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ABSTRACT

This study investigates the gas generation characteristics and explosion limits of the gas generated by 18650-
type LiNi; ;;Co, 3Mn, 30, (NCM) cells during thermal runaway (TR) at different states of charge (SOCs). An
accelerating rate calorimeter is employed to initialize TR, together with an airtight jar for gas measurement.
Based on the detected gas composition for NCM cells, the corresponding explosion limits are computed and
further compared with those of LiFePO, (LFP) and LiNi g,C0g 15Al4 50, (NCA) cells. The results reveal that
the gas generation rates are slightly higher for NCM cells with lower SOCs prior to the violent TR processes
compared to those for high-SOC cells, primarily due to the elevated reaction temperature. Moreover, during
violent TR, multiple-peak features are observed for the gas generation rate curves, especially at high-SOC
conditions. On the other hand, typical Z-shaped explosion limit curves are observed for all generated mixtures.
As the cathode material varies from NCM to LFP and NCA, the explosion limits shift from high-temperature
regions to low-temperature regions. In contrast to common beliefs that the generation gas at high SOCs is
more explosive, non-monotonic responses of the explosion limit curves are found with respect to cell SOC.
The significance of minor components of the generated gas, including ethylene and ethane, in reducing the

explosivity of the mixture, is highlighted through sensitivity analyses.

1. Introduction

Lithium-ion batteries (LIBs) offer a promising solution for a low-
carbon, sustainable future, owing to their high energy density, good
cycling performance, and low self-discharge rate [1,2]. As LIB technol-
ogy continues to advance, it is increasingly being applied across vari-
ous fields, i.e., electric vehicles (EVs), energy storage systems (ESSs),
and aviation propulsion [3-5]. However, the development of LIBs is
restricted due to safety concerns. At mechanical, electrical, and ther-
mal abuse conditions, LIBs may fall into a so-called thermal runaway
(TR) process [6]. During TR, uncontrollable side reactions could occur
between the reactive materials inside LIB, including cathode/anode,
separator, and electrolyte [7-9]. A large amount of heat and flammable
gas is generated simultaneously, leading to high fire and explosion
risks [10,1117.

The heat generation characteristics during TR have been extensively
studied based on thermal analyses. It is widely adopted that the TR
process is featured by three characteristic temperatures, namely the
onset temperature of TR, the separator collapse temperature, and the

maximum temperature [10,12]. Accordingly, the TR processes are sep-
arated into three key stages, and the heat released during each stage
is modeled by Arrhenius-like expressions [13-16]. In addition to the
temperature rise, TR also leads to a rapid generation of gas, which
significantly increases the pressure inside the LIB, potentially resulting
in the opening of the safety valve and the following explosion risk of
the combustible gas. Despite the safety hazards associated with gas
generation during TR, there is limited understanding of the underlying
gas generation mechanisms.

To reveal the pressure evolution of LIB at TR, the LIB sample
is usually sealed in an airtight canister equipped with pressure sen-
sors [17-20]. While this method is capable of measuring the total
amount of gas generated, it faces the drawback that the in-cell pres-
sure prior to the LIB safety valve opening is lacking. However, this
information holds critical significance in the early warning of TR, going
beyond typical TR monitoring methods based solely on internal battery
electrical characteristics [21,22]. By introducing the gas generation
characteristics as a new metric into the TR warning of the battery
management system (BMS), significant advantages are achieved in
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terms of advanced warning timing and high sensitivity of TR detection,
which helps to improve the safety of LIBs [23,24]. To this end, Qin
et al. [25] developed a new method to detect the full-cycle pressure
trace of a sample LIB by cutting off the top hat of the cell and sealing
it inside a canister. By this mean, the gas release characteristics of a
commercial 18650-type LiNij gCoq ; Mng ; O, cell were studied using an
accelerating rate calorimeter (ARC). The results revealed that, prior to
the separator collapse temperature, the generated gas came from both
electrolyte evaporation and redox side reactions, and the gas generation
rate was not linearly related to the temperature rise. In a subsequent
investigation, Jia et al. [26] examined the effects of cathode materials,
including LiFePO, (LFP), LiMn,0, (LMO), and NCM, on the gas release
behavior of fully-charged LIBs. It was found that the order of gas release
amount before the cell approached the separator collapse temperature
was LFP > NCM > LMO cells. Further, Mao et al. [27] experimentally
tested the gas generation features for NCM cells. The amount of gas
generated was approximately 10 mmol before the opening of the safety
valve, and the peak pressure could reach as high as 2.566 MPa. The
multi-stage kinetics parameters of gas generation processes at different
stages were also developed with respect to the heat release rates.
However, the full-cycle investigations of TR processes are limited; in
particular, the detailed evolution of gas generation rate and amount of
TR at each stage for cells with different states of charge (SOCs), has not
been fully disclosed.

