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Lithium ion rechargeable batteries 
seem to be everywhere—they provide 
power for most portable electronics, an 

increasing number of hand tools, as well as the 
latest types of Battery Electric Vehicles (BEVs, 
such as Nissan Leaf and Tesla Roadster) and 
Extended-Range Electric Vehicles (E-REV 
such as Chevy Volt).

Safety is a key aspect of any energy 
storage device, including batteries. When 
discussing battery safety, it is important to 
understand that batteries contain both the 
oxidizer (cathode) and fuel (anode) in a 
sealed container. (This is rarely done—other 
examples are high explosives and rocket 
propellant.) Under normal operation, the fuel 
and oxidizer convert the chemical energy 
to electrical energy with minimal heat and 
negligible gas. If allowed to react chemically 
in an electrochemical cell, the fuel and 
oxidizer convert the chemical energy directly 
into heat and gas. Once started, chemical 
reaction will likely proceed to completion 
because of the intimate contact of fuel and 
oxidizer.

Safety needs to be addressed at the cell, 
module, pack, and ultimately vehicle levels. 
Failure at one level can quickly escalate to 
much more severe failures at a higher level. 
Figure 1 shows photos of cell failures at 
each of these levels eventually resulting in 
complete destruction of all components of 
the full battery system. Failure at this level 
will result in loss of the complete vehicle as 
shown in Fig. 2.

Safety cannot be determined or evaluated 
by one criterion or parameter. Rather, 
safety is determined by the implementation 
of complementary approaches that work 
together to enhance safety by: (a) reducing 
the probability of an event and (b) lessening 
the severity of outcome, should an event 
occur.

As this approach is applied to batteries, 
thermal stability is perhaps the most 
important of several parameters that 
determine safety of Li-ion cells, modules and 
battery packs. 

The goal of many battery development 
programs is to increase the run time of 
electronic devices or extend the driving range 
of EVs, which is achieved by increasing the 
energy content. Electrode materials represent 
some of the most reactive materials known, 
and operate at high voltage (4.2 to 4.6 V vs. 
Li). New electrode materials with increased 
capacity and higher voltage are being 
developed and new cell and battery pack 
designs appear in the marketplace. As energy 
increases, designing safe battery packs and 
cells becomes more challenging. Therefore, 
safety needs to be a priority at every step: in 
the materials selection, cell design, electronic 
controls, and module/pack design.

A General Discussion of Li Ion Battery Safety

by Dan Doughty and E. Peter Roth

(continued on next page)

Fig. 1. Photos showing escalating failure from cell, cell string, and module.

Fig. 2. Full vehicle loss from battery pack thermal runaway in an aftermarket modified vehicle.

Safety Devices

Safety devices are incorporated into cells, 
modules and battery packs to protect against 
off-normal conditions. In order to manage 
the consequences of heat and gas generation, 
many batteries have the following safety 
features.

•	 Shutdown Separator between anode 
and cathode prevents ionic conduction 
if cell internal temperature exceeds a 
certain limit, thus preventing further 
cell charge\discharge.

•	Cell Vent or Tear-Away Tab that 
allows the safe release of gas if 
excessive pressure builds up within 
cells.
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•	Current Interrupt Device (CID) 
protects against over-current 
that breaks the internal electrical 
connection when internal pressure 
reaches a set value.

•	Positive Temperature Coefficient 
of expansion (PTC) disks are often 
placed in the cell header to limit high 
current.

•	Current Limiting Fuses may be 
used in place of PTC devices when a 
sustained discharge is not preferred.

•	Diodes may be used to prevent 
inadvertent charging (blocking diode) 
or to steer the discharge current around 
a weak cell as in a discharge (bypass 
diode).

•	Battery Management System (BMS) 
that controls electrical distribution 
with a battery pack and protects 
against over- or under-voltage 
conditions as well as excessive current 
or temperature.

