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Abstract: The galvanostatic charge—-discharge (GCD) behaviour of silicon (5i) is known to depend
strongly on morphology, cycling conditions and electrochemical environment. One common method
for analysing GCD curves is through differential capacity, but the data processing required necessarily
degrades the results. Here we present a method of extracting empirical information from the
delithiation step in GCD data for Si at C-rates above equilibrium conditions. We find that the function
is able to quickly and accurately determine the best fit to historical half-cell data on amorphous
Si nanowires and thin films, and analysis of the results reveals that the function is capable of
distinguishing the capacity contributions from the Liz 55i and Li,Si phases to the total capacity. The
method can also pick up small differences in the phase behaviour of the different samples, making it
a powerful technique for further analysis of Si data from the literature. The method was also used
for predicting the size of the reservoir effect (the apparent amount of Li remaining in the electrode),
making it a useful technique for quickly determining voltage slippage and related phenomena. This
work is presented as a starting point for more in-depth empirical analysis of Si GCD data.

Keywords: silicon anodes; differential capacity; data analysis; thin films; nanowires; incremental
capacity analysis

1. Introduction

Ever-growing demand for efficient energy storage has highlighted the need for new
materials that can increase the power, charge rate, and storage capacity of lithium-ion
batteries (LIBs). One such material is silicon (Si), which exhibits an almost 10-fold increase
in gravimetric capacity compared to graphite (3579 vs. 372mAh/g) [1-3]. Si has therefore
been studied as an anode material by many groups, who have made excellent progress in
furthering our understanding of Si electrochemistry, as well as developing the viability of
the material for use in batteries [1,3-8]. Chief among the findings is that Si can alloy lithium
(Li) up to Liz 755i, accompanied by extreme (roughly 300%) swelling of the material [9-11].
This causes fracturing of the Si material and excess solid electrolyte interphase (SEI) forma-
tion, which leads to cell failure in just a few cycles. Further, research has shown that the
Li ion diffusivity in Si is quite low compared to graphite [12-14]. To address these issues,
researchers have developed and studied nanostructures, coatings, the inclusion of dopants
and heteroatoms, as well as electrode binders and fabrication methods [15-22]. Despite the
improvements provided by this work, Si remains a difficult material to use in LIBs.

Batteries 2023, 9, 251. https:/ /doi.org/10.3390/batteries9050251

https:/ /www.mdpi.com/journal /batteries


https://doi.org/10.3390/batteries9050251
https://doi.org/10.3390/batteries9050251
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0002-5360-9181
https://orcid.org/0000-0001-9445-7869
https://orcid.org/0000-0002-8227-3250
https://orcid.org/0000-0001-5898-3204
https://orcid.org/0000-0003-2446-6537
https://doi.org/10.3390/batteries9050251
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries9050251?type=check_update&version=2

Batteries 2023, 9, 251

20f13

The study of Si electrochemistry has often proceeded by comparing physical and
chemical analysis as measured by, e.g., nuclear magnetic resonance (NMR), energy disper-
sive spectrometers (EDS) or X-ray photo-electron spectroscopy (XPS), and imaging such as
transmission electron microscopy (TEM) and scanning electron microscopy (SEM). Together
with galvanostatic charge-discharge (GCD) behaviour, this has been used to determine
the relationship between the electrochemistry of Si and its physical changes [6,9,19,23,24].
However, since it is often difficult to see features in GCD curves, this relationship has often
been displayed using the differential capacity (dQ/dV) plotted versus the voltage. The
dQ/dV produces peaks at the voltages where the faradaic reactions occur most strongly,
and is therefore a simple way to visualise the changes in the electrochemical behaviour of a
cell during charging or discharging [25]. The position, size, and shape of a given peak gives
information about the electrochemical processes and changes in the cell [26-29]. Unfortu-
nately, the often heavy data processing required to generate dQ/dV curves from raw GCD
data complicates the extraction of quantitative information. Digital data output from cell
cyclers is discontinuous and the resolution is limited. This means generating dQ/dV curves
requires smoothing, interpolation, and/or binning in order to produce feasible fits [30-32].
The choice of method and the degree of smoothing performed affects the final shape of the
dQ/dV curve, which in turn can affect the interpretation. A highly smoothed dQ/dV curve
may produce a more visually appealing plot than a less smoothed one, but the amount of
information displayed is also decreased, as sharp peaks are de-emphasised or removed
completely. As a result, dQ/dV plots are used for qualitative rather than quantitative as-
sessment. Nevertheless, the understanding that more quantitative information is available
in dQ/dV plots has lead some researchers to propose data analysis techniques such as
fitting of normal distributions to analyse dQ/dV plots [33,34]. Good quality dQ/dV plots
with minimal smoothing can give a good fit to the data, but GCD data produced by less
precise cyclers or data generated without the express purpose of applying fitting functions
do not contain the necessary resolution to allow for this type of analysis.

