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Extending the lifetime of lithium-ion batteries is essential to maximize resource efficiency and minimize environmental impact.
Therefore, understanding the aging mechanisms that batteries undergo in their first life is critical to ensure safe operation in second-
life applications. This study focuses on a comprehensive safety assessment of commercial 18650-type lithium-ion batteries with
graphitelINCA chemistry. The safety of aged cells with the aging mechanism of lithium plating was tested using thermal (ARC),
electrical (overcurrent, overcharge, overdischarge), and mechanical (nail penetration) abuse tests. New cells without lithium plating
serve as control samples for comparison of the different safety test types and for the cells with lithium plating. The presence and
absence of lithium plating is confirmed by electrochemical tests and Post-Mortem analyses (SEM, GD-OES). The cells with
lithium plating exhibit significantly lower onset of self-heating temperatures, a tendency to higher maximum thermal runaway
temperatures and increased EUCAR hazard levels. The results highlight potential hazards associated with lithium plating in
lithium-ion batteries and the necessity to detect and avoid lithium plating in first life in order to safely reuse them in second life
applications. This is part one of two papers dealing with safety testing aspects of aged cells with different degradation mechanisms.
© 2025 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, https://creativecommons.org/
licenses/by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI:
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The increasing global demand for lithium-ion batteries (LIBs),
driven by the growth in the number of battery electric vehicles
(BEV), requires effective strategies for re-use and recycling of aged
LIBs."? During usage, LIBs degrade leading to capacity loss and
impedance increase. A measure defining the aging state of LIBs is
the state-of-health (SOH) which can be defined as®~

SOH = &100%

Qt=0)

where Q(t) and Q(t = 0) represent the discharge capacities for the
aged cell and new cell, respectively. A key avenue achieving
sustainability in the LIB life cycle is to re-use batteries that have
reached the end of their first life, which typically occurs when their
SOH drops below 80% (see Fig. 1). These used batteries still possess
valuable energy storage potential and may find a second life in less
demanding stationary applications, such as stationary renewable
energy storage systems.® Therefore, extending the life of batteries by
integrating them into second-life applications is essential to max-
imize resource efficiency and minimize environmental impact and
costs associated with LIBs on the long term.

In order to assess the ability to re-use a certain cell type, it is
important to know its previous aging behavior. Understanding the
aging mechanisms is a crucial step in the evaluation procedure, as it
enables to ensure optimal performance and life-time, to enhance
safety measures, and to effectively manage potential hazards. An
aging mechanism which can lead to high aging rates™~'? is the
deposition of lithium metal on anodes as a competition reaction to
lithium intercalation into graphite or to alloying with a silicon
compound.'® The reason for capacity fade in case of lithium metal
depositions are reactions of electrolyte components on this metallic
and highly reactive lithium surface'>'* as well as formation of
electrically disconnected “dead lithium.”'® Lithium deposition is

*Electrochemical Society Student Member.
**Electrochemical Society Member.
“E-mail: thomas.waldmann@zsw-bw.de

thermodynamically favorable when the anode potential falls below
0V vs Li/Li"."*">'6 Many publications have shown that lithium
deposition can occur in commercial cells and not only in pilot or
laboratory LIB cells, especially at high charge rates, high end-of-
charge voltages, and low temperatures.>’~'#1°2* Homogeneous
lithium metal depositions forming during charging at low tempera-
tures are called lithium plating.'*-

One approach to gain a deeper understanding of safety char-
acteristics of cells involves conducting controlled abuse tests. These
safety tests are designed to replicate safety hazards that may arise
during routine operational scenarios. Depending on the nature of the
failure mechanism, safety tests can be classified into three main
types: mechanical (e.g. nail penetration®®>?), electrical (e.g.
overcharge,”’>"3%%" overcurrent,*' and overdischarge***?*), and
thermal (e.g. overheating®’>° and accelerating rate calorimetry
(ARC)”!113:25-27:36.44-49) "Thege tests are typically in a parameter
range outside of the specifications given by the cell manufacturer’s
data sheets, e.g. exceeding the specified voltage window, the
maximum temperature, or the maximum current. Such conditions
can lead to critical conditions such as leakage, venting, fire, or
thermal runaway (TR). The severity of the events caused by the
abusive tests can be characterized by the EUCAR hazard levels.™

We have recently shown by ARC experiments that lithium
plating can significantly decrease battery safety by lower onset
temperature for self-heating and for TR.>""**=?” In some cases, LIB
cells with lithium plating showed a higher destruction level (ejection
of the jell;/ roll) after ARC tests compared to cells without lithium
plating.'"*>>! Recently, Stottmeister and Grof showed by ab initio
molecular dynamics simulations on the atomic scale that typical
electrolyte molecules react exothermically with a metallic lithium
surface.'* In accordance with these simulations, Kondou et al.>* and
Fleischhammer et al.'' showed experimentally that lithium metal
also reacts exothermically with carbonate-based electrolytes. Such
exothermic reactions are most likely a major cause for self-heating in
ARC experiments for cells with lithium plating.>'' —27:53.54

Recently, Preger et al. identified significant gaps in the safety
testing of aged cells including electrical and mechanical tests.*> To
the best of our knowledge, a comprehensive safety assessment of


https://orcid.org/0000-0001-8701-965X
https://orcid.org/0000-0003-2483-8257
https://orcid.org/0000-0001-9952-8507
https://orcid.org/0009-0004-0321-3252
https://orcid.org/0000-0002-5118-5215
https://orcid.org/0009-0004-8278-1089
https://orcid.org/0000-0003-3761-1668
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/1945-7111/adb804
mailto:thomas.waldmann@zsw-bw.de
https://crossmark.crossref.org/dialog/?doi=10.1149/1945-7111/adb804&domain=pdf&date_stamp=2025-03-04

Journal of The Electrochemical Society, 2025 172 030502

SOH =100 %

SOH =80 %

SOH <10 %

1st life
new cell

2nd life

end of 1st life ——|end of 2nd life

<0}

Figure 1. Concept of re-use LIBs from first life applications (e.g. BEVs) in second life applications (e.g. stationary energy storage for wind and solar energy).

aged LIBs with varying aging mechanisms has not yet been
conducted. One important question therefore is, how the reactivity
of cells that had undergone the aging mechanism of lithium plating
affects the results of different safety testing methods.

In light of this, our research aim is to comprehensively explore
the safety behavior exhibited by aged LIB cells. This work includes
a detailed analysis of various abuse tests (nail penetration, over-
current, overcharge, overdischarge, and ARC) performed on fully
charged commercial 3 Ah 18650-type lithium-ion cells that have
been aged at 0 °C to induce lithium plating and a comparison with
the results obtained with new cells without lithium plating. The
presence and absence of lithium plating in the 0 °C as well as new
cells and 45 °C aged cells is supported by electrochemical evalua-
tions and Post-Mortem analysis.

