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Silicon (Si) is an important anode material for lithium ion batteries (LIBs), and increasing the loading of
Si electrodes is an important step towards commercialization. However, half cells commonly used for Si
studies are limited by polarization of the lithium (L) counter electrode, especially at high Si loading. To
study the interplay between Si and Li electrodes, a set of electrochemical impedance spectroscopy (EIS)
spectra are generated using cycled Si half cells at four different potentials in the charge—discharge profile,
and then repeated using symmetric Si/Si and Li/Li cells assembled from half cells cycled to equivalent
stages in the cycle. Distribution of relaxation times (DRT) analysis is used to design equivalent circuits (ECs)
for both Si/Si and Li/Li symmetric cells incorporating both electrolyte and electrode-related diffusion, and
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these are applied to the half cells. The results demonstrate that the behaviour of half cells is dominated by
the solid electrolyte interphase (SEI) impedances at the Li counter electrode at the low and high potentials
where the Li* mobility signal in Si is limited, while the Si electrode is dominant at intermediate potentials
where the signal from mobile Li* is strong. EIS studies of Si half cells should therefore be performed at
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1 Introduction

Silicon (Si) is widely touted as the future of lithium (Li)
ion storage materials due to its large theoretical capacity of
3579 mA h g~ "." However, issues of stability have limited its use
in commercial lithium-ion batteries (LiBs).>® These issues arise
in large part due to the extreme swelling (300%) experienced
by the material during charging which causes rapid solid
electrolyte interphase (SEI) growth.* This in turn quickly uses
up cyclable lithium and electrolyte, leading to cell failure after
only a few cycles.”>>® Understanding and mitigating these
failure mechanisms has resulted in a large amount of research
in recent years, with published strategies ranging from coatings
on nanomaterials, to nanostructuring, to use of dopants
and heteroatoms.>” ' However, in order to achieve good
performance Si electrodes in the literature often contain very
low loading.'® This makes it difficult to assess the suitability of
these materials for commercial applications where the loading
requirements are much higher. Higher loading of Si in the
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intermediate potentials, or as symmetric cells.

electrode exacerbate the issues of swelling and poor conductivity.
As a result testing of these materials at high loading is a relatively
unexplored area of research.’*** A further issue affecting high
loading Si electrodes is the almost ubiquitous use of Li counter
electrodes (CE). Li is highly polarizable and forms dendrites
above 1 mA em™?, which makes it difficult to produce reliable
data.'>'® Despite these disadvantages the use of Si/Li half cells in
the literature is unlikely to cease, and it is therefore important to
understand the interplay of the electrodes in these systems.

An established and sensitive method for studying the elec-
trochemistry of Si is electrochemical impedance spectroscopy
(E1S)."” Unfortunately, this sensitivity means that distinguish-
ing between features and noise is very difficult, and the design
of the cell and the experiment surroundings is very important.
For instance, performing EIS directly on half cells will result in
the generated spectrum containing information from both the
working and counter electrodes (WE and CE, respectively), as
well as the electrolyte and separator located in between them.
This can be avoided by introducing a reference electrode (RE)
into the cell in proximity with the WE, but this increases the
construction complexity and cost, and requires consideration
of the RE electrode chemistry.’> The use of symmetric cells
(where both the WE and CE are identical) is also an option, but
these cells cannot be cycled, and can therefore not easily be
used for cycling studies. Therefore, in much of the high
loading Si literature EIS is used as a complementary technique

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in full-cell or half-cell (vs. Li/Li") setup to show e.g. the increase
in resistance of a cell before and after cycling."*'* Equivalent
circuits (ECs) have been designed to describe the behaviour of
Si electrodes at low loading.'®™2° These ECs vary considerably in
the literature, but more recent work has shown that the inclu-
sion of a finite-length Warburg diffusion element (W,) is useful
for describing the diffusion behaviour of Li" ions within the Si
material.'®** A similar diffusion element, the finite-space
Warburg (W;) has also been shown to be useful for describing
Li" diffusion through thin films such as SEI layers formed on
the Li CE.”" Recently, the use of distribution of relaxation times
(DRT) analysis has also been employed to deconvolve the data
generated by impedance experiments.'®**?* This technique
gives information on the number of processes occurring in
the data, and is a useful technique for designing ECs. A peak in
the DRT spectrum corresponds to a polarization process and
the position (in Hz), size (in Q cm?), and shape gives informa-
tion on the electrochemistry of the process.'®?>7>*

