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Competing effects of graphite and Si result in a complex temperature dependent performance and degradation of Li-ion batteries
with Si-graphite composite anodes. This study examines the influence of varying the Si content (0 to 20.8 wt%) in Si-graphite
composite anodes with consistent areal capacity and N/P ratio in full cells containing NMC622 cathodes. One hundred pilot-scale
double-layer pouch cells were built and cycle aged in the temperature range from —10 to 55 °C. Electrochemical characterization
demonstrated that increasing Si contents enhance capacity and mitigate internal resistance at low temperatures. On the other hand,
high Si contents decrease charge-discharge energy efficiency and cycle life, particularly at elevated temperatures. Post-mortem
analysis of aged electrodes, including physico-chemical characterization (scanning electron microscopy, energy-dispersive X-ray
analysis, thickness measurements) and cell reconstruction revealed significant solid electrolyte interphase growth and increased
loss of active material in anodes with high Si content. The optimum temperature for longest cycle life as derived from Arrhenius
plots decreased from 30 °C for graphite anodes to 10 °C for cells with moderate Si content up to 5.8 wt%. These findings allow the
design of optimized cells by balancing the Si content versus operating temperature in order to achieve lowest cell aging.
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The growing demand for high-performance batteries with high
specific capacity is currently served with silicon (Si) as promising
alternative anode material in Li-ion batteries. Pure Si offers
approximately ten times the specific capacity of commonly used
graphite and can also improve fast charging capability, particularly
under low temperature conditions where safety-critical Li plating is a
concern."”> However, the advantages of Si are accompanied by
significant drawbacks, such as low electric conductivity and sluggish
Li-ion diffusion.™*

Unlike graphite, which allows Li to intercalate into its host
structure, Si forms an alloy with Li, resulting in a substantial volume
expansion of almost 300 % at the highest alloying level at room
temperature.>® Furthermore, this alloying process is correlated with
a voltage hysteresis during charging and discharging.>® This voltage
hysteresis complicates state-of-charge (SOC) estimation based on
cell-voltage recording and reduces overall energy efficiency of such
cells.”® Moreover, the continuous expansion and contraction of Si
during battery cycling can cause damage to the electrode structure by
cracking and pulverization of Si particles.”™"* This damage results in
the loss of electrical connectivity of the particles, which is equivalent
to the loss of anode active material (LAAM).” Additionally,
electrolyte decomposes at the newly exposed electrode surfaces
after particle and solid electrolyte interphase (SEI) cracking and a
new and continuously thicker SEI layer accumulates.'® This further
causes capacity loss due to loss of Li inventory (LLI) and LAAM
due to the loss of the electrical connection because of the isolating
nature of the SEL°

Both, pulverization and the correlated continuous SEI growth
lead to strong irreversible electrode volume expansion. This could
further lead to a deformation of the jelly roll in cylindrical cells,
resulting in increased capacity loss, higher internal resistances and in
the worst case to internal short circuits.'*'> In addition to cyclic
aging, Si containing cells are also known to have an increased
calendar aging rate due to the instability of the passivating SEI layer
on the Si particles.'>'®!7

“E-mail: thomas.waldmann@zsw-bw.de

Various strategies have been employed to address these chal-
lenges of Si anodes in Li-ion batteries. The use of Si nanoparticles
reduces the absolute volume expansion per particle.>%'®!° However,
it decreases the volumetric energy density and increases the surface
area, leading to more electrolyte decomposition and thus LLI>% 819
Another very common way is incorporating Si with well-established
graphite in composite electrodes to overcome the intrinsic problems
of pure Si electrodes.™*' In Si-graphite composite electrodes, the
volume expansion is limited, the amount of inactive materials such
as conductive agents and binder can be reduced, and the surface
area, where electrolyte decomposition occurs, is reduced.>%!!

In Si-graphite composite anodes, a mix of Si and graphite
electrochemical characteristics is observed. Si is lithiated and
delithiated at higher potentials compared to graphite and has
different kinetics for the insertion and extraction of Li.>**~* Thus,
during charging and vice versa during discharging in Si-graphite
composite electrodes, there is the tendency of Si to be lithiated
first. > Graphite is lithiated at a later stage when the potential of
the anode gets lower.>>** This knowledge helps improve the cycle
life of Si-graphite composite electrodes by limiting the used capacity
of Si be avoiding in particular low SOC where Si is predominately
active."'*?-3% However, high charging rates and low temperatures
can alter the lithiation order of graphite and Si due to different
kinetic activation barriers of both components.>'*> The diffusion
coefficient of Li in Si is approximately three orders of magnitude
lower than in graphite at room temperature.

While the specific energy of Si-graphite composite electrodes
increases linearly with Si content,”! volumetric energy density does
not due to the strong volume expansion of Si in the lithiated state. As
a consequence, the maximum state-of-the-art Si-content in commer-
cial applications today is in the range of 5-8 wt%.>'*** Further
increasing the Si content decreases the columbic efficiency and the
irreversible capacity loss over time and cycles due to extensive SEI
growth.”**3° Strategies like carbon coating around Si nanoparticles
improve cycle life by stabilizing the SEIL>® Furthermore, pre-
lithiation is a way to compensate for irreversible Li losses during
formation, though scaling up pre-lithiation processes is
challenging.>'#2%%7
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Temperature plays a crucial role in battery performance and
aging. High temperatures enhance performance by improving
conductivity, diffusivity, and the exchange current density between
solid and liquid phase, but also accelerate aging by 1ncreasm% the
reaction rate of parasitic side reactions such as SEI growth.'> A
lower temperatures, cyclic aging could lead to Li plating, wh1ch
reacts with electrolyte on its surface and forms electrically dis-
connected “dead Li”.>*** Evaluating the aging rates in an Arrhenius
plot often leads to a V-shape curve, with an optimum temperature
corresponding to the longest cycle life at the minimum.*'~*® While
the temperature dependent a§ ing of Li-ion batteries with graphite
anodes is well understood,*’ the temperature dependent degra-
dation mechanisms of Si-containing anodes are less clear and are
barely studied so far.??%323848-50 Thjg applies particularly for Si-
graphite composite anodes at temperatures in the range above and
below room temperature.

In previous publications, pouch full cells with Si-graphite
composite anodes with Owt% Si (pure graphite), 3.0 wt% Si,
3.5wt% Si, 5.8 wt% Si and 20.8 wt% Si and nickel-manganese-
cobalt oxide cathode (NMC622) cathodes were built and
analyzed.>'®*">! In order to ensure comparability and to investigate
the effect of increasing Si content in the anode, these cells had—
within the error bar of manufacturing—very similar N/P ratios. The
anode coatings also had very similar areal capacities, porosities and
tortuosities. Thus, electrodes with higher Si content are thinner. The
NMC622 cathode is known for both its high specific energy and
cycling stability,>>* which is crucial for investigating aging effects
on the anode side. Cathode capacities were adjusted to compensate
for irreversible capacity losses during formation, resulting in thicker
cathodes in cells with higher Si content.

In this study, we utilize pilot-scale electrodes from one manu-
facturing batch to investigate the influence of temperature in a wide
range from —10°C to 55 °C on cell performance and aging. We
investigate electrochemical properties (capacity, direct current
internal resistance (DCIR), energy efficiency, differential voltage
analysis (DVA), 3-electrode full cells with Li reference electrode),
create Arrhenius plots of the cyclic aging rate and carry out post-
mortem analyses, including scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDX) of cross-sectioned
anodes, thickness measurements, and the reconstruction of aged cells
into coin half cells.

