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Abstract

In an effort to increase the specific energy of lithium-ion batteries, silicon additives are often blended
with graphite (Gr) in the negative electrode of commercial cells. However, due to the large volumetric
expansion of silicon upon lithiation, these Si-Gr composites are prone to faster rates of degradation
than conventional graphite electrodes. Understanding the effect of this difference is key to controlling
degradation and improving cell lifetimes. Here, we investigate the effects of state of charge and
temperature on the ageing of a commercial cylindrical cell with a Si-Gr electrode (LG M50T). Using
degradation mode analysis, we were able to quantify the rates of degradation for Si and Gr separately.
Loss of active Si is shown to be worse than Gr under all operating conditions, but especially at low
state of charge and high temperature, with up to 80% loss in Si capacity after 4 kA h of charge
throughput (~400 equivalent full cycles). The results indicate cell lifetimes can be improved by limiting
the depth of discharge of cells containing Si-Gr, which suggests Si is not beneficial for all applications.
The degradation mode analysis methods developed here provide valuable new insight into the causes
of cell ageing by separating the effects of the two active materials in the composite electrode. These
methods provide a suitable framework for data analysis of any experimental investigations on cells
involving composite electrodes.
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Introduction

Enabled by their high energy density and specific energy, lithium-ion batteries (LIBs) have become the
dominant energy storage technology for mobile applications. Average battery energy densities for
electric vehicles (EVs) are rising at a rate of 7% per year.! In the near term, they are expected to reach
values of 325 W h kg? at the cell-level, and 275 W h kg? at pack-level.? This has been made possible
using new active materials in their construction, such as nickel-rich transition metal oxides like
LiNio.sMng.1C00.102 (NMC811) on the positive electrode (PE), and by incorporating silicon additives into
the (typically) graphite negative electrode (NE).

Silicon is viewed as a promising NE material for LIBs due to its large specific capacity, which is around
10 times greater than that of graphite (3579 mA h g? for LiisSis vs. 372 mA h g? for LiCs).3 Unlike
intercalation materials such as graphite, silicon undergoes an alloying reaction upon lithiation. This
leads to a significant volume expansion of over 300% in the fully-lithiated state, compared to graphite
which expands by around 20% upon lithiation.*>

This expansion and contraction of the electrode during charge and discharge of the cell results in
mechanical stress on the electrode particles.® These stresses can cause particles to crack, or even
become completely detached from the rest of the electrode (known as island formation). These
electrically-isolated materials can no longer contribute to the capacity of the cell, hampering the
performance.’” The large volumetric changes also cause the solid electrolyte interphase (SEI) layer to
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crack and become detached. This in turn leads to new electrode surfaces being exposed to the
electrolyte, with additional SEI growth.® Even under calendar ageing conditions, SEI formation on Si is
more dynamic and less passivating than that formed on graphite, leading to greater levels of
degradation.>?° Due to these issues, lifetimes of pure Si electrodes are often too short to be relevant
for commercial applications.™

Some of the negative effects of Si-based electrodes can be mitigated though blending silicon or silicon
oxides (SiO4) with other materials such as graphite. Silicon oxides undergo irreversible reduction
reactions during the first lithiation cycle to form active silicon, inactive Li,O and lithium silicates.1?™%4
Silicon-graphite (Si-Gr) composite electrodes have been shown to drastically improve cell lifetimes. 103
Si-Gr electrodes with various structures and compositions have been explored to avoid the issues of
electrical isolation and accelerated SEI growth,>

Due to the slightly higher oxidation potential of silicon vs. graphite in an LIB, the silicon portion of the
composite Si-Gr electrode remains lithiated in all but the lowest states-of-charge (SoCs).#*° This means
that cycling a cell at high SoC will largely utilise the graphite content of the NE, whereas cycling at low
SoCs will use a greater proportion of the Si content.'® Hence, the volumetric expansion of the silicon
or graphite particles also depends on the SoC cycling range.!” We therefore hypothesise that the rate
of cell-level degradation will depend on the operational SoC window. We also expect the relative
ageing rates of silicon and graphite in the NE vary with the SoC range.

