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Spatiotemporal Changes of the Solid Electrolyte Interphase in Lithium-
Ion Batteries Detected by Scanning Electrochemical Microscopy™**
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Abstract: The solid electrolyte interphase (SEI) in lithium-ion
batteries separates the highly reductive lithiated graphite from
reducible electrolyte components. It is critical for the perfor-
mance, durability, and safe operation of batteries. In situ
imaging of the SEI is demonstrated using the feedback mode of
scanning electrochemical microscopy (SECM) with 2,5-di-tert-
butyl-1,4-dimethoxy benzene as mediator. The formation of the
SEI is indicated by a decrease of the mediator regeneration
rate. Prolonged imaging of the same region revealed fluctua-
tion of the passivating properties on time scales between 2 min
and 20 h with an inhomogeneous distribution over the sample.
The implications of the approach for in situ assessment of local
SEI properties on graphite electrodes are discussed with respect
to studying the influence of mechanical stress on SEI reliability
and the mode of action of electrolyte additives aiming at
improving SEI properties.

Lithium-ion batteries (LIB) are the main energy-storage
devices for portable electronics because of the high practical
energy density of approximately 150 Whkg™', good cyclabil-
ity, and low self-discharge.!! Those properties are provided by
lithium ions moving between two insertion compounds
forming the battery electrodes. LIBs are also gaining
ground for power tools, electric traction of vehicles, and
storage of intermittently available renewable energy.’! The
high energy density stems mainly from the use of strongly
reducing lithiated graphite ([Li*],[Cs ], x <1) as the negative-
electrode material. However, even organic solvents and/or
electrolyte salts decompose when brought into contact with
this material. Fortunately, the decomposition products form
a solid electrolyte interphase (SEI)"® on the anode, that is, an
electronically insulating layer of 2-100 nm thickness.* It
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separates the electrolyte components from the lithiated
graphite thus avoiding further chemical reactions while
permitting the passage of Li" ions during charging or
discharging. It also prevents the co-intercalation of solvent
molecules that would cause destructive exfoliation of graph-
ite.”! The SEI is mainly formed during the first charging of the
battery and is associated with a charge that cannot be
recovered (irreversible charge).

Since LIBs can only show their superb features by kinetic
stabilization through an SEL® it is not surprising that
substantial efforts have been devoted to the analysis of SEI
components using ex situ techniques.”” The SEI contains
inorganic salt degradation products and organic compounds
from the reduction of solvents and additives.®! Moreover,
there is clear evidence by ex situ scanning electron micro-
scopic (SEM) images for lateral heterogeneity in its compo-
sition.”) The SEI is also thought to be dynamic, that is, SEI
formation and dissolution of its components may continu-
ously occur and might be disturbed by rinsing or introduction
to ultra-high vacuum, emphasizing the need for local in situ
analysis, for example, by scanning force microscopy (SFM)
which has been performed on highly ordered pyrolytic
graphite as a model electrode.™ These electrodes are
unlikely to represent the local heterogeneity of typical
composite electrodes. The passivating properties of SEI on
glassy carbon (GC) model electrodes have been studied by
a redox probe (ferrocene) using rotating disk electrodes."!
Redox cycling of overcharge protection agents was monitored
by means of a microelectrochemical cell with two GC
electrodes fixed in space.l'? The setup is very reminiscent of
scanning electrochemical microscopy (SECM) which has
been used for determining local interfacial kinetics on
a large variety of passivated electrodes.'”! Experience from
other applications raises the expectation that understanding
the interplay between local structures/compositions and local
reactivity can greatly aid the optimization of advanced
electrode architectures."! Along this line Zampardi et al."™
monitored the irreversible formation of a SEI on TiO,-based
paste negative electrodes when poised below 0.5 V vs. Li/Li*
using the SECM feedback (FB) mode with ferrocene as redox
mediator. Further temporal and spatial changes could not be
resolved.

