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Aging is inevitable during the use of lithiuion batteries. However, the influence of aging paths on the
safety of the lithiurvion batteries remaingclear, leaving uncertainties about safe operation throughout
their full life cycle. This paper studies the influence of aging paths on the thermal runaway features in
lithium-ion batteries using ARC. Characteristic temperatures are defined to quamthgtimal stability

of lithium-ion batteries. Two kinds of aging tests are designed -teigiperature storage and low
temperature cycling. The effects of aging on the change in the characteristic temperatures have bee
investigated, providing a quantifi@shalysis of the evolution of battery safety performance during aging.
The thermal stability of the cells after lel@mperature cycling is worse than that of the fresh cells and
less than that of the cells that are treated by-tegtperature exposure. Atihgh the capacity retention

rates of the cells aged by higgmperature exposure and ld@mperature cycling can be similar, their
thermal stabilities are quite different. The consumption of active lithium at the anode surface to generate
a new SEI layer Wl result in a better thermal stability in the cells that are treated byteimperature
exposure. However, if there is lithium deposition on the surface of the anode, the thermal stability of the
lithium-ion battery will become worse. The quantitativecdssions and conclusions of this paper can
provide guidance on evaluating the safety throughout the full life cycle.
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1. INTRODUCTION

The world is marching into a cleaner era with greater utilization of renewable energies. The
fluctuations in the power output of renewable energy sources need to be tuned by energy storage system
for which battery storage is one of the most promisingcelso Lithiumion batteries, with high energy
density and |l ong | ife cycles, have been regar
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energy storage systems -3l The development of lithiuron batteries has advanced the
commercializatiorof electric vehicles in recent years4l The limited space on board requires lithtum

ion batteries to have high energy density if we want the electric vehicles to have comparable operationa
ranges to those of engip®wered vehicles. However, high eggdensity brings safety problems and

has attracted increasing attentions in adjacent research fiel@$.[7

Thermal runaway (TR) is the core phenomenon during battery failure, it can lead to severe
hazards such as vents, fire or explosion that threatbhcpsafety [13]. Battery TR releases a large
amount of heat in a very short time and is caused by uncontrolled chain reactions of the cell component:
[14]. Calorimetry, e.g., accelerating rate calorimetry (ARC), can be utilized to characterize heat
geneation during TR. ARC can provide an adiabatic test environment and is thereby being widely
adopted for TR characterizations {18].

Aging is inevitable during battery use [24], with capacity depletion [224] and resistance
growth [2527]. However, hovaging paths influence battery safety remains unclear. If the characteristics
of TR deteriorate as aging continues, there will be potential safety issues for the aged cells that are ir
service. As most of the test standards/regulations only require astisdar fresh cells, the safety of
lithium-ion batteries may be questionable after days of usage. Fleischhammer et al. [28] investigated the
safety of unaged and aged higbwer 18650 lithiurrion cells using ARC. The aging tests were
conducted by highate and lowtemperature cycling. They found that there are strong correlations
between aging history and safety, whereas lithium plating may lead to an increase in heat generatior
during TR. Lammer et al. [29] compared gas release during thermal failuneaiged and aged cells.

The cell aging tests were conducted by cycling and-tégiperature storage. They found that the total

gas and heat emissions from cycled cells were larger than those from cells stored at high temperature
Zhang et al. [30] investiged the effect of calendar aging on the thermal safety of 4.6 Ah pouch cells.
They thought that the thermal stability would improve after aging. Characteristic temperatures were

defined and used as criteria to compare the thermal stability of cellssatddéfnt | evel s of a
work, providing guidance for further quantitative analysis of the aging effects on battery safety
performance.