Conversely, GCD curves can also be interpreted as integrals (i.e., cuamulative distri-
bution functions) of dQ/dV peaks [32,35,36]. Fitting functions used in previous research
include Lorentzian, Gaussian, and pseudo-Voigt distributions, where the number of com-
ponents corresponds to the number of phases in the GCD curve. This solves the issues
that arise from data smoothing when fitting dQ/dV curves and allows for fitting of lower-
resolution data, but the main focus has been on estimating the state-of-health (SOH) of full
cells. These methods have been shown to give excellent fit to cells containing lithium iron
phosphate (LFP), nickel manganese cobalt oxide (NMC), and graphite, especially at low
charge—discharge rates [32,35-38]. For half-cells where Li foil is used as a counter electrode,
this approach can be used to extract information about material behaviour from cycling
data without the need for relying on dQ/dV curves.

Before setting up empirical fitting experiments, it is necessary to consider the advan-
tages and limitations of the techniques and methods in use. The main advantage is to apply
relatively simple equations that describe the data as it is, rather than how it ought to be,
without the express need for specialized experiments. This allows for the use of data which
was not initially designed for this purpose. The obvious disadvantage of empirical fitting
is that the meaning of the variables is not clear; they are “black boxes” whose meaning is
dependent on as-yet unknown physical phenomena. Nevertheless, applying an empirical
fitting function to data and extracting empirical parameters can give important groundwork
for later analyses, and can elucidate trends in data that may prove to be important even if
the interpretation of the results is not straightforward.

In the context of Si, empirical fitting could be used to determine changes in the electro-
chemical behaviour of various Si-based materials or under different cycling conditions. To
achieve this, the chosen fitting function must account for the behaviour of Si during cycling.
For example, diffusivity is lower for Si than for the graphite/NMC or graphite/LFP cells
used in previous research [14,32,35,36,39]. The shape of the dQ/dV curves is affected by
these factors, with curves being skewed away from normal as conditions deviate from
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equilibrium [26]. Further to this, fitting these empirical equations is usually performed
using data generated at or near equilibrium conditions, C-rates which are too low for long
cycle life experiments, and which are therefore not often reported in the literature beyond
use as either formation or diagnostic cycles. Our aim is to use GCD data from the literature,
data which is cycled at rates far above equilibrium. As a result, the assumption of normality
which is shown to be a good approximation for other systems may not be true for Si. Hence,
the Gaussian portion of the pseudo-Voigt function used in the previous literature has been
replaced with a skew-normal distribution function to describe the Si phases [32].

