknesses closely match the target values, and agree
well with auxiliary x-ray reflectometry measurements
on a sacrificial witness sample deposited simultaneously
with the tungsten working electrode. Additionally, the
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thickness, SLD, and interfacial widths for the thermal
oxide agree very closely between the “Wy,./Wgg” sam-
ple and the ‘Wejy.’ sample, despite a lack of any fitting
constraints enforcing such agreement. Taken together
with the low y? values in Fig. 3(a), these results suggest
good fits for all three models.

For sample Wy, the fitted tungsten layer density is
slightly lower than the bulk value (95.2 [94.5, 95.5]%
of bulk density). It was not possible to completely pre-
vent exposure of the tungsten film to atmosphere, and
fitting reveals a thin surface layer in Wygee. This is mod-
eled as a porous tungsten tri-oxide (WOj3, bulk SLD =
4.1x10* nm~2). However, the low fitted SLD and thick-
ness (which is near NR’s resolution limit) could suggest
that the layer represents an alternative tungsten oxide, a
mixture of metallic and oxide phases, or is formed by
other trace atmospheric contaminants.

Several differences are observed for the sample ex-
posed to electrolyte but not electrochemically reduced
(Welye).  The fitted SLD of the W layer increases
slightly, relative to Wp,e. It was also observed that the
thin, low-roughness oxide is not explicitly present in the
model. However, the increased interfacial width is suf-
ficient to mask a distinct, thin layer if it is still present.
Above the W electrode there appears a thick two-layer
interface structure with a nearly uniform SLD, which is
slightly less than that of the electrolyte. Replacing the
two layers with a single layer gives y* = 6.63. Omitting
the interfacial layers entirely gives y*> = 7.73. Due to
the similar SLDs of the two layers (see Table 1) and the
large interface width between the two layers (12.3 [10.1,
12.3]nm), it is referred to here as a single structure, the
‘Pre-SEI’ Similar layers have been previously observed
via neutron scattering techniques [42, 50, 66]. While the
oxide is not explicitly included in the model, it could re-
side at the W—Pre-SEI interface. This is likely if the W
layer of the sample were slightly thicker than that of the
bare/SEI sample. In general, there are a number of pos-
sible interpretations of the pre-SEI composition that are
consistent with the data, which are discussed in greater
detail, below.

Holding at reducing potentials (Wggr) introduces sev-
eral additional changes. The tungsten SLD is now lower
than for either Wyge or Wepyee by roughly 1x or 2x the
combined uncertainty of the fitted SLD, respectively.
The surface oxide is no longer present, and the fit-
ted thickness of the tungsten layer closely matches the
summed thicknesses of the W + WOy layers in Wyre.
Most notably, a distinct bilayer structure is observed at
the tungsten-electrolyte interface. This bi-layer has a
thin (3.68 [3.50, 4.00]nm) ‘inner’ layer with a low SLD
adjacent to the tungsten, and a thicker (15.43 [14.74,

18.00Jnm) ‘outer’ layer with an SLD which is closer
to that of the electrolyte and consistent with that of
the pre-SEI in Weyy. Alternate models which replaced
this model with different numbers of interface layers
(0 < mayers < 4) were also attempted, but gave inferior
fits to the data (see Supporting Information).

Considering the three models in Figure 3(b), four

items merit discussion:

1. The fate of the Wyye surface oxide. We observe
that the surface layer in Wy, is explicitly present in
neither the Wy nor the Wggy data sets. For Wggr,
the fitted tungsten thickness increases, appearing
to compensate for the thickness of the WOy layer.
However, given that the WOy thickness is just be-
low the resolution thickness of the technique, cau-
tion is required in understanding the fate of the
WO layer. This is particularly true because the re-
flectivity data for Wgsgr and Wejye have a narrower
Q. range than Wy, (Fig. 3(a)).

