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Thermal runaway is one of the key failure reasons for the litm-ion batteries. The
potential of thermal runaway in applications increases whethe industry starts to use
high energy LiNtCoyMn,O, cathode. The thermal runaway mechanism is still unclear,
because the side reactions are complex. Heat generation dimg thermal runaway
can be caused by the decomposition of individual cell compoants, or by interactive
reactions between multiple components. This paper tries tacomb the heat sources
during thermal runaway using a novel method named the “Timee&juence Map” (TSM).
The TSM tracks the heat sources according to the notion of themodynamic systems. The
thermodynamic system means a combination of materials thastay and react together,
and generate heat independently without interruptions fim other thermodynamic
systems. With the help of the de ned thermodynamic systems,researchers will be
rescued from being trapped in the complex reactions, and theheat sources during
thermal runaway can be clearly explained from bottom up. Théhermal runaway results
for two battery samples demonstrate the validity of the TSMThe TSM shows the heat
sources including that: (1) re, (2) internal short circuit(3) oxidation-reduction reaction
between the cathode and anode, etc. The contributions for te heat sources to the
thermal runaway are further discussed. Conclusions come tq1) the major heat source
is the oxidation-reduction reaction; (2) the re releasesots of heat, but most of the
heat is not to heat the cell itself; (3) the internal short cuit is critical to trigger the
oxidation-reduction reaction; (4) the internal short cirgt is not the major heat source
that heat the cell to 800 C or higher; (5) the oxidation-reduction reaction is trigged
when the temperature reaches a critical temperature. The T8 helps depict the frontiers
in the researches of battery thermal runaway. It suggests #t we focus on: (1) the
relationship between internal short circuit and thermal naway; (2) the mechanism of the
oxidation-reduction reaction between the cathode and anoé; (3) the detailed reaction
mechanisms for a speci ¢ thermodynamic system within the cé.

Keywords: lithium-ion battery, battery safety, thermal runaw
calorimetry, energy storage, internal short circuit, re
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INTRODUCTION Key Factor 4: How to quantify the TR process by a mathematical
model?-The establishment of a good TR model that can

Electrochemical energy storage system (EESS) is one of thecapture the underlying mechanisms.

heart components of the clean energy systems in the futurey Factor 5: How to reduce the TR hazard in cell and system

because the EESS can help regulate the intermittent powpubut  design in application?—The model-based battery safety mesig
by the renewable energy sourcesh@ng, 201R Lithium-ion considering the TR hazards.

battery, given its high energy density and extended lifeetim a o
promising choice for the EESSdng et al., 2012; Ji et al., 2015F0r the key factor 1, the core thing is to heat the cell to exegem

Kong et al., 2018 The application in transportation systems temperature higher than 8@ or even higher, until the HTR loop
(Ouyang et al., 2016; Lai et al., 2018; Zheng Y. et al. )201@nsoutofcontrol.Heatingabatterycan be ful lled by oveox
and electronic devicesD(h et al., 2018; Zhang et al., 2018;heating Pahn et al., 2013 penetration feng et al., 2015a; Mao

Zhu et al., 201Brequire compact design of an EESS, thereby! @l 201} overchargeQuyang etal., 2015; R_e” etal.,, 2017; Qi
proposing demand of higher energy density for the lithium-©t@l., 201} power heaterGoman etal., 2017a; Gao etal., 2917

ion batteries Zeng et al., 2008 The target of energy density etc. . o
for the lithium-ion batteries is 300 Wkg 1 in the “Made For the key factor 2, calorimetric instruments can help

in China 2025 project funded by the Chinese State Councfiuantify the heat generation during the HTR loop, thereby
and the “Strategic Priority Research Program” funded by th&€ne ting studying the TR mechanisms. The common utilizati
Chinese Academy of Sciencésaqig et al., 2006 The lithium of a calorimetry includes: the accelerating rate calori;ngiRC)

vanadium phosphaté\(ao et al., 201for the lithium manganese (Feng etal., 20143;khe di erential_scanning.calorim_etry (DSC)
rich cathode Yan et al., 20)5might be promising to fulll  (£heng S. et al., 20);&the C80 micro calorimetryRing et al.,

the target. However, due to their limited cycle life, the sims 2019 the cone calorimetryHing et al., 2013 other self-made
applications of them are still far away. A more favorable roagm Ccalorimetry Chen etal., 2016; Liuetal., 2Q®te. .

is to use cathode with ternary oxide LiIMOM can be Ni, qu the ke_y factor 4,_the TR model is always built by ch_em|cal
Co, Mn, or Al, etc.) and anode with silicon additiongeng reactions using Arrhe_mu; Equatiortsatchard e_t al. (ZOOJDUHF

et al., 2018a; Vitoux et al., 2018The cathode with Ni rich the rstTR model, which is propagated potnitz and Franklin
ternary oxide LiMQ has higher energy density among others,(2003) further extended to 3D simulations k¢im et al. (2007,

but Ni rich cathodes usually have poorer thermal stabilitie®nd followed by othersHeng and Jiang, 2015; Coman et al.,
(Noh et al., 201R Accidents emerge as the cell with LiMO 2017b; Abada et al., 201 Recent years the TR model is evolving

cathode starts to substitute the cell with LiFeP@athode in 0 notonly predictthe temperature, but also the voltage, daile
the transportation and electronics=¢ng et al., 2018b The the electrochemical-thermal coupled TR modet¢ et al., 2015;

customers are fearing about the smoke, re, and explosiof!€/cher etal., 2016; Ping et al., 2DIThe accuracy of the TR
(Huang et al., 207)5that accompany with the battery failures, Medel is being improved by considering gas ventifigoian

therefore the safety issues of high energy lithium-iondrags are €t @, 2016, 201y@and aging e ects fbada et al., 2018; Ren
arousing more and more attentions in recent yeafsr(g et al., €t al, 2018p Most of the parameters used in those papers are

20164a, 2018¢,d; Guo et al., 2016; Huang et al., 2016; Wy et §|mllar, in other words the TR model has been inherited for
20189. nearly 20 years. Actually, the kinetic parameters in the Aribgn
Thermal runaway (TR) is the root cause of the hazards thagquations can be acqyired from calorimgtric tests. Pinglet a
occur during battery accidentsvang et al. (2012proposes that Proposed a deconvolution method to acquire the pre-order flacto
the essence of the battery TR should be a moment when tf1d activation energy in the Arrhenius EquatiorSi(g et al.,
exothermic reaction goes out of control, that is the reatiate 2019. A classical approach for calibrating the kinetic parameters

increases due to an increase in temperature causing a furth@} the Arrhenius Equations is the Kissengers method in the

increase in temperature and hence a further increase in th_(éhem'Cal dynamic theoryWang et al., 2011 Practice succeeded

