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The thermal runaway behavior of commercial high-energy 18650 lithium-ion batteries with Si/graphite anodes and Ni-rich NMC
cathodes was investigated by ARC-EIS, accelerating rate calorimetry (ARC) in combination with electrochemical impedance
spectroscopy (EIS). The cells were cyclically aged at a rate of 1C and at 45 °C without Li plating. Aging was characterized
electrochemically by Arrhenius plots of initial aging rates and differential voltage analysis (DVA). The effects of state of health
(SoH) and state of charge (SoC) in ARC experiments were investigated regarding the onset of self-heating temperature TSH,
venting temperature TVent, onset of thermal runaway temperature TTR, and mass loss. With the aim of early thermal runaway
detection without temperature measurement, an ARC-EIS method is proposed. This approach is based on impedance changes
during thermal runaway at different SoH and SoC. A correlation between TSH, indicating significant exothermic reactions, and
different impedance values (Re(Z), φ(Z), and Nyquist integral) was observed for different SoH and SoC levels.
© 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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Lithium-ion batteries (LIBs) are currently the leading battery
technology. In 2024, fully commissioned global battery-cell manu-
facturing capacity was approximately 3.1 terawatt-hours (TWh).1

For automotive applications, high-energy batteries are of particular
interest, including those utilizing nickel-rich layered oxide cathodes
and silicon/graphite (Si/C) anodes. Under certain conditions, cells
may enter thermal runaway (TR), a phenomenon where the battery
uncontrollably releases energy, potentially causing fires or
explosions.2–4 Understanding the safety behavior of these cells at
different SoC and SoH is critical for enhancing their safety and
reliability over lifetime.2,5

In recent years significant research has been conducted on Ni-rich
NMC||Si/C cells, particularly focusing on how their chemical and
physical properties evolve under different operating conditions.6–9

Typical aging mechanisms in LIBs include solid electrolyte inter-
phase (SEI) growth10–12 and lithium plating,11–14 both of which
contribute to the loss of lithium inventory (LLI) and significantly
impact the safety characteristics of the battery.15 ARC has proven to
be a valuable technique for characterizing the thermal behavior of
these batteries, offering insights into the onset of TR and the
associated exothermic reactions.2,5,16–25 However, while ARC tests
provide comprehensive thermal profiles, the combination with EIS
can further enrich the understanding of the degradation mechanisms
and the early detection of unsafe conditions.16 EIS, in particular, has
emerged as a tool for the early detection of TR by monitoring
changes in cell impedance, which are indicative of internal resis-
tance increases due to degradation or abnormal cell behavior.16,26

The crosslink between impedance changes and thermal stability at
different SoH and SoC levels is related to the changes in SEI
formation and decomposition processes at rising temperature.27

Srinivasan et al. showed in constant power heating tests of 18650
cylindrical LIB cells that the phase shift of the impedance φ(Z) at a
frequency of 5 Hz can be a robust indicator of impending venting
and TR without the need for φ vs temperature calibration, which
therefore is a valuable criterion for hazard prevention.26 In con-
tinuing work, Srinivasan et al. showed that an increase in anode
temperature above 75 °C, induced by a single high-rate (⩾ 3C)

discharge cycle, permanently changes the cell impedance similarly
to 15 months of calendar aging at room temperature (RT) due to loss
of lithium ions from the electrolyte and SEI growth.16 This is
reflected in a shift of impedance spectra toward higher values of the
real part of the impedance, Re(Z). 16 This leads to the conclusion that
the shift in Re(Z) can be used for SEI degradation detection,
although the phase shift in a frequency range from 40–100 Hz,
which is typically related to SEI processes,28,29 tends asymptotically
toward zero degree at high temperatures.29

To the best of our knowledge, there is so far no article published
where impedance spectra of a large number of cells were measured
under quasi-adiabatic conditions and analyzed regarding their safety
behavior. This paper aims to systematically evaluate the safety
behavior with a focus on the early stages of TR in commercial Ni-
rich NMC||Si/C 18650 cylindrical LIB cells across various SoC and
SoH levels. The cells were aged at high temperatures to exclude the
effects of Li plating. First, the cells are analyzed electrochemically
using differential voltage analysis (DVA) and Arrhenius plots of
aging rates. Next, ARC is used to assess thermal stability and TR
behavior. Finally, a novel EIS-based approach is employed to
analyze early-stage failure behavior. By correlating impedance
changes with TR events, this research seeks to develop a predictive
framework for identifying unsafe operating conditions before they
escalate into critical failures.

