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HIGHLIGHTS

Thermal runaway of 25-Ah LIBs

without internal short circuits is

reported

Cathode-produced oxygen is

consumed by the anode with heat

generation

Chemical crosstalk is the hidden

thermal runaway mechanism at

high temperature

Cathode with inferior thermal

stability may trigger the TR more

intensively
This article reports the thermal runaway mechanism of a 25-Ah large-format

lithium-ion battery without internal short circuit induced by Joule heat. In this

condition, chemical crosstalk is believed to be the mechanism. Specifically,

cathode-produced oxygen is consumed by the anode with great heat generation.

This finding is important for better design of LIBs to avoid thermal runaway via the

optimization of all battery components.
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Context & Scale

With the explosive growth of

portable devices and electric

vehicles, there is an urgent need

for safer Li-ion batteries (LIBs) with

even higher energy density. The

most catastrophic failure mode of

LIBs is thermal runaway (TR)

accidents; while TR only happens

occasionally, it is a serious threat

for the battery user and people

nearby. In this paper, the

mechanism behind TR without

internal short circuiting is
SUMMARY

We demonstrate herein that not only internal short circuiting, but also chemical

crossover, is the mechanism behind thermal runaway that can occur in lithium-

ion batteries due to abuse conditions. In situ experiments showed that during

thermal runaway, the cathode releases oxygen by a phase transition, and this

oxygen is consumed by the lithiated anode. The released highly oxidative gas

reacts with reductive LiCx with tremendous heat generation centered at

274.2�C with heat flow of 87.8 W g�1. To confirm the proposed mechanism,

we froze a battery undergoing the thermal runaway process by liquid nitrogen

and subjected it to detailed post-test analysis. Our results revealed the hidden

thermal runaway mechanism of chemical crossover between the battery compo-

nents without a severe internal short circuit. These findings provide an impor-

tant insight into the rational design of automotive lithium-ion batteries as well

as solid-state batteries.

reported for the first time. A

polyethylene terephthalate

ceramic separator was used in

battery tests to exclude the

occurrence of an internal short

circuit that is inducing Joule heat.

Test results indicated that

chemical crosstalk between the

cathode and anode is the hidden

mechanism that triggers TR,

during which cathode-released

oxygen is consumed by the

lithiated anode, with a heat

release rate of 87.8 W/g. The

results advance understanding of

the complicated TR mechanism in

high-energy-density LIBs and

should help in their future design.
INTRODUCTION

With the explosive growth of portable electronic devices and electric vehicles, there

is a strong need for lithium-ion batteries that have higher energy density and

improved safety.1–3 Recently, the development of nickel-rich cathodes and silicon/

carbon anodes has pushed the energy density to a higher level4–6; however, battery

safety is still a major concern. The most catastrophic failure mode of a lithium-ion

battery is thermal runaway (TR), which should be avoided at all costs. This condition

can be caused by overcharging, internal cell short circuiting, and vehicle collision.

During TR, a chain reaction may happen with tremendous heat generation.7–9 To un-

derstand the TR mechanism, past researchers have investigated the thermal

response of the individual battery components, including the cathode,10–13

anode,3,14,15 electrolyte,13 and separator.14–17

For example, it was reported that separator shrinkage or an incomplete shutdown

may inadvertently increase the current density, resulting in additional localized

heating or even causing TR of the cell.16–18 Preparing the separator with high ther-

mal stability is thus one way to improve the battery safety. Roth et al.19 reported

that a lithium-ion battery with a ceramic separator could withstand an overcharge

to 300% of the state of charge without an internal short circuit. Moreover, several

investigators have developed a separator with new material or structure that has

even better thermal stability. Freudenberg announced an ultra-thin ceramic poly-

ethylene terephthalate (PET) non-woven separator, which remains stable up to

several hundred degrees Celsius.20 In addition, Miao et al. reported a polyimide

(PI) nanofiber separator that is thermally stable up to 500�C.21 However, the
Joule 2, 1–18, October 17, 2018 ª 2018 Elsevier Inc. 1



1State Key Laboratory of Automotive Safety and
Energy, Tsinghua University, Beijing 100084,
China

2Chemical Sciences and Engineering Division,
Argonne National Laboratory, Argonne,
IL 60439, USA

3Institute of Nuclear and New Energy
Technology, Tsinghua University, Beijing 100084,
China

4Department of Chemical and Biological
Engineering, Hong Kong University of Science
and Technology, Clear Water Bay, Kowloon,
China

5Institute for Research & Medical Consultations,
Imam Abdulrahman Bin Faisal University, PO Box
1982, Dammam 31441, Saudi Arabia

6Materials Science and Engineering, Stanford
University, Stanford, CA 94305, USA

7Lead Contact

*Correspondence: amine@anl.gov (K.A.),
ouymg@tsinghua.edu.cn (M.O.)

https://doi.org/10.1016/j.joule.2018.06.015

Please cite this article in press as: Liu et al., Thermal Runaway of Lithium-Ion Batteries without Internal Short Circuit, Joule (2018), https://doi.org/
10.1016/j.joule.2018.06.015
question remains: do those highly stable separators really guarantee the safety of

the batteries?

Regarding the contribution of anode and cathode, Inoue andMukai22 announced an

independent function in triggering the TR. They found that the anode’s exothermic

reaction dominates in a cell with a normal nickel-manganese-cobalt (NMC) cathode,

but the cathode’s energy release dominates in a cell with a nickel-cobalt-aluminum

oxide cathode. However, this study did not take into account the contribution of an

internal short circuit being induced by Joule heat and the interaction between the

battery components. In short, the TR mechanism is still controversial, and to achieve

optimized storage and safety properties of lithium-ion batteries, systematic analysis

of both the cell level and the raw material level is needed.

Here, we investigate the TR mechanisms of an automotive battery on both the

cell level and the material level. A large-format pouch cell battery (25 Ah) with

graphite anode, single-crystal layered lithium transition metal oxide cathode

(LiNi0.5Mn0.3Co0.2O2, NMC), and a PET/ceramic non-woven separator was used.