reaction rateFeng et al. (2018apvances the de nition of battery in Ren's Ren_ etal., 20_1$avork, therefore the kinetic para_lmeters
TR to the Heat-Temperature-Reaction (HTR) loop. The HTROf the chem.lcal reac'.uons-can be measured by 'experlments, no
loop always exists for lithium-ion battery when it is expoged longer needing to be inherited from the Hatchar_ds modeI:
extreme temperature. The TR occurs once the HTR loop goes out For the key fact_or 5, model-based s_afety designis an angact
of control. technology arousing concerns _from industry. Safety desagn_
Conducting a successful battery TR research should cansig®/Stem level is the major appllgatlon 9f the.TR models built
ve key factors: In key factor 4 The' TR model is modl'ed ywth heat transfer
functions for simulating the TR propagation in a battery syste
Key Factor 1: How to trigger a TR?—The way to trigger TR. (Feng et al., 2015b, 200)6iHigh precision prediction of the
Key Factor 2: How to characterize the phenomenon-duringrR propagation process in system level requires accurategetti
tests?—The technique for TR characterization. of the boundary conditions of heat transfer and a TR model
Key Factor 3: How to interpret the TR mechanisms behindwith adequate accuracy. Sometimes the chemical kinetitb&a
the observations?-The methodology for mechanisnsimpli ed by lookup tables in the propagation simulatiofi€¢ow
interpretation. and Teng, 2013; Chen et al., 2p1bhose kinds of model-based
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TR propagation simulation help optimize the safety design of &attery samples are charged to 100% state-of-charge be$ore te
battery pack, signi cantly reducing the TR hazard in the syst to represent the most dangerous status.
level, and enhancing the e ciency of correlated researctd an ) )
development. However, model-based safety design of a pattealorimetric Tests
cell is rarely seen up to now, to the best knowledge of théccelerating rate calorimetry (ARC) manufactured by Thafm
authors. The researchers of materials have switched to eéw cHazard Technolog§ (THT) is used to conduct adiabatic TR
chemistries, which can bring them more reputations in papetests of the battery samples. The ARC has extended-volume
publications, but left the practical problem of TR of lithium- to hold the large format samples, as shown Figure 1 A
ion batteries for the engineers. The target of model-baststysa thermocouple was inserted between the two cells to measure the
design at cell level still cannot be ful lled, because therfigtlel ~ internal temperature of the battery sample. Thermal runaway
still cannot re ect all the key physical and chemical processetests were conducted under the heat-wait-seek-exotherrdemo
This is caused by the lack of researches on the key factori@wh The ARC builds an adiabatic boundary condition around the
bridges the gap between key factor 2 and key factor 4. cell during the exotherm mode, ensuring accurate measunéme
For the key factor 3, we are still lacking strong weapon®f the heat generation during TR. More detailed experimental
for interpreting the TR mechanisms from test observationssettings can be seenitheng S. et al. (2018)
Generally, a good approach for interpreting the complex reaction Di erential scanning calorimetry (DSC), manufactured by
mechanisms can comb the relationships between di erenbetzsct with name of DSC 214 Polyma, is used to evaluate
physical and chemical processes. The Semenov Diagram the thermal stabilities of the cell components. The DSC result
a mature technique in analyzing the controllability of heatfrom the segments in the TSM. The samples for the DSC tests
generations $amba et al., 20)4The Semenov Diagram can are the cell components scratched from the battery samples. Th
also help reveal the reaction mechanisms of battery TR. Forraass ratio for the powder of “ano@electrolyte” is “3.6 mgC
quanti ed analysis of TR mechanisms, the Semenov Diagrar@-96mL,” and for that of “cathod€electrolyte” is “6.3m@& 0.7 4
must work with an accurate battery TR model, which formsmL.” The mass ratio is same as that in the porous electrodes. The
a logic loop hereWang et al. (2010proposed a 3D diagram DSC scans the samples from 50 to 80Qvith a temperature rise
that can illustrate a swallowtail catastrophe of battery TRate of 20C min 1.
using dimensionless parameters. However, the accuracyeof th
3D diagram also depends on the accuracy of the TR modefHEORETICAL
Feng et al. (20184dfies to summarize the reaction kinetics of L
cell components using an “Energy Release Diagram? with 30 N€ Key Characteristics of Battery Thermal
variables including the critical temperature, the heat gatien ~ Runaway
power, and the enthalpy of the reactions. Current availabl&igure 2displays the key characteristics of battery Figure 2A
approaches usually establish a phase diagram with temperatwskows the voltage, temperature and the temperature rate in the
asx axis. However, they omit the information at time domain, ARC test results for Cell Sample A. Characteristic temperature
thereby losing information on the sequential order of diete {T1, T2, T3} can be observed in many of the ARC test®ilg
physical/chemical processes. Upon this, we guess that a diagramal., 2018eT1 (78.2 C for Battery Sample A) is regarded as the
with time as x axis might be more intuitive for people to onset temperature of heat generation. In ARC resdlgsmeans
understand the TR mechanisms. when the ARC detects obvious temperature rise, which is usually
This paper tries to establish a novel method, named the Timgidged by a preset threshold of temperature rise rate, e(4.,©.
Sequence Map (TSM), for interpreting the TR mechanisms afin * or s0.T5 is the triggering temperature for TR is the
lithium-ion batteries. The TSM tracks the heat sources ediog ag when the HTR loop runs out of control. Understandifig is
to the notion of thermodynamic system, of which the heatquite critical for battery safety design, because a highersually
generation power can be measured by DSC. The temperatumneeans better overall thermal stability, and the batterytbars be
curve is transformed into cartoonish vectors that can diear more likely to pass an abuse test in a standard. However, there
re ect the key heat sources that contribute to the TR procéls. s still no quanti able de nition of T, to the best knowledge of
theory of the TSM has been validated by two kinds of commeérciahe authors.T3 is the maximum temperature that the battery
lithium-ion batteries with LIMG cathode, making it convincible can reach during TR. The dierenc& T D Tz T» directly
for guiding the battery TR modeling and safety design. links to the total heat generation during TR Htr) as shown
in Equation (1), whereM is the cell mass an@;, is the heat
capacity. The TR propagation behavior largely depends on the

MATERIALS AND METHODS intensive heat release betwebEnand T3. Figure 2B shows that
smoke is possible to occur during TR test for Battery Sample
Battery Samples A, whereagFigure 2C shows that re is possible to occur after

Table llists the battery samples used in the calorimetric tests fof R is triggered. The key characteristics of battery TR idetu
validating the proposed TSM. Both the Sample A and the Samptle characteristic temperature3 4 T», T3}, and the unique

B have cathode with LiM@ carbon based anode and separatophenomenon (smoke, re and explosion) that occurs during
with ceramic coating on the PE base. Both the Sample A an@iR. The relationships between those key characteristics seem
the Sample B have large format and capacity<0 Ah. The to be complex, because they contain several physical/chemical
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TABLE 1 | The battery samples used in the calorimetric tests.

Battery sample Capacity/Ah Cathode Separator Anode Shape

A 20 Li(NiCoMn) 30, CLiMn; Oy PECceramic coating MAG10 Pouch
(Mass ratio 1:1)

B 25 LiNig.4C0g.4Mng 202 PECceramic coating Graphite Prismatic

Two Cells ——

Thermocouple

FIGURE 1 | Experimental settings for the ARC test.

processes at high temperature. We are proposing the TSM tmave not been considered in the Hatchard's model and its
connect the underlying logics between those key charatiesi descendants. The Hatchard's model predicts the temperature

of battery TR. within the SY§a7. The notion of SYSyy and SYg | are quite
important. The smoke, re and explosion usually occur in the
IHRDMCG1ITDMG (T3 Tp) (1)  SYS$nv, after cell venting, therefore if one wishes to simulate
the behavior of re and explosion, he/she should focus on the
A Demo for the Time Sequence Map major chemical/physical process outside the cell. If one wishes

Figure 3 shows a demo for the TSM, which interprets the TRto simulate the temperature rise during TR, he/she shouldi$oc
mechanisms of battery Sample A. From left to right, the TSM iron the chemical/physical processes within the g¥YS The
Figure 3can be divided into two regions: (1) The left side showsre and explosion have their own modeling principles, which
the reaction systems, which will be de nedfigure 4 The onset are di erent from that in the Hatchard's model. Strictly, whe
temperatures are marked to show the initial condition of thewe call a TR model, it is more for the Hatchard's model for
reactions. (2) The right side shows the characteristicddufR.  SYSar, rather than the model for re and explosion for SY&,.
Although it seems to be complex at the rst sight of TSM, it Interestingly, cell venting is an important process that ged
contains almost all of the key chemical/physical processgsglu the chemical/physical process from $XSto SYSny, as cell
TR. The reader can know what process is happening at what stagenting transfers mass from inside out. The mass exhausting
of TR illustrated in the TSM. The details of the TSM is beingduring TR can vary from 10 to 70%, as seen from experimental

introduced as follows. experiences. Therefore, considering cell venting in the TRehod
. . is important, if the mass loss is huge.