Experimental

Electrode and pouch cell manufacturing.—The electrodes for
the pouch full cells were manufactured in-house on a pilot coating
line. Five different anode active materials (Iopsilion, China) with
different ratios of graphite and Si were selected: 0 wt% Si (pure
graphite), 3.2 wt% Si, 3.7 wt% Si, 6.2 wt% Si, and 23.1 wt% Si. The
anode coatings were prepared using the active material, CMC
(Timcal, Switzerland) and SBR (Zeon, Japan) binder, and
SuperC65 conductive additive (Nippon paper Industries, Japan) in
a weight ratio of 94:2:2:2 and an adjusted weight ratio of 90:3:3:4
for the SiG20.8 anode with the highest Si content. This results in a
total Si content in the anode of 0 wt% (graphite), 3.0 wt% (SiG3.0),
3.5 wt% (SiG3.5), 5.8 wt% (SiG5.8), and 20.8 wt% (SiG20.8). The
slurry was coated with a width of 80 mm on both sides of a smooth
10 pm copper foil (JX Nippon). The mass loading was adjusted for
the different Si contents to result in the same areal capacity for all
coatings. Calendering was conducted at a roll temperature of 40 °C
to a target density of 1.3 gcm >, The characteristic values of the
anode are summarized in Table I.

Similarly, the N-methyl pyrrolidone (NMP) based cathode
electrode was prepared using NMC622 cathode active material
(BASF, Germany), PVDF binder (Solvay, Belgium), and carbon
black and graphite conductive additive (both Timcal, Switzerland) in
a weight ratio of 94:2:2:2. The slurry was coated on a 15um
aluminum foil with varying loadings to obtain the same N/P ratio of
the full cells for anodes with different irreversible losses during

formation. The cathode electrodes were calendered at a roll
temperature of 100 °C to a target density of 3.2 gcm™>. Further
details regarding the electrodes and their manufacturing process can
be found in the work of Fliigel et al.”

A double-sided coated anode with an area of 26 cm? and two
single-sided coated cathodes with an area of 24 cm? were assembled
to bilayer pouch cells in a dry room (dew point < —60 °C). A
Celgard 2325 separator was used. The pouch cells were filled in an
argon-filled glovebox ([O,] < 0.1 ppm, [H,O] < 0.1 ppm, MBraun)
with 900 pl of 1 M LiPFg in EC:DEC (3:7 wt%) with 2 wt% VC for
the graphite cells and 10 wt% FEC for the Si containing cells
(Gotion, USA). Different electrolytes were chosen for the cells with
and without Si in order to create the most stable SEI for each
component. It is therefore evident that FEC is capable of forming a
beneficial, stable and h1§hly Li-ion conductive SEI in both Si and
graphite anodes.*>'*'3#3%5% Fyrthermore, VC is known to im-
prove the cycle life of graphite anodes, particularly by effectively
stabilizing the SEI.>*~¢"

Formation and cyclic aging.—The formation and cyclic aging of
the batteries was conducted using CTS systems (BaSyTec,
Germany). A slight pressure was applied to the cells during the
formation and cyclic aging by means of bracing in custom holders.
The pouch cells were operated in a voltage range from 3.0V to
42V.

After 20 h of soaking time, the formation procedure was initiated
at room temperature. The formation procedure comprised three
cycles of constant current (CC) charging at a rate of 0.1 C, followed
by a constant voltage (CV) charging with a cut-off current of 0.05 C
and CC discharging at 0.1 C.

Following the formation, the 100 cells were transferred to climate
chambers (Votsch, Germany) with ambient temperatures of —10 °C,
0°C, 10°C, 20°C, 25°C, 30°C, 35°C, 45°C, and 55°C. A
minimum of two cells per condition were tested as can be seen in
Table II. The following errors are calculated using the standard
deviation of all cells tested under identical conditions. The cells
underwent cyclic aging through continuous CC-CV charging to the
upper cut-off voltage (4.2 V) at a rate of 0.5 C and a cut-off current
of 0.05 C, followed by CC discharging at 0.5 C until the lower cut-
off voltage (3.0 V). The capacity of the third discharge step of the
formation procedure was used to define the C-rate. A wait time of
10 min after each charging and discharging step ensured uniform
temperature conditions. A check-up cycle at 0.1 C was performed
every 50 cycles at the aging temperature. The cyclic aging was
conducted until the capacity dropped below 80 % of its initial
capacity at a certain temperature.

The initial voltage drop at the beginning of each 0.5 C discharge
step (100 % SOC) was used to determine the DCIR by measuring the
voltage drop within the first 10 s and dividing this by the current.

3-electrode full cells with Li reference electrode.—3-electrode
PAT full cells with a Li reference electrode (EL-Cell, Germany)
were assembled in a glove-box using the same electrodes as in the
pouch cells. This methodology allows to track the potentials of
individual electrodes vs Li/Li" in particular during the charging
process at varying temperatures for the anodes with different Si
content.

Single-side coated 18 mm diameter electrodes were punched
from the electrodes. For the assembly of the PAT full cells, a double-
layer separator (180 pm PP fiber Freudenberg FS2226 E and 38 pm
PE membrane Lydall Solupor 5P09B) was used. The cells were
filled with 100 pl of the same electrolyte as described above for the
pouch cells.

Following a 20 h soaking period, three 0.1 C formation cycles
(CC-CV charging cut-off current: 0.05 C) were performed in a CTS
(Germany) climate chamber at 25 °C using a Maccor (USA) Series
400 cell test system. The capacity of the third discharge step of the
formation procedure was used to establish the C-rate for the further
tests, ensuring a comparable current density to that of the original
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Table I. Summary of anode characteristics. Data is taken from Fliigel et al.”.

Unit Graphite SiG3.0 SiG3.5 SiG5.8 SiG20.8
Si content in active material wt% 0 3.2 3.7 6.2 23.1
total Si content wt% 0 3.0 3.5 5.8 20.8
mass loading mg cm > 8.7 1.1 74 6.9 5.3
areal capacity mAh cm?2 3.11 3.16 3.18 3.20 3.40
N/P ratio in full cell 1.10 1.11 1.10 1.09 1.13
porosity % 424 43.5 44.1 42.7 42.9
tortuosity % 7.92 6.08 7.57 7.04 6.71

Table II. Number of pouch cells for the different investigated anodes, cycled at a certain temperature. A total of 100 cells were investigated.

Temperature
Anode —10°C 0°C 10 °C 20 °C 25°C 30°C 35°C 45 °C 55°C
graphite 0 3 2 2 2 2 2 3 2
SiG3.0 2 4 2 2 2 2 2 2 2
SiG3.5 2 2 3 2 2 0 2 3 2
SiG5.8 3 2 2 3 2 2 2 4 2
SiG20.8 4 4 3 2 2 0 3 2 2

pouch cell. The 0.5 C test cycles were conducted successively at
25°C,20°C, 10°C, 0 °C, and —10 °C, with the cell discharged and
charged under the same conditions as for the cyclic aging procedure.
An intermediate 0.2 C cycle was conducted at 25 °C between each
test cycle.

Cell opening and post-mortem characterization.—New, i.e.
immediately after formation, and aged pouch cells with a state-of-
health (SOH) of about (80 £5) % were opened and the harvested
electrodes were used to assemble coin half cells with Li counter
electrode. In addition, the negative electrodes of selected aged cells
were used to prepare cross-sections for SEM.

The pouch cells were fully discharged to 3.0 V in five steps at a
C/32 current before being disassembled in an argon-filled glove box.
The harvested electrodes were washed three times for 1 min in
anhydrous DMC (299 %, Sigma-Aldrich). Following this procedure,
the electrodes were dried under vacuum conditions at 3 mbar for 2 h.
A micrometer screw gauge was used to measure the thickness of the
washed electrodes.

Cross-sections of the washed anodes were prepared using a
Hitachi (Japan) IM4000Plus broad-beam argon ion milling system
with a beam voltage of 5kV. Air exposure could not be avoided
during sample preparation. A LEO 1530 VP SEM (Zeiss, Germany)
equipped with a Gemini field emission column was used to
characterize the cross-sections. Measurements were taken at an
acceleration voltage of 5 kV using an Edward-Thornley SE detector.
An accelerating voltage of 10 kV was used for the EDX mappings.

Reconstruction of pouch cells into coin half cells.—The harvested
electrodes from the cell opening were used to build a total of 93 coin
half cells with a Li counter-electrode. While the original pouch cells
already contained two single-side coated cathodes, there is only one
double-side coated anode, which cannot be used directly in the 3-
electrode setup. Therefore, one side of the coating was removed by
laser ablation.®® During laser ablation, the anodes were exposed to a
dry room atmosphere (dew point < —60 °C).