Si has very different behaviour during charging and dischar-
ging, and EIS offers the possibility of helping to understand
these differences.'® Amorphous Si cycled in the region 0.05 to
1.5 V vs. Li/Li" displays two electrochemical phases. During
lithiation, Li reacts with Si to form Li,Si at around 0.25 V. As the
potential is decreased to about 0.07 V Li,Si reacts to form
Liz 5Si. Delithiation reverses this reaction, with Li; 5Si forming
Li,Si at about 0.28 V, and the resulting Li,Si forming pure Si at
about 0.48 V and higher.”>” The ECs of Si half cells at these
potentials are not necessarily all the same, especially when
considering the effect of the Li CE.

In this work, we will construct and test a commercially
available Si material in electrodes with high loading in both
half-cell and symmetric configuration to investigate the changes
to the EIS spectrum at different potentials. This comparison will
be used to differentiate between effects occurring due to the Si
WE and those due to the Li CE in half cells. The EIS spectra will
be collected at the potentials at which each phase is at equili-
brium using a constant-current constant-voltage (CCCV) step to
ensure that the phase is allowed to run to completion and the
electrode consists mainly of the product of the desired phase.
The symmetric cells will be assembled from half cells which have
been cycled to each of these points in the cycle. DRT analysis will
be used to inform the design of the ECs used in this work, and
these will be used to elucidate the behaviour of the high loading
Si electrodes in half cells.

2 Experimental
2.1 Electrode preparation

Si electrode slurries were prepared in an overhead stirrer
(Dispermat LC30). The slurry consisted of 5% carboxymethyl-
cellulose (CMC, Walcocel 10000), 2% KOH/citric acid buffer
(pH 3), 0.5% carbon nanotubes (CNT, Lanxi Zhide), 9.5%
carbon black (C65, Imerys), 80% Si powder (SCC55, Group 14),
and 3% SBR (BM-451B, Zeon). The slurry was made by sequential
addition of powders and stirring in a ball mill at 2500 rpm for
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15 minutes, followed by a stirring step of 2 h at 2500 rpm. The
final addition consisted of SBR, which was mixed slowly at
700 rpm for 15 minutes. Electrodes containing higher concen-
trations of Si material were found to be too brittle after cycling to
be disassembled and reassembled. Carbon black was found to
increase the stability of the electrode while having a negligible
effect on the electrochemistry.

The slurry was coated onto 10 pm copper foil using a doctor
blade with a blade height of 130 um and dried at room
temperature overnight. This resulted in an electrode loading
of 3.38 mg cm™? and a thickness of 59.6 umm. The electrolyte
uptake and porosity were 89% and 35.6%, respectively. Details
of these experiments may be found in the ESI.+ *® The reversible
gravimetric capacity of the Si material in the 0.05-1 V range was
1290 mA h g~ ' at a current density of 0.179 mA cm ™2, yielding
an area capacity of 3.49 mA h cm ™ for these electrodes. 15 mm
diameter electrodes were cut from the electrode sheet for coin
cell assembly.

2.2 Coin cell assembly, disassembly, and reassembly

All assembly, disassembly and reassembly was performed in an
Argon-filled glove box. CR2032 coin cells (stainless steel, MTI)
were assembled by placing the Si electrode (15 mm dia.) in the
cap (the o-ring and the cap are glued together in MTT’s coin cell
parts), followed by electrolyte (25 ul, TC-E8593, TINCI) to wet the
electrode surface. This was then covered with two layers of
paper separator (19 mm dia., Tf4030), followed by a further
25 ul of electrolyte. Next, the Li electrode (16 mm dia, 750 um
thick, Sigma Aldrich) was placed on top of the separator followed
by the spacer (0.5 mm), the spring, and finally the base.

Disassembly was performed using a decrimping machine
(Hohsen), taking care not to short-circuit or damage the electrodes.

Reassembly was performed in almost the same manner as
for half-cells, using fresh coin cell parts, separator, and electrolyte.
For Si/Si symmetric cells the 0.5 mm spacer was replaced with a
1 mm spacer to account for the thickness of the Si electrodes.