This paper aims to study influence of the aging paths on the TR features of-idimlratteries
using ARC. Fist, three characteristic temperatures are defined to quantify the thermal stability of
lithium-ion batteries. The effects of aging on changes at those three characteristic temperatures are
investigated, providing a quantified analysis of the evolutioratteby safety during aging. Two kinds
of aging paths are selected to represent-tegtperature storage and low temperature cycling. The
underlying relationships between aging mechanisms and the TR features are discussed. The worl
provides guidance on thevaluation of safety performances during battery aging.

2. EXPERIMENTAL SETUP

2.1 The battery cell

A 20Ah commercial pouch lithiuron battery is used in this study. The battery cell has
LiyNi13C01aMn1302+ LiyMn2O4 composite cathode [31]. The mass ratio betwegNiL£Co1/3Mn1302
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and LyMn204 is 1:1. To measure the internal temperature of the cell during TR, two pouch cells are
connected in parallel to form a “Large Cell” [
we use the “Large Cell” wuntth a capacity of 40

2.2 The ARC tests

An accelerating rate calorimeter (ARC) manufactured by Thermal Hazard TecHh@Tajy)
I's utilized to conduct TR tests of the “Large
large size, the ARC with an extendeadlume chamber can hold large format samples, as shown in Fig.
1. The thermocouple (T{is inserted between the two cells to measure the internal temperature of the
“Large Cell”. The sensor of the ARC bkinFiph®t ed
guarantee an adiabatic test environment. The TR tests are conducted undenilaét-seakexotherm
mode. The ARC forms an adiabatic boundary condition around the cell during the exotherm mode,
ensuring accurate measurement of the heatrgeoe during TR. The ARC tests are conducted for cells
before and after aging tests, and the TR features are compared.

Large Cell
—_—

Two Cells

Figure 1. Test settings in an ARC chamber with extendelime.

2.3 The characteristic temperatures durthgrmal runaway

Fig. 2(a) displays the three characteristic temperatires§, andTs} for battery TR. Ty is the
onset temperature of obvious skfat generation by the battery sample. In an ARCTest;curs when
the ARC detects an obvious temparatrise in the battery sample, usually judged by a preset threshold,
e. g., 0°L. M reflectsnttie thermal stability of the lithiuion battery. A loweiT: indicates that
the cell is less thermally stabl&: is the triggering temperature of TR. The instantaneous heat release
starts afl>. A lower Tz indicates that the cell is more prone to TRis the maximum temperature that
the battery can r eac H=TdTdrectlygeflexts theRal hedt releasediddrifige r e
a T Ritr)( & shown in Eqgn. (1):

DHy <, (¥ T (1

whereCoi s t he speci fic he dirisdkgh aHeireflegts thedntedsived h e
heat generation during TRT{, T, andTs} and the correlate@arameters may change after aging. The
changes in theTy, T2, andTs} are further used to quantitatively evaluate the aging effects on the battery
safety performances.
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2.4 The aging tests

Reference performance tests (RPT) are conducted to calibratep#uityaf the cell at different
aging moment s. The RPT test is conducted at 2
sample. The discharge curve is used for further analysis of the aging mechanisms. The capacity retentio
rate CRR is definedo judge the degree of capacity degradation as in Eqn. (2):

_Q
CRR= 5 3100% (2

whereQ is the discharge capacity a@hit is the initial capacity of the fresh celRRis further
used to quantify the degree of aging.

Aging tests with two different paths are designed in this study, as shown in Fig. 2. One aging test
is the hightemperature exposure test using ARC. This test is called the ARC test with early termination
[33]. As shown in Fig. 2(a), the sample is heatgdARC, using the same procedure for conducting a
full TR test. However, the ARC test will be terminated at a specific tempeitdranarked in blue in
Fig. 2(a). Once the temperature of the sample reatlgsthe heat process is switched off, and th
sample is cooled down to ambient temperature. After-teégiperature exposureTeno, there is obvious
capacity degradation of the cell, as reported in Ref. [33]. Since the capacity degradation-by high
temperature exposure is similar to that by cychn hightemperature, we use the test profile in Fig. 2(a)
to save timeTcoo= { 8 0, 90 , 100 110 } i s s e-dempenaturé h e
exposure, the cell is further cycled by the RPT test untiCfRRis stable.

