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New Insights into the Behaviour of Commercial Silicon
Electrode Materials via Empirical Fitting of Galvanostatic

Charge-Discharge Curves

Frederik T. Huld,*™® Obinna E. Eleri,®® Fengliu Lou,*™ and Zhixin Yu*®

Silicon (Si) materials for use in Lithium ion batteries (LIBs) are of
continued interest to battery manufacturers. With an increasing
number of commercially available Si materials, evaluating their
performance becomes a challenge. Here, we use an empirical
fitting function presented earlier to aid in the analysis of
galvanostatic charge-discharge data of commercial Si half-cells
with relatively high loading. We find that the fitting procedure
is capable of detecting dynamic changes in the cell, such as

Introduction

Commercially available silicon (Si) materials for use in lithium-
ion batteries (LIBs) are a convenient way for battery manufac-
turers to improve their own products without the need for
extremely costly and time-consuming in-house material devel-
opment. Several such Si materials are already available, ranging
from pure Si with capacities close to theoretical values, to
heavily coated, modified, or blended materials. This poses a
challenge, as comparing across materials from different suppli-
ers is not straightforward. To fairly evaluate a given Si material
therefore requires taking the intrinsic behaviour into account
and analysing this to determine if it is suitable for the desired
system.

A number of simple electrochemical characterization techni-
ques are available to test Si electrodes and give information on
the behaviour of the material. The most common is galvano-
static charge-discharge (GCD), whereby cells are charged and
discharged in a manner similar to that experienced by full cells.
This is often combined with electrochemical impedance spec-
troscopy (EIS) to give information about the impedances in the
cell."? Non-electrochemical, ex situ characterization techniques
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reversible capacity fade of the Si electrode. This fading is found
to be due to the highly lithiated Li,Si=Li;;Si phase and that the
behaviour is strongly dependent on the potential of this phase.
EIS reveals that the Si electrode is responsible for the reversible
behaviour due to progressive loss of Li* leading to increasing
resistance. SEM/EDX and XPS characterization are also em-
ployed to determine the origin of the irreversible resistance
growth on the Si electrodes.

such as X-ray photoelectron spectroscopy (XPS) and scanning
electron microscopy (SEM) have also been employed exten-
sively to study Si electrodes. XPS has been used to study the
reaction mechanism of Si/SiO during cycling as well as studying
the formation of solid electrolyte interphase (SEI) on electrodes.
SEM is a common technique for determining sub-micrometre
sized structural changes such as crack formation in electrodes
that appear as a result of cycling.?™

Despite the usefulness and pervasiveness of GCD data in
the literature, surprisingly little in-depth analysis is employed to
study this data. A large number of published articles only
present GCD data in order to show the capacity (Q), coulombic
efficiencies (CE), and differential capacity (dQ/dV) from the GCD
curves. dQ/dV gives more information on the lithiation and
delithiation phases present in Si but due to issues with data
processing these are commonly used qualitatively, and Q and
CE require just the final datapoints of the GCD curve (out of
several thousand points per curve).”® Gaining a better under-
standing of how these phases behave under different con-
ditions will be important for designing better and more stable
Si-containing LIBs.*'? Differential voltage (dV/dQ) is also a
useful technique for studying phase transitions of materials,
with the added advantage that smoothing is unnecessary."""¥
However, the phase transitions in Si electrodes are extremely
broad, making it very difficult to extract meaningful peaks from
this type of analysis.

In order to extract additional information from GCD curves,
empirical cumulative distribution functions (CDFs) have been
developed.®®'*'¥ These allow for the analysis of Si GCD data
without the need for differentiation, thereby avoiding some of
the information loss which is inevitably encountered. A CDF
which has been shown to fit GCD data well even at high C-rates
has been shown previously.” This CDF consists of a skew-
Gaussian coupled with a Lorentzian to form a skew pseudo-
Voigt and was shown to be able to accurately fit the delithiation
phases of amorphous Si thin films as well as amorphous Si
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nanowires. The Lorentzian (or Cauchy) distribution is often used
in combination with the Gaussian (or normal) distribution to
describe spectroscopic peaks such as XPS where the use of
single distributions is insufficient to explain the curve
shape.'®'” Applying this equation to commercial Si materials is
a promising way to quickly gain increased understanding of
both the method and the materials themselves. The empirical
CDF for the capacity Q, of Si as a function of the potential E
with n delithiation phases is defined as:

ﬂa:iqw@®+m—mm®} )

where G,(E) and L,(E) are the skew-Gaussian and Lorentzian
components of phase k, respectively. w, is a weighting factor
(0 < w < 1) which determines the contribution of the skew-
Gaussian or Lorentzian portions of the pseudo-Voigt CDF to the
capacity of the phase. G;(E) and L (E) are given by:

_! E—a)) _or (B
o =3 (1 a5 -m (k) @

and

L(E) = ]l[arctan (E ; Ck) +% 3)
where ¢, is the position (i.e. apparent equilibrium potential) of
the phase, s, is the width of the Skew-Gaussian, and o, is the
skewness factor describing the deviation from equilibrium.®'®
In Eq.(3), v, is the width of the Lorentzian. There are
advantages to using an empirical equation such as this one
over a theoretical model, and there are many examples of
empirical equations, such as the Stefan-Boltzmann equation for
thermal radiation of a blackbody, or rate equations used in
chemical rate kinetics.""?® Firstly, the equations can be
relatively simple, allowing for fast determination of important
features. Secondly, they can be applied to a broad variety of
datasets generated from experiments or cells which were not
designed with this particular application in mind. For example,
cumulative CDFs have been used on commercial cells, as well
as on Si half cell data from published works.*'! However, the
empirical nature of these equations means that the exact
behaviour of the parameters involved must be determined
experimentally.

Eq. (1) describes the shapes of the lithiation/delithiation

phases of amorphous Si, which can be generalized by:?'**

Phase | : LIZSi(:ZV—“_\:/Li&ss] @
.02V . .

Phase Il : Si —AW Li,Si )

The behaviour of these two phases (n=2) has previously
been shown to vary depending on factors such as morphology
and C-rate.”” Further, the use of lithium (Li) metal as counter
electrode (CE) for studying Si has been shown to have
significant effect on the results."**2% Phase | (Eq. (4)) exists at
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low potentials vs Li/Li*, forming Li;sSi at 0.07 V during lithiation
and Li,Si at around 0.3V during delithiation. Phase Il (Eq. (5))
exists at higher potentials (again vs Li/Li*), forming Li,Si at
0.2 V, and delithiating to Si at around 0.48 V. We note that these
values are approximations, calculated from the maxima of the
dQ/dV, and vary depending on the electrochemical and physical
environment of the cell (intrinsic and extrinsic resistances,
material morphologies, electrode setup, current density, state of
health, etc.).®®'™ For example, the delithiation dQ/dV of Si
nanowires display sharper and less skewed peaks at 0.3 V than
thin films of similar thicknesses.® This is also why the position
of the phase c is deemed an “apparent” equilibrium potential in
the literature.® Note that due to the presence of the skewness
factor a in Eq. (2), the position of the phase c is not the same as
the maximum point of the peak in a plot of dQ/dV vs V.

In this work we will apply Eq. (1) to the delithiation of GCD
cycling data from electrodes constructed using a commercially
available Si material at an electrode loading higher than what is
typically observed in the literature.®¥* EIS will also be
performed at potentials corresponding to the maxima of the
dQ/dV during both the lithiation and delithiation to give
additional information on the behaviour of Si. SEM with energy-
dispersive X-ray spectroscopy (EDX) and XPS will be used to
validate the results of the GCD analysis.

Results and Discussion

Inspection of the GCD curves during the three formation cycles
of the commercial Si revealed a number of phases consistent
with graphite, indicating that the material contains a relatively
large amount of carbon (C).* This change is shown in the
supplementary information (SI) in Figure S1. However, these
phases quickly disappeared as cycling progressed and only the
Si phases and a capacitive component were detectable in the
GCD curves after formation. This capacitive component was
subtracted prior to GCD fitting by applying a linear baseline to
the data. The reversible capacity of the first cycle was 520+
10 mAh/g and the initial Coulombic efficiency (ICE) was 74+
0.4 %, indicating that the material likely contains some oxides
such as SiO,. Both of these values are slightly lower than those
supplied be the manufacturer (655 mAh/g and 83.7 %, respec-
tively), but this is likely due to the somewhat higher cut-off
potential used for lithiation in these experiments than those
recommended by the manufacturer. This also means that the
majority of the ICE loss can be ascribed to Si-related side
reactions occurring above 0.05V, with the missing capacity
belonging to the graphite below 0.05 V. The results presented
here should therefore not be used to judge the quality of the
chosen Si material, but rather be treated as a general study into
the behaviour of any given Si material.