This work presents the results of fitting an empirical fitting function to Si half-cell data
and analyses the resulting fit parameters. We correlate the fit parameters to the expected
physical behaviour of the cell, and ascribe general physical behaviour to the components of
each phase. In order to showcase the analytical method presented here, Si GCD data were
obtained with the permission of the authors from previous work involving Si. The datasets
were chosen based on the simple, well-defined morphologies of the Si without addition of
coatings or dopants. Two datasets consisting of GCD data from nanowires (NWs) and thin
films (TFs) were chosen. This gave two avenues for exploration, namely, a morphology
with controlled 2D diffusion radius and large surface area (the NWs), and a morphology
with controlled 1D diffusion length and small surface area (the TFs). The suitability of the
fitting method is validated and the meaning of the parameters is discussed to reveal the
differences and similarities in the behaviour of Si in different morphologies. As a result,
this methodology facilitates the analysis of the electrochemical data in greater details and
the exploration of the contributions of multiple electrochemical processes.

2. Materials and Methods
2.1. Description of Materials

A summary of the Si materials along with the source is given in Table 1.

Table 1. Physical properties of the Si materials used in this work.

Thickness/ Surface Area Electrode Current
Si Morphology Diame- (m2/e) Density Density at Reference
ter (nm) & (g/cm®) 1C (mA/g)
9 194 0.42 0.52
Nanowire 42 108 0.33 0.73 [16]
55 85 0.29 0.85
40 10.7 0.033
Thin Film 60 7.15 2.329 0.045 This work
80 5.36 0.067

The amorphous TF electrodes were produced by sputtering Si directly onto the copper
current collector as described elsewhere [40]. The NW electrodes consisted of 50 wt.% Si,
25 wt.% carboxymethylcellulose (CMC) and 25 wt.% carbon black by weight, and loading
ranged from 0.25 to 0.41 mg/cm?. CR2032 half-cells were constructed using Celgard
separator and the electrolyte consisted of 1/1 v/v ethylene carbonate/diethylene carbonate
(EC/DEC), with 1M LiPFg, 10 wt.% fluoroethylene carbonate (FEC), and 2 wt.% vinylene
carbonate (VC). Further details can be found in the original manuscript [16].

The thin film electrodes were prepared by plasma-enhanced chemical vapor deposition
(PECVD, Oxford Instruments Plasmalab System133) using silane (SiHy4) as a precursor. The
films were deposited on flat copper substrates, which were washed with ethanol prior to
deposition. The thickness of the film was controlled by the deposition time [41].

2.2. Cell Cycling and Data Analysis

Given the differences in purpose of the original work, the data generated from the
materials in Table 1 were not produced under identical conditions. After formation at
0.05C (22.5 to 36 nA/cm? depending on the electrode loading), the SINWs were cycled at
0.2C (90 to 144 pA/cm?) in the range of 0.01-1 V with a constant voltage hold at the end
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of each lithiation step. The capacity of the carbon black (20 mAh/g) contributed less than
0.3% to the total capacity of the cells, and was therefore ignored. Cycling was performed
on an Biologic VMP3 multichannel potentiostat (Biologic, Seyssinet-Pariset, France) [16].
After a formation stage consisting of three cycles at 0.05C (1.7 to 3.4 pA/cm? de-
pending on the film thickness), the SiTFs were cycled using a constant current of 0.5C
(16.8 to 33.5pA/cm?) in the range of 0.05-1V with regular diagnostic cycles after every
50 cycles. The diagnostic cycles consisted of one cycle at 0.05C, two cycles at 0.2 (6.7 to
13.4pA/cm?), C, and two cycles at 0.5 C. Cycling experiments were conducted at 25°C in
temperature-controlled cabinets (VWR INCU-Line) using an Arbin LBT battery tester.
Fitting was performed in Python using the Imfit package.

3. Results and Discussion

The fitting function describing the capacity Q as a function of the potential E is
described by Equation (1):

0= ol (30 (552)) (50w rr-w men(52) )]

where c is the position of the phase, s is the scale of the skew-Gaussian part, and « is
the skewness factor which describes the deviation of the phase from normality. ¢ and
T are the error function and Owen’s T functions, respectively. 7 is the scale parameter
of the Lorentzian part, also known as the half-width-at-half-maximum (HWHM). The
weighting parameter w is used to separate the contribution to Q of the peaks. k is the index
of the electrochemical phases in the GCD curve, and 7 is the number of phases. The two
scale parameters s and vy are not necessarily related, and have therefore been allowed to
vary independently.

