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Abstract

Thermal stability of Li-ion cells (from two different manufacturers, A and B) and their cathodes and anodes were evaluated as a function
of state of charge (SOC) using accelerating rate calorimetry (ARC). Cell A was rated at 750 mAh and consisted of Sn-doped LiCoO
cathode and meso-carbon micro-fiber (MCMF) anode. Cell B was rated at 790 mAh and was comprised of a cathode and an anode made
of LiCoO, and graphite. The electrolytes in cells A and B were mixtures of EC:EMOMLiIPFs and EC:EMC:DMC+ 1MLIiPFg,
respectively. ARC results indicated that between 50 and 125% SOC, the total heat generated by cell A is mostly dominated by self-heating
of the cathode, while between 125 and 200% SOC the total heat generated by the cell was dominated by the anode. The total heat generate
in cell B, however, was dominated by self-heating of the graphite anode, over the entire 50-200% SOC range. Also, the self-heating in
cell B was higher than that for cell A. Heat generation of the Lig@@reases with increasing SOC, and the Sn-Ligb@at generation
reaches a maximum near 125% SOC. At low SOC, the temperature of the onset of chemical réggtignfér cell A was higher than
that for the cell B. For both cells, at higher SOkgscrdecreased with a sharp drop between 100 and 150% SOC. Overall results show that
cell A offers a higher thermal stability than cell B. Also, the ARC test is more suitable than differential scanning calorimetry for correlation
of cathode and anode heat generations to the thermal performance of full Li-ion cells.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Thermal stability; Safety; Lithium-ion battery; Cathode and anode materials; Accelerating rate calorimetry; State of charge

