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ARTICLE INFO ABSTRACT
Keywords: Although lithium-ion batteries (LIBs) are extensively used as secondary storage energy devices,
Lithium-ion battery they also pose a significant fire and explosion hazard. Subsequently, thermal stability studies for
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LiPFe- and LiFSI-type electrolytes have been conducted extensively. However, the thermal
characteristics of these electrolytes with thermally stable additives in a full cell assembly have yet
to be explored. This study presents a comprehensive accelerating rate calorimetry (ARC) study.
First, 1.2-Ah cells were prepared using a control commercial LiPF¢ electrolyte and LiFSI with a
specific succinonitrile additive and ethyl-methyl carbonate as a thermally stable electrolyte ad-
ditive. The kinetic parameters involved in heat generation and their effects on the thermal
properties of the ARC module were analyzed from the heat-wait-seek (HWS), self-heating (SH),
and thermal runaway (TR) stages. The results indicate that the addition of a succinonitrile ad-
ditive to the LiFSI electrolyte lowers the decomposition temperatures of the solid electrolyte
interface (SEI) owing to polymerization with Li at the anode, while simultaneously increasing the
activation energy of reaction temperatures at SEI between the separator and the electrolyte. The
maximum thermal-runaway temperature decreased from 417 °C (AH = 5.26 kJ) (LiPF¢) to 285 °C
(AH = 2.068 kJ) (LiFSI + succinonitrile). This study provides key insights to the thermal char-
acteristics of LiPFg and LiFSI during the self-heating and thermal runaway stages and indicates a
practical method for achieving thermally stable LIBs.

1. Introduction

Lithium-ion batteries (LIBs) have emerged as ideal candidates for application as secondary storage energy devices in consumer
electronics, electric vehicles (EVs), and electrochemical energy storage systems (ESS) [1,2]. Their high energy density, long life span,
and zero-carbon emission (during operation) have made them front-runners for achieving the green technology era [3]. However, LIBs

* Corresponding author. Next Generation Battery Research Center, Korea Electrotechnology Research Institute (KERI), 12, Jeongiui-gil, Seongsan-
gu, Changwon, 51543, Republic of Korea.
** Corresponding author. Department of Chemical and Biomolecular Engineering, Yonsei University, Seoul, 03722, Republic of Korea
E-mail addresses: yongmin@yonsei.ac.kr (Y. Lee), chdoh@keri.re.kr (C. Doh).
1 These authors contributed equally to this work and are considered co-first authors.

https://doi.org/10.1016/j.heliyon.2024.e29397

Received 29 February 2024; Received in revised form 1 April 2024; Accepted 8 April 2024

Available online 9 April 2024

2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:yongmin@yonsei.ac.kr
mailto:chdoh@keri.re.kr
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e29397
https://doi.org/10.1016/j.heliyon.2024.e29397
https://doi.org/10.1016/j.heliyon.2024.e29397
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Ali et al. Heliyon 10 (2024) e29397

pose a significant hazard because their electrolytes exhibit thermal runaway (Ty), which can result in explosions [4]. Typically, a
battery bed of an EV consists of several hundreds of cells connected in the form of a module. Therefore, the T of a single LIB can
generate large amounts of heat, raising the temperature of neighboring cells and potentially causing a chain reaction [5,6]. Accidents
resulting from the fires and explosions of LIBs are not uncommon, especially those involving cell phones, laptops, and EVs. Recently,
fires and explosions involving the batteries of Samsung Note 7 (2017) [7], Hyundai KONA EV (2022) [8], and Tesla Model S (2023) [9]
further highlight the safety risk associated with the use of LIBs.

