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Abstract

The use of the Modified Reactive System Screening Tool (MRSST) to study the thermal stability of electrolytes for lithium ion batteries was

demonstrated. Important data for the understanding of the thermal behavior of lithium ion batteries (vapor liquid equilibrium data, heat

capacity, heats of vaporization, reaction rates, and heats of reaction) can be obtained with the MRSST. The technique also allows sampling of

the system (gas phase or liquid phase) at any time. The thermal stability of EMC and EC was analyzed using the MRSST. The results indicated

that EMC is thermally stable until 320 8C, while the EC decomposes at 263 8C generating gases such as CO2, O2, and H2. The effect of O2 on

the thermal stability of EMC was also studied. It was found that EMC thermally decomposes in the presence of O2 between 220 and 235 8C
generating non-condensable gases such as CO2.

# 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In order to understand the safety concerns (thermal run-

away) associated with lithium ion batteries, some researchers

[1–20] have performed thermal stability studies on these

batteries. The most common experimental techniques that

have been used in the thermal studies are differential scanning

calorimetry (DSC) and adiabatic calorimetry (ARC). These

techniques are good for preliminary evaluation of thermal

stability; they can be used to obtain important information

such as: heats of reaction, temperature of decomposition, and

empirical reaction rates as a function of the extent of the

reaction. However, more information is required to have a

better understanding of the decomposition reactions: pressure

effect, variation of concentration of reactants as a function of

time, products generated, gas evolution, etc. This information

cannot be obtained from a DSC because of the limitations of

the technique (i.e. DSC hermetically sealed pans cannot be

sampled easily). An ARC can be used to obtain pressure

variations in the battery but the technique is not very flexible

to perform a detailed kinetics study of the thermal decom-

position reactions that can take place in the materials of the

battery (i.e. sampling of the system is not easy).

The specified information can be obtained in a quickly

and safely way using a Reactive System Screening Tool

(RSST) [21]. The RSST is a type of calorimeter that can

determine potential chemical hazards. It allows recording

temperatures, and pressures of the system, and at the same

time permits sampling or adding of new sample at any point

during the reaction. The use of the RSST has proven itself

successful in studying liquid phase reactions. However, the

study of gas phase reactions in the RSST causes some

problems (i.e. condensation of vapors on the containment

walls inhibits the RSST from reaching the onset temperature

of a gas and/or gas–liquid phase reactions). To overcome

some of the problems we have designed a novel method,

Modified Reactive System Screening Tool (MRSST), which

allows determining thermal stability data for solvents and

electrolytes used in lithium ion batteries. The MRSST keeps

the same advantages of the RSSTand at the same time can be

used for liquid–gas phase reactions.

The objective of this paper is to describe the new method

(MRSST), and to demonstrate its reliability to evaluate the

thermal stability of electrolytes for lithium ion batteries.

Ethyl–methyl carbonate (EMC) and ethylene carbonate

(EC) were the solvents used during the study. These solvents

were chosen because of their intensive use in commercial

lithium ion batteries. The aim of this work is to provide a

better understanding of the thermal stability of electrolyte

mixtures, which is crucial in the design of safe and high-

performance lithium ion batteries.
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2. Description of the equipment

Our design is a modification of the RSST designed by

Fauske & Associates Inc. [21]. The study of gas phase

reactions and/or liquid–gas phase reactions in the RSST

causes some problems. We have identified some of these

problems during the evaluation of the technique for the

thermal analysis of solvents used in lithium ion batteries.

Problems arise with the use of the RSST when vapors

condense on the containment walls. This inhibits the

RSST from reaching the onset temperature of the reaction.

To solve the problems described above we have rede-

signed the original RSST for what we have called a

MRSST.

Fig. 1 presents a schematic diagram of the MRSST. The

MRSST consists of a high pressure containment vessel with

a sample container inside, two thermocouples, and a pres-

sure transducer. The thermocouples are directly fed through

the container wall. Thermocouple 1 (T1) is used to measure

the temperature of the sample, and thermocouple 2 (T2) is

used to measure the containment vessel wall temperature.