Figure 1 shows the results of the electrochemical experi-
ments. Figure 1a is a plot of the capacity and CE as a function
of cycle number. The crosses denote the total capacity of the
slow CV charging and discharging step used for the EIS
experiment (shown in Figure 1b), while the points denote the
much faster C/3 cycles. The reversible capacity is relatively low
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Figure 1. (a) Capacity (blue) and Couloumbic efficiency (grey) as a function of cycle life. The crosses denote the slow cycles used for generating EIS spectra,
while the points denote the faster cycles used for GCD fitting. (b) EIS spectra generated at 4 potentials in the GCD curve. (c) An example of the fitting function

applied to the GCD curves along with the shapes of the individual phases.

compared to pure Si (3579 mAh/g),®? indicating that the
material consists of a significant proportion of graphite. The
cycles at C/3 show that the capacity of the electrodes fades
quite quickly over the course of each group of 10 cycles, but
that this capacity recovers almost completely after a slow cycle.
This indicates that the cell capacity loss is not completely
irreversible, at least in the short term. The CE of the slow CV

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
cycle is quite consistently 2-2.5% lower that the much faster . Potential V:g‘(—)”‘-” V)
(/3 cycles (97.5% vs >99.5%) indicating incomplete delithia- < (b) 4o () 4 Total capacity
tion of the Si electrode. The exception to this rule is the fast :: L0 : o o gsoo : prase
cycle immediately after each slow cycle, which has a CE similar -3' ,//;::: oty <Et400 Cath A Y
to that of the preceding slow cycle. An example of the EIS 0 101 3 300 \. "4, ’.o.. "o .::
spectra collected during the slow cycle (denoted by crosses in g 5 200 R ¢t
Figure 1a) is given in Figure 1b. This shows how the EIS changes ';:'; 10-2 P §100 {'{%&’.N’:’ N'\t...
depending on the potential, with the spectrum at 007V in 5 VAl N . VAl s vt

1073

particular showing a very large impedance loop due to the Li
(CE).""**3Y Figure 1c shows an example of one of the (/3 cycles
in Figure 1a after baseline subtraction against the potential (vs
Li/Li*). The orange line denotes the fit of Eq. (1) to the data and
the offset red and green lines correspond to phases | (Eq. (4))
and Il (Eq. (5)), respectively. The raw GCD curve, together with
the fit and residual can be found in Figure S2 in the SI. The
residual shows an excellent fit to the data, with the difference
between the fit and the data consistently below 1%.

Results of fitting Eq. (1) to the fast GCD curves is given in
Figure 2. Figure 2a shows the dQ/dV curves of the first group of
10 cycles at C/3. The full spectrum is shown as grey curve, while
the phases are offset for clarity. The points and diamonds
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Figure 2. Results of fitting Eq. (1) to the GCD data. (a) Total dQ/dV of the first
ten cycles at C/3 (grey lines) and the component phases (green and red for
phases | and Il, respectively). Darker lines correspond to later cycles. The
points and diamonds denote the location of the apparent equilibrium
potentials ¢, and ¢, respectively. (b) Comparison between the iR drop
immediately after the start of delithiation and the apparent equilibrium
potentials ¢, and ¢, as a function of the cycle number. (c) Total capacity of
the cells along with the capacities of the individual phases, as a function of
cycle number.

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85U801 SUOWWIOD A1) 8|ceoljdde ay) Aq peusencb o sojolLe YO ‘85N JO S9N I0J ARIq1T 8UIUQ A8]1M UO (SUONIPUOD-PUR-SULBI WD A8 1M ARe.q 1 jpulU0//SANY) SUORIPUOD pue swie | 8y) 8es *[£20z/TT/LT] uo AriqiTauluo A8 |im ‘Jebuenels JO AisieAlun Aq E68005202 9B9/Z00T 0T/10p/woo" A3 (1M Aiqipuljuo-adoune-Alis iweyoy/:sdny woij pepeojumod ‘Tz ‘c40Z ‘9T2096TZ