The TR characterization was conducted by an electric vehicle accelerating rate calo-

rimeter (EV+ ARC). During the TR ignition, the battery voltage was maintained at

more than 2.0 V without an internal short circuit, which is consistent with the melting

temperature of the PET nanofiber (about 257�C). Our research revealed that the TR

of the cell is not ignited by heat generation of the internal short circuit, but the chem-

ical crosstalk between the cathode and anode plays an important role. To illustrate

the formation and evaluation of the TR process, we carefully analyzed the gas

release, phase transformation, and heat generation of the cathode with and without

the anode by various in situ and ex situ techniques.

Our findings have enriched the knowledge of the complicated lithium-ion battery TR

mechanism. The results indicate that the safety design of automotive batteries

should be conducted by an analysis at a system level, rather than by only improve-

ment of a single material. For example, as discussed in this article, the chemical

crosstalk may lead to TR, even though a thermally stable separator is being used

to prevent internal short circuiting. The results also have implications for the design

of all-solid-state batteries (ASSBs), which use solid ceramic or polymeric electrolytes

with no separators. A safety benefit of ASSBs is usually claimed by researchers; how-

ever, as revealed herein, if the cathode releases oxygen that can react with the

anode, there would be a serious safety issue. In our opinion, the safety of ASSBs

should be carefully verified in both coin cells and large-scale automotive cells. By

understanding the TR mechanism, especially the trigger point (threshold), we could

determine the upper-limit temperature tolerance of the batteries and use that

information to build a thermal model, design an improved battery management sys-

tem, and develop TR prevention strategies to keep the battery temperature from

exceeding this specific value.

The results are presented and discussed in two parts, the first dealing with the full

battery ARC test and the second with a detailed post-test analysis of the battery

components. First, by using the EV+ ARC, the self-heat onset temperature (T1), TR

temperature (T2), and the maximum temperature (T3) reached during TR were char-

acterized in an adiabatic process. We note that T2 is even lower than the thermal

shrinkage temperature of the separator, which means that the battery’s catastrophic

TR happens without a large-scale short circuit caused by separator failure. This TR

phenomenon without an internal short circuit is reported for the first time. To under-

stand the detailed heat generation of the battery, we studied the heat flow of
2 Joule 2, 1–18, October 17, 2018
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different components (anode, cathode, electrolyte, and their combinations) by dif-

ferential scanning calorimetry (DSC). In situ high-temperature X-ray diffraction

(XRD) was also applied to determine the cathode phase-transition behavior during

heating and thermal decomposition. More importantly, to reveal the oxygen release

of the charged electrodes, simultaneous thermal analysis (STA) combining thermog-

ravimetry and DSC (TG-DSC) was coupled with mass spectrometry (MS) to simulta-

neously monitor the heat generation, weight loss, and gas release. Finally, to further

confirm the proposed mechanism, we froze the battery at 206�C by liquid nitrogen

purge just before the TR ignition. Post-test analyses were then conducted, including

scanning electron microscopy (EM), inductively coupled plasma atomic emission

spectroscopy (ICP-OES), and X-ray photoelectron spectroscopy (XPS) with plasma

etching.

RESULTS AND DISCUSSION

Cycling Performance of SC-NMC532/Graphite Battery with a PET/Ceramic

Separator

A 25-Ah large-format lithium-ion battery with energy density around 170 Wh/kg for

electric vehicles was adopted in this study to understand the TR mechanism. The

basic information about the battery chemistry is summarized in Table S1 (see Sup-

plemental Information). Besides the high capacity, this battery has two other advan-

tages compared with ordinary lithium-ion batteries. The first advantage is that it can

use the PET/ceramic non-woven separator. A 20-mm thick separator was purchased

from Freudenberg and used without further treatment. This separator paved the way

for investigating the battery TR mechanism by eliminating the effect of domestic

Joule heating caused by an internal short circuit while the separator was breaking

down.23 Another advantage is that the single crystal (SC)-NMC532 cathode can

be used. The SC-NMC cathode is regarded as one of the promising cathode candi-

dates with a high capacity,24 caused by the larger crystal size of the SC-NMC532

leading to a higher tap density compared with that of the common polycrystalline

cathode.

The cycling and rate performance of the battery are shown in Figure 1. The initial

discharge capacity was 25.04 Ah, and the capacity remained high at 24.08 Ah after

the 292nd cycle, with capacity retention around 96%. The deliverable discharge ca-

pacity at 1/5C, 1/2C, 1C, 2C, 3C, 4C, and back to 1/2C was 24.9, 24.0, 23.1, 22.4,

22.0, 21.5, and 24.1 Ah, respectively. These data indicate stable long-term cycling

as well as good rate performance of the battery. The dQ/dV charge and discharge

plots of the cell at 1/5C are shown in Figure S1. The electrochemical redox reaction

is essentially the same for the polycrystalline NMC 532 and the SC-NMC cathode,

with the oxidation and reduction pair peaking at 3.56 V and 3.68 V versus Li/Li+.

Thermal Runaway of Lithium-Ion Batteries with Ceramic Separator and PET/

Ceramic Separator

The TR properties of lithium-ion batteries were measured by the EV+ ARC system.

Along with the cell temperature, the open-cell voltage and cell impedance were

collected during the testing. The TR test procedure was conducted by following

our previous experimental approach,9 with typically two batteries mounted

together. In addition, the impedance of the cell was obtained by a battery internal

resistance recorder at a constant AC frequency of 1 kHz.

Figure 2 shows the temperature obtained during the self-heating and TR process. To

enable better understanding of the TR phenomenon, T1, T2, and T3 are marked in

Figure 2. As evident in the figure, T1 is located at 115.2�C, and is the onset
Joule 2, 1–18, October 17, 2018 3



Figure 1. The Basic Performance of the Automotive Battery

(A) The cycling performance with coulomibic efficiency.