Most degradation mechanisms in LIBs are in some way SoC (or potential) dependent;*® mechanisms
such as lithium-plating, SEI growth, and the various types of PE degradation are all exacerbated at
higher cell SoC.**?! Similarly, the majority of degradation mechanisms are dependent on cell
temperature and current (or C-rate).?° Mechanisms which are caused by limited rates of Li* diffusion
through the electrolyte and active material particles are generally aggravated by operating the cell at
low temperatures or high C-rates.?! This is due to slower transport at low temperature, and formation
of concentration gradients at high C-rates.?*% Particle cracking is one such mechanism, since
inhomogeneous lithiation will lead to greater strain on the active material particles, and hence to
greater rates of degradation.?®

Identifying which degradation mechanisms have contributed to the performance drop seen during
battery ageing is a complex task. For verification of individual mechanisms, cell teardown must usually
take place, with subsequent chemical, structural, and morphological analyses of the electrode and
electrolyte.””* However, the consequences of different degradation mechanisms can be grouped
together based on their impact on the electrochemical performance of the cell. These groupings are
termed degradation modes (DMs), and usually consist of loss of active material (LAM), loss of lithium
inventory (LLI), and resistance increase (RI).% Each of these DMs can be quantified using in-situ, non-
destructive electrochemical methods, without the need for the time-consuming, destructive ex-situ
methods required for identifying mechanisms directly.?®?”

DM analyses can be performed directly on voltage vs. capacity data,?”~* or by using a derivative such

as incremental capacity (dQ/dV)?>3%3! or differential voltage (dV/dQ).323* Various studies have shown
that these methods can be used to identify which DMs have contributed to cell-level performance
drop, both qualitatively and quantitatively. The same methods have been applied to cells which
contain composite electrodes, such as Si-Gr.3>3¢ Ansedn et al. modelled the behaviour of a Si-Gr/NMC
cell during ageing, and showed that the LAM of the two components of the NE can be decoupled,
allowing insights into the way in which these composite electrodes age.*® The profile of the NE voltage
curve will change depending on the relative fractions of the two active materials, allowing insights into
the way in which these composite electrodes age. This has since been confirmed experimentally



through cell teardown and electrode harvesting.3” However, this composite electrode OCV-fitting
method has never been used in experimental ageing studies to separately quantify the degradation
contributions of silicon and graphite in Si-Gr composite electrodes.

With a range of commercial cells with Si-Gr negative electrodes recently becoming available, several
experimental ageing studies have sought to understand how these composite electrodes influence
cell degradation and lifetime.”*®%° These studies have provided valuable insight into the cell-level
performance drop, and the influence of various operating conditions. However, most have relied on
destructive cell teardown analyses, and none have managed to disentangle the degradation
contributions made the two components of the NE. Here we seek to age commercial, Si-Gr containing
cells with relevance to the EV industry by cycling over different SoC windows and temperatures. We
investigate how these conditions affect degradation through traditional methods of capacity fade,
resistance increase, and incremental capacity analysis (ICA). We expand on this by using the composite
electrode OCV-fitting method to quantify which degradation modes occur during ageing. This allows
us to quantify not just LLI and LAM of the PE and NE, but also LAM for both graphite and silicon. The
resulting metrics provide a greater insight into the relative merits of Si in these commercial cells, with
an apparent trade-off between increased capacity and reduced lifetime.
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Figure 1: Schematic of the procedure used during this ageing study. a) diagram of the test apparatus for a single cell. b)
Reference performance test used at BoL and after each ageing set. c¢) Conditions used during cycle ageing, with two SoC
ranges and three temperature set-points. Cells were repeatedly subject to ageing sets and RPTs until they were deemed to
have reached Eol. Example data for a single cell extracted from the RPT procedure, showing (d) 0.1C discharge capacity, (e)
0.1 second resistance, and (f) open circuit voltage.

In this study, we cycled a commercial 21700 cylindrical cell (LG M50T, LG GBM50T2170) at different
temperatures and SoC ranges. The LG M50T is a high energy density commercial cell with relevance
to the EV industry. These cells utilise a SiOx-doped graphite negative electrode alongside an NMC-811
positive electrode and have a nominal capacity of 18.2 W h (5 A h).

Two sets of experiments were carried out. The first set of experiments involved cycling the cell over
the full SoC range (0-100%), i.e. full depth-of-discharge (DoD). The second set of experiments



restricted the SoC to the low region (0-30%), where we expect to see greater rates of Si ageing. Both
sets of experiments were performed at three different temperatures: 10°C, 25°C, and 40°C. The C-
rates for charge (0.3C) and discharge (1C) were held constant throughout. A total of 17 cells were
tested, distributed across the six experimental conditions (listed under the ‘Ageing Sets’ heading
below). C-rates and capacities used for SoC control were based on the beginning-of-life (BoL) nominal
capacity of 5 A h, i.e. 1C was equal to 5 A.