1. Introduction The nature of the SEl-layer on various carbons has been
studied extensively3—9]. The most comprehensive model
Rechargeable Li-ion cells have become the power sourcesuggests that the SEl-layer on the anode is composed of
of choice for most portable electronic products (e.g., stable LiF, LbO and metastable €Oz [6-8]. X-ray pho-
cell-phones and laptop computers) because of their hightoelectron spectroscopy results from Kanamura €Bhin-
energy density, long cycle-life and high operating voltage dicate that the SEl-layer of carbon anodes consist gDLi
range (2.8-4.2V). A Li-ion cell typically consists of a LiOH, LioCQOs, LICO2-R and LiF when LiPE is used as the
carbon-based anode; a porous polymer membrane separasalt. This SEl-layer breaks down at temperatures between
tor (polypropylene (PP) and/or polyethylene (PE)); and a 100 and 115C. Differential scanning calorimetry (DSC)
lithium transition metal oxide cathode (LIMOM = Co, and thermogravimetric analysis (TGA) studies have shown
Ni, and/or Mn). Mixtures of lithium salts and organic sol- that the thermal breakdown of the SEl-layer on a carbon
vents provide an electrolyte medium for lithium ions to anode generates a small exothermic peak, accompanied by
shuttle between the cathode and anode. During chargea corresponding loss of mag-12] Thermal decomposi-
lithium ions deintercalate from the cathode and intercalate tion of cathode materials (LICoQLiNiO2 and LiMnpOy)
into the anode, and the reverse process occurs during dis-and their reactions with electrolyte have also been investi-
charge. Passivating solid electrolyte interface (SEI) layers gated using DSC, TGA and mass spectrom§tB;14]
form predominantly on the anode during chafje]. The existing literature on thermal stability of Li-ion cell
components—MCMB or MCMF anode and,3oQ, cath-
ode in combination with organic electrolytes [EC: (DMC
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heated11,12] First, the SEl-layer on the anode breaks down states-of-charge (SOC) using accelerating rate calorimetry
near 100°C. Further chemical reactions then occur between (ARC). Since ARC can use a larger sample size, we be-
the SEI-free anode and the electrolyte up-tb50°C, lead- lieve the technique provides more realistic data than DSC
ing to the formation of a fresh SEl-layer on the anode. Sec- for understanding and correlating the thermal stability of the
ond, thermal decomposition of the cathode and reaction of cathode and anode in Li-ion cells. ARC is becoming a more
that with electrolyte occurs between 150 and 165and popular method among groups (e.g., battery groups at San-
continues to near 23%. Finally, the Li.Cg reacts with the dia, Argonne and Lawrence Berkeley National Labs) inves-
PVDF binder at temperatures near 280[15]. These reac-  tigating Li-ion batteries for EV applications.
tions are quite complex and highly dependent on the specifics
of materials used and state of charge in the cell. Under nor-
mal charge conditions, the sequence of these thermal event®. Experimental
should remain the same for cells using standard LigoO
cathode, anode made of a carbon that is heat treated betwee.1. Sample preparation
2200 and 2700C, and common types of electrolytes [e.g.
EC: (DEC, DMC and/or EMCH 1M LiPFg] and binders Cells from manufacturers A and B were cycled five times
(e.g. PVDF and/or PTEF). between 3.0 and 4.2V. Cells were charged/discharged at
However, the main differences in the thermal stability of constant current (C/5). Charge steps were terminated once
commercially available Li-ion cells can be related to mate- the current value tapered to 20mA at a constant voltage
rials selection and cell design, including: incorporation of of 4.2V. After five cycles, the subsequent charge step was
heat retardant additives; thicker and higher melting point terminated when cells reached 50, 100, 125, 150 or 200%
separator; the thickest possible cell-can and current collec-of their 1 C discharge capacitlyig. 1A and Bshow voltage
tors; ratios of electrodes coated versus uncoated areas ovevs. capacity profiles of cells from manufacturers A and B,
the current collectors; application of smoother and more respectively, charged between 50 and 200%ble 1gives
rounded carbon particles; and LiCeQtabilized by dop- voltage and charge capacity values of the cells.
ing with transitional metals. The type of cathode material Thermal stability experiments of full cells or their elec-
plays a critical role in the thermal runaway of Li-ion cells. trodes were performed immediately after the final charg-
D. Wainwright showed that a lower heat content is needed ing step. Cathode or anode was recovered from a charged
to force fully charged LiNiQ based cells into thermal run-  cell and then transferred into a steel can similar to those
away, compared to that needed for a fully charged cell using used for 18,650 Li-ion cells. The can was then sealed using
LiCoO, cathode[16]. The same studies also showed that standard cell assembly techniques. All electrode prepara-
the thermal runaway event in the LiNjQi-ion cells were tion steps were carried out in a He-filled glove bdable 2
more dramatic than that in LiCaCcells. Therefore, many includes information on the electrode material composition
research groups (e.g. ANL, BNL, JPL, LBL and INEEL) are and physical parameters, as determined using cell construc-
working on development of new cathode materials, particu- tion analysis and scanning electron microscopy (SEM). Gen-
larly for EV/HEV applications. eral information on the composition of the electrolytes was
During overcharge conditions complications arise from: provided by the cells’ manufacturers; however, the exact
interdependencies among the reactions, generation ofcompositions are proprietary. The electrolyte for cell A was
by-products, and the presence of safety mechanisms suct M LiPFg in a mixture of ethylene carbonate (EC) and ethyl
as thermal reaction control additives, meltdown separators,methyl carbonate (EMC). The electrolyte for cell B was a
current interruption devices, and venting mechanisms. 1M LiPFg in a mixture of ethylene carbonate (EC), ethyl
Despite these complications, application of DSC/TGA in methyl carbonate (EMC) and dimethyl carbonate (DMC).
thermal stability studies of individual components and the  X-ray diffraction (XRD) analysis showed a much higher
correlation of these results with the thermal response of degree of graphitization for MCMF than the graphite. The
a full cell-can be useful in understanding and developing
new/modified Li-ion cell materials with improved thermal Tapje 1
properties. However, DSC provides limited insight into the Charge and voltage values for prismatic Li-ion cells (rated at 750 and
true chemical Stab”'ty of materiajsl which is important for 790 mAh) for two different manufacturers, as a function of state of charge

designing safe Li-ion cells, because of its inability to ac- (SOC)

commodate large sample sizes. DSC results are also verysOC (%)  Cell A Cell B

sensitive to the sample preparation process. In DSC/TGA (MAN) Capacity  Voltage (V)  Capaclty  Voltage (V)

experiments, the sample-holder size, sample shape, particle (mAh) (mAh)

size, quantity, packing inside of a sample-holder, and heat- g 373 3.85+ 0.030 305 3,93+ 0.02

ing rate will all affect the resultfl7]. 100 745 4.20+ 0.014 790 4.2 0.02

This work studies the thermal stability of two different 125 932 4.51+ 0.015 - -

prismatic Li-ion cells (rated at 750 and 790 mAh) and their 1°0 1118 465t 0017 1185 4.65t 0.03

