Comprehensive analysis of degradation
mechanisms in 18650 Li-lon cells under
prolonged cycling conditions.

Pavel Blazek3, OndFej Klva¢?®, Martin Sedina?, Ondrej Cech?, Markéta Tkadlecova?, Zuzana
Stravoval, Tomas Kazda?, Tomas Zikmund?, Robert H. Schmitt3?*, Jozef Kaiser?.

1Central European Institute of Technology, Brno University of Technology, Brno, Czech
Republic

’Department of Electrical and Electronic Technology, Faculty of Electrical Engineering and
Communication, Brno University of Technology, Czech Republic

3WZL | RWTH Aachen University, Aachen, Germany

4Fraunhofer Institute for Production Technology IPT, Germany

>Thermo Fisher Scientific, Vlastimila Pecha 12, Brno, 627 00, Czech Republic

Abstract

Li-ion batteries are a key technology for a wide range of applications including
electromobility and stationary energy storage. These applications must operate for several
years, and batteries need to meet the demands of these applications over a long period of
time. Knowledge of the exact mechanisms of Li-ion battery degradation and their
manifestations, as well as insights from the perspective of production quality optimization
leading to the extension of the cycle life and safety of these batteries, are thus highly
relevant. This study examined the degradation mechanisms in a cylindrical 18650 Li-ion
battery over 800 cycles (90% State of Charge, 10% Depth of Discharge) to understand
performance fade and structural changes. Periodic micro-CT scans revealed significant
geometric alterations in the electrode stack, including delamination and bending towards
the cell axis, which correlated with observed capacity loss. Post-mortem analysis using
broad ion beam (BIB), scanning electron microscopy (SEM), energy dispersive spectroscopy
(EDS), and synchrotron CT confirmed the presence of voids in the cathode active material.
Substantial copper deposition was observed exclusively on the anode surface and graphite
grains. Elevated levels of phosphorus and fluorine were also detected, likely from electrolyte
decomposition and SEI layer formation. These insights shed light on the structural changes
and failure modes in cylindrical Li-ion cells during prolonged cycling.

Keywords: Lithium-ion battery degradation, 18650 cylindrical cell, Electrode delamination,
Aging

1. Introduction

Lithium-ion batteries (LIBs) have become a key technology for energy storage due to their
high energy density, efficiency, and versatility, providing a sufficiently long lifetime. They
play a pivotal role in various technologies, from small portable electronic devices to energy
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storage systems and electric vehicles [1-3]. One of the most common types of LIB cells is
18650-format, which is a cylindrical cell of 18 mm diameter and 65 mm length. It is used as a
standard choice in numerous applications like power tools, electric bicycles and electric cars
[4].

Battery aging manifests itself through a multitude of complex symptoms, which reflect
changes in micro and macroscopic level. It leads to a decrease in capacity, an increase in
internal resistance, and physical changes such as swelling and delamination of electrode
layers. It can lead not only to deterioration of performance but also damage battery
structure, affect the safety of battery usage, and even culminate in complete battery
failure[5—15]. The issue of battery aging is a very broad topic; further described are those
processes that have been the subject of research in this paper.

During cycling, the electrodes undergo volumetric changes manifested at the level of whole
electrodes as well as individual grains of electroactive material [16-18]. This is mainly due to
electrochemical processes involving lithium-ion intercalation and also lattice structural
changes [8]. Temperature changes induced by high C-rate also play an essential role [20].
These effects in the cylindrical cells lead to the deformation of the electrodes and their
buckling towards the center of the battery. This can result in delamination of the
electroactive material and, in extreme cases, disruption of the separator. This phenomenon
can be partially counteracted by the use of a central pin - a metal tube that fills the space in
the center of the cylindrical cell, which, however, increases the weight [16].