Experimental

Investigated cells.—The studied commercial Ni-rich NMC||Si/C
18650 cylindrical LIB cells designed for high-energy applications
are rated at a nominal discharge capacity of 3.5 Ah at 0.2C. Upon
arrival of the cells, each cell was weighed (47.6 g ± 0.2 g) and the
voltage (3.597 V ± 0.002 V) as well as the internal resistance
(28.0 mΩ ± 0.2 mΩ) were determined at a frequency of 1 kHz using
a Hioki 3554 battery tester. The standard deviations observed across
the measured cell batch (73 cells) are similarly low compared to
those of other cell types, indicating suitability for further
investigation.30 More information can be found in Flügel et al.,
who investigated the same cell type (type C).7

Cyclic aging procedure.—To investigate cyclic aging, the cells
were continuously charged and discharged inside a climate chamberzE-mail: thomas.waldmann@zsw-bw.de
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(Vötsch) at 45 °C using a 1C CC-CV protocol with a BaSyTec CTS
system. To determine the current SoH of the cells at time t, the
discharge capacity Q(t) from the latest cycle was referenced to the
discharge capacity Q(t = 0) of the first discharge cycle according to
Eq. 1. After reaching a target SoH of 90%, 80%, or 70%, the aging
was stopped. Subsequently, quasi-stationary open-circuit voltage
(qOCV) measurements were conducted at 25 °C following a C/20
rate CC-CV protocol.

SoH t
Q t

Q t 0
100% 1( ) = ( )

( = )
· [ ]

An overview of the tested cells is given in Table I.
In addition to the tests listed in Table I, 16 additional cells were

aged (BaSyTec CTS, 1C CC-CV protocol) inside Espec and Vötsch
environmental test chambers at eight different temperatures, ranging
from −10 °C to 45 °C, with duplicates at each condition.

Impedance test setup.—Impedance measurements were con-
ducted using a Biologic SP150 impedance analyzer with an
excitation amplitude of 250 mA. Data was recorded across a
frequency range from 100 kHz to 50 mHz, with ten points per
decade and three measurements per frequency. Each impedance
spectrum was measured in duplicate. All impedance features x(Z)
are normalized with respect to their initial values xstart(Z) as
described in Eq. 2 to enable comparison of cells across different
SoH and SoC levels.

Zx
x Z

x Z
2norm

start
( ) = ( )

( )
[ ]

ARC test setup.—All ARC testing was conducted in a THT ARC
ES adiabatic battery testing system using the standard heat-wait-seek
(HWS) protocol. A calibration and subsequent drift check of the
ARC system with an empty 18650 size cell housing ensured the
correct heating power of the heaters in the ARC device to provide
quasi-adiabatic conditions. For both calibration and testing, the same
type N thermocouple was used. It was placed at the center of the side
surface of the battery. Testing commenced at a start temperature
(Tstart) of 35 °C, with incremental temperature steps of 5 °C and a
final temperature (Tfinal) of 350 °C. Each step included a wait time
(twait) of 20 min, with a temperature rate sensitivity threshold of
0.02 °C min−1. The process is schematically illustrated in Fig. 1a.
During exothermic mode, the calorimeter followed the cell tempera-
ture, leading to quasi-adiabatic conditions.

