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Abstract: The Li-ion battery is one of the key components in electric car development due to its
performance in terms of energy density, power density and cyclability. However, this technology is
likely to present safety problems with the appearance of cell thermal runaway, which can cause a car
fire in the case of propagation in the battery pack. Today, standards describing safety compliance
tests, which are a prerequisite for marketing Li-ion cells, are carried out on fresh cells only. It is
therefore important to carry out research into the impact of cell aging on battery safety behavior
in order to ensure security throughout the life of the battery, from manufacturing to recycling. In
this article, the impact of Li-ion cell aging on safety is studied. Three commercial 18,650 cells with
high-power and high-energy designs were aged using a Battery Electric Vehicle (BEV) aging profile
in accordance with the International Electrotechnical Commission standard IEC 62-660. Several
thermal (Accelerating Rate Calorimetry—ARC) and standardized safety (short-circuit, overcharge)
tests were performed on fresh and aged cells. This study highlights the impact of aging on safety by
comparing the safety behavior of fresh and aged cells with their aging conditions and the degradation
mechanisms involved.
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1. Introduction

Li-ion batteries with graphite-based negative electrodes are now widespread in electric
mobility applications thanks to their higher energy density and durability compared
to other storage systems. Presently, the main developments in Li-ion batteries concern
increasing their energy and power density by developing new positive electrode materials
or blending silicon with graphite in the negative electrode. Despite the fact that Li-ion
technology has numerous advantages, it has been proven that the Li-ion battery poses a
safety risk [1] and is the source of many car fires [2]. Therefore, battery safety assessment
is a key issue that must be dealt with in order to continue developing more efficient and
durable vehicles, as well as ensuring the user’s safety.

The lifetime of Li-ion cells is being continuously improved by innovations, but it is well
known that their use can cause degradation mechanisms inside the cell [3,4]. Depending
on the storage and cycling conditions, several aging mechanisms can be triggered and
induce physical and chemical modifications of the internal components. They can provoke
physico-chemical changes, like active material damage [5-11], lithium consumption by SEI
growth [5,12-14] and lithium plating [15-19]. These physical and chemical modifications
induced by aging first impact cell performance, but can also influence cell safety. Therefore,
cell aging conditions have a strong influence on a cell’s safety behavior.
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One research group has already studied the safety of aged Li-ion cells coupled with
post-mortem analysis, especially in terms of thermal stability, by performing Accelerating
Rate Calorimetry (ARC) tests after cycle aging at 0.5 C and at 0 °C, 5 °C, 25 °C and 45 °C [20].
The tests showed that low-temperature cycle aging reduces cell thermal stability [20,21].
The Li plating phenomenon that takes place on the negative electrode at low temperature
ranges is principally responsible for the degradation of safety behavior, because metallic Li
reacts exothermally with the electrolyte solvent. On the contrary, high-temperature aging,
which induces the degradation mechanism of SEI growth on the negative electrode, does
not have a negative impact on the thermal stability of the cell [20,21].

Other studies have also treated the subject of thermal stability but were not always
supplemented by post-mortem studies. Some studies observed the decrease of thermal
stability of cycled cells at low temperatures [22,23], and compared the thermal stability of
several cell chemistries, the State Of Health (SOH) and the State of Charge (SOC) [24].

In an accident caused by a Li-ion cell, a temperature increase is always responsible
for triggering thermal runaway [25], possibly leading to fire and/or explosion. Electrical
solicitations like overcharging and short-circuiting can be responsible for this temperature
increase, which is why international safety standards have standardized electrical safety
tests (overcharge and short-circuit) to ensure the safety of fresh cells before their sale on
the market. To our knowledge, the safety behavior of aged cells during overcharging and
short-circuiting has not been discussed in the literature. Studies appear to have focused
only on overcharge mechanisms [26] or compared the safety behavior of fresh cells for
different chemistries [27].

Our research work has two different parts. The first one concerns the ante-mortem
analysis of the Li-ion cells studied, the aging of these cells and their post-mortem analy-
sis through the identification of the degradation mechanisms involved. A paper on the
first part of our work has already been published and bears the title “Identification of
Degradation Mechanisms by Post-Mortem Analysis for High Power and High Energy Com-
mercial Li-Ion Cells after Electric Vehicle Aging” [28]. In this first part, the aging process,
ante-mortem and post-mortem analyses (half coin cell at the electrode level, Scanning Elec-
tron Microscope (SEM), Energy-Dispersive X-ray (EDX), Glow Discharge-Optical Emission
spectrometer (GD-OES), X-Ray Diffraction (XRD), Nuclear Magnetic Resonance (NMR),
etc.) have already been performed [28]. This work allows us to understand which main
degradation mechanisms occur according to aging conditions, cell chemistry, and design.

