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Abstract

The role of vinylene carbonate (VC) as a thermal additive to electrolytes in lithium ion batteries is studied in two
aspects: the protection of liquid electrolyte species and the thermal stability of the solid electrolyte interphase (SEI)
formed from VC on graphite electrodes at elevated temperatures. The nuclear magnetic resonance (NMR) spectra
indicate that VC can not protect LiPF6 salt from thermal decomposition. However, the function of VC on SEI can
be observed via impedance and electron spectroscopy for chemical analysis (ESCA). These results clearly show VC-
induced SEI comprises polymeric species and is sufficiently stable to resist thermal damage. It has been confirmed
that VC can suppress the formation of resistive LiF, and thus reduce the interfacial resistance.

1. Introduction

Safety issues and thermal stability are the major current
technological problems for commercial Li-ion batteries.
Self-heating of a lithium ion cell via thermal runaway
reactionmay produce abnormal heat, even smoke and fire.
In addition, although lithium ion batteries show excellent
performance at room temperature, their usable capacity
decreases and internal resistance increases rapidly during
cycling and storage at elevated temperatures [1, 2].
Many researchers have focused on the thermal stabi-

lity of cell materials by means of differential scanning
calorimetry (DSC) [3–7] accelerating rate calorimetry
(ARC) [8–10], and other analytical methods [11–13].
These results show that the selected electrolyte is critical
to the thermal instability of lithium ion batteries [11–13].
LiPF6, the salt most widely used, was found to be one of
the important origins for the capacity fade at elevated
temperatures because of its insufficient durability
against high temperature [11–14]. It tends to thermally
decompose into gaseous PF5 and LiF around 70 �C [13].
The formed PF5 gas is a very strong Lewis acid and
easily reacts with organic solvents or SEI components in
Li-ion batteries [1, 11, 12, 14]. Therefore, in recent years,
some thermal additives, such as vinylene carbonate (VC)
[15, 16] and alkyl borates [16, 17] and other salts [9, 18]
with either P or B as a center atom, have been developed
to improve thermal stability.

VC as a successful electrolyte additive has been widely
used. However, the original purpose of adding it in
lithium ion batteries is to overcome graphite exfoliation
in PC-based electrolytes [19]. Its high reactivity results
from the structure of highly strained cyclic alkyl
carbonate and a polymerizable double bond. Previous
literature indicates that VC can take part in the
formation of the solid electrolyte interphase (SEI), and
thus creates an ultra-thin passivating film which inhibits
PC co-intercalation or further decomposition and
graphite exfoliation [20–23].
Although the contribution of VC to the thermal

stability of lithium ion batteries has been established, its
actual function in a cell operating or being stored at
elevated temperature is not clear yet. According to
earlier studies, the thermal instability of LiPF6 is the
major factor leading to the fading of usable capacity at
high temperature. Hence, in this research, we investigate
the changes in LiPF6-based electrolytes by adding or not
adding VC at high temperature to clarify if VC stabilizes
the electrolytes. Since its effect on the SEI formation and
stability may be another factor, we also study the
surface compositional change due to addition of VC.

2. Experimental

Ethylene carbonate (EC, battery grade, Merck), diethyl
carbonate (DEC, battery grade, Ferro Corp.), vinylene
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carbonate (VC, Ferro Corp.), and LiPF6 (Tomiyama)
were used as received without further purification.
Graphite-based electrodes were made from mesocarbon
microbeads (MCMB, Osaka Gas) containing 10 wt%
PVDF/HFP (Kureha) binder spread onto a Cu-foil
current collector and dried overnight prior to cell
assembly. The electrodes contained 10 mg cm)2 of
active material loading on the current collector.
All experiments were applied to electrolytes with and

without VC. Electrolyte preparation and sampling were
accomplished in an argon-filled glove box with
<0.1 ppm water content, and the water content of these
electrolytes were also analyzed by Karl Fischer to be
<10 ppm. Various electrolytes were heated at 80 �C for
4 days in vials sealed under Ar atmosphere, and then the
solutions were analyzed by Fourier transform infrared
spectroscopy (FTIR, Perkin Elmer) and phosphorous-
31 nuclear magnetic resonance (NMR, Brucker DMX-
600 MHz instrument, H3PO4 reference).
For electrochemical testing, coin cells were assembled