Following cycling at 45 °C to reach the specified SoH, cells were
charged to the designated SoC with respect to their actual capacity at
25 °C. To prepare for testing, twisted wires were soldered to the cell
terminals using a four-point connection to ensure accurate impe-
dance measurement. Cells were then insulated with Kapton® tape
and fixed to the ARC's top cover using a cell holder covering the cell
shell surface. Initial impedance measurements of both cells and the

test setup were conducted at RT (∼25 °C). The ARC test followed
the established protocol: Two impedance spectra were recorded
during each wait phase, with measurements initiated following a
5 min rest period. Above the onset of self-heating TSH phase,
impedance measurements were taken at 15 min intervals (see
Fig. 1b). As shown in Fig. 1c, the seek phase is not influenced by
the EIS measurements, as heat produced is negligible due to the low
excitation current amplitude (⩽C/10) applied to all cells.

Table I. Overview of aging tests in this study.

SoH/% SoC/% Number of cells

100 100 4
100 90 2
100 70 2
100 30 2
90 100 3
80 100 3
70 100 3
70 70 2
70 30 2

Figure 1. (a) Flowchart of a heat-wait-seek measurement adapted from Lei
et al.31 and (b) schematic representation of an ARC measurement curve with
recorded impedance spectra below and above TSH. Impedance measurements
do not noticeably influence the cell behaviour during the experiment (c).
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Results and Discussion

Aging analysis.—Figure 2a presents the qOCV curves across
different SoH levels recorded at a rate of C/20. The qOCV curves for
aged cells exhibit a steeper slope, indicating increased polarization
effects, and show a leftward shift in voltage, reflecting diminished
capacity retention. Both effects together reduce the energy content of
the cell, which is represented by the area under the curves. The
qOCV curves reveal no distinct potential plateau at high SoC (low
discharge capacity, left-hand side of the plot). The absence of this
shoulder17,32,33 does not indicate any Li deposition during cyclic
aging at 1C/45 °C, which is consistent with the results of voltage
relaxation and GD-OES depth profiling by Flügel et al. for the same
cell type for aging at 0.85C/45 °C.7

In the DVA curves in Fig. 2b, the first peak that is caused by
silicon (S1) during discharge progressively diminishes with de-
creasing SoH, reflecting the progressive deactivation of silicon. This
loss of anode active material (LAAM) in cells cycled at elevated
temperatures has been previously documented by Flügel et al. for the
same cell type cycled at 0.85C/45 °C and is due to degradation of the
Si particles.7 It is very probable that the slightly different C-rates of
1C (this work) and 0.85C7 lead to similar results.

Figure 2c shows the capacity fade curves for different aging
temperatures in the range of −10 °C to 45 °C. The initial aging rates
r for the absolute temperatures T were extracted from the initial
slopes of Fig. 2c and plotted according to12,34

r A e 3E k Ta B= · [ ]− /

with the apparent activation energy Ea, the Boltzmann constant kB,
and the pre-exponential factor A. The Arrhenius plot in Fig. 2d
shows two branches, one for temperatures below 10 °C and one
above 10 °C. The slope of the low-temperature branch in the

Arrhenius plot indicates that the initial aging rate increases with
decreasing temperature. This behavior is typical for Li plating for lab
cells35,36 and commercial cells5,12,36–39 and was also found in
simulations.39 The Arrhenius plot in Fig. 2d shows a minimum of
the initial aging rate at 10 °C, corresponding to the maximum cycle
life and to a transition of the main aging mechanism from Li plating
at low temperatures to other dominating side reactions at high
temperatures. The high-temperature branch describes the increasing
aging rate with increasing temperature and was also observed by
others.5,12,20,35–41 The occurrence of Li plating in the Arrhenius plot
at 1C/0 °C for the cell type under investigation in the present work is
consistent with the results of Flügel et al. at 0.85C/0 °C with the
same cell type.7

The absence of Li plating for cycling at 1C/45 °C is consistent
with (i) the slope of the high temperature branch in the Arrhenius
plot (Fig. 2d), (ii) with the absence of a shoulder in the voltage curve
in Fig. 2a and (iii) with the results by Flügel et al. at 0.85 C/45 °C
with the same cell type.7 Furthermore, the degradation of the Si
component at 0.85C/45 °C observed by (iv) Post-Mortem analysis7

is consistent with (v) the DVA in Fig. 2b. The shape of the
capacity fade curves in Fig. 2c suggests that there are most likely
no major changes in the aging mechanism for cyclic aging at
1C/45 °C. Therefore, for the aging at 1C/45 °C mainly investigated
in the present work, it can be concluded that LLI and LAAM are
most likely the main mechanisms leading to capacity fade until 70%
SoH.