The second part of our research work, which is the subject of this article, has the
objective of understanding the effects of aging on cell safety. The use of real experimental
data from cell aging and aged cell safety tests, coupled with post-mortem analysis, highlight
the impact on safety of cell internal degradation mechanisms due to aging.

The novelty of this article consists in the understanding on the impact of aging on
Li-ion cell safety, through the realization of a large panel of experimental tests: ante-mortem
study, several aging conditions according to the standards, post-mortem study to identify
the aging mechanisms involved, and finally abuse and safety tests on fresh and aged cells
to highlight the impact of aging on Li-ion cell safety. In addition, this study was carried out
on a large amount of cells, divided into three commercial cell references, with 100 units for
each reference.

To assess the impact of aging on safety behavior, and not only of thermal behavior,
several abuse tests were performed on each fresh and aged cell. Thermal stability was
characterized by the ARC test and electrical safety by short-circuiting and overcharging
according to the international standard IEC 62-660, part 2 [29]. Data cross-referencing
between aging degradation mechanisms [28] and the safety behavior observed enables
understanding of the influence of each aging mechanism on the safety of Li-ion cells.
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2. Material and Methods

2.1. Samples

The three commercial cells chosen were from SAMSUNG SDI: INR18650-35E (written
“35E” afterward), INR18650-32E (written “32E” afterward) and INR18650-30Q (written
“30Q” afterward). Each cell of the same reference used in this study comes from the same
manufacturer production batch. To ensure that the internal mechanical design, separator
and the electrolyte composition of the three samples were similar, the three cells were
provided by the same manufacturer.

All the internal components of the fresh and aged cells were analyzed in the first part
of our work [28]. The detailed description of the fresh cell chemistry and design, and of the
degradation mechanisms occurring inside the aged cells, is described in this paper.

2.2. Aging Tests

Three cell references were investigated using BEV (Battery Electric Vehicle) repre-
sentative aging at various temperatures (—20 °C, 0 °C, 25 °C, 45 °C), according to the
international standard IEC 62-660 part 1 [30], including cycle aging and calendar aging.

Cycle aging was performed at various temperatures (—20 °C, 0 °C, 25 °C, 45 °C). The
cycling described in the international standard IEC 62-660 is representative of a typical
driving cycle, including a CC-CV charge and a discharge profile with current pulses that
simulate braking (charge) and acceleration (discharge) event. SOH assessments using
electrical performance measurements were performed every 28 days at 25 °C. The cycling
test was stopped once the cell had lost at least 20% of its initial performance in terms of
capacity, energy or power density, or after 6 months of cycling.

Calendar aging was achieved at 45 °C, either at constant voltage (CV) at 4.2 V or at
100% SOC in Open Circuit Voltage (OCV, meaning that the voltage was not maintained
constantly). The voltage difference between OCV and CV calendar aging was between
0.02 V and 0.1 V maximum after 6 weeks aging. According to the standard, SOH assess-
ments using electrical performance measurements were performed at 25 °C every 6 weeks,
and after 18 weeks of storage, the calendar test was stopped.

These electrical measurements were used to trace the evolution of appropriate cell
characteristics: capacity, internal resistance and nominal voltage. Each aging procedure
was performed on a batch of 15 cells. The periodical electrical performance measurements
and cycling test were achieved on a PEC® SBT 05250 test bench (6 V, 50 A).

2.3. Abuse Tests

Thermal stability tests were performed with an ARC EV with Thermal Hazard
Technology® equipment. The Heat-Wait-Seek [31] protocol was applied with 5 °C temper-
ature steps, 35 min rest and the detection of the onset temperature (Topset) for a temperature
increase of more than 0.02 °C/min. Topset is the temperature at which exothermal reactions
start in the cell and the cell starts to heat up by itself.

