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The behavior of thin-film multi-layered silicon-based electrode during storage at open circuit
conditions was studied for the first time by electrochemical impedance spectroscopy (EIS). The active
part of electrode consisted of alternating layers of slightly oxidized silicon and Si-Al-O composite. It is
found that self-discharge occurs during o.c.p. storage, and self-discharge current varies in chaotic
manner. This phenomenon was explained by a dynamical character of SEI formation and destruction.
The equivalent circuit comprising small inductance, ohmic resistance, and three parallel combinations
of resistances and CPEs was proposed. The certain components of the equivalent circuit also undergo
non-monotonous changes during the storage. This fact confirms dynamic character of SEI formation
which manifests itself not only at the cycling but at open circuit conditions as well.
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1. INTRODUCTION

Silicon and silicon-based composites are considered now as rather promising materials for
negative electrodes of lithium-ion batteries. The main advantage of such materials is high theoretical
capacity (4200 mAh g for fully lithiated state LiSis or 3580 mAh g for the most popular LisSis).
At the same time, silicon undergoes huge volume changes upon lithium insertion at the charge and
lithium extraction at the discharge. This phenomenon results in strong mechanical strains, and finally
in poor cyclability. That is why a lot of various sophisticated versions of silicon-based electrodes were
proposed including nanomaterials and composites. There is abundant literature on electrochemical
behavior and various properties of such electrodes, but authors failed to find information about their
storage behavior. Meanwhile, shelf-life as well as cycle-life are rather important parameters of
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batteries. It is worth noting that certain attention was paid to storage behavior of lithium-ion batteries
with other types of negative electrodes. Early studies (see, e.g. [1-5]) were devoted to aging of
Generation | of lithium-ion batteries, containing carbon (graphite) negative electrodes and positive
electrodes based on LiCoO,. It was found that it is precisely negative electrode that responsible for
aging degradation of lithium-ion battery as whole. Later, some works on storage of batteries with
positive electrodes based on lithiated nickel oxide [6], lithium iron phosphate [7], and NMC
(Liz05(Mn13C01/3Ni13)09502)) [8—12] have appeared. Finally, the studies of aging of separate
electrodes must be mentioned, including negative graphite electrodes [13—16], and positive electrodes
based on LiNiyCo;_, O, [17] and LiCoO; [18]. The mechanism of self-discharge of electrodes made
from lithiated silicon was studied in [19] with static NMR measurements. The authors of [20] reported
about binder impact upon degradation of electrodes based on SiO. The present work studies aging
behavior of thin-film multi-layered negative electrodes consisting from alternating layers of Si-O and
Si-O-Al. To the best of our knowledge, it is the first study of aging of silicon based electrodes. Thin-
film multi-layered silicon-based electrodes are known to have much better cycleability than plain
silicon ones [21-26]. That is why the present study has deal with these very electrodes.

2. EXPERIMENTAL

2.1. Electrodes fabrication

Thin-film multi-layered electrodes were prepared by magnetron sputtering with using
simultaneously two targets, specifically, silicon and aluminum ones. The detailed description of the
electrode manufacturing can be found elsewhere [27, 28]. The titanium foil with thickness 15 pm was
used as a substrate. Both sides of this foil were treated with diluted mixture of sulfuric and
hydrofluoric acids before the sputtering. The power of magnetron discharge was maintained at 420—
480 W for silicon target and 200-210 W for aluminum one. The temperature of sputtering was 70 °C.
Argon and oxygen were used as working gases. A silicon composite in the form of four-layer structure
was deposited onto both sides of the foil. The first and the third layers with thickness ca. 0.2 pm,
counting from substrate, were enriched with aluminum and the second and the fourth layers with
thickness ca. 0.7 um contained less aluminum. For lacking aluminum, the aluminum target was turned
off. Si-Al alloy layers contained 36 wt % Al. Total oxygen content in the active layers was about 7 wt
%. Although a system “silicon-oxygen” is the subject of a lot of studies, it is unknown in which form
the oxygen exists in the composite, and this topic is out of scope of the paper. The fracture cross-
section of Si-O-Al composite can be found in Fig. 1 of Ref. [28].