with a graphite working electrode and a Li foil counter
electrode, separated by a PP/PE/PP separator (Celgard,
PP: polypropylene, PE: polyethylene) soaked in electro-
lyte. These cells were pre-cycled five times between 2.0
and 0.0 V vs. Li/Li+ at room temperature with a current
density of 0.3 mA cm)2 (about C/10) to form the SEI
film for further 80 �C cycling or storage tests. The
electrode surfaces were then studied by impedance or
electron spectroscopy for chemical analysis (ESCA)
methods. All the galvanostatic cycling measurements
were carried out by a Maccor series 4000 tester.
An Autolab frequency response analyzer (Eco Che-

mie, Holland) was used for impedance spectroscopy.
The cells with pre-formed SEI on carbon electrodes were
fully discharged (lithium atom intercalation into carbon)
and carefully dismantled to remove the carbon elec-
trodes in the glove box. Every carbon electrode was cut
into two equal pieces and re-assembled to form C/C
symmetric coin cells. Then, these cells were stored at
80 �C for 4 days, with their impedance measured daily.
Cell impedance was potentiostatically measured by
applying an ac bias of 10 mV amplitude, and its
frequency was from 50 kHz to 0.01 Hz. All the opera-
tions were done in an argon-filled glove box.
Surface change of electrodes before and after 80 �C

storage was done with a VG Scientific ESCALAB 250
ESCA spectrometer with monochromatized Al Ka
X-ray source (10 K eV). The unstored and stored
samples, which were precycled, were taken from opening
the Li/C cells in an argon-filled glove box. To prevent
the interference of electrolyte species, all samples were
washed by DEC and then dried in vacuum.
Cyclic voltammograms were recorded for laboratory

type PE cells with lithium counter and reference
electrodes and an excess of electrolyte. The electrodes
were not closely packed in separator materials but
placed in the electrolyte without further support. An
Autolab potentiostats (Eco Chemie Inc.) was employed
in these measurements.

3. Results and discussions

3.1. Graphite cycling performance

The graphite cycling performance is evaluated by the
ratio of retentive lithium storage capacity after cycling
to the original capacity. Figure 1 shows the capacity
retention for electrochemically reversible lithium stored
in graphite in EC + DEC (1:1) electrolytes with or
without VC at 80 �C. For the system without VC, a
dramatic decrease in reversible capacity occurs upon
cycling at 80 �C. In the VC-containing case the capacity
retention is clearly improved by the addition of VC.
Similar results were also reported by Andersson and
Edström [1].

3.2. Thermal reactions of electrolytes

For a solution with LiPF6 dissolved in organic solvents,
the LiPF6 salt is in equilibrium with dissociated ions Li+

and PF6
), (Equation 1). However, partial undissociated

LiPF6 may thermally decompose into solid LiF and
solvated ions, (Equation 2) [1, 11].

LiPF6ðsolÞ !Liþ þ PF�6 ð1Þ

LiPF6ðsolÞ�!
D
LiFðsÞ þ PF5ðsolÞ ð2Þ

In a hot environment, PF5 may react with organic
solvent leading to a decrease in PF5 concentration, so the
equilibrium moves toward the right according to Le
Chatelier’s principle [11]. In this research, two electrolytes
containing 1 M LiPF6 dissolved in EC + DEC without
and with 2 wt% VC respectively were heated to observe
their thermal reactions. The solutions became darkened
after being heated for 2 days at 80 �C, and a brown
colour and some solid precipitates appeared after 4 days
in both systems. These phenomena compared with the
original colourless solutions imply that the thermal
reaction of LiPF6 occurs whether VC exists or not. So
VC does not have any ability to slow down the thermal
decomposition of LiPF6. Its function to improve ther-
mal stability must come from other mechanisms.
The phosphorous-31 NMR traces of these two

electrolytes before and after 80 �C storage are shown
in Figure 2. For the cases before storage (Figure 2a
and c), the signals at about )143.7 ppm of chemical
shifts relative to H3PO4 are typical for the PF6