While parameters such as Q of Equation (1) are well defined and intrinsic to Si and
the generated data, the rest are not, and likely depend on environmental factors such as
material surface area and thickness, and cell resistances. That said, some educated guesses
can be made as to the meaning of these parameters. The position c is theoretically equal to
the equilibrium potential, but in practice, overpotentials and artefacts due to the quality of
data will shift the resulting values of ¢ away from equilibrium. Both of the scale parameters
s and 1y are inverse rate parameters and relate to how fast the process occurs. An ideal
battery material at equilibrium would display no voltage change over the course of the
phase change and an infinite gradient at the beginning and end of the phase. This would
result in values of 0 for s and -y [25]. The skew parameter « is a measure of the deviation
from normality, and therefore represents a “lagging” effect. The size of « is therefore
expected to be proportional with the C-rate (with « — 0 at equilibrium conditions), and is
likely related to the diffusivity. Finally, the weighting parameter w defines the degree to
which each of the two peaks contributes to the total capacity of the phase. This determines
whether the phase is limited by the parameters in the skew-Gaussian or the Lorentzian
part of the equation. To adequately fit Si data, it is first necessary to set up the correct initial
parameters and choose data that can be fit. Because the lithiation of Si takes place at or near
the cut-off potential, the tail end of the lithiation phase is too close to the cut-off potential
to give good fits. We therefore apply this technique to the delithiation cycle only.

3.1. Parameter Setup and Goodness of Fit

The initial parameter setup for fitting is set according to the known behaviour of
Si during delithiation. The alloying phases of Si during lithiation and delithiation have
been determined by NMR and PDF, and it has been shown that Si forms amorphous or
crystalline phases depending on cycling conditions [6,23,42]. During delithiation, Li is
removed from amorphous Liz5Si in two distinct phases, yielding a value of n = 2 for
Equation (1). The two phases are named I and II, and the parameters of the phases are
distinguished using the subscripts I and II, respectively. Phase I (Li3 551 — Li,Si) is located
at about 0.3V, while phase II (Li»Si — Si) is located at about 0.48 V. From the stoichiometry
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of these two phases it is also possible to estimate the initial Q parameters, assuming that the
material at the beginning of the GCD step consists purely of Li3 55i, and the delithiation is
complete (i.e., only Si remains at the end of the cycle). This gives a theoretical stoichiometry
of 1.5:2, equivalent to 43% of the capacity coming from phase I, while the remaining 57%
comes from phase 1L

Figure 1 shows an example of the residual and fit of each phase to a GCD curve, along
with the equivalent dQ/dV. Figure 1a shows how the fitting function agrees with the data,
along with how the two phases contribute to the total curve. The plot of the residuals
in Figure 1b shows an overall excellent fit to the data, with the error not exceeding 1.5%.
Analysis of the errors of the individual parameters reveals that the errors are almost all
less than 10% of the parameter value, and the majority are below 5%. The exception to this
is the parameter ¢, which due to the small values of c compared to the other parameters,
displayed larger errors of up to ten times the parameter value. The equivalent dQ/dV is
plotted in Figure 1c, with the bottom set of curves showing how the results of the fit is split
into skew-Gaussian and Lorentzian curves. Phase I displays no Lorentzian behaviour, and
phase I shows a sharp Lorentzian curve as well as a very broad skew-Gaussian curve. This
shows that there is excellent agreement between the shape and position of the phases and
the results of the fit equations, and reveals that the model is an accurate representation
of the shape of the curve. Further, Figure 1c shows that the shapes of the phases are not
symmetric about the position ¢ and that the skewness factor « is crucial to accurately
describe the behaviour of the delithiation curves.