Both external (battery management system, pressure/temperature sensors, thermal insulations) and internal methods can be used
to ensure battery safety [10-14]. However, external methods can increase the cost, and weight of the battery bed, leading to decreased
performance, especially in challenging environments like those encountered by EVs. Conversely, internal protection mechanisms
provide protection using chemical additives and solvents (Supplementary Table S1). As most fire incidents originate from internal
material failures rather than external causes, internal methods are often more effective in ensuring battery safety. Strategies such as
modification at the cathode/anode interface [12-19], thermally switchable current collectors [20], thermal shutdown separators [21,
22], multifunctional electrolytes [23], and flame-retardant electrolyte additives [24-30] can address these challenges. Presently, the
most commonly utilized salt in electrolytes is lithium hexafluorophosphate (LiPF¢) and the most commonly used carbonate solvents
are ethylene carbonate (EC) and dimethyl carbonate (DMC). These components, however, pose safety risks because of their high
volatility (LiPFs, Tty < 180 °C) and flammability, which can lead to fires and explosions [31]. In the last 20 years, significant efforts
have been made toward finding suitable compounds that can be used as LIB electrolytes. Lithium imide salts have emerged as the best
alternative. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is known for its good conductivity and thermal stability (LiTFSI, T
> 210 °C) [31-33]. However, it forms a stable soluble Al salt and fails to safeguard the aluminum current collector above 3.5 V [34].
Recently, bis(fluorosulfonyl) imide, Li[(FSO2)oN] (LiFSI, Ty > 200 °C), an imide family member, is attracting increasing interest,
particularly for use as liquid electrolytes. This interest is driven by its well-defined properties, including no emission of hydrogen
fluoride, low viscosity, high conductivity (>5 mS cm™!), and outstanding performance at both low and high temperatures, even under
high rate conditions [35-39].

Thermal runaway arises when an exothermic reaction in an LIB spirals out of control. When the battery temperature surpasses
90 °C, the exothermic chemical reaction rate within the battery escalates, which further increases the cell temperature (self-heating
stage, SHS) leading to thermal runaway (TRS) [40,41]. Shutdown separators are commonly used as a fail-safe method but these
separators are often ineffective against thermal runaway due to melting of the separator >100 °C [4]. To address this issue, it is often
recommended to use commercially viable flame-retardant additives. These additives function either chemically or physically in both
condensed and vapor phases, thereby disrupting the combustion process during heating, pyrolysis, ignition, or flame spread [42,43].
Some recent studies have advocated the use of several nitrile-based additives in LIB electrolytes for suppressing the thermal runaway of
LIB cells [26-30,44-47]. Succinonitrile (SN, NC—CHy—CH3—CN), a representative molecular non-ionic plastic crystal that shows
plastic behavior at high temperatures, is attracting increasing interest because it exhibits high boiling point (267 °C) with negligible
vapor pressure, and has lower flammability at high temperatures. In 2016, Liu et al. [48] reported an SN-based plastic crystal polymer
electrolyte (CPLC-CPE) with SiO, particles connected with trimethylolpropane propoxylate triacrylate (TPPTA) that is thermally
stable up to 230 °C. Similarly, in 2017, Zhang et al. [31] reported an SN-based electrolyte that increases the thermal stability of LIBs to
up to 220 °C owing to the formation of a strong solid electrolyte interphase with the Li metal. More recently, 1,1,2,2-tetrafluoroethyl-2,
2,3,3-tetrafluoropropyl ether (TFE) has been proposed as a co-solvent for LiPFg along with FEC, EC, and DMC. TF50E showed high
oxidative stability with Li metal to up to 5.5 V and high rate performance at 4.9 V [49]. In 2021, Gu et al. [50] used TFE with LiPF¢ and
reported high capacity retention (87.1 %) with a graphite anode at an elevated temperature of 60 °C. Similarly, in 2023, Kim et al. [51]
used TFE as an electrolyte additive with LiPF¢ and reported high capacity retention (70.9 %) against the SiO, anode. Ekeren et al.
reported on the flame retardation property of TFE using the LiFSI electrolyte [52]. They showed that glass fibers soaked with the
TFE/triethyl phosphate (TEP)-based LiFSI electrolyte solution appeared to be non-flammable, even when these fibers were repeatedly
exposed to the butane flame. While numerous studies have examined the synthesis and performance effect of these additives in LIBs, a
deeper exploration into their kinetic parameters and the fundamental causes of Ty, in commercial cells has still not been performed.
While differential scanning calorimetry and micro-calorimetry (C80) can be used to obtain insights at the material level, accelerating
rate calorimetry (ARC) is more effective in providing a broader perspective by revealing key physical parameters that influence the
module-level performance in the charged state of LIBs.