(B) The rate performance.
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temperature of the battery self-heating process. After each heat-wait-seek process,

the ARC system checks if the temperature increase rate of the battery reaches the

pre-set target, which is 0.02�C/min. If it does not, there is another heating stage

with precisely controlled increases of 5�C per step. As shown in the inset of Figure 2,

there are 15 heating steps before T1. Thereafter, the self-heating reaction of the bat-

tery begins. The ARC system enters an exothermal process and provides an adia-

batic environment. During this stage, the chemical parasitic reactions9,25 caused

by the increasing temperature are recorded precisely. It is known that at first, the

solid-electrolyte interphase (SEI) of the anode decomposes;26,27 thus the released

fresh lithiated anode surface may react with the electrolyte to form a new SEI layer

with heat generation. The metastable components of the SEI decompose at this

stage. Bodenes et al.28 confirmed that after high-temperature cycling, the SEI refor-

mation can lead to the carbonate species disappearing and the inorganic layer on

the anode surface increasing.

The exothermal stage of the battery begins after T1. During this stage, the ARC sys-

tem can maintain an adiabatic environment inside the battery, with control to

0.05�C. As mentioned in our previous work,26 various parasitic reactions occur one

after another, forming a chain reaction. As a result, the exothermic reactions can

drive a continuous battery temperature rise continuously until catastrophic TR.

The onset temperature of the TR is marked as T2. At this critical point, the battery

temperature increases exponentially. The temperature T2 is defined as the point

where the heating rate reaches 1�C/s, which is 231�C in this case.

To gather more information, we recorded a video during the TR process through a

camera window open in the side wall of the ARC chamber, as shown in Videos S1

and S2. The video recording configuration is illustrated in Figure S2. As shown in

Video S2, a severe exothermal reaction happened at T2 and a tremendous amount

of smoke poured out of the battery. The smoke was so heavy that it blocked the cam-

era lighting in just a few seconds. In addition, significant battery volume expansion
4 Joule 2, 1–18, October 17, 2018



Figure 2. Thermal Runaway Temperature Plots of 25-Ah SC-NMC532/Graphite Cell Measured by

EV+ ARC

The inset photo illustrates the data for the self-heating process up to 105 s.
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was observed during the self-heating process as shown in Video S1. It revealed that

the exothermic parasitic reaction was caused by gas production. After T2, the battery

temperature increased sharply and reached the maximum temperature T3 at 815�C
in just a few seconds.

Traditionally, via the ARC test the temperature is the only observed parameter to

reveal the battery’s exothermal reaction and the TR phenomenon. However, the

temperature alone is not enough to describe the comprehensive cell chemistry.

For example, the internal short circuit of the battery is reported to have vital impor-

tance to the battery safety, and may even ignite the TR.29,30 As a result, battery

voltage and the internal resistance are determined with an external battery resis-

tance tester during the entire ARC test. The battery AC impedance (1 kHz) was ob-

tained in situ during the TR process.

Plots of the temperature rate, cell voltage, and resistance versus the temperature are

shown in Figure 3. In Figure 3A, the turning point of the temperature increase rate is

located around 160�C, after T1. As described earlier, when the existing SEI layer

breaks down, the fresh lithiated anode surface may react with the electrolyte to

accelerate the exothermic progress. In addition, the LiPF6 in the electrolyte may start

to decompose during this stage.22,27,31,32 Note that both the SEI and electrolyte

decomposition may produce gas, consistent with what can be observed from

Video S1.

From Figure 3A, it is important to note that the cell voltage is maintained above 2.0 V

during the TR process, indicating that the battery goes to a TR without a severe

internal short circuit. To the best of our knowledge, this is the first report of a TR

without a cell internal short circuit. To confirm this result we repeated the experi-

ment, the data of which are shown in Figure S3. The preservation of the cell voltage

is mainly due to the PET/ceramic separator. Compared with the traditional polypro-

pylene (PP) or polyethylene (PE) separator, the PET/ceramic separator is more stable

at high temperature. It showed little shrinkage after 250�C storage for 30 min, as

evident in Figure 4 and Table S2, and even at 210�C storage for 13 hr, as shown in

Figure S7. Note that the cell voltage drops to zero only when the temperature in-

crease rate reaches themaximum of 20.1�C/s, as shown in Figure 3C. This may reveal

the TR propagation process inside the pouch cell between the anode and cathode

layers. As all the layers are connected in parallel inside the battery with zigzag
Joule 2, 1–18, October 17, 2018 5



Figure 3. Thermal Runaway Characterization of 25-Ah SC-NMC532/Graphite Cell

(A) Temperature rate, cell voltage, and internal resistance versus absolute temperature during TR

process.

(B) Segment of Figure 2A focusing on the internal resistance before TR.

(C) Relationship between the cell voltage and temperature rate during the TR process.
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stacking, the cell voltage drops to zero only when the last anode/cathode pair goes

into TR. Finegan et al.30 have also reported the observation of TR propagation be-

tween the anode and cathode layers.

The cell internal resistance obtained during the TR process is plotted by the dashed

line in Figures 3A and 3B. The initial resistance is 19.2 mU, including 9.8 mU from the

connecting wire. Thus, the battery resistance obtained by the tester is 9.4 mU, which

is consistent with the hybrid pulse power characterization shown in Figure S4. There

are generally four stages of the resistance change during TR. At first, before 145�C,
the resistance increases at a very slow rate to 22.1 mU. This slow increase occurs

because the parasitic reaction is limited, since the original cell chemistry changes lit-

tle during this stage. In stage II from 145�C to 175�C, the resistance proportionally

increases to 143.3 mU. There are three main reasons for this large increase. First,

as shown in Video S1, the pouch cell swelled tremendously between 123�C and

141�C, then at around 145�C the cell burst under high pressure. The bursting of

the pouch cell may have accelerated the electrolyte’s evaporation, thus leading to

the sharp increase in resistance. Second, the cathode impedance growth may also

contribute to the cell resistance increase, as indicated by the Xiong et al.33 report

that the cathode impedance grows significantly after 60�C storage. Third, the

decomposition of the metastable outer layer of the SEI can lead to the inorganic

layer increase of the anode surface,27,28 thus reducing the ion conductivity. The bat-

tery swelling, the pouch bag bursting, and the gas venting temperature are pointed

out in Figure S5.