3.2. Comparison of Thin Films and Nanowires

Characterization of the NWs may be found in the original work [16]. The Coulombic
efficiencies (CE) of the samples exceeded the 99.5% required for long-term cycling after
about 20 cycles. An in-depth discussion of the NW CE is given in the original work [16].
Figure 2 shows how the curves change with repeated cycling for an example of 40 nm TFs
(Figure 2a) and 9nm NWs (Figure 2b). This shows that the individual phases of the two
samples behave quite differently, and also shows how important it is to consider the many
experimental variables that contribute to cell behaviour. If we were to only look at the
complete dQ/dV (grey curves), we might be convinced that both TFs and NWs behave
quite similarly. For example, the position of phase I appears to be at about 0.32 V for both
samples. However, by looking at the behaviour of only phase I (green curves), it can be
seen that this phase is more skewed (higher «) for the TF sample than the NW sample.
Simultaneously, the position of phase I (cj, shown as coloured circles on the curves at 0.3 V)
is decreasing for the TF sample, but increasing for the NW sample. Note that the position
of a phase is not necessarily the point at which the dQ/dV displays a maximum. Similarly,
comparing phase II using only the total dQ/dV behaviour would limit us to discussing
only the small shift in peak position experienced by the NWs. Instead, by looking at
the behaviour of phase II alone (red curves), it can be seen that the Lorentzian portion
of the curve is consistently narrower for TFs than for NWs and that the skew-Gaussian
portion of phase II is fading slower for TFs than for NWs. This shows that the fitting
function provides a powerful tool for analysing the behaviour of Si phases according to
their component curves.

As seen in Figure 2, the behaviour of a parameter is affected by all other parameters
and it is therefore difficult to separate their behaviour and ascribe meaning to them. Never-
theless, in order to show the changes in the datasets over time, the plots of the individual
parameters &, c, s, 7y, and w are shown in the SL
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Figure 1. An example of the goodness of fit of cycle number 5 from a 40nm SiTF cell. (a) The
raw output of the fitting model, showing the input data as blue points overlaid with the best-fit
determined by the program (orange line). The dotted lines are the curves of the individual phases
which together make up the full fitting function. (b) Residuals of the fit, displayed as a percentage
difference from the measured points. (c) The data from (a), displayed as a dQ/dV plot. The top offset
shows the data as blue points overlaid with the best fit (orange line). The middle offset shows the
contribution to the fit of phase I (green) and phase II (red). The bottom offset shows how the phases

are composed of skew-Gaussian and Lorentzian curves.

The differences in behaviour of the TFs and NWs shown in Figure 2 give insights into
the behaviour of the materials, and can give information about how Equation (1) relates
to physical phenomena occurring in the cells. For instance, the increased skewness seen
in the phase I peak for TFs (Figure 2a) indicates that there is a relatively large “lagging”
effect as the potential increases faster than the diffusion can equilibrate. This is consistent
with the expectation that the delithiation is hindered by the long diffusion distance of Li
to the surface of the Si. The less skewed phase I NW peak (Figures 2b and Sla) supports
this hypothesis, as the thin NWs have lower diffusion lengths, and can diffuse Li in radial
directions. The decrease in skewness factor «; seen when cycling the TFs at lower C-
rates (Figure S1b) further corroborates this, as cycling at rates closer to equilibrium would
decrease the diffusion overpotentials. Similarly, the differences in phase position c; of
phase I give information about two datasets. For thin films, the positions of phase I shift
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from around 270 to 250 mV over the course of cycling, while NWs show the opposite trend,
with the position increasing from 250 to 300 mV. In both cases, however, the positions
of ¢; (Figure S2) are very close to the equilibrium potentials determined by the previous
literature [6,42,43]. This might indicate that the overpotentials are increasing with cycling
in the case of NWs but not TFs, but given that the overpotentials in TFs would also be
expected to increase, this explanation alone provides an incomplete picture of the behaviour
of c;. Rather, the exact position of ¢y is likely decided by the combination of diffusion effects
described by a1, and the growing iR drop encroaching on the phase. Since a; is relatively
stable for TFs, pushing the “start” of the data to higher voltages forces the fitting function
to compensate by shifting c; to lower values. Conversely, the decreasing a; seen for
NWs causes c; to shift to the right. It is therefore clear that c; is not a simple function
of the equilibrium potential, but is affected by the behaviour of the cell at the very start
of the cycle. It would therefore be more correct to deem ¢ an “apparent” equilibrium
potential [6,14,23,44].

