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Interphase in Li-Ion Batteries
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Wolfgang Schuhmann*

Abstract: The solid-electrolyte interphase (SEI) plays a\
key role in the stability of lithium-ion batteries as the
SEI prevents the continuous degradation of the electro-
lyte at the anode. The SEI acts as an insulating layer for
electron transfer, still allowing the ionic flux through the
layer. We combine the feedback and multi-frequency
alternating-current modes of scanning electrochemical
microscopy (SECM) for the first time to assess quantita-
tively the local electronic and ionic properties of the SEI
varying the SEI formation conditions and the used
electrolytes in the field of Li-ion batteries (LIB).
Correlations between the electronic and ionic properties
of the resulting SEI on a model Cu electrode demon-
strates the unique feasibility of the proposed strategy to
provide the two essential properties of an SEI: ionic and
electronic conductivity in dependence on the formation
conditions, which is anticipated to exhibit a significant
impact on the field of LIBs. )

Introduction

Although a Li-ion battery consists of simply three elements,
i.e., positive electrode, electrolyte solution, and negative
electrode, it is far from being a simple electrochemical
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device. Many electrochemical processes take place simulta-
neously. A detailed and unambiguous investigation of the
individual reactions and components remains challenging.
Hence, the battery community has devoted substantial effort
to developing and adapting advanced characterization
techniques, which help put together all pieces of the
scientific puzzle. Without an in-depth understanding of the
individual elements of the contribution of each element of
the complex system, sufficiently fast progress in battery
research at the cell level cannot be achieved. In general,
efforts have been focused on the development of two groups
of techniques. In situ and operando techniques are of vital
importance since information is obtained under relevant
conditions, as close as possible to operating
circumstances." Moreover, spatially resolved techniques
are the basis for evaluating the local heterogeneity providing
access to a high number of statistically significant measure-
ments instead of assessing the average response of the
ensemble.”* Several characterization methods have been
developed and optimized over the last years to gain access
to the correlation between chemistry, structure, morphology,
and battery performance. In-depth understanding of the
behavior during the charging/discharging processes can be
achieved by means of micro/nanoscale analysis: for example
in situ optical techniques such as Fourier Transform Infrared
Spectroscopy, Raman microscopy, and X-ray-based methods
were primarily explored to characterize the chemical and
structural properties of the battery electrodes.*! Powerful
complementary tools for exploring the intrinsic physico-
chemical properties with high lateral resolution are scanning
probe microscopy methods.*®! Recently, advantages of
zooming-in to small subsections of the investigated battery
surface have been discussed, leading to efforts to explore
high-resolution electrochemical techniques and ultimately to
provide access to the relation between the intrinsic charac-
teristics of battery materials during operation.* Indeed,
extremely sensitive analytical methods providing high lateral
resolution are of high interest to investigate the hetero-
geneity of a battery electrode. In this regard, scanning
electrochemical microscopy (SECM)®'*™ provides local
electrochemical information about an operating electrode
surface with a lateral resolution in the range of um or even
sub-uym. SECM is a mature technique with a variety of
modes of operation, which was already successfully applied
for the investigation of Li-ion battery materials.%'? The
feedback mode (FB-SECM) was employed to investigate
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essential processes of Li-ion batteries performance,* ! such
as key indicators of Li-ion batteries like the state of health,
which is to a large extent determined by the properties of
the solid electrolyte interphase (SEI) formed on the surface
of the negative electrode.” The quality and properties of
the SEI play an essential role in the battery performance
and prevents continuous decomposition of the electrolyte.
Therefore, the SEI has to be electronically insulating, while
it needs to allow transport of desolvated Li-ions towards the
active materials, as schematically shown in Scheme 1A.
Although many techniques provide relevant in situ informa-
tion regarding the chemical composition and morphology of
the SEI, there is no technique that provides correlative
microscopic information on both ionic and electronic
conductivity of the SEI, which is of critical importance for
the development of high-performance batteries. lonic prop-
erties of the SEI on a macroscopic level can be assessed
using electrochemical impedance spectroscopy (EIS). More-
over, in the alternating current mode of SECM (AC-SECM)
was developed to locally register impedance spectra.l' AC-
SECM images are typically obtained at one pre-selected
perturbation frequency to shorten the overall experimental
time, and AC-SECM was mainly employed to characterize
oxide films and to follow corrosion processes.** AC-
SECM at multiple frequencies was proposed®-?? but not yet
applied in battery research. Despite FB-SECM was pre-
viously used together with one-frequency AC-SECM for
aqueous Li-ion battery electrodes, no clear conclusion could
be obtained about the SEI properties.””! Moreover, no
correlative information about electronic and ionic properties
of the SEI could be derived due to the specific properties of
the used battery material. A methodology to provide
spatially resolved quantitative information about electronic
and ionic conductivity of the SEI was not yet demonstrated.
Herein, we establish and validate a correlative in situ
methodology (Scheme 1B) that combines FB-SECM and
multi-frequency AC-SECM for elucidating in situ and
locally resolved information of the ionic and electronic
properties of the SEI at identical locations both qualitatively
and quantitatively. The acquisition of complete local electro-
chemical impedance spectra provides essential information
at different frequencies and hence allows to separate the
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Scheme 1. A) Schematic of the mass transport through the SEI at the
anode. B) lllustration of two correlative SECM modes to elucidate the
interfacial properties of the SEI with spatial resolution.
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contribution of the SECM tip from that of the SEI-modified
sample surface. The deconvolution of the SECM tip
contribution is crucial for separating the impact of the
properties of the sample surface, demonstrating the advant-
age of the multi-frequency AC SECM measurement. Fur-
thermore, the combination of both SECM techniques
provides information about the role of the SEI formation
protocols and the electrolyte composition on the properties
of the resulting SEI.