This study conducts a detailed investigation of the kinetic parameters of heat generation and determines the impact of SN additive
on the thermal properties of LIBs across three distinct stages: the heat-wait-seek (HWS), self-heating (SHS), and TRS. This study
concluded that the addition of SN in LiFSI increases the thermal stability of LIBs and provides a viable alternative for LiPF¢ based
electrolytes.

2. Experimental
2.1. Preparation of LIBs

The 1.2-Ah (553,566) LIB cell (33.5 x 64.5 x 5.25 mm) was provided by U&S Energy (Korea). The cell contained a Li
(Nip.gsMng 1C00.1)O2 (NMC811) cathode (positive electrode) and a 100 % graphite anode (negative electrode). The areal capacity of the
NCMB811 cathode was 2.7 mAh.cm ™2, while that of the graphite anode was 2.9 mAh.cm~2. The nominal voltage was 3.77 V, and the
nominal capacity was approximately 1200 mAh. Electrolytes of two different compositions were used. The base cell comprised 1-M
LiPFg electrolyte with EC:EMC (1:2 v/v) (B-cell). The nitrile cell comprised 1-M LiFSI electrolyte with SN:TFE (5:1 mol%) and 5 wt
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% FEC (N-cell), as reported previously [31,48]. Three formation cycles were conducted with constant current/constant voltage
(CC/CV) charge. The CC discharge was 0.2C rate within 2.7-4.2 V. For ARC tests, 100 % state of charge was selected because most of
the cells with T, were usually in the charged state. The initial discharge capacities of the B-cell and N-cell are 1.17 and 1.14 Ah,
respectively (Supplementary Figure S1). The physical and chemical characteristics of LIBs are listed in Supplementary Table S2.

2.2. EV-ARC experiment details

The ARC experiments were conducted using extended volume-accelerating rate calorimetry (EV-ARC; Thermal Hazard Tech-
nology) (Fig. 1a). To obtain the most accurate results in accordance with the heat-transfer effect as reported previously [40], an
in-house ARC chamber was designed (Fig. 1b and c). In order to maintain the temperature control accuracy and heat transfer effect the
ARC was calibrated before the experiment (see Fig. S2). This ARC chamber was cylindrical and made of martensitic stainless steel. The
chamber was 43 cm tall with an outer diameter of 21 cm and an inner diameter of 17 cm. The bottom (Tpm), top (Ttop), and side (Tsige)
wall temperatures were measured by using n-type thermocouples connected to the ARC chamber. One n-type thermocouple was
connected to the in-house EV-ARC chamber for accurately measuring the temperature (T¢y). Another n-type thermocouple was
connected to an LIB to measure the cell-surface temperature (Tsam). The thermocouples of the ARC were annealed prior to the
experiment for better accuracy. Thermo-electric annealing method was used for calibration of the thermocouples. The thermocouples
were annealed at 350 °C for 4 h. The temperature at the cell tab can be different to cell surface temperature. So in this study only cell
surface temperature was used at open circuit. Fig. 2 depicts the ARC chamber, experimental assembly, and images of the LIB cells after
the tests.