Surprisingly, in stage III the cell resistance decreased from 143.3 mU to 56.5 mU be-

tween 180�C and 231�C before TR. The decreased resistancemay have been caused
6 Joule 2, 1–18, October 17, 2018



Figure 4. Structure and Thermal Properties of PET/Ceramic Non-woven Separator

(A) Images of the PET/ceramic separator after thermal stability test from room temperature (pristine) to 450�C; below are photos of the scanning EM

morphology and element mapping of the pristine and 450�C sample.

(B) DSC heat flow and TGA weight loss of the separator from room temperature to 500�C at 10�C/min.

(C) Scanning EM from surface tilt view of the PET/ceramic non-woven mat separator; the inset is an enlarged scanning EM photo of Al2O3 surface.

(D) Cross-sectional view of the separator; PET non-woven fiber surrounded by Al2O3 nanoparticles (UV-epoxy is used to embed the cross-sectional sample).
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by the transition of the metal dissolution, which was confirmed later by XPS analysis

of the battery after liquid nitrogen cooling. In addition, the decomposition of the

LiPF6 salt in the electrolyte and the subsequent possible reactions may also lead

to the resistance change.25,31 At the last stage the battery resistance dropped
Joule 2, 1–18, October 17, 2018 7
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sharply after the TR was ignited, then bounced back to around 50 mU, which was

maintained for a few seconds until the voltage dropped to zero. After the voltage

dropped, the cell resistance increased sharply to 1,011.2 mU, which may be attrib-

uted to the separator breakdown and entire battery failure.

As mentioned above, the separator plays a vital role in protecting the cell from an

internal short circuit before TR. To confirm the thermal stability and the structure

of the PET/ceramic separator, we used hot box storage with post-test analysis,

including thermogravimetric analysis (TGA), energy dispersive X-ray spectroscopy

(EDX) mapping, DSC, and scanning EM. As shown in Figure 4A, the PET/ceramic

separator was cut into a circle with a diameter of 14 mm and left in the hot box for

30 min at different target temperatures from 210�C to 450�C. The shrinkage rates

as a function of temperature are summarized in Table S2 and Figure S6. At the point

of TR ignition at 231�C, the observation of only 1.2% shrinkage explains why an in-

ternal short circuit did not happen before TR (see also Figure S7 for results from

13-hr, 210�C storage). The DSC and TG analyses are shown in Figure 4B. The first

obvious endothermic peak of the separator is located at 257�C by DSC, while there

is no weight loss at this stage indicated by TG. This endothermic reaction can be

attributed to the PET melting. However, the following endothermic peak, at around

432�C, comes with an obvious weight loss due to PET degradation. The separator

turns black due to the PET melting, then becomes pure white after 450�C storage,

whereby PET degradation leaves only ceramic particles.

To view the failure process of the PET/ceramic separator after melting (also after TR),

Figure 4A shows the scanning EM image with EDX mapping of the pristine separator

and the separator after 450�C storage. Figure 4C shows the scanning EM tilt image

of the PET/ceramic separator, and the inset image reveals the morphology of the sur-

face ceramic layer. As shown, the non-woven PET nanofiber is embedded in the ceramic

nanoparticles rather than in a simple double-sided ceramic coating. The cross-sectional

image of the separator in Figure 4D reveals that the separator is around 19.5 mm in

thickness, with the PET nanofiber thickness being from around 1.8 mm to 5.8 mm.

The cell voltage and separator thermal stability results both confirmed that a severe

internal short circuit did not trigger the TR. Therefore, there must be other factors

besides an internal short circuit that ignite and cause the abrupt temperature

increase during TR.

Thermal Stability of Each Component of Lithium-Ion Battery

For a better understanding of the TR ignition, it is necessary to have detailed knowl-

edge about the cell chemistry, thermal response, and phase transition of all battery

components. In this regard, the reaction chemistry between the electrode materials

and the electrolyte components has been studied step by step with DSC, as shown in

Figure 5. For the DSC measurement, the 25-Ah battery was charged to 4.2 V, then

disassembled in an argon-filled glovebox with controlled oxygen and water concen-

tration. Before scratch-off from the current collector, both the cathode and anode

electrodes were rinsed with dimethyl carbonate (DMC) solution several times to

remove the residual electrolyte. Typically, 9.4 mg charged electrode powder with

3 mL of electrolyte (1 M LiPF6 in EC/DMC/EMC 1:1:1 in volume) was placed into a

hermetic aluminum pan with a hole for the DSC measurement.

Figures 5A and 5B show the DSC heat-flow profiles of charged electrodes without

and with the electrolyte. At first, to eliminate the influence of the electrolyte, dry

electrodes were subjected to DSC, the results of which are shown in Figure 5A.
8 Joule 2, 1–18, October 17, 2018



Figure 5. The Heat Generation of the Charged Battery Components by DSC Measurements

(A) Charged electrode (CE) without electrolyte.

(B) Charged electrode with electrolyte.