The De nition of System During Battery The venting is always caused by massive gas generatior insid

Thermal Runaway the cell during TR. There are two sources of gas generatiops: (1

The chemical/physical processes usually occur within @he vaporization of the solvents (DMC, EMC, DEC, EC, etc.),
conned thermodynamic system. Actually, the Hatchard'sonce the temperature rises to the boiling point of the solvents,
model Hatchard et al., 20Q1 which is regarded as the rst they will gasify and run out of the cellérsson et al., 20).8

TR model, calculates the summation of all kinds of chemica{2) The gas generated by the decomposition of cell components
reactions, which are assumed to be occurring independentlyi-eng et al., 201%aBefore TR is triggered, it seems that the
Figure 4 illustrates the thermodynamic system in a lithium-ion source (1) is the major source of cell venting, and the venting
cell. From left to right, we use the symbol “SYS” to represertemperature is quite near to the boiling point of the components
an independent thermodynamic system, which has a heah the solvents.

capacity that can absorb the generated heat during TR. The Now we look at the chemical/physical processes ing®Y.S
SYSQ. L denotes that cell and its surroundings. The cell isFigure 4shows that as the separator perfectly isolates the cathode
marked as “SYgr," whereas the surroundings are regardedand anode, the S¥gr can be divided into three independent
as the SY&yy. The physical/chemical processes in the S thermodynamic systems: (1) Sf\w),iSfor the anode, including the
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(A)
T,=740.1°C 1800 | Ts |
¢ ---1-OP ; T;: Maximum temperature of TR
FrFE NS E NN NN NN NN NN NARPK i
afl 4 ] | |
600 ¢, ;
N 2
o 2
= 1400 © [
52 g
> e \ £
T,=192.4 o
2 k\- 200 T,: Triggering of TR
T,=78.2°C = T, ;
= T,: Onset of self heat generation
B 5!
6

102 10" 10° 10" 102 103

d7 /dt/°C-min-!

2017-06-13 15:29:;

FIGURE 2 | Key characteristics for battery TR, data from Battery SamplA. (A) Characteristic temperatures for a TR during ARC tes{B) Smoke during a TR test;(C)
Fire during a TR test.

porous electrode materials and the electrolyte lling the more oxidation-reduction reactions for the system of §¢SC SY$LE
(2) SYSLE for the separator, including the porous separatorstill requires further study.
and the electrolyte lling the pores; (3) S&S for the cathode,
including the porous electrode materials and the electeljing . .
the pores. The electrolyte itself has unique properties, bm:auThe Temperature Segments in the Time
the gasi cation always starts from the solvents in the etdgte  S€dquence Map
system, which we de ne as S¥§, as at the central bottom of There are cartoonish temperature segments in the TSM, as shown
Figure 4 Here we assume that the components in the&¥are  at the upper right inFigure 3 Those segments come from the
LiPR; with 1:1:1 DMC:EMC:EC solvents. DSC test data for the systems de ned in section The De nition

The separator will collapse at high temperatufeqra and  of System During Battery Thermal Runaway. As the system
Zhang, 200) that means the S¥SE will vanish at high dened in section The De nition of System During Battery
temperature' as shown at the r|ght side Ia'gure 4. At this Thermal RUnaWay are independent upon the chemical I’eactions,
moment the thermodynamic system inside $x{Smay combine the behavior of the S¥&T can be regarded as the superposition
into SYSKFCSYSLE The mixing of the SYRF and SYSLE  of the sub-systems. Therefore, we can test the thermodycsaati

N A SYan an A .

at extreme temperature can lead to rapid oxidation-reductioigh temperature of the sub-systems by DSC tests, and then infer
reactions (iu et al., 2018; Ren et al., 20)8lt seems that the behaviorofthe SY&T at ARC tests. Moreover, as the division
none of the Hatchards model and its descendants considé the sub-system is reasonable, the calorimetric testh@stb-
this reaction. That might be the reason for why the Hatcherd systems (SYiR" SY$A", SY&{CSY$, etc.) are practical in
model cannot predict the TR behavior well. Actually, most sf it oper_anons.
descendants are fearing about showing the tting resultie Figure 5shows the methodology of how to transfer the DSC
experimental data. However, the true mechanisms of the rapitest results into the segments in the TSM. Key charactesistic
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FIGURE 3 | The time sequence map for interpreting the thermal runaway ethanism of the Battery Sample A.

of the DSC peak, which usually represents a chemical reactiohne Key Chemical/Physical Processes

of the tested sample include the onset temperaturgy], the
total heat generationl(Hy) and the average heat release powe
(Qx), as shown at the left side dfigure 5. The subscriptx
means the parameter is for an arbitrary reactiorThen the key
characteristics of the DSC peak are transferred into the sagm
in the TSM by Equations (2, 3):

my 1 Hy

1T« D 2

LR TR (2)
- _

tan Dd— Dmx & 3)
dt ag M G

wherel Ty is the total temperature rise of the $¥$ caused by
the reactionx, my the mass of the reactants for reactinnM is
the total mass of the SP&', C, is the heat capacity of the S¥3,
and
TSM.

During Thermal Runaway for the De ned

Systems

This section introduces the key chemical/physical processes
during TR for the de ned thermodynamic systems. The chemical
reactions involved in the heat generations that are meakshye
DSC tests for the sub-systems are described in detailsti¢&ac

on transformation of the DSC peak into segments in the TSM
according toFigure 5 have been performed. Other physical
processes that do not generate heat, but their in uences en th
TR characteristics are also discussed.

Key Process for SYS E-E

The SYS'Econnects the systems of K5 SYSLE, and SYSES

and the vaporization of its components determines the venting
of the cell. The electrolyte of current commercial lithiuiom
batteries usually contains a salt, for which L§RE pervasively
used, and contains binary or ternary organic solvents, idiclg
DMC (boiling point 91 C), EMC (boiling point 110C), DEC
(boiling point 126 C), PC (boiling point 242C), and EC (boiling

the angle between the segments and the time axis in theoint 248 C) (Kalho et al., 201}.

The gasi cation of the solvent components can explain the

In the next section, we are introducing the actual reactionseason for the cell venting during TR. As the boiling points
x involved in the TR process, and showing the details of théor the binary/ternary solvents are di erent, therefore rtiul

reactions at the sub-systems of the 8Y¥'S

stage jet can be observed during experimevitsiig et al., 2017;
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FIGURE 4 | The thermodynamic systems involved for drawing a Time Sequiee Map.
Typical DSC Peak Segment in Time Sequence Map
T
AT = m_-AH
M-C,
ar| _m.-Q,
drl,, M-C,
T,
T, T t

FIGURE 5 | Transformation from typical DSC peak to segment in the Timee&juence Map.