Initially, the experiment followed the HWS stage. The LIB cell was preheated to 20 °C. The HWS stage began after 20 °C with 60 min
of rest time and a sensitivity rate of 0.02 °C/min. During this period, if no self-heating was detected, then the temperature was
increased by 5 °C in a stepwise manner. The temperature of the LIB was increased upon heating using an EV-ARC module. The self-
heating reaction, which includes the decomposition of the SEI layer, anode/cathode material, and the electrolyte, did not begin in this
stage. As soon as the rate of heating reached 0.02 °C/min, the ARC shifted to the SHS. During the SHS, the EV-ARC controls the LIB
temperature (T %diff. < 4 %, Tsam/Tere)- During the SHS stage, the temperature increased by 0.5 °C/min after every 30 s till the
decomposition reaction was complete and then by 1 °C/min till the TRS was achieved.
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Fig. 1. (a) Image of an EV-ARC machine. (b) Schematic illustration of temperature and voltage measurement (EV-ARC chamber has an in-house
chamber module). (¢) Schematic illustration of the in-house ARC chamber.
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Fig. 2. (a) Digital images (i and ii) of the in-house EV-ARC module. (iii) Digital image of the in-house ARC module when connected with sample
cells and thermocouples during the experiment. (b) Digital images of B-cell and N-cell after thermal runaway.

2.3. Evaluation of reaction kinetics

To evaluate the reaction kinetics, the temperature change in the SHS was measured. The cell temperature increases intrinsically
during the SHS. This temperature rise in the adiabatic environment of the ARC test can be determined as reported previously [40,53].
As the temperature rise is intrinsic, the bulk activation energy (E,) of the SHS can be calculated using Eqn. (1).

dar

E
S~ (AT A) — (22 1
g = (AT A) (ka> m

where AT,q is the adiabatic temperature change, A; is the pre-exponential factor, E, is the activation energy, ky is the Boltzmann
constant, and T is the reaction temperature in kelvin. E, can be obtained from the slope of the fitting curve using a In(dT/dt) vs 1/T plot.

The maximum self-heating rate (dT/dt)mqy, internal short circuit temperature (Ts), and maximum thermal-runaway temperature
(Tmax) can be evaluated from the temperature/temperature rate vs time/voltage plot (Fig. 3).
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Fig. 3. (a, b) Temperature/temperature rate vs time/voltage plots for B-cell and N-cell. Black bar: HWS zone; yellow bar: reaction zone; green bar:
SHS zone; and red bar: TRS zone.
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2.4. Evaluation of thermokinetic parameters

The heat of reaction (0H) and the total heat of reaction (AH) for the LIB cells were calculated using Egs. (2) and (3).
OH=C, Ty — Ty) @

AH=m. C, (Tyax — Tw) (3)

where m, is the mass of the LIB cell and C, is the total heat capacity for the sample LIB. A previous study reported a C, of approximately
1 J/gK, as measured by using the EV-ARC module [54]. Notably, there is some overlapping of the exothermic reactions in certain
temperature ranges (Fig. 3). The exact temperature ranges for the decomposition of the SEI layer, anode, cathode, and electrolyte and
other remaining materials, including the binder, depend on battery specifications. However, this study investigated bulk parameters,
because most of the reaction propagation during TRS is abrupt and generally depends on the electrolyte decomposition, gas