2.2. Electrochemical measurements

Electrochemical measurements were carried out in sealed cell of flat-parallel design. The cell
contained one two-side working electrode, two lithium counter electrodes connected in parallel and
placed opposite every side of the working electrode, and one lithium reference electrode. 1 M LiPFg in
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ethylene carbonate - diethylcarbonate - dimethylcarbonate (1:1:1) mixture was used as an electrolyte.
The cell was assembled in glove box with humidity about 10 ppm. We used non-woven polypropylene
separator. The electrolyte humidity was less than 20 ppm. Preliminary galvanostatic cycling was
performed with computerized cycler of Buster Co. (St. Petersburg, Russia). Potential limits of cycling
were 0.01-2.0 V vs. lithium reference electrode. There were 5 charge-discharge cycles before the
storage experiment. The last discharge run was finished after dissolution of small part of intercalated
lithium. Then the cell was stored at open circuit conditions at room temperature for 72 days. Initial
lithiation level was estimated with due account the initial value of open circuit potential (see below).
Periodically open circuit potential (0.c.p.) was measured, and electrochemical impedance spectra (EIS)
were registered in the frequency range from 102 to 10° Hz. EIS measurements were carried out with
using of the Solartron 1255 frequency response analyzer and the Solartron 1286 electrochemical
interface. The amplitude of the applied voltage was 0.01 V. Impedance diagrams were fitted with the
software Zplot®, from Scribner Associates.

3. RESULTS AND DISCUSSION

Open circuit potential of the electrode under study was close to 0.28 V at the very beginning of
the experiment, that corresponded to partially lithiated state. Storage of the cell at open circuit
conditions accompanied by shift of o.c.p. in positive direction (Fig. 1).
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Figure 1. Variation of o.c.p. in the course of cell storage after 5 charge-discharge cycles

This shift of o.c.p. points to occurrence of anodic process of lithium leaching and some
conjugated cathodic process of an electrolyte reduction. (The probability of anodic Al dissolution
cannot be ruled out also. Current efficiencies of both anodic reactions remain un-known, but more
likely than not, lithium is leached much faster than aluminum). The comparison of data of Fig. 1 with
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dependence of o.c.p. on lithium content gives a possibility to estimate the rate of lithium leaching, i.e.,
corrosion current or self-discharge. We used anodic discharge curve taken at rather low current as
“quasi-equilibrium” correlation between lithium content and o.c.p. This discharge curve is shown in
Fig. 2. Of course, it is greatly desirable to have true equilibrium correlation between lithium
concentration in silicon composite under study, and equilibrium potential. True equilibrium conditions
are known to demand infinite time for measurement. It is known also, that a discharge curve registered
with rather low C-rate is better approximation to equilibrium than corresponding charge curve. That is
why, the data of Fig. 2 were used as almost equilibrium dependence of potential on lithium

concentration.
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Figure 2. “Quasi-equilibrium” discharge curve registered at C/20.
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Figure 3. Corrosion current variation in the course of storage
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Simple calculations show that the corrosion current was about 1 mA g~ (order of magnitude),
and this value on the whole corresponds to the electrode capacity and storage duration. Indeed, it is
seen in Fig. 1 that after 24 hours the open circuit potential was equal to 0.282 V, and after 1776 hours
it shifted up to 0.560 V. Fig. 2 shows that o.c.p. 0.560 V corresponds to extraction of 2040 mAh g,
whereas 0.282 V corresponds to 541 mAh g '. Therefore, total corrosion 2040 — 541 = 1499 mAh g
had place for 1776 — 24 = 1752 hours. So, average corrosion current was 1499 mAh g ' : 1752 h =
0.855~ 1 mA g '. Itisimportant that corrosion current randomly varies in course of time (Fig. 3).
The “instant” values of corrosion current were calculated with using Fig. 1 “point-to-point” as i =
AQ/At, where AQ is a charge passed from one point to the following point, and At is corresponding
time. It is interesting to compare the rate of self-discharge found in this work with values reported in
the literature for other negative electrodes. According to [14], total self-discharge of fully lithiated
graphite electrode occurred for 700 hours, that corresponds to average corrosion current about 0.5 mA
g

Fig. 4 shows impedance diagrams (Nyquist plots) for various storage time, Fig. 4a referring to
whole frequencies range, 4b referring to frequencies more than 0.1 Hz (for more detailed image).
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Figure 4. Nyquist plots for various storage time. Legends: storage time, hours. (a) — in the whole
frequencies range 10 to 10° Hz, (b) — in the frequencies range 10 to 10° Hz

It is worth noting that the shape of spectra at Fig. 4 on the whole coincides with spectra for
other silicon-based electrodes documented in the literature, see, e.g. [29-41], although all these spectra
differ in details. Low-frequency part of spectra in Fig. 4 could be presented by straight lines with slope
close to 2.5. Close values of slopes of spectra low-frequencies parts are reported also in [34, 35, 37, 38,
40]. The authors of [37] unambiguously ascribe this low-frequency part to solid-state diffusion of
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lithium. However, for the conditions of plane semi-infinitive diffusion this slope is known to be 1 (tan
n/4), and this very value is reported in [30-32, 41].

