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The Tesla model 3 has rapidly become one of the most popular electric vehicles (EV), being the best selling
EV in 2020 and the second best selling in 2021. In this paper the ageing implications of varying time scales
in usage of the battery are investigated for the 2170 cells used in the Tesla model 3. It is shown that dynamic
usage in the range of approximately 0.01 to 0.1Hz has a statistically significant impact on ageing, while
dynamic usage in range 0.1 to 1 Hz does not show significant impact on ageing. Furthermore the individual

electrode ageing is investigated by non-invasive electrochemical techniques, revealing the profound impact on
ageing from Si addition to the negative electrode, where it is shown that substantial part of the ageing comes
from loss of Si in the negative electrode.

1. Introduction

In recent years the push to increase electrification of the vehicle
fleets across the world has gained momentum and the market shares
have been increasingly rapidly in many countries. During this period
the Battery Electric Vehicle (BEV) with a Lithium-ion Battery (LiB) has
matured into the most popular variant of electrified vehicle (EV). This
process has been enabled by rapid development of the LiBs used in
the automotive industry, but since the battery is still the largest and
most expensive component in a BEV understanding their behaviour and
optimising their utilisation remains an important topic for industry and
research alike.

This development has lead to increased interest in many aspects of
the LiB, from improving energy density and performance to prolonging
service life. One of the chemistries that has been generating interest is
Silicon negative electrodes. This is due to the high capacity of Si as neg-
ative electrode material, as it alloys with Li in a more efficient way that
standard intercalation materials, yielding 4212mAhg~! [1] theoretical
capacity and a practical capacity around 3579 mAhg~! for Li15Si4 [2—-
4]. This is a very tangible improvement compared to 372mAhg~!
for graphite [5]. Moreover, silicon’s attractiveness is increased by the
material’s abundance and non-toxicity [1]. However, large volumetric
contraction and expansion [6] causes durability issues with unstable
SEI, particle pulverisation and morphology changes [7] during alloying
and dealloying. This rapid degradation of pure Si electrodes have ham-
pered their industrialisation. In recent years the development of Silicon
based electrodes has been rapid [8] and these drawbacks have been par-
tially overcome, for instance by producing composite electrodes where

the silicon works as a dopant to graphite electrode to add capacity.
This technique is now used widely in commercial cells available off
the shelf, but still only a relatively small body of literature is available
concerning its durability effects, especially when considering an NCA
positive electrode.

Liu et al. [9] have reported degradation data for cells comprising an
NCA positive electrode and a Si-Gr composite negative electrode with
static current and found little influence of the discharge current, but it
should be noted that their investigation was limited to non-dynamic
tests. Teichert et al. [10] investigated the ageing challenges for Ni-
rich positive electrodes, specifically focusing on the ageing mechanisms
occurring in the cells, with the investigation limited to the positive
electrode. Farmakis et al. [11] performed interesting investigations
comparing the ageing behaviour of cells with an NCA positive electrode
versus pure Si or pure graphite, using standard galvanostatic cycling,
and were able to conclude that a Si negative electrode was detrimental
to battery lifetime. However they did not extend their investigation to
include mixed materials.

Jossen and co-workers [12], have found that ageing implications
are not homogeneous for the two materials making up the composite
electrode. Instead it can be seen that the graphite is losing capacity
less rapidly than the Si, leading to a shift of the OCV of the negative
electrode, and corresponding change in cell OCV. They have also inves-
tigated how the fraction of Si added to the negative electrode affects
the durability and found a negative correlation between the amount
of Si and the capacity retention [13] and performed studies in the
calendar ageing behaviour and reversibility of capacity loss of cells with
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Si-Gr composite electrodes [14]. Profatilova et al. [15] investigated the
influence of porosity on the durability for Si-Gr electrodes and found
that the influence of porosity on transport properties led to significantly
different ageing when porosity decreased. Important to note is that
these studies did not extended their scope beyond constant current
cycles.

