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The internal short circuit caused by the Li dendrite is well known to be a major cause for fire
or explosion accidents involving state-of-the-art lithium-ion batteries (LIBs). However,
post-mortem analysis cannot identify the most probable cause, which is initially embedded
in the cell, because the original structure of the cell totally collapses after the accident.
Thus, multiphysics modeling and simulation must be an effective solution to investigate the
effect of a specific cause in a variety of conditions. Herein, we reported an electrochemical-
thermal model to simulate the internal short circuit depending on Li dendrite’s sizes (1, 3, 5,
7, and 9 ym), quantities (1-9), relative locations (0, 25, 50, 100, and 150 um), and external
temperature (-10, 10, 30, and 50°C). Through monitoring the temperature change
affected by the joule and reaction heats for each case, we suggested critical
conditions that led to unavoidable thermal runaway. Thus, this model can be a
steppingstone in understanding the correlation between internal short circuits and Li
dendrites.

Keywords: internal short circuit, Li dendrite, Li-ion battery, simulation, safety

INTRODUCTION

A lithium-ion battery (LIB) is an energy storage device widely used from small portable electronics to
large electric vehicles (EVs) and energy storage systems (ESSs). However, there are still safety risks in
state-of-the-art LIBs because of flammable liquid electrolytes. To manage this risk systematically, the
European Council for Automotive R&D (EUCAR) has already set the hazard level for LIB cells,
modules, and packs depending on the failure type (Josefowitz et al., 2005). According to this
criterion, severe battery failures such as fire, fracture, and explosion are categorized into levels 5, 6,
and 7, respectively. Regardless of many efforts to prevent those serious accidents, various reasons
such as BMS malfunctions (Ye et al., 2016; Ren et al., 2017; Wang Z. et al., 2021), external shock (Feng
etal., 2015; Wang et al,, 2017), and high temperature exposure (Kim et al., 2007; Feng et al., 2018a)
have been reported ceaselessly. Furthermore, since the energy density of advanced LIBs increases, it is
not easy to lower the risk of fire or explosion without understanding fundamental reasons at the cell
level (Liu et al., 2018; Wang et al., 2019). Among them, an internal short circuit (ISC) must be the
most frequently mentioned and highlighted reason for LIB accidents. Unfortunately, the ISC has not
been studied systematically and extensively, owing to difficulties in not only detecting the ISC reliably
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but also reproducing a similar phenomenon resulting from the
same reason. This is why the ISC remains an unconquered
research area to date.

To emphasize the severe impact of the ISC in fully charged
LIBs, as an example, with an electrochemical model having an
LIB electrode pair (loading level = 1.9 mAh cm ™ and N/P ratio =
1.1), we could simulate how much current can flow once the Li
dendrite with a radius of 5 um short-circuits the cell. In this
simulation, the current density was calculated simply based on
Ohm’s law without taking both reversible electrode reactions and
irreversible side reactions into consideration (Qi et al., 2021). As
a result, it is estimated that the current density can increase to
1.97 x 10° mA cm™2, which is about a million times higher than
that in a 50-Ah pouch cell at a 1C-rate (1.715 mA cm?). Thus, a
huge amount of IR heat is generated to rapidly increase the
temperature near the dendrite inside the battery. In particular,
when the internal temperature increases beyond around 100°C,
thermal decomposition of the solid electrolyte interphase (SEI)
initiates, and subsequent exothermic reactions occur in series
(Feng et al., 2018b). Depending on the difference between heat
generation and dissipation rates, the temperature can reach the
separator collapse limit or not, but once the temperature
increases beyond the limit, the direct contact area of the two
electrodes gets enlarged, thereby reaching the ignition
temperature of organic solvents and resulting in a thermal
runaway. In other words, the combination of flammable
organic electrolytes as a fuel, exothermal side reactions as a
heat source, and the decomposition of lithium transition metal
oxide as an oxygen source accelerate the continuous fire or
explosion that is hardly extinguished. Due to this high risk of
fires or explosion caused by the ISC, many researchers have
attempted to clearly understand the causes of the ISC, the
mechanisms of heat generation and accumulation, and the
temperature rising behavior (Feng et al., 2018b; Zhang et al,
2021).