ARC analysis.—Cells cycled to different SoH were analyzed by
ARC. The resulting self-heating rates (SHR) as a function of
temperature are presented in Fig. 3. No discernible differences in
SHR are observed in measurements at 100% SoC across varying
SoH levels (Fig. 3a). For ARC experiments conducted with

Figure 2. (a) Illustration of qOCV curves at different SoH at 25 °C. (b) Corresponding DVA curves derived from (a). (c) Capacity fade curves for cyclic aging at
different temperatures at a rate of 1C. (d) Arrhenius plot derived from the initial aging rates extracted from (c).
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cells at an SoC of 70% (Fig. 3b) and SoC of 30% (Fig. 3c),
minor distinctions between new (SoH = 100%) and aged cells
(SoH = 70%) were observed; however, the curve shapes are similar

in both cases. These results show that the aging mechanism of SEI
growth on the surfaces of graphite particles and degradation of the Si
compound (both leading to LLI) and degradation of the Si compound
(leading additionally to LAAM) do not influence the safety of the
aged cells for ARC experiments conducted at 30%, 70%, and 100%
SoC.

When comparing different SoC levels at a fixed SoH, larger
differences are observed (Fig. 4). A comparison of the new cells at
different SoC is shown in Fig. 4a. The SHR curves are very similar
for cells at 90% SoC and 100% SoC. For 70% SoC and 30% SoC,
the SHR curves are shifting towards higher temperatures. This shift
to higher temperatures with decreasing SoC indicates an increase in
safety, which was also observed for other cell types that were not
aged.15,18,42–44 A comparison of the aged cells with SoH = 70% at
different SoC is shown in Fig. 4b. The aged cells show a similar
trend with SoC as the new cells.

Figure 5 shows the characteristic temperatures onset of self-
heating TSH, venting TVent, and onset of thermal runaway TTR for
different SoH levels as a function of SoC. The TSH increases with
decreasing SoC for both new cells and aged cells with SoH = 70%
(Fig. 5a). The behavior is consistent with findings from the
literature15,45–48 and suggests that aged cells offer enhanced thermal
stability under the conditions studied (1C/45 °C, no Li plating). ARC

Figure 3. ARC results for (a) 100% SoC, (b) 70% SoC, (c) 30% SoC at
different SoH levels.

Figure 4. ARC results for (a) 100% SoH, (b) 70% SoH at different SoC
levels.
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measurements in Fig. 5a at 100% SoC confirm this trend of
increasing TSH with decreasing SoH.

Figure 5b shows a clear trend of decreasing TVent with higher
SoC levels, which aligns well with findings reported in the
literature.15,44 TVent is defined as the last measured cell surface
temperature before the temperature drop caused by gas release
during venting (Joule-Thomson effect). However, while aging
enhances cell safety in terms of a delay of TSH for the cells
investigated in this study (Fig. 5a), the trend reverses with aging for
TVent. As Fig. 5b shows, TVent is ∼10°C lower for SoH = 70%
compared with SoH = 100%. This is due to internal pressure build-
up, likely from gas generation during degradation.44,45,49 ARC
measurements at 100% SoC do not show a clear trend of TVent

with SoH. In contrast, cells with a SoH below or equal 90% show
similar values for TVent in the range of 120 to 123 °C, whereas the
cells at 100% SoC showed a TVent value of 130 ± 2 °C.