1490 5.04 0.020 1580 5.08t 0.03

components (full lengths of anode and cathode) at different
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Fig. 1. Charge voltage vs. capacity profiles of cells from manufacturer-A (cell A) and manufacturer-B (cell B).

peak intensity counts for the (00 2)-plane of the MCMF in methyl-ethyl-ketone (MEK) for 7-8h and filtering at
and graphite were 11,000 and 6000, respectively. Similarly, 70-80°C. The process was repeated five times.
there were noticeable differences in the crystal structure

of the Sn-LiCoQ versus the LiCo®@ electrodes. The

Fig. 2A and Bare SEM photomicrographs of the cathode
and anode from cell AFig. 3A and Bshow SEM pho-

(003)/(104) peak intensity ratios for the doped versus tomicrographs for the cathode and anode from celFB.
un-doped cobaltite samples were 30:1. For this analysis,4 shows DSC profiles of separators from cells A and B.
cathode and anode samples were recovered from as reBased on the melting temperature profiles, it is clear that

ceived cells (OCV= 3.7-3.8V) discharged to 2.5V at

cell A had a polyethylene (PE) separator; and cell B a poly-

C/20. Samples’ binders were extracted by boiling them propylene/polyethylene/polypropylene (PE/PP/PE) tri-layer

Table 2

Components characteristics of the prismatic Li-ion cells (A and B) from two different cell manufacture: data obtained using cell construction, SEM,

EDX and light microscopy

Product Parameters Anode Separator Cathode

Cell A Material MCMF Single layer (PE) Sn-LiCoO
Size @m) Particles 35-100 Thickness 22 Partickesl O
Active area (crf) 257.88 432.6 242.53
Thickness (cm) 0.016 0.0020 0.018
Density (g/cni) 1.4 N/A 2.8
Binder type PTEF N/A PVDF
Binder content (7-8 wt.%) (3.5-4 wt.%)

Cell B Material Graphite Tri-layer (PP/PE/PP) LiCeO
Size (m) Particles 10-25 Thickness 25 Particles 20-55
Active area (crﬁ) 340.56 374 324.24
Thickness (cm) 0.014 0.0025 0.012
Density (g/cni) 1.3 N/A 3.2
Binder type PTEF N/A PVDF
Binder content 7-8 wt.% 4-5wt.%
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Fig. 2. SEM micrograph of cathode (A) and anode (B) from cell A.

separator. The tri-layer separator provides a wider tem- (SSHA) in the center of the ARC heater cavity. The SSHA
perature window (130-16@C) than single-layer PE  was heated from room temperature to 405n 10°C steps

(130-145C) for thermal shutdown. at 20°C/min. At the end of each heating step, 40 min of
wait-time was allowed for the ARC and SSHA to reach
2.2. Thermal stability studies equilibrium. In HWS mode, the ARC searches for a SSHA

temperature rise of 0.0Z/min or higher at the end of each
Accelerating rate calorimetry (ARC) measurements were wait period. If this SHR is detected, the ARC switches to

performed on a Columbia Scientifics Instrument. ARC mea- the adiabatic mode and tracks the exothermic activity of the
surements in the heat-wait-search (HWS) mode were usedsample. Otherwise, the ARC proceeds to the next heating
to determine the thermal response (temperature versus timeptep. Details and criteria for sample holder design and sam-
and self-heat-rates (SHRC/min) of full cells and their ple size are described elsewhé¢t@, 18]

anodes or cathodes. A lightweight aluminum fixture was In these experiments, the ARC was unable to track the
used to suspend the sample and sample-holder assemblgelf-heating of cells closely during thermal runaway above
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Figure 3

'
N
1

Heat Flow (W)
o
1

-12 -

-16

-20

PP/PE/PP:
Cell-B
Separator

Cell-A

i
[ ]
|
[ ]
PE: s
.
°
Separator ¢

40 60 80

Fig. 4. Differential scanning calorimerty (DSC) profiles of the separators

from cells A and B.