Interesting investigations of the influence of drive cycles on battery
ageing was conducted by Baure and Dubarry [16] who compared drive
cycles used in certification to real driving data, as well as Keil and
Jossen [17] who investigated the effects of regenerative braking dur-
ing dynamic driving, and different SOC levels, for non-parameterised
discharge and drive cycles. Schmalstieg et al. [18] implemented pa-
rameterised customer profiles to investigate effects of waiting times
and other parts of the usage behaviour, for constant current discharge
cycling. Further important work was conducted by Peterson et al. [19]
investigating realistic usage conditions for a Vehicle-to-Grid (V2G) user,
including realistic drive cycles and investigating different customer
profiles, however not including a discharge pattern that could be re-
duced to a small number of governing parameters. Bessmann et al. [20]
implemented discharge profiles combining a DC discharge and AC
harmonics, for frequency ranges above 1 Hz.

Despite the valuable and interesting research being published in
the field, to the best of the authors’ knowledge there are no papers
where representative parameterisable discharge patterns are developed
or used to investigate the effect of the discharge dynamics on the
cell ageing. In order to fill this research gap, a novel test method
for investigating the sensitivity to the dynamic pulses of driving is
suggested in this paper, making standardised dynamic testing possible,
allowing researchers to investigate ageing behaviour more akin to real
world scenarios. This methodology can also be further expanded to
investigate other usage parameters derived from real world driving
and the highly variable nature of the current profiles that batteries are
exposed to in EV applications.

Accordingly, the aim of this paper is to establish the influence on
Lithium-ion battery ageing due to low frequency current pulses, with a
specific focus on cells with silicon doped composite electrodes.

The key novel contributions of this article are

» Reporting of cycling data for cells with NCA positive electrode
and Si-Gr negative electrode.

» A proposal of a parameterisable dynamic discharge pattern and
demonstration of its feasibility when implemented in a battery
testing equipment.

« Proof of the possibility to use the low-SOC hysteresis as tool for
non-invasive ageing assessment in composite electrode cells.

» Demonstration of a correlation of ageing and pulse harmonics
in the range of 10 to 100 mHz, while showing no correlation for
frequencies in the range 100 to 1000 mHz.

2. Experimental
2.1. Cells and setup

The 2170 cells tested for this study are from a Tesla model 3 car to
ensure it is production status cells. Samples were also taken from cells
to build halfcells for electrode characterisation. Its chemistry is a mixed
silicon and graphite negative electrode paired with a Nickel-Cobalt-
Aluminium (NCA) positive electrode. Some further technical details are
given in Table 1.

To investigate the influence of the typically stochastic discharge
behaviour, a suitable dynamic discharge pattern is developed. The
main interest of this study was to investigate the effect of different
time scales on the ageing behaviour, since different drive patterns give
rise to vastly different time scales of discharge, quite dissimilar from
the idealised steady state currents typically used in laboratory ageing
studies.
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Table 1
Technical specifications of the Panasonic 2170 cell.

Parameter Cell specifications
Manufacturer Panasonic
Geometry Cylindrical 2170
Chemistry NCA/Si-Gr
Capacity 4.6Ah

Weight 68.45¢
Dimensions 21 mm x 70 mm
Upas 418V

Upin 255V

Unom 3.6V
Gravimetric energy density 242 Whkg™!

Table 2
Tabular representation of reference performance test (RPT) as performed every 50
cycles of cycle life testing.

Measurement Procedure Comment
Capacity CCCV Charge Cut at U,
Lowiors = €/20
Repeat x2 CC Discharge Cut at U,,,
=/
CC Charge Cut at U,
=C
IcA L=
CC Discharge Cut at U,,,
I=C/p
CCCV Charge Cut at U,
’[umjf =C/20
Impedance CC Discharge I =¢/3 to Break based on voltage

70%, 50%, 30% SOC corresponding to X% SOC

Max current on tester
Charge and discharge

10s pulse
1 =13C

pulse

A cycling protocol was developed where the cell would undergo
different discharge cycles with a maintained mean current of 1C to
yield comparable results. This was achieved by applying a rectangular
wave discharge current of 1.33C during three quarters of a repeating
cycle, while resting the remaining quarter of the cycle, see Fig. 2 for
clarification of the discharge profile. The total time of the repeating
cycle is then varied to yield the different discharge protocols. As a
reference cycle a standard 1C test was also performed.