Apparatus

Cells were thermally managed using bespoke test rigs (Fig. 1a, and Sl Figures S1, S2 & S3). In these test
rigs, the base (negative end) of each cylindrical cell was in thermal contact with an aluminium block
which was held at a constant set-point temperature using Peltier elements. The rest of the cell was
wrapped in thermal insulation to minimise heat loss through surfaces other than the base of the cell.
This setup effectively sets a constant temperature boundary condition on the base of the cell, with
pseudo-adiabatic conditions on the other surfaces, and is inspired by the thermal management
strategy used in some EVs.*' Full details of the design of the test rigs can be found in the
Supplementary Information (Sl). The temperatures of the cells were measured using two K-type
thermocouples (TCs) per cell: one was recorded using a Pico TC-08 data logger (sampling frequency of
0.2 Hz), the other was recorded by the battery cycler and used as a safety control. The TCs were
adhered to the surface of the cell using Kapton tape, positioned halfway along the axial direction of
the cell.

Both of the electrical connections were made via the top of the cell. Ring (negative) and pin (positive)
terminals were pressed against the top of the cell using springs connected to the base of the test rigs.
More details can be found in the SI. The terminals were connected to the battery cycler (Biologic BCS-
815) current and voltage-sense cables via banana plugs. Cell impedance was tested after set-up by
using the ZIR-compensation function of the BCS-815 at a frequency of 10 kHz and amplitude of 5 mV,
averaging over 4 measurements. The total impedance (including ohmic resistance from the cell itself)
was consistently found to be 27-30 mQ; the cell itself was found to be 27 mQ when measured using a
4-point connection, indicating the electrical connections added < 3 mQ (all measured at 25°C). The
resistance was not compensated for in subsequent tests.

Break-In Cycles

Once cells had been loaded into the test rigs, they were subject to five full discharge-charge cycles as
part of the break-in procedure. This consisted of cycling cells between the upper and lower voltage
limits (4.2 V and 2.5 V) using the standard charge and discharge procedures outlined on the
manufacturer’s specification sheet. These were a constant-current, constant-voltage (CC-CV) charge
(with a C-rate of 0.2C until 4.2 V, and a 4.2 V hold until the current dropped below 0.01C), and a CC
discharge (with a C-rate of 0.2C). Cells were rested under open-circuit conditions for 2 hours after each
charge and 4 hours after each discharge. All break-in cycles were performed at 25°C.

Characterisation Procedure

After the break-in procedure was complete, the beginning-of-life (BoL) performance of the cells were
measured using a reference performance test (RPT). Two different RPT procedures were used in this
study: the longer RPT provided more information on the cell performance but took around 100 hours
to complete; the shorter RPT provided less information but required around half the time. Both RPT
procedures were performed at Bol, and used alternatingly after each ageing set. RPTs were always
carried out at 25°C, enabling comparisons between cells which were aged at different temperatures.
The details of the longer RPT procedure are listed below and displayed in Figure 1b. Full details of both
procedures can be found in Table S1 & S2 of the SI.



The longer RPT can be broken down into four sub-tests, as indicated in the different coloured portions
of Figure 1b. This consisted of i) a 0.1C discharge-charge (shown in blue in Fig. 1b), ii) a 0.5C discharge-
charge (orange), and iii/iv) two galvanostatic intermittent titration technique (GITT) discharge tests
performed at 0.5C. The first of these (subtest iii) comprised of 25 pulses, each passing 200 mA h of
charge, with 1 hour rest periods between each pulse (green). The second (subtest iv) comprised of 5
pulses, each passing 1000 mA h of charge, also with 1 hour rest periods between pulses (red). In all
cases, voltage limits of 4.2 V (upper) and 2.5 V (lower) were imposed to prevent over-
charge/discharge. Prior to each of the four sub-tests, the cells were first charged using a standard CC-
CV method, with a C-rate of 0.3 C until 4.2 V, and a 4.2 V hold until the current dropped below 0.01C.
The cells were then rested under open-circuit conditions for 2 hours to allow the voltage and
temperature to equilibrate. Upon reaching the 2.5 V lower voltage limit on discharge, cells were rested
under open-circuit conditions for 6 hours prior to commencing the next part of the procedure. The
long rest periods were required due to the slow relaxation of these cells at low SoCs.

Ageing Sets

Once the Bol characterisation was complete, the cells were brought to the temperature set points
required for their ageing cycles and allowed to thermally equilibrate for 2 hours. Two different SoC
ranges were used in this study: 0-30% and 0-100% SoC. For each SoC range, three different
temperature conditions were investigated: 10°C, 25°C, and 40°C. Details of the cycling conditions are
shown in Table 1 for the 0-30% SoC and Table 2 for the 0-100% SoC range.