Volume changes are also a cause of particle cracking [15,21,22]. It can lead to the material
losing contact with the surrounding matrix, making it inactive and decreasing the capacity.
Moreover, during cracking, the existing SEl layer is disrupted and starts to grow on the
newly formed surfaces. This consumes lithium ions, resulting in further capacity loss. An
additional risk lies in the possibility of lithium dendrite formation manifesting itself mainly at
higher loads and lower temperatures [10,23,24].

In the application of very high currents and operation of the cell outside the voltage
operating window, dissolution of the current collectors may also occur. The cases of anodic
oxidation of the copper collector and deposition of Cu ions on the cathode surface
increasing its volume have been described [25]. Also, copper can form an internal short
circuit through the formation of Cu dendrites. Rarely has the deposition of copper on the
surface of the anode or individual grains been described. The reduction of copper dissolved
in the electrolyte by reaction with the SEl layer compounds is assumed [26,27].

Evidently, the processes contributing to battery degradation and aging are complex, and
their deeper understanding is crucial for the further development of LIBs. X-ray-based
techniques are suitable for their investigation due to their non-destructive character and
can also be used for in-situ analysis, where a scan is performed after a certain number of
electrochemical cycles. This includes X-ray radiography [28] as well as advanced CT methods
[29,30]. It is possible to achieve resolution from micrometers when analyzing whole cells
down to sub-micrometer resolution of small pieces of electrode materials and detect even
mild structural changes [31,32].



With scanning electron microscopy (SEM), even higher resolution can be achieved to
observe individual grains, their cracking, and the growth of the SEl layer [11,33-38]. In
combination with electron dispersive spectroscopy (EDS), it is also possible to determine the
elemental composition and its changes after electrochemical cycling [39,40].

Since the cell must be disassembled before analysis, it is advisable to discharge it for safety
reasons, to avoid short-circuiting during further handling, and to minimize contact with air.
Argon gloveboxes are typically used for this purpose. The separated electrodes are then
examined from the surface or cross-section. The materials are often brittle and can be
damaged by mechanical stress. For this reason, focused ion beam (FIB) also allowing
FIB/SEM 3D reconstruction [41-43] or broad ion beam (BIB) [8,44-47] techniques are often
used for sample preparation, which sputter the material without mechanical force and allow
the samples to be observed in their native state [7,8].

In this study, we detailly examine 18650-type LIB in the fresh state and during 800 cycles of
charging and discharging, observing various symptoms of degradation. The analysis of the
cycled cell was focused on the structural and chemical changes, their correlation with the
micro-CT (X-ray computed tomography) analysis, and comparison with another uncycled cell
using SEM/EDS analysis. We applied CT and virtual unrolling techniques to quantify
geometrical changes in the whole battery in the fresh state and after every 200 cycles of
charging and discharging. With each scan, we also analyze changes in battery capacity and
hysteresis together with an impedance analysis by Electrochemical Impedance Spectroscopy
(EIS). We also performed further analysis of the cycled battery after 800 cycles and another
battery of the same manufacturing batch in a fresh state. To observe pieces of cathodes
with higher resolution we used sub-micron CT and sSEM and analyzed elemental
composition using EDS.

2. Materials and methods

2.1.Samples

We investigated LIB Samsung INR18650-29E (manufacturer stated capacity 2860 mAh)
based LiNixMnyCo1-xyO2 (NMC), the most used cathode materials in LIBs. We used two pieces
of accumulators from the same manufacturing batch. The first one, fresh cell, was used for
destructive analysis before cycling, and the other one was used for long-term cycling and
degradation study. After the cycling was finished, we used it for destructive analysis of the
effects of aging.

2.2. Aging and electrical analysis

The test cell was characterized by a baseline test using two cycles in the full manufacturer-
defined voltage range of 2.5 - 4.2 V at 0.1C/0.1C, 0.2C/0.2C, 0.2C/0.5C and 0.2C/1C
(charge/discharge). EIS was performed at 100% SoC during 0.1/0.1 C cycle in a frequency
range from 1 MHz to 30 mHz, with an amplitude of 10 mV, followed by CT scanning. The
CCCV method was used with the limiting current set to 0.02 C. The initial test was followed
by long-term cycling at 1 C using the CCCV method with a limit current of 0.02 C in the range
of 90% SoC and 10% DoD for 200 cycles, followed by a baseline test and subsequently by CT
scanning. This process was repeated until 800 cycles were reached. After the last baseline



test and CT analysis, the cell was disassembled and analyzed by SEM. The electrochemical
measurements were performed with a Bio-Logic battery cycler BCS-815 with an EIS module.