The sample is heated by using external heaters to heat the

containment vessel. The total heat added by the heaters to

the system is quantified. Heating elements are used at the

top, bottom, and around the sides as to completely cover the

vessel, in order to prevent any vapors from condensing

inside the vessel. The sample is heated at a constant rate

of 10 8C/min. The temperature of the sample is kept homo-

Fig. 1. Schematic diagram of Modified Reactive System Screening Tool (MRSST). The system is very flexible. The sample line allows sampling or adding of

new sample at any point during the reaction, therefore detailed kinetics studies can be performed with the MRSST.
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genous by mixing with a stir bar. Temperatures and pres-

sures can be monitored all time during the process. As shown

in Fig. 1, the MRSST posses a sample line that allows

sampling or adding of new sample at any point during

the reaction.

3. Modeling equations

Because of the constant heat rate, and the absence of heat

losses the MRSST can be modeled as an adiabatic cell.

Considering the following assumptions: (1) adiabatic reac-

tor; (2) no thermal conductivity resistance; (3) closed sys-

tem; and (4) constant volume; the energy balance during a

reaction is given by

ðfMRSST þ mCpÞ
dT

dt
¼ VMw DHrR (1)

where m is the mass of the sample (g), Cp the heat capacity

of the sample (J/(g K)), V the volume of the containment

vessel (m3), Mw the molecular weight of the limiting

reactant (g/mol), DHr the heat of reaction (J/g) and R the

rate of the reaction (mol/(m3 s)). The ratio between dT/dt is

known as the self-heating rate (K/s). The factor fMRSST is

defined by:

fMRSST ¼ mscCpsc
þ mvCpv

(2)

where msc and Cpsc
are the mass (g) and the heat capacity

(J/(g K)) of the sample container, respectively; and mv and

Cpsc
are the mass (g) and the heat capacity (J/(g K)) of the

containment vessel, respectively.

The reaction rate is a function of the concentration and

temperature and can be expressed in general form as

R ¼ dC

dt
(3)

where dC/dt represents the variation of the concentration of

the limiting reactant as a function of time (mol/(m3 s)).

Substituting Eq. (3) into Eq. (1), integrating between the

initial temperature (Ti) and the final temperature (Tf) of the

reaction, and assuming that the heat capacities of the sample,

sample container, and containment vessel are constant,

yields

C ¼ C0
Tf � T

Tf � Ti

� �
(4)

where C0 is the initial concentration of the limiting reactant

(mol/m3). Eq. (4) can be expressed as a function of the extent

of the reaction instead by

1 � a ¼ Tf � T

Tf � Ti

� �
(5)

The heat of the reaction can be calculated by

DHr ¼ �ðfMRSST þ mCpÞðTf � TiÞ
VMwC0

(6)

Finally, substituting Eq. (6) into Eq. (1) and using the

definition of extent of the reaction:

dT

dt
¼ ðTf � TiÞ

da
dt

(7)

Eq. (7) allows determining reaction rates using the MRSST.

It can be noticed that because of the adiabatic assumption all

the equations are comparable with the equations used for

measurement of reaction rates using an adiabatic calorimeter

(ARC). Nevertheless, the sampling capability of the MRSST

also allows obtaining reaction rates as a direct measurement

of the variation of the concentration of one of the species

with time.

One of the great advantages of the MRSST is that not

only the temperature but also the pressure of the system

is recorded simultaneously. Therefore, for vapor–liquid

systems, the vapor pressure can be measured. The vapor

pressure can be fitted for a wide range of temperatures using

Riedel’s correlation [22]:

Psat ¼ 101; 000 eðA�fB=ðT�273ÞgþC ln½T�273	þD½T�273	6Þ (8)

where Psat is the saturation pressure (Pa), and A (dimension-

less), B (K), C (dimensionless), and D (K�6) are Riedel’s

constants.

In addition, the heat of vaporization can be calculated by

using Clapeyron equation [23]:

DHv ¼ T DV
dPsat

dT
(9)

where DHv is the heat of vaporization (J/mol), and DV the

compressible volume (m3/mol). The saturation pressure and

the temperature should be given in Pa and K, respectively.