Larsson et al., 20)8Figure 6 provides a cartoonish explanation will soon drops to a very low level after venting occurs, drying
of the multi-stage jet/venting that is commonly observedidg  out some of the porous electrodes, causing capacity degoadati
TR tests, assuming that the components in the'S¥&re LiPls  of the cell Feng et al., 2013bFigure 6B shows that when the
with 1:1:1 DMC:EMC:EC solventsigure 6A shows that when Tgat reaches 25@, the EC will vaporize and burst out from
the temperature of the cellTgar) reaches 100110 C, which inside. There will be some alkangldy, or other organic gases
exceeds the boiling point of DMC and EMC, venting with white-running out simultaneously with the vaporized EC, because th
gray smoke will be observed during TR tests. This is the rsside reactions at the S% can generate correlated substances
chance for the experimentalists to observe smoke/ re inthei(Feng et al., 2018aFigure 6Cshows that a third jet smoke/ re
TR tests. The smoke tends to has white or gray color, becauise possible after the TR is triggered. The electrode powders
it mainly contains the vaporized solvents. Fire is possiblaef t will burst out with the gases generated during the oxidation-
run-out vapors are ignited. The inventory of DMC and EMC reduction reactions in SE&FCSYS$LE, because the aluminum
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FIGURE 6 | Interpretation of the multi-stage smoke or jet re during themal runaway tests.(A) The rst smoke/ re due to the gasi cation of DMC and EMC, the color
of the smoke is white-gray;(B) The second smoke/ re due to the gasi cation of EC, the color of tre smoke is white-gray;(C) The third smoke/ re due to the melting
of aluminum collector and GHy bursting out during thermal runaway. The smoke is black, itie aluminum collector is collapsed.

current collector will melt into fragments at its melting paiof  melts, as shown ifrigure 7. Figure 7 shows the heating results
660 C, resulting in heavy smoke with black color. As the smokef the PE bageceramic coated separator from Battery Sample
in the third stage contains much proportion of organic gases, a B. Shrinkage can be observed after the temperature reackes th
the temperature of the gases is much higher than that in theé rsmelting point of PE.
and the second stages, re and explosion will be more prone to Nevertheless, the collapse temperature can be much higher
occur in this stage. than the melting point of the separator base. In other words,
The moment of jet smoke/ re has been marked at the topthe shrinkage of separator base does not equal to the collapse
in the TSM, whereas the inventory of the ternary electrolyteof separator. Although the pure PE based separator will collapse
is marked at the bottom in the TSM. With the cartoonish at 130C, the PE based separator with ceramic coating can
presentation in the TSMKigure 3), the reader will be clear about hold to much higher temperature, usually higher than 200

the contributions of the electrolyte to the TR process. (Feng et al., 2018aThe ceramic coating can provide the
skeletons of the separator structuréh(y et al., 2015; Jiang
Key Process for SYS £E5 et al., 201y, and the shrinkage will be con ned within the

The key role of the separator in de ning the thermodynamicceramic structure, thereby increasing the collapse tempezat
systems within the lithium-ion cell is to isolate the ﬁﬁ% of the separator. Interestingly, we have recently found that
and the SY&E, The collapse of the separator determinescollapse temperature of the separator can be in uenced by the
the transition point from separate systems into a mixedelectrolyte and the compression lo&dgures 7A,Binfer that the
system SYEKECSYS$LE The commonly used base materials forshrinkage will be advanced to lower temperature if the separato
current commercial separators include PE (polyethylene) ant soaked with electrolyte. The reason might be that the petsiu
PP (polyethylene). The PE/PP based separator will melt anaf the decomposition of LiPFmay attack the PE base, thereby
shrink, when the temperature reaches their melting pointse Thdecreasing the temperature for shrinkage. Another intémgst
melting points of the PE and PP separators at30 and 170C  nding is that with tight compression inside the battery celge
(Arora and Zhang, 2004 respectively. Although the close of the separator with PE baSzeramic coating can hold to as high as
holes can shutdown the ion transfer inside the cell undersabu 260 C, as observed in one of the experiments for Battery Sample
conditions such as short circuit or overcharge, the advgesa B (Figure 7C). Figure 7C shows that the area of the separator
of the separator shutdown is limited under high temperaturecan hold at high temperature (260 or higher), but with much
heating. Shrinkage of the separator is possible after the geparathinner thickness, indicating that the shrinkage mainlycars

Frontiers in Energy Research | www.frontiersin.org 8 November 2018 | Volume 6 | Article 126


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Feng et al. Mapping the Battery Thermal Runaway

A Washed, with no LiPFg 1 Obvious Shrinkage

o' 3 L z =7
< | /)
= L

80°C 100°C 120°C 130°C 140°C 150°C 160°C 200°C 250°C

)

B Unwashed, with residual LiPF; | obvious Shrinkage

P o T //\

Illl,nllll

f1

i X A .";,i L A J Nk Sy \ e

80°C 100°C 120°C 130°C 140°C 150°C 160°C 200°C 250°C
c  With compression

0

i

Holes in the middle

/ 1;’ | e

e, Gt

L

2/

Heat to 270°C

FIGURE 7 | Inferring the collapsing temperature of the PEceramic-coated separator, which is from Battery Sample B(A) Separator heated to different
temperatures, with LiPFlg washed out. (B) Separator heated to different temperatures, with residudliPFg. (C) Separator heated to extreme temperature with
compression, with reduced shrinkage.

at the vertical direction under high compression forces. rehe are marked with SEI, AN-I, AN-II, and AN-III, inferring the
will be holes initiating from the center of the separator, liet di erent stages of heat generation for the SEAK% respectively.
shrinkage becomes more severe at higher temperature, anshowihe segments irFigure 8A have been re ected in the TSM

in Figure 7C. in Figure 3 at the bottom part. Note that due to the long

storage time after scratching powders from the cell anodes,
Key Reactions for SYS EL,EE and SYS(E:hE the heat generation by SEI decomposition is not obvious in
The isolation by the Sép provides convenience for us to Figure 8A

investigate the independent behaviors of heat generations f Figure 9shows the DSC test data of the %@orthe Battery
the SY§F and the SYS;F during TR process. This section Sample A and B, and the transformation results from the DSC
discusses the independent heat generation mechanisms foeat ow into the segments in the TSNFigures 9A,Bshow that
the SY§KF and the SYS:, given that the SYZ5 is still  there might be two major stages of exothermic reactions & th
intact. The details of the transformation from typical DSCSY$LE of the Battery Samples, therefore the DSC results can be
peaks to the segments in the TSM will be described asansformed into two independent segments with di erefgy
follows. and . Note that the endothermic peak caused by electrolyte
Figure 8 shows the DSC test data of the §¥Sfor the vaporization and the venting of the DSC crucible has been
Battery Sample A and B, and the transformation results fronomitted, because in a real case the venting e ect on the ARC
the DSC heat ow into the segments in the TSMgures 8A,B  results is not obvious. The two independent segments are egark
show that there might be four major stages of reactionss CA-l, and CA-ll, inferring the two stages of heat gen@nafor
in the SY§F of the Battery Samples, therefore the DSChe SYSLE, respectively. The segmentsFigure 9A have been
results can be transformed into four independent segmentalso re ected in the TSM irFigure 3 at the bottom part, below
with dierent Tox and . The four independent segments the segments for S¥&-
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Key Reactions for SYS EFCSYSELE After Separator
Collapse

After the separator collapses, the 8%S changes into a
mixed thermodynamic system of SYSCSYSLE in which
the rapid oxidation-reduction will occur, generating int&xe
heat. This section describes the details of the transfdaonat

Figure 10shows the DSC test data of the EYE SYSLE for
the Battery Sample A and B, and the transformation results from
the DSC heat ow into the segments in the TSMgures 10A,B
show that there is only one sharp peak in the DSC test data,
denoting the erce heat generation caused by the oxidation-
reduction reaction between the cathode and the anode. The

from typical DSC peak to the segment in the TSM forTox for the reaction is quite high (25€ for Battery Sample
the reaction in SYSFCSYSLE at high temperature. As A, and 270C for Battery Sample B), indicating that once the
we assume that most of the solvents might be vaporizettmperature of the SY8" reaches 25@ or higher, and the
before the reaction occurs, the solvents have been dried ogeparator already collapses, there will be erce reactiowéden

in the DSC tests with mixed powder from cathode andthe cathode and the anode, releasing large amount of heat
anode. generation. The segment for the “CAN” reaction for Battery
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FIGURE 10 | Transformation of the DSC data into the segment in the Time Spience Map, for the mixed system of SY%',;‘ECSYSE"&E. (A) Battery Sample A,(B)
Battery Sample B.

recent calculationKeng et al., 2013déndicates that the ISC is
critical to trigger the oxidation-reduction reaction, hewer, the
ISC is not the major heat source that heat the cell to &0
or more. And Liu et al. (2018)suggests that the ISC is not
an essential condition for TR. Some hints are indicating that
there can be TR without ISC. Nevertheless, the exact raktiip
between ISC and TR for all kinds of lithium-ion batteriedlsti
requires more researches. Here we focus on discussingrthéce
conditions for the occurrence of TR, and the quanti ed arggy

of the ISC during TR for the speci ¢ experimental data.