The total time in the test matrix was varied to obtain a suitable dis-
tribution in the frequency domain by varying the total time according
to t,ym = 2V's where N € {0,1,...,8}, or from s to 256s with the
frequency of the test defined as f;,;; = /1. This yields a frequency
range from 4 mHz to 1 Hz. While the main purpose of the test design is to
allow for direct comparison with standard 1C tests it can be interesting
to note that the typical frequencies found in standard urban (Artemis
urban) and highway (US06 and Artemis 130) drive cycles range from
about 10 to 200mHz with maximum occurrence around ~ 25mHz,
identified using fast Fourier transform (FFT) on the speed trace of the
cycles. Thus, the tested frequency range is not dissimilar to what could
be expected from real world applications. All tests were performed with
a minimum of two replicates in a temperature of 25 °C.

2.2. Reference test

All cells underwent regular checkups every 50 full cycle equivalents
(FCE) where the discharge capacity was measured at I,.,, = C/3
current after performing a C/3 CCCV charging with I, = C/20 at
U,..x- This cycle was repeated twice and the average of the two values
was utilised as capacity figure for that reference test.

After determining the capacity of the cell an incremental capacity
sweep was done at I;-4 = C/20, sweeping both charge and discharge
direction between U,,;,, and U,,,,..

The final step of the reference test was a pulse test to measure

resistance of the cell, run with 10s pulses of I,,, = 13C. The
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Fig. 1. Normalised frequency spectra from FFT on speed trace of two standard drive cycles, with (a) showing Artemis Urban, a drive cycle used to represent urban driving.
Correspondingly in (b) the frequency spectrum from FFT on US06, a highway drive cycle, is depicted.
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Fig. 2. Schematic visualisation of the pulse discharge pattern used in the study.

current level used in the pulse was set by the maximum current limit
provided by the tester, see Section 2.4. The pulses were applied at three
different SOC levels of 30, 50 and 70% with both charge and discharge
pulses applied to the cell. See Table 2 for clarification and a tabular
representation of reference test procedure.

On top of this basic checkup test a subset of the cells also underwent
further tests to obtain a more complete characterisation. The additional
tests were Intermittent Current Interruption (ICI) test and Electro-
chemical Impedance Spectroscopy. The ICI test procedure is described
in [21]. In this study it was implemented with I;-; = C/20 applied for
300s and current interruptions of 5s and the test was performed during
every reference test.

The cells that performed regular ICI were also characterised using
regular electrochemical impedance spectroscopy (EIS) sweeps. How-
ever due to requiring specific equipment (see Section 2.4) and lead
time for the test, these tests were only performed every 300 FCE to
reduce stoppages. The lead time was mainly due to conditioning, as
the cells needed to be brought to 50% SOC level for the test and then
fully equilibrated for 12 h before the test was performed. The EIS sweeps
were run between 10kHz and 10 mHz with 10 points per decade and a
10mV perturbation applied.

2.3. Individual electrode analysis

To enable half cell analysis electrode materials were harvested from
a fresh cell and reconstructed into half cells with a lithium metal
counter electrode. These cells were assembled into pouch cells, using
electrode discs with #15mm with a @18 mm lithium metal counter
electrode and a Whatman 260 pm separator.

These single electrode cells were cycled using C/10 current to
obtain reference OCV curve for electrodes. The Si-Gr electrode was
cycled between 0.002V and 1.5V and the NCA electrode was cycled
between 3V and 4.35V to obtain full voltage curves.

2.4. Test equipment

All cycling testing and the reference tests were performed using a
Neware BTS4000 5 V battery testing system with a maximum current
Of I,,4x sester = 6 A. The EIS measurements were performed on a Gamry

reference 3000 tester with a frequency range of 1 mHz to 300 kHz.
3. Results and discussion