Neglecting the volume of the liquid (much smaller than the

volume of the gas) and assuming ideal gas, Eq. (9) becomes

DHv ¼ T2 R

Psat

dPsat

dT
(10)

where R is the universal gas constant (8.314 J/(mol K)).

Eq. (10) is known as Clausius–Clapeyron relation [23].

Another important property that can be measured with the

system is the heat capacity of the sample. For samples that

go through a phase change or that have two phases in

equilibrium (vapor–liquid), the heat capacity of the sample

(vapor–liquid) can be calculated by:

Cp ¼ Vsc

V

nI

ðdT=dtÞm � Vsc

V

DHvðdn=dtÞ
ðdT=dtÞm � mscCpsc

m
(11)

where n is the voltage (V) of the heaters, I the current

through the heaters (A), dn/dt the evaporation rate (mol/s),

and Vsc the volume of the sample container (m3). The heat

capacity of the sample container has been assumed constant

for the derivation of Eq. (11). The first term in Eq. (11)

represents the total heat that goes into the system (sample

and sample container), the second term represents the heat

that is used for evaporation of the sample, and the last term

represents the heat that goes to the sample container. Eq. (11)
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can be used to calculate the heat capacity of the sample at

different temperatures, or it can be integrated over a range of

temperatures to obtain an average sample heat capacity.

Assuming ideal gas the evaporation rate can be calculated

by:

dn

dt
¼ V

R

1

T

dP

dt
� P

T2

dT

dt

� �
(12)

4. Experimental

The solvents EMC and EC were obtained from EM

Industries Inc. All of them were 99.9% pure with less than

30 ppm of water. The samples were prepared in an Argon

filled glove box. The weight of the samples was kept

between 15 and 18 g. The reactor was heated at 10 8C/min

from room temperature to 320 8C. The temperatures (T1 and

T2) and the pressure were monitored all the time. The gases

evolved from the decomposition were analyzed using gas

chromatography and titration.

5. Results and conclusions

Fig. 2 shows the variation of the pressure of the EMC as a

function of temperature. No reactions were observed for the

given range of temperatures, which agrees well with the

DSC results reported by Botte et al. [19]. The figure shows

three distinguished areas: system equilibration, vapor–liquid

equilibrium (VLE), and complete evaporation of the s

ample. The vapor pressure in Pa for EMC can be fitted very

well using Riedel’s correlation (Eq. (8)) for a temperature

range of 393–504 K with the following parameters: A ¼
69:561, B ¼ 9100:2, C ¼ �7:789, and D ¼ �2:03 
 10�17.

Determination of the temperature–pressure relations and

vapor pressure of the solvents is very important to predict

the pressure of lithium ion batteries. The heat of vaporization

for EMC was calculated using Eq. (10). The calculated heat is

43 � 4 kJ/mol. The heat of vaporization for the EMC is not

reported in the literature, however, this value compares very

well with the heat of vaporization reported for DEC (43.6 kJ/

mol [24]) which indicates confidence in the technique.

Fig. 3 shows the effect of oxygen on the thermal stability

of EMC. The figure indicates that EMC thermally decom-

poses in the presence of O2 between 220 and 235 8C as

demonstrated by the pressure peaks shown in the figure. The

effect of different initial concentrations of O2 was also

evaluated: mixtures of EMC with 5, 10, 15, and 20 psi of

O2 were used. It can be noticed that the larger the O2

concentration, the higher the maximum pressure of the

system during the reaction, and the higher the temperature

of decomposition. All the curves overlap before decomposi-

tion starts because the EMC in liquid phase is in equilibrium

with the vapor phase. The fact that the decomposition

temperature increases with increasing the O2 concentration

implies that EMC must reach a certain concentration in gas

phase before it reacts with O2. This indicates that by con-

trolling the amount of EMC evaporated to a minimum value

any thermal decomposition with O2 can be avoided. O2 is the

limiting reactant for the reaction peaks shown in Fig. 3.