(a)
140 1404
ﬁ -4 -4
~~1201 ~~120-
g.) Melting of 9
o 101 separator 3> g 1004 3
—_ - 0 —
2 80 Tre =106 °C [ 80 (0]
- h O b o))
E 1o 8 E Lo @
O 60 S 9 60- =
Q o o ]
£ > £ s
o 40 ; o 401 1
[ r [ ]
204 (i) ——B-Cell 20 (ii) ——N-Cell
Voltage —— Voltage
01— ; : ; : —0 0l : ; ; ; —L0
0 300 600 900 1200 1500 0 300 600 900 1200 1500
Time (min) Time (min)
(b)
2001 o Vg=39V |, 200 Short circuit |4
o iy o \I
S 180+ N & 180 .
-t Short circuit 1S % ) T.=138°C Vy=32V [3S
S H S ”
2 160 1 (') g 3 1601 ( ) 8)
o PR o Lo @
() = 0 =
0 140+ T =126°C 2 91401 <]
= R 1 = T.. =105 °C 1
1204 — B-Cell = 1204 N cCal
—— Voltage —— Voltage
100 r , ——r—s 0 100 : . . —0
800 1000 1200 1400 2400 800 1200 1600 2000 2400
© Time (min) Time (min)
C
400 Tmax=417°C ——B-Cell |, 400 ——N-Cell |,
™~ Voltage —— Voltage
é) é) Tmax = 285 °C
~ 300 -3S 300 3
o < 9o <
=] g 2 o
o =
g 200 - T, =178°C -2% 5 2001  Ty=191°C 28
[e R o o
E / > E >
2 1001 1@ 1004 B -1
(i) (ii)
L0 -0
0 . . : . 0 : : :
1000 1500 2000 2500 3000 2200 2300 2400 2500 2600
Time (min) Time (min)
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propagation, and parasitic reactions.
2.5. Simulation study

To study the thermal behavior of LIBs more systematically during the SHS, a three-dimensional (3D) thermal simulation was
conducted in COMSOL Multiphysics 6.1 (Supplementary Fig. S3). The Tgam and Ty experimental data were directly used to determine
the simulation temperature. The heat source was calculated by using the IPOPT method via a gradient-based optimization solver. The
thermal simulation was performed during the entire SHS period of each cell to determine the thermal propagation inside the cell and
heat flux from the cell surface to the air. The results obtained were used to indicate the actual structures of the ARC and pouch cell. The
thermal physical properties of this model are listed in Supplementary Table S3.

3. Results and discussion

Supplementary Figs. S4 and S5 plots the change in the temperatures of B-cell and N-cell (Tsa) with that of the crucible (T¢y) during
the ARC experiment. Both Ty, and Ty are similar throughout the ARC test. The %error for Tepm/Tmax is < 1 % for both B-cell and N-
cell. Interestingly, when compared with the side, bottom and top temperatures, the %error increases up to >15 %. This shows the
effectiveness of the designed ARC module during temperature measurement. Normally, during thermal runaway, the ARC cannot
maintain the wall temperature and the difference between the cell temperature and the wall temperature exceeds 400 °C [40]. This
difference depends on the aggressive decomposition reaction rate and may further cause the internal temperature difference within the
sample, which in turn increases the uncertainty for kinetics estimation. Therefore, the uncertainty of the heat of reaction greatly
depends on the external temperature difference. In this study, the difference between the crucible temperature and the cell temper-
ature is < 15 °C at Tpax, Which signifies the accuracy of temperature measurement (by using the crucible) by minimizing the external
heat-transfer effect.

3.1. HWS stage

During the HWS stage in this study (Fig. 4a (i-ii)), the cell was externally heated gradually in 5-°C steps. As soon as the cell surface
exceeds this temperature, the ARC stops heating. It begins the next interval of heating after a waiting period of 60 min. Once the
thermal equilibrium is reached during the waiting period, the system enters the seek period that lasts 10 min. In the seek-period, the
self-heating rate of the cell is monitored by tracking the rise in cell temperature. During the HWS stage, a negligible external tem-
perature difference of <0.01 °C between T and Tsay Was observed, indicating that a well-maintained adiabatic condition. The in-
terval at which the ARC detects a larger value than the exothermic sensitivity (0.02 °C/min) is considered the time at which the onset
temperature (Tye) is achieved. The HWS stage is studied for both the B-cell and N-cell. For the B-cell, a sudden drop in voltage (internal
short circuit) was observed at 106 °C (T.), which was accompanied along with an abrupt temperature change (Fig. 4a (i-ii)). This
temperature is considered to represent the reaction temperature for the interaction between the electrolyte and the separator interface
[4]. The melting of the separator is an exothermic reaction, which triggers the SHS. We can clarify this phenomenon by using LiPFg
with EC and DMC as co-solvents. Under such a condition, the reaction between the separator and the SE interface directly begins at
approximately 85 °C, forming LiF and PFs as by-products [55]. As PF5 (Lewis acid) is highly acidic, it further reacts with the SEI to form
gas vapors. As a result, the self-heating rate abruptly increases, as can be observed in Fig. 3a. When EMC is added to LiPFg, stable
Li»COs is formed in addition to PFs on the cathode interface, which decreases the self-heating rate. However, the formation of Li,CO3
results in the formation of cracks at the cathode interface at high temperatures or high currents, which may lead to an internal short
circuit and abrupt exothermic reactions [56]. Interestingly, no melting of the separator was observed in the case of the N-cell, which
indicates the chemical inertness of the SN in LiFSI with the commercial separator. The addition of TFE also inhibits the exothermic
reaction of LFSI with commercial separators [52].