Electrodes with a diameter of 12 mm were punched from the
harvested single-sided coated electrodes. Together with two layers of
16 mm GF/A separator (Whatman, UK) and a 16 mm Li chip as
counter-electrode, CR2032 coin cells were assembled. The coin cells
were filled with 150 pl of the same electrolyte as previously used in
the pouch cells.

The formation of the coin cells was performed after 12h of
soaking time by cycling three cycles at 0.1 C (CV cut-off current:
0.05 C). A uniform capacity of 3.0 mAh was assumed for all cells,
based on the 125 mAh of a new pouch cell. The anode half cells
were operated in a voltage range between 1.5 V and 0.01 V and the
cathode half cells in a voltage range between 3.0 V and 4.3 V.

Results and Discussion

Temperature dependent performance.—The performance of Li-
ion battery cells, including parameters such as available capacity,
internal resistance, and energy and coulombic efficiency, is sig-
nificantly influenced by temperature.****> These temperature depen-
dent characteristics are affected by various factors, including the
materials used, electrode composition and structure, and even cell
geometry. This section will specifically examine how the Si content
in the anode impacts the temperature dependent performance of the
battery cells.

The effect of temperature on the available discharge capacity of
new cells is shown for five different Si containing anodes with same
areal capacity in Fig. la. It is evident that low temperatures
significantly reduce the available capacity. This reduction in
capacity is attributed to decreased Li-ion conductivity in the
electrolyte and SEI, increased charge-transfer resistances, and
limited solid state diffusivity within the active materials.** Low
temperatures also lead to a decrease in cell voltage with higher
overpotentials, further lowering the usable energy content of the
battery cell.

The electrode loading for the cells were designed to ensure that
all cells achieve the same capacity at 25 °C and 0.1 C. However,
even at a discharge rate of 0.5 C, significant differences in the
available capacity at 25°C were observed. When discharging at
0.5 C and 0°C, the graphite cell delivers only 74 % of its rated
capacity at 25 °C with 0.1 C. In contrast, the cell with the highest Si
content (SiG20.8) retains 87 % of its capacity, indicating that the
higher discharge potential of Si helps to maintain capacity at low
temperatures. The cells with a medium Si content follow the trend
and lie between the graphite cells and the SiG20.8 cells. In Si-
graphite composites, the Si delays the decrease in anode potential,
further improving the graphite capacity utilization.*®

In addition to the composition of the active material, the
electrolyte and its additives can significantly influence the
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Figure 1. Temperature dependent performance of different Si contents in
the anode in pouch cells. (a) Discharge capacity of the first cycle Qg of the

aging process at 0.5 C, (b) DC internal resistance of new cells, and (c) energy
efficiency 7 of the first 0.5 C aging cycle.

temperature dependent capacity.®® Electrolytes with FEC additive
are known to increase the capacity of cells with Si containing
anodes.*® Since the electrolyte composition is consistent for all Si
containing cells in this study, this effect can be excluded from
consideration. Nevertheless, despite the observed correlation be-
tween higher Si content and enhanced capacity retention at low
temperatures, it is likely that the electrolyte additive exerts an
additional influence in the graphite cells.

The temperature dependent DCIR and energy efficiency, as
shown in Figs. 1b and lc, are closely linked to the temperature
dependent capacity. Increased temperatures reduce internal resis-
tances, primarily due to enhanced Li-ion mobility in electrodes and
electrolyte. Additionally, the lower resistance of thinner electrodes,
particularly in cells with a higher Si content in the anode,” is evident
as all other geometrical factors, such as electrode area and cell
design, remain constant. Graphite cells appear to be stronger affected
by temperature changes, likely due to the used VC containing
electrolyte instead of the FEC containing electrolyte in the Si
containing cells. Adding up to 15 % FEC to the electrolyte lowers
the interfacial resistance due to an improved SEL>>" Interestingly,
at temperatures of —10 °C and above 45 °C, the Si content’s effect on
internal resistance becomes negligible, indicating that other factors
dominate the internal resistance. The DCIR of the graphite cells at
0 °C deviates from the expected trend. Although this behavior is
consistently reproduced across multiple cells, it is likely due to
strong polarization, causing Li deposition on the anode surface
rather than Li intercalation into graphite.

High internal resistances lead to increased overpotentials at low
temperatures, resulting in higher ohmic losses, which significantly
degrade energy efficiency 7, as shown in Fig. 1c. The pursuit of 7,
is a matter of both sustainably and cost, as well as of the heat
produced, which could potentially give rise to significant tempera-
ture increases in cells of larger format. At high temperatures, there is
a trend toward lower 7, values with increasing Si content in the
anode, particularly pronounced for the SiG20.8 cells. This reduced
energy efficiency in cells with high Si content anodes is attributed to
the increased voltage hysteresis associated with Si, counteracting the
effect of lower internal resistances in cells with increases Si content
in the anode. The voltage hysteresis in Si-based anodes is linked to
the plastic deformation of the stiff, inorganic SEI around the single
particles leading to different stresses during lithiation and
delithiation.”®*> However, at low temperatures, the trend of lower
energy efficiency with higher Si content in the anode is reversed.
Cells with higher Si content exhibit better energy efficiency due to
their significantly lower resistance, which leads to reduced over-
potentials and overshooting the negative effect of the voltage
hysteresis.

As has been demonstrated so far, an increased proportion of Si in
the anode is particularly advantageous for the performance at low
temperatures. However, as shown on the example of SiG3.0 in
Fig. 2, the contribution of the Si component to the total capacity
decreases with lower temperature. The initial 0.1 C checkup cycle
discharge step at the aging temperature is employed for the DVA in
Fig. 2, where characteristic peaks for Si and 6graphite are identified in
consistence with prior publications.'®*"*® During the charging
process and vice versa during discharging, the Si component is
mostly lithiated first, followed by the lithiation of the graphite
component when the potential of the anode is lower.>*>>=!

Despite the temperature dependent capacity, which is clearly
visible in Figs. la and 2, the relative capacity share of the Si
component decreases at low temperatures. An increase in tempera-
ture from 0°C to 55 °C results in a 66 % enhancement of the
lithiation capacity of Si, while the total capacity increases by only 16
%. This indicates that the Si and graphite components in the
composite electrode are utilized in a different manner as a function
of temperature. In particular, the contribution of the Si component
increases disproportionately with temperature.

These observations demonstrate the complex relationship be-
tween temperature and Si content for a constant anode areal
capacity, N/P ratio, porosity, and tortuosity on the performance
characteristics of Li-ion batteries. Furthermore, the result empha-
sizes the necessity of optimizing the anode’s Si content based on the
intended operating temperature range of the battery and the
importance of a balanced approach to the Si content of the anode
in order to achieve optimal performance across different temperature
conditions.
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Figure 2. Differential voltage analysis of the initial 0.1 C checkup cycle
discharge step as a function of temperature for the SiG3.0 cell. An arrow
indicates the increasing capacity of the Si component, as the capacity of the
Si related peaks Si; and Si, and thus of the graphite peak Gr, shift towards
higher capacities with increasing temperature.

Temperature dependent cyclic aging behavior.—In addition to
the aforementioned performance parameters, temperature exerts a
significant influence on the degradation mechanisms that occur
during storage and particularly during the cycling of battery cells.
The degree of aging is typically given by the SOH, which is defined
for a certain cycle n by the current capacity O, and the maximum

capacity Onax by
0,

max

SOH,, = -100%.