The other aging tes$ the lowtemperature cycling test, as shown in Fig. 2(b). The cell is cycled
by a CGCV charging and CC discharging profile-at 0 . The current for th
as 4 A, which is 1/10 C of the sample. Lithium deposition occurs fast at sswhemperatures by GC
CV charging; therefore fast capacity degradation can be achieved. After several cycles at low
temperature, th€RRIs checked using the RPT profile.

All the samples are tested using the ARC to characterize the TR features afiethragefore,
the effect of aging paths on the battery safety performances can be evaluated.
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Figure 2. The different aging paths set in the tests. (a) Heaghperature exposure by ARC heating. (b)
Low temperature-L O cycling profile.
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3. THEORETICAL DEVELOPMENT

The mechanism of battery aging is quantitatively investigated using a mechanistic and diagnostic
(M&D) model, proposed by Christensen and Newman [34]. The M&D model comprises Eqgn. (3) to Eqn.
(5) [35,36]. The vdahge output of the model can be calculated by Eqn. (3):

de| =Vca(Y) -Van()9 1R ( 3
whereVmg is the voltage predicted by the modéa is the cathode voltag&/an is the anode
voltage.l is the currentRis the overall resistance agdndx are the stoichiometric coefficients of the
cathode and anode, respectively. The relationships0f) andVan(X) are acquired by a hatell test,
as shown in Fig. 3 andx are updated by Eqn. (4) and (5), respectively.

y= y0+£"‘¢dl‘ ( 4
"y
X=% -[[Edl‘ (5
whereyo andxo are the initial values of andx, respectivelyt is the time an@@caandQanare the
capacities of the cathode and anode, respectively.
The M&D model can fit the discharge curve in the RPT test by seqitimyger parameterdca,
Qan, Yo, X0, R}, as shown in Fig. 3. Conversely, we can identify the seQaf, Qan, Yo, Xo, R} through the
discharge data recorded in the RPT test. From the RPT test, we can acquire & S&tpnfH where
Vexpis the measwd discharge voltage, aheg 1/3 C is the current. An optimization algorithm, e.g., the
genetic algorithm, is used to identify the optimal set of parame@esQan, Yo, Xo, R} for the model to
fit the experimental datat{ Vex,, 1}, @as Han et al. didn [37]. The fitness function used for the
optimization algorithm is RMSE, the root mean square error betweeévithand Vexp, as defined in
Eqn. (6). The optimization algorithm uses RMSE as a quantified criterion to iterate and to find an optimal
solution. Note that Eqgn. (6) is a discrete expression because the sampling interval during discharge is 1
s. 0 is the total time taken in the discharge process.

RMSE= \/ée_il (Va() - I (6

The identified Qca Qan, Yo, X0, R} directly links to the aging mechanisms of the lithHiom
battery. The loss of active material (LAM) can be reflected by the decre&&e an Qa,, the loss of
lithium inventory (LLI) can be reflected by andxo, and the ohmic resistance increase (Qfah be
reflected by the increase iy
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Figure 3. The mechanistic and diagnostic model for capacity degradation analysis.

4. RESULTS AND DISCUSSION

4.1 Aging mechanism after higémperature exposure

This section discusses the aging mechanism aftertbigberature exposure. Fig. 4(a) shows
that after hightemperature exposure o= 8 0 90 , 100 and 110
91.8%, 73.2%, and 50.3%. Fig. 4(b) illustrates the discharge volaggeffresh cells and for the cells
after hightemperature exposure. Obvious aging can be observed; therefore, further investigation of the
changes in TR features will be meaningful.
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Figure 4. The aging features aftérigh-temperature exposure. (a) The capacity retention rate after
cooling from hightemperature. (b) The discharge voltage afterféghperature exposure.