) ion
[24]. The seven splitting peaks with identical separa-
tion are due to the magnetic effects of six coordinated
F atoms, which are located in an octahedral structure
surrounding the P nucleus. According to first-order
rules, when the P nucleus is coupled to six equivalent
F nuclei, the P pattern is 7 lines of intensity given by
the ratio about 1:6:15:20:15:6:1 [25]. In Figure 2b (the
electrolyte w/o VC heated at 80 �C), besides the
original 31P signals of PF6

) new peaks appear at
the low-field end of the shift region relative to PF6

)

6/
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ions. This shows P-containing compounds other than
PF6

) also exist in the electrolyte. Since LiPF6 is
the only possible source of P in the initial electrolyte,
the other P-containing compounds must come from
the thermal decomposition of LiPF6. Furthermore, the
new 31P chemical shifts at around )20 ppm are
measured downfield from LiPF6, representing lower
electronic density around the phosphorous nuclei in
the new formed compounds. This is reasonable since
the products from thermal decomposition of LiPF6

contain fewer F atoms bonded to the phosphorous
center and consequently show lower electronic density
around the phosphorous nuclei. Hence, the thermal
decomposition of LiPF6 salt may successfully interpret
the NMR spectra in Figure 2b.

Interestingly, the same phenomenon also appears in
Figure 2d, for the heated electrolyte with VC; the same
new peaks appear in the lower field chemical shift
region. Consequently, VC can not protect the LiPF6 salt
from decomposition at 80 �C. However, the exact forms
of the P-containing compounds at around )20 ppm in
Figure 2b and d are not yet clear, because the decom-
posed product in Equation 2, PF5, is known as a strong
Lewis acid and will further react with other chemicals to
create new products [11, 12].
Figure 3 shows the results by proton NMR analysis.

Based on chemical shifts of the standard spectra [26],
four groups of protons (–CH3 group of DEC, –CH2

group of EC and DEC, and –CH group of VC) can be
labelled in Figure 3. One additional and small singlet
labelled as H(4) appears in Figure 3c and e, which exists
in cases with and without VC, respectively, after 80 �C
storage. According to the gas chromatographic analysis
by Sloop et al. [11], the thermal decomposed product,
PF5, may initiate the polymerization of organic solu-
tions. Especially for EC, it will undergo ring opening
polymerization to form [(CH2CH2O)nCOO]m or cap
with other components, as in Equations 3 and 4 [11].

EC + PF5ðsolÞ ) ½ðCH2CH2OÞnCOO�m ð3Þ

EC + DMC + PF5ðsolÞ

) ½ACH3ðO2COH2CH2OCO2ÞCH3A�
ð4Þ

So based on our NMR spectra, the new singlet is
consistent with that reported by Sloop et al. and
resembles the peaks of carbonate ester [11]. Conse-
quently, the new proton NMR singlet reveals again that
PF5 will be generated from thermal decomposition of

y y ( ) p ( ) g ( ) ( ) g p ( )
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Fig. 2. The phosphorous NMR spectra of electrolytes LiPF6/EC + DEC without VC (a) at room temperature and (b) after storage at

80 �C, and with VC (c) at room temperature and (d) after storage at 80 �C.
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LiPF6 and induce polymerization whether VC is present
or not.
Figure 4 displays the liquid FTIR spectra of the

electrolytes without or with VC and at room temper-
ature or at 80 �C. The spectrum for pure VC
electrolyte (Figure 4a) is also shown for comparison.
The spectra in Figure 4a (pure VC) and d (the
electrolyte with VC) show new peaks at 3170 cm)1,
which is different from that in Figure 4b (the electro-
lyte without VC). Hence, this adsorption peak can be
attributed to the out-of-plane C–H bending mode of
an alkene group (@CH2) in VC. The absorption peak
commonly occurring at 1640 cm)1 in Figure 4a, b,
and d corresponds to the C@O stretching mode of an
alkyl carbonate. Comparing Figure 4b with c, there
are no apparent changes of LiPF6/EC + DEC before
and after 80 �C storage. Furthermore, the temperature
does not seem to affect the IR spectra when VC is
added into the same electrolyte (as shown in Fig-
ure 4d and e). The polymerization of organic solvents,
which is observed in NMR spectra, is not found in IR
spectra. That means the major portion of liquid
electrolyte still maintains its original structure at
80 �C despite the occurrence of thermal decomposition
of LiPF6.
So based on the results of the NMR and FTIR