Table 1: Cycling conditions used for Experiment 1 (0-30% SoC cycling). Blue boxes indicate a looped section.

Control Type Control Primary Limits Cell SoC Safety Limits
Value after
completion
1 CC discharge 1C Ecen =25V (0+x)% Ecen =25V
2 CV discharge 2.5V |1] <0.01C 0% N/A
3 Rest Rest at OCV | time =4 hours N/A N/A

Table 2: Cycling conditions used for Experiment 2 (full depth-of-discharge). Blue boxes indicate a looped section.

Control Type Control Primary Limits Cell SoC Safety Limits
Value after
completion
1 CC charge 0.3C Ecen =4.2V (100-y)% Ecen=4.2V
2 CV charge 42V [/] <0.01C 100% N/A
3 Rest Rest at OCV | time =4 hours N/A N/A

The ageing sets described in Table 1 and 2 consist of a set number of charge-discharge cycles. To
maintain a fair comparison between the cells aged under different SoC windows, the number of cycles
performed in each case was scaled to be equivalent in terms of number of full cycles. This meant that
the full DoD (0-100% SoC) ageing set had approximately 0.3 times the number of cycles of the 0-30%



SoC ageing set. After each set of ageing cycles, cells were brought to 25°C and the performance of the
cells were measured in another RPT. This process continued until the cells were deemed to have
reached end of life (EoL).

The C-rates and capacities used for control of the SoC windows were not de-rated as the cells aged,
with the nominal BolL capacities used throughout. A consequence of using coulomb-counting as the
control method in the 0-30% SoC range cycling is that the voltage window over which the cell is cycled
increases as the cell degrades, since the capacity used for setting the charge limit was not de-rated.
Conversely, the cells cycled over the 0-100% SoC range are controlled by voltage set points, meaning
the charge passed during each ageing set will decrease as the cells degrade. These are unavoidable
issues with ageing studies of LIBs, but the impact on the results can be minimised through comparing
against charge throughput rather than cycle number, as discussed below.

Analysis Methods

All analyses of the electrochemical data were performed using Python, making use of the Pandas,
Numpy, Scipy, and Matplotlib libraries. Measurements of charge throughput were taken from the
ageing cycle data; this corresponds to the total measured charge passed during the ageing cycles (from
both charge and discharge sections). Charge throughput is used in subsequent analyses instead of
‘number of equivalent full cycles’, since the charge passed in each cycle decreases as the cells age.
Aside from the measure of charge throughput, all other information used in the rest of the analyses
utilise data from the RPTs.

Cell capacity measurements were taken from the 0.1C discharge cycle performed in each RPT (e.g. Fig.
1d), from which ‘capacity fade’ was calculated using the following equation:

Capacityy 1cgor. — Capacityg 1c
Capacity 1¢,BoL

Capacity Fade (%) = x 100 (D

The ohmic resistance of the cells were calculated using the 25-pulse GITT data, from the instantaneous
voltage drop upon application of the current pulse, as:

. : _h-n
Ohmic Resistance (Q) = (2)
12 - 11

where /1 and Vi are the current and voltage at rest before application of the current pulse, and /; and
V, are the values immediately after current is applied. The sampling rate for these measurements was
10 Hz, so the ‘instantaneous’ voltage drop is approximated as that measured after 0.1 seconds. At this
response time, only minor contributions from resistances other than ohmic (i.e. activation/charge
transfer) are expected.

This procedure was repeated for each pulse in the GITT tests, giving ohmic resistance as a function of

SoC (as shown in Fig. 1e). The increase in ohmic resistance with ageing was tracked for the resistance

value thus obtained from the 12" pulse of the procedure (equating to ~52% SoC using the nominal

BoL capacity). This value was chosen due to the relative plateau in the Bol resistance values over the

central SoC range of the cell. As with the capacity, the increase was defined relative to the BoL values:
Ohmic Resistance — Ohmic Resistanceg,,

Resistance Increase (%) = Ohmic Resistance X 100 3)
BoL

Incremental capacity analysis (ICA) was performed using the 0.1C discharge and charge cycle by
differentiating the cell capacity with respect to voltage using a finite-difference method, with a set dV
of 5 mV. Prior to this, the measured capacity was normalised using the nominal BoL capacity (5 A h)



to give a measure of SoC. The differentiated data is therefore termed dSoC/dV. No smoothing was
performed on the data.