Results and Discussion

Considering the complexity of the multiple reactions in a
porous battery electrode and the multiple parameters
impacting on the battery properties, a model electrode was
initially used in our work to facilitate the unambiguous
interpretation of the obtained results and validation of the
proposed methodology. A Cu plate typically used as the
current collector serves as model electrode, since Cu metal
is electrochemically inactive in the potential window in
which the negative electrode usually operates (0.0-3.0 V vs.
Li|Li*), is smooth and does not react spontaneously with
the electrolyte. We used the Cu surface on which two well-
defined regions, namely i) an SEI-covered region and ii) an
SEI-free region, are generated (Figure 1A). The bare Cu
plate is employed as working electrode (WE) in an open
electrochemical cell on which the SEI is formed. The SEI
formation was performed by scanning the potential from
OCP vs reference electrode (RE) to a cut-off potential of
e.g. 0V (all potentials are referred against Li|Li* in 1M
Li'"), at a scan rate of 1 mV's ™ to allow decomposition of the
electrolyte and formation of a thin SEI. The slow scan rate
was employed to ensure uniform decomposition of the
electrolyte on the Cu surface. Afterwards, the potential was
held at the cut-off potential to promote thickening of the
SEI for either 12 h (long-term protocol, i) or 1 h (short-term
protocol, ii). The short-term protocol was also employed as
an accelerated test to evaluate the influence of parameters
such as electrolyte composition and current collector materi-
al on the SEI properties. A more detailed description of the
model sample surfaces and SEI formation procedures is
reported in section S-3 (Supporting Information) as well as
in Table 1.

The feedback mode of scanning electrochemical micro-
scopy (FB-SECM) was employed to explore the ability of
the SEI to block electron transfer at the electrode surface.
An essential role of the SEI on the anode is to prevent the
continuous decomposition of the electrolyte during the
lifetime of the battery. Thus, the initial formation of an
effective and homogeneous SEI over the anode surface is of
key importance to ensure a long cycle life of a LIB since a
potential accumulation of even small electrolyte decompo-
sition upon cycling leads ultimately to an irreversible loss in
the energy storage capacity of the battery, e.g. 99.95%
coulombic efficiency leads to a decrease of 25 % in capacity
after 500 cycles. Figure 1A shows a scheme of the electro-
chemical cell and a magnification of the model battery
sample with the two distinct SEI-free and SEI-covered
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Figure 1. A) Schematic representation of the coaxial electrochemical cell. CE: counter electrode; WE: working electrode; RE: reference electrode.
Zoom: Scheme of the scanned area in the SECM image with both the bare Cu (SEl-free) and the SEl-covered Cu area. Non-interpolated SECM
images (B)—(H) of the scanned area covering the SEl-free (left) and SEl-covered (right) areas formed using the parameters as specified in Table 1.
Image with a lateral pixel size in x- and y-direction of 100 pm. Measurements were recorded in 10 mM Fc+1 M LiClO, and EC:PC (50/50 wt %)
solution. I) Average and standard deviation of normalized local FB-SECM currents over the SEI at each SECM images of the panels (B)—(H). E,:

3.5V vs. RE.