Chemistry

Research Article Europe
ChemElectroChem doi.org/10.1002/celc.202300393 Socices Publishing
correspond to the apparent equilibrium potentials ¢, and ¢, 0.07V: Li,Si — Li;sSi )
respectively. This show large changes in phase | as cycling
progresses with ¢, being pushed to higher potentials, causing 0.3V : LiysSi — Li,Si 9)
narrowing of the phase and a decrease in the capacity (i.e. the
area under the curve). Conversely, phasell is stable with a  0.48V: Li,Si — Si (10)

relatively small decrease in ¢, and an associated increase in
capacity as a function of cycling, as shown in Figure 2b and 2c,
respectively. Figure 2b shows the equilibrium potentials ¢, and
¢;, along with the iR drop (calculated by taking the difference in
potential between the 0™ and 2™ datapoints), while Figure 2c
shows the total capacity along with the capacities of the
phases. From Figure 2b it can be seen that the apparent
equilibrium potential of phasel, ¢, is proportional to the iR
drop V. Indeed:

— ~ 60 (6)

which results in a reduced y* of about 0.02. However, this
relationship fails at later cycles, indicating that other factors are
affecting the relationship between ¢, and V;. Nevertheless it is
clear that Vj; has a large effect on the behaviour of phase I. By
comparison, the apparent equilibrium potential of phase Il (c;)
is almost constant with repeated cycling, indicating that V is
not acting upon it in the same manner. The increase in ¢ is
correlated with the decrease in total capacity of phasel as
shown in Figure 2c. This shows that the capacity decrease of
each batch of 10 cycles mostly stems from the drop in capacity
of phasel, with the capacity of phasell remaining almost
constant. The small increase in capacity of phase Il seen at the
end of each of the batches may be due to the model
attempting to compensate for the large loss of capacity of
phase I. The results of the fitting equation show that the total
capacity of the Si material is strongly affected by the position of
phase |, and that this can be correlated to the iR drop Vj. The
fact that this effect is somewhat reversible by applying a slow
cycle means that Vj; is not only due to irreversible resistance
growth such as SEI on the Si electrode and the overpotential of
the Li CE, but also due to reversible resistance growth in the
potential region of phase I. The ability of the fitting function to
discern and measure these dynamic changes in the cell is
therefore a valuable addition to the toolset available for
studying Si electrochemistry.

Determining the origin of this reversible resistance growth
is very important to interpreting the data and understanding
the behaviour of Si half cells such as these. By performing EIS at
the maxima of the dQ/dV, it may be possible to glean some
insight into the behaviour of the cells at these potentials. The
long (20 h) CV step used in the experimental setup of the EIS
cycle is intended to ensure that the composition of the Si
electrode is at equilibrium and that the Si in the electrode is
almost completely made up of the product of the target phase
(shown in bold):

0.2V: Si— Li,Si )
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This can be verified by looking at the capacity of the cycle
as a function of time, as shown in Figure 3a. This shows that
while most of the reactions have reached equilibrium at the
end of the 20 h CV step (as evidenced by the slope tending
towards 0), the reaction shown in Eq. (8) is not only far from
equilibrated even after 20 h, but also varies significantly as
cycling progresses. This behaviour is reflected in the EIS, which
shows an increase in the impedance at the same cycle (cycle
21) as the drop in capacity, as well as subsequent decrease in
impedance as the capacity recovers at later cycles. The EIS
spectra generated at Eq. (8) are shown in Figure 3b, which show
a large increase in impedance during the first 30 cycles,
followed by a sharp decrease in subsequent cycles. This
confirms that the capacity decrease seen in Figure 2 is due to
the impedance of phase | during lithiation. Having shown that a
reversible resistance growth contributes to the drop in capacity
of Si half cells, the question of the origin of this resistance
remains. This can be elucidated by analysing the distribution of
relaxation times (DRT)."?*3? DRT analysis is a method for de-
convoluting the time constants 7 of an EIS spectrum. This
technique relies upon the assumption that the response of an
electrochemical system to a perturbation (such as an oscillating
potential) decays exponentially at a particular distribution of
timescales.” This means that an EIS spectrum can be trans-
formed into a set of peaks corresponding to frequencies at
which physical processes occur. For near-ideal processes such
as corrosion on a flat surface which can be described by a
resistor (R) and a capacitor (Zo) in parallel, the peak height and
the frequency f = 1/(277) can be used to calculate R and Z,
respectively. However in most cases the relaxation time of a
process is a distribution rather than a single value, and so the
width of the peak is increased. It should also be noted that DRT
analysis requires the EIS spectrum to converge to the real
impedance at f = 0. Since low-frequency diffusion effects are
often present in LIBs this is rarely the case for real systems.
Hence, the low-frequency region needs to be removed from
consideration, either through subtraction from the data using a
model equivalent circuit, or by requiring the analysis to
converge to the real impedance."*? Here we employ the
second method and use a Gaussian Process developed earlier
to perform DRT analysis on our data.’? The results of the DRT
analysis at 0.07 V are shown in Figure 3¢, and these show large
changes in the peak at 10°Hz associated with the Li CE.'"*¥
Over the course of the first 21 cycles this peak grows and shifts
to slightly lower frequencies, but after this point the trend
reverses and the peak shrinks and shifts to higher frequencies.
This may be explained by crack formation in the SEI leading to
reduced Li* diffusion resistance.® This also explains the shift in
frequency of the peak, as decreased inhomogeneity also
increases the frequency at which Li* transport processes
occur.l" This, combined with a lack of a strong Si peak normally
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Figure 3. Results of performing EIS on Si half cells. (a) The capacity as a function of time for the slow cycle used for EIS. The circles at 40 h denote the point in
time at which the EIS spectra displayed in (b) were collected. (b) EIS spectra taken at the end of the 0.07 V step. (c) DRT of the EIS spectra shown in (b). The