Herein the SECM FB mode (Scheme 1) was employed to
investigate the SEI on graphite composite electrodes after
formation in a pouch bag cell, recovery of the graphite
electrodes, and mounting into an enclosed SECM celll*®
inside a glove box (Supporting Information SI-1, SI-2). The
mediator was  2,5-di-fert-butyl-1,4-dimethoxy  benzene
(DBDMB) in 1M LiPF; in ethylene carbonate (EC):diethyl
carbonate (DEC) 1:1. While DBDMB is new as a SECM
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Scheme 1. SECM FB experiments at the SEI of composite electrodes
made of graphite particles (gray), carbon black (black), and PVDF
binder (violet). The SEI (blue) is subject to local changes (red) result-
ing from a) a mechanical contact by the ME, b) sliding of particles
against each other, and c) spontaneous dissolution processes, gas-
bubble formation, or detachment and stress within individual particles.
The information depth of SECM FB experiments (ca. 3ry) is highlighted
by a light red background.

mediator, it has been used as overcharge protection additive
in LIB.'! Its reversible oxidation to DBDMB* provides an
exceptional stable diffusion-controlled steady-state current at
a Pt microelectrode (ME) at a probe potential of E;=4.1 V
vs. Li/Li* (SI-3) enabling experimentation over extended time
spans—much longer than all our previous experiments with
ferrocene derivatives.'!

SECM approach curves to pristine and SEI-covered
graphite electrodes are shown in Figure 1 as normalized
current Iy = iy/ir,, (ir,, is experimental, diffusion-limited ME
current at quasi-infinite distance to the sample) versus
normalized distance L =d/r; (d is the distance, r; the radius
of the ME). I over pristine graphite at open circuit potential
(Es(OCP) &3.36 V vs. Li/Li") is only slightly smaller than the
calculated response for an infinitely fast DBDMB regener-

Figure 1. SECM FB approach curves to a pristine graphite electrode (1)
and different charged graphite electrodes after SEI formation (2); for
comparison the calculated curves for diffusion-controlled regeneration
of DBDMB at the sample (3) and for an inert insulating surface (4) are
shown. Further details in SlI-4.
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ation at the sample (Figure 1, curve 3). After lithiation the
E4(OCP)=0.134 V vs. Li/Li* (Figure SI-4) was more negative
and governed by the Li(graphite)/Li* redox couple, while at
pristine graphite the DBDMB/DBDMB" mediator deter-
mines the OCP. Despite the higher driving force, DBDMB
showed much smaller regeneration kinetics at lithiated
graphite processed with the same amount of (insulating)
binder and carbon (Figure 1, curves2a,b). The approach
curves were, however, distinguishable from pure hindered
diffusion above an insulating, inert sample (Figure 1, curve 4)
demonstrating that DBDMB™" can traverse through the
electronically insulating SEI and react with finite rate at the
lithiated graphite.

There are also significant differences between the
approach curves from different regions of SEI-covered
graphite electrodes (Figure 1, curves 2a vs. 2b) pointing
towards lateral heterogeneity in the passivating properties of
the SEI. Figure 2 shows SECM FB images of a SEI-covered

30 i /nA

Figure 2. SECM feedback image of an identical region of a SEl-covered
graphite electrode recorded a) 22.7 h, b) 24.2 h, c) 25.5 h, and

d) 26.9 h after filling electrolyte solution in the SECM cell at d~3 um.
Experimental details in SI-5.

graphite electrode. They were selected from a much longer
sequence shown in Supporting Information SI-9. Similar
behavior has been observed on five samples. Owing to the
roughness of the graphite electrode, varying SECM currents
are expected as a result of a change in working distance d
(experimental roughness was R, =2.5 pm (SI-1)) and because
of lateral differences in the regeneration kinetics. From an
individual image, it is impossible to disentangle both influen-
ces. Alternative imaging approaches are not readily appli-
cable as discussed in SI-6. Provided that those features do not
change with time, relative ir(x,y) should remain constant
within a sequence recorded above an identical region. Indeed,
SEI-covered electrodes showed some regions where currents
remained stable over hours, such as, in the rear parts of
Figure 2 a—d. Other regions showed quite drastic changes in
their response. The region around (x/um, y/pm) = (200, 50)
exhibited initially high i(x,y) (vs. to the average ME current
(i7) of the image) in Figure 2a, but changed to low ir(x,y) in
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Figure 2c. The region around (240,0) constitutes an example
for the opposite trend: A relatively small ip(x,y) in Figure 2a
increased within 4 h to the values in Figure 2 d. These changes
cannot be explained by topographic differences alone because
the sample was not touched or deformed during this time. It
rather reflects the spatial and temporal heterogeneity of SEI
properties.