Note that Qp,x is not necessarily the capacity of the first cycle, since
in particular for the graphite cells, an initial increase in capacity
during the first cycles was observed. Guo et al. explained the
increasing capacity during the early aging stage by an increasing
graphite capacity due to increased Li-ion diffusion as a result of
irreversible d-space increase, which reduces the insertion resistance
for the Li-ions.®”

The SOH of the cells aged at various temperatures for different
anode’s Si contents is shown in the first column of Fig. 3 (subfigures
(a), (d), (2), (j), (m)). For better visibility, only one cell per condition
is shown. The full set of aging curves can be found in Figs. S1 to S9
of the supporting information. The step-like shape of some aging
curves originates form the frequent checkup cycles, which lead to a
partial recovery of the prior capacity loss. A strong effect of
temperature on the capacity fading during cyclic aging is evident
across all Si contents. The lowest temperature consistently results in
the highest capacity fading rate, likely due to strong Li plating. As
the performance of the graphite cell at 0 °C was already very poor,
no further tests were conducted at —10 °C. Conversely, the optimum
temperature, which yields the highest number of cycles until the end-
of-life (EOL) at 80 % SOH, varies depending on the anode’s Si
content. This optimum temperature corresponds to the transition
from Li plating at low temperatures to accelerated SEI growth at
high temperatures as the dominant aging mechanism, representing
the lowest temperature without Li plating.*'=*4¢

The maximum number of observed cycles until the EOL varies
significantly by almost a factor of 20 between the cells with a pure
graphite anode and those with SiG20.8 anode. While the SiG20.8
cells reached EOL in less than 200 cycles at the optimum
temperature of 25 °C, graphite cells maintained an SOH of 85 %
after 3,000 cycles at the optimum temperature of 30 °C. Very close
to this cycle life, SiG3.0 cells achieved about 2,700 cycles to 84 %
SOH at 10 °C. The SiG3.5 and SiG5.8 cells follow the trend of a

reduced number of cycles with increased Si content in the anode,
achieving 1,800 cycles to 85 % SOH and 1,300 cycles to EOL,
respectively, both at 10°C. This increased capacity loss with
increasing Si content indicates mainly a degradation process of the
Si component. Most likely, a thick SEI layer accumulates at the
surface of the Si-particles during cycling, leading to capacity loss,
loss of the electrical connection, and pore clogging.®*® The linear
capacity loss observed for most aging curves in Fig. 3 indicates that
the SEI does not stabilize during cycling, but is likely reformatted
within each cycle. Otherwise, similar to calendar aging, the capacity
fading and decrease in SEI conductivity would decelerate with the
number of cycles in a square-root-like function.'®¢®

Interestingly, when considering solely the first part of the aging
process (SOH > 90 %) for the SiG20.8, 10 °C exhibits the lowest
capacity fading. However, during further aging, the capacity fading
appears to accelerate, making 25 °C to the optimum temperature
when considering the whole aging process. One possible explanation
for this phenomenon is the deposition of Li on the anodes surface
after LAAM, which accelerates the capacity loss.>'

Cycling of the SiG20.8 cells at 55 °C appears to be problematic,
as a significant capacity loss of about 12 % is observed during the
first cycle. Despite frequent reports of gassing as a result of side
reactions in Si containing anodes,'****° no significant gas accumu-
lation was overserved after aging across all Si contents, as the pouch
bags did not show any ballooning effect.

The second column in Fig. 3 (subfigures (b), (e), (h), (k), (n))
shows the temperature dependent evolution of the DCIR during
cyclic aging for the different Si contents in the anode. Across all
cells, an increase in DCIR is observed as the SOH decreases. The
increase in resistance may result from insulating electrolyte decom-
position products and contact loss of particles during cyclic aging,
particularly in Si containing cells.” This indicates that similar
mechanisms are responsible for capacity fading and the growth of
internal resistance. For example, a reduction in the electrochemically
active area leads to both capacity loss and resistance increase.”’ Else,
the growth of a resistive SEI layer consumes cyclable Li and thereby
lowers the capacity.”” Moreover, increased resistance apparently
increases the capacity loss further, as larger overpotentials limit
complete delithiation.

Besides the clear effect of temperature on the initial DCIR, the
evolution of DCIR with aging differs significantly across different
temperatures. There is a tendency that the absolute resistance growth
as a function of the SOH is the highest around the optimum
temperature for cyclic aging. However, when comparing the increase
in DCIR normalized to the initial DCIR at a specific temperature, the
relative increases in resistance as a function of the SOH are similar
at elevated temperatures (=20 °C). In particular for the cells with Si
containing anodes, the consumption of FEC and other organic
electrolyte additives is known to form a resistive SEI layer.’
Interestingly, the relative increase in DCIR for cells aged at low
temperatures (<0 °C) is comparatively small. This indicates that Li
plating, which typically occurs at these temperatures, is responsible
for the accelerated capacity decay, although it does not significantly
increase the resistance. Considering the evolution of the DCIR
particularly at 10 °C for the SiG3.0, SiG3.5, and SiG5.8 cells,
remarkably a non-linear increase in DCIR is observed, indicating
different mechanisms leading to resistance increase and to capacity
fading. However, this could also be related to the fact that the
optimum temperature lies at the transition between Li plating and
SEI growth as dominant aging mechanisms.

Comparing the different Si contents in the anode on their
resistance evolution in Figs. 3b, 3e, 3h, 3k, 3n, revels a trend of a
lower increase in resistance as function of the SOH with increasing
Si content. However, it should be considered that the aging is faster
in cells with higher Si content, allowing less time for the growth of
interfacial resistive layers.

The third column in Fig. 3 (subfigures (c), (f), (i), (1), (0))
represents the temperature dependent energy efficiency during cyclic
aging. Across all temperatures and Si contents in the anode of the
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different cells, the energy efficiency declines with ongoing aging,
reflecting in particular the increasing resistance. While the relative
decline in energy efficiency is smaller at high and low temperatures,
in particular around the optimum temperature for the cyclic aging, a
more pronounced fading of the energy efficiency is observed. This
agrees well with the increased resistance growth around the optimum
temperature. The Si content in the anode appears to have only a
minor effect on the evolution of the energy efficiency with aging,
while the effect of hysteresis manifests as a consistent offset
throughout the aging process.

Arrhenius Plots of the cyclic aging rate—To further evaluate
the temperature dependence of the cyclic degradation, Arrhenius
plots are a valuable tool.*'****® In accordance with previous
publica\tions,41’434‘6 the cyclic aging rate r is defined as the capacity
loss in percent SOH per cycle, and is determined by the slope of the
linearly fitted aging curves in the first column of Fig. 3. This aging
rate can be expressed using an Arrhenius term:

r = A-exp (— kEaT ),
B

where A is a pre-exponential factor, E, is the activation energy, kg is
the Boltzmann constant, and 7 the absolute temperature. According
to this equation, the logarithm of the cyclic aging rate r is plotted
against the inverse temperature to create an Arrhenius plot.

In the Arrhenius plot for the cyclic aging rate in Fig. 4a, the effect
of the Si content in the anode is clearly observable as an offset in the
aging rate. This trend of increasing aging rate with increasing Si
content is clearly visible in Fig. 4b for high temperatures (>20 °C),
matching well with the results of Moyassari et al.** The aging rate
increases by nearly a factor of 20, from (0.0053 + 0.0006) %-SOH/
cycle for graphite cells to (0.0960 +0.0015) %-SOH/cycle for
SiG20.8 cells. As a rough approximation, and for the materials
and cycling conditions used here, the Si fraction in the anode
correlates linearly with the accelerated aging factor. Nevertheless, it
is not solely the influence of cyclic aging, however, also calendar
aging is superimposed, which is accelerated with increasing Si
content as observed for the same electrodes by Bischof et al.'®
Interestingly, at low temperatures and particularly at —10 °C, the
trend in Fig. 4b is reversed and the aging rate decreases with
increasing temperature. The 0 °C data point for the cells with 3.5 wt
% Si is most likely an outlier.