2.3. Micro CT analysis

The whole LIB was analyzed by micro CT in the fresh state, after 200, 400, 600, and 800
cycles. For these measurements, we used a Thermo Scientific HeliScan microCT system
equipped with a flat panel detector with a resolution of 3072x3072 px? and pixel size 139
um and 160 kV microfocus tube. The whole battery was analyzed by one scan with a space-
filling helical trajectory, which allowed the use of higher geometrical magnification and
increased the signal-to-noise ratio while avoiding cone-beam artifacts. The X-ray tube was
set to 150 kV, and the beam was filtered with 0.2 mm of stainless steel and 0.5 mm thick Sn
foils to reduce beam-hardening. To obtain sufficient signal, the exposure time was set to
0.65 s, and five radiographs were averaged in each of the 5400 projections per scan.

The data were reconstructed with the iterative algorithm in software provided by

the manufacturer. An algorithm for sample drift correction and the self-calibration
algorithm [48] were used to correct for geometrical errors. The reconstructed volume size
was approximately 22 x22 x73 mm?3 with (8 um)3 voxel size.

The virtual unrolling technique was applied to all the whole-cell datasets in Thermo
Scientific Avizo. We used the procedure described in [49]. The cathode was segmented using
the multithresholding method, and morphological operations such as opening/closing were
applied. We analyzed the distance from the core on the segmented cathode and compared
results between datasets. An unrolled distance map then allows for the assessment of
cathode position and deformities in the entire cell volume.

2.4.Sample preparation for SEM, EDS, and submicron CT

Before disassembly, batteries were deeply discharged to 1 V with a current of 0.05 C. Inside
the Ar-filled glovebox, the metal case was cut about 1 mm below the edge of the positive
pin using a manual tube cutter. The CT inspection revealed that there is a free space inside
with minimal risk of electrode damage. The positive pin was then removed using pliers, and
the metal case was unrolled to approximately half the cell's height. The electrolyte was
dried by leaving the cell under a vacuum in the glovebox antechamber for about one hour.
Pieces of the individual electrodes were cut from the unrolled section using scissors. Further
manipulation took place outside the glovebox. The cell was cut across on the negative pin
side with a hacksaw about 1 cm above the pin edge. The metal case in this area serves as a
mechanical fixation and prevents structure shifting during cross-section preparation through
the entire structure. This specimen was then mechanically ground by 30, 15, 8, and 5 um
grain size SiC grinder papers with isopropanol. The Broad lon Beam (BIB) polisher model
1061 SEM Mill (Fischione Instruments) was used for further sample preparation. The
individual electrodes were prepared in cross-section mode, and the whole structure in
planar mode using Cryo cooling. SEM imaging and EDS analysis were performed on a Scios 2
scanning electron microscope (Thermo Fischer Scientific).

For nanoCT, pieces of approximately 0.5 x 2 mm were cut from individual electrodes with a
razor blade. The samples were inserted into a Kapton tube and fixed with molten ethylene



carbonate. For SEM/CT correlative analysis, the sample was first polished using BIB, then
SEM analysis was performed, and finally placed in the Kapton tube.

2.5.Submicron CT

We used the unpolished part of the cell and unrolled the electrodes. A piece of it was cut to
dimensions approximately 0.5x2 mm. This piece was then fixed on a special holder. It was
inserted in a Kapton tube and poured with ethylene carbonate to reduce oxidation. The
sample was then imaged using nanoCT Rigaku nano3DX with Mo target, 50 kV tube voltage,
35 s exposure time, 800 projections, and voxel size of 0.54 um.