TTR shows an increase with decreasing SoC (Fig. 5c), which is
also consistent with existing studies.15,44,46 At 100% SoC, all
measurements converge around a similar TTR level of ∼200 °C.
For ARC measurements at 70% SoC, TTR is also similar for 100%
SoH and 70% SoH. These measurements indicate no change in
safety level regarding TTR for aging at 1C/45 °C. In contrast, TTR is
increased for ARC measurements at 30% SoC for the aged cell at
70% SoH (TTR = 257 ± 1 °C) compared to 232 ± 1 °C for the new
cell. This indicates an increase in safety regarding TTR for 30% SoH
for the aged cells.

Figure 6 shows the total mass loss after ARC experiments as a
function of SoH for different SoC levels. The initial mass of the new
cells was measured as 47.7 g ± 0.15 g. The data indicate that cells at
100% SoC and 30% SoC experience the greatest mass loss, whereas
those at 70% SoC exhibit comparatively lower mass losses. For new
cells of a similar type, the total mass loss at 100% SoC is reported in
literature within a range of 63% to 77%.15,50,51 These findings align
well with the results observed in our study.

Interestingly, cells at 70% SoC exhibit the lowest mass loss for
both new cells and aged cells until SoH = 70% compared to those at
both high and low SoC. While the cells remained externally intact at
high SoC, the degree of damage to the cell housings was most
pronounced at lower SoC. This observation is consistent with
findings reported in Feinauer et al. for 21700 cells with a similar
cell chemistry as in the present work.15 This weakly indicates that
this might be a general trend for cylindrical cells with Ni-rich NMC
cathodes and Si/graphite anodes. The behavior is likely attributable
to the lower internal gas pressure and energy content at medium SoC
levels, which reduces the rate of pulverization and ejection of active
material, particularly in contrast to high SoC conditions.15

Simultaneously, the reactions at 70% SoC occur rapidly enough to
avoid lid welding seam failure, which has been observed in cells at
30% SoC following slow heat penetration, which was previously
reported for 21700 NMC cells.15,52 Nguyen et al. reported a delayed
hard internal short circuit and a higher venting temperature in cells
with moderate SoC compared to those at high SoC, resulting in more
pronounced exothermic reactions occurring at the time of venting,
potentially exacerbating thermal events.53 However, due to the
higher remaining cell mass at 70% SoC, this condition may present
a worst-case scenario for thermal propagation in applications where
heat dissipation is limited.

In summary, for ARC tests of new (100% SoH) and 1C/45 °C
aged cells (70% SoH), different safety metrics showed different
results: (i) The SHR curves were similar for new and aged cells at
the same SoC (Fig. 3), (ii) lower SoC lead to decreased SHR levels
for both new and aged cells (Fig. 4), (iii) TSH is declining with SoC
for new and aged cells (Fig. 5a), (iv) TVent is also declining with SoC
and aged cells exhibit venting at lower temperatures (Fig. 5b), (v)
TTR shows an increase with decreasing SoC for both new and aged
cells (Fig. 5c), (vi) mass loss for cells at high SoC (100%) and low

Figure 5. Characteristic temperatures of ARC experiments as a function of
SoC and SoH levels.

Journal of The Electrochemical Society, 2025 172 080516



SoC (30%) is greater compared to medium SoC (70%) for both new
and aged cells (Fig. 6). Overall, the safety level of the aged cells is
comparable with that of the new cells for the main aging mechanism
of SEI growth and degradation of the Si compound and without Li
plating. This is in accordance with ARC experiments5,15,22,25,54 and
other safety tests of cells without Li plating.54 In contrast, cells
with Li plating showed a decrease in safety level in ARC
experiments5,15,21,22,24,25 and other safety tests.24

Impedance analysis.—In the following, the recorded EIS spectra
are discussed to investigate impedance changes at the onset of self-
heating. Evaluating the self-heating status without the need for
T measurement offers advantages in various applications, both for
the prevention of rapid aging and for safety evaluation. To address this
need, our study proposes a comprehensive self-heating detection logic
that incorporates Re(Z)norm progression, as well as phase φ(Z)norm and
Nyquist integral (IN,norm), all of them normalized to Tstart condition as
defined in Eq. 2. This approach ensures robust self-heating behavior
monitoring across varying SoC and SoH operational conditions.

