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EFFECT OF LiPFs ON THE THERMAL BEHAVIORS OF FOUR
ORGANIC SOLVENTS FOR LITHIUM ION BATTERIES
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The thermal behaviors of four organic solvents with/without LiPFs were measured by C80 microcalorimeter at a 0.2°C min ' heat-
ing rate. With the addition of 1 M LiPF, the ethylene carbonate (EC) and propylene carbonate (PC) show the exothermic peaks at
clevated temperature, which lessen their stabilities. The exothermic peak temperatures of EC and PC based LiPF; solutions are at
212 and 223°C, respectively, in argon filled vessel. However, two endothermic peak temperatures were detected in diethyl carbon-
ate (DEC) based LiPFg solution at 182 and 252.5°C, respectively, in argon filled vessel. Dimethyl carbonate (DMC) based LiPFg so-
lution shows two endothermic peak temperatures at 68.5 and 187°C in argon filled vessel at elevated temperature. Consequently, it

is concluded that LiPF, play a key role in the thermal behavior of its organic solution.
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Introduction

The cyclic and chain carbonates have been most
widely used in lithium ion batteries, such as the ethyl-
ene carbonate (EC, C;H40;), propylene carbonate
(PC, C4H¢O3), dimethyl carbonate (DMC, C;H403),
diethyl carbonate (DEC, CsH;¢0;), and combinations
thereof. Lithium hexafluorophosphate (LiPF¢) is by
far the most widely used electrolyte salt in lithium ion
batteries. It has high solubility in polar aprotic sol-
vents, thus yielding highly conductive solutions, a
wide electrochemical window and good anodic stabil-
ity, and acceptable safety features, which is nonexplo-
sive and relatively nonpoisonous. However, under ap-
propriate conditions, LiPF¢ may be a source of the
powerful Lewis acid PFs by the way of the following
equilibrium decomposition [1-3].

LiPF4<LiF+PFs (1)

Both the PFs and the fluoride ion may react with
solution species. Furthermore, the P-F bonds are highly
susceptible to hydrolysis by even trace amounts of
moisture yielding HF and POF;, etc. A rise in tempera-
ture will, of course, accelerate the formation of these
species and their further reaction with the solvents.

Cyclic alkyl carbonate and chain alkyl carbonate
mixed solvent systems with LiPFg as a salt are used in
lithium ion batteries because of their electrochemical
stability and highly ionic conductivity. The thermal sta-
bility of electrolytes is very important, which has been
widely studied by using differential scanning calorime-

ter (DSC) and accelerating rate calorimeters (ARC)
[4-7]. The electrolytes are mixtures of organic solvents
with electrolyte salt are generally well known, so the
thermal behavior research of single solvent is necessary
and important for further researches. Ravdel et al. [8] in-
vestigated 1 M LiPF4 in DMC and DEC heated at 85°C
for 500 h, and the products were observed by gas chro-
matography with mass selective detection (GC-MS) and
nuclear magnetic resonance (NMR) spectroscopy.
MacNeil et al. [9] simply reported DSC results of
1 M LiPF, in EC, PC and DEC at a 5°C min ' heating
rate. However, the endothermic reaction cannot be de-
tected by ARC because of its inherent shortcoming, and
then the result may deviate from the real reaction
[10-12]. As to DSC, the vessel obturation is a key prob-
lem to be solved [12—16]. While C80 microcalorimeter
can make up above shortcomings for the thermal study
of electrolytes [17-20]. In this paper, the thermal behav-
iors of four organic solvents and their LiPFg solutions
were studied detailedly by C80 microcalorimeter with
low heating rate.

Experimental

The C80 calorimeter used in this study belongs to the
CALVET calorimeters family distinguished by their
accurate and reproducible calorimetric measure-
ments. It is made by Setaram Scientific and Industrial
Equipment Company and commercialized since
1975. The C80 calorimeter is a sturdy and high-per-

* Author for correspondence: sunjh@ustc.edu.cn and pinew(@ustc.edu

1388-6150/820.00
© 2007 Akadémiai Kiado, Budapest

Akadémiai Kiado, Budapest, Hungary
Springer, Dordrecht, The Netherlands



WANG et al.

formance instrument that makes possible a very large
amount of application in varied fields. The instrument
was designed to study materials transformation over
the temperature range from room temperature to
300°C. The calorimeter is connected to a data acquisi-
tion and control unit, as well as to a personal com-
puter equipped with the SETSOFT software, which
can be used to calculate thermodynamics and kinetic
data [12, 20-23]. In this study, all the samples were
heated in the high pressure vessel at a 0.2°C min’
heating rate from room temperature to 300°C.