In addition to the gas generation rate and pressure trace during
TR, the generated gas composition is also of importance [28,29]. This
is because the high-temperature gas vented from the ruptured cell
would rapidly mix with the surrounding air, potentially leading to fire
hazards through either forced ignition or autoignition [30]. Notable
incidents include the explosion of a train car in Houston, Texas in
April 2017, attributed to the presence of the LIBs being transported
to a recycling facility. The force of the explosion shattered windows
of buildings located 500 ft away [31]. In April 2019, an explosion
occurred in a 2 MW LIB ESS system at a solar facility in Surprise,
AZ, resulting in injuries to eight firefighters [32]. Moreover, in April
2021, a 25 MWh LIB ESS in downtown Beijing, China experienced a
devastating explosion, claiming the lives of three individuals [33]. To
gain more insights of the combustible gas, a gas chromatograph (GC)
was employed by Golubkov et al. [34], and the composition of the
generated gas of LFP and LiNi g, C0g 15Aly 050, (NCA) cells at different
SOCs. H,, CH,4, CO, CO,, C,H,, and C,Hg were found as the main
contributors of the generated gas, regardless of the cell type and SOC,
but the proportions were found quantitatively different. Similarly, Shen
et al. [35] compared the generated gas composition between LFP and
NCM cells after TR. It was found that LFP cells produced more H, than
NCM cells, which may lead to a higher fire risk.

For a specific mixture, its explosivity is controlled by chemical
kinetics [36,37], and the explosion response may be non-monotonic
with ambient conditions. Taking H,/0O, mixture as an example, a well-
known Z-shaped explosion limit curve was observed [38], in which
the mixture is explosive, non-explosive, and explosive again with the
increase of pressure at moderate temperature. As the generated gas of
TR includes H, and many other reactive components, the interactions
between different chemical kinetics make the prediction of explosion
limits challenging. Recently, Yu et al. [39] gave a first attempt to
evaluate the explosion limits of generated gas for NCA cells at different
SOCs. The typical Z-shaped curves were observed under all considered
conditions, which demonstrated the dominance of H, in the explosion
response. However, due to the quantitative difference in the gas com-
position, the effects of cathode materials on the explosion limits of the
generated gas remain largely unknown.

Motivated by the above considerations, the objectives of the present
study are two-fold: (1) to investigate the effects of SOCs on gas genera-
tion characteristics of NCM cells throughout the full-cycle TR processes,
and (2) to quantitatively evaluate the explosivity of the generated
gas of NCM cells at varied SOCs and compare it with that of cells
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Table 1
Summary of the tested LIB characteristics.

Sample cells Parameters

Dimensions (mm) 18 (diameter) x65 (height)
Cell weight (g) 46

Cathode material NCM 111

Anode material Graphite

Composition of electrolyte 1M LiPFy -DEC:EMC:EC

Rated capacity (mAh) 2500

Nominal voltage (V) 3.7

State of Charge 120%, 100%, 70%, 50%, 30%

DEC: diethyl carbonate; EMC: ethyl methyl carbonate; EC: ethylene carbonate.

having different cathode materials. In particular, commercial 18650-
type LiNi, ;Co, 3Mn, /30, cells, with top hats removed, were sealed in
an airtight jar and further conducted TR tests in an accelerating rate
calorimeter (ARC). Five different SOCs, ranging from 30% to 120%,
were considered. According to the characteristic temperatures, three
stages of gas generation processes were categorized. The effects of SOC
on the gas generation rates and amounts at different stages were as such
studied. Moreover, the explosion limits of the generated gas of NCM
cells at different SOCs were quantitatively analyzed and compared with
those of LFP and NCA cells.

2. Experimental setup and methods
2.1. Experimental setup

2.1.1. The tested cell samples

The LIB cells used in this study were commercial 18650-type NCM
batteries (Shenzhen Doublepow Technology Co., Ltd., China), with a
diameter of 18 mm and a length of 65 mm. The detailed parameters
of the studied batteries are listed in Table 1. Specifically, the cathode
and anode materials were LiNi, ;;Co, 3Mn, 30, (NCM 111) and natural
graphite, respectively. The main components of the electrolyte were
diethyl carbonate (DEC), ethyl methyl carbonate (EMC), and ethylene
carbonate (EC), with the salts of LiPFg. The fresh cells were first fully
charged to rate their capacity (used 1 A current to charge to the
nominal voltage of 3.7 V and then constant-voltage charged until the
current decayed to less than 40 mA). Note that the cells were charged
and discharged three times for rating their capacity and then recharged
to the desired SOCs by setting the ratio between charged capacity and
the rated capacity. Five SOCs were selected in this study, namely 120%,
100%, 70%, 50%, and 30%, respectively. The maximum SOC of 120% is
selected as a representative overcharged condition, which may trigger
TR through electrical abuse [40]. On the contrary, the minimum SOC
of 30% is employed, given that this threshold typically aligns with the
safe shipment requirement for LIBs [41]. Following the completion of
the charging process, a stabilization period of 24 h was ensured for the
cell before proceeding with the experimental procedures.