In Fig. 7, Re(Z)norm, φ(Z)norm (both at a fixed frequency of
50 mHz) and IN,norm are shown for new cells as a function of T at
high and low SoC. Srinivasan et al. showed that increasing the anode
temperature above 75 °C permanently shifts the impedance spectra
towards higher Re(Z) values.16 Consequently, in a temperature range
where polarization effects are no longer dominant in EIS spectra, in
general, all frequencies can be used as a TSH detection feature. We
note that the point density over temperature varies in Fig. 7 because
each measurement prior to ARC self-heating detection was triggered
by the ARC wait phase, while measurements after TSH were
triggered in equidistant time intervals of 15 min. The measurement
was terminated upon reaching the cell voltage limits (2.5 V–4.2 V),
resulting in varying end temperatures.

Normalized to Tstart, new cells exhibit for all SoC levels a
U-shaped trend for Re(Z)norm: All measurements show a significant
increase in Re(Z)norm beginning at ∼70 °C (Fig. 7a). The minimum
of Re(Z)norm decreases with increasing SoC, whereas the slopes of
the curves for temperatures above the minimum remain nearly
independent of SoC. In general, an increase in impedance at high
temperatures has already been reported in the literature.16,27,55 Gao
et al. observed structural changes in the SEI for cells of another type
(NCM622+LMO||graphite) cycled at 80 °C.27 At high temperatures,
the SEI has difficulty in maintaining an intact passivation layer, and
its continuous decomposition allows the active lithium to be
consumed by the reaction with the electrolyte.27 This ongoing SEI

degradation consumes electrolyte, increasing the concentration of
lithium salts while reducing ionic conductivity, ultimately leading to
higher ohmic resistance.27 It is assumed that the observed increase in

Figure 6. Total mass loss after ARC experiments as a function of SoH and
SoC.

Figure 7. SoC variation impedance measurement inside ARC at 50 mHz for
new cells for (a) Re(Z)norm, (b) φ(Z)norm, and (c) IN, norm. Onset of self-
heating is marked with blue symbols. The inset in (c) shows the graphical
interpretation of IN.
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Re(Z)norm for new cells in this work is attributable to similar SEI
degradation reactions.

Figure 7a demonstrates that for new cells, the minimum of
Re(Z)norm vs T occurs before the onset of self-heating. The
temperature difference between TSH and the minimum of the
normalized Re(Z) progression (ΔT = TSH−Tmin) is 15.9 °C at
100% SoC, 12.1 °C at 90% SoC, and 40.0 °C at 30% SoC. Therefore

dRe Z

dt
0 4norm( ) = [ ]

may serve as an early cell safety evaluation criterion under the condition
that T increases monotonically over time. At this point, we note that this
criterion alone is insufficient for TSH detection, and additional ones are
needed. φ(Z)norm as a second potential TSH indicator is showing an
almost linear trend vs T for a wide temperature range (see Fig. 7b) for all
SoC levels. A linear φ(Z)norm vs T correlation in a temperature range
exceeding regular operation conditions (51 °C–117 °C, prior venting) for
fully charged 3 Ah cells of another type is already reported in the
literature.26 Figure 7b shows that this trend is also valid for cells at lower
SoC. For the cell type investigated, we suggest

Z 0.8 5normφ( ) < [ ]

as an additional necessary condition for cell self-heating evaluation.
Figure 7c illustrates IN,norm alongside its graphical interpretation.
The integral, calculated numerically using Simpson's method,
represents the area under the Nyquist curve within the boundaries
where Im(Z) < 0 up to the minimum measured frequency fmin. This
area includes the polarization regime and diffusion-dominated zone.
For all SoC levels, IN,norm decreases below 0.2 at around 60 °C,
which makes it a necessary but not sufficient criterion that is also
used herein as a complementary check for TSH detection (Eq. 6).