These safety devices work very well, 
which accounts for the relative safety of 
cells and battery packs in the field (estimate 
of failure rates of lithium ion rechargeable 
battery cells is less than 1 in 10 million1 with 
some estimates of failures of 1 in 40 million 
cells.2

Evaluation Techniques for 
Batteries and Battery Materials

Materials and battery assemblies may 
be characterized and optimized for safety 
by various means and techniques. The 
techniques evaluate the response of materials, 
electrode formulations, cell construction, 
and battery assemblies to a variety of “off-
normal” conditions that simulate abusive 
events such as mechanical, electrical, and 
thermal abuse. Characterization of cells 
provides baseline information on safety and 
abuse tolerance of a given cell chemistry. 
Additionally, battery packs have other 
failure modes such as inter-cell shorting, 
inter-cell charging, and cell imbalance that 
can overcharge or overdischarge a cell or 
group of cells. Therefore, module and pack 
abuse tests are a necessity.

Electrochemical Characterization.—
Electrochemical stability of materials is 
the basis of safe behavior of the cell and 
subsequent battery assemblies. Cyclic 
Voltammetry (CV) can be used to evaluate 
electrochemical stability window of 
materials. Thermodynamic stability of 
materials in intimate contact within the 
cell is desired but not always realized 
in high voltage cells. Kinetic stability 
can be sufficient to design a working 
electrochemical cell. The solid electrolyte 
interphase (SEI)—the passivation layer that 
forms on lithium ion rechargeable battery 
anode materials—is an example of kinetic 
stability being sufficient for cell operation.

Thermal Characterization.—Thermal 
characteristics of cells and batteries are one 
of the most important aspects of safe cell 
and battery design. Individual materials as 
well as complete battery modules should be 
characterized to understand failure modes 
and develop improved abuse tolerant cells 
and batteries.

Differential Scanning Calorimetry.—
Differential scanning calorimetry (DSC) 
is a common analytical technique used to 
understand the effects of thermal abuse on 
battery materials. This technique enables 
the thermal response of individual and 
selected combinations of cell components 
to be measured over a broad temperature 
range while scanning at a fixed temperature 
rate. In favorable cases, this information 
allows identification of the components 
participating in thermal activity. The 
DSC technique also allows qualitative 
measurement of the effect of local charge 
state of the electrodes, which affects the cell 
thermal reactivity leading to cell thermal 
runaway as well as cell self-discharge. 
DSC techniques are limited to small sample 
size, but the chemical reactivity studies 
can be effectively applied to study high 
temperature stability. For example, Aurbach 
and coworkers have applied DSC and 
other techniques3 to clarify decomposition 
reactions and thermal stability of Li-ion 
battery electrolytes in the temperature range 
of 40°C to 350°C.

Accelerating-Rate Calorimetry.—Accel-
erating-Rate Calorimeter (ARC) tests are 
conducted on full cells and cell components 
under adiabatic conditions4 that allow precise 
control of temperature and expose the cell to 
more uniform conditions. Under adiabatic 
conditions, the cell heating rate is strictly 
a function of the intrinsic heat generating 
reactions in the cell and the thermal heat 
capacitance of the cell components. The 
reaction rate typically starts very slowly and 
increases through a series of accelerating 
stages until a final high-order thermal 
runaway. The ARC temperature chamber 
tracks this cell temperature profile even up 
to high heating rates. A typical experiment 
requires a few days. Because of the adiabatic 
environment, the onset of self-heating due 
to chemical reactions in the interior of the 
cell can be detected with greater sensitivity. 
For high temperature measurements through 
cell venting and runaway, specially designed 
cell fixtures are required that are capable of 
containing all generated gas.

Thermal Ramp Test.—Thermal stability 
of cells can be studied by linear programmed 
heating to cell failure, sometimes called a 
Thermal Ramp Experiment.5 In the Thermal 
Ramp Experiment, cells are heated at a 
programmed heating rate (5°C/min. is 
typical) from room temperature to 250°C or 
higher, at which temperature the cell fails by 
initiating thermal runaway. The flammability 
of the vent gases and electrolyte solvent 
vapor can be determined by placing spark 
ignition sources in critical locations around 

the cell fixture. A well-designed cell holder 
can give reproducible data that complements 
the more sensitive ARC data.

Typical Failure Modes: 
Mechanism of Failure

Different battery chemistries have 
varying failure modes, but several events 
are common among all types of batteries. 
The most common response of a cell to 
abusive conditions is the generation of heat 
and gas.6 While they may be linked (i.e., gas 
and heat are produced by the same chemical 
reactions), there are examples where heat 
and gas are produced independently.