The organic solvents are commercially available
products (Zhangjiagang Guotai-Huarong Co., Ltd.).
The salt LiPF¢ was purchased from another chemical
company (Tianjin Jinniu Co. Ltd.). From these chemi-
cals, we prepared four solutions, i.e. 1 M LiPF¢in EC,
PC, DEC and DMC, respectively, in argon filled
gloved box. In the thermal analysis experiments, each
sample was put into a high-pressure sample vessel,
sealed, and taken out from the argon filled glove box.
In the air filled vessel test, the vessel was opened for
few minutes to let air in and then sealed again.

Results and discussion

Figure 1 presents the heat flow curves of 1 M LiPF¢/EC
and pure EC in argon filled vessel at elevated tempera-
ture. It clearly indicates that the existence of LiPFs im-
pacts the thermal behavior of EC. The pure EC express
itself a weak exothermic peak at 198°C between the
range 158-241°C with a heat of reaction of 43.8 J g,
followed by an increasing heat flow trend. With the ad-
dition of LiPFs, two exothermic peaks is observed, a
pronounced sharp one between 192 and 226°C and the
peak temperature is 212°C with a heat of reaction
355.4 J g The following broad and lower one is be-
tween about 225 and 280°C and the peak temperature is
253.7°C with a heat of reaction 226.8 J g .
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Fig. 1 C80 heat flow curves of 1 M LiPF¢/EC and EC in argon
filled vessel
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Fig. 2 C80 heat flow curves of 1 M LiPF¢/EC and EC in air
filled vessel

In the air filled vessel, the 1 M LiPF¢/EC and EC
exhibit the similar thermal behavior in argon filled
vessel, Fig. 2 shows the results. The pure EC exhibit a
broad and lower exothermic process in the range
175-233°C, the peak temperature is 222°C with a re-
action heat 38.3 J g', then followed by endothermic
process ended at 271°C, and then to release heat
again. Botte et al. [4] found the exothermic peak tem-
perature is 220°C with a heat generation of 23 J g™ by
using DSC with 10°C min™' heating rate, but the en-
dothermic process was not found. It shows another
thermal behavior once 1 M LiPFq is added to EC sol-
vent, two exothermic peaks, 207 and 259°C, respec-
tively, were observed with the heat of generation
366.3 and 323.7J g

By comparing the thermal behavior of EC in air
and argon filled vessel, oxygen has little effect on this
cyclic carbonate. At the elevated temperature, before the
boiling point 238°C, EC is stable and with little heat
generation. After the temperature is over 260°C, EC de-
composes and generate gases such as CO,, O, and H,
[7]. The gases ratio reported by using a gas chromato-
graph, CO, was the major component (15.15%), with
the formation of some O, (422 ppm) and traces of H,
(33 ppm). Combining their results, the possible main re-
action can be proposed as Scheme 1 [24].

The few O, and H, may be generated by other
unknown reactions. When the temperature is over
192°C, LiPFg acts as a Lewis acid with EC solvents to
generate transesterification products, polyethylene
oxide (PEO) polymers and CO, [25]. Under the attack
of PFs in higher temperature, the ring is broken. Then
the possible ring-opening polymerization process is
as Scheme 2 [24].

; [}
H,C—0 6} H,C
pL8 N

A ~
C=0—> H,C—CH) +CO, /O
H,C

H,C—0~
Scheme 1 The possible main reaction of EC
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Scheme 2 The possible PFs effect on EC ring broken

Furthermore, Li" will react with EC in rising
temperature, too. Mogi et al. [26] detected the thermal
decomposition products such as CO, C,H, and so on
by pyrolysis-gas (300°C) chromatography-mass spec-
troscopy (Py-GC-MS). Then the possible processes
are proposed as following [26, 27]:

CH,0COOCH,(EC)+2Li " +2¢ —(CH,OLi),+CO (2)

CH,OCOOCH,(EC)+Li"+e¢ = CH,CH,0CO,Li  (3)
2 CH,CH,0CO,Li—»
LiOCO,CH,CH,0CO,Li+C,Hy )

with comparision of the heat flow curves of PC and
1 M LiPF¢/PC in Fig. 3, PC is more stable with two
small endothermic peak temperatures at 130 and 163°C,
and the endothermic heat is 3.1 and 3.6 J g, respec-
tively. However, the addition of LiPF, changes the ther-
mal behavior greatly. A large and sharp exothermic is
observed from 214 to 233°C, the sharp peak tempera-
ture is 223.3°C with the reaction heat 565.1 J g
Katayama et al. [28] also found the exothermic phe-
nomenon by using DSC with 5°C min ™' heating rate, but
the peak temperature is at about 274°C, which is 51°C
higher than that one detected by C80.