Experimental

Tested cells.—The commercial 18650-type graphitellNCA cells
used in this work had a nominal capacity of 3 Ah in a voltage range
of 2.5V to 4.2 V. The cell mass was (45.35 = 0.13) g and the cell
voltage as received was (3.55 £ 0.01) V as evaluated from 300 cells
from the same batch. The cell impedance at a frequency of 1 kHz,
measured with a Hioki BT 3554 battery tester, was (24.9 + 0.2) m{2
in the fully charged state (voltage relaxed to (4.12 = 0.03) V). The
standard deviations of these values are in a similar range as for other
types of commercials cells'®> and therefore indicate the suitability
of these cells for further investigations. The technical data of the
investigated cell type is summarized in Table L.

Post-mortem analysis.—Post-Mortem analysis was carried out
according to our previously published workflow.* Cell inspection
before disassembly did not show any suspicious features. The cells
were discharged using five steps with different C-rates (1 C, 0.5 C,
0.25 C, 0.125 C, 0.0625 C) until 2.5 V was reached using a BaSyTec
CTS battery tester. Subsequently, a new cell and a 45 °C aged cell
were disassembled in a fume hood. The cell aged at 0°C was
disassembled inside an argon-filled glovebox (MBraun, [O,] < 0.1
ppm, [H,O] < 0.1 ppm) for safety reasons. The jelly rolls were
unrolled and photos were taken from both sides of the electrodes and
the separator. For further analysis, the electrodes were washed with
dimethyl carbonate (DMC)* three times for 1 min via dip washing
and then dried under vacuum conditions for 48 h at 60 °C. The
electrode thickness was measured using a micrometer screw on ten

Table I. Technical data of the investigated graphite|[NCA cell in this
study provided by the manufacturer.

Parameter Value
Nominal capacity (at 0.2 C discharge) 3 Ah
Max. charge voltage 420V
Min. discharge voltage 250V
Average working voltage (at 0.2 C) 365V
Max. charge rate (at RT) 0.55C

Max. discharge rate (at RT) 20C
Temperature range during charging 0°CH45°C

positions. Then, scanning electron microscopy (SEM) imaging
(secondary electron detector, acceleration voltage: 5 kV) was con-
ducted with a JEOL IT500 instrument. Glow discharge optical
emission spectroscopy (GD-OES) analyses were performed using a
GDA750 device (Spectruma) on anode samples of 2.5 mm diameter
retrieved from cells aged at 0 °C and 45 °C. To prevent reactions of
the atmosphere with the anodes of the 0 °C aged cells, an airtight
transfer chamber was used to transfer the samples from the glovebox
to the measurement device. The measurements were conducted in
radio frequency (RF) mode at a frequency of 2,501 Hz, at a
discharge voltage of 550 V and at a pressure of 2 hPa. A mixture
of 1% H, in Ar (both 6.0 purity) was used as sputtering gas. The
specific emission line of 670.7 nm was used for the detection of
lithium. The depth profile was evaluated by our previously devel-
oped method described by Pivarnikova and Fliigel et al. by taking
into account the intensities of the Ar 727.9 nm emission line.”® The
determination of the melting point of the separator was conducted
using differential scanning calorimetry (DSC, Netzsch STA 449 C).

Electrochemical tests.—Electrochemical tests were conducted
with BaSyTec CTS systems. An initial check-up cycle was
performed at room temperature with each cell prior to further testing
and aging. Therefore, the cells were fully charged with a constant
current—constant voltage (CC-CV) protocol at a rate of 0.1 C and a
cut-off current of 0.05C in the CV phase and subsequently
discharged with 0.1 C to determine the discharge capacity. For
cyclic aging, the cells were placed in Votsch climate chambers at
0 °C. Cyclic aging of the cells was performed with 0.3 C charging
rate (CC-CV, 0.05 C cut-off current) and 1 C discharging rate. The
aging was stopped when the cells achieved an SOH of less than 88%
regarding the first discharge capacity at the aging temperature and
0.3 C. The cells were then fully charged under the same conditions
as the cyclic aging was conducted to prepare the cells for the safety
tests. The aged cells had a cell impedance of (29.8 = 5.9) m() at
(4.09 £ 0.05) V.

Besides aging at a temperature of 0 °C, additional cells were aged
accordingly at 10 °C, 25 °C, 35 °C, and 45 °C. At every 50th cycle, a
0.1 C charge and discharge was conducted. The aging rate was
determined from the slope of linear fits (R? > 0.84) of the SOH over
cycle data, excluding the cycles at 0.1 C.

ARC tests.—An ARC-ES from Thermal Hazard Technology
(THT, UK) with radiant heater was used for the ARC measurements.
The fully charged cells were prepared for the ARC test by removing
the shrink tube and electrically insulating the positive tab with a
polyamide tape. The cell, together with a type-N thermocouple on
the cell surface, was then fixed in a thin steel sheet to mount the cell
free hanging on the top of the ARC reaction vessel. A calibration and
drift test of the ARC system with an empty 18650 cell can ensured
the correct heating rate of the ARC device to provide quasi adiabatic
conditions. A heat-wait-seek (HWS) program was used during the
ARC experiments to investigate the critical temperatures. Starting
from 35 °C, the temperature was increased in steps of 5 °C, followed
by a 15 min rest period for temperature homogenization/stabiliza-
tion. During the subsequent 10 min seek period, the temperature
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change was measured. If the temperature rate exceeded the
exothermic sensitivity of 0.02°C min~', the reaction was defined
as exothermic, no further heating steps were performed, and the
calorimeter simply followed the cell temperature. As the cell
temperature increased and exothermic reactions were ongoing in
the cell, the gas pressure within the cell increased, resulting in cell
venting. Finally, the cells went into TR, which was defined by a
sudden increase in the self-heating rate (SHR) and ended with the
cell explosion. The ARC tests were stopped by cooling with
pressurized air when the cell temperature exceeded 350 °C. The
ARC tests were conducted with two new and two aged cells.

Electrical abuse tests.—A cell tester (Digatron UBT 150-020-3
RE) was used to perform the overcharge, overdischarge, and
overcurrent abuse tests. Temperature sensors were attached to the
positive terminal, to the negative terminal, and to the center of the
cell container.

For the overcharge tests, the fully charged cells were charged at a
constant current rate of 1 C until 200% SOC was reached or an off-
nominal event occurred (such as TR). Overdischarge tests were
commenced on fully charged cells by CC discharging at 1 C until
—150% SOC (end criterion) was reached or an off-nominal event
occurred. During the overcurrent tests, the cells underwent contin-
uous cycling, CC charging at 1.1 C until reaching 4.2V and CC
discharging at 4 C until reaching 2.5V, without pause. The end
criterion was 100 cycles or the occurrence of an off-nominal event.
If 100 cycles were conducted without exhibiting out-of-specification
performance characteristics, an additional capacity check at a 0.2 C
charging rate (CC-CV, 0.02C cut-off current) and 0.2C (CC)
discharging rate was performed.