Thermal Abuse.—Heat generation within 
batteries in response to abusive tests can 
make failures more hazardous. For example, 
short circuit will heat up the cell because of 
Joule heating (I2R) until the cell begins to 
produce heat by internal chemical reactions 
(i.e., above the temperature where onset of 
self-heating reactions begin). Overcharge 
can also generate heat within the cell due to 
other oxidative chemical reactions that can 
trigger thermal runaway.

To characterize heat and gas generation 
that might occur during off-normal 
conditions, cells and packs are exposed to 
elevated temperature abusive conditions7 
that resemble conditions that might be 
(rarely) seen in the field. In these tests, 
response of cells can be characterized 
as falling into three major temperature 
regimes.8 These regimes are illustrated in 
Fig. 3, which shows the temperature rise 
during thermal ramp of a fully charged 
lithium ion cell. ARC and Thermal Ramp 
tests are commonly used to characterize the 
thermal runaway process.

In Fig. 3, an external source of heat (that 
simulates an abuse event) is used to raise 
the temperature of the cell to the Onset 
Temperature, T(onset). A practical definition 
of T(onset) is typically a self-heating rate 
of 0.2°C/min. for thermal ramp experiment. 
(ARC sensitivity is 0.02°C/min., an order of 
magnitude more sensitive.) This low heat 
generation can usually be accommodated 
and dissipated in the battery packs. 
Increased reactivity is a consequence of SEI 
decomposition, exposing the reactive anode 
to the self-heating reactions involving the 
electrolyte.9

If this heat is not dissipated, the 
temperature will continue to rise due to 
sustained exothermic reactions. The region 
above the onset temperature is denoted as 
stage 2 (acceleration), which is characterized 
by more rapid and accelerating heat release. 
Stage 2 results from increased electrolyte 
reduction at the anode due to continuing 
loss of the SEI and to onset of electrolyte 
oxidation at the active cathode surface. 
These reactions depend on the active 
material chemistries and state of charge. 
Venting and release of smoke may occur 
during stage two. Additional heating causes 
the cell to enter Stage 3 (runaway), in which 
the high-rate cathode and/or anode reactions 
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cause temperature to rise rapidly (thermal 
runaway) and flame or rapid disassembly 
may follow. Thermal runaway is loosely 
defined as a self-heating rate of 10°C/min or 
greater. At this self-heating rate, it is highly 
unlikely that any intervention or external 
cooling mechanism could quench the 
ensuing thermal runaway.

Runaway temperature, T(runaway), is a 
strong function of cell size, cell design, and 
materials in the cell. T(runaway) can vary 
from 130°C to well over 200°C in lithium 
ion cells. Cathode materials that release 
oxygen at high temperatures have especially 
high reaction rates and reaction enthalpies.

The timing of thermal runaway can be 
delayed by minutes or several hours or days, 
since it depends on particulars of construction 
of the battery pack and the operating 
environment. Incubation time of hours has 
been observed in accidents investigated by 
the U.S. Dept. of Transportation (DOT).11 
Events such as these have resulted in DOT 
banning shipment of lithium batteries on 
passenger aircraft.12 Accurate and easy-to-
use thermal abuse models of modules and 
packs would be a tremendous benefit in 
understanding the thermal environment of 
cells and packs under off-normal conditions.

Physical Damage.—Physical damage 
(puncture, crush, vibration, or shock) has 
the possibility of creating internal short 
circuit within the cell or creating short 
circuit within a battery pack to cause current 
flow in unintended and unanticipated 
manner. Internal short circuit is one of the 
most difficult failures to defend against and 
is discussed below. In general, cells and 
batteries with higher specific energy (Wh/ kg) 
and energy density (Wh/L) will produce a 
more energetic response when abused by 

puncture, crush, or shock. Additionally, 
cells with flammable electrolyte or other 
flammable materials that could escape when 
the containment is compromised during 
physical damage have the potential to 
produce secondary fires (see Fig. 4).

Charge and Discharge Failures.—
Overcharge and overdischarge (voltage 
reversal) of rechargeable batteries can occur 
if the control electronics of the charging 
station or the battery pack control electronics 
in the Battery Management System (BMS) 
malfunction or if severe cell imbalance 
occurs in a battery pack.