3. Results and discussion

Continuous measurements revealed capacity decrease during cell cycling (Figure 1 a). We
also observed that after interrupting the cycling for analysis with CT, regeneration occurred,
and capacity was increased. This effect was most significant after 200 and 400 cycles. The
most considerable capacity reduction of 20.8 % occurred after the first 200 cycles. After
that, the capacity regenerated to 90.8 % of the original value and, during another 200
cycles, decreased by a similar value as in the first 200 cycles. This effect repeated also
between 400 and 600 cycles. A notable capacity reduction of 11.3 % occurred between 600

and 800 cycles as well. In total, capacity dropped by 30.5 % after 800 cycles (see Table 1).
Table 1. Capacity and capacity retention in different stages of cycling.

Cycle number Capacity/mAh Capacity retention/%

1 2165 -
200 1714 20.8%
400 1668 23.0%
600 1717 20.7%
800 1505 30.5%

The discharge characteristics at different C-rates before and after cycling are shown in
Figure 1 b.. At all C-rates after 800 cycles of cycling, there was a decrease in the achieved
capacity and, at the same time, a decrease in the discharge plateau. The capacity at 0.1 C
load has been reduced from 2865 mAh, which is equivalent to the capacity declared by the
manufacturer, to 2442 mAh (14.8 % capacity drop). At 0.2C load, the capacity dropped from
2807 to 2344 mAh (16.5% capacity drop). At loads of 0.5C and 1C, the capacity dropped by
19.2 % and 22.1 %, respectively. It is evident that cycling did not only lead to a decrease in
capacity but also to a decrease in load ability at higher C-rates.

The change in capacity during the baseline tests is shown in Tab.2. When comparing the
capacities of the characterization cycles, a significant change can be seen after 200 and 800
cycles, where after 200 cycles, there was a significant change in capacity but stability at
higher loads was maintained. Thus, at a load of 1C, there was a 4.2 % decrease before
cycling and a 4.5 % decrease after cycling compared to a current of 0.1C. Another significant
change in this parameter occurred after 800 cycles.

The hysteresis changes at different C-rates during cycling, as shown in Figure 1 c. It is
evident that the hysteresis increases with increasing C-rate and is highest at 1 C. After 200
cycles, there was an increase in hysteresis at all C-rates. Its value then remained stable
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during the following cycling until the last 200 cycles, when the value increased again
significantly for all C-rates. This increase of hysteresis is in correlation with the significant
capacity drop during the last 200 cycles of cycling and corresponds to the large capacity
drop at a current load of 1 C that was observed at the end of cycling.

The EIS analysis revealed that the charge transfer resistance (Rct) at the beginning of cycling
was double that after 200 cycles, which is visible in Nyquist plots in Figure 1 d. This is due to
the changes in the structure at the beginning of cycling, which lead to improved contact
with the electrolyte. Liu et al. give a similar description of this change [50]. Subsequently, Rct
increases with cycling, and after 800 cycles, its value approaches the original values before
cycling.

The dV/dQ analysis before cycling and after a different number of cycles (200, 400, 600, and
800) is visualized in Figure 2. The figure shows the activity of the contained materials at the
anode and at the cathode and their gradual degradation. An anodic peak at 3.42 V and
cathodic at 3.38 V is related to lithiation of graphite anode [51]. After 200 cycles, booth
peaks shifted to a higher voltage, and peaks were less evident. During the cycling, peaks
become more evident and, at the same time, change position close to 3.5 V. The magnitude
of the anode-related peak after 200, 400, and 600 cycles was similar; however, after 800
cycles, the peak magnitude decreased, indicating a decrease in the activity of the anode
material. This drop might be associated with a higher drop in capacity at a high C-rate after
800 cycles. Another very significant anodic peak can be observed at a potential of about
3.65 V. This peak is related to the transition from a hexagonal to a monoclinic lattice of the
NMC532 cathode [52]. Its activity gradually decreases, with the most significant change can
be observed after the first 200 cycles and then after the last 200 cycles of cycling. The
anodic peak around 4.1V is then associated with high Ni cathode materials such as NMC811
or NCA (10.1149/2.0021707jes) and represents the H2 to H3 phase transition. The small
anodic peak located around 3.8 V represents the transition from the M to the H2 phase. The
peak around 4.1 V was relatively stable for the first 400 cycles, but it dropped significantly
after 600 and 800 cycles. This decrease may then be related to the capacity drop during the
subsequent cycling, when the partial regeneration of the battery capacity no longer
occurred when cycling started again.