Degradation Mode (DM) analysis was performed using the 0.1C discharge data. Half-cell V vs Q
datasets were also required for this analysis, which were taken from the literature.*2%42 This consisted
of BoL data from the positive electrode, as well as separate datasets for each of the two components
of the negative electrode (Gr and Si).
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Figure 2: OCV-fitting procedure for quantifying the degradation modes. a) Procedure for fitting the measured cell V vs Q data
to a calculated V vs Q curve. b) A potential curve of the NE is formulated based on measured potential curves of Gr and Si and
the relative ratio of the two components in the NE. c) An experimentally measured potential curve of the PE is used together
with the NE potential curve in (b) to calculate a full-cell voltage curve based on the upper and lower lithiation fractions of
each electrode. By repeating at each stage of SoH, degradation modes of LAM-PE, LAM-NE, LAM-NE-Gr, LAM-NE-Si, and LLI
can be determined based on the change in the electrode capacities and offset. In c) the Bol data is depicted by dark lines,
with data from an aged cell depicted by faded lines. The measured full cell data is shown in orange, with the calculated full
cell data shown in black dashed lines. The residual between the measured and calculated full cell curves is shown above as a
function of the cell capacity. All datasets correspond to cell discharge, i.e. lithiation of the PE and delithiation of the NE.

We first investigated if the two components of the NE could be used to reproduce the measured half-
cell voltage curve of the composite NE. The capacity of the NE at any given voltage is the sum of the
capacity available in the two components:

Qcomposite W)= QGr(V) + Qs 4% 4)
Qcomposite = Qcomposite X %CapGr + Qcomposite X %CapSi (5)
%Capg, + %Caps; = 1 (6)

where Qcomposite, Qar and Qs; are the capacities of the composite electrode, the graphite component,
and the Si component, respectively. %Caps- and %Caps; correspond to the relative fraction of the
electrode capacity due to Gr and Si, respectively. Since the capacity of the composite electrode is



solely due to these two components, %Capesr and %Capsi sum to unity. This means %Caps; can be
expressed as (1 - %Capg:), allowing us to fit the component curve by adjusting only one parameter,
%Capgr. It should be noted that equation 4 is valid only in the thermodynamic limit due to differing
overpotentials present on the two components of the electrode. As such, it may only be suitable for
low current measurements (near equilibrium). This limitation can be overcome by introducing current-
dependent half-cell data for each component.3®

Adjusting the relative contributions of each component (i.e. %$Capg:) alters the calculated Q vs V curve
of the composite electrode (Figure 2b). A non-linear least squares fitting procedure was run using the
Gr and Si datasets alongside a measured V vs Q curve of the NE at BoL (S| Figure S7). This was done
using the curve_fit() function within Scipy, using a Trust Region Reflective algorithm. From the
resultant fit, we found the relative composition of the NE (in terms of capacity) to be 0.85 Gr : 0.15 Si
at BolL (SI Figure S7). More information on the fitting procedure and error of the fit can be found in
the SI.

The voltage curves of the two components were shown to accurately describe the composite
electrode voltage, such that they can be used these data in the OCV-fitting method outlined in
previous works and detailed in Figure 2a.?° In this method, the capacities and offset between the PE
and NE potential curves are adjusted by varying the upper and lower lithiation fractions of each (xee 1o,
XPE_hi, XNE 1o, XNE_ni). These four parameters are adjusted during a non-linear least squares fitting
procedure similar to that described above, until the error between the calculated and measured full
cell voltage curves is minimised.

The method is modified here to used two separate potential curves for the NE. The addition of the
second NE curve adds in one more fitting parameter into the optimisation process, corresponding to
the relative composition of Gr and Si in the NE (%Capa:, as described above). This means a new version
of the composite NE potential curve is calculated for each iteration of the fitting procedure. Therefore,
the results of the OCV-fitting now also include this new term, %Capgr. This allows us to quantify the
capacities of the graphite and silicon content of the NE, and how they evolve with ageing. We can
therefore calculate not just LAM-PE and LAM-NE, but also LAM-NE-Gr and LAM-NE-Si.

Results

The various sections of the RPT procedure allow us to extract different pieces of information on the
cells’ degradation behaviour. From the 0.1C cycle, we can take a good estimate of the cell capacity. As
described in Eq. 1, we can calculate the capacity fade as a function of charge throughput during the
ageing cycles. Figure 3a & b show the capacity fade of each cell, normalised against their Bol
capacities.