Typically, Arrhenius plots for the cyclic aging rate of Li-ion battery
cells with graphite anode show two distinct linear branches (arranged in
a V-shape) for Li plating and SEI growth in the low and high
temperature ranges, respectively.*'® While a linear, Arrhenius-like
behavior of the cyclic aging rate is evident in the high temperature
range, the low temperature range and the transitional region in Fig. 4
deviate from a clear linear trend. The longer CV phase at lower
temperatures and the concomitant reduced current could have con-
tributed to this discrepancy. Additionally, more intricate aging mechan-
isms, where the simple model of Li plating and SEI growth is
complemented by additional Si-related aging contributions, that are
not necessarily temperature dependent, can be assumed. Nevertheless,
at least at extreme temperatures, the strongly increasing aging rate with
lower temperatures is a strong hint for Li plating as the dominating
aging mechanism.**** Higher overpotentials at low temperatures result
in a higher degree of lithiation of graphite rather than Si, which is
similar to limiting the voltage range beneficial to limit the volumetric
expansion of the Si particles, thereby enhancing cycle life.**’

The comparison of the low temperature aging rate for the
different Si contents in the anode reveals two clear statements: (i)
the superior performance of the cells with the highest Si content
(SiG20.8) and (ii) the very poor performance of the graphite cell.
Additional Si in the electrode leads to thinner electrodes at the same
areal capacity, which reduces polarization and therefore the possi-
bility of Li plating.>’® The improved low temperature performance
of cells with increasing Si content in the anode agrees well with the
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Figure 4. (a) Arrhenius plots of the aging rates r for the cyclic aging at
0.5 C at different temperatures for cells with different Si contents in the
anode. Solid lines represent the linear fit in the high temperature range. (b)
Logarithm of the aging rate as a function of the Si content in the anode in wt
% for various aging temperatures. Dotted lines are drawn to guide the eye.

findings of Sun et al. who showed a lower capacity fading for cells
with up to 15 % Si compared to pure graphite.*® Berg et al.
separately investigated the activation energies for the ionic transport
resistance and charge transfer resistance in cells with graphite and Si
anodes.! The total electrode resistance undergoes a shift from
predominantly kinetically limited at low temperatures to transport
limited at high temperatures due to the much higher activation
energy of the charge transfer resistance, particularly in cells with Si
anode and FEC containing electrolyte." In this context, thinner Si
electrodes exhibit greater kinetic limitation, whereas thicker graphite
electrodes suffer from transport limitations.

In addition, the poor low temperature performance of the graphite
cells could be partially explained by the use of VC instead of FEC as
electrolyte additive due to the poor ionic and electronic conductivity
of the formed SEL>”' In contrast, FEC is known to effectively
improve the low temperature performance by forming a SEI layer
with high ionic conductivity.®**%>7> However, at high tempera-
tures, VC is known to be one of the most effective electrolyte
additives to improve the long-term stability, highlighting the trade-
off in selecting an appropriate electrol;/te additive with good
performance across the temperature range.”"
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Table III. Optimum temperature for the cyclic aging with 0.5 C and
activation energies of the cyclic aging rate in the high temperature
range (25 °C (30 °C for graphite) to 55 °C) with fitting error,
observed by linear fitting of the data points in Fig. 4.

Anode Optimum T/°C E./eV

Graphite 30 0.39 £ 0.01
SiG3.0 10 0.66 +0.03
SiG3.5 10 0.41 £0.04
SiG5.8 10 0.45 +0.03
SiG20.8 25 0.19 +£0.03

The reduced susceptibility of Li plating in cells with increasing
anode Si content also results in a shift in the optimum temperature
for cyclic aging. As can be seen in Table III, the optimum
temperature decreases from 30 °C for the graphite cell to 10 °C for
the cells with 3.0 wt% to 5.8 wt% Si in the anode. The lower the
temperature, the slower the Li consuming side reactions occur,
resulting in lower aging rates at lower temperatures if the onset of Li
plating is not yet reached. This agrees well with the results of Fliigel
et al. who have shown a trend towards less Li plating in cells with
higher Si content in Si-graphite composite anodes with comparable
anode areal capacities.” However, for the highest Si content in the
anode, the optimum temperature is indeed 25 °C, which could be a
result of extensive LAAM, eventually leading to Li plating.?'** At
the same time, the temperature dependence of the SiG20.8 cell is
much lower, as shown by the flatter curve of the temperature
dependent aging rate in Fig. 4. This indicates that the typically
known temperature dependent aging behavior for Li-ion battery cells
can be mainly attributed to the graphite component and successively
decreases with increasing Si content in the anode.

For the high temperature range of the Arrhenius-plots in Fig. 4,
linear fitting of the data points allows the determination of activation
energies E,. We note that the E, values describe the temperature
dependence of the aging rate, but are limited in the interpretation as
reaction barriers. In case the E, values are related to reaction
barriers, they should be rather interpreted for the overall reaction.
The activation energies are listed in Table III with the corresponding
fitting errors. These values ranging from (0.19+0.03) eV to
(0.66 £0.03) eV are in a similar range to those found in other cyclic
aging studies for Li-ion batteries cells.*'*>#443737* Eor calendar
aging, which is typically fitted by a square-root of time
dependence,'®® Bischof et al. observed similar activation energies
in the range of (0.27 £ 0.05) eV to (0.48 £0.01) eV for the calendar
aging rate in cells with the same material as investigated here.'®
Notably, the activation energy in the cell with the highest Si content
(SiG20.8) exhibited the lowest value. It is noteworthy that the high
temperature branch in the Arrhenius plot in Fig. 4, which was
employed for the activation energy fitting, commenced at 30 °C and
25 °C, respectively, for the graphite and SiG20.8 cells. This
corresponds to the specific optimum temperature. For the cells
with low and medium Si content, a clear deviation from the linear
behavior is observed at temperatures below 25 °C, despite the
optimum temperature lying at 10 °C. This indicates that there are
different contributions to degradation in the temperature range from
10°C to 25°C. A linear behavior in the Arrhenius plot for
temperatures above the optimum temperature indicates that the
dominating degradation mode does not change with temperature.
Therefore, it is possible to use elevated temperatures with increased
aging rates for accelerated lifetime tests of cells, which can then be
extrapolated to lower aging temperatures.

The relationship between the composition of the anode material
and the temperature dependent aging rate is presented in Fig. 5. For
each investigated temperature, the Si content in the anode, which
leads to the lowest aging rate, is shown (bars, left axis of Fig. 5). The
corresponding lowest aging rates (1) are plotted (data points, right
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Figure 5. Anode active material composition (ratio of graphite and Si)

leading to the lowest cyclic aging rate at a specific temperature for cycling

with 0.5 C. The data points mark the corresponding lowest aging rate .

The style of the data points is consistent with those of the Arrhenius plot in
Fig. 4, and the cell names are provided.

axis of Fig. 5) as extracted from the Arrhenius plot in Fig. 4. As
illustrated in Fig. 5, at temperatures above 20 °C, the cells with the
graphite anode exhibit the lowest aging rate at 0.5 C. At tempera-
tures between 0 °C and 10 °C, the lowest aging rate is observed in
cells containing a SiG3.0 anode. The SiG3.0 anode is not susceptible
to Li plating at 10 °C, but a lower temperature is related to a lower
rate of Li-consuming side reactions such as SEI growth on both
graphite and Si particles. Consequently, a similar aging rate is
achieved as that of the graphite cell in the range from 20 °C to 30 °C,
where no degradation of the Si compound can happen. At —10 °C,
the SiG20.8 anode exhibits the best cycle life. At such a low
temperature, SEI growth becomes negligible. Conversely, high
polarization, which is correlated with Li plating, is improved in Si
containing cells compared to §raphite cells at low temperatures due
to better reaction kinetics.*®’

In conclusion, the previously described superior low temperature
performance of anodes with increased Si content goes along with the
improved cyclic aging rate at these low temperatures. Nevertheless,
it is unlikely that further increases in Si content will yield additional
benefits, as the electrodes will not become significantly thinner and
parasitic side reactions limiting the long-term stability will increase.
Conversely, at elevated temperatures, a lower Si content is favorable
as particularly the degradation of the Si component limits the long-
term stability.

Tracking the onset of Li plating via anode reference poten-
tial—The optimum temperature for the cyclic aging is determined
by the lowest temperature that prevents Li plating. Li plating gets
thermodynamically allowed when the anode potential (Uypeqe) drops
below 0V vs Li/Li*.*° Therefore, in order to enhance the cyclic
aging rate by identifying the optimum temperature, it is essential to
reduce the temperature until the temperature right before the
temperature at which the anode potential drops below 0V vs
Li/Li* during charging.