Given the low interface width, the low SLD of the
inner SEI, and the fact that adding an additional
layer at the W—SEI interface (Supporting Informa-
tion) did not identify a surface oxide as being con-
sistent with the NR data, it is likely that the WO
layer has been removed in the Wgg; sample. How-
ever, similar conclusions are not fully supported for
Welyte, due to the high interface width between the
W and Pre-SEI layers, the similarity between the
WO, and Pre-SEI SLDs, and the thin nature of the
WOy layer in Wyye. While the WOy layer may
have been consumed chemically upon exposure to
the electrolyte, it is also altogether possible that the
WOy layer is still present at the interface with the
Pre-SEI in Wejyee -

2. The composition of the Pre-SEI In addition to pos-
sibly containing WOy components, the Pre-SEI
SLD is also similar to that of the outer SEI in Wy,
although the outer SEI is much thinner than the
Pre-SEI (Fig. 3(b) and Table 1). It is currently un-
clear exactly how the composition of the Pre-SEI
relates to that of the outer SEI It is possible that
the Pre-SEI represents a liganding layer that is only
partially removed when the SEI was added, or re-
moved entirely and replaced by a two layer SEI in
Wigr. It is also possible that the Pre-SEI is formed
from preliminary electrolyte degradation products.
In this case, it is plausible that a portion of the Pre-
SEI is preserved and incorporated in the final SEI
composition. Finally, the pre-SEI may also be the
result of a systematic error in the fit. The current
data is not able to differentiate between these inter-
pretations as they are all consistent with the data.
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Table 1: Fitted parameters for simultaneous fit to NR data taken in He vapor (‘Wpqre’) in contact with electrolyt e(*Weiyte’), and after reduction in
electrolyte (“Wggr’). Numbers in brackets represent 68% confidence intervals. The electrolyte reservoir is fit as a semi-infinite medium and has
such has no fitted thickness.

Layer Whare Welyte WskEr
SiO,
Thickness (nm) 11.05[10.92, 11.13]  10.71 [10.55, 10.95] Same as
SLD (104 nm™2)  3.67 [3.66, 3.68] 3.62 [3.61, 3.65] Whae

Tungsten
Thickness (nm)
SLD (10~* nm™?)
WO,
Thickness (nm)
SLD (10~* nm™2)
Pre-SEI: Layer 1
Thickness (nm)
SLD (10~* nm™2?)
Pre-SEI: Layer 2
Thickness (nm)
SLD (10™* nm™2)

13.24 [12.98, 13.39]
2.92[2.91, 2.94]

1.34[1.30, 1.68]
3.89 [3.48, 3.89]

15.94 [15.56, 16.09]
2.98 [2.98, 3.04]

28.02 [20.50, 28.20]
3.66 [3.67, 3.75]

60.00 [59.00, 66.10]
3.63[3.61, 3.70]

14.27 [14.13, 14.54]
2.81[2.77,2.83]

Inner SEI
Thickness (nm) -
SLD (10™* nm™?) -
Outer SEI
Thickness (nm) -
SLD (10~ nm™2) -
Electrolyte
SLD (10™* nm™?) -

3.88[3.89, 3.96]

- 3.67 [3.51, 4.02]
- 1.41[1.36, 1.57]

- 15.32[14.67, 17.96]
- 3.72[3.67,3.76]

4.00 [3.94, 3.99]

3. Tungsten SLD variations. The W SLD varies

slightly between all three fits (Fig. 3(b) and Ta-
ble 1). However, the 68% confidence intervals
nearly overlap between all three models, and the
most likely explanation is that the SLD variations
represent systematic errors in the experiment and
fitting procedures (for example, lateral inhomo-
geneities in the SEI or an interfacial gradient be-
tween layers that is not well approximated by the
erf function used by Refl1d). An alternate explana-
tion is that the W film is slighlty porous in the Wy
condition (the fitted SLD is 95.1 [94.6, 95.6]% of
the bulk tungsten SLD) and is filled with different
materials in Weyye and Wggr. Filling 25% of the
available pores with the electrolyte in Wy (SLD
= 3.88x10~* nm~2) gives a tungsten layer SLD of
2.97x10~* nm™2, which is close to the fitted value
for Weiyee (Table 1). For Wggy, filling all pores with
Li (SLD = —0.88 x 10~* nm~2) reduces the tungsten
layer SLD to 2.88x10~* nm~2, which is similarly
close to the fitted value.