Table 1: Summary of experimental parameters during the SEI formation procedure and their corresponding figures.

Data Current Electrolyte composition for Potential program for the Cut-off potential during
plots collector SEI formation procedure SEI formation procedure SEI formation [mV]

(B) Copper 1 M LiClO, and EC:PC (50/50 wt %) Long-term, Protocol i 0

(@] Copper 1 M LiClO, and EC:PC (50/50 wt %) Short-term, protocol ii 0

(D) Copper 1 M LiPFg in EC:PC (50/50 wt %) Short-term, protocol ii 0

(E) Copper 1 M LiPFgin EC:DMC (50/50 v/v) Short-term, protocol ii 0

(F) Copper 1 M LiPF6 in EC: DMC (50/50 v/v) Short-term, protocol ii 100

(G) Copper 1 M LiPF6 in EC: DMC (50/50 v/v) Short-term, protocol ii 200

(H) Graphite 1 M LiPF6 in EC: DMC (50/50 v/v) Short-term, protocol ii 0

regions, respectively, of the region scanned with the SECM.
Areas with sizes of 1-6 mm* were selected for SECM
imaging on both the bare Cu current collector and the area
modified with the SEI. The reasons to show also the bare
Cu surface were to highlight the high lateral homogeneity of
the bare surface but even more importantly to provide a
clear visual difference between this control and the SEI-
covered surface. Figure 1 shows the SECM images recorded
on samples prepared with different SEI formation parame-
ters (details in Table 1). FB-SECM experiments were
performed in EC:PC (50/50 wt %) containing 10 mM ferro-
cene (Fc) and 1M LiClO,. The solvent composition for
SECM imaging was chosen to prevent electrolyte evapora-
tion during the comparatively long measurement. A self-
referencing method was established for the FB-SECM
measurements to diminish the effect of tip fouling and
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variation of the tip response during long-term measurements
(more details in Section S-5, Supporting Information).

The obtained SECM images revealed a clear difference
between the bare Cu and the SEI-covered regions concern-
ing the electronic properties. On the left side in the SECM
maps, over the SEI-free region, the normalized tip current is
higher than 1 (positive feedback*?!), which is expected for
a bare metal surface. In contrast, on the right side, over the
SEI-covered region, the normalized current is below 1
(negative feedback®*!). FB-SECM was used earlier to
demonstrate the blocking properties of the SEI for electron
transfer processes, evidenced unequivocally by the transition
from positive feedback to negative feedback over the SEI-
modified region.'*!1%1526271 The clear variation between
positive and negative feedback was not noticed in the
SECM image of the sample prepared with the short-term