Full cells with 3-electrode configuration with an additional Li
reference electrode enable the potential of anode and cathode to be
monitored separately.'®**>7>77  Consequently, the conditions
within the cell that could potentially lead to Li plating are
comparable to those observed in pouch full cells. However, it is
possible that minor discrepancies may arise due to a different
separator and differences in the cell format including factors such
as different electrode stack pressure or anode overhang. A good
matching of the 3-electrode reference cells and the pouch cells is
confirmed by virtually equal voltage curves.
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The full cell voltages and simultaneously recorded anode
potentials during a 0.5C CC-CV charging step are shown in
Fig. 6 for various temperatures and different Si contents on the
anodes. Figure 6f displays the minimal anode potential for all anodes
as a function of temperature. It is evident that there is a trend of
increasing minimum anode potential with increasing temperature,
which corroborates the well-known trend.**%* For higher Si contents
in anodes with the same anode areal capacity, N/P ratio, porosity,
and tortuosity, a trend of higher minimum anode potentials is
observed. While the cells with graphite show negative anode
potentials for all investigated temperatures (< 25 °C), SiG5.8, and
SiG20.8 show positive minimum anode potentials for temperatures
> 10 °C.

a) 020
0.154
2 0.104
.
Q 0.054
=
@ 0.00
>
2-0.05
g i@ — graphite| 13-4
> _0'10_:' Liplating =~ SiG3.0
0151 —SiG5.8 | {32
’ SiG20.8
-0.20+ T T T T ~ 3.0
0 80 100

-0.20 5 T T T T ~ 3.0
0 20 40 60 80 100
SOC /%
e) 020 T
0.15 -
14.0
> 0.10
fg 0.05- 13.8
- 0.00 2
9 . 13.6 S
2-0.051
2 13.4
©
> ~0.10; Li plating
~0.151 13.2
-0.20 -+ T T T T ~ 3.0
20 40 60 80 100

SOC /%

At all temperatures, a clear trend of a lower full cell voltage with
increasing Si content in the anode is observed in Fig. 6. This can be
attributed to (i) the lower thickness with higher Si content at constant
anode areal capacity (leading to less polarization) and (ii) the
increasing anode potential, particularly at low SOC (due to presence
of more Si). Both effects allow for higher charging rates or lower
temperatures to be reached before the voltage drops below 0V vs
Li/Li*."> However, the higher anode potential or lower full cell
voltage for cells with increased Si content in the anode result in a
lower energy content of the cell, despite the capacity of the cell
remaining the same. High currents, which lead to large over-
potentials, result in a more substantial sloping and smearing out of
the graphite lithiation plateaus due to inhomogeneous lithiation of
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Figure 6. Anode potential vs Li/Li* (solid line, left axis) and corresponding full cell voltage U (dashed line, right axis) measured in 3-electrode full cells with Li
reference-electrode during charging with 0.5 C at different temperatures: (a) 25 °C, (b) 20 °C, (c) 10 °C, (d) 0 °C, and (e) —10 °C for different Si contents in the
anode. (f) Minimal anode potential for different cells as a function of temperature. The grey area below the black dotted line marks anode voltages < 0 V vs

Li/Li*, where Li plating is thermodynamically favored.
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from pouch cells with different Si content in the anode, aged at different
temperatures. Three coin cells were measured and averaged per condition,
resulting in a total of 93 coin cells.

the anodes.”’® As shown in Fig. 6a, these plateaus are not even
visible at 25 °C.

At 20 °C and 25 °C, the anode potential curves for different Si
contents in Figs. 6a and 6b are very close together, particularly at
high SOC, where Li plating predominately occurs. However, the
graphite potential curve differs from those of the other Si-contents,
which is likely a consequence of utilizing a VC-containing electro-
lyte instead of an FEC-containing one. At lower temperatures, the
discrepancies become more pronounced, most likely due to the
thinner electrodes in case of higher Si contents, which reduce the
ionic resistance and lead to decreased overpotentials. At 0 °C and
above, the duration of the CV phase is similar for all Si contents.
However, at —10 °C, a clear trend emerges for a shorter CV phase
with increasing Si content, likely due to reduced overpotentials.

At 25 °C and above, none of the anode potential curves exhibits a
drop below OV vs Li/Li* during the 0.5C charging process,
indicating the absence of Li plating during cyclic aging. At 10 °C,
only the cells with the graphite anode exhibits a significant decline in
the anode potential curve below 0V vs Li/Li*, which corresponds
with the accelerated aging rate for the graphite cell as shown in
Fig. 4. At 0 °C, the anode potentials of the SiG3.0 and SiG5.8 cells
clearly drop below OV vs Li/Li*, respectively. This is further
amplified at —10 °C, indicating the onset of Li plating for the SiG3.0
and SiG5.8 cells around 10 °C which is consistent with the aging

data (Fig. 4 and Table II). As shown in Fig. 6e, at —10 °C, charging
of the graphite cell becomes problematic due to the presence of huge
overpotentials. In strong contrast, the anode potential of the cell with
the highest Si content in the anode, SiG20.8, does not exhibit a
notable decline below 0V vs Li/Li* even at —10 °C.

Another method for detecting Li plating is by examining the
discharge voltage curve. A voltage plateau at the beginning of the
discharge step indicates stripping of reversibly plated Li.”*®T Such a
stripping discharge voltage plateau is detected for the graphite cell at
0°C and below. For the SiG3.0 and SiG5.8 cells, a Li stripping
plateau in the discharge voltage curve is observed only at —10 °C. For
the SiG20.8 cells, no evidence of Li plating is detectable in the voltage
curve even at —10 °C. This is consistent with the results of the anode
potential in Fig. 6e and the only slightly increased aging rate in Fig. 4.

In conclusion, the anode potential curves at different tempera-
tures confirm the previously observed trend of decreasing Li plating
onset temperatures with increasing Si content in the anode. This is
consistent with the findings of Fliigel et al., who reported a shift in
the critical C-rate in the same cells.”> Nevertheless, minor discre-
pancies in the observed onset of Li plating for the 3-electrode
measurements (Fig. 6) and the Arrhenius plot (Fig. 4a) may be
attributed to factors such as different setups and the incorporation of
overlapping aging mechanisms in the aging rate of the Arrhenius
plot. Furthermore, it is likely that the minimum in the Arrhenius plot
is not precisely determined due to discrete temperature steps, but
rather closely approached.

Aging analysis via cell reconstruction into half cells.—DVA is
frequently ag}glied to distinguish between different aging
mechanisms.'®2!3%46582 However, particularly in the aged state,
the smearing out and broadening of peaks represents a significant
limitation of DVA for the analysis of degradation.”® Reconstructing
aged pouch cells into coin-half cells with a Li counter electrode is a
valuable and comprehensive method for identifying the underlying
degradation mechanisms.®*%*

The Li counter electrode in the half-cell with the harvested
electrode provides sufficient new cyclable Li for a complete
lithiation of the electrode. If cyclable Li has been lost during the
previous aging process and is responsible for the capacity loss, this
can be reversed by the Li counter electrode. Consequently, the
capacity fraction regained in the reconstructed cell can be attributed
to LLI as a degradation mechanism during cyclic aging. Conversely,
if the capacity of the reconstructed cell does not recover with new
cyclable Li, it can be assumed that LAAM is the driving degradation
mechanism, as the storage capability of the electrode appears to be
irreversibly damaged during aging.

As a baseline for the evaluation of the aged cells, a reconstruction
of new cells was performed immediately after formation. New and
aged cells were treated equally, thus excluding, for example, stresses
related to cell opening and reconstruction. The fraction of the
reversible capacity loss ¢ is given by the fraction of capacity
regained in the reconstructed coin cell and the total capacity loss.
This is calculated by

_ Qaged - QneW'SOH _
B Qnew - Qnew’SOH -

Qaged - Qnew'SOH
Qpew(1 — SOH)

where Q,oeq is the capacity of the coin cell with an aged electrode
and Qe the capacity of the reconstructed coin cell with electrodes
from a new cell. The use of the SOH of the pouch cells prior to the
reconstruction allows to relate the capacity of the full cell to the coin
cell. The average fraction of the reversible capacity loss for three
coin cells, with corresponding standard deviation, is plotted in Fig. 7
for anodes and cathodes. It should be noted that the error bars are
particularly large for the SiG20.8 cell, due to the fragile aged
electrode. A reconstruction of the anode of the graphite cell after O ©
C aging was not possible due to extensively plated Li on the
electrode surface.
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Figure 7a illustrates the fraction of reversible capacity loss of the
anodes with different Si content after aging. For aging at 35 °C, a
clear trend towards lower reversible capacity losses, i.e. LAAM,
with increasing Si content is revealed. For the highest Si content,
approximately two-thirds of the capacity loss can be attributed to
LAAM, while LAAM contributes only approximately 12 % to the
capacity loss in the graphite cell. Consequently, it can be concluded
that for cyclic aging at 35 °C, LAAM is largely correlated with a loss
of the Si component.