An, anode; Ca, cathode; Ele, electrolyte; CE, charged electrode.
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The lithiated anode exhibits one exothermic peak at 292.5�C with heat flow and DH

of 1.4 W g�1 and 304 J g�1, respectively. These values are consistent with previous

reports15,34 and are believed to be associated with the LiCx reaction with the binder

used. The delithiated cathode alone exhibits two exothermic peaks at 279�C and

444�C, with DH of 108 J g�1 and 148 J g�1, respectively. However, when mixing

the cathode and anode, as shown by the red dotted line of Figure 5A, the heat gen-

eration (integrated peak area) increased tremendously to 770 J g�1, which almost tri-

ples the value of the anode alone and is seven times larger than the cathode alone. In

addition, the heat flow increased from 1.4 W g�1 to 3.8 W g�1. The DSC profiles with

electrolyte are shown in Figure 5B. With the presence of the electrolyte, the anode

exothermic reaction starts earlier, with the DH value and peak intensity rising to

956 J g�1 and 2.4 W g�1, respectively, at 261�C. Nevertheless, when combining

the anode and cathode with the electrolyte, the exothermic reaction increased

alarmingly from 2.4 W g�1 at 270�C to 87.8 W g�1 at 272�C, with a DH value of

1,377 J g�1. The DSC results for the cathode and separator with the electrolyte

are shown in Figure S8. They indicate that the electrolyte has little effect on those

two components. Note that regardless of the electrolyte, mixing the anode and

cathode together will produce an abrupt increase in heat release.

To reveal the reason for the peak intensity increment and TR mechanism of the auto-

motive battery, we propose a chemical crosstalk reaction between the anode and

cathode. To verify this proposal, we applied liquid nitrogen cooling to harvest the

electrode materials just before TR and then conducted temperature-resolved

XRD, in situ STA-MS, and other post-test analyses (scanning EM, XPS, and ICP-OES).

Chemical Crossover between the Electrodes at Elevated Temperature

Recently, Xiong et al.33 reported cathodic CO2 production and further reaction with

the anode at 60�C, and Michalak et al.35 proposed that nickel reduction plays a pro-

found role in CO2 generation on the cathode surface. However, the effect of the

most dangerous gas, which is oxygen, has not been investigated in a systematic

fashion. It is widely reported that the delithiated NMC cathode is not stable at a

high temperature10,36–38 (typically between 150�C and 300�C, depending on the
Joule 2, 1–18, October 17, 2018 9



Figure 6. Phase Transformation, Heat Generation, and Oxygen Release of Charged Cathode Materials

(A) Contour plots of the time-resolved XRD patterns at selected 2q ranges and temperatures from 25�C to 500�C.
(B) In situ heat generation and oxygen release at different temperatures determined by DSC and TGA-MS system.
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delithated state and Ni concentration). This instability is caused by phase transfor-

mation and accompanied with lattice oxygen release. We are proposing the chem-

ical crosstalk between the cathode oxygen and anode as the reason for full-cell TR

ignition.

Figure 6 shows the phase transformation, heat generation, and oxygen release pro-

files of the charged cathode as a function of temperature from 25�C to 500�C. In Fig-

ure 6A, the phase transition is shown in a temperature-resolved XRD with an in situ

heating tool. (The CO2 and H2O gas comparison is shown in Figure S9, and the orig-

inal XRD plots with different temperatures are shown in Figure S10.) The charged

cathode is prepared in the same manner as for the DSC test. As shown, the

SC-NMC532 cathode starts the phase transition from a layered structure to a spinel

structure at around 200�C, and the phase change is complete at about 350�C
with the temperature window being 150�C. Compared with the polycrystalline

NMC532 cathode reported by Bak et al.,10 the phase transition starts earlier and

has a larger transforming temperature window.

The DSC heat generation andMS oxygen gas (m/z = 32) characterization versus tem-

perature are shown in Figure 6B. Note that both the heat generation and oxygen

release coincide with the phase transition. As shown, the first exothermic peak starts

at 200�C, followed by the phase transition, and the corresponding oxygen release

starts at 150�C. The heat generation and oxygen release peaks are both centered

at 276�C, indicating that a severe phase transition is under way at this temperature.

Since there is no internal short circuit induced by Joule heat, this oxygen release is

crucial to understanding the TR ignition at the cell level. The oxygen can diffuse

through the separator, then react with the highly reductive LixC anode. A mixture

of cathode/anode powder was analyzed by STA-MS. The heat generation and oxy-

gen release profiles of the cathode alone and the cathode/anode mixture are

compared in Figure 7. As shown in the MS (m/z = 32) plots for the cathode/anode

mixture in Figure 7A, the first oxygen release peak of the cathode at 276�C visually

disappeared, indicating that the oxygen was consumed by the anode. This is also

confirmed by the weight loss comparison, as shown in Figure S11. The cathode

weight loss is 2.8% at 276�C, much larger than that of the cathode/anode mixture,
10 Joule 2, 1–18, October 17, 2018



Figure 7. Chemical Crosstalk between the Charged Cathode and Anode

(A) Charged cathode alone exhibits strong oxygen release peak while the mixture of cathode/

anode releases virtually no oxygen but has sharp heat generation enhancement at the same

temperature range.

(B) Illustration of proposed chemical crosstalk process between cathode and anode.

Please cite this article in press as: Liu et al., Thermal Runaway of Lithium-Ion Batteries without Internal Short Circuit, Joule (2018), https://doi.org/
10.1016/j.joule.2018.06.015
which is only 0.7%. Consequently, because of the oxygen release the exothermic

peak for the cathode alone centered at 276�C increased over seven times. The

resulting heat generation was 770 J g�1 for the cathode/anode mixture but only

108 J g�1 for the pure cathode.

A schematic representation of this chemical crosstalk between the cathode and

anode and the resulting heat generation boost is shown in Figure 7B. The charged

cathode alone can produce oxygen at an elevated temperature because of a phase

transformation, with limited heat generation. However, when mixed with the anode,

the boost of heat generation occurs. At this stage, with the oxygen gas, reactive

agent, and the high temperature, the exothermic TR occurs intensively from inside

the battery. If TR happens, even a liquid nitrogen purge will not stop the reaction

effectively. As shown in Figure S12, the battery still goes into TR after the liquid

nitrogen purge at 218�C. Therefore, to guarantee the safety of the battery system

for electric vehicles, thermal management strategies must be implemented before

a catastrophic TR happens; otherwise, if TR happens, even a liquid nitrogen purge

with the maximum heat dissipation cannot stop the fire because the oxygen is

provided from the NMC cathode inside the battery.
Joule 2, 1–18, October 17, 2018 11



Figure 8. Liquid Nitrogen Freezing of Battery before Thermal Runaway

(A) Temperature and voltage curves of TR at 206�C obtained by liquid nitrogen purge. Inset shows

the front view (i) and side view (ii) of the lithium-ion batteries after LN cooling.