The overcharge and overdischarge tests were each conducted
with three new and three aged cells. The overcurrent cycling tests
were conducted with three new and four aged cells.

Nail penetration tests.—The nail penetration tests on fully
charged cells were performed in a dedicated explosion-proof bunker
at ZSW (open system in view of pressure). Exhaust gases were
cleaned in a three stage exhaust purification system. The nail speed
and force were controlled by linear drive (penetration speed of
0.1 mm s~ ! and force up to 1 kN). A ceramic nail (ZrO,, @ 3 mm, tip
angle = 45°) was fully penetrated into the cell. The nail remained
inside the cell during the subsequent TR. The temperature sensors
were attached similar to the electrical abuse tests to the positive
terminal, the negative terminal, and to the surface shell. The nail
penetration tests were performed with two new and two aged cells.

Results and Discussion

Characterization of lithium plating after aging.—Figure 2
shows photographs of unrolled anodes and cathodes from disas-
sembled 18650 cells. The anodes from new cells (Fig. 2a) and cells
cycling aged at 45 °C (Fig. 2b) look similar on visual inspection. In
contrast, the anode from a cell cycling aged at 0°C looks grey
(Fig. 2¢), which was also observed before in other types of LIBs
cycled at low temperature with homogeneous lithium
plating.'>*>3%57 The cathode colors appear very similar for all three
cells Figs. 2a—2c.

The anode and cathode parts that were on the inside of the jelly
roll of the aged cells show characteristic kinks (right hand side of
Figs. 2b, 2c), whereas electrodes from new cells do not exhibit those
(Fig. 2a). These deformations of the inner part of the jelly roll are in
agreement with other types of cyclically aged cylindrical LIB cells
showing jelly roll deformations in X-ray computed tomography and
metallographic cross-sections.”® ¢!

Figures 3a-3c show SEM measurements of the electrode
surfaces. The anode from the new cell shows flaky graphite without
deposits (Fig. 3a). After aging at 45 °C (Fig. 3b), depositions on the
graphite particles are observed. However, the overall electrode
morphology from the new cells is still visible after aging at 45 °C.

In contrast, after aging at 0 °C, the graphite particles on the anode
surface are covered by a thick film. This is in accordance with other
cell types cycled at low temperatures.”>**> Both, the anode of the
45 °C aged cell and the 0 °C aged cell exhibit an increase of the
thickness on each side of the coating of 9 pm and 8 pm, respectively
(Table II), indicating microstructural changes and deposition pro-
cesses in both cells. As for other cell types, these results show that
the aging mechanisms on the anode are different for both 0 °C and
45 °C.5-7-10.1325.26.63

On the cathode surface, no clear differences between the new
cell, the 45 °C aged, and the 0 °C aged cells can be seen (Figs. 3a
—3c). This is consistent with graphite and Si/graphite anodes from
other cell types, where the primary aging effects are often found
rather on the anode than in the cathode.>~%%*

Using GD-OES depth profiling, the elemental distribution of
lithium in the aged anodes was analyzed within the top 20 pm of the
electrodes (Fig. 3d). For the 45 °C aged cells, a small lithium peak
was observed at the very anode surface and with increasing depth,
the lithium concentration is constant. This small lithium peak on the
anode surface is likely due to the aging mechanism of SEI growth
and shows the absence of lithium plating, as observed for other cell
types.>>% In contrast, a significantly higher lithium concentration
can be found on the anode surface of the 0°C aged cells. This
lithium peak has a maximum of ~18 wt% and is much broader
compared to the one of the 45 °C aged anodes, indicating lithium
plating on the anode surfaces of the low temperature cycled
cells, 18:19.25.62.65

The presence of lithium plating for the cells cycled at 0 °C is
supported by:

1) Low Coulombic efficiency (CE) of 97% during aging. A low
CE-value does not directly indicate lithium plating but strong
side reactions as a consequence of lithium plating."” In case of
lithium plating such side reactions are likely the reaction
of deposited lithium metal with electrolyte'*'* and formation
of electrically disconnected “dead lithium.”"® Tn contrast, the
CE of the cells aged at 45 °C was higher than 99.9%.

2) The capacity fade (Fig. 4a) and aging rate (Fig. 4b) at 0 °C is
much higher com7pared to 25 °C, which is a strong indication of
lithium plating.>”133563 The cells aged at 0 °C reached 80%
SOH in average after only 29 cycles. In contrast, for aging at
25 °C and 45 °C cells reached 80% SOH after 659 cycles and
384 cycles in average, respectively. The Arrhenius-plot of the
cyclic aging rates in Fig. 4b exhibits a V-shape, which was also
found in other aging studies’’~'® and simulations.®® In those
previous studies, the high temperature branch (left hand side of
the minimum, 25 °C—45 °C) exhibited the aging mechanism of
accelerated solid electrolyte interphase (SEI)-growth, whereas
the low temperature branch (right hand side of the minimum,
25°C-0°C) exhibited lithium metal plating as main aging
mechanism.>’~'*%* The aging rate minimum in the Arrhenius
plot typically gives the transition temgerature at which the main
aging mechanism is changing.”’~'%% In the investigated cells,
the minimum is found at 25 °C. Cell disassembly of cells aged
at 0 °C and 45 °C confirmed these indications for the main aging
mechanisms in the cells in this study (compare Figs. 2 and 3).

3) The shoulder at the beginning of the voltage discharge curve
after charging at 0 °C indicates stripping of previously plated
lithium metal (see arrow in Fig. 4c).'*??%% Cells cycled at
25 °C and 45 °C did not exhibit such a voltage plateau.

4) A film on the anode of the 0 °C aged cell. This film on the anode
surface is visible in photographs (Fig. 2c), SEM measurements
(Fig. 3c), GD-OES measurements (Fig. 3d). This is in contrast
with the 45 °C aged cells.

These observations by Post-Mortem analysis and electrochemical
tests indicate that lithium plating is present in the 0 °C cycled cells.
New cells that are used as control samples in this paper, do not
exhibit any lithium metal plating. The presence of lithium plating in



Journal of The Electrochemical Society, 2025 172 030502

New cell

b)

Cathode Anode
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Figure 2. Photographs of unrolled anodes and cathodes from disassembled 18650 cells. (a) new cell, (b) 45 °C aged cell, (c) 0 °C aged cell. The electrode parts

that were inside the jelly rolls are on the right hand side.

different commercial cells and cells built on pilot-scale after cycling
at low temperature is consistent with many observations by different
researchers.>~'*193% In contrast, the 45 °C cycling aged cells with
a similar SOH do not show lithium plating since their degradation is
due to a different main aging mechanism, most likely SEI growth.