2.1.2. Experimental apparatus

The schematic diagram of the experimental apparatus used in this
study is depicted in Fig. 1. Specifically, an accelerating rate calorimeter
(ARC, Hangzhou YOUNG Instruction Science & Technology Co., Ltd.,
China) was employed to measure the TR behavior of cells with different
SOCs. The ARC allows the typical heat-wait-seek (H-W-S) mode to ac-
curately capture the onset temperature of TR and guarantee a uniform
equilibrium state during the TR process. Moreover, a stainless airtight
jar was positioned within the ARC to facilitate the measurement of
gas generation characteristics throughout the TR process. The stainless
airtight jar has an inner radius of 39 mm and a height of 68 mm, which
allows a maximum pressure of 20 MPa. As the main gas generation
process of TR is generally rapid [27], the pressure transducer was
set to detect the inner pressure of the jar with a high frequency of
1000 Hz. To ensure accurate temperature measurements, the frequency
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Fig. 1. Schematic of the experimental setup for temperature, pressure, voltage, and generated gas measurement during the thermal runaway process of LIB.

of temperature measurement is set at 1 Hz in consideration of the
required time for the thermal couple to reach thermal equilibrium
with its surrounding environment. This frequency is deemed sufficient
according to Jia et al. [26] to capture the relatively slower temperature
changes compared to pressure variations. Moreover, the margin of error
for temperature and pressure measurements is estimated to be +10%,
as confirmed by multiple repetitions of experiments.

On the other hand, voltage is crucial as it provides insights into
the electrochemical properties of the cell. In this study, the voltage is
monitored by externally connecting the current leads to the electrodes
within the airtight jar. A battery testing system (CT-4008-5V20A-A,
Shenzhen Neware Technology Co., Ltd., China) is further employed
for the real-time detection of voltage changes during the TR process.
The gaseous and solid mass losses of the cell are also measured to
characterize the extent of material decomposition during TR. Moreover,
to analyze the composition of the generated gas, a flame ionization
detector (FID) was connected to a GS-Alumina column in a gas chro-
matograph (GC, Agilent 7890B) to measure C1-C2 hydrocarbons, such
as CH,, C,H,, and C,Hg, while a thermal conductivity detector (TCD)
was employed for the detection of permanent gas, such as H,, CO, CO,,
H,0, and O,.

2.1.3. Experimental methods
The experiments followed the below procedures using the setup as
shown in Fig. 1.

I. The gas circuits within the system, including ARC and the air-
tight jar, were first back-flashed using N, to create an inert gas
environment.

II. To measure the gas generation and pressure evolution characteris-
tics during the entire LIB TR process, the top hat and safety valve
of the cell was removed by a cutter bar in a N,-filled glove box.

III. In the glove box, the cut cell was put inside the airtight jar with
an N-type thermocouple attached to its surface for temperature
measurement. Additionally, current leads were connected to the
anode and cathode of the cell. These connections facilitated the
transmission of temperature and voltage signals outside the jar
through gas-tight ports.

IV. The airtight jar was then sealed and connected to the ARC via a
gas circuit through another gas-tight port, and the pressure signal
was collected using a pressure transducer. Note that, the voltage
is measured by connecting the current leads to a battery testing
system.

V. The heat-wait-seek (H-W-S) mode was used to initiate the TR
process, with an increasing temperature step of 5 K. Note that
the temperature rate sensitivity to detect the self-heating of the
cell was 0.01 K-min~!.

VI. During TR, ARC followed the detected temperature of the cell,
in which a quasi-adiabatic condition was achieved. The output
temperature and pressure signals were recorded.

VII. After TR, the gas generated was collected and the corresponding
components were measured by a gas chromatograph (GC, Agilent
7890B). The gaseous and solid mass losses were simultaneously
recorded to characterize the extent of material decomposition and
gas generation during TR.

Note that, in order to ensure the robustness and accuracy of the
experimental data, the cell TR tests for each SOC condition were
conducted in a repeated manner, with a minimum of three repetitions
for cross-validation.