. The nature of the SEI. Two factors might prevent us
from directly labeling the interfacial bilayer in the
SLD profile of Wgg; (Figure 3(b)) as an SEI One is

the uncontrolled electrochemistry in this partially-
shorted Wggp sample. The other is the possible ini-
tial presence of a surface tungsten oxide in Wy,
which can store lithium via the conversion reaction:

WO; +6Li* + 6~ — W + 3Li,0. 3)

The NR data on Wiy helps to determine whether
or not the interfacial structure in Wggp could have
been formed by non-electrochemical means (i.e.,
whether or not it is truly an SEI). The absence
of the thin, low-SLD layer in Wy (Figure 3(b))
confirms that the layers in Wgg; are formed from
electrochemical activity and not chemical reactions
with the electrolyte. As mentioned above, the thick
Pre-SEI in Wy could correspond to a carbon-
ate/hydroxide liganding layer, similar to that ob-
served in previous studies [42, 50], or could be re-
lated to the ‘outer’ layer in Wgg.

Several other observations support the conclusion
that the observed bilayer is an SEI. First, the ob-
served dual-layer structure is very similar to find-
ings in literature [26, 36—41], and the inner layer is
similar to that observed by Owejan, et al. [42], with
a similar thickness (3.67[3.50, 4.02] nm), and a rel-


https://doi.org/10.1016/j.jpowsour.2018.11.093

Preprint of article published in J. Power Sources,

https://doi.org/10.1016/7.jpowsour.2018.11.093

atively low SLD. The SLD here is slightly lower
than in that study, which is consistent with deuter-
ation of the DEC electrolyte solvent in this study,
vs. the deuterated EC in that study (since the SEI is
expected to be composed primarily of EC decom-
position products [67, 68]). The inner layer SLD
suggests that it is composed of lower-SLD inor-
ganic compounds such as LiOH (0.06x10~* nm~2),
Li,O (0.812x10™* nm~2), LiF (2.301x10™* nm~?)
and Li (-0.88x10™* nm~2). Additionally, the high
SLD contrast between the electrolyte and this layer
suggest that it is fairly dense.

The outer layer is thicker (15.74[14.40, 17.96] nm)
and has an SLD quite close to that of the elec-
trolyte, which suggests it is porous and/or com-
posed of high-SLD organic compounds such as
LEDC ((CH,OCO;Li);) and deuterated lithium
ethyl carbonate (d-LEC) (SLDs estimated at
2.95%10~* nm~2and 8.66x10~* nm~2, respectively.
See Supporting Information for details). LEDC is
widely proposed as one of the primary components
of the overall SEI [18, 25, 34, 68, 69], and LEC has
been observed as the primary reduction component
of DEC. [69]

This bilayer is henceforth referred to as the SEIL
This study represents one of the first direct obser-
vations of the two-layer SEI structure proposed in
the literature.

3.2. EQCM-D

Figures 4(a) and 4(b) show the EQCM-D data (CV
and mass uptake) during 9 CV sweeps between 0.05 and
1.5 V. During the first sweep, reduction peaks are ob-
servable at 800 mV and 275 mV, and a single oxidation
peak is observed at 1.0 V. While the potential window
shown here is narrower, the voltammetric profile is very
similar to that previously measured on a Cu anode [42].
The peak at 800 mV is attributed to reduction of elec-
trolyte solvents, which is expected to begin at approxi-
mately 1.2 V and continue for the remainder of the ca-
thodic sweep. The large increase in current magnitude
below 0.5 V corresponds to additional SEI formation,
while the reduction peak at 275 mV is likely due to un-
derpotential deposition (UPD) of lithium [53]. The mass
uptake curves in Figure 4(b) are marked by significant
mass uptake at potentials below 800 mV for all cycles,
and a slight reduction in SEI mass during positive-going
sweeps at potentials above roughly 1.0 V.

The passivating effect of the SEI is clearly observed
by the decreasing current and mass deposition with in-
creasing number of cycles. As shown in Figure 4b, the
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Figure 4: EQCM-D results showing current and mass changes on a
non-intercalating tungsten electrode during CV sweeps between 0.05
V and 1.5 V vs. Li/Li+(sweep rate: 10 mV/s). (a) Current; (b)
Mass; (c) Mass per electron (m.p.e.) for representative negative-going
sweeps. T' = 30°C.

net mass change per cycle is greatly reduced by the fifth
cycle, going from is 265.4 ng/cm? during cycle one to
100.4 ng/cm? during cycle five, and leveling off there-
after. These mass changes are quantified in Table 2, and
are separated into low (below 1.0 V) and high (above
1.0 V) potential regimes in Table 3. The decrease in
mass during each oxidation sweep is attributed both to
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Table 2: Total mass and mean m.p.e for each negative-going sweep in
the CV of Figure 4. Uncertainty on all mass values equals +2 ng/cm?.