The safety behavior of the cells aged at 0 °C with lithium plating
compared to new cells without lithium plating is discussed in the
following sections of the present work.

Accelerating rate calorimetry.—ARC tests were performed to
determine critical temperatures and to evaluate the safety behavior of
cells without and with lithium plating (Fig. 5). ARC experiments
represent an extreme case, where no heat can dissipate from the
cells, i.e. quasi-adiabatic conditions or thermally perfectly insolated
cells. The SHR is displayed in Fig. 5b, illustrating the derivation by
time of the exothermic part in the curves represented in Fig. Sa.

The significant events during the ARC tests are depicted in
Fig. 5. First, the ARC device heats up the LIB sample in steps of
5°C until a significant SHR is detected (Tsy for SHR > 0.02 °C
min~"). The venting of the cells is marked in Fig. 5a as it can be seen
by the temperature drop in each temperature curve at Ty, due to the
rapid venting of gas which can be described by the Joule-Thomson
effect. The TR temperature Tty is defined as the temperature where
a significant jump of the SHR is detected, typically around 100 °C
min L. Finally, the cell reaches its maximum temperature T,
followed by cooling down after the reactions utilizing the available
chemical and electrochemical energy in the cells reached comple-
tion. The reproducibility of the new and aged cells regarding Tsy,
Ttr, Tyent Was in a similar range as observed before.”T1:13:25-27

Both tested 0°C aged cells with lithium plating showed
significantly lower Tgy values of ~35 °C, compared to new cells
without lithium plating (Tsy ~ 80 °C). Furthermore, the aged cells
with lithium plating showed a higher SHR during the test (Fig. 5b).
These results are in accordance with earlier ARC results with
different 18650 cell types with and without lithium plating.'"*>~*’

Venting occurred in the range of 121 °C and 133 °C for one of
the aged and the two new cells. The similarity of the venting
temperature was also observed in ARC tests with other cell types

without and with lithium plating.”*” One of the aged cells did not
show a temperature drop during venting, which is similar to other
types of 18650 cells with lithium plating in ARC tests.”> In such
cases, the SHR is likely too high to observe the temperature drop,
however for other cells simultaneous audio recordings had shown
that venting can still occur.”

The ARC test time to TR as measured with different cells in our
group has been observed to show a tendency to be shorter for cells
with lithium plating,>>” which is also the case in the present study.
All cells tested had similar Ttg temperatures of ~203 °C regardless
of the presence of lithium plating on the anodes. While this is in
accordance with ARC tests of another pouch cell type,” other 18650
cells showed a more®>*® or less®’ clear tendency to lower Trg
temperatures. Both aged cells with lithium plating showed higher
maximum temperatures Ty, of ~650°C, compared to new cells
without lithium plating with almost 100 °C lower maximum
temperatures. In contrast, other cell types with lithium plating on
the anodes showed similar or slightly lower Ty, values in ARC
tests.> %’

In summary, the presence of lithium plating in the tested cell
type resulted in a significant decrease in safety properties in ARC
tests, as evidenced by the lower Tgy, higher SHR, shorter time
until TR, and higher T,,,x, while other values (Tyen, TTr) are
similar to cells without lithium plating. We would like to point out
that the reason for the TR of the cells with lithium plating in the
ARC experiments are exothermic reactions of lithium metal with
electrolyte”!!+!31425-27-53 44 not internal short circuits caused
by lithium dendrites.'>¢’

Overcharge.—EFElectrical abuse testing in LIBs involves inten-
tionally exceeding the voltage and current limits specified by the cell
manufacturer. During normal operation in many applications, the
battery management system (BMS) monitors compliance with
voltage, current, and temperature limits. However, e.g. a failure of
the BMS or external electrical factors that act on the cell and deviate
from normal conditions, can increase the risk to overcharge,
excessive heat generation, internal short circuits, and thus could
even cause TR of the battery.
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Figure 3. Top view SEM image of the anode (upper images) and cathode (lower images) for (a) the new cell, (b) the 45 °C aged cell, (c) the 0 °C aged cell.
(d) GD-OES depth profile of the 45 °C aged (red) and the 0 °C aged (grey) anode, showing the lithium concentration within the top 20 pm of the electrodes.

Table II. Electrode thicknesses (double-side coated) after cell
disassembly for the new cell, 45 °C aged cell, and 0 °C aged cell.

new 45 °C aged 0 °C aged
Anode thickness/um 174 192 189
Cathode thickness/pm 136 137 132

Overcharge tests were performed to evaluate the safety
performance of these cells when charged to voltages above the
specification. The manufacturer’s specified voltage range for the
commercial 18650 type NCAllgraphite cells is 2.5V to 4.2 V.
Therefore, any charging operation exceeding the upper limit of
4.2V represents an overcharge condition. The purpose of the
manufacturer’s upper limit is to prevent excessive release of
lithium ions from the cathode which leads to critically high
cathode and critically low anode potentials.®® If the cathode
potential exceeds the stability window of the electrolyte, side
reactions such as gas formation will occur.’®’® Additionally,
during overcharge, the anode potential will decrease.”' If the
anode potential decreases below 0 V vs Li/Li™", lithium deposition

on the anode becomes thermodynamically favorable.'>'>'¢

Lithium deposition can therefore even occur in the new cells
during overcharge. In the aged cells, where lithium plating was
already present it is likely that additional lithium is deposited on
top.?” The already existing lithium plating might provide crystal-
lization nuclei and foster further lithium deposition. Therefore, it
can be expected that the aged cells with lithium plating react
differently in overcharge tests when compared to cells without
lithium plating.

Figure 6a shows the temperature curves of new cells without
lithium plating and aged cells with lithium plating during overcharge
tests. The three new cells reached their maximum temperatures
below 97 °C. In contrast, the three aged cells exhibited their
maximum temperatures in the range of 105°C to 169 °C. While
two cells showed only severe heating, the cell with the highest
temperature observed a TR resulting in disintegration of the cell.
These outcomes are most likely due to the presence of more lithium
plating on the anodes of the aged cells in the overcharge test,
resulting in increased exothermic side reactions between lithium
plating and the electrolyte.'?!425-2753

The cell voltage profiles of new and aged cells during the
overcharge tests are shown in Fig. 6b. In the case of all three tested
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Figure 4. (a) SOH decline over cycles for 18650 cells cycled with 0.3 C
charge/discharge at different temperatures. (b) Arrhenius-plot, which was
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line), and 0 °C (dark grey line). The arrow marks the voltage shoulder for the
discharge after charging at 0 °C, which indicates lithium stripping.

new cells, the voltages profiles initially reached a peak value of
~5.25V and subsequently exhibited a gradual decline to ~4.8 V.
Remarkably, this voltage level of around 4.8 V was maintained for a
duration of almost 5 min, even during further charging. Similar
voltage maxima were observed in the voltage profiles for graghitell
LCO cylindrical cells’* and prismatic graphiteINMC111 cells.”” By
ICP’? and XRD”® analysis at different overcharged states, both
studies found that the maximum coincided with a fully delithiated
cathode, leading to insufficient Li-ion extraction, extensive electro-
Iyte decomposition, and heat release. In Fig. 6b, the maximum of
both new cells and aged cells coincides with a more severe heat
release (compare Fig. 6a).