shape of the curves in the greyed out area are artefacts of the analysis.

found at about 10°Hz means that the majority of the
impedance behaviour of the half cells at a potential of 0.07 V
can be ascribed to the impedances of the Li CE. However, given
that the impedance decreases after the 21* cycle, the Li
electrode cannot account for the reversible resistance increase
seen from the GCD data which suggests that the reversible
resistance stems from the Si electrode.

One possible source of this reversible resistance growth
may be due to the progressive loss of Li™ ions from the Si
electrode.®** The discrepancy between the capacity fade and
the high CE of the fast cycles shown in Figure 1a, together with
the reversible nature of the fade indicate that the cause is due
to the lithiation step rather than the delithiation. Also, the fade
is not due to excess SEI formation, as this would be reflected in
a lowered CE. The results of the fitting shown in Figure 2c
indicate that the capacity loss is due to phase I, which means
that the lithiation of this phase is hindered at fast cycles. During
fast lithiation the irreversible resistances of the cell (i.e. the SEI
+Li CE overpotential + other resistances) result in a polarization
of the cell which causes phasel (Eq. (8)) to not become fully
lithiated. This therefore also causes a decrease in capacity of
phase | during delithiation (Eq.(9)), which is measured by
Eq. (1). Since the resistance of the Si electrode is inversely
proportional to the Li concentration in Si, the subsequent cycle
experiences an increased resistance, and therefore decreased
lithiation. This leads to a negative feedback loop wherein the
amount of Li* inserted into phase | continuously decreases.
Applying a slow cycle such as the one employed for studying
the EIS increases the Li* content in the electrode and decreases

ChemElectroChem 2023, 10, 202300393 (5 of 8)

Vi), which “resets” the Si electrode and therefore allows the
capacity to recover.

This indicates that reducing the cell resistances may
substantially improve the performance of Si materials inde-
pendently of the material itself, and that the capacity fade is a
result of both reversible and irreversible resistances. As seen
from the EIS results at low potentials vs Li/Li*, the Li CE
accounts for a large portion of this resistance. Thus, high-
capacity materials, and especially those with high electrode
loading will be artificially hindered by the Li CE due to the large
current densities required to cycle at appreciable rates.*
Further, constructing cells with higher areas will also likely
increase the performance of Si cells purely through the
decrease in area resistance.

Unfortunately, the dynamic nature of this resistance growth
means that it is very difficult to measure it directly. The steady-
state nature of experiments such as EIS and ex-situ experiments
such as SEM/EDX and XPS means that they are only able to
measure the irreversible resistances. Nevertheless, they are a
valuable tool to gain a deeper understanding of the behaviour
of the system. To show that the irreversible SEI resistance is
growing on the Si electrode with time, SEM/EDX and XPS
analysis was carried out on fresh, uncycled electrodes as well as
electrodes disassembled at the end of cycling. The results of the
SEM analysis can be found in Figure 4. The uncycled electrode
(Figure 4a) shows how the Si electrode is made up of large
micron-sized graphite/carbon particles, mixed with agglomer-
ations of small spherical Si particles. The long fibres covering
the surface are the CNTs added to the electrode to improve the
conductivity. The cycled electrode in Figure 4b is coated in a
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Figure 4. SEM images of Si electrodes (a) before and (b) after cycling.