Moy at Am during m.p.e during
cycleend  negative negative
(ng/cm?) sweep sweep

Cycle (ng/cm?)  (g/mole e-)
1.0 265.4 167.5 3.95
20 432.8 96.3 3.09
3.0 560.7 78.7 3.18
4.0 682.6 64.4 3.03
5.0 783.0 62.2 3.22
6.0 898.8 76.6 4.53
7.0 999.9 58.0 4.00
8.0 1096.6 59.8 4.47
9.0 1207.2 50.5 4.28

Table 3: Mass changes during each CV cycle in Figure 4 for low (< 1.0
V) and high (> 1.0 V) potential regimes. Uncertainty on all mass
values equals +2 ng/cm?.

Am<10V Am>10V

Cycle (ng/crnz) (ng/cmz)
1.0 295.8 -30.4
2.0 201.6 -34.2
3.0 181.7 -53.8
4.0 169.5 -47.5
5.0 154.6 -54.1
6.0 148.6 -32.8
7.0 137.2 -35.9
8.0 126.5 -29.8
9.0 134.2 -23.6

the stripping of the Li UPD layer and partial dissolution
of the reduction products into the electrolyte. This is
consistent with the findings of our previous study [42].
As seen in Table 3, the differential mass increase (below
1.0 V) is highest during the first cycle and continually
decreases in magnitude in each cycle thereafter. The
mass loss above 1.0 V begins at 30.4 ng/cm~> during
cycle 1, increases in magnitude to 54.1 ng/cm~2 during
cycle 5, and then reaches a final value of 23.6 ng/cm~>
during cycle 9.

Finally, as shown in the Supporting Information, the
SEI viscosity and shear suggest a film that becomes
more rigid during the CV measurements. The viscosity
is 0.0 kg m~! s7! at the beginning of the experiment, and
increases to 4.1x1072 kg m~' s~! by the end of the ninth
cycle. The shear begins at 6.3x10'? Pa-s, and decreases
to 7.7x10° Pa-s by the experiment’s end.

Figure 4(c) shows the m.p.e. for selected negative-
going sweeps, calculated via Eq. 2. The results show
three main trends, with respect to the electrode poten-

Table 4: Theoretical m.p.e. values for expected SEI component
molecules, based on molecular weight and number of Li atoms.

Compound m.p.e (g/mole™)
Li 7
Li,O 15
LiO, 19
LiOH 24
LiF 26
Li,CO4 37
(CH,0CO,Li), 81

tial during the negative-going sweep. The m.p.e. of the
species deposited in the range of 0.5 to 0.75 ranges from
6—10 g/mol of electron. Below roughly 0.6 V the m.p.e
decreases to a minimum at roughly 0.35 V, in the range
of 2—4 g/mol of electron. Finally, below 0.35 V, the
m.p.e. increases with decreasing voltage, to 4—7 g/mol
of electron at the terminal voltage of 0.05 V.

Assuming charge neutrality in the SEI, the theoretical
m.p.e. for a given SEI component is calculated by divid-
ing its molecular mass by the number of lithium atoms
in that product. Table 4 lists several common SEI com-
ponents and their theoretical m.p.e values. Comparing
the values in Table 4 with those in Figure 4(c), it is ap-
parent that the measured m.p.e. values are well below
the theoretical values for any of the expected products.
The maximum value observed in Figure 4(c) is in the
range of 7-10 g/mol of electron. While this matches
most closely with lithium deposition, lithium UPD is
expected to occur at lower potentials. The most likely
explanation for this discrepancy is that there is a low
current efficiency for SEI deposition (i.e. the total cur-
rent delivered was greater than that required to grow the
observed SEI). This suggests that a majority of the the
reduction products were not retained within the SEI,; ei-
ther they form directly in the electrolyte and are never
part of the SEI, or are deposited initially in the SEI but
are soluble in the electrolyte. This is consistent with
our previous NR work, in which the ratio of the mea-
sured charge to the modeled charge (i.e. that required
to form the SEI measured by NR) ranged between 1.85
and 5.39 [42].