The ability to withstand overcharge 
depends strongly on the current level (low 
charging current is more likely to result 
in benign failure) as well as the chemistry 
of the battery. The response of cells and 
battery packs during overcharge depends on 

overcharge parameters (current, maximum 
voltage), thermal environment, and cell 
materials and is a complex function of 
several failure mechanisms.13

The thermal response of Li-ion cells 
during overcharge is largely determined 
by the cathode chemistry. During the 
charge cycle, lithium is removed from the 
cathode oxide material. Different cathode 
oxide chemistries have different levels of 
lithium when fully charged; varying from 
Li0.5CoO2 to Li0.0FePO4 at 100% SOC. 
Overcharging continues to remove lithium 
from the structure, resulting in permanent 
crystallographic changes and increased 
oxidation potentials. Measurements of heat 
flow from the cells and cell skin temperature 
during overcharging has shown that there is 
a rapid increase in heat generation when all 
of the lithium has been removed from the 
cathode.14 Fig. 5 shows the cell temperature 
profiles during 1 C-rate overcharge for 
several common cathode materials. Lower 
lithium content at 100% SOC results 
in reduced degree of overcharge before 
increased heat output. Some of the most 
thermally stable cells have the lowest 
tolerance range for overcharge.

Yamaki and coworkers demonstrated 
that overcharge response of a LiC6/LiMn2O4 
cell depended on charge current—at low 
current, overcharge test results were benign, 
but at high current levels, the cells entered 
thermal runaway.15 Li plating on the anode is 
a possible failure mode during fast charge at 
low temperature. Li plating has the potential 
to create finely divided Li powder within the 
cell that may become electronically isolated 
from the anode. In addition, dendrites of 
Li may grow from the anode through the 
separator possibly resulting in an internal 
short circuit. This situation, if it arose, 
creates safety vulnerability that could persist 
after the overcharge event terminated.

Short Circuit.—External short circuit 
is the most common type of battery 
abusive condition. All safety test protocols 
(for shipping approval as well as use 

Fig. 4. Sparks ejected from Li-Ion cell during internal short circuit.

Fig. 3. Cell self-heating rate during forced thermal ramp test of Li-ion Gen 2 chemistry: anode = 
MCMB | electrolyte = 1.2 M LiPF6 in EC:PC:DMC | cathode = LiNi0.8Co0.05Al0.05O2 | separator = 
Celgard 2325 trilayer. (From Ref. 10)
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environments) include short circuit tests.16 
A cell is connected to a test circuit in which 
the external resistance either is matched 
to the unit impedance or is set as low as 1 
mOhm. The current and cell temperature 
are monitored as well as cell response such 
as venting and possible self-ignition. Cells 
typically can withstand an external short 
circuit, since thermal output is small and the 
cell is in contact with the test fixture. Thermal 
management will dictate if response of cells 
will be benign or exhibit thermal runaway. 
Large cells (i.e., over 10 Ah), cells that can 
sustain very large short circuit currents, cells 
that have higher internal resistance, and cells 
with low inherent thermal stability are more 
prone to exhibit thermal runaway.

Internal short circuit is a failure mode 
where a current path develops within the 
cell. It can be caused by several factors, 
including a foreign object, separator failure, 
poor cell design (e.g., lack of sufficient 
separation or insulation of electrodes in the 
cell), poor manufacturing processes (e.g., 
burrs on cut edge of current collector), or 
external pressure on the cell walls.

Internal shorts also may develop because 
of other abuse conditions that lead to 
internal gas generation and displacement 
of the internal electrodes that can contact 
each other, especially in pouch cells. This 
deformation mechanism can completely 
bypass “safe” separators designed to resist 
internal shorting.

Fig. 5. Heat output during overcharge for different cathode oxide chemistries. There is a marked increase in heat output when final 
lithium is removed from cathode.
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A Discussion of Safety and  
Abuse Response for  

Lithium Ion Rechargeable  
Battery Chemistries

Most commercially available lithium ion 
batteries utilize cathodes made of transition 
metal oxide such as LiCoO2, anodes made 
of graphitic carbon (which reversibly binds 

lithium to form an intercalation compound 
LiC6 during charge), and a non-aqueous 
electrolyte. A wide range of carbonaceous 
compounds are suitable for use as the anode 
material, including coke, pure graphite, and 
tailored carbon spherical particles such as 
Meso-Carbon Micro Beads (MCMB).