The capacity fade results of the tests are shown in Fig. 3. From
this figure it can be noted that the spread in results is significant even
between cells performing exactly the same test. This type of behaviour
has been investigated for cells connected in modules or packs [22,23]
which experience slightly different conditions during ageing, but has
not been investigated for cells performing identical tests. Despite the
spread, there is a trend that can be noted which is that the capacity
of the cells that are subjected to higher frequency pulses is decaying
more rapidly than those performing pulses with lower frequency. This
trend, and the noise in the data, can be seen more clearly from Fig. 5
where the average energy throughput through the cells before reaching
end of life is plotted versus the frequency applied in the test. As can be
seen from the box plot, the data is noisy, but with a trend towards
higher energy throughput before reaching end of life for the cells
cycled with lower frequency pulses. This would indicate that more
stationary loads on the battery, corresponding to less dynamic driving
with more constant speed, would be beneficial for the mileage one
can get out of an electric vehicle before it reaches end of life. It can
also be noted that there is significant capacity recuperation in some
tests, which occurs when testing is temporarily halted to perform EIS
tests, see Section 2.2, as this led to a rest period for all cells before
the tests were restarted. This behaviour has previously been reported in
several previous works [24-26] and is believed to be related to negative
electrode overhang storing excess capacity of lithium ions.
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Fig. 3. Capacity fade plots for all tested cells, split into four subplots based on frequency, with decreasing frequency from top left to bottom right. All replicates performing the
same test are shown in the same figure. Each subplot also include average of the three 1C reference test for comparison.

3.1. Comparison with 1C reference

As 1C constant current discharge is a typical standard test in battery
cycling studies, it is important to note that despite the large variance in
the individual tests, durability is improved in all but one of the dynamic
test cases when comparing to the average of the 1C reference tests,
see Fig. 3. This trend is also confirmed when including the resistance
increase in the analysis, see Fig. 4 where the 1C reference is displaying
the fastest resistance increase as well as the fastest capacity decay when
comparing with several different pulse test conditions.

The fact that even as ageing behaviour changes for different pulse
discharge cases the dynamic cycling is always outperforming the 1C
reference shows that accounting for dynamics in battery durability
testing is a vital feature. Therefore test studies aiming to investigate
cycle life of BEV batteries should take dynamic usage into account when
designing tests. It also complements the findings of Keil and Jossen [17]
which showed that including regenerative breaking pulses in cycling
tests improved durability, where our results show analogous results for
dynamic discharge as compared to static discharge.

The causes for this cannot be clearly stated based on the tests
performed in this study, but one hypothesis could be that periodic rest
reduces local phenomena such as lithiation unbalance or local potential
drops due to equilibration during rest phases. Pulses have also been
mentioned previously in literature as a way to reduce concentration po-
larisation and utilisation of active material [27], so further speculation
could be that the distribution of Li in the active material is improved
by pulsing the current compared to constant current. This could help
reduce material stress and decrease for instance crack formation in the
material, but to verify these hypotheses further post-mortem analysis
would be needed.

3.2. Splitting the dataset

The trend that lifetime decreases with higher frequency mentioned
in Section 3 is more clearly present for lower frequencies, where as in
higher frequencies the trend seems to be much weaker, or even non-
existent. This can be further analysed by splitting the dataset into two
subsets, where higher frequency pulses (f > 100mHz) are analysed
separately from lower frequency pulses. The differences in trends can
be seen more clearly from Fig. 6 where the linear trends for the subsets
of data are shown together with the test data from the study. The slope
is large for the low frequency pulses, but more or less flat for the higher
frequency.

The reasons for choosing f = 100mHz as the cut-off frequency is
two-fold. Firstly it can be seen from the ageing data that it is around
this frequency that the trends start diverging. Secondly, based on EIS
sweeps on cells, the characteristic frequency for the charge transfer
resistance and the double layer capacitance is between 100 mHz and
10Hz and tending towards lower frequency as the cells age, see Fig. 7.
Combining these two observations, one hypothesis can be that for
frequencies higher than f ~ 100 mHz the influence of the pulsation is
dampened by passing the current through the double layer capacitance.
This will cause charging and discharging of double layer capacitance
during pulsing, which will lead to the effective concentration in the
particles not being significantly different in the different frequency
cases. Previous research on pulse current in LiBs have not focused on
this, but previous research on lead-acid battery technology have linked
the influence of double layer to performance [28,29]. This hypothesis
would however require further study to draw more reliable conclusions.
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frequency. Large variance in the data can be noted for six out of nine test conditions,
indicating surprisingly large spread in cell ageing performance.