Due to the unknown current efficiency for SEI depo-
sition, the results in Figure 4(c) provide only qualita-
tive insight into the SEI formation chemistry. Regard-
less, there are several important conclusions from the
m.p.e. analysis. First, assuming that the fraction of the
total current resulting in net SEI deposition does not
vary significantly as a function of potential, it is noted
that heavier species (likely the organic molecules listed
in Table 4) are deposited at 0.75 V, with lighter (likely
inorganic) species formed at lower potentials. Addition-
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ally, we observe that the m.p.e. for reduction processes
below 0.25 V is larger for later cycles than for the ini-
tial cycles. This is consistent with the trends in Table 2,
in which the m.p.e. is in general greater for later cycles
than for earlier cycles. Again, it cannot be determined
from the present data whether this indicates a shift in the
electrolyte reduction mechanism for later cycles, or an
increase in the deposition efficiency of SEI products.

3.3. Quantifying the SEI chemical composition

To better quantify the range of possible SEI compo-
sitions consistent with the NR and EQCM-D data, a
Monte Carlo (MC) composition fitting tool was devel-
oped for this study. This method leverages the Bayesian
approach to NR fitting in the Refl1d software for quan-
titative analysis of the chemical composition of the SEI,
given the mass, thickness, and SLD data.

The modeling tool’s logic is illustrated in Figure 5.
The routine generates a random SEI model, which in-
cludes layer thicknesses and volume fractions of likely
SEI compounds for both the inner and outer layers. Each
layer thickness is independently chosen randomly from
a normal distribution having the same 68% confidence
interval as the NR fit. The volume fractions are chosen
as a random array of k elements (one for each possi-
ble layer component), and then normalized so that the
volume fractions sum to 1.0 for each layer (inner and
outer).

The probable SEI components were based on previ-
ous literature [18, 19, 25, 34, 40, 42, 53, 68]. The in-
ner SEI is expected to contain mostly inorganic com-
pounds, represented here by four components: Li,O,
LiOH, Li,CO3, and LiF. The inner layer is also expected
to contain Li from UPD and electrolyte due to poros-
ity. Because LiOH is expected to form primarily from
the reduction of trace water, its deuterated equivalent is
not considered. The outer SEI is expected to be com-
posed of organic compounds, and is proposed to contain
LEDC and deuterated LEC, the primary reduction com-
ponents of EC and deuterated DEC, respectively, and
electrolyte from porosity. Even though evidence sup-
ports an primarily inorganic inner SEI and a primarily
organic outer SEI, the models did not a priori make
assumptions about any such division. Rather, the SEI
composition model considered the possibility of organic
components in the inner layer and inorganic components
in the outer layer to evaluate the proposed segregation
between layers.

For each proposed model, the inner and outer layer
SLDs and the total SEI mass are calculated and com-
pared to the NR and EQCM-D data, respectively, to se-
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Figure 5: Illustration of the logic used in the MC composition mod-
eling tool. Random SEI composition models are generated and com-
pared to the NR and EQCM-D data to select models which are con-
sistent with the data. ‘Likely’ models are saved, until a set number of
likely models have been identified.

lect ‘likely’ models. A likely model is one that is con-
sistent with the experimentally-determined inner layer
SLD, outer layer SLD, and the total SEI mass. The
posterior distributions from Reflld for the inner and
outer layer SLDs are used as an approximation of the
probability distribution to calculate a mean and stan-
dard deviation for each layer SLD (assuming a normal
distribution). By comparing a proposed model layer’s
SLD value to the respective probability distribution, it is
possible to calculate the probability P of observing the
layer SLD, given the NR data, P(S LDyoget 1ayerlS LD yg).


https://doi.org/10.1016/j.jpowsour.2018.11.093

Preprint of article published in J. Power Sources,

https://doi.org/10.1016/7.jpowsour.2018.11.093

Likely models are identified via a modified Hastings-
Metropolis algorithm: for each layer (inner or outer) of
a model, arandom number 0 < N < 1 is chosen, and the
model is deemed likely if P(S LDmodel tayer|S LDng) > N
for both the inner and outer layer. Because the NR and
EQCM-D data were collected on different samples, with
different sizes, and different reduction protocols (poten-
tiostatic short vs. CV cycles), the EQCM-D data was
used to generate a broad range of acceptable SEI mass
values. The lower limit was the final SEI mass from the
CV cycles, and the upper limit was final mass after a
potentiostatic hold at 0.59 V (see Supporting Informa-
tion). If the model SLDs were deemed likely and the
model SEI mass fell within the acceptable range, the
model was saved as a ‘likely’ model. This procedure
continued until the number of ‘likely’ models identified
exceeds a pre-selected target (1x10, in this study). The
modeling tool (and all other data and and routines re-
lated to this manuscript) can be viewed and downloaded
from the corresponding author’s GitHub repository [70].