A comparison between forward and backward line scans
(Figure 3) above the same region revealed changes of SEI
properties occurring within 5 min that are not obvious from
a comparison of entire image frames in Figure 2. Figure 3
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Figure 3. Comparison of forward and reverse line scans on the same
region a) with short-term change and b) without a clearly detected
short-term change. See text for details.

shows selected line scans of the same region extracted at
different times from one image sequence (Figure SI-9).
Figure 3a shows an example where forward and backward
scans almost perfectly retrace except between 120 <x/pm <
210. In this region a substantial difference between the
corresponding forward and backward scans is clearly visible.
Such features were observed mainly in regions close to
a region of reduced currents (low ip(x,y)) that probably
represented protruding SEI-covered graphite particles. In
contrast, many pairs of forward/backward line scans show
only small deviations, such as in Figure 3b. Such deviations
rarely exceeded 8 % of (i) above unlithiated graphite, which
is considerably lower than those deviations in Figure 3a.

To substantiate the observation that short-term current
variations were concentrated in specific regions, two-dimen-
sional color-coded histograms were constructed (Figure 4a,d)
by counting the “events” that i;(x, y) at a specific grid point in
the reverse line scan deviated by more than 0.21(i;) from
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Figure 4. Local SEl instability. Color codes show the number of events
with current variations of more than 0.21 {i;) in a sequence of

eight (a) and five (d) SECM FB images. FB images during contact (b,
d~0) showing overflows and at the same time (c) providing local
features. Full data sets and imaging conditions are provided in SI-5.

ir(x, y) in the forward scan at the same position. The 21 %
margin is indicated in Figure 3 as a shaded band and was
selected to prevent counting of incidental variations due to
experimental imperfections. 69 % of the grids points did not
show a single event, whereas 13 % of all grid points showed
more than one event. Evaluation of further samples with this
procedure yielded a rather stable fraction of points showing
more than one event (6 to 21 %). 28 h after filling the SECM
cell and recording several images (SI-5), the ME was
incrementally moved towards the graphite electrode until
the ME just touched protruding sample regions (region (a) in
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Scheme 1). This condition is very easily detected by short-
circuit currents in Figure 4b causing an overflow of the
potentiostat. In other regions, ir still followed the trends
(Figure 4c¢) from preceding and subsequent images of the
entire sequence (SI-5). The locations of mechanical contact in
Figure 4b are indicated in the histograms (Figure 4a,d) by
open circles. It seemed that the mechanical contact occurred
preferentially at regions that had exhibited lower signals in
the preceding image sequence (c.f. Figure 2c,d). Before
mechanical contact those regions would have exhibited
approach curves in which ir decreases monotonically with
decreasing d (c.f. Figure 1, curve2b). The high-current
regions in Figure 4b have sizes and shapes typical for graphite
particles (Figure SI-1) indicating that those particles are
relatively flat. Regions with high numbers of “events” in
Figure 4a are located close to, but rarely at those contact
positions. Only 6% of the contact positions matched the
positions with multiple events before contact! We conclude
that 1) those local changes of the SEI are not caused by
interaction with the ME and 2) that they are caused by SEI
damage in the contact zone between particles of the upper
layers (Scheme 1, regions b).

During contact, the SEI is likely to be damaged locally.
After completing the acquisition in Figure 4b, the ME was
retracted by 3 um and imaging was continued (Figure SI-11).
In this sequence, 61 % of the contact positions showed
multiple events in which ix(x, y) of forward and backward
currents deviated by more than 0.21(iy) (Figure 4d). Clearly,
the regeneration of the damaged SEI is accompanied by
strong temporal changes of the passivating SEI properties.
This is consistent with our observations after incidental
contact between ME and SEI on samples that had to be
abandoned.