— T ' T T T T T T T
100 120 140 160 180 200
Temp. (°C)

Temp. ('C)

T T T T T T T T T
-50% Ch: (373 mA-H) .
- 100% Ch: (745 mA-H)
- 125% Ch: (931 mA-H)
- 150% Ch: (1118 mA-H)
- 200% Ch: (1490 mA-H) oI

Q)

Fig. 5. Temperature vs. time and self-heat-rate vs. temperature profiles for cell A at 50-200% SOC. All cells went to thermal runaway except the one

at 50% SOC.

T T T T T T
1000 1500 2000
Time (min)

—
500

200°C because the instrument is limited in its ability to
supply sufficient heat to maintain a completely adiabatic
condition. Therefore, we have focused on the temperature
of onset of chemical reactiom$scr) and heat generation
values up to 200C. This information is generally sufficient
for thermal analysis of Li-ion cells for portable electronics
applications.

3. Results and discussion
3.1. Sdf-heating in cell A

Fig. 5A and Bshow the temperature versus time and SHR
versus temperature profiles for cell A under various SOC.
TheToscrdecreases as the SOC increases from 50 to 200%.
Except for the 50% charged cell, all others went to thermal
runaway. Toscr' is defined as the temperature when the
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sample SHR reaches the level of ARC minimum thermal surface of the cathode; or changes in electrolyte that lowers
detection limit (0.02C/min) and continues to grow. Under its thermal reactivity with oxygen between 50 and 1C2
normal circumstances batteries are operated in non-adiabatid’he main self-heating for this sample started near°Cl12
environments. In this cas@pscrdepends on the heat gen- and is attributed mainly to thermal reaction of electrolyte
eration and heat dissipation capability of the cell. Richard and the evolved oxygen from the cathode.

and Dahn[19] described a method of predicting the ther- The SHR versus temperature profile of the 150 and 200%
mal behavior of a Li-ion cell using a combination of heat charged samples both have two main thermal reaction peaks,
generation data from the ARC test and measuring heat dis-in addition to the presence of small exothermic reactions
sipation data from the cell-can. This study shows that the in the low temperature side. For the 150% charged sample,
onset of chemical reaction that could lead to thermal run- the first main SHR (S1) is between 78 and 166with a
away, in a fully charged 18,650 Li-ion cell, should start maximum near 95C, and the second SHR (S2) starts at
at 140°C, where the heat generation, primarily from the 150°C. The 200% charged sample follows the same trend

anode, exceeds the heat dissipation of the cell. as the 150% charged sample, except that the onset of both
main SHRs are shifted toward higher temperatures.
3.2. Cathode Unlike studies on the thermal stability of the SEl-layer on

carbon-based anode materials, there is very little informa-

Fig. 6A is a superposition of SHR versus temperature tion on the existence of passivation layers on the surface of
profiles of cathodes from cell A charged between 50 and cathode$20,21] The studies report formation of SEl-layers
200%. The 50 and 100% charged samples self-heat con-of Li,CoGO; due to its reaction with electrolyte and extended
tinuously, starting near 150 and 130, respectively. The  cycling.
heat generation is attributed to the start of thermal reaction Our studies show the existence of two main mechanisms
of the electrolyte with evolved oxygen from the delithiated in the thermal decomposition of the delithiated cathode and
cathode, as well as cathode material decomposition. How-its reaction with electrolyte. The exact nature of this two-step
ever, the continuity of the self-heating profiles indicates process in SHR of the 150 and 200% charged samples is not
the availability of a sufficient quantity of electrolyte and clear. However, itis known that the |€oG; is highly unsta-
oxygen to cause the reaction to continue and heat generable, especially when delithiated above its structural stability
tion to increase. Dahn et dlL3] showed the occurrence of (x < 0.5)[13]. Therefore, it is possible that oxygen evolves
oxygen mass loss from LiCaas function of temperature  due to self-heating of the cell during overcharge. Then, the
using a combination of thermogravimetric analysis (TGA) evolved oxygen reacts with electrolyte and forms layers of
and mass spectrometry (MS). This mass loss started neapassivating-products on the surface of the cathode. Thermal
150°C and reached a maximum near 280 breakdown of these byproducts appear as small exothermic