Overcharging and short-circuiting were carried out on a abuse test bench made spe-
cially for this study (shown in Figure 1) at an ambient temperature between 20 °C and 30 °C.
According to the standard IEC 62-660 part 2 [29], the short-circuit set-up had a maximum
resistance of 5 m(2 and had to be applied for 10 min or until cell failure. Overcharging
consisted of applying a current of C (considering the cell capacity at the moment of the test)
up to 8.4 V or cell failure. This new abuse test bench allows one to perform up to 6 tests in
a row and is fully remote-controllable. The bench was placed in a reinforced box and in a
closed room under air suction to ensure the user’s safety. The release cylinder works with
compressed air and is controlled by an Arduino card. Only one cell can be connected at the
same time; this system allows one to connect the chosen cell and change it when the test is
finished without entering the room.
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Figure 1. Picture of the abuse test bench specifically developed for this study.

A GM10-2E0 data acquisition unit (Yokogama®) was used for the acquisition of cell
voltage, current and temperature. Voltage was measured directly by the unit with a
measurement uncertainty of <£2.5 mV. K-type thermocouples were fixed in the middle of
each cell using a Kapton tape to ensure the measurement of the surface cell temperature with
a measurement uncertainty of <40.3 °C. The current was measured using an aerometric
clamp with measurement uncertainties of <495 mA for overcharging and <44 A for
short-circuiting.

All the thermal and safety tests were carried out at 100% state of charge (SOC), because
it is the worst possible case in terms of safety [24]. Before each test, the cells were charged
by a constant current at C/3 until 4.2 V, followed by a constant voltage until C/20. A
battery’s C-rate is defined by the rate of time in which it takes to charge or discharge; for
example, at C/3 it takes 3 h to charge or discharge.

3. Cell Aging and Degradation Mechanism

Before describing a picture of the aging state of sample for each protocol, an overview
of the cell materials and design at the initial state is required. One cell of each reference was
opened to perform physico-chemical analysis. All the results of the ante-mortem analysis
are given in the first part of this study, published in a previous paper [28]. Regarding the
electrochemical characterization, the three fresh cell batches (100 units) had a very low
standard deviation regarding their characteristics in terms of weight, capacity, nominal
voltage, internal resistance and energy density.

The chemistry of the three cells showed similarities, but also some differences. 30Q
is composed of a blend of NCA (LixNiyCo,Al,O, withy +z+a=1and 0 <x < 1) + NC
(LixNiwCopO; with w + b =1 and 0 < x < 1) on the positive electrode and of a blend
of graphite + silicon on the negative electrode. 32E contains only NCA on the positive
electrode and only graphite on the negative electrode. 35E also contains only NCA on
the positive electrode but a blend of graphite + silicon on the negative electrode. All the
detailed chemical compositions of the three cells” electrodes are detailed in our previous
paper [28].

The design of the cells was different for the three references: cell 30Q has the thinnest
and largest electrodes compared to 35E and 32E. The 30Q cell has a “power” design (i.e.,
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“power cells”); indeed, the larger and thinner electrode allows for delivering higher current.
On the contrary, the 35E and 32E cells have an “energy” design (i.e., “energy cells”), with
thicker and smaller electrodes, which allows optimizing the energy density.

Electrolyte compositions are different but contain similar solvents: ethylene carbonate
(EC), dimethyl carbonate (DMC) and fluoroethylene carbonate (FEC). The separator is
based on polyethylene (PE) with AIOOH coating on the negative electrode side and is
similar for all references.

The post-mortem analysis is detailed in the first part of this study published in [28],
dedicated to understanding degradation mechanisms after aging. The main conclusions of
this previous study are summarized in Table 1.

Table 1. Main degradation mechanisms detected by post-mortem analysis after aging.

300 32E 35E
Aging Condition Degradation Degradation Degradation
SOH Mechanisms SOH Mechanisms SOH Mechanisms
Li plating ++ LSIi}i: lraatérlfn;+
-20°C 85 SI. cracking a.nd 59 Li plating +++ 83 and disaggre-
disaggregation -
++ gation
++
. . . Si cracking
Cycling Si cracking and and disaggre-
0°C 91 dlsaggiegatlon N/A Li plating ++ 70 cation
+
25°C 76 SEI growth ++ 81 SEI growth + 92 SEI growth +
45°C 78 SEI f’i‘thh 80 SEI growth ++ 86 SEI growth ++
45°C, CV 87 SEI growth 80 SEI growth ++ 87 SEI growth ++
Calendar I
45°C, OCV 91 SEI growth ++ 88 SEI growth + 91 SEI growth +