[ Full curve
[ Phasel

11 Phase Il

0 450
Cycle number

(a)

Gaussian |

>
T
S~
(o4
T
% Lorentzian Il
Gaussian I
[ Full curve |
[ Phasel | ¢ (b)
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*s Lorentzian I
Gaussian Il
0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Figure 2. Output of fitting Equation (1) to the data, displayed as dQ/dV and showing the evolution
of the curves with cycling for (a) 40nm TFs, and (b) 9nm NWs. Each curve is an average of x cycles,
where x is 1/10th of the total number of cycles. The locations of the dots and diamonds correspond
to ¢y and cyj, respectively. The dotted vertical lines denote c for the first cycles.

Finally, the scale parameter s; gives information about how fast the delithiation is
occurring in phase I [25]. While the total dQ/dV (grey curves, Figure 2a,b) seem to show
that the width of the phase may be slightly narrower for TFs than NWs (Figure 2a and 2b,
respectively), the output of the fitting shows that the opposite is true (Figure S3). Further,
the slower TF cycles in Figure S3b show lower values of s;, indicating that the resistance to
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delithiation described by the skew-Gaussian component is dependent on the C-rate. This
behaviour matches the expectation that as the applied current is reduced, the overpotentials
will also be reduced [45]. This result matches the expectation that the thinner NWs should
delithiate faster (relative to the applied current) than the thicker TFs due both to the
decreased diffusion distance as well as the slower C-rates.

As with phase I, analysis of phase II gives important information about the behaviour
of Si. Notably, c;; is independent of TF thickness, and only slightly decreased at slower
C-rates (Figure S2b), varying from 460 to 480 mV. Meanwhile, c¢;; (shown as diamonds on
the curves in Figure 2) for the NWs shows a small shift from 460 to 500 mV at the start of
cycling before reaching a steady state. This initial increase could be due to an increase in
overpotentials due to SEI formation in early cycles. The shift to lower potentials seen in
phase I is not reflected in phase II because the position of phase II is relatively close to the
middle of the dataset. Hence, there are enough datapoints at low voltages to adequately
describe the curve. While phase I is described only by the skew-Gaussian component
(w = 1), phase Il is described by a combination of both the skew-Gaussian and Lorentzian
components. Due to «jj, the contribution to capacity of the Lorentzian occurs earlier in
the delithiation, and the contribution of the skew-Gaussian component is only significant
after the maximum of the Lorentzian has been reached. The resulting behaviour indicates
a relatively fast “burst” of delithiation described by the Lorentzian, followed by a slower
“tail” described by the skew-Gaussian. As with the scale parameter s of the skew-Gaussian,
the scale parameter 7 of the Lorentzian also gives information about how quickly the
reaction is occurring. However, unlike the behaviour seen for sy, 7y/; is larger for NWs than
for TFs (Figure S4a and S4b, respectively). This would indicate an increase in resistance
to delithiation of the NWs compared to the TFs. As cycling progresses, the position of
the phase is shifted to higher voltages due to increasing overpotentials, but the onset of
delithiation (visible at around 0.25V in Figure 2) remains constant. The result is that yj;
increases to cover the larger potential range over which the phase occurs.

The skew-Gaussian component of phase II describes the end behaviour of the delithia-
tion. As with «j, ajj is smaller for NWs than TFs (Figure Sla and S1b, respectively). This
again matches the expectation that the diffusion of Li in the TFs takes longer due to the
dimensionality and thickness of the materials. Similarly, s;; shows the same trend as sy,
and we can conclude that delithiation of phase II is hindered by the slow diffusion in the
same way as for phase I.