2.2. Numerical methods

2.2.1. Gas generation analysis
In this study, the actual volume of the airtight jar, V,, can be
expressed as:

Va = Vjar - Vc + Vuoid’ (1)

where V;,, is the inner volume of the jar of 3.25 x 10~* m?, V, is the
volume of the tested cell of 1.65 x 1073 m?, and V,,,, is the void space
within the test cell (V,,,;;, = 0.07V, [25]).
The inert gas (primarily N,) amount, n,, in a mole basis, is obtained

from the initial state,

VaFo
ny = )

R,T,

(2)

where T, and P, are the initial temperature and pressure within the jar,
respectively; R, is the gas constant of 8.314 J -mol~"-K~1.
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Fig. 2. Calculation flowchart of explosion limits for the generated gas during thermal runaway.

The amount of generated gas, n,, during the TR process, is assumed
to obey the ideal gas equation [25-27] and can be calculated by:
_ VP

Ny = ——— —ny, 3
¢ Z.R,T

where Z, is the compressible factor of the generated gas. As the
compressibility of the major generated gas, including H,, CO, CO,, etc.,
is around 1 [42,43], Z,=11is selected in this study. Consistent with
Jia et al. [26] and Mao et al. [27], the temperature data in this study
is linearly interpolated to match the high-frequency pressure data to
compute the gas generation amount in Eq. 3. Note that n, includes
both the evaporated electrolyte solvents and the generated gas by side
chemical reactions. As the electrolyte solvents vapor may participate
in the side reactions at any moment, these two terms are not analyzed
separately as in [27].

2.2.2. Explosion limit evaluation

The main components of the generated gas include H,, CH,, CO,
CO,, CyHy, and C,Hg [33,34]. After TR, the high-temperature gener-
ated gas could quickly mix with the ambient air. The high-explosive
mixture may ignite and causes serious safety issues. The explosion
is governed by the chemical kinetic characteristics of the mixture.
Therefore, an accurate chemical kinetic mechanism is necessary to

evaluate the explosion limits. Recently, Yu et al. [39] compared the
performance of five widely-used mechanisms, namely the Aramco 2.0
mech. [44], C,/C; mech. [45], LLNL mech. [46], San Diego mech. [47],
and NUIG Mechl.1 [48], on calculating the explosion limits of LIB TR
generated gas. Among these mechanisms, NUIG Mech1.1 [48] provided
the most reasonable prediction with the tested explosion limits and was
as such employed in this study.

Fig. 2 illustrates the flowchart in calculating explosion limits. First,
the selected chemical mechanism and the detected generated gas com-
position were inputted into the homemade code. Second, the Cantera
library [49] was initialized to set the initial thermodynamic parameters.
After solving the energy, mass, and species equations, the temperature
rise within a specific time step, Az, was obtained. Note that, the explo-
sion criterion of a 50 K temperature increase, |T - T0| > 50 K, within
0.5 s [50] was employed to identify if the mixture is explosive. Finally,
to explore the explosion limits at various conditions, the code iterated
through a wide range of temperatures spanning from 300 K to 2000 K
and pressures spanning from 1 x 10? Pa to 1 x 107 Pa. Employing the
above code, the explosion limits of different generated gas for NCM
cells with varied SOCs were investigated and further compared with
those of NCA and LFP cells [34,39]. To avoid complexity, the generated
gas/0, mixtures were all set as stoichiometric states.
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Fig. 3. Evolution of temperature, pressure and voltage for NCM cells with different SOCs: (a) SOC 120%, (b) SOC 100%, (c) SOC 70%, (d) SOC 50%, and (e) SOC 30%.

2.3. Innovation and practical applications

In this study, an ARC was employed in combination with an airtight
jar to simultaneously measure the temperature and pressure evolution
inside LIBs with varied SOCs during TR. Note that the jar used in this
study is of larger dimensions compared to the one used in previous
studies [25]. By using this redesigned jar, the limitations where the
internal pressure rapidly exceeded the maximum allowable pressure of
the jar due to the violent TR, leading to jar rupture, are overcome.
Moreover, the top hat and safety valve of the cell was removed before
the TR test. This allows the direct detection of gas generation informa-
tion of cells prior to the venting behavior. Therefore, a comprehensive
investigation of the full-cycle TR processes, including its early stages,
was undertaken. From practical aspects, the obtained data on gas gen-
eration rate and amount prior to the violent TR presents a novel metric
for TR early warning [23,24]. In pack-level applications, the battery
management system (BMS) can take essential actions upon identifying
signals of increased internal pressure emanating from individual cell
TR.