(B) Configuration of zigzag-type stacking and the images of inside cathode/anode with separator

after LN cooling at 206�C.
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Liquid-Nitrogen-Ceased Thermal Runaway and Post-test Analysis

Although liquid nitrogen (LN) cannot cool down the battery immediately after TR, it is

effective before TR. By LN freezing, the cathode and anode materials of the battery

can be preserved for post-test analysis. By this method, we successfully ceased the

reaction before TR at 206�C, as shown in Figure 8. The battery temperature stops

increasing immediately at 206�C after the LN purge and then drops to around

�100�C. The inset images of Figure 8A show the front view and side view of the

lithium-ion batteries after LN cooling, which shows that the batteries are well pre-

served without TR; however, the pouch bag has already burst from the side. After

cooling, the whole battery was carefully disassembled in a glovebox, as shown in Fig-

ure 8B. By disassembling the battery before TR, we again confirmed that the PET/

ceramic separator is well preserved with no visual holes or damage, which is the

key factor in maintaining the cell voltage and preventing an internal short circuit.

An optical image showing the integrity of the separator is presented in Figure S13.

Moreover, to confirm that the separator can still work to prevent ionic leakage before

TR, we constructed coin cells by using the harvested separator. The cycling perfor-

mance of one of the coin cells is shown in Figure S14. In addition, Figure 8B shows

obvious black stripes on the cathode surface and the separator nearby. However,

the lithiated anode shows no noticeable change. To gainmore insight into the chem-

istry change of the electrodes before the TR, we conducted post-test analysis,

including morphology and element composition characterization. The results are

shown in Figures 9, S15, and S16.

The scanning EM images in Figure 9A show a morphology comparison between the

pristine charged cathode and the LN-frozen cathode at 206�C. The surface of the

pristine charged cathode is clean and smooth with no obvious surface impurity,

while the LN-frozen cathode displays a rough surface. Consider the black stripes

on the cathode separator, which are highly related to the transition metal ion depo-

sition, as can be deduced from Figure S16. The Ni, Mn, and Co cathode elements are

detected on the anode surface. The phenomena of metal oxide dissolution, migra-

tion, and decomposition have also been reported by others.39,40 Li and Lucht41

observed lithium carbonate formation and decomposition on the cathode surface

during the elevated temperature. Moreover, they observed that a higher tempera-

ture shifts the equilibrium, resulting in surface Li2CO3 dissolution, LixPOyFz forma-

tion, and possible corrosion of the bulk metal oxide. The observed rough surface
12 Joule 2, 1–18, October 17, 2018



Figure 9. Post-test Analysis of the Battery after Freezing with Liquid Nitrogen

(A) Scanning EM surface image of the pristine charged NMC532 cathode and charged cathode before TR.

(B) Element composition of pristine charged cathode and charged cathode before TR by ICP-OES measurement.

(C) XPS analysis of pristine charged cathode and charged cathode before TR with plasma etching.
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layer on the charged cathode before the TR may be related to the phosphorus layer

formation, since phosphorous was detected on the cathode surface as shown in Fig-

ure S16. In addition, the ICP-OES characterizations were applied to the pristine

charged cathodes and the cathodes before TR. For a pristine charged cathode,

the weight percentage was determined to be 30.08 wt% Ni, 17.79 wt% Mn, and

12.25 wt% Co (Figure 9B). Thus, the mole ratio between Ni, Mn, and Co is

5.1:3.0:2.0, which is very close to the designed NMC532 composition. The lithium

concentration in the pristine charged cathode was 2.35 wt%. However, the transition

metal before TR are 26.79 wt%Ni, 14.95 wt%Mn, and 10.57 wt% Co, confirming that

all transition metal ions undergo dissolution during the self-heating. Moreover, the

observed phosphorous content increased more than 10-fold compared with the

pristine cathode, from 0.03 wt% to 0.34 wt%. The chemical crosstalk between

the cathode and anode may not only trigger the TR process by oxygen release

but also may occur during the self-heating process.

The XPS profiles of the pristine charged cathode and LN-frozen cathode before TR

are shown in Figure 9C. To obtain the depth element information, we applied Ar+

plasma etching for 50 nm. At first, for the O1s peak, two major peaks appear for lat-

tice oxygen (O2�) and a surface organic compound and are centered at 530.0 eV and

532.2 eV, respectively. In addition, a surface (O�/O2
2�) peak is evident at 531.3 eV

for the surface sample only, which is believed to be associated with the surface phase

transition and thereby with released oxygen,42 indicating that the phase transition

mainly happened near the surface. In addition, a characteristic peak related to metal

oxide, located at 527.8 eV, is observed in the TR sample surface frozen at 206�C (also

shown in Figure S15). This finding confirmed the phase transition on the cathode

with elevated temperature.

The XPS profile for the transition metal of Mn2p, shown in Figure 9C, indicates

that for the sample before TR, the surface Mn signal completely disappeared on

the cathode; however, it was detected on the anode and separator surface as shown

in Figure S15. This suggests that the transition metal ions are subject to different re-

actions. More detailed work regarding the reaction pathways is warranted.
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Figure 10. DSC Oxygen Induction Profiles on Charged Anode

(A) Oxygen induction as flow gas during DSC test of the charged anode at different temperatures.