All Li-ion cells employ non-aqueous 
electrolytes with a lithium-containing salts 
(LiPF6 or other salts) dissolved in solvent 

Table I. Characteristics of some positive electrode materials.19

Material Specific capacity 
mAh/g

Midpoint V vs. Li at 
C/20

Comments

LiCoO2 155 3.9 Still the most common. Co is 
expensive.

LiNi1-x-yMnxCoyO2 (NMC) 140-180 ~3.8 Capacity depends on upper 
voltage cut off. Safer and less 
expensive than LiCoO2

LiNi0.8Co0.15Alx0.05O2 
(NCA)

200 3.73 High capacity. About as safe as 
LiCoO2

LiMn2O4 (Spinel) 100-120 4.05 Poor hight temperature stability 
(but improving with R&D). Safer 
and less expensive than LiCoO2

LiFePO4 (LFP) 160 3.45 Synthesis in inert gas leads to 
process cost. Very safe. Low 
volumetric energy

Li[Li1/9Ni1/3Mn5/9]O2 275 3.8 High specific capacity, R&D 
scale, low rate capability

LiNi0.5Mn1.5O2 130 4.6 Requires an electrolyte that is 
stable at high voltage
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mixtures of organic liquids such as ethylene 
carbonate (EC), propylene carbonate (PC), 
diethyl carbonate (DEC), or ethyl methyl 
carbonate (EMC). Separators have the 
indispensible safety function of physical 
separation of the electrodes. Because 
electrolytes and separators will be discussed 
in other articles, they will only be mentioned 
as they influence the reaction with electrode 
materials.

Cathodes in Lithium Ion Batteries.—
Choice of cathode has the strongest influence 
on cell safety.17 Many cathodes are in 
commercial cells or in development. Table I 
summarizes performance information on the 
most common cathodes in use today.

LiCoO2 has been the cathode of choice 
for the majority of consumer level Li-ion 
cells produced today. Although it delivers 
good capacity, LiCoO2 is the most reactive 
and has poorer thermal stability than the 
other cathodes. Self-heating of a cell or 
cell materials at elevated temperature is 
evidence of chemical instability. The plot 
of self-heating rate vs. cell temperature 
provides a good characterization of 
chemical instability. LiCoO2 decomposes 
at elevated temperature to produce oxygen 
that reacts exothermically with organic 
materials within the cell.18 An ARC plot of 
self-heating rate vs. cell temperature for a 
Li-ion 18650 cells fabricated with different 
cathodes is shown in Fig. 6. Key parameters 
measured from ARC are onset temperature, 
maximum self-heating rate, and temperature 
width of the peak thermal runaway, which 
gives the enthalpy of the reaction.

LiCoO2 cells are clearly less stable than 
cells with any of the other mixed-metal 
oxides shown in Fig. 6 since their onset 
temperatures are higher and the maximum 
self-heating rates are lower. However, all 
these materials are unstable at elevated 
temperature. Work by Dahn and coworkers 
demonstrated that most cathode chemistries 
decompose and evolve oxygen.20 Data on 
oxygen evolution at elevated temperature 
have been published for LiCoO2,

21 LiNiO2,
22 

and LiMn2O4.
23 Oxygen production during 

high temperature cathode decomposition is 
correlated with exotherms observed in ARC 
experiments. The LiFePO4 cathode material 
does not generate oxygen even when 
fully decomposed at high temperatures; 
thus explaining the lowest heating rate 
during thermal runaway. For these cells, 
thermal runaway is dominated by anode-
electrolyte reactions, which show high-rate 
decomposition at higher temperatures.

Fig. 7 shows the thermal ramp results for 
the same cell chemistries discussed above. 
Although not as sensitive or as quantitative 
as ARC, the thermal ramp profiles show the 
same ordering of cell response with reduced 
oxygen generation. Cathode decomposition 
onset ranges from 150°C to 250°C. The 
higher onset temperature of LiMn2O4 and 
LiFePO4 cells show that they are more 
resistant to thermal abuse. Moreover, 

Fig. 6. Self-heating rate of 18650 full cell measured by ARC. Improved cathode stability results in 
higher thermal runaway temperature (increased stability) and reduced peak heating rate. (From Ref. 24)

Fig. 7. Onset of self-heating in thermal ramp experiment on Li-ion cells. LiFePO4 olivine cathodes 
show the greatest reduction in self-heating rate and increased onset temperature for runaway. (From 
Ref. 24)
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the reduced peak of self-heating rate of 
LiFePO4-based cells makes them the safest 
cells Li-ion batteries on the market today.