For the aged cells, the lithium inventory in the cathode is
typically reduced due to reactions of the lithium depositions on the
anode surface. Therefore, one might expect an earlier appearance of
the maximum in the aged cells. However, this was not observed as
can be seen from Fig. 6b. Another explanation of the very different
voltage profiles could be usage of overcharge additives in the
electrolyte, such as biphenyl or cyclohexyl benzene, which can be
found in LIB cells.?®®>7* The working mechanism of such additives
is to polymerize during overcharge in order to form a protective film
on the cathode surface, while keeping the voltage at a constant
level.”* For some additives, this leads to §as formation, which might
cause the CID to be triggered earlier."*”> However, for example
biphenyl was found to be decomposing during aging.”® Electrolyte
investigation was out of scope of the present paper, however, if
similar additives were used in the commercial cells in the present
paper, it might explain the different voltage profiles for new and
aged cell.

The voltage is interrupted for the new cells at SOCs of 123%,
126%, and 124%. The aged cells showed a delayed voltage
interruption at SOC values of 166%, 162%, and 164%. The voltage
interruption might have been caused either by CID triggering (due to
gas generation by side reactions?’) or shut down of the separator
(due to high temperature’®).

The onset and maximum temperatures recorded in DSC measure-
ments—136 °C and 141 °C—showed that the examined LIBs feature
most likely a polﬁyethylene (PE) separator, which melts in the range
of 120-140 °C.”® These temperatures are not reached on the cell
surface for the three new cells and for two of the aged cells. Only for
one of the aged cells the temperature on the cell surface exceeds this
temperature range.

Higher maximum temperatures (>500°C) were observed in
overcharge tests of 60 Ah pouch (graphitellNMC),*” 60 Ah prismatic
(graphitelINMC),?” and 50 Ah prismatic cells (graphitelNMC811).*
Lamb et al. showed that the enthalpy of TR increases with cell
capacity,® therefore it is not surprising that larger cells show higher
Thmax values during overcharge than the cells investigated in the
present study.

It is important to note that the internal temperature in cylindrical
cells typically exceeds the temperature on the cell surface. One
reason is cell heating due to discharge current.”’*° However, for a
1 C discharge, the maximum temperature difference between cell
surface and cell core was observed to be only ~5 °C for another
18650 cell type.”” Although the temperature gradient in cylindrical
cells depends on the tab design’®®' and electrode/separator
thicknesses,®” it is reasonable to expect a contribution in a similar
order of magnitude for a 1 C overcharge for the tests performed in
this paper.

Another contribution for cell heating during overcharge is
reaction heat, which can also increase the internal temperature and
cause separator melting. We had recently equipped cylindrical 21700
type cells with internal temperature sensors during ARC tests.* In
those experiments, the maximum temperatures were ~600 °C and
~1000 °C on the cell surface and inside the jelly roll, respectively,
which is an increase by 67%.*° In the present study, a rough
estimation leads to ~161 °C for the internal cell temperature, if we
take Tax = 97 °C on the cell surface with an increase by 67% into
account. 161°C is above the melting temperature range
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Figure 5. ARC test results for fully charged new cells without lithium plating (light and dark blue) and aged cells with lithium plating (black and grey). (a)
Temperature curves as a function of test time. (b) SHR as a function of temperature. The temperatures were recorded at mid-height of the 18650 cell cases.

250 1 1 ) 1 1
a) new ——0 °C aged
new ——0 °C aged
200 new 0 °C aged
£ 150}
[_
100 \
0
b)
5.25} //\
Z 500t ‘
S
& 475} N\
B ~
> i - 166 %
450 123 % 162 %
425} 126 %
400 [- 1 1 1 1 1
0 5] 10 15 20 25 30
Time / min

Figure 6. Overcharge test results of fully charged new cells without lithium
plating and aged cells with lithium plating. (a) Temperature curves (highest
observed temperature on the cell housing) and (b) cell voltage profiles. The
SOC of the cells at the time of CID triggering is highlighted. The SOC is
calculated based on the nominal capacity for new cells and the remaining
capacity for aged cells.

(120 °C—140 °C)’® of the PE separator. Therefore, the voltage break
which happens near T,,y, could have also been caused by separator
melting. However, this is unlikely since separator melting would
most likely not lead to an abrupt voltage change. Therefore it is more
likely that the voltage interruption is rather caused by CID opening.

For all tested cells, only one 0 °C aged showed a more severe
reaction close to a TR. Another 0 °C aged cell exhibited extensive

expansion during overcharge, while the third did not exhibit any
optical changes. In contrast, the new cells only exhibited CID
opening during the overcharge test.

The ARC experiments in the present work lead to higher T.x
during TR for both new and aged cells. The trend of higher T, for
the aged cells with lithium plating is similar for both, the ARC and
the overcharge tests. In contrast to previous overcharge experiments
in ARC,?” the conditions were not quasi-adiabatic in the overcharge
experiments of the present study, i.e. heat was able to be dissipated.
Both studies use cells with the same format (18650), as well as a
similar cell chemistry (graphiteINCA) and cell capacity (3.25
Ah?’/3 Ah). In our previous ARC study,27 the T,,.x values were in
a range which is more similar to the T,,,, values of the ARC tests in
the present study. Therefore, it is likely that the higher temperatures
in the ARC experiments in the present work are due to the quasi-
adiabatic conditions.

In summary, the new cells did not contain lithium plating before
the experiment, however lithium is likely to be deposited during
overcharge because of anode potentials below 0V vs Li/Li*. In
contrast, in the aged cells lithium plating was already present before
experiments and additional reactive lithium is most likely deposited
on top of it. The higher amount of lithium deposition in the aged
cells leads most likely to increased heat %eneration from exothermic
reactions with electrolyte®'"'*142-273 and consequently to the
higher observed T,,,x values.