The essential condition for ISC includes: 1 The cathode and
the anode have contact; 2 There is pathway for the Li-ion to
transfer. For condition 1, the separator should have defects
e.g., shrinkage or collapse at high temperature. For condRio
there should be electrolyte that can transfer Li-ions. E¥ehe
condition 1 is satis ed, the resistance of the cell can be végl,h
resulting in low heating power during ISC. Generally, the heat
generation power of ISQYjsc) can be estimated by:

FIGURE 11 | The hint for erce internal short circuit during thermal runaay 2

U
test. D 4
Qisc Rec 4)

whereU is the cell voltage, is the conversion coe cient for
Sample A has already been markedHigure 3, with a block electrical-thermal e ectRisc is the equivalent ISC resistance
combining the region of SYR&F, SYSEE and SYS;:Flocated at  at the point of ISC. The ISC can release large amount of heat

the middle right. instantaneously iRsc is very low. A erce ISC always occurs
at a relative low temperature before cell venting because tiser
Internal Short Circuit for SYS gar still su cient electrolyte inside the celFigure 11shows the hints

The Hatchard's TR model does not consider ISC, thereforéorthe erce shortthat occurred during TR. The copper collacto
cannot t the experimental data well. Recently, researchees a(melting point 1,083C) has melted, as shown in the yellow circuit
introducing terms that can re ect the heat generation by IBC in Figure 11, indicating that the ISC can be quite intensive and
the TR model Eeng et al., 2015b; Coman et al., 2Q1However, release large amount of heatin a limited area. The ISC oedut
the accurate proportion of the heat generation by ISC in the TRhe edges at the electrode, where the separator shrinkagesi
process remains unclear, based on the current literature. Owas inFigure 11 While the ISC inFigure 7 occurs at the center,
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FIGURE 12 | Two different ARC test results for Battery Sample B(A) A case when TR occurs at 250.2 C, (B) A case when TR occurs at 132.7 C.

where the shrinkage in the thickness direction cannot hdllde  B. It should be noted thak, D T scfor Case B, indicating that the
occurrence of ISC can be picked up when we see voltage dr@R is directly triggered by ISC. While for Case A, the trigger
during TR test, although the heat generation of ISC can varynechanism is similar with that for Battery Sample A, that SCl
Therefore, it is easy to locate the ISC in the TSM, according toccurs rst, the oxidation-reduction reaction is triggetréater.”

the measured voltage. The TSM inFigure 13 helps interpret the di erent features
that displayed in the ARC tests for Battery Sample B. The
thermodynamics of the sub-systems for Case A and B should be
RESULT AND DISCUSSIONS the same. The only di erence is the heat release speed of ISC. Th
Mechanism Interpretation Using the Time ISCin Case A, as shown Figure 12AandFigure 13A is milder
Sequence Map than that in Case B, as shown Figure 12B and Figure 13B

Figure 3uses the TSM to interpret the TR mechanism of BatteryTherefore’ TR will not be triggered at the same moment of

Sample A. According to the TSM, there might be two stages (;§C for Case A, whereas, TR is triggered at the same moment

smoke/ re, rst for the vaporization of DMC and EMC, another of ISC for Case B. The results are interesting, indicatimy. th
for the vaporization of EC and the gas generated during T .he dggree of ISC can_change the moment of TR, even if the
The major heat source comes from the anode under C80 atteries are produced in a same batch. And the heat release of

Although the separator melts at130 C, the collapse will not TRth'S g?g,_lg ggt\?%ﬂn?s blyséhg QX|ctiat|on-rteletEtl?n realctlot
occur until 192C. The temperature rise rate accelerates after thi 1€ N A the IS Just a seclor that accelerate

temperature reaches 180, because the heat generation of anodé e temperature rise td . Moreover, the role of separator in

accelerates and the cathode joins to release heat. ISCsoccﬁ?ntromng the dggreg of ISC is important, if the separaton ca
J mild the ISC during its breakage, the TR may be delayed to a

at 192 C, further increasing the heat generation power. Th%. her t i hich ts a bett ¢
SYSAT switches to SYERFCSYELEwhen the separator collapses 'I"eT temPperature, which represents a better safety.

at 192C, but the rapid oxidation-reduction reaction will not

occur until the temperature rises to 23Dor higher, whenthe TR Possible Improvements of the Time

is nally triggered. The characteristic temperatures for ddh be Sequence Map

explained bythe_ TSMasFigure 3T is the or_1_set temperature . “qivisions of thermodynamic systems as in section The
for heat generation, caused by the decomposition of SE"W_“H De nition of System During Battery Thermal Runaway are useful
T2 s the collapse temperature of the separator, representing H?Sr further interpretation of the TR mechanisms of lithium-
moment of ISC and the system transition in $¢ It looks like ion batteries using the TSM, however, the DSC tests cannot
the TR is triggered dl; D 192 C, however, the major heat will guarantee the ideah-situ test’environmt’ent yet. The ideah-

not be released untfcacan D 250 C. situtest environment means that the test condition (temperature
) . and pressure of the system) during material characterinaiso
The In uence of the Internal Short Circuit the same as that during battery characterization. In this pape
on the Thermal Runway Behavior the battery characterization is conducted using ARC, whetiea
Figure 12 illustrates two cases in the ARC tests to discuss theaterial characterization is conducted using DSC. The dinee
in uence of the ISC on the TR behaviors. The two tests are botlin the environment of temperature locates at that the test
conducted for a same batch of Battery Sample B, however, widmvironment in the ARC is adiabatic, whereas that in the DSC
di erent TR characteristics. Th&, varies much, though the ISC is constant rate scanning. To reduce this di erence, one &hou
temperature Tisc) for both of them are 130 C. TheTy, which  select a scanning rate that is similar to the temperaturerase
is de ned as the moment when the temperature rise rate exceeds the ARC test when characterizing a speci c reaction. The
10 C min 1, varies from 250.Z for Case Ato 132.T for Case di erence in the environment of pressure locates at that the
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FIGURE 13 | The TSM for interpreting two different ARC test results for &tery Sample B.(A) The TSM for Case A,(B) The TSM for Case B.

venting time of the battery cell and the material with eletyte  pressure during material characterization is quite di cultut
might be di erent, because there is compression force insideneaningful for improving the credibility of the TSM. We are
battery cell but no for the material in the crucible. In other calling for new inventions in the calorimetric techniquezat
words, the toughness of the crucible in DSC test and that ofight be essential to Il in the gap. However, considering the
the cell case are dierent. Controlling the temperature andiimitations in the test methods, the most convenient way to
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obtain the information of the materials' properties is to usecome to: (1) the major heat source is the oxidation-reduttio