For tests at higher temperatures (25 °C and above), the Solid Electrolyte Interphase
(SEI) growth at the negative electrode was a predominant degradation mechanism ob-
served for both types of test (calendar and cycling). This phenomenon is caused by the
solvent degradation for calendar aging and salt degradation for cycle aging [28]. During
low-temperature cycling (lower than 25 °C), the main aging mechanism identified was
the deposition of metallic lithium leading to the formation of a secondary SEI In addi-
tion, silicon can significantly degrade during aging, especially during cycle aging at low
temperatures through particle cracking and disaggregation.

The internal design of the cell seemed to have an influence on the aging mechanisms.
Energy cells are more sensitive to low-temperature aging, which induces more lithium
metal deposition partly due to their higher internal resistance [28]. Power cells, which work
well at lower temperatures, are more affected by high temperature with increased growth
of SEI due to their larger electrode surface [28].

The nature of the internal components of the cell also has an important influence on
the aging mechanisms, since the nature of the electrolyte influences the growth of SEI
through solvent degradation and the silicon sometimes present in the negative electrode
seems to be a privileged site of degradation.

All the ante- and post-mortem work carried out enabled the complete analysis of new
and aged cells. Thus, the cause-and-effect relationships between the aging conditions and
the aging mechanisms were highlighted by this work. For more details about the ante- and
post-mortem work, please refer to our previous paper [28].

Abusive tests were carried out on the three fresh cell references. These results were
then compared with those obtained on cells aged according to different aging modes
(different temperatures, calendar, cycling) in order to identify the impact of aging on the
abusive test behavior.
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The 32E cells cycled at 0 °C did not survive the aging subjected by triggering the
opening of the current interrupting device—CID, so they could not be tested for the safety
study.

4. Results
4.1. Thermal Stability-ARC

Since separator melting (~140 °C) signals the point of no return of thermal runaway,
we decided to stay under this point and stop the ARC test at around 100 °C (90 °C for the
30Q, 100 °C for the 35E and 110 °C for the 32E). We focused on the reactions that take place
under the separator melting, because they are responsible for the temperature increase
leading to the separator melting and therefore to thermal runaway. In the present study,
the onset of self-heating was considered in particular because we were interested in the
earliest exothermal reactions responsible for cell heating. It is known that the two reactions
that occur at the beginning of self-heating are the reaction of inserted and plated lithium if
present with solvent [32] after the thermal degradation of the SEI [2,32,33]. Both of those
reactions should take place under 90 °C and can be affected by the chemical changes due
to aging. Another objective was to not extensively damage the cell for possible further
investigations.

Two cells per aging condition were tested in ARC and the results are shown in Figure 2
for Tonset and in Figure 3 for the temperature rate. The results are compared to the fresh cell.

(a) Cyclin (b) Calendar at 45 °C
100 izl

90
5 ;8.
T 80 T
2 . o
©
5 70
Q.
E ____________
3 60
‘0-5 30Qcv M 35ECV
< 50 Fresh 300 - 3oqocv [ 350cv
o - - - Fresh 32E ® 32¢ ———

— — - Fresh 35E ‘ 35E [ 32E0CV
40 } } } } } } } f
-30 -20 -10 0 10 20 30 40 50
Aging temperature (°C) Aging temperature (°C)

Figure 2. Onset temperature of fresh and aged cells in terms of aging temperature for references 35E,
32E and 30Q, after (a) cycle aging and (b) calendar aging.

The onset temperature is the beginning of self-heating of the cell due to exothermal
reactions during the ARC test. It can be seen that for cells aged at —20 °C and 0 °C, Tonset
is between 50 °C and 60 °C, and for cells aged at 25 °C and 45 °C Tonget is between 65 °C
and 100 °C. The change of Tonset during aging for the three references Tonset is lower after
low-temperature cycling than after high-temperature aging (cycling and calendar).

Compared to the fresh cell, two trends can be distinguished. First, the cells containing
Si within the negative electrode (30Q and 35E), which has a Tonset around 60 °C for the
fresh cell, show a decrease of Tonset after low-temperature cycling (—20 °C and 0 °C) and,
conversely, an increase after high-temperature (45 °C and 25 °C) cycling or calendar storage.
Secondly, the cells containing only graphite within the negative electrode (32E), which have
a Tonset around 80 °C for the fresh cell, show a decrease of Tonset after all aging conditions,
except after calendar CV storage.
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Figure 3. Temperature increase rate during the ARC test of aged and fresh cells for (a) 30Q, (b) 32E
and (c) 35E, for 2 cells (square and circle) per aging condition.