On the other hand, once TR is triggered, the highly explosive
generated gas could mix with the surrounding air and potentially lead
to thermal hazards [41]. Therefore, the explosivity of the generated
gas was numerically evaluated. Note that, both atmospheric and sub-
atmospheric conditions are considered in this study, as LIBs are also
widely used in aviation propulsion systems operating at low pressures.
As reported by the Federal Bureau of Investigation (FBI), a notable
occurrence of 308 aviation accidents worldwide occurred between
2006 and 2021, highlighting the necessity of evaluating the potential
thermal risks [51]. Additionally, studies conducted by Fu et al. [52]
and Xie et al. [53] demonstrated that altitude increase could result
in a lower onset temperature for TR, exacerbating its severity under
low pressures. In light of these concerns, the explosivity of the vented
gas is investigated and compared at a wide range of thermodynamic
conditions to align with more practical applications.

3. Results and discussion
3.1. Overall thermal runaway behavior for cells with different SOCs

The evolution of surface temperature, inside-jar pressure, and volt-
age for cells with different SOCs is plotted in Fig. 3. As mentioned in
the experimental procedures, the top heads of the cells are removed to
detect the entire gas generation process. Consequently, the temperature
drop typically caused by the venting cooling effect resulting from the
opening of the safety valve is not observed. Consistent with the findings
of Feng et al. [12], three key thermal characteristic temperatures,
{T,set> Tses Taxt> are readily observed to describe the TR processes
for all cells. Specifically, T, is the onset temperature for the self-
heating of the cell, T}, is the separator collapsing temperature, and T,,,,
is the maximum temperature. Note that 7,,,,, monotonically increases
from 353 K to 417 K with SOC decreasing from 120% to 30%. This is
reasonable as 7,,,,, is controlled by the SEI decomposition from the
anode [54]. A decreased SOC results in an increase in cell thermal
stability, and thus increases T,,,. During a long self-heating period
of ~ ©@(1000) mins, the cell temperature gradually increases and finally
reaches T, in which the rapid heat release stage of TR is initiated [40].
Similar to T, T,. is generally higher for cells with lower SOCs.
After the temperature reaches Ty, a large amount of heat is generated
within a few seconds, leading the cell to reach 7,,,,. Note that T,,,, is
decreased with decreased SOC, indicating the corresponding cell is less
reactive with suppressed exothermic reactions. Moreover, it is readily
observed that the voltage change aligns well with the distinct stages of
the TR process characterized by {7, Tscs Tinax }- Starting from T, .,
the voltage progressively decreases, signifying the degradation of the
associated electrochemical property. Note that, for the cell with a SOC
of 120%, the voltage begins to decline before T, ... This is reasonable
as the cell is in a transitional state towards electronic equilibrium for
overcharged cells. Beyond Tgc, the voltage drops to near 0 V, indicating
a complete cell failure.

On the other hand, the pressure experiences a smooth increase

before the temperature reaches T,., suggesting less amount of gas is
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Fig. 4. The temperature rise rate, d7/dt, as a function of cell temperature for NCM
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generated before T,.. However, after T, the pressure rapidly increases
to its peak magnitude, P,,,. Moreover, the variations for P,,, between
cells with different SOCs are much more obvious than those of T,,,.,
indicating the total amount of released gas greatly differs with various
SOCs.

As shown in Fig. 4, the temperature rise rate, dT/dt, as a function
of cell temperature, is further illustrated for cells with different SOCs.
Three stages are distinguished based on the temperature matrix {7,
Tye» Tuax - Stage I refers to the heating process before cell temperature
reaches T,,.,. In this Stage, dT/dt by cell self-heating is less than
0.01 K/min, and thus the ARC could homogeneously increase the
ambient temperature with a step of 5 K until T, is reached. Further,
in Stage II, cells undergo stable self-heating processes with d7T /dt >
0.1 K/min, and the magnitude of dT'/dt increases with increased SOC.
Note that, during Stage II, drops of dT /dt for cells with different SOCs
are observed with transient dT/d¢ < 0.1 K/min. This is primarily due
to the collapse of the cell separator [55]. As an endothermic reaction,
the separator collapsing leads to an endothermic valley [56].

After the failure of the separator, the direct contact between cathode
and anode materials leads to a continuously dramatic rise of the dT /d1,
and the violent TR process (Stage III) is triggered. As demonstrated
by Feng et al. [12], Stages II and IIl are separated by the critical
temperature for instantaneous large amounts of heat releasing. In Stage
111, the maximum magnitude of dT /dt is achieved, and it decreases with
decreasing SOCs. Taking the SOC 120% cell as an example, the cell
temperature rapidly increases from ~ 450 K to ~ 700 K with (dT /d1),,,,
of O(10%) K-min~!. On the contrary, for the SOC 30% cell, dT /d1)payx
decreases to 9(10%) K-min~! with T}, of ~ 600 K.