DSC. reaction; (2) the re releases lots of heat, but most of thathe
Nevertheless, there might be coincidence that the venting ds not used to heat the cell itself; (3) the internal short itc

the crucible might be similar with what occurs in a pouch ciéll, (ISC) is critical to trigger the oxidation-reduction re&mt; (4)

the test condition can be properly controllegén et al., 2018a  the ISC is not the major heat source that heat the cell to 800

Then the TR behavior of the battery cell can be calculated bgr more; (5) the oxidation-reduction reaction is triggeradhen

the superimposition of the materials' chemical kinetics. Hmw the temperature reaches the initiation temperature. The TSM

control the test condition in order to make the DSC test ckase  further helps depict the frontiers in the battery TR reseasche

the real condition is ongoing in our lab. suggests that in the future work on battery TR we should focus
Moreover, one may nd that the mass change in the systenon: (1) the relationship between ISC and TR; (2) the mechanism

also brings the change in the reaction mechanisms. Howevesf the oxidation-reduction reaction between the cathodel an

the current TSM does not consider much on the mass changéhe anode; (3) the detailed reaction mechanisms for a speci c

According to the experimental data, the ignorance of the masthermodynamic system within the cell.

change might be good approximations for the cells with Ni-poor

NCM cathodes, whereas that for the cells with Ni-rich NCMAUTHOR CONTRIBUTIONS

cathodes, which generate more gases during high temperature

decomposition, might be not good. TGA/DSC joint system wasXF proposed the idea of time sequence map and organized the

recently installed in our lab. Correlated improvementsie bSC  data and paper. SZ and LW participated in the discussion for

test facilities are ongoing. The mass change will be coresidier the embryonic form of the time sequence map. SZ, YW, and DR

the ver. 2.0 of the TSM, once we made signi cant progress. participated in the experiments. XH and MO gave suggestions on
One more concern on the improvements of the TSM mightexperimental design and paper organization.

be the in uence of the re on the heat transfer from the $X&

to the SY§ar. The ignorance of the combustion after venting FEUNDING

comes fromFeng et al. (2015ain which the data shows that the

heating e ect caused by re on the cells might be quite limited This work was supported by the Ministry of Science and

because the temperature at the bottom of the re is low to formTechnology of China (Grant Nos. 2018YFB0104404 and

large gradients for heat transfer. 2016YFE0102200); the National Natural Science Foundation
of China (Grant Nos. 51706117 and U1564205); the China
CONCLUSION Postdoctoral Science Foundation (Grant No. 2017M6

10086). XF thanks the support of Young Elite Scientist
The paper tries to propose a graphical methodology, name th@ponsorship Program from China Association for Science and
TSM, to help interpret the TR (Thermal runaway) mechanism ofTechnology.
lithium-ion batteries. The graphical method contains alétkey
physical/chemical processes that occur during battery TR. THARCKNOWLEDGMENTS
key physical/chemical processes are ordered sequentiathein
TSM, vividly depicting the underlying mechanisms of batteR. T XF appreciates the bene cial discussions from Dr. Shriram
The TR results of two battery samples demonstrate the valadit Santhanagopalan with National Renewable Energy Laboratory,
the TSM. With the help of the proposed TSM, conclusions caiJ.S.

REFERENCES Coman, P. T., Darcy, E. C., Veje, C. T., and White, R. E. (20Mbdelling Li-
ion cell thermal runaway triggered by an internal short circuit deviging
Abada, S., Petit, M., Lecocq, A., Marlair, G., Sauvant-MayNot and Huet, an e ciency factor and Arrhenius formulationsJ. Electrochem. Sot64,

F. (2018). Combined experimental and modeling approaches of the thermal A587—-A593. doi: 10.1149/2.0341704jes
runway of fresh and aged lithium-ion batteriek. Power SouB99, 264-273. Coman, P. T., Maté -Tempi, S., Veje, C. T., and White, R. E. (201

doi: 10.1016/j.jpowsour.2018.07.094 Modeling vaporization, gas generation and venting in Li-ionteat cells

Arora, P., and Zhang, Z. (2004). Battery separatofeem. Rev104, 4419-4462. with a dimethyl carbonate electrolyté. Electrochem. Sd&4, A1858—-A1865.
doi: 10.1021/cr020738 doi: 10.1149/2.0631709jes

Chen, M., Sun, Q., Li, Y., Wu, K., Liu, B., Peng, P., etal. (R@lthermal runaway = Coman, P. T., Rayman, S., and White, R. E. (2016). A lumped modehthge
simulation on a lithium titanate battery and the battery modunergiess, during thermal runaway in a cylindrical lithium cobalt oxide lithiune cell.
490-500. doi: 10.3390/en8010490 J. Power SouB07, 56—62. doi: 10.1016/j.jpowsour.2015.12.088

Chen, W., Wang, Y., and Shu, C. (2016). Adiabatic calorimetry aéshe Dahn, J. R., Trussler, S., Dugas, S., Coyle, D. J., Dahn, JdJBuams, J.
reaction kinetics and self-heating model for 18650 Li-ion callsvarious J. (2013). Accurate and precise temperature-controlled boxed for dfee s
states of chargel. Power Sou18, 200-209. doi: 10.1016/j.jpowsour.2016. testing of advanced automotive Li-ion cells with high precisionlometry.J.
04.001 Electrochem. Sa60, A251-A258. doi: 10.1149/2.047302jes

Coman, P. T., Darcy, E. C., Veje, C. T.,, and White, R. E. (2017apuh, Y. S., Lin, K. H., and Kao, C. S. (2018). Experimental inyatsin
Numerical analysis of heat propagation in a battery pack using a noel and visualization on thermal runaway of hard prismatic lithium-
technology for triggering thermal runawayAppl. Energ.203, 189-200. ion batteries used in smart phones. Therm. Anal.132, 1677-1692.
doi: 10.1016/j.apenergy.2017.06.033 doi: 10.1007/s10973-018-7077-2

Frontiers in Energy Research | www.frontiersin.org 14 November 2018 | Volume 6 | Article 126



Feng et al.

Mapping the Battery Thermal Runaway

Feng, X., Fang, M., He, X., Ouyang, M., Lu, L., Wang, H., et al. 014
Thermal runaway features of large format prismatic lithium ion batterings
extended volume accelerating rate calorimeftyPower Sou55, 294-301.
doi: 10.1016/j.jpowsour.2014.01.005

Feng, X., He, X,, Lu, L., and Ouyang, M. (2018c). Analysis on tlie fisatures
for internal short circuit detection using an electrochemicagitimal coupled
model.J. Electrochem. S465, A155-A167. doi: 10.1149/2.0501802jes

Feng, X., He, X., Ouyang, M., Lu, L., Wu, P., Kulp, C., et al. (20I8i®rmal
runaway propagation model for designing a safer battery pack wi#h25
LiNixCoyMnO large format lithium ion battery Appl. Energl154, 74-91.
doi: 10.1016/j.apenergy.2015.04.118

Feng, X., Li, J., Lu, L., Hua, J., Xu, J., and Ouyang, M. (201&)aR on a battery
test pro le based on road test data from hybrid fuel cell buse®ower Sour.
209, 30-39. doi: 10.1016/j.jpowsour.2012.02.069

Feng, X., Lu, L., Ouyang, M., Li, J., and He, X. (2016b). A 3D therumway
propagation model for a large format lithium ion battery modutnergyl115,
194-208. doi: 10.1016/j.energy.2016.08.094

Feng, X., Ouyang, M., Liu, X., Lu, L., Xia, Y., and He, X. (2018a&yral runaway
mechanism of lithium ion battery for electric vehicles: a reviewer. Storage
Mater. 10, 246-267. doi: 10.1016/j.ensm.2017.05.013