The rate of temperature change during the test was also significantly altered by aging.
The more the aging was carried out at low temperatures, the faster the temperature rate
increased, signifying that the cell was more reactive to self-heating. For example, at 90 °C,
the temperature rate increased about 3 times faster for cell 30Q and 6 times faster for cell
32E for a cell aged at —20 °C compared to a cell aged in calendar conditions.

The only exception was for the 35E cell: the temperature of the cells aged at 0 °C
increased faster compared to cells aged at —20 °C. However, the behavior at 0 °C can be ex-
plained by their lower SOH linked to a more severe damage state (lithium metal deposition
and silicon particle degradation). This highlights that the method and the conditions in
which the cell is aged had a strong impact on their thermal stability. Systematically, aging
at low temperature degraded the thermal stability of the cell.

It is noticeable that for all the cells aged at 45 °C, the temperature rate of the cells was
either equivalent to that of the fresh cell or lower for the calendar aging conditions (espe-
cially for that set in CV at 4.2 V). This observation reveals that aging at high temperature
(especially calendar aging) increased the thermal stability.

Taking into account the post-mortem results and the aging effect on thermal stability
(Tonset and temperature rate), we can assume that the degradation mechanisms of low-
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temperature cycling (Li plating [15-19,28] and Si cracking [28,34-36]) degraded the thermal
stability of the cell. On the contrary, the degradation mechanisms of high-temperature
cycling and storage (SEI growth by salt and solvent degradation) improved the thermal
stability of the cell.

4.2. Safety Tests

To evaluate the impact of aging on Li-ion cell safety, short-circuit and overcharge tests
were performed on fresh and aged cells. Voltage, current and temperature were tracked
during the tests. Particular attention was paid to the temperature because it could show if
an accident would occur or not. The results of all the safety tests are described here.

4.2.1. Assessment of the Risk of Short-Circuit

Figure 4 shows the results of short-circuit tests. Data were compared with four param-
eters: CID opening duration, maximum current, maximum temperature and maximum
temperature rate increase. The CID opening duration of a fresh cell is between 10 and 20 s,
but after aging it increases to 50 s. CID opening is always longer for aged cells than for
new ones. We observed a significant increase of the CID opening duration in particular for
energy-designed cells after cycling at low temperature.

600 60
500 + A _s0{ &
G 400 + 3, = 40 - / /'.\
g /’ \ QED II ,/ \\ ,A
< 300 —+ 3 ; S 30 - v L e
£ : \ 801 v g e
~ 200 + /7 ’ 20 - ’ o _3 ~<e
‘/ \.___—._ -o--0 8 ./// , B -
100 + ~-eo - abt Cide 10 41 @
O { { I } } : 0 _-.-]_ 32E = _] = 3]0Q 'I".'-I35E
4000 250
.’g 3000 + 2 200 - T p
S Tad ‘\ < a ’
T 2000 + Sy TN X150 { & ]
© % O \\
983 ‘//i : \\ g N .--.-_'.“;*.;‘--.”‘.
=00 R 100 1 ® ey -
¢ ‘e b-Oe--g:8 .
0 — 50 ——
I I s W $ O U OO A A
@S S H e S &S S o oS
& (\b & ob
¢ PN

Figure 4. Characteristics of the short-circuit test in terms of CID opening duration, Imax, Tmax and
Tspeed max for 30Q, 32E and 35E fresh and aged cells.

The maximum short-circuit current is generally between 100 A and 200 A. Most of
the time, the maximum short-circuit current will decrease after aging in accordance with
the increase of cell internal resistance. The short-circuit current also depends on the short-
circuit resistance, here between 0 mQ2 and 5 m(), and its variation can explain non-expected
values like for 30Q cells after —20 °C and calendar OCV aging.
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The maximum temperature reached during the test was between 100 °C and 140 °C
for fresh cells. The temperature reached during the short-circuit test was sufficiently high
to initiate exothermal reactions inside the cell [2,32,33,37-40], as shown during the ARC
test (Figure 3). After aging at 45 °C and 25 °C, the maximum temperature did not change
significantly. We could even observe a small decrease of the maximal temperature for the
CV calendar-aged cells at 45 °C, confirming that high-temperature aging can be beneficial
for cell safety. After aging at low temperature, some cells went into thermal runaway (35E
aged at —20 °C and 0 °C and 30Q aged at —20 °C). The maximum temperature reached
during short-circuiting was more than 500 °C for 35E cells aged at 0 °C.