(B) Total heat generation of the anode reaction with oxygen.
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As discussed earlier, the Ni-rich NMC cathode has a higher capacity for lithium stor-

age. However, this material suffers from inferior thermal stability.5,10,43 As proposed,

the chemical crosstalk, especially the cathode oxygen generation by phase change,

plays a critical role in the battery TR process. The use of a Ni-rich cathode in a large-

format lithium-ion battery may eventually affect the thermal response at the cell

level. To simulate the oxygen generation of the Ni-rich cathode and the interaction

of oxygen with the charged anode, we obtained DSC measurements with oxygen

induction at different temperatures. The results are shown in Figure 10. The

charged anode powder was prepared in the same manner as mentioned above for

the normal DSC test without electrolyte. Pure oxygen was introduced as a gas

flow at 40 mL/min. Target temperatures of 150�C, 160�C, 180�C, 190�C, and

200�C were used to simulate the oxygen release by cathode phase transition.

As shown in Figure 10A, the DSC heat generation increased immediately when the

oxygen was introduced. This result confirmed that the released oxygen may react

with the anode and produce fierce heat generation. Thus, if a Ni-rich cathode with

inferior thermal stability is used, the abrupt heat generation may happen earlier.

The integrated heat generation of all conditions is shown in Figure 10B for the tem-

perature range from 50�C to 240�C. The heat generation for the oxygen induction

condition of 190�C and 200�C is almost the same, which is around 105 J/g. However,

with the earlier oxygen induction condition of 150�C, 160�C, and 180�C, the heat

generation increases almost 43%, to 150 J/g. The results indicate that an inferior

thermal stability cathode may not only trigger the TR process earlier but also pro-

duce more severe heat generation.

In sum, the chemical crosstalk is the hidden reason for the battery TR. In designing a

safe high-energy-density automotive battery, the released oxygen from the cathode
14 Joule 2, 1–18, October 17, 2018



Please cite this article in press as: Liu et al., Thermal Runaway of Lithium-Ion Batteries without Internal Short Circuit, Joule (2018), https://doi.org/
10.1016/j.joule.2018.06.015
is the most critical factor to consider. If the cathode is vulnerable to high tempera-

ture, an advanced separator cannot guarantee the safety for a lithium-ion battery

(or a battery with solid-state electrolyte). The rational design of the reliable high-en-

ergy-density battery needs careful verification at both the material level and auto-

motive cell level.

Conclusions

To reach a better understanding of the TR mechanism due to abuse conditions

with large-format lithium-ion batteries, we tested a thermally stable separator up

to about 250�C in a 25-Ah lithium-ion battery. The stable separator eliminated

the possibility of an internal short circuit induced by Joule heating generation.

Our results revealed the TR mechanism as being driven by the chemical cross-

over between the cathode and anode without severe internal short circuit and

voltage drop. At around 231�C, without an internal short circuit, the battery

TR happened all at once. The TR mechanism of chemical crosstalk between

the cathode and anode was thus proposed. We found that by a phase transition

from layered to spinel structure, the charged cathode alone can release oxygen

and produce a small amount of heat that peaks at around 276�C. However, when
the cathode and anode are mixed together, the heat generation increased seven

times with virtually no oxygen release. The cathode-released oxygen consumed

by the anode thus triggered the TR process with a tremendous heat generation

rate. These results may advance the understanding of the complicated lithium-

ion battery TR mechanism and suggest that reliable design of automotive

lithium-ion and solid-state batteries can be achieved by balancing the crosstalk

among the cathode, electrolyte, and anode under ordinary operation and abuse

conditions.

EXPERIMENTAL PROCEDURES

Accelerating Rate Calorimeter Test

The ARC tests were conducted with an EV+ ARC system purchased from Thermal

Hazard Technology. For each ARC test, two fully charged 25-Ah batteries were

combined with a thermocouple in between. The starting temperature was 40�C
with a heating step of 5�C. The detected self-heating rate was 0.02�C/min and

the waiting time was 40 min. Before the test, the ARC system was calibrated

with a piece of Al placed in the chamber as a battery substitute, and a drift exper-

iment was conducted after calibration to confirm the system reliability. The

detailed test setups were similar to those discussed in our previous reports.9 A

TR video was taken by an external camera during the ARC test. The voltage re-

corded by a Neware battery test and the resistance were collected by a Tonghui

TH2523A battery resistance tester with a consistent frequency of 1 kHz. Moreover,

an external LN purge system was designed inside the ARC chamber to cool the

sample inside.

Differential Scanning Calorimeter Test

The DSC measurement was conducted with a Netzsch DSC214 system. The temper-

ature range was from room temperature to 500�C with a heating rate of 10�C/min.

To obtain the charged electrode materials, we transferred a fully charged battery

(Table S1) into an argon-filled glovebox and disassembled it carefully. The active

materials on the current collector were immersed into a DMC solution and rinsed

several times to ensure that a minimal amount of electrolyte remained in the elec-

trode. Thereafter, the electrode was dried in the vacuum chamber for several hours.

The NMC cathode and graphite powder were then removed carefully from the cur-

rent collector with a surgical blade. Finally, the delithiated cathode and lithiated
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anode were ground carefully with an agate mortar to produce a uniform electrode

powder, which was ready to use. A Concavus crucible/lid set was used for the

DSC measurement. To reduce the oxygen and water contamination we added and

sealed the electrode material in the glovebox, and made a hole on the lip just before

the test. The amount of anode and cathode was 6.4mg and 3.0mg for each test, with

around 3.0 mL of electrolyte.
Time-Resolved XRD and Post-test Analysis of Battery before Thermal

Runaway

The time-resolved XRD measurement for the charged cathode was carried out by a

Bruker D8 Avance XRD system, with an external direct heating component from

room temperature up to 500�C. The charged cathode powder was prepared in

the same manner as for the DSC measurement. The in situ STA-MS measurement

was conducted by a Netzsch STA 449 F5 with a Netzsch QMS403D MS system,

with the argon flow at 10�C/min from room temperature to 500�C. Scanning EM

was conducted with a Zeiss Merlin field emission scanning electron microscope.