Feng, X., Ouyang, M., and Lu, L. (2018b). “Overview aboutdacts: selected
lessons learned from prior safety-related failures of Li-ion battfriesThe
Electrochemical Power Sources: Fundamentals, Systendgpdindtions- Li-

Kong, X., Zheng, Y., Ouyang, M., Lu, L., Li, J., and Zhang,@.&p. Fault diagnosis
and quantitative analysis of micro-short circuits for lithiumrdatteries in
battery packs]. Power Soud95, 358-368. doi: 10.1016/j.jpowsour.2018.05.097

Lai, X., Zheng, Y., and Sun, T. (2018). A comparative study of rdihe
equivalent circuit models for estimating state-of-charge ohilim-ion
batteriesElectrochim. Act259, 566-577. doi: 10.1016/j.electacta.2017.10.153

Larsson, F., Bertilsson, S., Furlani, M., Albinsson, ., and MédarB. (2018). Gas
explosions and thermal runaway during external heating abuse of cooimhe
lithium-ion graphite-LiCoQ cells at di erent levels of ageind. Power Sour
373, 220-231. doi: 10.1016/j.jpowsour/2017.10.085

Lee, C. H., Bae, S. J., and Jang, M. (2015). A study on e ect hofinit
ion battery design variables upon features of thermal-runaway using

mathematical model and simulationJ. Power Sour.293, 498-510.
doi: 10.1016/j.jpowsour.2015.05.095
Liang, J., Li, F.,, and Cheng, H. (2016). High-capacity lithiumn io

batteries: bridging future and currenEnergy Storage Mated, A1-A2.
doi: 10.1016/j.ensm.2016.05.010

Liu, J., Wang, Z., Gong, J., Liu, K., Wang, H., and Guo, L. (R@x%perimental
study of thermal runaway process of 18650 lithium-ion battdviaterials
10:230. doi: 10.3390/ma10030230

Liu, X., Ren, D., Hsu, H., Feng, X., Xu, G., Zhuang, M., et al. (200&rmal
runaway of lithium-ion batteries without internal short circuiloule Accept
2,2047-2064. doi: 10.1016/j.joule.2018.06.015

Battery Safetyeds J. Garche and K. Brandt (Amsterdam: Elsevier Press), 65-9@ao, B., Chen, H., Cui, Z., Wu, T., and Wang, Q. (2018). Failurehaeism of

doi: 10.1013/B978-0-444-93777-2.00012-8

Feng, X., Pan, Y., He, X., Wang, L., and Ouyang, M. (2018d). dejebe internal
short circuit in large-format lithium-ion battery using model-basédalult-
diagnosis algorithmJ. Ener. Storade3, 26—39. doi: 10.1016/j.est.2018.04.020

the lithium ion battery during nail penetratiorint. J. Heat Mass Trand22,
1103-1115. doi: 10.1016/j.ijheatmasstransfer.2018.02.036

Mao, W., Fu, Y., Zhao, H., Ai, G., Dai, Y., Meng, D., et al. (20R%}tional design
and facial synthesis of 3V2(PO4)3@C nanacomposites using carbon with

Feng, X., Sun, J., Ouyang, M., He, X, Lu, L., Han, X., et al. (2014b) dierentdimensions for ultrahigh-rate lithium-ion batterieéCS Appl. Mater.

Characterization of large format lithium ion battery exposed to exied/ high

Inter.7, 12057-12066. doi: 10.1021/acsami.5b02242

temperatureJ. Power Sou272, 457—-467. doi: 10.1016/j.jpowsour.2014.08.09Melcher, A., Ziebert, C., Rohde, M., and Seifert, H. J. (2016)delilng and

Feng, X., Sun, J., Ouyang, M., Wang, F., He, X,, Lu, L., et al. §p015

Characterization of penetration induced thermal runaway propagati@tess
within a large format lithium ion battery modulel. Power Sou75, 261-273.
doi: 10.1016/j.jpowsour.2014.11.017

Feng, X., Weng, C., Ouyang, M., and Sun, J. (2016a). Onlineaitehort circuit
detection for a large format lithium ion batteryAppl. Energ161, 168-180.
doi: 10.1016/j.apenergy.2015.10.019

Feng, X., Zheng, S., Ren, D., He, X., Wang, L., Liu, X., et al. (RO¥3=y
characteristics for thermal runaway of li-ion batteries,”1ifth International
Conference on Applied Enefgipng Kong).

Gao, S., Feng, X., Lu, L., Ouyang, M., and Ren, D. (2017). Appsbach for
evaluating the safety considering thermal runaway propagationinvithe
battery packECS Trans77, 225-236. doi: 10.1149/07711.0225ecst

Guo, R., Lu, L., Ouyang, M., and Feng, X. (2016). Mechanismhefentire
overdischarge process and overdischarge-induced internal shi@uit in
lithium-ion batteries.Sci. Rep5:30248. doi: 10.1038/srep30248

Hatchard, T. D., MecNeil, D. D., Basu, A., and Dahn, J. R. (200kgrmal
model of cylindrical and prismatic lithium-ion cells. Electrochem. Sdet8,
A755-A761. doi: 10.1149/1.1377592

Huang, P., Ping, P., Li, K., Chen, H., Wang, Q., Wen, J., et dl6)2Bxperimental

simulation of the thermal runaway behavior of cylindrical Li-ionllse
computing of critical parameter&nergie®:292. doi: 10.3390/en9040292

Noh, H., You, S., Yoon, C. S., and Sun, Y. (2013). Comparison dftthetural
and electrochemical properties of layered Li{f8o,Mn;]O, (xD1/3, 0.5, 0.6,
0.7, 0.8 and 0.85) cathode material for lithium-ion batterle®ower Sou33,
121-130. doi: 10.1016/j.jpowsour.2013.01.063

Ouyang, M., Feng, X., Han, X, Lu, L., Li, Z, and He, X. (2016). A
dynamic capacity degradation model and its applications considerin
varying load for a large format Li-ion batteryAppl. Energ.165, 48-59.
doi: 10.1016/j.apenergy.2015.12.063

Ouyang, M., Ren, D, Lu, L., Li, J., Feng, X., Han, X., et al. {2@\g&rcharge-
induced capacity fading analysis for large format lithium-ion bats with
LiyNi1=3C015Mn130,CLiyMn20,4 composite cathodel. Power Sou279,
626—635. doi: 10.1016/j.jpowsour.2015.01.051

Peng, P., and Jiang, F. (2015). Thermal behavior analysesc&edtarismatic
LiCoO2 lithium-ion batteries during oven testkt. J. Heat Mass Tran88,
421-423. doi: 10.1016/j.ijheatmasstransfer.2015.04.101

Ping, P., Kong, D., Zhang, J., Wen, R., and Wen, J. (2018yaCteaization of
behavior and hazards of re and de agration for high-energyiai cells by
over-heatingJ. Power SouB98, 55-66. doi: 10.1016/j.jpowsour.2018.07.044

and modeling analysis of thermal runaway propagation over the large formaPing, P., Wang, Q., Chung, Y., and Wen, J. (2017). Modellingretgtermal

energy storage battery module withyLisO12 anode Appl. Ener183, 659-673.
doi: 10.1016/j.apenergy.2016.08.160

Huang, P., Wang, Q., Li, K., Ping, P., and Sun, J. (2015). Tinbustion behavior
of large scale lithium titanate batter§ci. Repb:7788. doi: 10.1038/srep07788

Ji, W., Jiang, B., Ai, A., Yang, H., and Ai, X. (2015). Temperatuspemsive
microspheres-coated separator for thermal shutdown protection afifithion
batteriesRSC Advb, 172-176. doi: 10.1039/C4RA11500G