2.3 Cycling and EIS procedures

Once assembled, coin cells were placed on the cycling machine
(BTS 4000, Neware) and discharged to 1.5 V before being resting
for 12 h. Following this rest the cells were cycled once at 1/20C
(0.179 mA cm™?) and twice at 1/10C (0.358 mA cm ) for a total
of three cycles. The voltage limits were 0.05-1.5 V.

The EIS cycling procedure was started immediately at the end
of the formation, and is given in Table 1. The C-rate for each step
in Table 1 was 1/10C. EIS experiments were performed at the end
of each CCCYV step. A plot of this procedure can be seen in Fig. S1
in the ESL.}

EIS spectra were collected on an Autolab potentiostat
(Metrohm) connected using two-electrode setup to a coin cell
holder from Neware. Spectra were collected using Nova 2.13
software at the open circuit voltage (OCV) using an amplitude
of 5 mV in the frequency ( f) range of 10~ to 10°> Hz, at 15
points per decade. EIS spectra for symmetric cells were col-
lected after resting for 24 h.

Energy Adv, 2023, 2, 176-1181 | M77
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Table1 The procedure used for charging and discharging the cells to the
desired potential for EIS experiments

Step type Stop potential (V) Step time (h)
CCCv 0.2 20
CCCV 0.07 20
CC 0.05 —
Rest — 0.3
CCCV 0.3 20
CCCV 0.48 20
CC 1.5 —

DRT analysis was performed in Python using the Gaussian
Process (GP) GP-DRT method described by Liu and Ciucci (2019).>>
This models the DRT based on the assumption that the peaks in
the DRT spectrum are normal distributions. Fitting was performed
using the impedance.py package in Python.*

3 Results and discussion

Inspection of the formation cycles are shown in Fig. S2 in the
ESL.t These reveal an initial Coulombic efficiency (ICE) of 86%.
The subsequent cycles at 1/10C had CEs of 98.6% and 99.7%
indicating a relatively stable electrode suitable for short experi-
ments. However, it should be noted that there was a significant
capacity drop between each delithiation cycle and the subse-
quent lithiation (87.3% and 90.1% between cycles 1 to 2 and
2 to 3, respectively), indicating that a large polarization process
exists during lithiation.

Results of the EIS spectra for half-cells, Si/Si symmetric cells
and Li/Li symmetric cells at each of the 4 stop potentials are
given in Fig. 1. In all cases the Kronig-Kramers relations
showed that the data was acceptable quality, with the residuals
of the Kronig-Kramers and data not exceeding 1%.>%>°
As expected, the spectra show that there is a large difference
in EIS response both as a function of potential, and also
between half cells and symmetric cells.'® While one might
expect that the EIS spectra of the half cells should be equal to
half the sum of the Si/Si and Li/Li symmetric cells there is a
non-linear relationship between the components of the cell and
the EIS spectrum, especially as a function of voltage.*® This is
shown in Fig. S3 in the ESL

The plots in Fig. 1 reveal two challenges: the first is that
large changes are happening at the Li CE (green lines) as a
function of voltage, an electrode which is often considered to
behave in a constant manner. The second is that deconvolution
of the half cell impedance from that of the individual electrodes
is not straightforward.

While DRT can give information about the polarization
processes that appear in the impedance spectrum, the analysis
is limited by the necessity that the data is complete (i.e. that the
impedance is real as f= 2nw — 0).>* For LIBs this presents a
difficulty since low-frequency diffusion means that the EIS data
rarely converges and the timescales required means that experi-
ments are often limited to 107> to 10~2 Hz in the low-frequency
region. One possible workaround is to “pre-process’ the EIS data
by removing the diffusive tail.'®** This is done by modelling the
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Fig. 1 EIS spectra collected for comparison between half cells and sym-
metric cells at (a) 0.2 V in the lithiation step; (b) 0.07 V in the lithiation step;
(c) 0.3 V in the delithiation step; (d) 0.48 V in the delithiation step.

diffusive region using an EC and then simply subtracting it from
the data in a manner similar to applying a baseline in e.g. X-ray