Overdischarge.—Overdischarge occurs when a cell is discharged
below the voltage level recommended by the cell manufacturer. For
the cells tested in this study, overdischarge begins for cell voltages
below 2.5 V. Overdischarge can happen for instance due to failure of
the BMS or due to long-term self-discharge during storage particu-
larly at low state-of-charge (SOC). Some of the consequences of
overdischarge are the decomposition of the SEI leading to gas
release and dissolution of the copper current collector (forming most
likely Cu™ ions)®* from the anode and deposition on the cathode,
separator, and anode surface. 87

Figure 7a shows the temperature curves of new cells without
lithium plating and aged cells with lithium plating during over-
discharge tests. All three new cells reached their maximum
temperature at approximately 64 °C. In contrast, the aged cells
exhibited slightly higher maximum temperatures at 80 °C, 74 °C,
and 76 °C, respectively. In addition, the aged cells reached their
temperature peaks earlier than the new cells, indicating a less safe
behavior of the aged cells with lithium plating.

Fear et al. overdischarged new 18650 cells with a similar
capacity (3.35 Ah) and chemistry (graphiteINCA).** Therefore,
they are to some extend comparable to the present work. The
maximum temperatures® of ~80 °C were in a similar range as for



Journal of The Electrochemical Society, 2025 172 030502

a) new ——0 °C aged

100 ——new ——0°C aged

new 0 °C aged
O

o

~
|_
=
~
()
(@]
8
o
=

75 100 125 150

0 25 50
Time / min

Figure 7. Overdischarge test results of fully charged new cells without
lithium plating and for aged cells with lithium plating. (a) Temperature
curves (highest observed temperature on the cell housing) and (b) cell
voltage profiles.

the cells in the present study. Please note that Fear et al. overcharged
new cells,43 however, their maximum temperatures are more in the
range of the aged cells with lithium plating of our study. Therefore,
the temperature increase due to lithium plating in overcharge
experiments in our study can most likely be regarded as non-critical.

Figure 7b displays the cell voltage profiles during the over-
discharge tests. Initially, all cells experienced normal discharging
within the manufacturer’s recommended voltage range of 4.2V to
2.5 V. Below the end-of-discharge voltage of 2.5V, overdischarge
and cell reversal (below 0V, also called extreme overdischarge)]8
was induced, causing the cells to reach their minimum voltage levels
of —1.3V for new cells and approximately —0.3 V for aged cells.
Subsequently, the voltage levels of new cells increased slightly to
—0.2 V and remained constant until the end criterion (—150% SOC)
without activation of their CIDs.

In summary, the experiments on overdischarge for the aged cells
with lithium plating showed slightly higher T,.x values compared
with the new cells without lithium plating. This is similar as in the
ARC and overcharge experiments and is likely caused by exothermic
reactions of the deposited lithium with electrolyte ®!!13:14:25-27.53
The temperature difference between the new and aged cells is not as
pronounced for overdischarge as for overcharge, since deposited
lithium can be stripped during the overdischarge, whereas more
lithium is deposited during overcharge.

Overcurrent cycling.—The purpose of overcurrent cycling is to
evaluate a cell’s safety performance under repeated high-current

discharge and charge conditions. In applications, overcurrents can
for example be caused by a defective BMS.

Figure 8a shows the temperatures during the overcurrent tests
with new cells without lithium plating and with aged cells with
lithium plating. The applied C-rates were chosen to be twice as high
as the maximum allowed charging C-rate in the cell product data
sheet.

In all three new cells, T,,.x was below 87 °C in the first discharge
and well reproducible. However, as the aged cells with lithium
plating showed large deviations in the safety behavior, a fourth
overcurrent cycling test was conducted. Two of the aged cells
reached Tp.x values of 122°C and 141°C and only exhibited
venting, while two other aged cells experienced a TR with
corresponding maximum temperatures above 450 °C. Figure 8b
shows the corresponding cell voltages. It can be seen that the safety
critical event happens at the end of the discharging step in all four
aged cells with lithium plating.

The TR of two of the aged cells is attributed to a ~20% higher
average cell impedance of the aged cells with lithium plating
compared with the new cells without lithium plating. In addition,
the aged cells produce most likely a larger amount of gas due to the
reacting lithium plating with electrolyte. As a result, the four aged
cells exhibited CID activation after only one overcurrent discharge.
In contrast, the new cells were able to perform 100 overcurrent
cycles (4 C discharge, 1.1 C charge). After the overcurrent testing,
an additional capacity check at 0.2 C was conducted in order to
determine the capacity loss. The new cells reached a discharge
capacity of 2.4 Ah in this test, which corresponds to 80% of the
initial capacity of 3 Ah at 0.2 C.

From the ARC experiments and from literature it is
known that cells with lithium plating exhibit exothermic reactions at
comparably low onset temperatures. In the overcurrent tests, the
heating due to current flow at high C-rates>>"’ 50

9,11,25-27

82 in combination
with slow heat dissipation and exothermic reactions seems to be
sufficient to force two of the four aged cells with lithium plating into
TR. The fact that two of the aged cells did not show a TR although
they were very similar to cells with TR suggests a statistical
behavior. However, a statistical evaluation would require a larger
number of tests, which is out of scope of the present study.

In summary, the overcurrent cycling tests showed that the aged
cells with lithium plating were only able to perform one single
discharge step, whereas the new cells without lithium plating could
still perform 100 cycles. Furthermore, two of the aged cells went
into TR, by contrast to the new cells. The reason for the failure are
most likely exothermic reactions of the deposited lithium with
electrolyte”! 1314252753 iy combination with cell heating due to
current flow where it is known that higher C-rates lead to higher
maximum temperatures.”’'#%82 Egpecially inside the cells, the
temperatures are typically higher than on the cell surface.*>”’=°

Nail penetration.—Mechanical damage to battery cells can
potentially cause internal short circuits. Mechanical abuse testing
serves as a valuable tool for testing real-world failures under well
controlled conditions and is of particular importance in the electric
transportation industry, where safety risks to in-use batteries are
posed by crash and impact scenarios.®® Among the various safety
tests, nail penetration is one of the most commonly used methods.

The temperature curves observed during the nail penetration tests
are shown in Fig. 9a. It is noteworthy that two of three aged cells,
exhibited an earlier onset of temperature rise compared to the three
new cells. However, the average maximum temperatures reached by
both the new cells (624 °C) and aged cells (618 °C) were similar.
This finding aligns with the observations from Friesen et al., who
also noted that fully charged commercial 18650-type lithium-ion
cells reached comparable temperatures during nail penetration tests
of both new cells without lithium plating and aged cells with lithium
plating.*

Similar maximum temperatures (>596 °C) were also observed by
Ohneseit et al. for nail penetration tests with four different types of
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Figure 8. (a) Temperature curves of the first cycle of the new cells without
lithium plating and aged cells with lithium plating during overcurrent cycling
tests. (b) Cell voltage of the first cycle of the new cells and the aged cells.