When considering the behaviour of phase II, it is important to bear in mind the relative
contribution to the phase of each component. The weighting parameter w determines
whether the phase is “skew-Gaussian-limited” (w — 1) or “Lorentzian-limited” (w — 0).
For the Si morphologies studied here, w; was always found to be 1. This indicates that
the capacity of this phase is skew-Gaussian-limited, at least within the C-rates studied.
Figure S5 shows the behaviour of parameter wy; for phase II TFs and NWs. From this plot,
it can be seen that w for TFs remains stable at around 0.5 during normal cycling, while for
the NWs w begins at 0.45 and trends towards 0. This means that the resistances in the TFs
are not dominated by either the skew-Gaussian nor the Lorentzian parameters, but the
NWs are increasingly limited by the Lorentzian. This difference could be explained by the
shrinking of the NWs during delithiation coupled with the growth of SEI in the electrode
during cycling. This results in a loss of electrical contact between NWs and leads to a
progressive increase in resistance greater than that experienced by the TFs. This hypothesis
is supported by the fact that w; = 1 for all samples and morphologies tested because the
highly lithiated Liz 5Si phase is about 3.5 times more conductive than the Li,Si phase, which
is sufficient to overcome the SEI-related resistances [46].

3.3. Phases of Si Delithiation

To further highlight the ability of this method to show differences between the datasets
in ways that are not obvious by dQ/dV, the capacities of the two phases normalized to
the total capacity determined by the fitting are shown in Figure 3. The horizontal dotted
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lines denote the initial guesses for the fitting of the phases as discussed in Section 3.1.
While this shows that the assumption made initially, i.e., that the datasets consist of 100%
Liz 55i at the start of delithiation and 100% Si at the end of delithiation, was not completely
accurate, the fitting reveals interesting differences between the TF and NW samples. For
both TFs and NWs, the first 10 to 20 cycles show an increase in the contribution to the
total capacity from phase I. However, while phase I for the TFs contributes less capacity
than expected throughout cycling, the capacity contribution from phase I for the NWs
continues to increase and eventually exceeds the amount of capacity expected from the
initial assumption made in Section 3.1. The initial increase in contribution from phase I can
be explained by the progressive lithiation of Si at the start of repeated cycling proposed in
the literature [19,20,47]. In this case, the resistance to lithiation of fresh Si electrodes results
in the incomplete conversion of Li;Si — Liz 55i during lithiation. This means that at the
start of the delithiation step the Si consists of a mixture of Lis 55i and Li,Si, and results in
less capacity contribution from phase I during delithiation, and more from phase II.
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Figure 3. Comparison of the capacities of phases I (blue) and II (orange), for an example of thin
films (dots) and nanowires (crosses). The data is normalized to the total capacity of each point as
determined by the fitting. The horizontal dotted lines denote the initial guess of full conversion
between the two phases.

The differences between the TFs and NWs at later cycles can be explained by dif-
ferences in morphology and C-rate. With repeated cycling, the NWs experience more
pronounced SEI growth than the TFs, and therefore increased electrode resistance. This
causes the voltage cut-off of the delithiation step to be reached sooner, leading to incomplete
delithiation of phase II to form Si, and a disproportionately large contribution to capacity
from phase L. This agrees with the observation in Figure 2b that cj is shifting to higher
potentials. For TFs, the SEI growth occurs relatively slowly (compared to the NWs) and
so the electrode resistance plays a less important role. Instead, the larger Li ion diffusion
length experienced by the relatively thick TFs, combined with the faster C-rate used for
cycling, leads to incomplete formation of Li3 55i during lithiation. This means that, as with
the first 10-20 cycles, the electrode consists of a mixture of Liz 55i and LiySi rather than just
Liz 55i, and the amount of capacity extracted from phase II is increased.