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

protocol when using 1M LiCIO, in EC:PC electrolyte
(Figure 1C) for SEI formation. The normalized tip current
was slightly higher than 1.0 indicating that the resulting SEI
poorly prevented electron transfer with the Cu surface. In
contrast, the long-term SEI formation protocol clearly let to
the formation of an effective SEI for this electrolyte
composition, as revealed by the clear FB-SECM contrast
(Figure 1B). Clearly, an electronically insulating SEI re-
quires the long-term SEI formation protocol in 1.0 M LiCIO,
and EC:PC (50/50 wt%). As the SECM tip response is
influenced by the vertical distance to the sample, we used an
atomic force microscope (AFM) inside the glovebox to
determine the thickness of the formed SEI. However, the
roughness of the bare Cu surface exceeded 200 nm (Fig-
ure S3), which impeded the thickness determination of a
nanolayer on top of it (expected tens of nm™). At the range
of the determined roughness, the tip response is not
significantly altered by topographic features in the SECM
images with the used working distance (d=5 um) and the
SECM tip size (radius=12 um). The FB-SECM images also
indicated that the formed SEI covering the Cu surface
exhibited a certain level of heterogeneity, especially in the
SECM image of the SEI formed following the long-term
protocol in 1.0 M LiClO, and EC: PC (50/50 wt %) which
coincides with previous findings concerning inhomogeneities
at the protecting surface of nascent SEIs.”) A spot with
positive feedback is visible in the SEI-covered region (Fig-
ure 1B) formed following the long-term protocol in 1.0 M
LiClO, and EC: PC (50/50 wt %), which suggests that the
SEI properties are governed predominantly by the electro-
lyte composition which can only be partially mitigated by
simply extending the SEI formation time. The role of the
electrolyte salt was evidenced as the SECM maps clearly
revealed insulating and homogeneous SEI-covered regions
for the SEI formed in the presence of LiPF,, regardless of
the chosen solvent (Figure 1D-E). Averaging the feedback
current values at each SECM data point (pixel) and deriving
the standard deviation at multiple points over the entire
electrode surface is used as a measure of the homogeneity of
the overall SEI-covered region (Figure 1I). Since the
variation was below 30 % for all samples, it is reasonable to
conclude that a homogeneous SEI is formed on Cu when a
potential of 0V is applied for 1 h, regardless of the electro-
lyte composition. This average value represents an averaged
electronic insulating character which changes significantly
with the electrolyte composition. The local properties of SEI
obtained at different SEI formation cut-off potentials of
+200mV, +100 mV, and 0 mV (Figure 1F and G) were
investigated with FB-SECM to elucidate its local hetero-
geneity. SEI formation with a cut-off potential of 200 mV let
to a substantially higher heterogeneity of the electronic
conductivity of the formed SEI. At a cut-off formation
potential of 100 mV the SEI was more homogeneous,
although the average feedback current value did not change
significantly. Once a SEI was formed at a cut-off formation
potential of 100 mV, further growth appears to be uniform
and the average feedback current value decreases suggesting
a more electronically insulating character of the formed SEL
This set of experiments shows the capability of the proposed
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SECM methodology to provide averaged electronic con-
ductivity information, with high data robustness due to
averaging of the information from 100 to 250 individual FB-
SECM measurements together with the local electronic
conductivity data from the individual measurements.

To explore the complementarity of the proposed local
FB-SECM measurements and global analysis, we were
choosing graphite as current collector exhibiting a higher
level of local heterogeneity. The global properties of the
SEI formed on the entire graphite rod surface were
investigated by means of voltammetry in presence of a free-
diffusing redox couple (see section S-6 for more details).*”!
It has to be pointed out that a Cu current collector was not
feasible due to the Cu oxidation at the potential of the used
redox mediator.® Additionally, using the proposed SECM
methodology, the local electronic conductivity of the SEI on
the graphite rod was elucidated. While the global cyclic
voltammograms and EIS data showed a high blocking of the
graphite surface for the charge transfer reaction of Fc
oxidation after SEI (Figure S5), the corresponding SECM
image (Figure 1H) identifies the presence of local defects in
the freshly formed SEI. The average normalized FB-SECM
currents over the different SEI are plotted in Figure 11
Convincingly, it becomes obvious that despite the SEI
formed on the graphite rod exhibits the expected highly
electronically insulating character in average, the comple-
mentary local properties show a high level of heterogeneity,
a result which could not have been anticipated from the
global measurement.

SECM images revealed the presence of local hetero-
geneities which were masked in the global measurements.
For a quantitative evaluation, the kinetics rate constants of
the Fc oxidation reaction can be derived from FB-SECM
approach curves. To this end, a series of FB-SECM
approach curves were recorded in one direction (x- or y-)
right after the FB-SECM image acquisition. Due to the
comparatively long experimental time scale, we selected
specific regions of interest in each FB-SECM image (top
schemes in the Figure S4 in the Supporting Information) for
more detailed and quantitative measurements of the elec-
tronic and ionic properties of the SEI-free and SEI-covered
electrode surface. The selected regions crossed the SEI-free
and uniformly SEI-covered areas. The sequence of FB-
SECM approach curves was recorded by moving the tip first
in the perpendicular direction (d, vertical direction) towards
the surface, then retract it back to bulk, and finally move it
in a lateral direction (x- or y-) to record subsequent
approach curves at the next x-y-location. All FB-SECM
approach curves are shown as 2D-plot in Figure S4 (Sup-
porting Information). The resulting approach curves were
consistent with the expected behavior found in the FB-
SECM images with a positive feedback response over the
bare current collector surface and negative feedback above
most of the SEI-covered regions confirming the insulating
property of the SEI-covered regions.