Jiang, X., Zhu, X., Ai, X., Yang, H., and Cao, Y. (2017). Novel cergraited
separator with highly thermal stability for safe lithium-ion batesiACS Appl.
Mater. Inter.9, 25970-25975. doi: 10.1021/acsami.7b05535

Kalho, J., Eshetu, G. G., Bresser, D., and Passerini, S. (2Baf®r electrolytes
for lithium-ion batteries: state of the arat and perspectiv@semSusChei,
2154-2175. doi: 10.1002/cssc.201500284

Kim, G. H., Pesaran, A., and Spotnitz, R. (2007). A three-dimeasion
thermal abuse model for lithium-ion cellsl. Power Sourl70, 476-489.
doi: 10.1016/j.jpowsour.2007.04.018

response of lithium-ion batteries from normal to abuse conditiofyspl. Energ.
205, 1327-1344. doi: 10.1016/j.apenergy.2017.08.073

Ping, P., Wang, Q., Huang, P., Sun, J., and Chen, C. (2014)m&héehavior
analysis of lithium-ion battery at elevated temperature using declomion
method.Appl. Energl29, 261-273. doi: 10.1016/j.apenergy.2014.04.092

Qi, C., Zhu, Y., Gao, F., Yang, K., and Jiao, Q. (2018). Mattieahanodel for
thermal behavior of lithium ion battery pack under overcharge. J. Heat Mass
Tran. 124, 552-563. doi: 10.1016/j.ijheatmasstransfer.2018003.1

Ren, D., Feng, X., Lu, L., Ouyang, M., Zheng, S., Li, J., et al7)2
An electrochemical-thermal coupled overcharge-to-thermal runaway
model for lithium ion battery. J. Power Sour.364, 328-340.
doi: 10.1016/j.jpowsour.2017.08.035

Ren, D., Liu, X., Feng, X., Lu, L., Ouyang, M., Li, J., et al. @018
Model-based thermal runaway prediction of lithium-ion batteries
from kinetics analysis of cell component&\ppl. Energ.228, 633-644.
doi: 10.1016/j.apenergy.2018.06.126

Frontiers in Energy Research | www.frontiersin.org 15

November 2018 | Volume 6 | Article 126



Feng et al.

Mapping the Battery Thermal Runaway

Ren, D., Smith, K., Guo, D., Han, X., Feng, X., Lu, L., et al. (2018kestigation

of lithium plating stripping process in Li-ion batteries at low temperature

using an electrochemical model. Electrochem. Sot65, A2167-A2178.
doi: 10.1149/2.0661810jes

Samba, A., Omar, N., Gualous, H., Firouz, Y., Bossche, P. V. DrJoMi&
V., et al. (2014). Development of an advanced two-dimensionainthe
model for large size lithium-ion pouch cellElectrochim. Actd17, 246-254.
doi: 10.1016/j.electacta.2013.11.113

Spotnitz, R., and Franklin, J. (2003). Abuse behavior of higliguplithium-ion
cells.J. Power Sout13, 81-100. doi: 10.1016/S0378-7753(02)00488-3

Vitoux, L., Reichardt, M., Sallard, S., Novak, P., Sheptyakowarid. Villevieille,
C. (2018). A cylindrical cell for operando neutron di raction of ign battery
electrode material$:ront. Energy Re8:76. doi: 10.3389/fenrg.2018.00076

Wang, H., Tang, A., and Huang, K. (2011). Oxygen evolution inrcvarged
LixNi1/3C01/3Mn1/302 electrode and its thermal analysis kicetChinese J.
Chem29, 1583-1588. doi: 10.1002/cjoc.201180284

Wang, Q., Huang, P., Ping, P., Du, Y., Li, K., and Sun, J. (2@aibustion
behavior of lithium iron phosphate battery induced by externalthradiation.
J. Loss Prevent. Prd®, 961-969. doi: 10.1016/}.jlp.2016.12.002

Wang, Q., Ping, P., and Sun, J. (2010). Catastrophe analysisnafrical lithium
ion battery.Nonlinear Dyn61, 763-772. doi: 10.1007/s11071-010-9685-7

Wang, Q., Ping, P., Zhao, X., Chu, G., Sun, J., and Chen, C2)2Ukhermal
runaway caused re and explosion of lithium ion battedy.Power SouR08,
210-224. doi: 10.1016/j.jpowsour.2012.02.038

Wu, T., Chen, H., Wang, Q., and Sun, J. (2018). Comparison analysibe
thermal runaway of lithium-ion battery under two heating moddsHazard.
Mater.344, 733-741. doi: 10.1016/j.jhazmat.2017.11.022

Yan, P., Zheng, J., Xiao, J., Wang, C. M., and Zhang, J. G.)(®dcent advances
on the understanding of structural and composition evolution MR cathodes
for Li-ion batteriesFront. Energy Re3:26. doi: 10.3389/fenrg.2015.00026

Yeow, K., and Teng, H. (2013). Charaterizing thermal runaway afilithion cells
in a battery system using nite element analysis appro8&E Int. J. Alt. Power.
2,180-186. doi: 10.4271/2013-01-1534

Zeng, Z., Murugesan, V., Han, K. S., Jiang, X., Cao, Y., XiaogetLal.
(2018). Non- ammable electrolytes with high salt-to-solvent ratfos Li-

ion and Li-metal batteriesNat. Ener.3, 674-681. doi: 10.1038/s41560-018-
0196-y

Zhang, L., Guo, X., Huang, J., Qu, Y., Niu, C., Du, Z., et al. (R@d@n-cell-based
in situ characterization techniques for Li-ion batteri€ont. Energy Re6:16.
doi: 10.3389/fenrg.2018.00016

Zhang, S. S. (2013). Status, opportunities, and challenges dfoeleamical
energy storage. Front. Energy Res.1:8. doi: 10.3389/fenrg.2013.
00008

Zheng, S., Wang, L., Feng, X., and He, X. (2018). Probing the twewaies during
thermal runway process by thermal analysis of di erent battery cherestii
Power Sou378, 527-536. doi: 10.1016/j.jpowsour.2017.12.050

Zheng, Y., Ouyang, M., Han, X., Lu, L., and Li, J. (2018). hiyeting
the error sources of the online state of charge estimation methods
lithium-ion batteries in electric vehicles]. Power Sour377, 161-188.
doi: 10.1016/j.jpowsour.2017.11.094

Zhu, W., Liu, D., Paolella, A., Gagnon, C., Gariépy, V., Vijh, Aale (2018).
Application of operando X-ray diraction and Raman spectroscopies in
elucidating the behavior of cathode in lithium-ion batteri€sont. Energy Res.
6:66. doi: 10.3389/fenrg.2018.00066

Zhu, X., Jiang, X., Ai, X, Yang, H., and Cao, Y. (2015). A highly
thermostable ceramic-grafted (43), microporous polyethylene separator fo
safer lithium-ion batteries. ACS Appl. Mater. Interf.7, 24119-24126.
doi: 10.1021/acsami.5b07230

Coniict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatimps that could
be construed as a potential con ict of interest.

Copyright © 2018 Feng, Zheng, He, Wang, Wang, Ren and Ouyang. dihis is
open-access article distributed under the terms of thev@r€ammons Attribution
License (CC BY). The use, distribution or reproductiorhierdorums is permitted,
provided the original author(s) and the copyright ownergseedited and that the
original publication in this journal is cited, in accordaneith accepted academic
practice. No use, distribution or reproduction is permhittdich does not comply
with these terms.

Frontiers in Energy Research | www.frontiersin.org 16

November 2018 | Volume 6 | Article 126