The variance between cells was relatively low, with multiple repeats under each condition giving
similar results (Figure 3a & b). The largest variance was observed when operating at low temperature
(10°C), with lower spreads seen at the mid (25°C) and high (40°C) temperatures. Overall, at 25°C and
40°C, lower rates of degradation were seen when operating over the 0-100% SoC range compared to
the 0-30% SoC range. However, this is an incomplete story since different relationships are observed
in the initial ‘accelerated ageing’ region and the latter ‘linear ageing’ region. Low SoC cycling gives a
greater initial capacity drop during the first 2 kA h of charge throughput, before a slower linear
capacity fade thereafter (Fig. 3a). Conversely, full DoD cycling shows a smaller initial capacity drop,
but the linear ageing region progresses at a faster rate, evident from the steeper gradient (Fig. 3b). In
both the 0-30% and 0-100% SoC ranges, there is only a small difference between the observed
capacity-fade behaviour at 25°C and 40°C. However, there is a stark difference when operating at
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Figure 3: Capacity fade (a & b) and ohmic resistance increase (c & d) vs charge throughput for cells cycled at SoC ranges of 0-
30% (a,c), and 0-100% (b,d). Colours correspond to the temperature at which the cells were aged (10°C blue stars, 25°C orange
hexagons, and 40°C red diamonds). Each line corresponds to an individual cell tested, showing the repeatability of cells aged
under the same conditions. Capacities taken from 0.1C discharge at each point shown, ohmic resistances calculated from
GITT measurements.

10°C. In the 0-100% SoC cycling, the cells at 10°C age the fastest. The opposite behaviour is seen in
the cells cycled between 0-30% SoC, with the cells aged at 10°C showing the lowest capacity fade for
the first 7 kA h of charge throughput. As with the cells aged at warmer temperatures, the capacity-
fade curve can be broken into two regions. The initial capacity fade seen during the ‘accelerated’ stage
appears to be extremely low, but the rate of degradation seen in the ‘linear’ region is considerably
higher than that seen at higher temperatures.

The ohmic resistance increase follows a similar trend to the capacity fade discussed above (Fig. 3c &
d). A decrease in capacity could result in an apparent increase in ohmic resistance. This is due to a
decrease in the electrochemically-active area of the electrode(s) whilst maintaining a constant
resistivity. Conversely, resistance increase can cause a reduction in the useable capacity of a cell due
to premature activation of the voltage cut-off limits upon charge or discharge. However, since the
capacity measurements were performed at a low rate of 0.1C, the effect of the ohmic resistance
increase on the measured capacity is relatively small. At 0.1C (500 mA), an increase in ohmic resistance
of 20% (~5 mQ) adds only 2.5 mV of overvoltage. This does not include overvoltages caused by an
increase in the dynamic (or ‘Faradaic’) resistances. However, due to the steep gradient of the V vs Q
plots at low SoC, the amount of capacity ‘lost’ through prematurely reaching the lower cut-off voltage
is expected to be minimal.

Incremental capacity analysis (ICA) is a useful method for highlighting changes in the cell voltage
during ageing. When performed on close-to-equilibrium data (i.e. low current), it can provide
invaluable insight into the changes of the electrode compositions and capacities. Each peak in an ICA
spectrum corresponds to a plateau in the voltage vs capacity (or SoC) profile.® For full cell data, a



plateau on the voltage vs capacity profile arises due to an overlap between the plateaux of the
constituent half-cell profiles. Hence, peaks on an ICA spectrum do not correspond to
processes/features of any single electrode, but instead to a combination of the features of the two
electrodes.

Figure 4 shows the progression of the ICA spectra as the cells degrade, with data shown for one cell
aged under each experimental condition. Fig. 4a-c correspond to cells cycled under the 0-30% SoC
range, and Fig. 4d-f to cells cycled under the 0-100% SoC range. The different colours within each plot
correspond to a 0.1C (dis)charge cycle performed during each RPT, from BoL (light blue) to EoL (dark
purple), with approximately 77 equivalent full cycles between each consecutive RPT. Data for all cells
can be found in Sl Figures S8 & S9.

As discussed above, the peaks in an ICA plot cannot be attributed to one electrode. However, the
peaks which correspond to (de)lithiation of silicon (alongside some PE feature) are principally
observed in the low voltage region. In particular, we attribute the broad, short negative peak between
2.7-3.3 V, and the corresponding positive shoulder peak observed around 3.4 V to Si processes (inset,
Fig. 4c).3® These features rapidly disappear with increasing number of ageing cycles, in particular for
the cells aged in the low SoC range (Fig. 4a-c). As cells approach Eol, a dramatic collapse of all features
in the ICA profiles can be observed, as demonstrated by the cell aged at 0-30% SoC and 10°C (Fig. 4a).
The point at which this phenomenon is observed correlates to the ‘cliff-edge’ moment for capacity
fade shown in Figure 3a (after ~8 kA h of charge throughput). Further identification of the causes of
degradation can be achieved through analysis of the degradation modes.