Among them, many studies have focused on analyzing the
temperature rise depending on ISC types, where they can be
classified into electrical abuse, internal defects, mechanical abuse,
and thermal abuse (Guo et al., 2015; Zhang et al., 2017a; Wang
et al,, 2019; Foroozan et al., 2020; Zhang et al., 2021). Also,
depending on the contact area, ISCs can be divided into the point
contact and surface contact (Zhang et al., 2021). Regardless of
many previous studies showing threats caused by various types of
ISCs, however, it was almost impossible to reproduce or repeat
experimental results under the same conditions. Moreover, owing
to significantly improved operando analysis methods (Guo et al.,
2015; Foroozan et al., 2020), although the size or location of Li
dendrites starts to be unveiled in real time, it is still challenging to
fabricate model cell systems for dendrite-based ISC studies.

Nonetheless, Zhang et al., (2017a) realized the internal short
circuit in a pouch cell using a millimeter-sized shape memory
alloy, which shapes a sharp tip at a certain temperature, with high
reproducibility. But their model cells could not mimic the small
contact area of actual micrometer-sized Li dendrites. Also, the
quantities and locations of ISC points were not controlled in their
cell systems. In particular, considering the necessity to track some
variables such as the internal temperature, local current density

3D Dendrite-Based ISC Evaluation Model

and potential, and lithium ion concentrations for better
understanding ISCs, various simulations have been attempted
with 2D models with micrometer-sized ISCs (Zavalis et al., 2012;
Zhang et al., 2017b) or 3D models with millimeter-sized ISCs
(Feng et al., 2016; Wang J. et al., 2021). However, as an actual
point of view of Li dendrites, 3D models simulating micrometer-
sized ISCs are strongly needed to understand the thermal
behavior of actual dendrites and to make battery systems
under control.

For this purpose, in this study, we built a 3D cell model having
various micrometer-sized ISCs in a domain of 1 mm x 1 mm X
0.177 mm. In particular, to secure the reliability of parameters in
this model, we primarily constructed a model of a 50 Ah-level
NMC442/graphite pouch cell and compared simulated data with
measured ones from electrochemical and thermal experiments.
First, we simulated the maximum temperatures caused by a single
Li dendrite under various external temperatures. Subsequently,
while changing both the number of Li dendrites and their
distances, the maximum temperature behaviors were also
investigated to figure out their interplay. Finally, through
analyzing each case study, we estimated the dominant factors
to determine the maximum temperatures over time.

MODEL DEVELOPMENTS

Mining Parameters and Building a Model for
the 50 Ah-Level Pouch Cell

In order to obtain parameters for developing a reliable 3D ISC
model, a 50 Ah-level pouch cell, which has an electrode
chemistry of NMC442/graphite and an electrolyte of 1.15M
LiPF¢ in ethylene carbonate and ethylmethyl carbonate (EC/
EMC = 3/7, v/v) mixture with a size of 247 mm x 227 mm X
8.02 mm, was used (Top in Figure 1A). Based on the design
parameters of the pouch cell and some literature values on
materials, a P2D electrochemical—3D thermal model of the
pouch cell was initially built using COMSOL Multiphysics 5.5
(COMSOL Inc., USA) (Bottom of Figure 1A; Supplementary
Figure S1; Supplementary Table S2). After that, the initial
model was modified better by fitting model parameters through
filling the gap between simulated data and experimental ones
obtained from the rate capability evaluation [constant current
discharging at 0.5, 1, 2, and 5C-rate at 25°C with a 300-A max
current cycler (PNE Solution Co., Ltd., Republic of Korea)]
(Figures 1B, C). In particular, the surface temperature profiles
of the 50 Ah-level cell were also obtained through a
thermocouple while changing the C-rate. Also, as shown in
Figure 1D, depending on the C-rate, the model could estimate
the surface temperature of the actual pouch cell because not only
the heat generation originated from the electrochemical reaction
but also the heat dissipation to the surroundings was well
simulated in our model. In this simulation, the internal
resistance of the tab was not considered because the tab
welding conditions of the pouch cell were not accurately
known. As shown in Figure 1D, the simulation results for
the temperature distribution of the pouch cell are locally
inaccurate, but it can be seen that at the center of the pouch
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discharged state at different discharge C-rates (1 and 5C).
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FIGURE 1 | (A) Real image (top) and 3D model structure (bottom) of a 50 Ah-level NMC442/graphite LIB pouch cell. (B) Temperature profiles and (C) discharge
voltage profiles of the pouch cell at various discharge C-rates (0.5, 1, 2, and 5C) along with simulated ones. (D) Simulated surface temperatures of the pouch cell in a fully
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FIGURE 2 | (A) Actual 3D domain size of the ISC model compared to the 50 Ah-level pouch cell. (B) Temperature changes in the cross-sectional domain and (C)
maximum temperature changes with time (from O to 0.2 s) of the ISC model having a Li dendrite of a radius of 5 ym.
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cell, the temperature increase caused by the electrochemical
reaction and the electrode resistance was well calculated. Thus,
final model parameters, including the chemical diffusion
coefficient and exchange current density, were set in
Supplementary Table S3, following the aforementioned
fitting processes.

