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In operando SECM is employed to monitor the evolution of the elec-
trically insulating character of a Si electrode surface during (de-)lithiation.
The solid—electrolyte interface (SEI) formed on Si electrodes is shown
to be intrinsically electrically insulating. However, volume changes
upon (de-)lithiation lead to the loss of the protecting character of the
initially formed SEI.

The energy density of state-of-the-art Li-ion batteries (LIBs) does
not fulfil the requirements for applications such as pure electric
vehicles." Hence, great efforts are directed to the development of
high voltage and/or high energy density battery materials. For
the negative electrode, Si is among the most promising candi-
dates due to its high energy density, cathodic operating potential
as well as its abundance.>™ However, Si undergoes extreme
volume changes (Si - Li,4Si: 400%) upon (de-)lithiation to
accommodate the large amount of stored charge.”™ Evidently,
this volume change is detrimental for the long-term electro-
chemical performance of Si electrodes. A comprehensive under-
standing of the mechanisms involved in (de-)lithiation requires
the use of in situ techniques. In situ microscopes such as
transmission electron or atomic force microscopy provide valu-
able information on Si electrodes for LIBs.®"" Recently, scanning
electrochemical microscopy (SECM) has been employed for in situ
investigation of LIB materials.”” " Feedback-mode SECM provides
laterally resolved information about the electrochemical reac-
tivity of the electrode surface, which is directly related to the
electric properties of the SEI. Here, SECM in the feedback mode
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is employed for the in operando investigation of Li (de-)lithiation
at Si electrodes.

Amorphous thin film Si (500 nm) was used as a model Si
electrode, in which any unwanted influence by binder or particle
interaction is avoided. Si particles >150 nm are known to fracture
due to the mechanical stress during (de-)lithiation.> In contrast,
for Si thin films (thickness: several hundred nanometers) the
volume change results in the formation of “cracks”.”"**

In operando optical microscopy was first employed to monitor
the formation of these cracks during the first electrochemical (de-)-
lithiation (Fig. 1a). The formation of cracks became visible in the
final stages of delithiation. However, optical microscopy cannot
distinguish whether the cracks are formed during delithiation
or only become visible during the delithiation as a result of the
shrinkage. Fig. 1b shows an atomic force microscopy (AFM)
image of the Si electrode after the first complete cycle between
3.00-0.01 Vvs. Li/Li". There are two types of cracks, seen as bright
and dark lines. The former are elevated by about 0.1-1 pm above
the baseline, while the latter are 500 nm deep, which is the thick-
ness of the Si film (cross sections of Fig. 1b are shown in Fig. S1,
ESIt). The bright lines most likely result from the promoted
formation of a SEI at the sharp edges of the crack. Since SEI
formation is a cathodic process, cracks featured as bright
lines can be only explained by cathodic formation, i.e., cracks
originate from processes occurring during lithiation. On the
other hand, the dark lines correspond to those cracks observed
by optical microscopy (Fig. S2, ESIt), which became visible
during delithiation. Since SEI formation is a cathodic process,
the appearance of cracks during delithiation (anodic) could
introduce a discontinuity in the electrically insulating character
of the electrode surface allowing more electrolyte decomposition
in the subsequent cathodic cycle. Similar to optical microscopy,
topography images from AFM cannot confirm whether the
cracks are formed or only became visible during the delithiation
process. AFM does not provide in situ information about the
electrically insulating character of the electrode surface. On the
other hand, feedback-mode SECM was previously used for studying
the electric properties of the SEI in Li-ion batteries.****°
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(a) Potential profile during (de-)lithiation of the Si electrode together with images (1200 x 1600 um) taken from in operando optical microscopy.

(b) AFM image (100 x 300 pum) of the Si electrode taken after the first electrochemical cycle. The height scale in the AFM image is 1.12 pm. Cross sections