When the reaction starts, the pressure increases indicating

the formation of gases; once the reaction is over (due to the

consumption of O2) the pressure in the system drops because

some of the EMC in the gas phase suddenly condenses (due

to the higher pressure) until it reaches vapor–liquid equili-

brium again. Finally, the whole system changes to gas phase

due to the increase of temperature. It was observed, that the

larger the initial concentration of O2 in the system, the larger

the amount of gases generated during the decomposition.

Fig. 2. Variation of the EMC pressure as a function of the temperature. The vapor pressure can be fitted using Riedel’s correlation [22].
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A strong reaction peak is not observed for the EMC–O2–

5 psi mixture (due to the low concentration of O2); however,

thermal decomposition in this system was verified by the

generation of gases. For the EMC–O2–20 psi mixture, ther-

mal runway was observed; the pressure of the system

increased really fast, and almost reached 500 psi (see

Fig. 3) which is the set point for breaking the rupture disk

in the MRSST. The reaction was stopped externally by

cooling down the MRSST.

For all the EMC–O2 mixtures shown in Fig. 3, the final

pressure of the system (after cooling down to initial tem-

perature) was higher than the initial pressure, indicating the

formation of non-condensable gases. The non-condensable

gases were collected in water. The solution obtained was

titrated with NaOH to measure the CO2 concentration

(H2CO3). The titration measurements revealed the formation

of CO2 during the decomposition. The CO2 concentrations

were 0.00256, and 0.00022 mol/l for the EMC–O2–20 psi

and the EMC–O2–15 psi mixtures, respectively. The higher

the initial oxygen pressure the larger the CO2 concentration

measured in the system. The presence of CO2 indicates that a

combustion reaction may be taking place as suggested by

Botte et al. [19]. The average heat of reaction for the thermal

decomposition of EMC in the presence of O2 was calculated

by using Eq. (6) with O2 as the limiting reactant. The heat

capacity of the system used in Eq. (6) was calculated using

Eq. (11). The sample heat capacity (vapor–liquid phase)

calculated was 1:7 � 0:4 J/(g K), this value compares very

well with the heat capacities of the ethylene carbonate and

diethyl carbonate reported in the literature, 1.5 [25] and

1.7 J/(g K) [26], respectively. The difference between the

final and the initial temperatures of reaction (Tf � Ti)

depends on the total amount of O2 in the system (see

Fig. 3), for the mixture EMC–O2–15 psi the temperature

difference is 12 8C (see Fig. 3); therefore, the calculated heat

of reaction is DHr ¼ 19,500 � 2200 J/g. This value com-

pares very well with the heat of reaction reported by Botte

et al. [19], DHr ¼ 12,200 � 1200 J/g (value calculated using

the estimated amount of O2 present in the DSC pan reported

by the authors [19]). The calculated heat of reaction lays in

the range of the heat of combustion for the EC and DEC

reported in the literature: 12,151 � 24 and 22,648 J/g,

respectively [27]. This fact also supports the combustion

hypothesis.

Fig. 4 shows the variation of the pressure of the EC as a

function of temperature. The system is thermally stable until

263 8C, at this temperature thermal decomposition is

observed (as demonstrated by the abrupt increase of pressure

in the system). The final pressure of the system (after cooling

down to the initial temperature) was much higher than the

initial pressure, indicating the formation of non-condensable

gases during the decomposition. The gases were analyzed

using a gas chromatograph, CO2 was the major component

(15.15%), with the formation of some O2 (422 ppm) and

traces of H2 (33 ppm). The results indicated that EC can be a

source of oxygen inside the battery; therefore, the thermal

decomposition of EC should be studied in detail.

In conclusion, the results obtained indicate that the

MRSST is an excellent technique that can help understand-

ing the thermal behavior of lithium ion batteries. The

technique can be extended to analyze the thermal perfor-

mance of electrodes and batteries.

Fig. 3. Effect of oxygen on the thermal stability of EMC. The EMC reacts with O2 between 220 and 235 8C. The larger the O2 concentration the higher the

total pressure of the system (the larger the amount of gases generated during the reaction). Thermal runway was observed for the mixture of EMC with 20 psi

of O2. The formation of CO2 was observed during the decomposition.
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