3.3. ANOVA test on datasets

Even though the trends for the split datasets might look significantly
different from direct inspection, the large variance in the test results
means that there is a risk of misinterpreting pure variance as a trend. To
verify that this is not the case further statistical analysis is performed on
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Fig. 6. Pulse frequency versus energy throughput at end of life for all tests conducted
in study, together with linear fits of end of life versus frequency for the two subsets
of data.

the datasets by applying the ANalysis Of VAriance (ANOVA) test. The
ANOVA test, used here as implemented in the R software [30], finds
with what probability a trend in results can be attributed to natural
variance within the sample set. The null hypothesis being that the
variations in results are indeed caused by variance and the means of
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all individual tests are the same, generating a utility test of
Hy : py = pp == p; versus H, : p, # u, for some (u,v).

Based on the probability of rejecting H,, the presence of a trend
in the data is assessed, with P(H;) < 0.05 used as condition for a
statistically significant trend.

Examining the full dataset without a split by frequency the probabil-
ity of null hypothesis is P(H,)) = 0.28 meaning that the null hypothesis
can be rejected with only 72% probability. This result cannot be
considered significant with the standard requirement, so the variations
in means is considered attributed to variance rather than trend.

However if the data is split by frequency it becomes clear that the
trend is present in the low frequency region, as P(H;) = 0.028 for
tests with f < 100mHz indicating that the null hypothesis can be
rejected with 97.2% probability, which can be considered a statistically
significant trend. Conversely, analysis of the data where f > 100 mHz
yields that P(H,) = 0.81, or null hypothesis can only be rejected
with 19% probability, and accordingly no relation can be established.
This further enforces the observation that at lower frequency the pulse
duration has an influence on the ageing of the battery, but at higher
frequency the effect is negligible. These observations are also align with
the findings in previous studies of Bessman et al. [20].

3.4. Negative electrode decay

To track the individual electrode ageing without intrusive testing,
the differential voltage curve of the full cell is recreated by a combi-
nation of positive and negative electrode voltage curves, see Fig. 8.
Details on the half-cell implementation is found in 2.3. The capacity
of the coin cells used for half cell characterisation needs to be scaled
to full cell, and electrode balancing taken into account. Following the
method proposed in Mussa et al. [31] the scaled electrode capacities,
O,eq/p0s are formulated as

Qneg = Snegqneg + Gneg (l)

ons = Spospos + O pos @

with g/, denoting the capacity measured in the coin cell, $,eg/p0s
and o,,,/,,s denoting the scale and slip factor respectively. Using the
scaled capacities together with the voltage curves measured, allows
the approximation of full cell voltage as the difference between the

Electrochimica Acta 462 (2023) 142760

-500
Negative electrode
—-=-= Positive electrode
Full cell

-400 Q,
e
<é; -300 1 Q,
>
-~
g
B 200
3 H
© 2N I

Lo / \ !
RN e \ ,’
| \
—100 4 \\\ —// ‘\\\_’,/ \\ II
Sha s \ ’
\ S
\\ —
0 T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Full cell capacity / mAh

Fig. 8. Differential voltage for full cell at beginning of life, and each electrode at
beginning of life. Two capacities are marked between horizontal lines on the plot to
indicate the capacity until central graphite peak, and between the two visible NCA
peaks. Q, serves as a proxy for estimating the capacity loss of the Si-Gr, and Q, serves
as proxy for estimating the capacity loss of NCA.

electrode potentials, Uy = Upyos —Upeg With Ueg /o5 = f(Qreg/p0s) Dased
on measured voltage on half cells.

By calculating the derivative of voltage with respect to capacity,
dV /4o, of these curves a Differential Voltage Analysis (DVA) can be
performed. Overlaying the DVA curves from the half cells and the full
cell, the peaks can be clearly assigned to a unique electrode, see Fig. 8.
This allows one to define proxies to track the capacity of the individual
electrodes by tracking the distance in capacity between DVA peaks.

Following the method presented by Ziilke et al. in [32] the distance
between the peaks associated to each electrode, the relative capacity
of the electrodes can be tracked. For NCA the capacity defined as O,
in Fig. 8 indicates the capacity available between the two phase shifts.
Analogously for the Si-Gr electrode, the capacity, defined as Q;, until
the central graphite peak appears, is taken as a proxy of the electrode
capacity. This which however has an inherent weakness in not being
able to distinguish between loss of active material and loss of lithium
inventory due to only being referenced to one peak. The reason for
using only one peak can be deduced from Fig. 9(a) which shows how
the relative slip of the electrodes makes the peaks associated with the
negative electrode around 30% SOC and 65% SOC non-identifiable as
degradation progresses.