Fig. 5(a) shows the calculated incremental capacity (IC) &id\Wfor the cell after high
temperature exposure. LLI can be inferredTige= 9 0 because the right mos:s
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LAM is also severe, because the IC for the cell exposetids= 1 1 O shrinks to &
Quantified analysis of the degl@ion mechanisms can be acquired by the method introduced in Sec. 3.
{Qca Qan, Yo, X0, R} can be identified from the discharge data in the RPT tests, for cells exposed to

different Teool. Fig. 5(b) shows that onGReo> 90 , t her e wi | éasebn®caaadQan0 b v i
indicating large amount of LAM. LLI can be inferred from the decrease,ialthoughyo does not
change monotonically. The ORI becomes obvious forthecellsTggs 1 1 0 , due t o cel

by solvent evaporation and the ggsneration by SEI decomposition. We have to admit that the
mechanism of capacity degradation under high temperature exposure in this study deviates a bit fron
that in the real applications [38]. Although the aging is quite accelerated, the extreme tem@setan

the test may lead to cell leakage, which brought unexpected LAM and ORI [33]. Nevertheless, the data
collected here is suitable for establishing an electrochesthieainal coupled battery TR model [39],
which will be reported in our future work.
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Figure 5. Interpretation of the aging mechanisms of the lithiom cells after highemperature
exposure. (a) The IC curves. (b) The identified parameters that can reflect the LLI, LAM and
ORI in the M&D model.

Inordert o eval uate the LLI within t H)ésdefieedby, t h
Eqn. (7):
AL/ =L, B L eroye Qeay 0@ X (7
wh er e 'ri¢ definédLas the sum of the product@fyo and Qanxo. Fig. 6(a) shows the
> ( L) folLdifferentTeos,c @l cul ated from the dat a "ihas aBdod . 5
linear relationship with CRR, as shown in Fig. 6(b), therefore the major capacity loss can be explained
by t he | osfarthe cells @nflek higkeinperature exposure.
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4.2 Aging mechanism after les@mperature exposure

This sectiordiscusses the aging mechanism after-temperature cycling. Fig. 7(a) shows that
after lowtemperature cycling for 15, 30, 40, and 50 cycles, the CRR are 95.4%, 90.4%, 86.3%, and
78.4%, respectively. Fig. 7(b) shows the discharge voltage for the fréshrmelfor the cells after low
temperature cycling. The capacity degradation stops at approximately 80%, which is regarded as the en:
of life for lithium-ion batteries.
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Figure 7. The aging features after low temperature oygli(a) The capacity retention rate after cycling
at low temperature. (b) The discharge voltage after cycling at low temperature.

Fig. 8(a) shows the calculated IC of the cells that are cycled at low temperature. The vanishing
of the rightmost peakndicates the LLI at the anode, whereas the shrinkage of the distance between the
peaks indicates that LAM occurs continuously during cycling. Fig. 8(b) displays the quantified analysis
of the changes inQca Qan, Yo, X0, R} during low-temperature agingthe decrease iRy indicates that
lithium deposition occurs continuously during le@mperature cyclingQca and Qan first increase and
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then decrease during cycling. The resistance is slightly lower afteteloyerature cycling, indicating

that the deposed lithium may form better tunnels for Li to travel from the electrolyte into the anode.
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Figure 8. Interpretation of the aging mechanisms of the lithiomcells after lowtemperature cycling.
(&) The IC curves. (b) Theentified parameters that can reflect the LLI, LAM and ORI in the
M&D model.