Despite the electronic blockage and the prevention of a
continuous cathodic degradation of the solvent the formed
SEI and hence its importance for the long-term cycling
stability of a LIB, it is of similar importance that the formed
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SEI allows the permeation of desolvated Li-ions (Sche-
me 1B). We hypothesized that this ionic conductivity can be
locally derived using multi-frequency AC-SECM at the
same locations which were previously investigated using FB-
SECM approach curves. AC-SECM was employed to
acquire localized electrochemical impedance spectra as a
function of local position over the precisely same region of
the FB-SECM approach curves. The EIS measurements
were recorded in the absence of the redox mediator Fc in
the electrolyte at two working distances between tip and
sample surface, specifically at a distance of 5um and at
200 pm sequentially for each x- or y-position. Two typical
EIS spectra of the tip located in the bulk of the solution and
close to the surface are shown in Figure 2. The sequences of
EIS spectra recorded for each sample are summarized in
section S-8 (Supporting Information). The EIS data ob-
tained at a working distance of 5 um were strongly depend-
ent on the lateral tip position and thus on the property of
the sample surface. In other words, the EIS spectra were
sensitive to the presence of the SEI on the Cu surface.
Qualitatively, the results showed that the ionic charge
transfer resistance increased for locations above the SEI
(see EIS in Figure 2B and Figure S8 in the Supporting
Information). For a quantitative assessment, the experimen-
tal data were fitted to an equivalent electric circuit (see
Figure 2C and Figure 2D) to describe the tip response using
a model of tip-sample surface interaction as described in the
literature.®! The local EIS data recorded close to the sample
surface contain two contributions, i.e. the intrinsic tip
contribution and the contribution due to the tip-to-sample
interaction. Hence, the EIS spectra in the bulk electrolyte
were used to deconvolute the contribution of the tip

(A) (B)
8 /inthe bulk c #
ge =6
T4 N4
E, E,
over SEI
0 ————— 0 —
0 2 4 6 8 0 2 4 6 8
Re[Z] / MQ Re[Z] / MQ
(©) (D)

Sample surface
contribution

= CPE; —[ C; ]— = CPE, —[ C, (o ]—
RS
R: R

Figure 2. Nyquist plot of typical EIS data obtained using a Pt micro-
electrode (diameter: 25 pm) in 1 mM LiCIO, EC:PC (50/50 wt %) as
electrolyte solution when the tip was positioned A) in the bulk of
solution and B) at a working distance of 5 ym from the sample surface
(red and circles over the copper, and purple and squares over the SEI).
Scatter plot: experimental data. Straight line: fitting results. DC
potential: OCP. AC bias: 10 mV (rms). f: 50 kHz to 500 Hz. C) and

D) Electric equivalent circuits used for the mathematical fits to describe
the local impedance response of the tip, where CPE,, C, and R, are
elements associated with the tip contribution, and the R, and C; are
correlated with the sample surface.

Tip contribution Tip contribution
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contribution from the total response. Details about the used
electronic equivalent circuit are described in the section S-8
(Supporting Information). After deconvoluting the tip
contribution, the R, and C; elements were derived for each
individual EIS spectrum recorded at each lateral position.
The derived local ionic charge resistance element values
(R,) are shown in the left-y axis of Figure 3 for each sample
prepared with the parameters as summarized in Table 1.

The sequence of FB-SECM approach curves was plotted
along with the lateral position (x- or y-) as a 3D plot in the
same graphics of the AC-SECM parameters in Figure 3,
resulting in an overlap of AC-SECM derived ionic resistance
Ry (left y-axis) and a 3D plot of FB-SECM approach curves
(background color scale). The individual approach curves
were fitted to obtain the dimensionless parameter x, which
is derived from the first-order kinetic constant, k. The x
values represent the rate of the electron transfer reaction at
the surface underneath the SECM tip. The k-values are
plotted on the right y-axis in Figure 3. The combination of
the quantitative AC- and FB-SECM data is summarized in
the Figure 3A and the resulting graph allows analyzing the
local correlation between the properties of the SEI In all
independent analysis, the electron transfer kinetics and ionic
charge transfer resistance over the free-SEI region were
considered homogeneous.