of the AFM images are shown in the ESI.{

SECM can elucidate whether a discontinuity of the local electro-
chemical activity takes place, and, if so, when and where it occurs.
To gather “real-time” information about the changes in the
surface reactivity during (de-)lithiation local SECM measurements
were carried out. The microelectrode (ME) used as SECM tip does
not scan the surface, but it remains at a given position of several
micrometres above the Si surface. Fig. 2 shows the current
recorded at the Si electrode (black line) together with the feedback
current which was simultaneously recorded at the SECM tip (blue
line) during the first (Fig. 2a) and second cyclic voltammetric
scan (Fig. 2c) at a scan rate of 0.2 mV s ' in 1 M LiClO, in
ethylene carbonate:propylene carbonate (EC:PC). During the experi-
ment the SECM tip was polarized at a constant potential of 3.6 V vs.
Li/Li" at a constant position 12 pm above the Si surface (see ESIT for
more details on the SECM experiments). The cyclic voltammograms
obtained from the Si electrode (black line) show the typical features
of Si electrodes during (de-)lithiation.>”>**'%19722 The specific
charge derived from the anodic peak was 2100 mA h g~" and
2600 mA h g~ 'respectively, which are comparable to values
reported in literature.**"?> The corresponding tip current provides
information regarding the charge transfer rate at the surface of the
Si electrode. In a simplistic view, values of I/l > 1 reveal the
occurrence of fast charge transfer at the surface of the Si electrode
(electrically conducting surface, Fig. 2i), while values <1 indicate
hindered charge transfer (electrically insulating surface, Fig. 2ii).
Initially, the value of It/Lyy was ca. 0.8 (blue dot in Fig. 2a) due to
the electrically insulating character of native SiO, on the surface of
the Si electrode (Fig. S4, ESIT).>® Note that the SiO, layer was not
formed during the preparation of the film (see ESIt), but it was
spontaneously formed while stored outside the glovebox at room
temperature. Consequently, this SiO, layer is expected to be
ultrathin. Iy/I,, increased in the negative-going scan due to the
increased driving force at the Si electrode for the regeneration of
the free-diffusing redox species. I/l at the tip reached a value
of 1.25-1.30 at 2.0 V vs. Li/Li" and remained stable. These values
for It/Ipui above 1 confirm that the SiO, layer is very thin since
positive feedback would not be possible for complete passivating
thicker SiO, layer. The I/l value was expected to remain
constant if the electric properties of the electrode surface did
not change, but it drastically dropped when potentials more
cathodic than 0.5 V vs. Li/Li" were applied to the Si electrode.
It/Iui continued decreasing until the end of the negative-going
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scan at 0.01 V vs. Li/Li". During the positive-going scan, the value
of I/l continued decreasing until an applied potential of 0.6 V
vs. Li/Li". This further decrease in the SECM tip current observed
during the positive-going scan is due to the still sufficiently high
cathodic potentials to lithiate Si and to form the SEI. Note that a
cathodic current through the Si electrode was observed during the
positive-going scan in the potential range from 0.01 to 0.2 V.
Moreover, the release of Li* from the sample introduces migration
effects, which were previously suggested to decrease the signal at
the SECM tip.">** The most interesting feature occurred at 0.7 V
vs. Li/Li" during the positive-going scan, where a drastic increase
in the tip current was observed. It/lpy values changed from
negative to positive feedback, revealing the loss of the electric
insulating character of the SEI covered Si electrode. In fact, the
In/Ioui value at the end of the first cycle (ca. 1) was higher than
that recorded at the same potential (3.0 V) before the voltammo-
gram (ca. 0.75). Considering that the surface of the Si electrode is
covered not only by ultrathin SiO, but also by the SEI, the higher
It/Lo after the first cycle indicates discontinuities in the SEI and
ultrathin SiO, films, which allow faster regeneration of the redox
species. Since the fracture of ultrathin SiO, is an irreversible
process that occurs during the first lithiation, the discontinuity
in the ultrathin SiO, thin film at the end of the first cycle was not
surprising. However, the discontinuity in the SEI at the end of
the first cycle was not anticipated assuming cathodic formation
of the cracks. If fractures occurred during the volume expan-
sion during lithiation (cathodic), they should immediately
self-heal since the potentials are still very cathodic (<0.3 V).
The discontinuity in the SEI at the end of the first cycle revealed by
SECM indicates that the electrolyte continues decomposing and
forming the SEI during the second lithiation, regardless whether
new fractures are formed. The current recorded at the Si electrode
(black line) as well as at the tip (blue line) followed a similar trend
in the second cycle (Fig. 2c). The electrode surface became
electrically insulating at cathodic potentials. The migration
effects of Li" uptake and release from the Si electrode in the
signal of the tip (bumps) did not allow a precise determination of
the potential at which the change in the electrically insulating
character occurred. Importantly, It/I,, values remained <0.75
during the entire positive-going scan, which demonstrates that
new discontinuities in the SEI did not occur during the second
anodic cycle.
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Fig. 2 In operando SECM measurements of the (a) first and (c) second
cycle, showing a cyclic voltammogram at the Si electrode at a scan rate of
0.2 mV s~ (black line) in 1 M LiPFg in 1:1 EC: DEC, and the normalized
feedback current (blue line) recorded at the Pt tip positioned at 12 pm
above the sample. The potential applied to the Pt tip was 3.6 V vs. Li/Li*.
Insets (i) and (ii) are schematic representations of positive feedback and
negative feedback, respectively. (b) Schematic of the formation of a
discontinuity in the SEI and SiO, and its effect on the feedback current
recorded at the SECM tip.