3D ISC Model Development

Using the parameters obtained from the cell model
(Supplementary Table S3), the 3D electrochemical-thermal
model for simulating the ISC was developed using COMSOL
Multiphysics 5.5. This model is designed to simulate the ISC
between two electrodes induced by the formation of
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FIGURE 3| (A) Scheme to change the Li dendrite radius (left) and external temperature (right) in this ISC model. The maximum temperature profiles after ISC occur
when (B) the Li dendrite radius changes from 1 to 9 pm at 25°C and (C) external temperature changes from —10 to 50°C (R = 1 um). (D) 3D map showing maximum
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micrometer-sized Li dendrites locally within the pouch cell
Considering both calculation time and sufficiently large domain
size compared to Li dendrites, this 3D model was designed in a
volume of 1 mm X 1 mm x 0.177 mm with the same parameters
and boundary conditions as the entire pouch cell. Furthermore,
considering the excellent thermal conductivity and heat capacity of
the current collector and the larger value of in-plane thermal
conductivity of the electrode layer than through-plane (Zhang
et al,, 2020) thermal conductivity, we did not have to consider
thermal transfer from any layer to the peripheral layer (Figure 2A).
As described in the middle of the 3D model, the cylindrical Li
dendrite with a radius of 5 um looks like just a thin line in the
simulated domain. This is because Li dendrites are known to be
grown through the pores in the separator as cylindrical shapes
rather than fractals, which can be readily formed in the liquid
electrolyte under no physical barriers (Jana et al., 2015; Mu et al.,
2019; Jungjohann et al., 2021).For convenience, in this work, the
shape of Li dendrites was assumed to be a cylinder having the same
height as the separator thickness. The range of the Li dendrite
radius was initially controlled from 1 to 5 um based on previous
works showing actual Li dendrite sizes (Frenck et al., 2019; Guo
etal,, 2020; Liu et al., 2020) and then increased to 9 pm to simulate
catastrophic situations. This model can simulate the thermal
behavior only caused by the current flow through the Li

dendrite, where the corresponding current value is dependent
on the amount and state of active materials in both electrodes.
In other words, this model does not consider the thermal behavior
related to side reactions such as SEI breakdown, separator melting,
or active material decomposition. Thus, for instance, we can
estimate temperature changes around Li dendrites, as shown in
Figure 2B, or maximum temperature changes as a function of
time, as shown in Figure 2C.

RESULTS AND DISCUSSION

To systematically investigate the effects of Li dendrites on
temperature changes in internal short-circuited LIB cells, we
utilized our 3D ISC model while changing the Li dendrite
radius from 1 to 9 um and the external temperature from —10
to 50°C (Figure 3A). In the case of the Li dendrite radius study, the
external temperature was set to 25°C. As depicted in Figure 3B, the
radius of the Li dendrite governs the maximum temperature. In
more detail, when the radius is as small as 1 um, the temperature
just increases to 69°C within 0.03 s. On the other hand, when the
radius becomes greater than or equal to 7 um, the maximum
temperature passes a threshold point of around 100°C, where
SEI begins to be decomposed. In particular, as soon as the ISC
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occurs, the temperature rapidly increases to a saturated value
within 0.03 s for all cases because a huge current flows within a
very short period as the adiabatic condition. However, when the
amount of heat transfer becomes almost the same as that of joule
heating, the maximum temperature is maintained at its specific
point regardless of the Li dendrite radius. When the effect of the
external temperatures on the maximum temperature was also
simulated while fixing the Li dendrite radius to 1 um, as shown
in Figure 3C, the maximum temperature changed similarly, as in
Figure 3B. However, although the maximum temperature is
strongly dependent on the external temperature, the
temperature difference before and after the ISC seems quite
similar at around 44°C. Specifically, in this case, when the
external temperature is greater than or equal to 50°C, the
maximum temperature passes the first threshold point, just like
the case of the Li dendrite radius of 7 pm. Similar to this analysis,
we need to check both the Li dendrite radius and external
temperature simultaneously, as shown in Figure 3D, where safe
and dangerous regions are colored by the combination of blue and
yellow with different ratios. Thus, our ISC model can provide us
with a platform to understand the impact of the Li dendrite size
and external temperature on the thermal runaway of LIB cells.
As the next step, we need to consider some ISC situations
having more than a single Li dendrite by designing their relative
distances, as in Figure 4A, where the base distance of 50 pm is set
by assuming that another Li dendrite of a radius of 5 pm can exist
ten times farther away. Also, although the probability is low, two Li
dendrites that are contacted or located nearby are also considered.
Based on the simulated data summarized in Figure 4B, when the
distance between two Li dendrites is sufficiently far, e.g., 100 pum,
the maximum temperatures in two Li dendrites cases are almost
the same as those in a single Li dendrite one. In the region of less
than 100 pum distance, of course, the maximum temperature tends
to increase as the distance becomes shorter. However, even in the
direct contact case, the maximum temperature additionally
increased by 12.7°C to be 107.7°C while 95.0°C was reached in
the reference single Li dendrite case (Supplementary Table S4).