Discontinuity of the SHR of the 125% charged samples, peaks for the 125% charged sample, between 50 andC,12
as opposed to the 50 and 100% charged samples, betweehefore the beginning of the first main self-heating step (S1).
50 and 112C is due to the presence of small exothermic In the cases of the 150 and 200% charged samples, the cell
reactions that keep falling below the sensitivity of the ARC temperature rises to higher values than that for the 125%
limit (0.02°C/min) in detecting the sample SHR. This also sample during overcharge and at the same time quantities of
suggests the presence of thermally unstable materials on théhe evolved oxygen is larger. Therefore, it is possible that
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Fig. 6. Self-heat-rate vs. temperature profiles of the cathode (A) and anode (B) recovered from cell A at 50, 100, 125 150 and 200% SOC.
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the combination of higher temperature and larger oxygen of the SEl-layers on MCMF. This result agrees with prior
content leads to the formation of passivating products of dif- DSC data obtained in our laboratory (results not published).
ferent thermal stability. These could be the reason for the The self-heating of the 125, 150 and 200% charged samples
differences in thermal behavior of the 100% charged sample start at lower temperatures than that observed for the 100%
versus samples charged to higher values. charged sample. The major portion of the self-heating for
DSC studies have indicated that the thermal reaction of the 125% charged sample occurs at lower temperature than
delithiated LiCoO, (1 < x < 0.014) with organic elec- the other samples.
trolytes generally occurs between 150 and 4ZQwith no The overall results suggest the total heat generation of the
major exothermic reactions at lower temperat|fes-14} SEl-layer on the 50% charged sample is not high enough
If this indeed is the case, then there is a difference betweento initiate reaction of the LiCg with the anode binder ma-
using the DSC or the ARC to determine the thermal sta- terial. No thermal runaway was observed for this sample.
bility of Li-ion cell materials. In principle, DSC is a more For the 100% charged sample, though, thermal reaction
sensitive technique than ARC. However, its inability to ac- of LiCg with the binder starts near 21Q@ and continues
commodate large sample size limits its application to small until the end of the experiment. For the samples charged
sample sizes. Furthermore, DSC generally does not clearlyfrom 125 to 200%, the thermal reactions between SEl-layer,
show the presence of small heat generating reactions at lowelL.i 14, Cs and anode binder occur in a narrow temperature
temperature because of continued heating of the sample byrange with no time lag between them, unlike that in the 50
a secondary source. ARC, on the other hand, can determineand 100% charged samples. The rates of exothermic reac-
the thermal stability of electrodes matching those found in tion and heat generation among these overcharged samples
a real Li-ion cell. Therefore, the ARC test is more suitable are also higher than the sample charged to 100%. These are
than DSC for understanding the thermal behavior of cath- attributed to heat generation from thermal reactions of plated
ode and anode, as well as their impact on the safety of a reallithium and anode-electrolyte reaction byproducts formed

Li-ion cell. during overcharging of the cell. From a practical standpoint,
fast and continuous self-heating causes thermal runaway in
3.3. Anodes a short time, since a Li-ion cell-can only accommodate a

limited rate of heat generation by its thermal mass and heat

Fig. 6B shows the superimposition of SHR profiles of the dissipation.
anodes from cell A charged between 50 and 200%. The SHR
trends for the 50 and 100% charged samples are similar,3.4. Comparison of cathode, anode, and cell
except that the latter sample self-heats for a longer time.
Both samples show a series of small exothermic peaks, up Fig. 7A—-Dcompare the SHR of cell A charged to 50, 100,
to around 170C, that is attributed to thermal breakdown 150 and 200% with the SHR for its cathode and anode also
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Fig. 7. Comparison of self-heat-rates (SHR) profiles of cell A and its cathode and anode at 50-200% SOC: SHR temperature range changes with
increasing SOC.
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charged to the corresponding SOC. For the 50 and 100%3.5. Self-heating cell B

SOC Figs. 7A and 6B, the cathode SHR is higher than the

anode and also closer to the SHR for the full cell. These Fig. 8A and Bshow the profiles of temperature versus
indicate the total heat generation in full cell A, at 50 and 100 time and SHR versus temperature for cell B under various
% SOC, is dominated more by the self-heating of the cathode SOC. TheTpscr decreases as the SOC increases from 50
than the anode. The initial dscr in cell A is primarily to 200%. Except for the 50% charged cell, all others went
determined by the heat generation from the small exothermicto thermal runaway. Cell B shows the same overall thermal
reactions formed by thermal decomposition of the SEl-layer behavior as cell A, except that the same reactions cause the
on the anode. main portion of self-heating of the cell at 200% SOC to oc-