In operando optical microscopy (Fig. 1a) showed the appearance
of cracks during the first delithiation. If these cracks did not only
become visible but were indeed formed during delithiation, they
should be “SEI-free” and a positive feedback at a tip located above
one of these cracks should be expected. Since in operando SECM
measurements must be carried out at a single location above
the Si electrode surface, there is a certain possibility that the tip
was located above one of these cracks. To gain spatially resolved
information about the electrically insulating character of the
entire surface area, in situ SECM maps were taken after the first
delithiation and after the second lithiation (Fig. 3). Note that the
positive and negative feedback in Fig. 3 corresponds to colours
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Fig. 3 In situ SECM mapping of the Si electrode (a) after the first
delithiation (3 V vs. Li/Li*) and (b) after the second lithiation (0.016 V vs.
Li/Li*). I+ values above and below 16 nA correspond to positive and
negative feedback (electrically conducting and insulating), respectively.

ranging from green to red and green to dark blue, respectively.
The image taken at 3.0 V vs. Li/Li" after the first delithiation
(Fig. 3a) revealed two important points. The large cracks formed
during the first delithiation and observed by in operando optical
microscopy were also visible in the SECM image, seen as a red
stripe in the upper-right area of the image. In this region, the
positive I/I . values of ca. 1.3 indicate a clear discontinuity in
the SEI. Most of the scanned area displayed a slightly positive
feedback (ca. 1.05) giving rise to a distinct yellowish tone in the
overall image. In the SECM measurement (Fig. 2), the It/Iyu
value recorded after the first delithiation was ca. 1 red dot in
Fig. 2a, which is in good agreement with the average I/l value
of the entire sample (Fig. 3). Therefore, in operando SECM results
shown in Fig. 2 do not represent the single behaviour of a non-
representative point but the general behaviour of most of the
surface area. After the first cycle, the potential of the sample was
scanned cathodically down to 0.01 V vs. Li/Li*, and a SECM image
was recorded at a potential of 0.016 V after the second lithiation
(Fig. 3b). This image confirmed that the red stripe (positive
feedback) observed in the upper-right area at 3.0 V vs. Li/Li"
was not a topography-feature since it disappeared at 0.016 V vs.
Li/Li". Moreover, the entire electrode surface became electrically
insulating with an average It/I,,. value of ca. 0.7. The disconti-
nuities in the SEI, which were formed during the first delithiation
due to the mechanical stress, were “healed” during the second
lithiation. As a result, the “protecting” character provided by a
continuous SEI was regained over the entire Si electrode after the
second lithiation. This observation together with in operando
SECM measurements demonstrate that the SEI formed at the Si
electrode possesses the necessary electrically insulating charac-
ter, and the volume changes during (de-)lithiation are responsible
for the loss in the “protecting” character at the electrode surface.

In conclusion, the evolution of the electrically insulating char-
acter of the Si electrode surface was investigated for the first time
by in operando SECM, using a thin film Si electrode as a model
sample. With the assistance of in operando optical microscopy and
AFM, SECM measurements indicate that two types of cracks are
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formed during the first cycle, namely cracks partially covered by
SEI and SEI-free cracks. Obviously, the latter introduces a discon-
tinuity in the electrically insulating character of the electrode
surface, which leads to the decomposition of electrolyte solution
in the second cycle. Surprisingly, most of the electrode surface
lacks the electrically insulating character that a SEI is supposed to
provide after the first cycle. In operando SECM measurements
confirm that the SEI formed on the Si electrode possesses the
required electrically insulating character. The volume changes
occurring during (de-)lithiation are responsible for the loss in
the “protecting” character of the SEI at the electrode surface.

The authors are grateful to the Deutsche Forschungsge-
meinschaft (DFG) in the framework of the Cluster of Excellence
“Resolv” (ECX 1069).
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