© 2023 The Author(s). Published by the Royal Society of Chemistry
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diffraction. However - and similarly to the application of a
baseline in other techniques - the choice of baseline has an
influence on the rest of the data, especially for features close to
where the baseline is large. A different method can be used,
whereby the data is assumed to converge to the real axis even if
the spectrum is incomplete.”> The DRT spectrum can then be
calculated without the need to choose a baseline. It is important
to note that the DRT peak characteristics (size, shape and
position) which appears in the low-frequency region as a result
of this assumption is not an accurate description of the polar-
ization process. The GP method employed here uses this
assumption of convergence to the real axis, and while we present
the full DRT spectrum (including the peak in the diffusive
region) we do not use the DRT spectrum to extrapolate informa-
tion about the low-frequency polarization processes.”” The
results of DRT deconvolution for half cell and symmetric cells
at each of the four stop potentials can be seen in Fig. 2. The large
peak in the low-frequency diffusion region is an artefact due to
the method extrapolating beyond the data as well as data not
converging to the real axis and should therefore not be included
when discussing the DRT analysis. For clarity, this region has been
greyed out. In each plot in Fig. 2 the Si/Si and Li/Li symmetric cells
consist of one peak at about 10> and 10° Hz, respectively. These
correspond to the Li* diffusion through the solid electrode and the
SEI, respectively.'®*>** The half cells consist of either a broad,
shouldered peak (as in the case of 2a to 2c), or two distinct but
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overlapping peaks (Fig. 2d). This indicates that the half cell
behaviour is comprised of both Li and Si contributions, but due
to their close proximity these may not be resolvable by fitting
separate loops in the EC. Interestingly, at 0.07 V (Fig. 2b) the Li/Li
symmetric cells and the half cells show a very large polarization,
indicating that the impedance at this potential is strongly domi-
nated by the Li CE behaviour. A final small peak exists in the low
frequency range at about 10~ " Hz which may be due to diffusion of
Li" in the electrolyte. The breadth of these peaks indicates that
they are likely best described by using constant phase elements (Q)
rather than capacitive elements (C). Q is given by:

1

Q= Gayc

1)

where 0 < o < 1.

From the analysis of the DRT plots it is possible to conclude
that the cells consists of three loops: the first describes the
double-layer constant phase element Qsgy and layer resistance
Rggr along with a Warburg diffusion W describing the electro-
lyte-SEI interface; the second loop describes the solid electrode
behaviour, with Qq; and R, describing the double-layer pseudo-
capacitance and charge transfer polarization of the electrode/
SEI interface, respectively;** and the final loop describes the
polarization process of the cell.'"® For large cells with low
impedance and contact resistances (between electrode material
and current collector) induction effects also come into play, but
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Fig. 2 DRT spectra generated for comparison between half cells and symmetric cells at (a) 0.2 V in the lithiation step; (b) 0.07 V in the lithiation step;
(c) 0.3 Vin the delithiation step; (d) 0.48 V in the delithiation step. The coloured regions above and below the curves denote the confidence interval of the
analysis, while the greyed out area denotes the extrapolated curves beyond the edges of the available data.
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for coin cells these can mostly be ignored. The cell resistance is
the total resistance at f — oo, analogous to the iR-drop seen in
the first few seconds of a galvanostatic charge-discharge (GCD)
curve."® This is commonly referred to as the solution resistance
Rq1, and because it is a series resistance it is not included in the
DRT plots.

The DRT analysis results in two ECs to describe the beha-
viour of the Si/Si, Li/Li and half cell spectra, one incorporating a
finite space Warburg W, which describes the Li" solid state
diffusion, and the other incorporating a finite length Warburg
W, which describes the diffusion of Li* through the SEL The EC is
shown in Fig. 3, with W, representing either the finite space or
the finite length Warburg. The EC with the lowest 3> was chosen
to represent the half cell data. It should be noted that the y* for
both circuits was often very small (~10"°), and the difference
between y” values varied by less than an order of magnitude.

At intermediate potentials (0.2 and 0.3 V) the solid-state
diffusion behaviour is dominant over the thin-film behaviour,
while at low and high potentials (0.07 and 0.48 V) the opposite
is true. This could be because the highly lithiated and highly
delithiated states have limited space for solid-state diffusion,
and so the thin-film behaviour becomes dominating, either as a
result of the SEI on the Si WE, or on the Li CE, or both. This
matches the expectation from previous research, which showed
that the SEI cracks both during lithiation and delithiation.®

In cases where the exponent o of the constant phase element
Qis equal to 1, eqn (1) becomes equivalent to that of a capacitor.
This will in turn decrease the number of parameters needed for
fitting of the data and give more easily interpreted results.