PC changes its thermal behavior in air filled ves-
sel at elevated temperature, which is shown in Fig. 4.
Although PC release little heat comparing with

1000 —a—1 M LiPF,/PC in argon filled vessel

1 M LiPF¢/PC, it presents an exothermic peak temper-
ature at 154°C with heat of reaction 39.6 J g' instead
of endothermic process that presents in argon filled
atmosphere. 1 M LiPF¢/PC shows a sharp and large
exothermic peak, which is similar with that in argon
filled atmosphere, the peak temperature is 202°C with
the reaction heat 582.9 J g

The pure PC both in argon and air filled vessel
are stable although it has different thermal behavior
and may be influenced by oxygen. With the effect of
LiPFs at high temperature, PC solvent generates
transesterification products. Just like EC, LiPF¢ acts
as a Lewis acid, and the products were detected by
Arakawa and Yamaki [29] using GC-MS. The possi-
ble processes are as Scheme 3.

DEC shows its thermal behavior in argon filled
vessel in Fig. 5. The pure DEC is stable until 245°C,
and then exothermic process following. The addition
of 1 M LiPF, changes its thermal behavior obviously.
Three endothermic peak temperatures locate at 173,
182 and 252.5°C, and the exothermic peak between
the second and third exothermic peaks is 202°C with
the heat of reaction 62.7 J g”'. Between the front two
endothermic peaks, there is an endothermic rate de-
creasing process with the peak temperature at
176.5°C, and form a ‘W’ style with the heat of reac-
tion 112 J g'. The last endothermic process heat is
112.3 J g', which almost equates to the former one.
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Fig. 3 C80 heat flow curves of 1 M LiPF¢/PC and PC in argon
filled vessel
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Fig. 4 C80 heat flow curves of 1 M LiPF¢/PC and PC in air
filled vessel
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Fig. 5 C80 heat flow curves of 1 M LiPF¢/DEC and DEC in
argon filled vessel
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Scheme 3 The possible main reaction of PC

The oxygen, sealed in the vessel, will participate
to the DEC reaction at elevated temperature, which can
be illustrated by Fig. 6. The DEC has an exothermic
peak temperature at 167°C with the heat of release
30.2 J g, and then followed by a slow endothermic
process and undergoes a sharp exothermic process at
246°C, it may be the bonds broken in DEC. The
1 M LiPF¢ in DEC solution undergoes endothermic
and exothermic process alternately. The first endother-
mic peak temperature is 167.3°C with the heat of reac-
tion 49.7 J g”', and then a sharp exothermic peak tem-
perature appears at 171°C with the heat of reaction
22.8 T g'. A cuspidal endothermic peak temperature is
observed at 176°C with the heat of reaction 84 J g,
then following with a broad exothermic process and
reached to peak temperature at 206°C with the heat
57.9J g The last process is endothermic and the peak
temperature is 252.7°C with the heat of reaction
251 J g, which is consistent with that in argon filled
vessel but the amount of endothermic heat is larger.
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Fig. 6 C80 heat flow curves of 1 M LiPF¢/DEC and DEC in
air filled vessel
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When the temperature of DEC is over 245°C,
transesterification may be occurring and yielding
methyl ethyl carbonate either in argon or in air filled
vessel. The possible transesterification is shown in
Scheme 4 [1]. It is sure that oxygen affects their ther-
mal behaviors with an exothermic process, which
may be caused by DEC oxidation reaction with little
oxygen sealed in the vessel.

— ¢ NS = RN

Scheme 4 The possible main transesterification of DEC

NMR measurements by Gnanaraj et al. [1, 6] on
LiPF¢ solutions after different stages of thermal reac-
tion revealed that the solutions are stable up to 140°C
and upon heating to 180°C undergo an elimination re-
action of DEC and followed by transesterification.
Further heating leads, by stages, to complete decom-
position. The major reaction products detected in the
condensed and gas phases are CH;CH,F, CHj;F,
FCH,CH,Y (Y is OH, F, etc.), H,O, and polymer.
From the results, the possible LiPF¢/DEC reactions
were proposed as following [5, 301]:

C2H5OCOOC2H5+PF5—)
C,HsOCOOPF,+HF+C,H, (5)

C2H5OCOOC2H5+PF5—)

C,H;0COOPF,+C,HsF (6)

C,H;0COOPF;—PF;0+CO,+C,H4;+HF (7)
C,H;0COOPF,;—PF;0+CO,+C,H;sF (8)
C,H;0COOPH,+HF—PF,OH+CO,+C,H;sF (9)