The reaction temperature for the N-cell was observed to be 105 °C (T;), as seen in Fig. 3b. This reaction temperature is charac-
teristic of imide salts, which are used as electrolytes with graphite anodes [36,37,57]. Moreover, in imide-based electrolytes, it is not
the internal short circuit that triggers the SHS; instead, the SHS is a result of the exothermic reaction between the imide-based
electrolytes and the SEI of electrodes [36]. However, it is important to note that because of the flame inertness of TFE and because
it exhibits good wettability with the separator, no rise in the heating rate was observed, in contrast to that observed with the B-cell.
Further studies related to the SEI stability of TFE and SN with various cathode materials and Li metal/graphite anodes may provide
greater insight into this behavior.

3.2. SHS

The SHS in LIBs involves heat transfer. In this stage, the ARC controls the crucible temperature so that it matches the cell-surface
temperature. The difference between T, and Ts,n, is small because of better heat transfer between the crucible and the sample. Hence,
it is easy to quantify thermal parameters. Any increase in the cell temperature at this stage is caused by self-heating owing to
exothermic reactions occurring within the cell rather than by external heating by the ARC [40]. Some examples of these exothermic
reactions mainly include the decomposition of the SEI and electrolytes, which generate a large amount of gases until the thermal
runaway is observed. The released oxygen and heat at the SHS complete the combustion triangle required for inducing and main-
taining fire in organic electrolytes, leading to an explosion hazard.
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Fig. 4b (i-ii) shows the SHS of the B-cell and N-cell. A sharp increase in the temperature was observed, denoted as Tge. The T values
of the B-cell and N-cell were measured to be 126 and 138 °C, respectively (Fig. 4b). These temperatures indicate the heat generated by
the SEI and electrolyte decomposition in these cells. As the Tg of the N-cell was higher than that of the B-cell, it can be suggested that
the use of SN in LiFSI affords thermal stability to the cell. The decrease in Ty is attributed to the reduction in the generation of gas
owing to the reduced generation of internal heat in the cell [25,30,46]. The increase in the SEI-decomposition temperature of the N-cell
is attributed to the reaction between the intercalated Li in graphite anode and LiFSI, as previously reported [38]. In the case of the
B-cell, the SEI decomposition began at a low temperature of 126 °C, because of the formation of PFs and a fast parasitic reaction with
the SEI of the anode [56]. This stage is indicated by a sharp hump in Fig. 4b (i). Moreover, the maximum self-heating rates for the B-cell
and N-cell were 26,171 and 8143 °C min_l, respectively (Table S4). This result shows a 60 % reduction in the maximum self-heating
rate for the N-cell, emphasizing the role of SN and LiFSI in imparting thermal stability to the N-cell. Normally, when the SEI begins to
decompose at the anode and cathode interface, the internal short circuit resulting from the decomposition of the separator increases
the number of parasitic reactions in conventional LiPFg electrolyte systems. The oxygen released at the cathode and sudden deli-
thiation at the graphite anode cause a chain reaction, releasing a large amount of heat. Thus, the self-heating rate rapidly increases,
ultimately causing thermal runaway in the cells. The LiFSI also shows a similar mechanism. However, because of the introduction of
the SN additive in the N-cell, the interfacial resistance at the anode increases owing to the polymerization of the Li metal with nitriles,
which in turn increases the SEI stability to up to 120 °C [31]. In addition, high oxidative stability was observed when TFE was used
with the SN at cathode [49]. Hence, TFE acts as a passivating agent for oxygen generation from the cathode, which increases the
SEI-decomposition temperature to up to 138 °C and decreases the self-heating rate. Fig. 5 shows the In(dT/dt) vs 1/T plot for both the
B-cell and N-cell. The E, values were 291 and 405 kJ mol ™! for the B-cell and N-cell, respectively. A minor non-linear behavior is
observed between 2.23 and 2.25 1000/K on x-axis in Fig. 5b, which can be attributed towards the polymerization of LiFSI with SN. The
SHS temperature in LiFSI cell is dependent on the rate at which the internal temperature increase intrinsically. However, the poly-
merization of LiFSI with SN slows down this behavior and the temperature increase dulls down, hence a minor non-linear patches can
occur. However, further detailed study of SN and LFSI behavior at elevated temperatures is needed to this phenomenon. It is apparent
that the introduction of SN along with LiFSI increases the reaction activation energy, which in turn increases the thermal stability at
high temperatures (>90 °C). Moreover, the increase in E, also increases the temperature at which the SHS stage is achieved, which
results in a slow increase in the temperature. Consequently, the maximum thermal runaway rate is decreased.