Analysis of the fitted results of the Si/Si EC and half cells
within the relevant stop potentials (0.2 and 0.3 V) reveals that
the Qsgr parameter for the symmetric cells can be replaced with
capacitors, but the same parameter for the half cells cannot.
This is likely due to interference of the signal from the Li side of
the half cell. The same result is seen in the high and low
potentials (0.07 and 0.48 V) for the W EC, with the Li/Li Qgsg;
behaving as a pure capacitor, and the half-cell showing mixed
behaviour. This result is notable because it reduces the number
of parameters needed to describe the symmetric cells, while
simultaneously showing that the Qsg; parameter of the half
cells is made of a mixture of the two SEI layers.

From the results of the fitting it is possible to draw some
conclusions as to the behaviour of Si during lithiation and

QsEr Qa
% Q pol
Rsot Rser Rer
\/\/ o O / S Rpol
Weflyre WSi/Li

Fig. 3 ECs of symmetric and half-cells determined by fitting to EIS data.
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Fig. 4 Schematic describing the behaviour of Si half cells at different
points in the charge—discharge curve. The dominant diffusion behaviour is
denoted on the right hand side.

delithiation, and how this affects the impedance response.
This is shown schematically in Fig. 4. Starting from the fully
delithiated state and lithiating: at 0.2 V - which corresponds to
the equilibrium position of the Si — Li,Si phase - there is both
enough space and sufficient Li" ions in the Si for the ions to
move freely and be measurable by EIS on the coin cell level even
in the half cell format. At 0.07 V where most of the electrode
consists of Li 5Si, the high concentration of Li" in the electrode
reduces the number of mobile ions, and therefore the diffusion
of Li" through thin films such as SEI become dominating in
the EIS spectrum. Further, the long timescales of the CCCV
experiment mean that a thick SEI layer is able to grow on the
Li CE, which then generates a strong impedance response.
During delithiation the situation is very similar, with the end of
the Lis 5Si — Li,Si phase (at 0.3 V) showing a strong impedance
signal from Li" mobility in the Si, and the highly delithiated
Li,Si — Si phase at 0.48 V showing very little signal from the Li"
in the Si, allowing the surface diffusion effects to dominate
once again. This is similar to the ion mobility effects seen in
LEDs.>® The decreased impedance of the Li CE is likely due to
the decreased overpotential during deposition (ie. during
delithiation of the Si electrode) vs. stripping (i.e. during lithia-
tion of the Si electrode).**

The results obtained in this work show that it is necessary to
exercise caution when studying the behaviour of high loading
Si half cells. At or near the fully lithiated and delithiated states the
Li CE contributes significantly to the impedance of the cell, and so
SEI impedances from the Li CE can easily be misidentified as
belonging to the Si WE. Should an EIS spectrum be desired e.g. at
the end-of life, it is therefore recommended to either use sym-
metric cells (by using at least two cycled cells), or to perform EIS at
one or more potentials in the cycle, with emphasis on the
intermediate potentials where the Li CE contribution is limited.

4 Conclusion

A set of Si electrodes with commercial level loadings were
analysed by means of EIS, both as half cells and their Si/Si
and Li/Li symmetric cell equivalents. The cells were tested at
four different potentials corresponding to the equilibrium
potentials of the lithiation and delithiation phases. Analysis
of the resulting EIS spectra by DRT showed that the half cells
are described by a combination of the Si/Si and Li/Li symmetric
cells, and that these are in turn best described by different ECs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The Si/Si symmetric cells are shown to fit a finite-length
Warburg describing the solid-state diffusion of Li" in Si, while
the Li/Li cells are best described by a finite-space Warburg
corresponding to the diffusion of Li* through the SEI The half
cells are described either by the Si/Si or the Li/Li EC depending
on the stop potential, with the high and low potentials showing
Li/Li character, and the intermediate potentials showing Si/Si
behaviour. Further analysis showed that both the Si/Si and Li/Li
symmetric cell ECs could be simplified by replacing the two-
parameter constant phase element Qsg; with a single-parameter
capacitive element Cgg, but that the mixing of signals meant
this could not be extended to the half cells. This work shows the
importance of EIS as a technique for studying Si electrodes with
high loading, as well the importance of carefully considering
the behaviour of both electrodes in half cell EIS.
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