The maximum temperature increase rate was between 300 °C/min and 600 °C/min
for fresh cells and decreased slightly between 200 °C/min and 500 °C/min for aged cells
which did not go into thermal runaway. For the cells that went into thermal runaway, the
maximum temperature increase rate could increase up to 3000 °C/min at the cell surface.

Table 2 shows a comparison of the aging degradation mechanisms identified for each
aged cell during the post-mortem studies and the observation during the short-circuit tests.
First, all the fresh cells passed the short-circuit safety test successfully because they did not
vent and remained intact. After aging, the CID was no longer efficient enough because
venting and explosion of the cells was observed.

Table 2. Short-circuit test results, compared to the SOH and the aging mechanisms identified for each
aging condition for cells 30Q, 35E and 32E.

Ref  Fresh —20°C 0°C 25°C 45°C cv ocv
85% SOH
Li platin 91% SOH 76% SOH 78% SOH 87% SOH 91% SOH
30Q Si c};ackingg Si cracking SEI SEI SEI SEI
o B > P « < >
83% SOH ,
Li plating 70% SOH 92% SOH 86% SOH 87% SOH 91% SOH
3BE W Si cracking Si cracking SEI SEI SEI SEI
59% SOH 81% SOH 80% SOH 80% SOH 88% SOH
32F « Li plating Li plating SEI SEI SEI SEI
<V v v v v

Meaning of symbols: {:% explosion; O gas and smoke; ¥ NTR.

The 32E cell, unlike the other cells tested, does not contain silicon in the electrode
and is not the cause of any negative events. However, we have shown during the post-
mortem study of other cell references that silicon was particularly degraded on the surface
of the negative electrode. Its considerable volume variations during cycling induced its
fragmentation, thus favoring the formation of lithium silicates [28]. The silicon-containing
cells exploded after cold aging and often released gases and fumes. It is therefore likely that
silicon plays an important role in the safe behavior of the cells, as all the negative events
took place in silicon-containing cells, whether or not lithium plating was present.

The energy-type design also appears to be a detrimental factor in terms of safety,
as the 35E cell presented more explosions and outgassing than the 30Q cell during the
short-circuit tests.

4.2.2. Assessment of the Risk of Overcharge

Figure 5 shows the results of the overcharge tests. Data were compared through three
parameters: the final SOC reached at the end of the test, the temperature at the CID opening
and the maximum temperature. The final SOC of the overcharge test was between 110%
and 130%. The final overcharge SOC can evolve during aging; a significant increase of
the final SOC was observed for the energy-designed cell after aging at low temperatures.
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This parameter was lower for all the cells after calendar aging, especially for the calendar
condition at OCV.
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Figure 5. Characteristics of the overcharge test in terms of final SOC, T¢rp opening aNd Tmax for 30Q,
32E and 35E fresh and aged cells.

The temperature at the CID opening and the maximum temperature reached were
between 50 °C and 120 °C, most often under 70 °C. The temperature at the CID opening
was very close to the maximum temperature of the test. It revealed that CID triggers early
enough to avoid irrevocable exothermal decomposition reactions. During overcharging,
no accident was observed and all cells stayed intact (no venting). However, the cells aged
at low temperature had the biggest temperature rise during the test, especially for the
energy-designed cells (up to 120 °C), confirming that aging at low temperature decreases
cell safety.

5. Discussion

The set of experimental results detailed above highlighted the thermal behavior of
fresh and aged cells following standardized protocols and a wide temperature range. An
assessment of the risk of the technology throughout its use was thus made possible.