analysis, the electrolytes behave in response to heating in
the same way without or with VC. The thermal changes

are inevitable in LiPF6/EC + DEC adding VC. LiPF6

salt tends to decompose to produce new compounds,
which may induce the polymerization of organic
compounds such as the ring opening reaction of EC.
So a logical deduction is that the large difference of cycle

Fig. 3. The proton NMR spectra of electrolytes LiPF6/EC + DEC without and with VC. (a) is the sketch of DEC, EC, and VC structures,

and the various protons are labeled. The electrolyte without VC is analyzed (b) at room temperature and (c) after storage at 80 �C; the elec-

trolyte with VC is analyzed (d) at room temperature and (e) after storage at 80 �C. The insets in (c) and (e) are the enlarged view of peak (4).
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Fig. 4. The FTIR spectra of the liquid electrolytes of 1 M LiPF6 in

(a) pure VC, (b) EC + DEC, (c) EC + DEC after 80 �C storage,
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performances at 80 �C shown in Figure 1 must come
from other causes, as previously mentioned.

3.3. Thermal reactions of SEI associated with VC

The property of SEI is another crucial factor which
affects the cycle performance of carbon electrodes.
Figure 5 compares the first two voltammetric cycles of
graphite electrodes in EC + DEC (1:1) dissolving 1 M
LiPF6 without or with 2 wt% VC. Generally speaking,
in the first cycle, the oxidative current relates only to
lithium deintercalation from graphite; nevertheless, the
reductive current includes both lithium intercalation
into graphite and the reduction of electrolyte species to
form the SEI layer. The SEI formation process is faster
than the lithium intercalation, and hence may occur in
the higher reductive potential region (>0.3 V vs. Li/
Li+). In Figure 5a (the electrolyte without VC), the
reductive current dramatically increases below 0.8 V vs.
Li/Li+, corresponding to the reduction of EC and DEC
to form the SEI layer on carbon [27]. However, in the
presence of VC (Figure 5b), the apparent rise of
reductive current appears at 1.5 V vs. Li/Li+, which
represents the reduction potential of VC [23, 27]. The
higher potential of electrolyte with VC than that without
VC (Figure 5a) reveals that VC has preferential reduc-
tion ability than other solvents. Therefore, if VC exists
in the electrolyte, it will react first to form a SEI layer.
Previous reports suggest that the SEI formed from the
VC-containing electrolyte is capable of inhibiting PC co-
intercalation and subsequent graphite exfoliation [19,
23]. Thus VC-induced SEI is more suitable for lithium
ion batteries than traditional EC-based electrolytes.
We further utilized impedance methods to observe the

interfacial change of pre-cycled graphite electrodes (the

SEI is pre-created on electrodes) when stored at 80 �C.
Figure 6 shows the Nyquist plots of intercalated elec-
trodes in both electrolytes (LiPF6/EC + DEC without
or with VC), which enclose two semicircles and one
declining line. As described previously [12, 27], the first
semicircle in the high frequency region mainly corre-
sponds to the resistance of the SEI layer on carbon and
is a major research area for the thermal stability of the
passivated layer. Comparing Figure 6a with b, the
trends the impedance change of the first semicircle are
apparently different. In Figure 6a (in the absence of
VC), the impedance decreases at the beginning and then
increases and decreases in an oscillating phenomenon.
As discussed earlier [12], the significant shrink of the first
semicircle may result from the high attacking ability of
PF5 on SEI. However, the size in the first semicircle
increases gradually with prolonged storage in Figure 6b
(the electrolyte containing VC). According to the
phosphorous NMR spectra (Figure 2d), the thermal
decomposition of LiPF6 still proceeds when the electro-
lyte contains VC. Nevertheless, expanded semicircles in
Figure 6b show that the thermal decomposition of
LiPF6 leading to the production of PF5 does not seem
to damage the VC-induced SEI. Instead, the SEI grows
gradually when stored at high temperature. It is very
interesting that VC-induced SEI is not affected by PF5,
but develops to sufficient thickness, exhibiting the
desired property of a SEI layer. This finding reveals
that the thermal stability of the SEI produced in VC-
containing electrolyte is superior to that produced in
electrolyte without VC. In other words, the existence of
VC has a clear positive impact on the thermal properties
of the SEI, leading to the overall improvement in
thermal stability of the cell.
To confirm the thermal stability of the VC-induced