At 150% SOC Fig. 70, a major portion of the full cell cur at higher temperature than the cell at 150% SOC. This
SHR is aligned with the anode. This can be attributed to the surprising result may be due to the fact that some of the early
presence of plated lithium and reaction byproducts formed heat-generating reactions have occurred during the over-
from overcharging the cell. These increase the quantity andcharging process itself. This would mean that less thermally
rate of reaction in the anode with increasing temperature. active materials were available for heat production during
Here, the cathode first major SHR (S1) stays closer to thethe ARC test. One possible factor to support this hypothesis
SHR of the full cell and the second SHR (S2) moves further is that cell B had lower heat dissipation capability than cell
toward the higher temperature side. However, contrary to A. Therefore, cell B may have reached a higher temperature
the cases of 50 and 100% charged samples, it is clear thatluring overcharge, especially that for the 200% SOC where
the anode plays a bigger role than the cathode in thermalhigh heat had consumed materials “pre-reactions” before the
runaway of cell A because its SHR is closer than that for ARC test.
cathode to SHR of full cell A. In addition, the onset of
thermal reactions for the anode occurs at a lower tempera-3.6. Comparison of cathode, anode, and cell
ture.

At 200% SOC Fig. 7D), the cathode and anode both Fig. 9A-D compare SHR of cell B at 50, 100, 150 and
show the same trends of SHR as the 150% SOC, with re-200% SOC versus the SHR of its cathode and anode also
spect to SHR of the full cell. The first major portion of charged to the corresponding SOC. Self-heating of cell B
cathode SHR (S1) moves toward a higher temperature andand its electrodes are higher than that for the cell A, even
also grows at a faster rate and has a higher maximum.though both cells show nearly similar trends. The higher
The difference between the S1 peaks in the 150 and 200%heat generation in cell B versus cell A is attributed to the
charged sample could be related to differences in the oxy-higher exothermic heat of the reaction from graphite than
gen content of these samples and/or byproducts of theirthe MCMF with electrolyte. Such results were confirmed
reactions with electrolyte. Both samples show a series of using DSC tests that showed the exothermic heat generation
small exothermic reactions before starting their major por- of fully lithiated graphite (1220 J/g) is nearly twice that of
tions of the SHRs. However, it appears that the accumu- fully lithiated MCMF (648 J/g)[12].
lative heat of these small reactions from both cathode and For the 150% charged sample, however, the early por-
anode is high enough to push the full cell into thermal tion of cell B SHR is dominated by the self-heating of the

runaway. anode and the second portion more by cathode. The 200%
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Fig. 8. Temperature vs. time and self-heat-rate vs. temperature profiles for the cell B at 50-200% state of charge: all cells went to thermal runaway
except the one at 50% SOC.
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Fig. 9. Comparison of self-heat-rates (SHR) profiles of cell B and its cathode and anode at 50-200% SOC: SHR temperature range changes with
increasing SOC.

SOC graphite anode starts self-heating “continuously” at a plated lithium and component reaction byproducts all are at
lower temperature (65C) than MCMF (110 C), which has their highest level of reactivity. However, charging the cell
a series of small exothermic reactions at lower temperatures.above 150% reduces thermal reactivity of the cathode, which
This suggests that, in an overcharged cell, this graphite playsleads to slowing down or leveling off the decreas&@#izcr

a more dominant role than MCMF in pushing the Li-ion in afull cell. The exact nature of such differences in thermal
cell into thermal runaway. The S1 peak in the cathode of stability of delithiated doped versus un-doped LiGoiS

the 200% charged cell starts at 1Z5 and for the 150%  not clear. However, it is well known that incorporation of
charged cell starts near 76. The 200% charged sample in- dopants (transition metals, such as Al and Sn) improves the
cludes more numbers of smaller exothermic reactions than

the 150% charged sample, which has fewer of the larger re-

actions. Heat generation analysis (J/g) using the ARC soft- M ——7——7—
ware showed the accumulative heat of these small reactions,

up to 120°C range, for the cathode of the 200% charged cell 120- i
was less than 1/4 of that for the 150% charged sample. This

may be attributed to partial destruction of thermally active

materials because of cell self-heating during overcharge to 1004 i
200%. In this case, some of the active materials in the cell

passivate and therefore do not participate in self-heating of % 80+ y

the cell during the ARC test. We believe these are the rea- +
sons that the 150% charged cell started thermal runaway at 604
a lower temperature than the 200% cell.