21700 cells with graphite+Si anodes and NMC811 and NCA cathodes
with capacities in the range of 4-5 Ah.*® Higher Ty, values were
observed in nail penetration tests of 60 Ah pouch (~800 °C),”” 60 Ah
prismatic (~800 °C),>” and 50 Ah prismatic cells (~600=700 °C),** as
these cells were significantly larger. Ty, was lower (~100 °C) for
3 Ah 21700 cells with graphitellLFP electrodes, which is most likely
caused by the lower energy content due to the LFP cathodes.’® Lamb
et al. also observed lower T, values for LFP cells compared with
NCA cells in ARC tests, even if the LFP cells had higher cell
capa(:ities.45 Therefore, it seems that, in nail penetration tests, Tp,ax
depends on both the cell chemistry, capacity, and form factor.

Figure 9b shows the mechanical load curves obtained during nail
penetration tests for both, new cells without lithium plating and aged
cells with lithium plating. Especially the new cells exhibit load
drops, which coincide with voltage drops, indicating soft short
circuits (see inset of Fig. 9b).*® The peak goints mark the onset of
internal fracture and hard short circuit.***° Notably, new cells
reached a higher load exceeding 146 N, in contrast to aged cells
with values below 80 N. In fact, the aged cells showed lower values
than the forces needed to induce the soft shorts in the new cells. This
discrepancy highlights that cells with lithium plating exhibit
significantly different mechanical properties. This phenomenon
might be explained by higher internal cell pressure. Willenberg
et al. observed a pressure increase in a%ed cylindrical cells by
continuously growing layers on the anode.”’ Such a layer could be
lithium plating, since lithium is known to deposit mostly on the
anode surface.'>*>*%* For pouch cells with lithium plating, different
groups observed an increase of cell thickness due to thicker
anodes.””**% In contrast, in cylindrical cells with rigid housing,

Displacement / mm

0 2 4 6 8 10
1000f @ o
800 new 0 °C aged|
@]
2. 600
— !
400
200
0
400} b) 400%ﬁ_._'7"7‘7‘ﬁ4:5
Z 300/
% 200/
E 300 i = 100‘.\:—Load
o o{— Voltage
8 200t "
100
0 |¥_ 1 L L
0 20 40 60 80 100

Time/s

Figure 9. Nail penetration test results of fully charged new cells without
lithium plating and aged cells with lithium plating. (a) Temperature curves
(highest observed temperature on the cell housing) and (b) load curves. The
inset in (b) exemplarily shows the agreement of the cell voltage drop and the
load maximum for one new cell.

an increased anode thickness translates to increased pressure which
could affect the penetration of the nail. An additional contribution to
the increase of internal pressure could originate from gas generation
during aging.**

In summary, the results of the nail penetration experiments
showed that the aged cells with lithium plating behaved similar as
the new cells without lithium plating regarding the measured
maximum temperatures. Most likely, the internal short circuits
generated by the nail are so severe that the presence of lithium
plating makes no large difference. However, we found the mechan-
ical integrity of the 0 °C aged cells to be changed, i.e. less force is
needed to penetrate and short circuit the cells with lithium plating,
making them less save in terms of deformation.

Comparison of results from different types of safety tests on
cells with and without lithium plating.—A comprehensive compar-
ison of the safety test types and results between new cells without
lithium plating and aged cells with lithium plating is made in the
following. Figure 10a provides the maximum temperatures reached
during all safety tests conducted in the present work. When
analyzing the maximum temperature, it is always important to
keep in mind that it is subject to some variation, as even small
differences in the TR process can cause large variations in the
measured maximum temperature. In this light, the results show some
scattering, however, the evaluation reveals clear trends.

In both, ARC and overcharge experiments, aged cells with
lithium plating consistently showed slightly higher maximum
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Figure 10. Comparison of (a) maximum temperatures during abuse testing and (b) cell masses after abuse testing for new cells without lithium plating and for
aged cells with lithium plating. For comparison, the cell mass before the safety tests was (45.35 + 0.13) g.

temperatures than new cells. Overdischarge showed similar T,.x
values for new and aged cells. During the overcurrent tests, all aged
cells reached higher temperatures than new cells. In particular two of
the aged cells with lithium plating even reached TR with signifi-
cantly higher maximum temperatures. It should also be noted that
the overcurrent tests of the aged cells stopped after one discharge
due to CID triggering and TR, which is in strong contrast to the new
cells which could still perform 100 cycles. During the nail penetra-
tion testing, all new cells and aged cells achieved comparable
average maximum temperatures.

Comparing the results of the different safety test methods, the
highest Ty, values were obtained for nail penetration and ARC. In
contrast, lower T,,,« values were observed for the electrical abuse
tests (overcharge, overdischarge, and overcurrent). The reasons for
the higher T,,,x values in nail penetration and ARC experiments are
most likely that the harsh conditions—short circuits and the quasi-
adiabatic conditions, respectively—lead to more severe TR events.

Essl et al. compared new and aged 60 Ah pouch cells (graphitell
NMC) in overtemperature tests.”” The authors found similar or lower
Thmax values for cells cycled at —10 °C, however, these cells had a
rest time after cycling allowing the cells to recover.”” We had
observed a similar recovery effect for same safety aspects for 18650
cells with lithium plating after a rest time in ARC experiments.?
This partial recovery effect is connected to re-intercalation of lithium
metal into graphite?”>?%**?%% and Si/graphite'®** anodes and
reaction with electrolyte'**> during the rest time.

The lower the cell mass after a safety test, the higher the degree
of destruction. Cells masses after nail penetration, overdischarge,
overcurrent, and overcharge tests are shown in Fig. 10b. We note
that determination of the cell masses was very difficult after the
ARC tests, therefore the values for ARC are not contained in this
plot.

The cell masses after the tests of new cells without lithium
plating and aged cells with lithium plating were mostly similar for
each safety test method, with a few exceptions. For overcurrent
cycling, the cell masses showed slightly reduced values for the aged
cells with lithium plating, although two of these cells experienced a
TR (see Fig. 8a). The cells which underwent TR produced a large
amount of smoke, but no visible fire and no ejection of the jelly roll.
In case of the overcharge tests, two of the aged cells showed a
similar mass after the test as all new cells, while one aged cell
showed the lowest mass after all the tests. This is the same cell
which had a higher maximum temperature during TR (black curve in
Fig. 6a).
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Figure 11. Correlation between maximum temperature during TR and cell
mass after safety tests. The arrow marks the result of the overcharge test with
the lowest cell mass of all tests. The dashed line is drawn to guide the eye.
For comparison, the cell mass before the safety tests was (45.35 + 0.13) g.

Comparing the different safety test methods, a lower average
mass after the tests was found for the nail penetration tests, while the
highest mass loss was found for only one of the overcharge tests. All
other overcharge tests, as well as all overdischarge and overcurrent
tests, showed minor mass losses.