At an aging temperature of 10 °C and below (Fig. 7a), LAAM
does not play a significant role in the total capacity loss of the
graphite and SiG20.8 cells, as these cells demonstrate a fully
reversible capacity loss, indicating LLI. However, it is important
to note that the increasing capacity of the graphite cells during the
initial cycles, which was previously attributed to the anode, leads to
an underestimation of Qpey. This is particularly evident at 10 °C,
where the fraction of the reversible capacity loss is ¢ > 1.
Conversely, the SiG3.0 and SiGS5.8 cells still exhibit significant
degradation by LAAM at 10 °C. At 0 °C, all cell types show similar
degradation, largely dominated by LLI.

These results align well with those presented in Fig. 4, as aging
dominated by Li plating increases LLI. Aging conditions without Li
plating lead to LAAM as driving degradation factor, particularly in
cells with increased Si content in the anode. Kirkaldy et al. attributed
the increasing proportion of LAAM of the Si component at elevated
temperatures to increased SEI growth, which further triggers particle
cracking due to the large concentration gradients in particles with a
thick SEL?’ However, the results shown in Fig. 2, indicate a
temperature dependent usage of the Si and graphite component. In
particular, at low temperatures, the reduced usage of the Si-
component is beneficial for its long-term stability, as the volume
expansion during cycling is limited by a lower lithiation degree,
resulting in less LAAM.

Figure 7b illustrates the fraction of reversible capacity of the
cathodes, showing that under most condition, the values ¢ are >1.
Since the anodes were not pre-lithiated, the loadings of the cathodes
were oversized to compensate for the irreversible Li losses during
formation and to obtain consistent N/P ratios.> This is particularly
visible for cells with increasing Si content in the anode, as they
suffer from higher irreversible losses during formation.” A clearly
notable deviation appears as increased irreversible capacity loss at
35 °C, in particularly in the graphite cell. This is likely related to the
extensive number of cycles of the cell, leading to minor aging effects
in the cathode. A comparison between cells aged at 0 °C and 10 °C
reveals a slightly higher fraction of irreversible capacities at 10 °C.

Overall, the low irreversible capacity losses of the NMC622
cathode confirm its good cycling stability under these operating
conditions.”*>* However, a notable capacity loss in the anode due to
LLI during long-term cycling without Li plating results in higher
anode potentials. This can lead to a phenomenon known as voltage
slipping, which increases the cathode potentials to maintain the full
cell voltage.'”'® The hi%her cathode voltage can then contribute to
additional aging effects.'®

Post-mortem analysis.—As part of the post-mortem analysis of
selected cells, the thickness of the harvested and washed electrodes
was measured. Figure 8 illustrates the thickness of the double-side
coated pristine anodes with different Si contents for the anodes from
cells after formation and after aging at 35 °C, 10 °C, and 0 °C. The
standard deviation of six measurements taken across the electrode is
used to determine the error. The thickness of pristine electrodes and
electrodes after the formation exhibit a high degree of homogeneity,
as indicated by the low error values.

The pristine anodes demonstrate the trend of the decreasin%
thickness with increasing Si content for a constant areal capacity.
An initial irreversible swelling is already observed during formation,
with the thickness of the electrodes after formation exhibiting a
slight increase. A higher Si content leads to a more pronounced
thickness increase due to volumetric changes of the Si compound
and the increased amount of electrolyte decomposition products.’
Consequently, the effect of the Si content on the anode thickness is
less pronounced after the formation compared to the pristine anodes.

The irreversible swelling continues during aging. Graphite
electrodes exhibited a 17 % increase in thickness, whereas the
SiG20.8 electrode exhibited a 82 % increase after aging at 35 °C,
reaching approximately 80 % SOH. The observed increase in
thickness of the SiG3.0 and SiG5.8 anodes, at 43 % and 58 %,
respectively, is consistent with the trend of greater thickness increase
with higher Si content. This further corroborates the previous
section’s findings regarding the increasing fraction of LAAM in
the total degradation of cells with increasing Si content in the anode.
Interestingly, after aging at 35 °C, the anodes of all Si contents and
graphite show thicknesses in a similar range.

The thickest electrodes were found for the graphite cells after
aging at 0 °C and 10 °C. This can be attributed to the presence of a
thick layer of metallic Li on the surface of the anode, as observed
during the cell opening. The SiG20.8 cell exhibited local Li
depositions in both the 0°C and 10 °C aged cells, but no area-
wide plating layer. In contrast, the SiG3.0 and SiG5.8 cells exhibited
an inhomogeneous layer of plated Li only after 0 °C aging, resulting
in a thickness increase with a large error value in Fig. 8.

It is noteworthy that there is no straightforward correlation
between the number of cycles and the thickness increase when
comparing different aging temperatures. For instance, the thickness
increase of the SiG3.0 cell after 35 °C aging is considerably more
pronounced compared to 10 °C, despite the number of cycles being
almost twice as high at 10 °C. As previously mentioned in relation to
the higher proportion of LAAM for the 35 °C cell, this could be a
result of the increased usage of the Si component with increasing
temperature.

Selected electrodes from the cell opening were utilized to prepare
ion milling cross-sections for investigations via SEM and EDX in
order to gain information about the structural and compositional
changes occurring within the electrodes after cycling. The impact of
aging at varying temperatures is shown in Fig. 9 for the SiG5.8
anode. Furthermore, the influence of the Si content in the anode after
aging at 35 °C is shown in Fig. 10. The first columns in Figs. 9 and
10 (subfigures (a), (e), (i), (m)) display the SEM cross-section of the
upper side of the electrode, with the copper current collector visible
at the bottom. A yellow box marks the area, which is displayed
magnified in the second column (subfigures (b), (), (j), (n)). The
bright particles in the SEM measurements are related to Si, while the
dark particles are carbon/graphite. It is important to note that the
visible Si particles in the size of several pm are in turn composed of
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Figure 9. Cross-sectional SEM images (first and second column) and EDX elemental mappings (third and fourth column) for the SiG5.8 anode after the
formation (a)—(d) and after the aging at (e)—(h) 0 °C, (i)—(1) 10 °C, and (m)—(p) 45 °C. The yellow box in the first column marks the area that is magnified in the
second column. The third column displays the EDX mapping of C (red), O (green), and Si (blue), while the fourth column shows the EDX mapping of the same

image section for F (orange).

nm-Si particles and carbon. The nano-size of the Si particles is most
likely the reason why we do not observe strong cracks of the Si
compound after aging.

The structural integrity of the electrodes undergoes notable
changes with cyclic aging, as evidenced by the comparative analysis
of the SEM images of the electrodes after formation (Fig. 9a) and
those that have undergone aging at different temperatures (Figs. 9e,
9i, 9m). The electrode of the new cell after formation exhibits a
compact structure. In the case of the electrode aged at 0 °C (Fig. 9e),
a layer of deposited Li can be observed on the surface. The electrode
itself exhibits slight structural loosening compared to an unaged
electrode, but less so than those subjected to 10 °C and especially
45 °C aging conditions. The total pore volume appears to be nearly
constant or slightly increased although the total thickness has
increased. This is consistent with the observed thickening of the
electrodes in Fig. 8.