b) la
s

300

| a)

| N\

dSoC/dV [%/V]
o

-100

00, 10°C | 25°C | 40°C
0-30% SoC 0-30% SoC 0-30% SoC

-300

300

200! 9) | e | 1)

-
o
o

N
o
oS

dSoC/dV [%/V]
o

| 40°cC
0-100% SoC

25°C
0-100% SoC

10 °C
0-100% SoC
25 30 35 40 25 30 35 40 25 30 35 40
Voltage [V] Voltage [V] Voltage [V]

-200
-300

Figure 4: Incremental capacity analysis (ICA) progression throughout cell ageing. Data from cells aged at 0-30% SoC (a-c) and
0-100% SoC (d-f), at temperatures of 10°C (a,d), 25°C (b,e), and 40°C (c,f). ICA calculated from the 0.1C discharge-charge
cycle, with a fixed dV value of 5 mV. Q values were normalised by the nominal BolL capacity (5 A h) to give ‘SoC’. Different
colours correspond to each RPT value, from Bol (light blue) to EolL (dark purple), with approximately 77 full equivalent cycles
between each consecutive RPT.

DM analysis of each cell was performed as outlined in the experimental section, using the 0.1C



discharge data from the RPTs. The OCV-fitting procedure performed for each RPT allows us to calculate
the capacities of the PE and NE and their relative offset, as well as the relative ratio of Gr:Siin the NE.
By repeating the OCV-fitting at each point along the SoH of the cell, we can track the evolution of the
DMs as a function of charge throughput. This includes LLI, and LAM of each electrode (LAM-PE and
LAM-NE) as well as the LAM of each component of the NE (LAM-Gr and LAM-Si). It should be noted
that this analysis cannot distinguish between loss of lithiated active material, and loss of delithiated
active material alongside LLI. The calculated LLI could therefore be caused by either stoichiometric
drift (i.e. ‘electrode slippage’) due to mechanisms such as SEl formation, or due to the LAM being
lithiated material. Values of LLI have been normalised by dividing by the BoL cell capacity.

The results from the DM analysis of cells aged by cycling within different SoC windows and
temperatures are displayed in Error! Reference source not found.. In these plots, multiple cells aged
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Figure 5: Degradation mode analysis for cells cycled at SoC ranges of 0-30% (a-f), and 0-100% (g-I). Colours correspond to
cells aged at temperatures of 10°C (blue), 25°C (orange), and 40°C (red). Solid lines represent the average values calculated
from multiple cells aged under the same condition, with shaded regions corresponding to the standard deviations. These plots
show the evolution of SoH (cell capacity) and each degradation mode as a function of charge throughput during ageing. LLI
has been normalised by the BoL capacity of the cell.



under the same conditions have been averaged to give the solid lines shown, with the shaded regions
corresponding to the standard deviation. Results for each individual cell can be seen in Sl Figures S11
and S13. In most cases, the root-mean-square error (RMSE) of the residual between the fitted OCV
curve and the measured 0.1C data was found to be between 5-15 mV, with a gradual increase from
BolL to Eol. This trend is expected due to the increasing resistance of the cells, causing the 0.1C
discharge voltage to stray further away from the OCV.

Comparing the cells cycled over the 0-30% SoC range (Fig. 5a-f) with those cycled between 0-100%
SoC (Fig. 5g-1) reveals significant differences in the DMs for the two operating ranges, in particular for
LAM-Si. For the cells aged at low SoC and mid/high temperature (Fig. 5f), there is a greater than 70%
loss in Si capacity after the first 4 kA h of energy throughput. This is expected, since the majority of
the charge throughput in the 0-30% SoC range has been spent (de)lithiating silicon. Conversely, a
greater proportion of the charge throughput in the 0-100% SoC range contributes towards
(de)lithiating graphite, leading to higher levels of LAM-Gr in those cells (Fig. 5k). LAM-Gr also rises in
the 0-30% SoC cells once the silicon content is rendered inactive, since the graphite is now cycled
exclusively (Fig. 5e).