At fresh state, the first two exothermic reactions that cause the cell temperature rise
and initiate the thermal runaway are known. They imply SEI decomposition and the direct
reaction of inserted lithium with electrolytes, since lithiated graphite is no longer protected
by this passivation layer.
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The decomposition of the SEI starts at a temperature between 90 °C and 120 °C [2,32,33,37].
The enthalpy of reaction was between 180 and 350 J /g [41]. A representative decomposition
reaction considering LiIEDC ((CH,OCO;Li),) as the main compound of the SEI is the following;:

( CH,0CO,Li), — Li;CO3 + CoHy + CO, + %Oz )

The enthalpy of the direct reaction between organic solvents and lithium inserted
within graphite (free of SEI, decomposed beforehand) [32,38] is between 350 and
1714 J/g [41]. The reaction proposed considering only one of the solvents present in
the electrolyte (Ethylene carbonate, EC) takes the following form:

2LixCg + C3H403(EC) — 2Liy,_1C¢ + Lip,CO3 + CoHy 2)

Both the reactions mentioned here can take place simultaneously and generate other
reactions when the temperature rises.

After aging, the degradation phenomena generate new exchange surfaces that impact
the exothermicity of the cells. One of these phenomena is lithium metal deposition, favored
by cycling at low temperatures. Cells aged at very low temperatures (—20 °C), for which we
identified the lithium metal deposit on the negative electrode as the main aging mechanism,
effectively showed the least thermal stability. When the cell heats up, the lithium metal
present on the surface of the negative electrode is directly available to react with the
organic solvents in the electrolyte as early as 68 °C [32]. These reactions are exothermic
and contribute to the temperature increase of the cell. The presence of electrodeposited
lithium metal in the cell is therefore responsible for its greater “reactivity”, as the cell
heats up earlier and faster. These findings are consistent with the results obtained in the
ARC tests with Tonset lowering for all cells containing lithium metal. Indeed, whatever the
reference studied (30Q, 32E or 35E), the cells in which a lithium metal deposit was observed
had a Tonset between 50 °C and 60 °C. Exothermic reactions involving lithium metal thus
appeared to start as early as 50-60 °C. The following reactions can take place as early as
68 °C according to the literature [32] and have enthalpies between 350 and 1714 J /g [41].

2L + C3H4O3(EC) — LipCO3 + CyHy 3)
2Li + C4HeO3(PC) — LiCO3 + C3Hg 4)
2Li + C3HgO3(DMC) — LipCO; + CyHg 5)

In some cases, as a function of the amount of plated lithium, when the cell is brought
to higher temperatures, the electro-deposited lithium in contact with the electrolyte may
oxidize partially or entirely and form a “secondary” SEI [17]. It will no longer be able
to react with solvents according to the above-mentioned reactions, or it may be covered
with a passivation layer, creating lithium metal islands isolated from the electrolyte and
consequently become electrochemically inactive.

SEI growth is the major degradation phenomenon at high temperatures. Cells aged at
45 °Cin cycling and calendar conditions are the most thermally stable because when the
cell heats up, the first exothermic reaction encountered will be the decomposition of SEI at
a temperature between 90 °C and 120 °C [2,32,33,37]. Cells aged at high temperatures are
more thermally stable due to a thicker, homogeneous layer of SEI, which explains the start of
thermal runaway at higher temperatures than for a fresh cell or for a low-temperature-aged
cell.

Regarding the impact of silicon in thermal runaway, it can be noted that the only
explosions observed in short-circuit concerned 30Q cells aged at —20 °C and 35E cells aged
at —20 °C and 0 °C, i.e., low-temperature-aged cells containing silicon in their negative
electrodes. On the other hand, for the 32E cell which did not contain silicon, there was
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never any fire, even in the case of aging at —20 °C. Silicon therefore has a significant effect
on the thermal stability of the cells. To interpret this result, the mechanical behavior of
silicon must be considered. Silicon cycling causes a volume expansion during the lithiation
phases and a shrinkage during the delithiation phases [35]. As we observed in post-mortem
analysis, these successive volume variations cause cracks and fractionate the particles into
smaller and smaller pieces [36,42]. However, it has been shown that the particle size of
lithiated silicon has a significant impact on the exothermicity of its degradation between
100 °C and 150 °C [39,40,43]. The disaggregation of lithiated particles of silicon causes
a considerable increase in the exchange surface with the electrolyte. This increases the
kinetics of the reactions involved and thus the acceleration of cell heating. These reactions
start between 100 °C and 150 °C and can therefore lead to additional heating up to reach
the separator shrinking temperature, then the triggering of an internal short-circuit, and
finally the cell runaway:.