Figure 8 presents plots of Re(Z)norm, φ(Z)norm, and IN,norm for
different SoH levels at 100% SoC. In all aged cells, the Re(Z)norm
curves continue to decline due to the high polarization resistance at
the beginning of the measurement (Fig. 8a). The slope of the
increase after the minimum appears to remain unchanged, sug-
gesting that the same underlying mechanisms are active as in the
new cells. The derivative of Re(Z)norm in Eq. 4 still appears to be a
promising feature for detecting TSH.

Figure 8b shows φ(Z)norm of new and aged cells at different SoH
levels. While SoH of 100% and 90% show a similar behavior, aged
cells at 80% and 70% exhibit significant differences. The assumption
of linearity is therefore no longer valid for aged cells. The observed
differences might be attributed to the higher initial polarization
resistance at Tstart for the more aged cells.

In contrast, IN,norm displays a less steep decrease for aged cells
(see Fig. 8c). For the cell type tested, we suggest

I 0.2 6N norm, < [ ]

as a complementary but necessary condition for self-heating
evaluation.

For early detection of TSH without temperature measurement, we
propose the combination of Re(Z)norm, φ(Z)norm, and IN,norm.
Figure 9 shows the result of the proposed TSH detection logic,
where conditions from Eq. 4 have to be fulfilled, as well as criteria
(5) and (6). For aged cells at 100% SoC, TSH can be predicted
without the need for a priori knowledge of the cell temperature. The
onset of self-heating temperature prediction for new cells at 100%
SoC is up to 15 °C lower than observed in ARC measurements,
reflecting a conservative bias in estimation. Therefore, our approach
seems to be promising for the most critical battery condition, i.e.,
aged cells in the fully charged state. Limitations of the method are
revealed for 30% SoC. Additional experimental data are therefore
required in this regime.

Figure 8. SoH variation impedance measurement inside the ARC chamber
at 50 mHz for 100% SoC. Onset of self-heating is marked with blue symbols.
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Conclusions

In this study, with 3.5 Ah commercial cylindrical Li-ion cells
containing a Si/C anode and a Ni-rich NMC cathode, the safety
behavior for different SoH (100%, 90%, 80%, 70%) and SoC (100%,
90%, 70%, 30%) was investigated by ARC.

For the investigated cell type, no evidence of Li plating was
observed in electrochemical measurements for cells aged at 45°C at
a rate of 1C. LLI and LAAM are most likely the main mechanisms
leading to capacity fade until 70% SoH. This is consistent (i) with
the slope of the high temperature branch in the Arrhenius plot, (ii)
with the absence of a shoulder in the discharge voltage curve, and
(iii) with the vanishing of the Si peaks in DVA.

The aging mechanism of SEI growth on the surfaces of graphite
particles and degradation of the Si compound (both leading to LLI)
and degradation of the Si compound (leading additionally to LAAM)
do not significantly influence the safety of the aged cells in ARC
experiments conducted at 30%, 70%, and 100% SoC. Both, onset
temperature of self-heating TSH and venting temperature TVent

exhibit linear trends with respect to the SoC across all SoH
conditions. Over the course of the cell’s lifetime, TSH increases,
while TVent decreases by up to 10 °C. The mass loss is lowest at
intermediate SoC levels. Additionally, there is a slight trend toward
lower total mass loss in aged cells, which may indicate a reduction in
energy release due to degradation-related capacity.

Overall, the results indicate that the investigated cells do not
exhibit a decline in safety over their lifetime. Consequently, it can be
concluded that for the investigated cell type, new cells represent the
“worst-case” scenario for battery safety performance when compared
to high-temperature-aged cells. This finding suggests that the evalua-
tion of cell safety for second-life applications might be effectively
conducted using new cells if lithium depositions are absent.

Finally, a combination of ARC and EIS (ARC-EIS) shows that
TSH correlates with features from EIS measurements. Thus, im-
pedance-based methods, specifically the evaluation of the curve
progression of Re(Z)norm in combination with φ(Z)norm, and IN,norm
evaluation, seem to be promising for early detecting the onset of
self-heating in cells at high SoC. We note that this method still has
limitations, e.g., at low SoC. Further work in this direction is needed,
e.g., on different aging mechanisms and cell chemistries.
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