These values can then be tracked throughout the ageing testing to
indicate the individual ageing of each electrode, and the result is shown
in Fig. 9(b). Due to peaks shifting in the DVA with ageing, the central
graphite peak becomes indistinguishable, and unfortunately this means
that O, cannot be calculated beyond 200 FCE. Yet the trend is clear
from the data that can be obtained, showing that the negative electrode
capacity is dropping swiftly, whereas the positive electrode capacity
can be considered more or less unchanged throughout the test, with
the fluctuations stemming from the noise of the measurement data.

This trend can be further investigated by the novel method of
analysing the difference between charge and discharge voltage of ICA
tests, as shown in Fig. 10(a). The difference is defined simply as AU =
Uchrg — Ugeng for the same point in SOC.

For the ICA test, that is performed with a c-rate of C/20 it can be
assumed that overpotentials in the cell are low, and thus the difference
between charge and discharge can be attributed to hysteresis effects
mainly. Silicon electrodes are known to show significant voltage hys-
teresis [33,34], so a large difference between charge and discharge in
the low SOC region, is an indicator of Si in the composite electrode.
Furthermore, as the resistance in the cell increases with ageing, see
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Fig. 9. Disappearance of distinct DVA peak for negative electrode capacity (a) and
the ageing proxies for positive and negative electrode respectively (b).

Fig. 4, any overpotential contribution to AU will increase with ageing,
yielding the expected trend that AU would increase if there are no
changes in the underlying OCP curves. It is however clear from the
data that AU is decreasing in the lower SOC region, which is a clear
indication that Si is being lost at a disproportionate rate during cycling.
This aligns with the previous findings in literature that Si composites
can have issues with cycle life, mainly due to large volumetric changes
during charge and discharge [35-37].

The hypothesis that Si capacity loss is the main contributor to the
initial negative electrode capacity loss is further corroborated with
analysis of the Incremental Capacity Analysis (ICA) sweeps. ICA is the
inverse derivate compared to DVA as d0/dv such that valleys in the DVA
show up as peaks in ICA. ICA sweeps performed during life testing
is shown in Fig. 10(b), where the peaks associated with Si for low
voltages, are quickly diminishing. As the cell reaches its end of life the
peaks are completely gone, indicating that there is very little active
silicon remaining in the negative electrode.
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Fig. 10. Voltage hysteresis (a) and Incremental Capacity plot (b) for the same cell at
three stages of ageing. Both figures indicate near complete loss of active Si when cell
is at end of life (EoL).

3.5. Future work

Several interesting questions arise from the findings in this paper
that would be interesting to investigate further. More detailed post-
mortem analysis to further investigate the different ageing mechanisms
involved and finding a more detailed physical explanation to why the
degradation is faster in constant current cycling compared to dynamic
cycling. Coin cell harvesting at end of life to be able to improve the
results from voltage fitting shown in Section 3.4 would also be of value
to further elucidate the internal processes.

4. Conclusion

After splitting the data it can be concluded that the investigated
discharge harmonics does not have significant influence on ageing
performance in higher frequencies, but there is a statistically significant
trend in the region where f < 100mHz. In this region, the energy
throughput that the cells manage before reaching end of life increases
with decreasing frequency. This indicates that slower dynamic loads
would be beneficial for battery life compared to fast dynamic loads.
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The reasons for this trend need to be investigated further, but a
hypothesis for higher frequency is proposed, with the effect of higher
frequency being smoothened out by double layer capacitance charge
and discharge during cycling.

All tests performed with some form of dynamic load, outperform the
standard 1C test performed for reference, which showed the poorest
durability performance of all tests. This indicates that standard static
tests are not fully representative for the dynamic use case that is experi-
enced in real life applications, and for assessing durability performance
test protocols that include dynamic usage should be considered.

Further findings indicate that the degradation of the cells are mainly
due to capacity loss on the negative electrode side, and more specif-
ically on the Si part of Si-Gr composite electrode. Previous studies
suggest that this is due to volumetric expansion causing breakage of
the SEI layer, and the lack of stable SEI layer causes rapid ageing. This
trend is similar for all tested cells and show no discernible dependence
on frequency.
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