An appreciable amount of LAM-Si is also observed in the cells aged over the 0-100% SoC range, for
which both the Si and Gr components are electrochemically cycled (note the different y-scales for
LAM-Si and LAM-Gr on Figure 5). The high degree of LAM-Si relative to LAM-Gr may be caused by a
variety of reasons: firstly, that the rate of Si degradation is inherently faster than that of Gr, in part
due to the large volume changes experienced by Si upon (de)lithiation; secondly, due to the fact that
the silicon particles experience far greater current densities than the graphite particles.®® This is an
unavoidable problem faced by composite electrodes, resulting from the fact that the
electrochemically active surface area of Si is significantly smaller than that of Gr for the material ratios
usually used. Higher current densities lead to larger concentration gradients and increased rates of
degradation. This effect worsens as LAM-Si increases, since the active surface area of silicon
consequently decreases.

There is also a strong temperature dependence observed for the LAM-Si when cycling within the 0-
30% SoC range (Fig. 5f). Cells cycled at 10°C show lower levels of LAM-Si than those aged at 25°C or
40°C; they also have lower levels of LLI (Fig. 5b). This may indicate that the increased rates of SElI
growth expected at higher temperatures have a knock-on effect on the LAM, which is primarily caused
by particle cracking. Thicker SEI layers can hinder diffusion processes, leading to larger concentration
gradients and increased particle cracking. It is also possible that the low temperatures, and resultant
large overpotentials on the silicon active material, cause the graphite to take on a larger portion of
the charge throughput. These characteristics are expected to depend on the relative overpotentials
of the two active materials, which depend on material properties and particle sizes, and should be the
focus of future work.

The temperature dependence of the LAM-Gr in the 0-100% SoC cells (Fig. 5k) appears to be non-linear;
the highest levels of LAM-Gr are observed in the cells aged at 10°C, whilst those aged at 25°C and 40°C
show similar levels of material loss. This indicates that the kinetic limitations which cause high levels
of particle cracking in Gr are abated by operating at temperatures of 25°C and above.

Finally, similar levels of LAM-PE are observed in all cells tested here, regardless of the SoC range or
temperature that the cells were cycled over (Fig. 5¢c & i). This suggests that the degradation
mechanisms responsible for the observed LAM-PE are not SoC-dependent, which would indicate the
dominant mechanism being particle cracking. Other PE degradation mechanisms, such as structural



disordering, phase change and oxidation of the lattice oxygen, are expected to be exacerbated by
higher cell SoCs and temperatures.

Conclusions

We have investigated the effects of state-of-charge (SoC) and temperature on the degradation of
commercial lithium-ion batteries with Si-Gr/NMC811 electrodes. We found that cycling at low SoC
causes greater rates of capacity fade at 25/40°C, but appears to have the opposite effect at 10°C.
Similar trends were observed for the increase in ohmic resistance, indicating that the mechanisms
affecting these two metrics were linked.

By using a form of open circuit voltage modelling which utilises separate negative electrode (NE)
voltage curves for silicon and graphite, we were able to quantify the relative capacities of these two
components, which were calculated as 85:15 (Gr:Si) at beginning-of-life. This methodology was then
used to track the evolution of different degradation modes (DMs) during battery aging, giving
guantitative values of loss of active material for both Si (LAM-Si) and Gr (LAM-Gr), as well as loss of
active material in the positive electrode (LAM-PE) and loss of lithium inventory (LLI).

The DM analysis revealed vast amounts of LAM-Si during cycling, particularly for the cells cycled at low
SoC and high temperature. Once the Si content of the NE was rendered inactive, LAM-Gr was observed
torise, since the graphite was now providing the bulk of the electrochemical work. Similarly, operating
the cells over the full 0-100% SoC range, where both the Gr and Si components are electrochemically
cycled, resulted in less LAM-Si and more LAM-Gr compared to the low SoC ageing. LAM-PE was found
to be similar in all operating conditions in these experiments, and thus independent of SoC range and
temperature. This is expected at the relatively low charging currents and when adhering to the
manufacturer’s upper voltage limits.

The results of the DM analysis performed in this work question the utility of silicon in these commercial
cells. Silicon capacity loss of over 30% was observed after just 5 kA h of charge throughput, even when
cycling under moderate conditions (0-100% SoC, 25°C). For the same charge throughput, the loss in Si
capacity was a staggering 80% when cycling over the 0-30% SoC range. These results indicate that the
cycle life of cells containing Si-Gr NEs can be extended by reducing the amount of charge passed in
the low SoC region. However, limiting the operational SoC window reduces the usable capacity of the
cell, potentially removing the benefit of incorporating silicon into the electrode.

The degradation mode analytical method used here provides greater insight into the observed ageing
behaviour by decoupling the LAM contributions from the two components of the NE. This
methodology provides a suitable framework for analysis of other experimental degradation studies
on cells containing composite electrodes.
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