The chemical compositions of the resulting powders were analyzed by inductively

coupled plasma (Opima 8300, PerkinElmer). XPS measurement was conducted

with a PHI Quantera SXM XPS system from ULVAC-PHI, with the X-ray spot diameter

of 200 mm below 1.0 3 10�7 torr. An Ar+ plasma was used to etch the sample

to determine the bulk material composition. The XPS results were calibrated with

a C 1s emission peak of 284.6 eV.
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Supplemental information  

 

Table S1. Basic information on the automotive battery. 

 

 Cathode Anode 

Active material SC-NMC532 Artificial Graphite 

Conductive material Super P  Super P 

Binder material PVDF CMC+SBR 

Weight ratio of 

Active:Conductive:Binder 

94:4:2 94:2:4 

Specific Capacity 151 mAh/g 340 mAh/g 

Electrolyte 1 M LiPF6 in EC/PC/DEC (1:1:1) 
 

 
Figure S1. Comparison of the dQ/dV plots between the SC-NMC532/graphite battery with non-

woven fabricated separator and ordinary pouch cell with NMC532 polycrystalline cathode. 

Note that the 5-Ah ordinary NMC532 cell also used a different separator, which is a PE/ceramic. 

Results show that the main charge and discharge redox peaks of SC-NMC532 are located at 

3.56 V and 3.68 V, almost the same as for the polycrystalline cathode. However, their secondary 

redox peak during charge is different, which started at 3.43 V and 3.52 V for the polycrystalline 

and SC-NMC cathode, indicating the SC-NMC cathode is more stable than polycrystalline 

cathode.  
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Figure S2. The video recording configuration of the ARC system. 
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Figure S3. Thermal runaway characteristic plots of another SC-NCM532/graphite lithium-ion 

battery with a non-woven polyethylene terephthalate (PET)/ceramic separator. (a) Temperature 

rate, voltage, and resistance vs. temperature during thermal runaway measurement. (b) Segment 

of figure focused on thermal runaway onset temperature (T2). (c) Relationship between the 

voltage and temperature rate during thermal runaway. The T1, T2, and T3 for this battery are 

115oC, 216oC, and 815oC respectively. The internal resistance increased from 15 mΩ at room 

temperature to 265 mΩ at 173oC, then dropped to 58 mΩ until T2. The temperature increase 

rate reached a maximum of 21oC/s until the voltage dropped to zero.   
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Figure S4.  Battery internal resistance characterized by the hybrid pulse power 

characterization (HPPC) method, as well as the relationship between the state of charge (SOC) 

and open cell voltage (OCV). 
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Figure S5. The swelling and venting temperature of the pouch bag battery according to the 

video, and the resistance curve before TR.  
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Table S2. The diameter, retention rate, and shrinkage of the separator with different 

temperatures. 
 

 Pristine 230ºC 250ºC 270ºC 290ºC 330ºC 350ºC 400ºC 450ºC 

Diameter 
(mm) 

14.00 13.83 13.44 12.79 12.68 12.67 12.64 12.62 NA 

Retention 
rate (%) 

100 98.8 86.6 83.4 82.1 81.9 81.6 81.3 NA 

Shrinkage
(%) 

0 1.2 13.4 16.6 17.9 18.1 18.4 18.7 NA 

 

 

 
Figure S6. Shrinkage rate for the  PET/ceramic separator with temperature. 
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Figure S7. Comparison of the separator before and after hot box storage at 210ºC for 13-hour. 

(a) Pristine separator (room temperature before the test). (b) Separator after 210ºC hot box 

storage for 13 hours. Although the color changed to heavier grey compared to the pristine 

material, there is still no obvious shrinkage after the 13-hour 210ºC storage. The result 

confirms that before the thermal runaway, there would be no serious internal short circuit 

caused by the separator shrinkage. 
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Figure S8. DSC and TG plots of (a) separator with and without electrolyte and (b) charged 

cathode with and without electrolyte. 
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Figure S9. The mass spectroscopy result of mass-to-charge ratio of (a) 44 (m:z = 44, CO2) and 

(b)18 (m:z = 18) for H2O from the STA-MS measurement. 
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Figure S10. Temperature-resolved XRD plots of charged cathode materials with different 

temperature from 25°C to 500°C.  
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Figure S11. The chemical cross-talk between the charged cathode and anode. Weight loss 

comparison of charged cathode alone and cathode/anode mixture. 
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Figure S12. Even though liquid nitrogen purging at 218oC, the thermal runaway happened all 

the same. (a) Temperature and voltage curves of the ARC test during liquid nitrogen purging. 

The maximum temperature is 813oC, which is almost the same without the liquid nitrogen 

purge. (b) Segment of (a) for the thermal runaway process. The result indicates that the TR 

reaction is too severe to be prevented, even by liquid nitrogen.
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Figure S13. The optical image of the PET/ceramic separator before TR. The image shows the 

the integrity of the separator with no hole or damage. 
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Figure S14. The cycling performance of the harvested separator after liquid nitrogen cooling 

of 206oC. The coin cell was assembled with a hard carbon anode and lithium foil counter 

electrode. The cycling performance confirmed that the harvested separator can still work 

functionally upon charge and discharge at 0.2C, proving that the self-heating is not driven by 

the internal short circuit but by the chemical crosstalk. 
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Figure S15. XPS analysis of pristine charged cathode and cathode with 206oC before thermal 

runaway. An additional peak regarding the metal oxide was detected on the sample before the 

thermal runaway. 
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Figure S16. The XPS measurements of the automotive cell on different surfaces before TR. 

The Ni, Mn, and Co from cathode elements are detected on the separator and anode surface 

(fresh battery with one single charge), indicating the chemical crosstalk between the cathode 

and anode may not only trigger the TR by oxygen release, but also may occur during the self-

heating process. 
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