SEI, we assembled another intercalated C/C symmet-
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ric cell with LiPF6/EC + DEC as electrolyte. The
cell first underwent 5 formation cycles in LiPF6/
EC + DEC + 2 wt% VC electrolyte. The cell imped-
ance at 80 �C is shown in Figure 7. The impedance
related to SEI (the first semicircle) gradually increases
rather than decreases at the start of storage. This means
the SEI layer pre-developed in VC-containing electrolyte
is strong enough to resist the destructive reactions
induced from heat, such as the electron-attracting
reactions of PF5, even if the SEI layer later resides in
an environment without VC. Hence, Figure 7 proves
again that VC has a dominant influence on SEI, and its
existence greatly benefits the thermal stability of SEI in
lithium ion batteries.
In order to verify why the VC-induced SEI is so

excellent, ESCA was used to probe the species present
in the SEI on graphite electrodes in the presence or
absence of VC. Figure 8 displays the ESCA spectra of

F, Li, C, and O for the graphite electrodes cycled in
these two electrolytes. The possible species are also
designated in every spectrum [1, 27–29]. The spectra
for the SEI produced in electrolytes without VC
(Figure 8a) and with VC (Fig. 8b) are very similar
except the F1s spectrum. In general, the broad peak
ranging between 52 and 58 eV in the Li1s spectrum is
superimposed by Li–O bonding of lithium carbonate,
alkoxide, or hydroxide (55 eV) and LiF (56 eV) [1,
28]. The O1s spectrum includes a broad superposition
of a peak around 532 eV, which is attributable to
carbonate including Li2CO3 and ROCO2Li. For the
C1s spectrum, three main peaks are characterized at
around 285, 287, and 290 eV. According to Schechter
and Aurbach [28], Li2CO3 shows a peak at 290 eV or
higher due to charging. The broad superposition of a
peaks at 287–288 eV is assigned to the ether carbon of
various ROCO2Li species. In the EC-based electrolyte,
(CH2OCO2Li)2, the major reduction product of EC, is
usually the most dominant one (like C1s spectrum in
Figure 8a) [12, 28, 29]. The peak around 285 eV
corresponds to the hydrocarbons of lithium alkyl–
carbonate, especially the polymers in SEI layers. The
285 eV peak of the C1s spectrum in Figure 8b (the
VC-containing electrolyte) is more pronounced than
other peaks. Compared to Figure 8a (without VC
case) this peak, assigned to the polymers seems to
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dominate the spectrum over the other peaks. In the
cyclic voltammograms of Figure 5, VC is more elec-
trochemically active than the other solvents like EC or
DEC, and the reduction products from VC hence
dominate over other species when the electrolyte
contains it. These results indicate that the major

component of the VC-induced SEI is attributable to
the reduction of VC to polymeric-type species, which
is different from the conventional SEI species,
(CH2OCO2Li)2, in EC-based electrolytes. Some papers
[21, 27, 30–36] suggest that VC and its reduction
products easily polymerize via their carbonate group
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or double bond to form polycarbonate (like Equation
5), and match our ESCA results.
The most noteworthy thing is that the F1s spectrum

related to the electrolyte without VC (Figure 8a) shows
a pronounced LiF peak at 685 eV, but that related to
the electrolyte with VC (Figure 8b) has its main peak at
687 eV, which is assigned to the PVdF binder [27]. This
clear difference reveals that large amounts of LiF are
formed in LiPF6/EC + DEC via electrochemical
cycles, but the addition of VC to the electrolyte can
suppress its production. Several possible LiF formation
reactions by charge transfer or trace amounts of water
have been described [1, 28–29].