Histograms showing the volume fraction population
distribution of each component for the inner and outer
layers are shown in Figures 6 and 7, respectively.
Four aspects of the model merit discussion. First, it
should be noted that the composition models are under-
determined: there are sixteen total components, between
the two layers, and only five constraining equations (the
total SEI mass, the two layer SLDs, and the fact that the
volume fractions must sum to 1.0 for each layer). There-
fore, the model does not identify a ‘best’ fit, but rather
identifies composition ranges which are consistent with
the data.

Second, the volume fractions with the highest counts
cannot strictly be considered the ‘best’ values. While
matching the fitted SLDs more closely leads to a higher
model probability and therefore should correlate with a
high rate of observation in Figures 6 and 7, a particu-
lar component volume fraction can still be observed at a
high rate if it is part of many lower-probability models.
That is, the very ‘best’ model (with the lowest y? value)
may be such that y? is highly sensitive to the parameter
values, such that even small changes in the neighbor-
hood of the best fit are associated with large increases in
x? and therefore decreases in probability. In this case,
the chances of identifying ‘likely’ models in the neigh-
borhood of this ‘best” model are low, such that the best
fit might have a low count number in the Figure 6 and 7
histograms. For a model which provides a poorer (but
still sufficiently likely) fit to the SLDs, but where x>
is less sensitive to parameter variations, there may be a
large number of models which are deemed likely, lead-
ing to a higher count rate in the histograms. Therefore,
while the histograms can be considered roughly equiva-
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Figure 6: Histograms of inner SEI component volume fractions which
are consistent with both the NR and EQCM-D.

lent to a probability distribution—volume fractions with
higher counts are more likely to be consistent with the
data—caution is required in identifying a ‘best’ fit from
the histograms.

Third, the model is explicitly unable to discrimi-
nate between components with similar SLD and density
values. For example, the histograms for Li,CO3 and
LEDC, which have similar property values, look very
similar, as do those for LiOH and Li,O. The number


https://doi.org/10.1016/j.jpowsour.2018.11.093

Preprint of article published in J. Power Sources,

https://doi.org/10.1016/7.jpowsour.2018.11.093

50 Li
SLD =-0.88%x10~% nm ~2

Density =0.53 g em™3
25 H

=

50 + LiOH
SLD =0.06x10"* nm ~ 2
i Density = 1.46 g cm ™3
25 H

F

50 - Li;O
SLD = 0.81x10~* nm 2
Density = 2.01 g cm ™3

25 &

0 M 1 1 1

50 | LiF
SLD =2.30%10~* nm ~2
Density = 2.64 g cm ™3

25 |

L LEDC
SLD =2.95%10"* nm ~ 2
Density =1.86 g cm ™3

n
(]

% of Models
>

0 1 1 1
50 - Li;CO3
SLD =3.48%10™* nm ~ 2
Density = 2.11 g cm 3
25 |
0 1 1 1
50 | Porosity
SLD =4.00x10~* nm ~ 2
Density = 1.16 g cm 3
25 |
0 1 1 1
50 d-LEC
SLD =8.66x10~* nm ~ 2
Density = 2.22 g cm 3
25 |
0 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Volume Fraction

Figure 7: Histograms of outer SEI component volume fractions which
are consistent with both the NR and EQCM-D.

of similar compunds included in the model will effect
the overall scale of the volume fraction of those compo-
nents.

Fourth, the histograms are highly sensitive to the
components included. Certain components included in
the layer models here (such as d-LEC in the inner layer
or UPD Li in the outer layer) could reasonably be ex-
cluded from the model, resulting in slightly different
model results. This is certainly a valid extension of this
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work, and will become valuable as the techniques in this
study are further refined and additional complementary
measurements are incorporated to further constrain the
fits. At present, particularly due to the significant dif-
ferences between the NR and EQCM-D protocols, the
model is used only to identify compositions which are
‘more likely’ and ‘less likely.’