Moreover, gaseous and solid mass losses are individually quantified
after TR, as depicted in Fig. 5. The results highlight a monotonically
increasing trend in mass loss with respect to SOC. Specifically, the total
mass loss is relatively low for cells with SOC lower than 50%. As SOC
increases from 50% to 120%, the total mass loss increases by approx-
imately a factor of two, indicating a more complete reactive material
decomposition within the cell. Further, solid mass loss is identified to
be the primary contributor to the total mass loss in comparison to the
gaseous mass loss.

3.2. Gas generation characteristics for cells with different SOCs
Despite the presence of inert gas, the pressure within the airtight jar

primarily increases due to the evaporation of the electrolyte and subse-
quent side chemical reactions [12,41]. Therefore, the vapor pressure of
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the electrolyte, P,,, is first decoupled from the pressure generated by
side reactions, P,, to identify the occurrence of TR. Specifically, without
gas generation due to side reactions, P,;, is assumed to be equal to the
saturation pressure of the electrolyte at the vapor-liquid equilibrium
(VLE), P,,, as represented by Eq. (4).

—_b
Pele = Psar =" T ’ C)

where P, obeys Antoine’s equation [25,29,57] with a = —1.617,
b =74.86, and ¢ = 309.55 for the present set of data.

The partial pressure before T, due to P,, and P, as a function of
temperature for NCM cells with different SOCs is plotted in Fig. 6. It
is evident that, prior to T,,.; (Stage I), P,, stands as the exclusive
factor contributing to the total pressure increase. In this phase, P,, is
equal to the saturation pressure of the electrolyte at the vapor-liquid
equilibrium (VLE), signifying the absence of side reactions. As for Stage
11, side reactions gradually manifest, accompanied by an increase in
P,. Moreover, cells with lower SOCs typically exhibit higher P, at T,
indicating the side reactions are more complete side reactions occurring
at the point of separator collapsing.
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Fig. 7. The gas generation (a) amount and (b) rate evolution for NCM cells with different SOCs after the temperature reaches 7,,,,,.

With the above understanding, the gas generation amounts and
rates for cells with different SOCs are plotted in Figs. 7 a and b,
respectively. Note that the gas generated in Stage I is negligible, as
the side reactions during TR have not occurred and the generated gas
is primarily due to the evaporation of the electrolyte [26]. Therefore,
Fig. 7 tracks the gas generation profiles from T, to T,,,. Several
points are made from this figure.

First, during Stage II, the generated gas smoothly increases for all
cells with dn/dt € [1 x 1075, 1 x 10~*] mol/min, indicating a mild gas
generation process prior to the violent TR processes. Moreover, dn/dt
is generally higher for cells with lower SOCs during Stage II. This
is reasonable as T, increases with decreased SOC (see Fig. 3). An
increased temperature could increase the reactivity of the side reactions
and as such enhance dn/dt. Second, the gas generation amount at
Ty, ny, experiences a slight increase from 0.042 mol to 0.052 mol
with SOC decreasing from 120% to 30%. This difference is caused
by the extended duration of Stage II with reduced SOC. In Stage
II, the primary gas generation reactions include the decomposition
of the solid electrolyte interface (SEI) film, cathode/anode materials
breakdown, and their interactive reactions with the electrolyte [58].
An extended duration of Stage II leads to more thorough progress of
the above reactions, which slightly increases ny.. Third, in Stage III, a
large amount of gas is generated from n,, to n,,,, within a few seconds
for cells with 120%, 100%, and 70% SOCs. In contrast, the variation
between n,, and n,,,, is much smaller for the 50% and 30% SOC cells.
This is reasonable as the primary contributor to gas generation in Stage
III is the combustion of the flammable electrolyte [58]. Due to the
prolonged duration of Stage II, the electrolyte consumes more before
the violent TR processes, leading to less gas generation in Stage III for
cells with lower SOCs.