layer of SEl, indicating that the anode is at least partially
responsible for the irreversible resistance increase seen in the
GCD data. Spot EDX analysis (Figure 5a) from SEM on cycled
and uncycled electrodes shows a reduction of the C peak and
an increase in the oxygen (0O), fluorine (F) and phosphorus (P)
peaks. This implies that the surface of the electrode is covered
by inorganic O, F and P-rich species. These may consist of
materials such as LiF, phosphates and lithium alkyl carbonates.
This is consistent with the results of the XPS C1s spectra shown
in Figure 5b and 5c for the uncycled and cycled electrodes,
respectively. Figure 5b shows a large C=C graphite peak at
284.8 eV, as well as oxygen species such as carboxylic acids and
ketones present on the surface of the graphite and other
carbonaceous materials that make up the anode. The lack of a
detectable C=C peak in the cycled electrode, shown in Fig-
ure 5¢, indicates that the graphite is obscured by the presence
of a passivating SEl layer. This presence of CH, and O—C=0
groups correspond to the characteristic signature of lithium
alkyl carbonates, primary components of SELB>>")

The increased polarization observed in both the GCD fitting
and the EIS experiments can therefore be explained in part by
the excessive SEl growth often seen on Si electrodes.

The relationship between the irreversible and reversible
resistances are shown schematically in Figure 6. This shows how
the irreversible resistances contribute to the polarization of the
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cell, which leads to reduced lithiation of phase I. The reduced
Li* concentration in phase | increases the resistance of the
electrode, which leads to further decreases in lithiation.

Conclusions

Commercial Si electrodes with high loading of 3.27 mAh/g were
constructed in half-cell format and tested using GCD and EIS. A
fitting function was applied to the delithiation steps, revealing
that phase |, describing the reaction Li,Si—=Li;Si is responsible
for the fast but reversible capacity fade experienced by these
cells. Further analysis of the data showed a relatively linear
relationship between the position of phasel and the iR drop
experienced by the cell at the start of delithiation, leading to
the conclusion that the capacity fade is due to polarization of
the cell. EIS and DRT performed near the positions of the phases
showed that the reversible resistance growth came from the Si
electrode. This was explained by the concept of a “negative
feedback loop” whereby the large irreversible polarizations
from the Si and Li electrodes decrease the Li™ concentration in
phase |l of the Si electrode. This leads to an increase in
resistance of the Si electrode, which contributes to the polar-
ization on the subsequent cycle. The irreversible resistance
growth on the Si electrode was measured by performing SEM/
EDX and XPS on uncycled and cycled electrodes. This work
showcases the fitting function as a valuable technique for
studying dynamic changes in commercial Si materials during
cycling.

Experimental

Electrode slurries were prepared by high-speed stirring in a manner
described previously, using SL650-SOC (lopsilion) as the active
material.”? Electrode sheets were made by coating onto 10 um
thick copper foil using a doctor blade with a blade height of 130
um and dried at room temperature. This yielded electrodes with a
material loading of 3.27 mg/cm? and a thickness of 48 um. The Si
material loading was 80%; the binders consisted of 5%
carboxymethylcellulose (CMC, Walcocel 10000) and 3% styrene
butadiene rubber (SBR, BM-451B, Zeon) along with 2% KOH/citric
acid buffer to aid the adhesion; 0.5% carbon nanotubes (CNT, Lanxi
Zhide) and 9.5% carbon black (CB, Group 14) were added as
conductive additives.

Coin half-cells were constructed in CR2032 format (MTI) in an
Argon-filled glovebox in a manner described previously.”! The
electrolyte used was commercially available TC-E8593 (TINCI).

After assembly the coin cells were immediately discharged to 1.5V,
followed by a 12 h rest. Three formation cycles were performed in
the range 0.05-1.5 V. These consisted of 1 cycle at C/20 (83 uA/cm?)
followed by 2 cycles at C/10 (0.166 mA/cm?). The formation was
followed by the slow cycle for EIS, which was performed by using a
C/10, 20 h constant-current constant-voltage (CCCV) step to the
desired “stop” potential. The stop potentials for lithiation were 0.2 V
and 0.07 V, while for delithiation they were set to 0.3V and 0.48 V.
EIS was performed at the end of each of these stop potentials. After
the slow cycle, a batch of 10 “fast” cycles at C/3 (0.55 mA/cm?) were
performed. This procedure of one slow EIS cycle and 10 fast cycles
was repeated until the cells failed.

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 5. (a) Spot EDX of Si anodes before and after cycling. (b) XPS C1s spectrum of the Si anode before cycling. (c) XPS C1s spectrum of the Si anode after
cycling.
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