The components in Figures 6 and 7 are presented
in order of SLD (lowest to highest). Low-SLD com-
ponents are more likely in the inner layer (Figure 6)
and higher-SLD components more likely in the outer
layer (Figure 7), consistent with the SLD profile in Fig-
ure 3(b). For the inner layer histograms, the lowest-
SLD components (Li, LiOH, and Li,O) each have peaks
at volume fractions of roughly 20%, but a majority of
the acceptable models had volume fractions lower than
10% for the highest-SLD components (Li,COs, elec-
trolyte/pores, and deuterated LEC). In the outer SEI his-
togram, the high-SLD organic molecules have relatively
uniform probabilities in the volume fraction range of 0—
25%. The probability of observing the low-SLD inor-
ganics in the outer layer is much lower. In particular,
the probability of Li in the outer SEI is exceedingly low:
more than half of the acceptable composition models
had a volume fraction of 0%.

4. Conclusions

This study presents NR and EQCM-D measurements
to quantify the chemical composition and structure of
the SEI grown on a non-intercalating tungsten anode.
The study expands upon prior NR measurements to im-
prove sensitivity to the SEI. Fitting the NR data deter-
mined the depth profile of the SEI SLD (which is, in
turn, related to its composition), revealing a dual-layer
SEI structure. This included a thin, dense inner SEI
with a low SLD and a thick, porous outer SEI with a
high SLD. While this structure has been suggested by
numerous simulations, ex situ depth profiles, and vis-
coelastic modeling of QCM-D data, this study presents
a direct, unambiguous, operando observation of the two-
layer SEI structure. This was made possible by the en-
hanced NR sensitivity to the SEI in this study, due to
the tungsten anode and selective deuteration of the elec-
trolyte.

EQCM-D data during 9 potential cycles between
0.05 V and 1.50 V vs. Li/Li* showed consistent SEI
growth below 1.0 V, both during negative- and positive-
going sweeps. The SEI growth per cycle was 265.4
ng/cm? during the first cycle, but quickly dropped there-
after, demonstrating the passivating effect of the SEI.
The mass uptake per cycle stabilized at roughly 100
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ng/cm? by the fifth cycle. Qualitative analysis of m.p.e
data showed two main processes: higher m.p.e. com-
ponents deposited between 0.5 and 0.75 V, and lower
m.p.e. components deposited below roughly 0.35 V.
Due to the unknown current efficiency for SEI depo-
sition (i.e. the total current delivered was greater than
that required to grow the observed SEI), the absolute
m.p.e. values of the deposited species cannot be deter-
mined. But assuming a roughly constant current effi-
ciency would suggest that heavier species (i.e. organics)
are deposited between 0.5 V and 0.75 V, and lighter in-
organics are deposited below 0.35 V.

A Monte Carlo simulation identified SEI composi-
tion ranges consistent with the combined EQCM and
NR data sets, which agree with the conventional under-
standing of the two-layer SEI structure. The inner SEI is
a dense (low porosity) layer more likely to contain light
inorganic compounds, with non-zero quantities (roughly
20% by volume) of Li metal, LiOH, and Li,O. Smaller
amounts of organics are also possible. The outer layer is
more likely to contain electrolyte (higher porosity) and
organic reduction products such as LEDC (EC reduction
products), LEC (DEC reduction products), and lithium
carbonate.

The measured m.p.e. values were lower than for ex-
pected SEI products, and were also lower than the com-
positions identified by the Monte Carlo model. This
supports the idea that either the SEI partially dissolves
during cycling, or a significant portion of the current
density does not result directly in SEI growth. The low
total m.p.e of the EQCM experiment combined with the
presence of LiF and Li,COs3 in the SEI suggests that or-
ganic SEI compounds react with trace impurities in the
electrolyte to form the passivating inner layer, while si-
multaneously releasing mass into the electrolyte as dis-
solved products. This study demonstrates the powerful
capabilities of NR as an operando probe for quantita-
tive analysis of the SEI electrochemistry and composi-
tion. The results lend new specific, quantitative rigor
for the analysis of SEI formation and evolution mecha-
nisms, and lay the groundwork for a promising array of
follow-on studies to develop stable and low-impedance
SEI layers. Based on the enhanced sensitivity to the SEI
established here, future studies will extend this work for
new insights into the effect of electric potential, elec-
trolyte composition and additives, anode composition,
and extended cycling on the SEI properties.
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6. Supporting Information and Open Science Re-
sources

Supporting information, including NR sensitivity
modeling, alternative NR fits, SLD calculations, and
viscoelastic information EQCM-D are available. Fur-
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