Fig. 8 further illustrates the amounts of gas generation and cor-
responding gas generation rates, dn/dt, for cells with different SOCs
during Stage III. It is readily observed that, for 120%, 100%, and
70% SOC cells, a dramatic amount of gas is released within 5 s with
a comparable (dn/dt),,,, of ~10 mol/min. Note that multiple-peak
features are observed for the dn/dt curves, especially for cells with
higher SOCs. This indicates that the gas generation process in Stage III
may not be fully described with a single-step-reaction assumption. This
is consistent with the observations in the literature. During the violent
TR, the decomposition of cathode materials and subsequent reactions
with the electrolyte are the primary contributors to heat release and gas
generation [10,52]. As reported by Kim et al. [59,60], the decomposi-
tion process of NCM materials exhibits two exothermic peaks, which
necessitates the use of two sets of kinetic parameters to describe the
electrolyte-cathode reaction in numerical simulations [61]. However,
for cells at low-SOC states, the limited availability of lithium ions in the
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Fig. 8. The amounts of gas generation and gas generation rates for NCM cells with
different SOCs during Stage III.

cathode material suppresses the occurrence of multi-staged cathode—
electrolyte reactions, resulting in a single-peak gas generation profile.
Moreover, for cells with lower SOCs, namely 50% SOC and 30% SOC,
the gas generation process is smoother compared to those with higher
SOCs. Specifically, for the 30% SOC cell, n,,,, of 0.06 mol is gradually
achieved with a prolonged duration with dn/dt < 0.1 mol/min.
Finally, the generated gas during TR is collected and examined by
a GC. The corresponding gas compositions for NCM cells with different
SOCs are given in Fig. 9. For a side-by-side comparison, the generated
gas composition for LIBs tested by Golubkov et al. [34] with different
cathode materials, such as LFP and NCA, are plotted simultaneously.
Note that the gas components plotted in Fig. 9 account for more than
98% of the total gas. Three major gas generation components, namely
H,, CO, and CO,, are found for cells with different cathode materials
as shown in Fig. 9 a. Overall, NCM and LFP cells have comparable
generated gas composition, in which CO, is the primary contributor,
followed by H, and CO. On the contrary, for NCA cells, CO rather than
CO, is the main component of the generated gas, indicating that the
oxidizability of the NCA cells is lower than the NCM and LFP cells.
Moreover, with an increased SOC, the concentration of CO, decreases,
while those for H, and CO increase. On the other hand, Fig. 9 b
illustrates other minor components of the generated gas, including CHy,
C,H,, and C,Hg. For NCM and NCA cells, the concentration of CH,
is found higher than those of C,H, and C,Hg. As for LFP cells, more
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Fig. 9. The generated gas compositions of NCM (this study), NCA [34] and LFP [34] cells with different SOCs: (a) major components and (b) minor components.

C,H, could be generated, followed by CH, and C,Hy. However, non-
monotonic relationships are found between these minor component
concentrations and cell SOC.

3.3. Explosion limits of generated gas for different cells

Next, according to the tested gas composition as shown in Fig. 9,
the pressure-temperature explosion limits of the generated gas for
NCM, NCA, and LFP cells at different SOCs are plotted in Fig. 10.
Note that the explosion limits of the generated gas of 30% SOC cell
are not included in this study. This is because approximately 90% of
the gas composition is composed of CO, (see Fig. 9), which is inert
and non-explosive. Several points are made from Fig. 10. First, for
all the studied generated gas, typical Z-shaped explosion limit curves
are observed. Specifically, at moderate temperatures, the generated gas
is sequentially non-explosive, explosive, non-explosive, and explosive
again as pressure increases. Consequently, the Z-shaped non-monotonic
response segments the diagram into the first, second, and third limits in
the low-, middle-, and high-pressure regimes, respectively. Second, the
Z-shaped explosion limits shift significantly from the high-temperature
region to the low-temperature region as the cathode material varies
from NCM to LFP and NCA. This indicates that the generated gas of
NCA cells is the most explosive, followed by LFP cells and NCM cells.
According to the gas composition in Fig. 9, NCA cells generate the
highest amount of reactive gas, including H, and CO. These compo-
nents dominate over the reactivity of the mixture, which agrees well
with the observations from Yu et al. [39]. Third, as a general trend,
the gas generated by a cell with a higher SOC is more explosive.
For example, as the SOC increases from 50% to 100%, the explosion
limit curve shifts to the low-temperature and low-pressure regions for
NCA cells. However, for NCM cells, the explosion temperature moves
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Fig. 10. Comparison of explosion limits of the stoichiometric generated gas/O,
mixtures for NCM, NCA and LFP cells with different SOCs.

to the high-temperature region as the SOC increases from 100% to
120%. Similarly, for LFP cells, the first explosion limit shifts upwards
as the SOC increases from 50% to 100%. These are inconsistent with
the assumption that mixtures containing higher proportions of highly
reactive components, such as H,, have higher explosivity.