Experimental parameters, such as the SEI formation
protocol and the electrolyte composition, determine the
properties of the SEI. To assess the role of each parameter
on the SEI properties, we employed the correlative FB-
SECM/AC-SECM over the same sample locations. The
panels (B) and (C) (Figure 3) show the results for samples
prepared with the long and short-term SEI formation
protocols, respectively, in 1 M LiClO, and EC:PC solution.
The FB-SECM data reveal the strong influence of the SEI-
formation protocol on the electronic properties of the
resulting SEI in this electrolyte. The long-term SEI-
formation exhibits substantial benefits for inhibiting electron
transfer across the SEI. The results also revealed some
heterogeneity of the insulating SEI (at X=300 um), likely
caused by substrate heterogeneities but in this case presum-
ably due to the effects of the O-ring sealing the electro-
chemical cell during in the long-term SEI formation. These
O-ring induced heterogeneities on smooth Cu electrodes
simulate potential heterogeneities in more complex electro-
des, e.g. graphite (edges versus basal planes) or Si
(volumetric changes inducing cracks in the SEI). It should
be noted that the smaller working distance in AC-SECM
(5 um) prevents the detection of small defects since the tip
should be positioned precisely over the defect spot. In any
case, the ionic charge transfer resistance over the SEI was
significantly higher for the long-term SEI formation than for
the short-term SEI-formation.

The nature of the Li salt used as the electrolyte is
expected to play an essential role not only in the
composition but also in the properties of the SEI. Hence,
the SEI formed in 1 M LiPF, in EC:PC (50/50 wt %) solution
was analyzed and compared with that formed using LiCIO,.
Results obtained for 1 M LiPF, in EC:PC are displayed in
panels D in Figure 3. If the SEI was created in 1 M LiPF; in
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Figure 3. FB-SECM and AC-SECM measurements at the interrogated area covering the SEl-free (left) and SEl-covered (right) regions. The SEI
formation parameters are specified in Table 1. A) Scheme of the combination of 3D-plot FB-SECM approach curves and AC SECM values graphics.
B)-G) Left y-axis: calculated R values distribution obtained by local EIS measurements at a working distance of 5 pm in the multi-frequency AC-
SECM measurements. B)-G) Right y-axis: x =dimensionless parameter of the first order kinetic electron transfer rate constant, k (ms™"), calculated
fit for each approach curve. B)-G) Right y-axis: vertical/perpendicular distance of the 3D-plot of the FB approach curves, d, in function of lateral
distance (x- or y-). B)-G) Colored background scale: normalized current map in the 3D-plot of the sequence of approach curves as a function of the
lateral position, with a perpendicular increment of 1 um and a lateral increment of 50 ym. Ey,: 3.5 V vs. RE.
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EC:PC and short-term SEI formation protocol, a high
contrast and well-defined boundary between SEI-free and
SEI-covered regions are visible, which reveals the impor-
tance of the presence of LiPF, in the formation of an
effectively protecting SEI against electron transfer reactions
(x values <1). However, the ionic charge transfer resistance
was also higher than that obtained for SEIs formed in the
presence of LiClO,. This is an undesired feature since higher
ionic resistance would lead to higher internal resistance
during battery operation, which demonstrates the impor-
tance to reveal simultaneously the electron and ion charge
transfer properties of an SEI.