Thus, when more than one Li dendrite is formed simultaneously,
the risk of thermal runaway of LIBs does not increase
proportionally. In other words, when Li dendrites are formed
relatively far away enough not to interplay, the probability of
encountering catastrophic events becomes lower.

To confirm the effect of the distance between Li dendrites on
the maximum temperature, we simulated the thermal behaviors
of two ISC models: one has a big Li dendrite of 3 um radius, and
the other has nine small Li dendrites of 1 um radius, where they
are located by 200 um, while their total areas are identical to be
91 um” (Figures 5A,B). As readily estimated from the results in
Figures 3, 4, the maximum temperature is mainly governed by
the radius of the Li dendrite regardless of Li dendrite numbers
only if each dendrite is far away. However, as observed in
Figure 5C, the maximum temperature of nine small Li
dendrites tends to gradually increase with time, thereby
reaching a little higher value of around 4°C after 0.20s. This
continuous increase can be ascribed to the average temperature of
29.9°C, which is even higher than the single big Li dendrite case
(Figure 5D; Supplementary Table S5). In other words, when
there are many heat sources, the heat dissipation rate reduces
with time, and both the maximum and average temperature
increase steadily.

To investigate the influence of the Li dendrite (Ry; = 5 pm)
number on the maximum temperature in more detail, we built
four ISC models having one, three, five, and nine Li dendrites
with 200 um distances, as shown in Figure 6A, where the
temperature distribution of each case is expressed through
different colors at 0.2 s after ISC occurs. As already observed
in Figures 4, 5, the maximum temperature in the initial state,
e.g,t = 0.03s, is not dependent on the number of Li dendrites.
However, the temperature increase rate is largely affected by the
Li dendrite number, as shown in Figure 6B. More specifically,
while the ISC model with one Li dendrite reaches the maximum
temperature of 95.0°C at 0.2 s, the maximum temperatures of five
and nine Li dendrite models exceed the critical temperature of
100°C, i.e., 101.6 and 109.0°C, respectively (Supplementary Table
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$6). Thus, the maximum temperature in the initial state is mainly =~ model, we can provide a good platform to investigate the
dependent on the Li dendrite size, but the number of Li dendrites  influence of Li dendrite sizes and distribution on the thermal
significantly affects the temperature increase rate. With this ISC ~ behaviors of LIB cells in 3D domains.
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CONCLUSION

We developed a 3D electrochemical-thermal model to simulate the
ISC caused by the Li dendrites, which considers external temperature,
Li dendrite size, number, and relative distances simultaneously. With
assumptions such as no side reactions and a simplified Li dendrite
shape, the maximum temperature at the start point (0 s) is determined
by the external temperature, and within a short period (from 0 to
0.03 s), the maximum temperature increase is governed by the size of
the Li dendrite. After a steep temperature increase (after 0.03 s), the
maximum temperature is affected by the number of Li dendrites.
Therefore, these conditions affecting the thermal behaviors of the
LIB cell should be considered simultaneously. Additionally, using our
model, the relative distance effect of Li dendrites was investigated. The
Li dendrites did not affect each other’s maximum temperature rise
when they were sufficiently far away. This result shows that even if
many Li dendrites are generated simultaneously, the risk of thermal
runaway does not increase unconditionally.

Based on this advanced analysis using a 3D ISC model, the
limitation of dendrite-based ISC evaluation, which is almost
impossible to obtain experimental reproducibility , was addressed,
and governing factors for maximum temperature behavior over time
were determined. We believe that our model can provide additional
insights on the correlation between dendrite-based ISCs and thermal
behavior of LIB cells, which can be the basis for further investigating
and understanding the thermal runaway.
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