Much research is being performed to 
develop advanced cathode materials that 
will allow increased energy density, rate 
capability, and cycle life at low cost. The 
DOE, through the Vehicles Technology 
Program, has supported development of 
several promising chemistries.25 Examples 
of these developing materials include 
substituted spinels (LiMn1.8Li0.1Ni0.1O3.8F0.2) 
and high voltage cathodes with two-
component integrated structures 

(xLi2M’O3•(1-x)LiMO2 and xLi2M’O3•(1-x)
LiM2O4 where is M’ is predominately Mn 
and M is Mn, Ni, or Co).26 Other materials 
are being developed using new approaches 
such as core-shell, concentration-gradient 
materials, and nanocoatings.27 For example, 
ARC tests were performed at Sandia on 
several 18650 cells using AlF3-coated NMC 
cathodes provided by Argonne National 
Laboratory.28

Fig. 8 shows the ARC thermal response 
profiles for uncoated and AlF3-coated 
cathodes in 18650 cells. All of the coated 
electrodes showed reduced heating rates 

(continued on next page)



Fig. 8. ARC profiles of 18650 cells with AlF3-coated and uncoated NMC cathodes.

Fig. 9. DSC profiles of anode carbon materials with different morphologies.
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The relative contribution of the anode 
and cathode material to the full cell response 
depends on the specific reactivity of the active 
materials and the mass loadings of each. The 
energy released by electrolyte reaction with 
the active materials is strongly dependent on 
the cell chemistry and state of charge. The 
most energetic runaway reactions result from 
oxygen released during decomposition of 
the cathode and subsequent oxidation of the 
electrolyte. As an example, the contributions 
of the individual cell electrodes to the full 
cell thermal response are shown in Fig. 10 for 
a NMC (Gen3) cell. Fully charged electrodes 
had been removed from a cell and resealed 
in an 18650 can with the electrolyte to 
determine their individual contribution to 
cell thermal runaway. For this chemistry, the 
reactions with the electrolyte are comparable 
over the whole temperature range for both 
the anode and cathode. Cell chemistries with 
little or no oxygen release (e.g., LiMn2O4 
and LiFePO4) will have thermal responses 
determined almost entirely by anode/
electrolyte reactions.

Although graphite remains the material 
of choice in commercial cells today, 
new materials are being developed with 
increasing capacity and rate capabilities. Li 
metal anodes have the highest capacity for 
Li but have serious safety issues with growth 
of dendrites during charge and discharge. 
Progress has been made using passivating 
coatings and nanostructured frameworks 
but no commercial material is yet available. 
The safety concerns for pure Li are serious 
since Li melts at around 180°C and becomes 
quite reactive in the cell. As mentioned 
earlier for cathode development, the DOE 
is also supporting development of advanced 
anode materials including Li-Si, Li-Sn, 
and Li-Sb as well as metallic alloy anodes 
such as CuSn, Cu6Sn6, and CoCu5Sn5.

26 
Others are developing Si:C materials using 
nanostructure techniques.31 New materials 
are being developed at an ever increasing 
rate and each must be evaluated in terms not 
only of performance bust also in terms of the 
impact on safety.
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and had about 20°C higher thermal runaway 
onset temperatures (~260°C). Variations in 
the peak heating rates are believed to result 
from variations in coating thickness and 
coverage on the cathode particles at these 
temperatures. The coated cathode thermal 
response has now been reduced to a level 
comparable to that of the anode material, 
which means that the anode thermal 
response becomes even more important in 
determining the thermal stability of lithium 
ion rechargeable batteries.

Anodes in Lithium Ion Batteries.—Anode 
materials are chosen to have high capacity, 
high rate capability, low irreversible loss on 
formation cycling, and stability with respect 
to cycling and high temperature exposure. 
Carbon anodes can be based on either natural 
or synthetic graphite, can have high or low 
surface area, and can have morphologies 
ranging from amorphous, spherical, or 
flaky grain structure. All of these material 
properties affect the thermal response 
of the anode under abuse conditions. As 
an example, DSC curves for three anode 
materials (100% SOC in electrolyte) are 
shown in Fig. 9 for anode materials of 
different morphologies. The anodes are 
Sony hard carbon, MCMB (Gen1), and 
MAG10 flaky graphite (Gen2). All of the 
anodes showed a breakdown in the SEI layer 
starting around 120°C but with different 
rates of reaction at increasing temperature. 
The MAG10 anode material showed the 
highest level of reaction due to the poor SEI 
layer that formed on the particle edges.