The solvent or solvent composition is another factor in the
SEI formation. Hence, we formed SEI on Cu in an electrolyte
solution in which PC was replaced by DMC. The results for
the SEI formed using the short-term protocol in 1 M LiPF;
and EC: DMC 50/50 (v/v) electrolyte are presented in panels E
of Figure 3. The FB-SECM data show a high homogeneity of
the hindered electron transfer over the SEI-covered region
(k< <1). Furthermore, high uniformity in the SEI-free area
and the boundary between the two regions was observed.
SECM measurements consist of multiple local independent
analysis and hence reveal the heterogeneity at the micro-scale.
For the ionic charge transfer resistance calculated from the
AC-SECM results, the replacement of PC by DMC led to
drastic changes. The ionic charge transfer resistance over the
SEI-covered region was substantially decreased, which makes
1M LiPFy and EC:DMC the best electrolyte composition
studied here due to the effective hindrance of electron transfer
and relatively low ionic charge transfer resistance. Addition-
ally, results of the SEI formed using 1 M LiPF; and EC:DMC
as electrolyte at different formation cut-off potentials (+
200mV, 100mV and 0mV) revealed heterogeneous SEI
growth. The x values indicated an electronically insulating
character of the SEI Results in Figure 3 and Figure 11 indicate
that an electronically insulating SEI with significant hetero-
geneity is formed at a cut-off formation potential of +200 mV.
At a cut-off formation potential +100 mV the SEI became
more homogeneous, however, its electronically insulating
character did not change significantly. Polarization to the cut-
off formation potential of 0 mV led to an increase in the
electronically insulating character while maintaining homoge-
neity. In short, the results in Figure 3 provide the basis for the
three main conclusions: i) long SEI formation protocols lead to
improved protecting properties (electronically insulating char-
acter). ii) LiPF; is of key importance to promote the formation
of a protecting SEI (electronically insulating). iii) The sub-
stitution of PC by a linear co-solvent such as DMC is beneficial
for reducing the charge transfer resistance (ionically conduct-
ing SEI). These results correlate with results from literature: 1)
in practice, very slow and time-consuming first charging cycles
are carried out by the manufactures to improve the effective-
ness of the SELF? ii) LiF originating from the use of LiPF; is
considered a key element in the SELP? Grey et al. recently
confirmed®! that a native SEI rich in LiF is spontaneously
formed which correlates with the high electronically insulating
character found when using LiPF;. iii) Using a model Li Ti;O,
electrode, Abe et al.* were able to study the influence of the
electrolyte co-solvent on the charge transfer resistance demon-
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strating that the use of PC leads to higher ionic resistance. We
provide a proof of concept demonstrating that the proposed
methodology is capable to describing quantitatively and
laterally-resolved the ionic and electronic properties of differ-
ently formed SEI In addition, the EIS data provide local
values of the double layer capacitance (Figure S10 in Support-
ing Information). In general, all samples followed the same
trend: a clear change in C; over the boundary of the two
regions was observed, with the C, values dropping when
crossing from the SEI-free to the SEI-covered region. Interest-
ingly, the bare electrode surface showed higher C; values than
those obtained over the SEI-covered region, which is attrib-
uted to the presence of oxides from the native thin surface film
of CuO. To further demonstrate the sensitivity of our proposed
methodology, C, values were calculated for a sample using
glassy carbon as the current collector. The C, values over the
SEl-free and SEI-covered regions were very similar in the case
of glassy carbon. The C values over the SEI-covered region
were about 40 pC, which is similar to the values obtained over
the SEl-covered Cu current collector. Indeed, the changes
attributed to the SEI-free regions are due to the properties of
the different current collectors.

Moreover, the local R, and C; are correlated to the intrinsic
values of the dielectric permittivity (¢) and resistivity (p),
respectively. As the determination of the SEI thickness was
not possible due to the roughness of the current collector,
exact values of € and the p cannot be provided. Instead, an
average value of the SEI can be assumed, i.e. 50 nm, so that
approximate values can be estimated (sectionS-11 of the
Supporting Information), which will at least provide the order
of magnitude of these parameters. Quantitative information
may be possible by precise determination of the SEI thickness
eg. by using techniques such as dilatometry® AFM-
nanoindentation®” and neutron reflectometry.”

Conclusion

A methodology based on a sequential combination of
correlative FB- and AC-SECM measurements inside an Ar-
filled glovebox was established, which provides in situ and local
quantitative information of the electronic and ionic properties
of the SEI for the first time. The feasibility of the spatial
resolved methodology was demonstrated by investigating the
influence of the electrolyte composition on the properties of
the resulting SEI, concluding that both electrolyte salt and
solvent play a significant role in their impact on both electronic
and ionic properties of the formed SEI, as expected but
demonstrated here for the first time. Regarding the ionic
properties, the intrinsic dielectric permittivity and ionic
resistivity of the SEI can be determined, provided that the
thickness of the layer is known. Thus, the proposed method-
ology is able to provide in situ and spatially resolved
information of the two most important properties of the SEI.
Considering that the SEI is a core topic in Li-ion batteries due
to its indisputable importance on battery performances, the
examples discussed in this work show that variations in
electrolyte composition lead to enormous changes in the
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electronic and ionic conductivities, and anticipate the impact of
the technique in Li-ion battery research.
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