Table 2. Degradation under different loads during long-term cycling.

Capacity/mAh Capacity drop/%
Cycle number 0.1C 0.2C 0.5C 1C 0.2Cvs 0.1C | 0.5Cvs0.1C | 1Cvs0.1C
0 2865 2807 @ 2742 2744 98.0% 95.7% 95.8%
200 2660 2591 | 2591 2541 97.4% 97.4% 95.5%
400 2583 2555 2503 2490 98.9% 96.9% 96.4%
600 2478 2459 | 2400 @ 2363 99.2% 96.9% 95.4%
800 2442 2344 2215 2139 96.0% 90.7% 87.6%
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Figure 1. a) Capacity decreases due to cycling, b) Discharging profiles at different C-rate before and after cycling, c) Changes
of hysteresis at different c-rates during cycling, d) EIS analysis in different stages of long-term cycling.
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Figure 2. dQ/dV analysis for INR18650-29E cell before cycling and after 200, 400, 600 and 800 cycles.

Prolonged cycling of the cell caused damage to the inner geometry of the cell. The
electrodes are deformed, and the electroactive material is cracked and delaminated from
the current collector. These deformations are clearly visible in tomographic cross-sections
(Figure 3) as well as an SEM image of the cross-section through the whole structure (Figure
4). The deformation is first visible after 200 cycles on the first three windings of the
electrode stack and is getting more pronounced with cycling. After 800 cycles, they reach up
to the seventh winding of electrodes. SEM image (Figure 4) shows, in addition to electrode
waving, cracks, and loss of contact with the current collector, also loss of contact of the
anode with the separator and, therefore, with the opposite cathode.
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Figure 3. Tomographic cross-sections, detail of the deformation’s development through cycling. Top row: Axial view, bottom
row: axial view. Red arrow point to the highest deformation present in the innermost winding, which is the same position as

show in Figure 5.

S

Figure 4. Detail of cross-section through the whole battery structure. Electrodes are bending towards the central pin, arrows
points to loss of contact with separator and current collector.

The virtual unrolling technique allowed us to visualize the geometry of the cathode across
the entire volume at different cycling stages. Electrode deformations appear as vertical
stripes in the distance-from-core map. Stripes visible in the fresh dataset (Figure 5 a) that
persist in data from the cycled cell indicate that the electrode deviates from an ideal spiral.
Deformities arising in the inner winding due to cycling are also evident in the unrolled data
as additional stripes in the corresponding sections. These deformities extend through the
entire height of the electrode spiral and become more pronounced with an increasing
number of cycles. A limitation of this unrolled map is the presence of artifacts in the form of
sharp borders between horizontal sections. These artifacts stem from the unrolling
algorithm in Avizo, which required dividing the data into sections to reduce computational
demands and introduced interpolation errors that likely struggled to handle deviations from
the ideal spiral. Due to these artifacts, this data cannot be used for quantitative
measurements, such as comparing distance from the core between datasets. However, the
unrolled data show a cathode length increase of 3.5 mm (0.5%) over 800 cycles (see Figure
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6), likely resulting from increased bending and deformations. The data shows that the most
prominent change occurred again after the first 200 cycles and after the last 200 cycles,
which correlates with the results of electrochemical measurements. The change of
hysteresis occurred at a similar time; at the last 200 cycles, there was a significant decrease
in capacity at high C-rates.
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Figure 5. Visualization of 10 innermost windings of the unrolled cathode as an unrolled distance from the cell core color
map. Red arrows point to the highest deformation present in the innermost winding, which is the same position as shown in
Figure 3.
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Figure 6. Length of cathode after unrolling