Figure 5a shows a smooth image with currents around
6 nA with a stable topographic feature at the rear right corner
used to verify identical locations within the sequence (ir, =
5.8 nA). In Figure 5b a region with iparound 1 nA developed
in the front left corner. Looking at the approach curves in
Figure 1, such a dramatic decrease can only be explained if
a surface with finite kinetics (c.f. Figure 1, curves 2) changes
to a totally inert surface (c.f. Figure 1, curve4) and d
decreases. Changes of working distances can occur for
different reasons, for example, swelling or release of mechan-
ical stress in the calendered composite electrode. However,
such drastic simultaneous changes of topography and passi-
vating properties are in contrast to the more gradual
developments in Figure2 or short-term fluctuations of
smaller amplitude in Figure 3. The sharp edge of this region
is also remarkable and not typical for the features detected in
Figure 2. Moreover, two new regions of similar low current
develop at the left rear part of the image in Figure Sc. These
features disappear in Figure 5d, that is, 1 h after recording of
Figure 5c. At the same location new features with low ir
reappear in Figure Se.

Taken together the drastic current decrease, the sharp
border of the affected regions, the “sudden” appearance,
disappearance and re-appearance of the feature let us
tentatively assign it to the formation, detachment, and re-
formation of gas bubbles at the composite electrode. Gas

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Detection of gas-bubble formation within a sequence of
SECM FB images of an identical region of a SEl-covered graphite
electrode recorded a) 3.6 h, b) 4.2 h, c) 4.8 h, d) 5.8, €) 6.5 h, and
f) 7.9 h after filling electrolyte solution in the SECM cell at d~3 pum.
The complete sequence and imaging conditions are provided in SI-5.

formation at the graphite | SEI interface followed by rupture
of the SEI has recently been proposed based on the detection
of gaseous products and ex situ SEM images.'”! A gas bubble
constitutes an electrically insulating obstacle to mediator
diffusion that protrudes from the composite electrode
(decrease of working distance). Thus, it could perfectly
explain the strong local decrease of ip(x,y). Owing to the
gas-liquid interface, the areas of low current have sharp
borders. Note that the location of the features assigned to
bubbles is surrounded by smaller current variations indicative
for a destabilized SEI.

In conclusion, spontaneous spatiotemporal changes of
SEI properties were detected insitu on a typical graphite
negative electrode for the first time. Such changes show
specific signatures in SECM images and might be due to
volume changes during charging/discharging, dissolution of
SEI components, or gas formation (Scheme 1, regions c). Gas-
bubble formation and detachment have been detected in situ
and differentiated from more gradual changes of SEI proper-
ties (Figure 5). The preferred occurrence of short-term events
(Figure 4) close to the perimeter of what appears to be
individual carbon particles may indicate mechanical disrup-
tion of the SEI inside the porous composite material
(Scheme 1, regionsb). It is plausible that this local SEI
damage can be caused by relative small movement of particles
as a result of volume expansion during lithiation, swelling of
polymeric binder, and/or relaxation of mechanical stress
introduced by calendering. Those spontaneous changes can
be very clearly distinguished from SEI damage arising from
mechanical contact with the ME body (Scheme 1, regions a).
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Any damage to the SEI is detrimental to battery life time
because electrolyte constituents are consumed during re-
formation of the SEI. At uncovered graphite, deposition of
metallic lithium may occur during charging and compromise
battery safety. Therefore, it is important that incidental
defects of the SEI will self-heal. Re-passivation of damaged
regions was monitored in situ and takes several hours during
which the regions remain susceptible to further short-term
current variation. Further research using this methodology
will certainly address the mode of action of solution additives
on SEI formation/stability, the response of SEI during cycling
and towards well defined mechanical stress as well as the
existence and properties of SEI on other battery electrodes.
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