Similarly, the structure of the secondary Si particles exhibits a
notable transformation from a dense and homogenous structure in
the new state, as visible in Fig. 9b, to a loose and inhomogeneous
structure with nanoscale pores in the aged state. This could have
been contributed to the increasing electrode thickness. It further
appears that the carbon coating around the Si secondary particles still
persists in the aged state. Once more, the 0 °C aged Si particles
appear to be less affected than the 10 °C and 45 °C aged ones. This is
in accordance with the other results indicating that degradation at
0 °C is dominated by Li plating with minor LAAM. However, due to
the limited resolution of the SEM, the SEI growth, which is likely
occurring at the surface of the nm-scale primary Si particles, cannot
be detected here.'®

As illustrated in the first column of Fig. 10 (subfigures (a), (e),
(D), (m)), there is a notable trend of increasing loss of the electrode’s
structural integrity in the aged state with elevated Si content in the
anode. Of particular note is the SiG20.8 electrode (Fig. 10m), which
exhibits a substantial crack that runs parallel to the current collector.
Although the crack could have also occurred during cell opening or
cross-section preparation, the crack is evidence of the fragility of the
electrode with high Si content. Such cracks have the potential to
result in the loss of electrical contact between particles, which could
ultimately result in LAAM. A more detailed examination of the Si
secondary particles in the second column of Fig. 10 (subfigures (b),
), (j), (n)) reveals a more pronounced impact of cycling and a more
porous structure in the secondary particle with increasing Si content
in the anode. Additionally, the carbon shell encasing the Si primary
particles also appears to have remained in the aged state even at the
highest Si content, as observed in Fig. 10n.

The EDX elemental mappings for carbon (C), oxygen (O), Si,
and fluoride (F) in the third and fourth columns of Figs. 9 and 10 can
provide further insights into the aging mechanism. Due to exposure
of the samples to air, statements on O are limited. Nevertheless, the
elemental distributions of O and Si exhibit a high degree of
correlation, as evidenced by the increasing O content in the anodes
with increasing Si content in the third column of Fig. 10. As
illustrated in the third column of Fig. 9, the amount of O tends to
increase further in the aged state. However, the substantially
elevated O amount in Fig. 9g is associated with the plated metallic
Li, which has reacted with oxygen from the ambient air during cross-
section preparation. The presence of Li plating on the anode surface
is fully consistent with results of various other methods.***°
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Figure 10. Cross-sectional SEM images (first and second column) and EDX elemental mappings (third and fourth column) for anodes with different Si content:
(a)—(d) graphite, (e)—(f) SiG3.0, (i)—(1) SiG5.8, and (m)—(p) SiG20.8 after aging at 35 °C. The yellow box in the first column marks the area that is magnified in
the second column. The third column displays the EDX mapping of C (red), O (green), and Si (blue), while the fourth column shows the EDX mapping of the

same image section for F (orange).

A further notable correlation is observed between the elemental
distribution of F, O, and Si in both Figs. 9 and 10. The anode of the
new cell (Fig. 9d) has a very small amount of F and O, which
significantly increases in the aged cells, with the greatest extent
observed in the 45 °C aged cell (Fig. 9p). Both F and O are typical
components of the SEI in Si containing cells.'®20>#88586 The FEC-
containing electrolyte increases the F amount and simultaneously
reduces the O amount.*® This is evident in the fourth column of
Fig. 10, particularly when comparing the graphite cell (Fig. 10d)
without FEC electrolyte additive and the other cells with FEC additive
(Figs. 10h, 101, 10p). Furthermore, the increasing amount of F with
increasing Si content is clearly observable. This is consistent with Li
et al. who observed a considerable increase in the F content on Si
particles in aged anodes, reaching approximately five times the level
observed in new cells, due to the extensive growth of the SEL®’ This
indicates that although the cell ages as a consequence of electrolyte
decomposition, this process is initiated by the silicon component.

Additional elemental mappings were conducted for the transition
metals nickel (Ni) and manganese (Mn), as dissolution and
subsequent deposition of transition metals on the anode is a well-
known aging mechanism in Li-ion batteries.*'**%® However, for all
aged cells, only very small quantities of Ni and Mn were identified in
the anode, confirming the stability of the cathode which is consistent
with the discussion above.

Conclusions

This study examined the cyclic aging across a wide temperature
range from —10°C up to 55°C of a hundred pouch full cells
containing Si-graphite composite anodes, with Si-contents varying

from 0 wt% to 20.8 wt%. To ensure comparability, the anodes had
been designed with similar areal capacity, porosity, and tortuosity,
whereas the cells had very similar N/P ratios. The constant areal
capacities of the anodes resulted in thinner anode coatings with
higher Si contents. The NMC622 cathode being used demonstrated
high stability with very small aging effects, which makes it possible
to assign the observed main aging effects to the anode.

Our investigations reveal that the temperature dependent perfor-
mance of new cells varies significantly with the Si content in the
anode. While the capacity at high temperatures was similar across all
cells with different Si contents in the anode, notable differences
emerged already at 25 °C and 0.5 C. This discrepancy was most
pronounced at 0 °C, where the graphite cells delivered only 74 % of
the rated capacity, whereas the SiG20.8 cells delivered 87 %. A
higher Si content in the anode resulted in higher anode potentials and
thinner electrodes with lower resistance, which was particularly
beneficial at low temperatures reducing overpotentials and enhan-
cing energy efficiency.

Temperature dependent degradation and cyclic aging rates
varied significantly with Si contents. Cells with a graphite-only
anode demonstrated the highest cycling stability, reaching EOL at
80 % SOH after over 3,000 cycles at 0.5 C, while cells with
20.8 wt% Si in the anode only lasted around 200 cycles. Post-
mortem analyses revealed increased LAAM and substantial SEI
growth, particularly in cells with high Si content in the anode aged
at 35 °C. This was confirmed by increased anode thickness, less
reversible capacity in reconstructed half cells, and higher amounts
of F and O on aged negative electrodes with higher Si content.
Thus, similar to calendar aged cells,'® the Si-component is a life-
time limiting factor.
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Parasitic side reactions such as the SEI growth accelerate at
higher temperatures, following an Arrhenius law for the cyclic aging
rate. The activation energies observed for cells with pure graphite up
to a medium Si content in the composite anodes were found to be
similar, indicating the presence of consistent degradation mechan-
isms. In contrast, a reduced temperature dependence in the low and
high temperature ranges was observed for the highest Si content in
the anode, suggesting the presence of additional aging mechanisms
that are not dependent on temperature.

At low temperatures, Li plating, which increases the aging rate
with decreasing temperature, is the dominating aging mechanisms.
The optimum cycling temperature for the longest cycle life occurs at
the lowest temperature without Li plating. This was found to be 30 °C
for the graphite cell, decreasing to 10 °C for cells with a low Si content
in the anode. Measurements of the anode potential vs Li/Li* confirm
this trend of decreasing Li plating onset temperatures with increasing
Si content. Interestingly, for cells with 20.8 wt% Si, the optimum
temperature increased again to 25 °C. However, these cells showed the
lowest aging rate at temperatures below 0 °C, indicating superior low
temperature performance and longer cycle life for cell with high Si
content in the anode. The better low temperature performance and
aging rate of the cells with Si compound is due to (i) an increase of the
minimum anode potential, (ii) the thinner anode coatings, (iii) the
reduced utilization of the Si component at low temperatures.

At low temperatures, decreased utilization of the Si component
reduces the volume expansion during lithiation, enhancing the long-
term stability. This is further confirmed by a less strong anode
thickness increase at lower temperatures. However, increasing the Si
content further is unlikely to extend cycle life due to more
pronounced LAAM.

In conclusion, the results emphasize the necessity of carefully
optimizing the anode’s Si content based on the intended operating
temperature range of the battery. Even small amounts of Si (<6 wt
%) significantly alter performance and cyclic aging behavior of the
anode and therefore also of the battery cell itself. A higher Si content
can be particularly beneficial for low temperature performance but is
detrimental for high temperature applications. Therefore, a balanced
Si content in the anode in the range of a few wt% seems to be the
best compromise in achieving optimal performance across different
temperatures. When scaling these findings to larger cells, the more
pronounced heating behavior during operation and potential electro-
lyte depletion due to extensive SEI growth, especially in cells with
high Si content, must be considered additionally.
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