Cross-section images of the fresh cells obtained both by CT (Figure 3) and SEM (Figure 4)
show the manufacturing defects in the structure. These are unfilled areas within the
electroactive layer structure and bends of the current collector. These areas correspond to
the 'voids' in the CT model. The cause is probably due to the inhomogeneous composition of
the cathode paste, where a bubble forms on one side of the current collector. Subsequent
pressing leads to its denting and damage of the cathode material particles. Details of these
areas are visible in SEM images shown in Figure 7. Analysis of three pieces of the cathode by
synchrotron CT (see Supplemental Material A.1) shows the presence of approximately 9
defects / mm2 of the cathode with a diameter of (72 = 19) um and volume (26000 = 19000)



um3. There is a high variance in defects shape and size, but no dependency on the position
in the battery or influence due to cycling was discovered.

Figure 7. Cross-section SEM image of fresh battery a) Overview of the cross-section b, c) details of the manufacturing
defects.

EDS elemental analysis of fresh cell cathode prepared individually revealed that the
electroactive material comprises two types of materials with different elemental
abundances. As can be seen in the EDS analysis results shown in Table 3 and Figure 8 below
one of the cathode materials is NMC532 (LiNio.sMno.3C00.202) and the other cathode
material is most likely NCA (LiNio.s8C00.1Al0.0202). This is consistent with the findings from
electrochemical testing of the battery, where a peak associated with the NCA cathode was
observed at dQ/dV spectra. The closer analysis showed the local presence of barium sulfate
at some grain edges. Also, pieces of aluminum are present between grains. These areas
have also increased amounts of sulfur and reach about 2 %.

Table 3 Elemental composition of regions 1-4, as shown in Figure 8 a).

Atomic %
Element Region 1 Region 2 Region 3 Region 4
C 2.9 1.7 1.6 5.7
0] 59.1 59.1 56.0 55.6
Mn 0.7 11.2 13.0 0.2
Co 3.0 7.6 7.5 3.2
Ni 33.2 20.1 21.4 34.3
Al 0.9 0.3 0.4 0.8
P 0.2 0.0 0.1 0.2
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Figure 8. Results of EDS analysis of fresh cathode a) Regions of analysis, the elemental composition of each region is shown
in Table 3. Figures show the weight percentage of elements from emission line Kb) Mn c) Co d) Ni

Piece of cathode after 800 cycles was analyzed with microCT and SEM. Same region at the
surface of the cathode piece is visualized from both techniques in Figure 9Chyba! Nenalezen
zdroj odkazli.. The analysis of cross-section by EDS showed a 3 % decrease in Ni, a 2 %
decrease in Mn, a 1 % decrease in Co for NMC grains, and a 4 % decrease in Ni in NCA grains
(Table 4). On the other hand, the oxygen fraction increased by approximately the same
amount. Thus, it is probably not a dissolution of transition metal oxides. It can be confirmed
by the fact that they were not present on the anode. The particles appear to be more
cracked and fragmented after cycling, especially the NMC particles, compared with fresh cell
(Figure 10).
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Figure 9. Analysis of a piece of cathode after 800 cycles. a) cross-section from submicron CT, b) 3D render of the CT, c)
Image of cathode section on from SEM, d) Detail of SEM image (position shown by green arrows) with elemental
composition from EDS.

Figure 10. SEM images of cathode cross-section; fresh cell (a); cycled cell (b).

Table 4. Elemental composition of regions (shown in Figure 9 d).