3.3. TRS

As soon as the thermal-runaway temperature is reached, a sharp voltage drop (V) due to a complete internal short circuit is
observed in all cells, including both the B-cell and N-cell. Importantly, V4 drops of 0.3 and 1.0 V were observed for the B-cell and N-cell,
respectively (Fig. 4c). The increase in the V4 of the N-cell can be attributed to the polymerization reaction of the intercalated Li with the
nitriles from the SN additive. The more the voltage drop occurs before thermal runaway, the smaller the energy release will be owing to
the accumulated potential energy. After 307 min of SHS, Ty, became 191 °C in case of the B-cell, while it was only 178 °C for the N-cell
even after 1305 min of SHS. Hence, it can be suggested that adding the SN additive to LiFSI slows down the thermal runaway compared
to that achieved by using EMC with LiPF¢ because of the increase in the E, of the N-cell. The specific cause of this increase in E, is
difficult to quantize in this study as the anode/cathode/separator interfaces have different compositions. However, future studies
considering the characterization of SEI formation during thermal runaway can provide further insights concerning the stability of SN in
LiFSI. The maximum thermal-runaway temperatures (Tpax) for the B-cell and N-cell are 417 and 285 °C, respectively. This decrease in
Tmax reduces the total heat of reaction to 5.26 and 2.07 kJ for the B-cell and N-cell, respectively. Hou et al. [36] showed that most of the
heat released during thermal runway is caused by the decomposition of the electrolyte itself. The thermal runaway of the cathode and
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Fig. 5. In (dT/dt) vs 1000/T plots for (a) B-cell and (b) N-cell. The plots were linearly fit with a goodness of fit of ~0.96.
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anode each produced only 1/10th of the total heat. In case of the B-cell, the exponential growth of dT/dt (26,171 °C min~ ") with
temperature is attributed to extensive exothermic chemical reactions, caused mainly by PFs formation and oxidation at the cathode.
That is, multiple reactions occurred between the anode/cathode and the electrolyte, initiated in a sequential manner as the tem-
perature increased. The heat released by these reactions led to a continuous increase in the temperature of the full cell. This shows that
SN additives in the N-cell slowed down the decomposition reaction rate of LiFSI during the SHS, leading to decreased dT/dt (8143 °C
min 1) and reduced heat of reaction during thermal runaway, thereby mitigating the risk of high-energy explosions.