Figure 11 shows a correlation of the maximum temperatures
during TR and the cell masses after the different types of tests with
new and aged cells. All data points except the overcharge test with
the lowest cell mass (arrow in Fig. 11, black curve in Fig. 6a) follow
a trend (see dashed line to guide the eye in Fig. 11). In general,
Fig. 11 shows that a higher Ty, during TR most likely leads to
higher mass losses of the cells, causing a more severe safety event.

A well-established approach to battery safety assessment in-
volves the use of hazard levels as proposed by the European Council
for Automotive Research and Development (EUCAR).>® The
EUCAR hazard levels were determined based on the events
observed in each cell during the corresponding safety tests, and
they are represented in Fig. 12. Note that for larger cells or battery
packs, the safety incidents may be even more severe, but here we
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have used the full scale of EUCAR hazard levels to evaluate 18650
cells. As direct observations of the cell events during the ARC tests
were not possible, they were excluded from this analysis.
Throughout the overcharge tests, CIDs were activated in both
new cells and aged cells. Notably, two of the aged cells exhibited
leakage and cell explosion, respectively. In sharp contrast, new cells
and one aged cell showed no visual events in the overcharge tests.
Overdischarge and overcurrent tests induced the activation of CIDs
only in aged cells. During overcurrent tests, leakage was observed in
one aged cell, and a more pronounced venting was observed in the
case of other two aged cells which also had a higher mass loss (see
Fig. 10b). During overdischarge and overcurrent, no further visual
events were observed for new cells. However, despite the absence of
a PTC within the tested commercial 18650-type LIB cells observed
by Post-Mortem analysis, an assigned hazard level of one was

deemed appropriate due to the temperatures reached above 60 °C in
the new cells. Across all safety tests, the aged cells with lithium
plating had consistently higher hazard levels compared to new cells
without lithium plating. This highlights the potential hazards
associated with lithium plating in LIBs.

Hazard levels of aged cells are difficult to discuss in context of
literature for different safety test methods, since, to best of our
knowledge, no datasets comparable to the one presented herein are
available so far. However, we had shown for two different types of
commercial cylindrical cells''?® and for lab pouch cells,’" that the
degree of destruction can be higher for cells with lithium plating
after ARC tests.

Comparing the different safety test methods, the highest EUCAR
hazard levels were obtained for the nail penetration and overcurrent
tests, as well as for one of the overcharge tests. This is in accordance
with the higher maximum temperatures and lower cell masses after
the safety tests for the same cells.

Figure 13 shows that higher T,,,x values during TR likely lead to
increased EUCAR hazard levels. The observed trend might be
regarded as linear until hazard level 4 and runs into a saturation for
higher hazard levels. We note that the cell from the overcharge test,
which showed the lowest cell mass after of all tests (arrow in
Figs. 11 and 13, black curve in Fig. 6a) also follows this trend.

Clearly, measures must be implemented to mitigate or entirely
prevent lithium plating on the anodes of LIBs. Preventive strategies

against lithium plating include chargin rotocols that avoid
& P g 16,51,100,10ig & b

negative anode potentials, increased temperatures
. .5 3 3 :

during charging,>’-810:13:16:63.100.102.103 " roqyced  anode coating

thicknesses,8’19’6’ and the use of laser-structured anodes with

reduced tortuosity.'™ We have recently published workflows using
validated methods to identify lithium depositions in LIB cells which
might be helpful in this regard.*

Conclusions

We have comprehensively explored the safety behavior of 29
commercial LIB cells with and without lithium plating on the
graphite anodes. Various mechanical, electrical, and thermal abuse
test methods have been applied. Post-Mortem analysis and electro-
chemical data showed that the cells aged by cycling at 0 °C show
lithium plating as main ageing mechanism, whereas new (non-aged)
cells and cells aged at 45 °C did not show lithium plating.

Safety tests in this work focus on the comparison of new cells
without lithium plating and aged cells with lithium plating.
Comparative analysis of the test results between new and aged cells
provided valuable insights into the safety behavior. Our results show
that lithium plating is a severe aging mechanism, which does not
only lead to fast capacity decrease, but also to a decreased safety
behavior in different safety test methods.

The present study revealed the following trends:

® Comparing new cells without lithium plating with aged cells
with lithium plating, increased EUCAR hazard levels were found in
overdischarge, overcharge, and overcurrent experiments. The in-
crease was particularly pronounced for overcurrent cycling of aged
cells with lithium plating. The hazard levels were similarly high for
new and aged cells in nail penetration tests.

® In comparison with new cells without lithium plating, aged
cells with lithium plating showed a tendency of higher maximum
temperatures during the safety tests. A slight tendency of higher
Tmax was found for ARC, overcharge, and overdischarge. For
overcurrent cycling, two out of four tested cells went into TR in
the first discharge step and showed strongly increased Ty« values
with respect to the new cells. The maximum temperatures of new
and aged cells were similarly high in nail penetration tests.

® The observed tendency to increased maximum temperatures is
connected to exothermic reactions of deposited lithium metal with
electrolyte. We stress that the TR events presented herein are not due
to short circuits by lithium dendrites.
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® In an overall evaluation, the maximum temperature showed
correlations with the EUCAR hazard levels and with the cell mass
after test. Therefore, also the reactivity and the exothermic reactions
of the lithium depositions are connected to these safety relevant
parameters.

® The different types of safety tests lead to different results
regarding maximum temperature, mass loss, and hazard level.
Among the tested methods, the nail penetration tests lead to the
most severe results for the tested cell type. Furthermore, some safety
test methods emphasize the differences between new and aged cells
more than others.

The potential hazard associated with lithium plating in LIBs is
underscored by the results of our comprehensive safety assessment.
We note that the applied cyclic aging procedure at 0 °C accelerates
aging and leads to comparably large amounts of deposited lithium on
the anode. Although the applied conditions are within the specifica-
tion given by the cell manufacturer, such high amounts of plated
lithium might not be representative for battery aging in applications.
However, the critical amount of deposited lithium to significantly
influence the results of different types of safety tests is not known so
far. Nevertheless, during operation of LIBs in applications, condi-
tions leading to lithium deposition, i.e. critical combinations of low
temperatures, high charging C-rates, and high SOCs should be
avoided for safer use in second-life applications. It might also be an
option to closely monitor indicators for lithium plating in first-life
applications. It is also important to detect lithium plating in
representative cells from LIB systems before reuse in second-life
applications. We have recently published workflows using validated
methods for detecting and preventing lithium plating as well as
identifg;ing operating conditions where lithium plating does not
occur.”

In addition to the results shown for cells with lithium plating,
more knowledge must be gained on the safety behavior of aged cells
with aging mechanisms other than lithium plating, for cells aged in
applications, as well as for aged modules, heating behavior of aged
cells with increased impedance, different amounts of deposited
lithium, gas evolution, electrical and mechanical response, as well
as larger test statistics. This is part 1 of a paper series; part 2 deals
with safety tests of aged cells without the aging mechanism of
lithium plating.
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