3.4. Voltage Slippage and Excess Li Effects

To demonstrate how well the fitting function describes the data with repeated cycling,
an example of the capacities of the each of the two phases, along with the experimentally
measured capacity and the total capacity output by the model are given in Figure 4a as a
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function of the cycle number. It can be seen that the model consistently overestimates the
total capacity of the cell. This is because as the slope of the voltage—capacity curve is not
0 at the cut-off potential, indicating that the cell is not fully delithiated at the end of the
cycle. This extra capacity has previously been described as a “reservoir effect”, made up of
unreleased Li and voltage slippage effects [48]. The size of this reservoir can be estimated
from the results of the fit by the simple relation:

Qreservoir - Qmodel - Qmeusured (2)

where

Qmodel = QI + QH (3)

Using these formulae, it is therefore possible to calculate the size of the reservoir effect
in the electrode and follow its behaviour with time. Figure 4b shows schematically how
the reservoir starts to grow after the voltage cut-off (black line) until it reaches a steady
value when Qyserp0ir Stops increasing. Figure 4c shows the results of applying Equation (2)
to the results from the two datasets, plotted as a percentage of the measured capacity
(Qreservoir / Qmeasured)- From this plot it can be seen that the size of the reservoir is strongly
dependent on the morphology, with the NWs averaging about 2%, while the TFs maintain
a relatively stable reservoir of about 7% of the measured capacity. However, it should be
emphasised that the C-rates used to generate data for the two morphologies were not the
same, with the TFs cycling at a C-rate 2.5x greater than the NWs. This will likely also
contribute to the difference as the TFs have less time to delithiate fully, resulting in a larger
reservoir. Nevertheless, the ability of the fitting function to discern these differences and
estimate the size of the reservoir is quite valuable.
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Figure 4. (a) An example of the capacity vs cycle life of a thin film sample (blue points), including the
capacity contributions of each phase (green and red points) to the total capacity from the model (orange
points). (b) Plot showing the capacity of the cell as the voltage is extended beyond the cut-off potential.
The blue dots denote the raw data, while the orange line denotes the best fit. The black vertical line at
~0.85V denotes the end of the measured data (i.e., the cut-off potential). The orange shaded area is
the reservoir. (c) The reservoir of the different materials as calculated from Equation (2). The data is
displayed as a percentage of the Q,¢s,req for each material.
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4. Conclusions

Two datasets of previously published data consisting of delithiation cycling data from
a thin film and a nanowire study performed by different groups, were analysed using
an empirical cumulative distribution function consisting of a skewed pseudo-Voigt. Both
datasets featured Si half-cells cycled in the amorphous region of Si and the skewed pseudo-
Voigt was applied to each of the two electrochemical phases Li355i (phase I) and Li,Si
(phase II). The fitting function was found to give excellent fits to both datasets at C-rates
far above equilibrium conditions, and was able to determine differences and similarities
between the two morphologies studied. Phase I of the NW samples were found to be less
skewed than the TFs, indicating faster delithiation. However, loss of contact between NWs
and excess SEI growth also lead to increased resistances of the electrodes, in particular
for the less electronically conductive phase II. Analysis of the results showed that the
fitting function could determine the contribution to capacity of each of the two phases
involved in the delithiation of amorphous Si and showed that this is strongly dependent
on morphology and cycling rates, with NW electrodes exhibiting lower contribution to
capacity than expected from phase II due to greater electrode resistance, despite the larger
surface area available for delithiation. Further, the results were shown to be useful in
determining the extent of the reservoir effect of the cells, and showed that the thin films
exhibited a greater reservoir at the end of the delithiation step compared to the nanowires.
This was presumed to be due in part to the greater delithiation path length, and partly to
the higher C-rate used in cycling. In conclusion, the fitting function shows promise as a
tool to extract more information from Si cycling data even if that data is not generated with
the express goal of fitting, and we invite other researchers to apply this method to their
past and future data.
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