Figure 7 shows that DMC has an endothermic peak
temperature at 91°C, which is according with its boiling
point 90°C with the endothermic heat 1.5 J g”'. DMC
shows stable characteristics with slow endothermic phe-
nomenon in argon filled vessel at elevated temperature,
and a sharp exothermic occurs at 223°C. An endother-
mic peak appears at 68.5°C in 1 M LiPF¢/DMC solution
with the endothermic heat 15.4 J g’1 in Fig. 7, then, it
undergoes a fluctuant process till to 187°C. The fol-
lowed zigzag endothermic process reaches to peak tem-
perature at 219°C with heat of reaction 41.7 J g

J. Therm. Anal. Cal., 89, 2007
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In lower temperature, DMC shows stable charac-
teristic in air filled vessel at elevated temperature in
Fig. 8. An exothermic process of DMC occurs at
191°C and followed by a sharp exothermic process
with a broad range around 209°C with the heat of
104.2 J g”'. There shows a different thermal behavior
with the addition of LiPF¢ in DMC, and an endother-
mic peak temperature is detected at 202°C with the
decalescence of 37.2 J g™'. Then, it is followed by a
sharp exothermic process and the peak temperature is
208.7°C with the heat of reaction 10.2 J g™'. The later
endothermic peak temperature is 210°C with the heat
of 1.8 T ¢!, and then goes to exothermic process.

The exothermic process of pure DMC both in air
and argon filled vessel may be caused by the cleavage
of C—0 bond in higher temperature, then the possible
reactions as Scheme 5 [24].

The molecule of DMC possesses two active cen-
ters (alkyl and carbonyl carbons), whose reactivity can
be tuned with the temperature. In particular, two distinct
pathways can be recognized in the reaction of DMC
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Fig. 8 C80 heat flow curves of 1 M LiPF¢/DMC and DMC in
air filled vessel
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with a generic anionic nucleophile (Y") [31]. When PF
nucleophile attacks at carbonyl carbon of DMC, the
cleavage of acyl-oxygen bond generates a methoxy-
carbonyl product at lower temperature (100°C) [32].
Then, the possible reactions can be proposed to illustrate
the first endothermic peak in Fig. 7 as Scheme 6.

(
I

m —» CH,00PF, + CH,0~
PF, \0/0\0/ ® " :

=0

Scheme 6 The possible PF effect on DMC below 100°C

When temperature is over 187°C, PF nucleophile
attacks at DMC and undergoes a methylation reaction to
generate methoxide and CO, as Scheme 7.

(0]

Il

PR, \\ /c_\ / —» (CH,PF,+CH;0™ +CO,

\../ (9] [8]

Scheme 7 The possible PF effect on DMC over 187°C

At the elevated temperature, the endothermic
processes show that Li" also react with DMC and the
possible reactions as following [27, 33]:

CH;0CO,CH;+2¢ +2Li"—2CH;0Li+CO (10)
CH;0CO,CH;+2¢ +2Li"+H,—Li,CO;+2CH, (11)

2CH;0CO,CH;+2e +2Li"+H, -
2CH;0CO,Li+2CH,4 (12)

All above reactions with heat release or decales-
cence will disturb the normal characteristics of electro-
lytes, and the exothermic reaction is more dangerous
for the safe use of lithium ion batteries usage, as the
generated heat can be accelerated inner the batteries to
induce more reactions till to thermal runaway. On the
other hand, gas generation will increase the inner pres-
sure in the sealed batteries, which also is a threat to the
batteries. Hereby, the corresponding technologies or
measures should be taken to delay or eliminate the re-
actions and to suppress gases generation.
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Conclusions

The thermal behavior of LiPFg in carbonates was in-
vestigated by C80 microcalorimeter. It is found that
LiPFg plays a major role in the thermal decomposition
of the solution components both in the endothermic
and the exothermic reactions.

The pure cyclic alkyl carbonates show good sta-
bility at elevated temperature, with the addition of
1 M LiPF; in argon filled vessel, the large exothermic
peak temperature is detected at 212 and 223°C in EC
and PC, respectively. It is thought that LiPF¢ acts as a
Lewis acid and transesterification is occurring in EC
and PC with the generation of CO, and others.

The pure chain alkyl carbonates appear sharp
exothermic process at higher temperature. The exo-
thermic process of DEC is almost at about 245°C both
in argon and air filled vessel. The addition of LiPFg
changes its thermal behavior greatly, two endother-
mic peaks is detected at 182 and 252.5°C, respec-
tively, in argon atmosphere. DMC is less stable than
DEC, and its onset exothermic temperature is at 223
and 191°C in argon and air filled vessel, respectively.
The effect of LiPF¢ is shown by two endothermic
peak temperatures at 68.5 and 219°C, which makes
DMC unstable. The unstable may be caused by the
PFs, Li" and PF_, as well as with gases generation.
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