Atomic %

Element Regionl Region2 Region3 Region4

C 2.6 2.6 2.2 8.6
0] 63.2 62.9 64.2 64.7
Al 0.6 0.5 0.3 19.7
Mn 0.6 0.6 10.1 1.3
Co 3.1 3.2 6.6 0.9
Ni 30 30.2 16.6 2.9
S 0 0 0 1.9
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In the anode case, a typical layered structure of graphite grains was observed. The analysis
also showed minor amounts of fluorine and phosphorus present at the edges of the grains
and in the space between them. The origin may be a binder, lithium salt, or a formed SElI
layer. The comparison of the anode of the fresh cell and the cycled cell (Figure 11) shows
that the gaps between the graphene layers are more expanded in the cycled cell. At the
same time, there are pieces of copper between the grains. Copper is also found in a larger
amount on the surface of individual grains as part of the SEl layer (Figure 11Figure 12).

= R T Ty 5 " B ~

Figure 12. EDS mapping of cycled anode cro-section.

Higher concentrations of copper were additionally detected in a cross-section through the
entire cell structure on the surface of the anode as a light stripe (Figure 13). This was
confirmed by EDS analysis showing a decreasing copper concentration from the surface
toward the center of the anode (Figure 14). The surface of the anode of a fresh cell analyzed
in the same way does not show an increased copper concentration.
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Figure 13. SEM images of whole structure cross-section, study of increased amounts of copper on the anode surface; fresh
cell (a); cycled cell (b).
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Figure 14. The concentration of Cu on line profiles marked in Figure 13. Detailed results of elemetnal analysis are in
Supplemental material A.2.

4. Conclusions

In this work, we conducted an in-depth analysis of degradation mechanisms in the Samsung
18650 cylindrical cell. The progression observed during cycling aligns with the cell’s
datasheet specifications. The capacity decrease remains within the expected range and
corresponds to EIS measurements. CT analysis revealed mechanical degradation in the
electrode material, including delamination and bending toward the cell axis, despite the
presence of a metal central pin. This deformation may exert pressure on the polymer
separator, increasing the risk of tearing. Delamination and deformation were observed in
the inner windings of the electrode spiral in the CT data, both in cross-sections and the
unrolled cathode map. As the cycle count increases, these deformations become more
pronounced, extending up to the eight innermost windings after 800 cycles. Based on these
findings, manufacturers can focus on improving mechanical robustness, for example, by
selecting a central pin with a larger diameter.

Analysis revealed voids within the cathode’ structure. Cross-sectioning and subsequent
BIB/SEM/EDS analysis suggest that NMC grains may experience increased cracking around
these void areas. Although no aging-related effects were observed, understanding these
defects allows manufacturers to refine the cathode deposition process, such as optimizing
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the slurry mixture and improving the coating uniformity, to reduce the incidence of voids
and non-uniform layers.

The primary changes identified include the expansion of graphite grains and fracturing of
NMC grains around defects. In the cycled material, we observed elevated concentrations of
phosphorus (P) and fluorine (F), as well as copper (Cu) concentrations reaching up to 20% on
the anode surface and graphite grains. While the P and F concentrations are consistent with
typical electrolyte decomposition and SEI layer formation, the source of Cu deposition
remains unclear. By analyzing uncycled cells, we ruled out sample preparation as a cause,
suggesting that the deposition may result from cycling processes. Literature [26,27] suggests
this could involve interactions between Cu ions and SEI layer components, though further
investigation is needed for confirmation. Different electrode composition and optimized
cycling protocols may prevent these issues.

The extension of the current collector during cycling, which is caused by the pressure of the
volumetric changes of active material, leads to deformation of the electrodes, cracking
active layers and its delamination from the current collector, which leads to an increase of
hysteresis and at the same time to a decrease of capacity due to the loss of contact of the
individual particles. The loss of contact of some parts of the electrodes with the separator is
then likely to lead to a reduction of stability at higher C-rates. Again, these phenomena can
be prevented by a different cell design and cycling protocol. The study provides a detailed
understanding of how capacity, resistance, and structural integrity change with long-term
cycling. Based on this, manufacturers can develop predictive models for battery life cycle
management, allowing better prediction of the aforementioned defects and also estimating
when to replace old cells.
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