Fig. 9(a) s1fondlscycleaat lawerperatlre calculated from the data in Fig.
8(b) wusi ng Eqn forldwiemperaflire eyclirxg @lkoi haslaigdimear relationship with
CRR, as shown in Fig. 9(b); therefore, the major capacity loss can also be explained by the loss in
Y ( L ) forthe cells under lotemperature cycling. However, note that the LLI for {®mperature
cycling is different from tht for high temperature exposure. The LLI at #®mperature is mainly
caused by the lithium deposition on the anode surface [40], rather than the reactions with the electrolyte
to form new SEI at high temperature [33]. This difference lead to differentbe iheat generation rate
reported by ARC test, which will be discussed in the following sections.
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4.3 The influence of aging by higgmperature exposure on the thermal runaway features

This section discusses the influence of aging by-teghperature exposure on the TR features
of lithium-ion batteries. Fig. 16ompares theTdt vs. T curves for cells exposed to differentol. Fig.
10(a) presents an overall view of the rate of temperature increasel/thatd> 2 0 0 f OTkoot Ni Qg
is less than that for loweTcoo, indicating that the overall heat generation is reduced after high
temperature storage. Fig. 10(b) gives a magnified viewiatétT< 2 0 0 ,  Tidh decreaseslat
120 T2 0 0 TcooAnsreases, reconfirming the argument that the thermal stabilpieved after
high-temperature exposurd@j is increasing forTeeo< 1 0 0, howWgow & L QT firaps to
60. 9 which deviates from t hetemparatuseiexosere fTheb e F

interpretation of this phenomenon will be dissed in Sec. 4.5.
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Figure 10. The temperatrue rise rate for fresh cell and aged cells aftetdngberature exposure. (a)
The overall curve for®@dt vs.T. (b) The magnified figure of (a) for temperture lower than 200

Fig. 11 collects the key features of TR for cells aged by difféfgat Fig. 11(a) shows that as
Teool INnCreases]s drops, T2 rises, andl: rises then drops. Fig. 11(b) compares the valuds-é$ and
the specific ener gy Hrh)aas defined ir Bgn. élp reddferedttor Anng T
obvious decreasing trend can Hrevs.cCRR is apprexinatelya n d
2.35x16 J-kg'-%?, which means that 1% decrease in the CRR will bring a 2.33xk@g" decrease in
AHrr. The results here can be inferred to that a cell aged by high temperature cycling will be safer than
itself at fresh condition, similar results can be seen in [28].
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4.4 The influence of aging by leemperature cycling on thermal runaway features

This section discusses the influence of aging bytlemperature cycling on the TR features of
lithium-ion batteries. Fig. 12 compares thedi vs. T curves for cell cycled atl 0 with differ
Fig. 12(a) provides an overall view of th&dt vs. T curves. Thdz and the rate of temperature increase
after TR are triggered look similar, except for CRR=86.3%, of whiciT'the much lower. Fig. 12(b)
compares theTdt vs. T curves for cells cycled to different CRR at low temperature. Obviously the
dT/dt increases as the CRR decreases, indicating that a larger amount of lithium deposition leads tc
poorer thermal stability of the lithivion batteries. The poorer thermal stability reflects not only that
dT/dt is increasing but also th&t is decreasing.
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Figure 12. The temperatrue rise rate for fresh cell and aged cells afteelowerature cycling. (a) The
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Fig. 13 presents the key features of TR for cells that are aged by low temperature cycling. Fig.

13(a) displays that as the leemperature cycle goes on, b@dandT> drop, wherea3s seems to level
off. The decreasing trend ©f andT> means that théhermal stability of the lithiumion battery becomes
worse after lowtemperature cycling. The levelirgjf trend of Tz indicates that the total energy that is
released during TR will not change after lemperature cycling, as shown in Fig. 13(b). Theeetbe
cell after lowtemperature cycling will have less thermal stability than the fresh cell, and less than those
cells after highhtemperature storage. The results here can be inferred to that a cell aged- by low
temperature cycling will be more dangerdhian itself at fresh condition, similar results can be seen in
[28].
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Figure 13. The relationship between the key features of TR and the capacity degradation caused by low
temperature cycling. (T4, T2, T3} vs. CRR. (b)Tz-T2a n dHrAs. CRR.