Figure 6 shows an illustration of the exothermic reactions present in a low-temperature-
aged cell (with lithium metal deposition) containing silicon in the negative electrode. The
coupling of lithium metal deposition and silicon degradation is therefore the worst-case
scenario in terms of safety. It was in this configuration that we observed cell explosions
during the short-circuit tests, the worst stability during the ARC tests and significant
heating during overcharging (30Q and 35E cells aged at —20 °C).
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Figure 6. Illustration of the exothermic reactions in a cell containing silicon in the negative electrode
and aged at low temperature, with lithium metal deposition.

Finally, this study carried out on energy- and power-designed cells allowed us to
assess the impact of cell design on safety. It has been shown that fresh power cells seem to
be slightly less stable than fresh energy cells considering their Tonset and runaway speed
being higher in ARC tests. This observation is still valid after aging at high temperatures
(25 °C and above) in calendar and cycling life. But this must be qualified after ageing
at low temperatures. We indeed saw that safety hazards occur more after aging at low
temperatures (—20 °C and 0 °C). Energy-type cells age poorly at low temperatures com-
pared to power-type cells. As we saw in our previous study [28], they are more exposed to
lithium metal deposition, so their thermal stability degrades more rapidly as the cycling
temperature decreases. In addition, energy cells have two major safety disadvantages: a
higher internal resistance, which gives them the capacity to heat more easily than a power
cell, and a higher energy density (amount of combustible active material), which potentially
represents a greater risk in case of accident. The operating temperature range of the battery
must therefore be considered when selecting a cell and not only its initial performances to
ensure that safety is maintained throughout the aging of the cell. A minimum operating



Batteries 2023, 9, 427

13 of 15

temperature must be defined to avoid the deposition of metallic lithium for each cell. This
minimum temperature is lower for power cells.

6. Conclusions

The influence of aging was correlated with the thermal behavior of cells in the pre-
liminary phase of thermal runaway through three safety tests, i.e., thermal stability, short-
circuiting and overcharging. This study showed that the thermal behavior in the runaway
phase depends on aging conditions that favor and intensify certain aging mechanisms (SEI
growth, Li-plating). Power and energy cell designs must be considered because they do not
have the same ability to accept high current, especially at low temperature ranges. Specific
experimental devices were set up to perform a large number of tests, which certified that
the observed behaviors were clearly repeatable. The exothermic phenomenon involved
above 150 °C is the consequence of the separator melting, after which thermal runaway
can no longer be controlled. The whole issue of maintaining the safety of this accumulator
technology is played out before the separator melts. After aging at room and elevated
temperatures, where the main degradation mechanism is the growth of SEI on the surface
of the negative electrode, the thermal stability of the cell was improved. Thicker SEI served
as a better protective layer by delaying the onset of further exothermic reactions until it
decomposed itself. Thermal degradation of SEI is an exothermic phenomenon that can
begin as early as 90 °C, but the associated energy is relatively low. After low-temperature
aging, in which the main degradation mechanism was the deposition of metallic lithium
on the surface of the negative electrode, the thermal stability of the cell was degraded. The
electrodeposited lithium in metallic form reacted with solvents as early as about 60 °C. This
was the first exothermic reaction that took place with a relatively high reaction enthalpy.
It can be delayed if lithium metal is surrounded by a secondary “SEI”. The chemistry
of the negative active materials also had an influence on the development of its safety
behavior. Indeed, we showed that silicon breaks down into smaller particles and that this
phenomenon is exacerbated during cold aging. The reactivity of lithiated silicon particles
increased significantly as their size decreased. Thus, an additional exothermic reaction took
place between 100 and 150 °C in cells containing silicon, and this reaction increased after
low-temperature cycling due to the degradation of silicon by fragmentation.

Energy-type cells are more thermally stable in a fresh state, but the significant degra-
dations they undergo during cycling at low temperatures drastically increased the risk of
thermal runaway. Power cells, on the other hand, were less stable when fresh, but their
better performance in low-temperature cycling made them slightly less exposed to thermal
runaway after aging.

The abusive behavior qualification of the Li-ion cells and in particular the correspond-
ing standards must also take aging into account to be able to qualify the safety of the
batteries. Finally, these results could contribute towards improving safety standards.

One way of improving the results of this work would be to monitor cell parameters
more closely during testing, and achieve greater reproducibility by testing a larger number
of cells. However, this is a time-consuming and costly process.
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