To explain the non-monotonic responses of the explosion limit
curves with respect to cell SOC, sensitivity analyses are conducted to
investigate the effects of gas composition on explosivity, as shown in
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Fig. 11. Specifically, with the addition of 0.5% to 4% of reactive com-
ponents other than H, (i.e. CO, CH,, C,H,, and C,Hy), the variations
of explosion limit of the generated gas for NCM cell at 100% SOC
are studied. The explosion limit of the generated gas for NCM cell
at 120% SOC is plotted simultaneously as a reference (red color). As
shown in Figs. 11 a and b, with up to 4% addition of CO and CHy,
the explosion limit of the NCM SOC 100% cell generated gas is nearly
unchanged, indicating the fractions of these two species are insensitive
to the explosivity of the mixture. Moreover, with the addition of C,H,
(Fig. 11 c), the explosion limit curve of the NCM SOC 100% cell
generated gas shifts to the high-temperature regimes with a reduced
second explosion pressure limit. As for C,Hg (Fig. 11 d), its addition
leads to a most significant change in the first and second explosion
pressure limits, indicating its strong influence on the explosivity of the
mixture. With a slight addition of 0.5%, the explosivity of the mixture
is significantly suppressed, which is comparable with that of the SOC
120% mixture. Further increasing the additional proportion of C,Hg
to 4.0%, the Z-shaped explosion limit transits to a monotonic trend,
being more explosive with increasing temperature and pressure. These
findings suggest that the explosivity of the generated gas is not solely
determined by the concentration of H,, and other reactive species in the
gas composition also play an important role, especially C;H, and C,Hg.
As a slight variation (~0.5%) of these gas compositions could lead to
a significant change in the explosion limits, the reaction pathway of
C,H,; and C,Hg during TR should be focused. The possible reaction
pathways include the decomposition of the SEI layer [62] and the
anode—electrolyte reactions [41,63], as depicted in R1-R3.

(CH,CH,0CO,Li), = Li,CO;3 + 2C,H, + CO, + 0.50, (R1)
2Li + C3H,05(EC) = Li,CO; + C,H, (R2)
2Li + C3Hg03(DMC) = Li,CO; + C,Hg (R3)

For explosion safety considerations, the final generated amount
of C,H, and C,Hg should be examined carefully, and specific fire
suppressants targeting on C,H, and C,Hg can be useful for suppressing
fire hazards.

4. Conclusions

In this study, experiments on the gas generation characteristics of
NCM cells during thermal runaway (TR) at different states of charge
(SOCs: 120%, 100%, 70%, 50%, and 30%) were conducted using an
accelerating rate calorimeter (ARC) in combination with an airtight
jar. The gas generation processes were categorized into three stages,
namely Stage I to III, according to the thermal response of the cell based
on the temperature matrix {7,,.;» Tsc> Tpaxt- The effects of SOC on
the gas generation rates and amount at different stages, including the
stage prior to the violent TR, as well as the generated gas compositions
after TR, were studied. Moreover, the explosion limits of the generated
gas of NCM cells were analyzed and compared with those of LFP and
NCA cells at a wide range of thermodynamic conditions. The main
conclusions of the current study are as follows:

(1) The gas generation rates are slightly higher for NCM cells with
lower SOCs prior to the violent TR processes compared to those
for high-SOC cells, primarily due to the increased reaction tem-
perature. Further, the gas generation amount at 7T, n,,, experi-
ences a slight increase from 0.042 mol to 0.052 mol with SOC
decreasing from 120% to 30%, which is primarily because of the
prolonged duration of Stage II from T, to Tj..

(2) A dramatic amount of gas is generated in Stage III from T, to
T,,.x Within a few seconds. A decrease in SOC leads to a reduced
gas generation rate and gas generation amount, especially for
the SOC 50% and 30% cells. Multiple-peak features are observed
for the gas generation rate curves, indicating that the gas gen-
eration process in Stage III may not be fully described with a
single-step-reaction assumption.

(3) The major generated gas components for NCM cells is CO,,
followed by H,, CO, CHy, C,H,, and C,Hg, which is comparable
with LFP cells. On the contrary, for NCA cells, CO rather than
CO, is the main component of the generated gas, indicating that
the oxidizability of the NCA cells is lower than the NCM and
LFP cells. With the increase in SOC, the concentration of CO,
decreases, while those for H, and CO increase.
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(4) Typical Z-shaped explosion limit curves are observed for the
generated gas of NCM, NCA, and LFP cells at different SOCs.
The Z-shaped explosion limits shift from the high-temperature
region to the low-temperature region as the cathode material
varies from NCM to LFP and NCA. However, in contrast to
common beliefs that the generation gas at high SOCs is more ex-
plosive, non-monotonic responses of the explosion limit curves
are found with respect to cell SOC, especially at sub-atmospheric
conditions. Through sensitivity analyses, it is revealed that a
slight variation (~0.5%) of C,H,; or C,Hg proportion could
significantly reduce the explosivity of the mixture, indicating
their importance in evaluating the explosion safety.
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