4.5 The influence of the aging paths on the thermal runaway features of {itnurattery

Although the CRR can be similar for the cells that are exposed tetdmgberature and for the
cells that are cycled under low temperattiejr TR features are quite different, as discussed in Sec. 4.3
and 4.4. This section tries to provide graphical interpretations of the underlying mechanisms.

Fig. 14 presents an interpretation of the mechanisms of the aging effect on the TR features for
the cells that are treated by hitgmperature exposure. Fig. 14(a) shows the original state of the kthium
ion cell near the interface between the anode and the electrolyte. As the cell has a perfect SEI layer the
is formed during manufacturing, it is peating the further reactions between the electrolyte and the
intercalated lithium in the anode. Fig. 14(b) shows that as the temperature increases, the SEI laye
decomposes [14], allowing contact between the intercalated lithium and the electrolyfgothss is
similar to a reformation of the lithiunon cells, and the SEI will regenerate, as shown in Fig. 14(c). The
regeneration consumes some intercalated lithium, leading to LLI, as found in Sec. 4.1. The
decomposition and regeneration process of #td compete with each other, and the rate of
decomposition will be slower than that of regeneration wheddhei s | ower than 110
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the SEI layer becomes thicker and thicker, as shown in Fig. 14(d), leading to increlsasdim,. As

someof the intercalated lithium has been deactivated in this procetiuwd| drop, indicating that there

will be less energy released when TR is triggered. ITtbg¢f ur t her i ncreases abo
SEI regeneration will be faster than that eEdmposition, as shown in Fig. 14(e). In this case, the anode

loses protection from the SEI layer; therefore, Thevill drop, indicating a reduced thermal stability.
High Temperature Exposure

—> (b) SEl decomposition
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Figure 14. The graphical interpretation of the aging effectthe thermal runaway features for cells after
high-temperature exposure.

Fig. 15 illustrates the mechanisms of the aging effect on the TR features for the cells that are
treated by lowtemperature cycling. Lithium deposition is common for cells cycledeu low
temperature [41]. The deposited lithium will sit outside the original SEI layer, forming new contact
between the lithium and the electrolyte. Therefore the reactivity at the interface of the anode will
increase, leading to dropsTa andT.. Moreover, the deposited lithium may grow and pierce the holes
of the separator [42], resulting in internal short circuit, which is believed to trigger possible TR in real
applications [10, 43].

Low Temperature Exposure

(a) Original state » (b) Li deposition
Graphite layer —Cts:b Cts:b
2rdoc @ LT r2a2 fp NSERe
=== <=
Intercalated " Y PY. Syt T2 54 9.5 T1l, Tzl
lithium % vﬁ. Ct;t) , w
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o s o
Original SEI / Elec‘lrolyte Li & Electrolyte Contact

Figure 15. The graphicainterpretation of the aging effect on the thermal runaway features for cells after
low-temperature cycling.

5. CONCLUSIONS

This paper studies the effects of aging paths on the TR features of litmubatteries using
ARC. Characteristic temperatures are defined to quantify the thermal stability of hmulbatteries.
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The aging effect on change in the characteristic tempesatbas been investigated, providing a
quantified analysis of the evolution of battery safety during aging. The thermal stability of cells after
low-temperature aging is less than that of fresh cells, and less than the cells aftempgrature
exposureAlthough the CRRs for cells aged by higgmperature exposure and ld@mperature cycling

can be similar, their thermal stabilities are quite different. The consumption of active lithium at the anode
surface to regenerate a new SEI layer will bring teb#termal stability for the cells that are treated by
high-temperature exposure. However, if there is lithium deposition on the surface of the anode, the
thermal stability of the lithiurion battery will be reduced. Therefore, when we are investigaiag t
safety of lithiumion batteries throughout their full life cycle, we must evaluate the changes at the anode
surface.
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