The parts of impedance spectra corresponding to the highest frequencies contain certain
segments with positive reactive component. This points to inductive character of the impedance. The
nature of this inductance is unclear. In [31] the presence of inductive component was explained by
some external factor like an entangled electric wire. The authors of [37] reported about well-
pronounced inductive loop at impedance spectra measured at rather negative potentials. According to
these authors the main origin of the inductive phenomenon on the impedance spectra is the instability
of the solid electrolyte interphase (SEI) on the Si particle surface.

The impedance data have been fitted with the equivalent circuit shown in Fig. 5.
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Figure 5. Equivalent circuit of the electrodes; explanations in text.

The equivalent circuit comprises five units connected in series. The first unit is inductance L1,
the second one is the resistance Rs including all ohmic resistances in the system other than the
resistances of electrical double layers and diffusion regions. Three other units are parallel
combinations of a resistances R2, R3 and R4 with constant-phase elements (CPEs). This very
equivalent circuit but without inductance was used in [30]. Noteworthy is that a variety of equivalent
circuits for silicon-based electrodes can be found in the literature. For instance, the same equivalent
circuit as in Fig. 5, but with Warburg element instead of inductance was used in [41]. Close equivalent
circuit is cited in [40] but in this case one of CPEs was not shunted by resistance. References [38-40]
report on more simplified equivalent circuits, whereas [37] presents much more complex, and
therefore, less reliable equivalent circuit for silicon-based electrodes.

Usually, series resistance Rs is identified with an electrolyte resistance. In the present work,
this is far from being the case. Indeed, the electrolyte resistance does not change in the course of
storage, whereas Rs notably rises but non-monotonously during storage (Fig. 6).

Non-monotonous change of Rs as well as non-monotonous change of corrosion current point to
dynamic character of steady-state, specifically continuous formation and destruction of SEI.

Each CPE is known to be characterized by a power n. For CPE2, n was close to 1 and didn’t
vary in the course of storage. Therefore, with certain approximation CPE2 could be identified as
double layer capacity at the interface between Si and SEI. Absolute values of this capacity at the very
beginning of the experiment, and after 456, 768, 1080, and 1512 hours amounted to 90, 84, 85, 84, and
64 uF cm 2, that seems to be rather realistic. It must be stressed, that all values of the equivalent circuit
elements presented in the paper refer to visible (geometric) surface area of the electrode. With due
account of porosity (cracks etc.) of active layers, true surface area covered by SEI could be estimated
as 10-30 cm? per 1 cm? of visible surface area. This estimation is based on SEM images presented in
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Ref. [28]. Therefore, true double layer capacity must be 3—9 uF cm 2. If so, R2 may be identified as
resistance of charge transfer at the interface. R2 values at the abovementioned moments were 7.9, 4.9,
6.7, 10.6, and 11.2 Ohm.cm?, that corresponds to the exchange current density of 3.1, 5.1, 3.7, 2.4, and

2.2 mA cm . These quantities are realistic as well.
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Figure 6. Evolution of Rs during storage

The parallel combination of CPE3 and R3 can be related to the charge transfer through the SEI.
The power n in CPE3 varies but insignificantly in the course of storage, falling in the 0.65-0.75 range.
At the same time, R3 corresponding to SEI resistance varies noticeably and chaotically.

Fig. 7 demonstrates the comparison of R2 and R3 variation at storage. One can see certain
synchronism in behavior of both resistances, that confirms dynamic character of stationary state.
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Figure 7. Variation of R2 and R3 at storage.
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4. CONCLUSIONS

In this work, the behavior of silicon-based electrode during storage at open circuit conditions
was studied for the first time. Noticeable self-discharge is shown to take place during o.c.p. storage. It
was happened that self-discharge current varies in non-monotonous manner upon storage that suggests
a dynamical character of SEI formation and destruction. This conclusion is confirmed also by results
of EIS measurements. Indeed, certain elements of equivalent circuit chaotically vary upon storage.
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