3.4. Simulation analysis for heat generation during SHS till thermal runaway

Thermal simulation is a useful methodology to estimate the thermal behavior of each cell inside the ARC chamber. First, the 3D
structures of the ARC chamber, the in-house chamber, and the internal structure of the pouch cell in this study were digitally obtained
to show thermal propagation or specific heat generation within cells (Supplementary Fig. S6). This thermal simulation aims to
replicate the real experimental situations, mirroring not only the 3D digital structure but also temperature changes of cells, enabling
accurate calculation of heat propagation and generation in cells.

We simulated the SHS because the SHS is a period when cells exhibit important thermal behaviors that depend on the additives used
before the thermal runaway is reached (i.e., Fig. 4b). During the SHS period, Tsam and T of the in-house chamber were used as
simulation settings. The heat source from the stack’s domain was calculated by using these experimental data. Fig. 6 shows both
experimental (dashed line) and simulation results (solid line) for 469 min for the B-cell and for 1412 min for the N-cell, respectively.
Additionally, the 3D temperature gradient images of each cell well matched with the initial, middle, and final states during the SHS
period. The red solid line indicates the maximum temperature that the cell can reach, while the blue solid line indicates the average
temperature of the cells. The average simulation temperatures are slightly higher than the experimental values throughout the SHS
period, which implies that the internal temperature of the cell is slightly higher than that of the pouch surface. Next, heat generated by
each cell during the SHS was estimated. The heat generated during the SHS region varies significantly depending on the type of
electrolyte used (Supplementary Fig. S6). This behavior is also evident by the temperature rise per minute shown in Fig. 4b. The
average of the total heat source for each cell is as follows: 0.035 W (B-cell) and 0.012 W (N-cell). A sharp increase in heat generation
was calculated at the end of SHS, indicating a rapid temperature rise that triggered the thermal runaway. The N-cell showed a 65 %
reduction in heat generation compared to that demonstrated by the B-cell, which is in accordance with the experimental results, as
discussed previously. Supplementary Fig. S6 shows that in the B-cell, heat generation began progressively after 350 min (start of
internal reactions) because of the decomposition of the separator and anode SEI. However, this progressive heat generation was not
observed in the N-cell. However, after 1100 min, a small increase in heat generation was observed in the N-cell. However, it normalizes
because of the polymerization of Li with SN at the anode SEI, leading to the suppression of further decomposition. Furthermore, the
heat flux from the pouch surface is almost negligible because the temperatures of the pouch surface and external air were controlled to
be the same. Based on these simulation results, we can confirm that the SN-based LiFSI can effectively suppress heat generation,
leading to a higher thermal-runaway temperature.

4. Conclusions

This study unearthed pivotal insights into the potential benefits of incorporating nitrile-based additives into the LiFSI electrolyte. A
steep reduction in the decomposition temperatures of the SEI and a simultaneous increment in the activation energy were distinctly
observed. A substantial mitigation in the maximum thermal-runaway temperature from a dangerous 417 °C to a considerably lower
285 °C was also observed. The enthalpy change (AH) concurrently decreased from 5.26 to 2.06 kJ, revealing a diminished energy
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Fig. 6. Temperature profile of experimental data (dashed line) and simulation data (solid line) for (a) B-cell and (b) N-cell. Three pouch cell images
of each graph represent the initial state, middle state, and final state of the SHS, respectively.
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release during thermal runaway, thereby enhancing the intrinsic safety of LIBs. These findings indicate that LIBs containing SN-LiFSI
electrolytes exhibit enhanced safety and performance, thereby laying the groundwork for more optimized energy storage systems.
Moreover, future optimization and compositional studies of TFE and SN electrolyte additives may provide further insights towards
achieving high thermal stability in LIBs.
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