The graphitic anodes used in common 
technology are only 50 mV or so above 
lithium potential. The low potential gives 
concern about plating of lithium under many 
aggressive charging scenarios or when the 
local current density is nonuniform.

Li4Ti5O12 anode has been proposed as 
a safe alternative to graphite electrodes. 
Manev29 outlined the advantages of using 
Li4Ti5O12 anodes:

•	 no Li plating,
•	 lower self-heating with respect to 

graphite,
•	 heat generation at elevated temperature 

is less than graphite,
•	Li4Ti5O12 can absorb O2 from cathode, 

thus increasing the stability of cell, and
•	 calendar life estimated to be 20+ years.

However, from Manev’s Knowledge 
Foundation presentation in November 
2010, we learned that the cell-level specific 
energy is 75 Wh/kg. LiFePO4/Li4Ti5O12 
cells have even lower specific energy—
only 50- 60 Wh/kg, as estimated by Hydro 
Quebec.30 This energy level is only slightly 
more than improved Ni/MH, a proven 
technology for vehicle applications. Thus, 
while safety is improved, the commercial 
impact of these Li ion cells in a high-energy 
Li ion marketplace will be limited.



Fig. 10. ARC profiles of anode and cathode electrodes in electrolyte compared to full cell response.

Fig. 11. ARC profiles of Sanyo 18650 cells at increasing states of charge.
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Effect of SOC on Thermal Stability.—
State of Charge is one of the most important 
factors in determining response of a cell 
or pack to abusive events. That is why 
shipping regulations require that lithium 
ion rechargeable batteries be at a low 
SOC during shipment. While not many 
careful studies have been published on 
effect of SOC and age, a Sandia National 
Laboratories publication32 provides quanti-
tative comparison for two Li-ion battery 
chemistries (LiCoO2 and LiNi0.8Co0.2O2). The 
onset of self-generated heating decreased 
to lower temperatures with increasing 
SOC and the magnitude of the heating rate 
increased more rapidly with increasing 
temperature. The higher states of charge 
result in increased levels of lithiation of the 
anode that increases electrolyte reactions. 
These onset reactions exhibit a much lower 

heating rate than seen during full thermal 
runaway, as was shown in Fig. 6.

The peak thermal response of a cell also 
increases rapidly with degree of charge. 
Fig. 11 shows the ARC profiles for Sanyo 
(LiCoO2) cells with increasing states of 
charge from 3.8V to 4.3V. The onset of the 
high-rate (Stage 3) reactions did not change 
significantly with state of charge but the peak 
heating rates and the enthalpy of the high-
rate reactions increased markedly. During 
overcharge, excessive lithium is extracted 
from the cathode and a corresponding 
excessive insertion and/or plating of lithium 
may occur at the anode. These conditions 
make both electrodes less thermally stable. 
This peak response depends strongly on the 
type of cathode material used and the anode/
cathode capacity balance.

Finally, the magnitude of response of a 
cell to internal short circuit will be influenced 
by SOC. When a cell is at 100% SOC, 
internal short circuit often results in thermal 
runaway of cell. However, when cell is at 
80% SOC the maximum temperature may 
be reduced to 200°C. At 70% SOC, internal 
short circuit can be well tolerated.33

Conclusion

Safety response of Li ion batteries 
is increasingly recognized as a critical 
performance requirement for commercial 
adoption of this chemistry, especially in 
large scale vehicular applications. The 
development of increasingly safe battery 
systems requires continued improvements in 
cell thermal stability as well as new pack and 
vehicle designs with rigorous and redundant 
safety controls. 

There are many advanced materials being 
developed and characterized in industry, 
universities, and national laboratories 
for Li ion batteries. These materials are 
often developed primarily for improved 
performance such as energy density, 
specific energy, power capability, low 
temperature response, cycle lifetime, and 
cost. Safety is often a property determined 
after the development phase. Safety and 
thermal stability should become a prime 
consideration in the initial development and 
material selection process. There is certainly 
no need for a “safe” battery that does not 
perform but also there is no need for a high 
performance battery that is unsafe.    
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