3.7. CellsA and B Toscr and total heat generation 407 o

. . 200 400 600 800 1000 1200 1400 1600
Fig. 10 shows theTposcrin cell A and B between SOC i
values of 50 and 200%. There is a sharp drop inTthecr Charge Capacity (mAh)
of cells at 100% versus 125% SOC. These results suggestig. 10. Plots of the temperature onset of chemical reactioesdy) Vs.

the possibility that in cells charged between 125 and 150%, charge capacity values (mAh) for the cells A and B at 50-200% SOC.
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Fig. 11. Plots of heat generation values for the cells A and B and their cathodes and anodes at 50-200% SOC. Heat generation values were calculate
from beginning of the self-heating up to 200 using the ARC software.

structural stability of lithium cobaltates that leads to a higher ing rate calorimetry (ARC). Results indicated the cell con-
thermal stability. One observation worthy of noting is that, sisting of Sn-LiCoQ cathode and meso-carbon micro-fiber
after cell autopsy, the components of 200% charged cells(MCMF) anode offers a higher thermal stability than the
appeared dryer than cells partially overcharged. cell consisting of LiCo® cathode and graphite anode. This
Fig. 11A and Bare plots of heat generation values (J/g) difference is attributed mostly to the higher thermal stabil-
of cells A and B and their cathode and anodes, respectively.ity of MCMF over graphite. Heat generation of the LiCpO
The overall results show that in cell A total heat generation increases as the SOC of the material increases from 50 to
is dominated by the total self-heating of the cathode up to 200%. In contrast, heat generation in the Sn-LiGo&thode
near 125% SOC. From SOC values greater than 125%, thehas a maximum at a SOC value near 125%. Total heat gener-
anode plays a more dominant role than the cathode. For cellation of these Li-ion cells increase more rapidly at SOC val-
B, however, the self-heating of the anode is more dominant ues between 100 and 150% than at SOC values below 100%
than the cathode at all SOCs. The thermal response of a fullor greater than 150%. Results also showed the presence of
cell is different than the sum of the anode and cathode. two distinct self-heating peaks for the cathodes from both
There are several reasons for the noted variance in ther-cells charged to higher than 100%. Such phenomena may
mal behavior of cell A versus cell B. These may include: be attributed to the reactions of overcharged LiGo@th
differences in the thermal mass, interdependencies in the re-electrolyte that lead to formation of layers of unstable, ther-
actions between the electrodes and electrolyte, geometricamally active materials on the surface of the cathode. With
differences, differences in the internal pressure, and finally increasing temperature, these layers tend to break down be-
the loading ratios of masses of active cathode to anode matefore the main reactions of the dcL.o.5)CoO;, with electrolyte
rials. Here, the mass loading ratios of active materials in cell begin.
A (2.21) were slightly higher than that in cell B (2.06). This In conclusion, the results show that the thermal responses
difference, however, most likely had small effects on the of both cathode and anode in a Li-ion cell are a dynamic pro-
differences in thermal behavior of these cells and their com- cess controlled by their SOC, interactions of self-heat-rates,
ponents as a function SOC versus temperature. The lowerand the total heat generated by each component. Further-
heat generation of MCMF versus graphite anode is mainly more, we observed differences in results obtained by using
related to its lower surface area and smoother surface mor-ARC versus DSC. The larger sample size available in ARC
phology. Studies by Dahn’s groyg@0] notes surface area experiments is more likely to represent real world cell be-
of about 0.4 /g for pitch-based carbon fiber (BP Amoco) havior.
and 4.3m/g for synthetic graphite SFG-44 (Timcal). Us-
ing ARC, they also showed that thermal stability of lithiated
carbon fiber is noticeably higher than lithiated graphite.
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