PF�6 þ 2e� þ 3Liþ ! 3LiF + PF3 ð6Þ
LiPF6ðsolÞ þH2O! LiFþ 2HF + POF3 ð7Þ
PF5 þ 2xe� þ 2xLiþ ! xLiF + LixPF5�x ð8Þ
POF3 þ 2xe� þ 2xLiFþ LixPF3�xO ð9Þ

We postulate that VC is prone to attract electrons or
react with water, so that the above reactions to form LiF
are inhibited. LiF also plays an important role in cell
performance at high temperature because it is insulating
and a large amount of LiF formed on the graphite
electrodes will gradually block the electrodes. On the
contrary, the addition of VC can inhibit the formation
of LiF, and thus successfully promotes the cycling,
especially at elevated temperatures. Similar results were
also found by Aurbach et al. [27].
Consequently, the presence of VC has two impacts on

the formation of SEI. One is to change the major
component of SEI. VC could predominate the reduction
process of electrolytes, and hence produces the polymeric
species instead of (CH2OCO2Li)2, the reduction product
of EC. The other is to reduce the production of LiF.
Similar C1s ESCA data for both samples stored at

80 �C for 4 days are displayed in Figure 9. The corre-
sponding spectra before 80 �C storage are also presented
as the dashed line for comparison. There are some
changes before and after high temperature storage in the

Figure 9a (the electrolyte without VC). The carbonate
peak (290 eV) apparently dominates in the storage case.
When compared to the unstored sample, carbonate
compounds are substantially produced after storage at
high temperature. According to Andersson and
Edström’s suggestions [1], Li-alkyl-carbonate which is
the major component of SEI layer due to the reduction of
EC would thermally decompose to the stable Li2CO3.
Additionally, our previous research suggests PF5, the
thermal decomposed product ofLiPF6, is themajor factor
to harm the SEI by means of electron withdrawing
reactions [12]. The related reaction is like Equation 10.

ðCH2OCO2LiÞ2�!
D;PF5

Li2CO3 þ gases ð10Þ

This may account for the large increase in intensity of
the 290 eV peak, and also the decrease in the SEI
impedance in Figure 6a.
However, the spectrum of the VC-containing case

(Figure 9b) retains its pattern after 80 �C storage. This
similarity indicates the quite stable property of VC-
induced SEI (the polymeric species) even when it is
baked at 80 �C. The semicircle gradually grows indicat-
ing instead of thermally decomposition. From the
phosphorous NMR spectra in Figure 2, the thermal
decomposition of LiPF6 appears in both cases. How-
ever, this thermally induced damage does not occur in
VC-induced SEI. This means that the polymer species
formed from the VC-containing electrolyte are much
more stable than those from the electrolyte without VC.
This kind of polymeric SEI is stable enough to prevent
the thermal decomposition or PF5 attacking (Equation
10). Hence, the ESCA data provide further proof that, if
VC is present in the electrolyte, it dominates the
formation of SEI and benefits thermal stability.

4. Conclusion

The reason why VC, when used in lithium ion batteries,
promotes thermal stability has been clarified. The NMR
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Fig. 9. The C1s ESCA spectra of graphite electrodes taken from precycled cells and then stored at 80 �C for 4 days (solid line) in 1 M LiPF6/

EC + DEC (v/v = 1:1) (a) without VC and (b) with 2 wt% VC. The spectra of unstored samples (dash line) are also presented for compar-

ison.
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and FTIR spectral studies indicate the thermal decom-
position of LiPF6 salt is unavoidable despite the
addition of VC. The major cause comes from its
protective effect on the SEI formed on the graphite
electrode.
Two major advantages can be realized with the

addition of VC in LiPF6/ EC + DEC electrolyte. The
SEI induced from VC is quite stable especially at
elevated temperatures. We attribute the thermal stability
of SEI to the ability of VC to form polyvinylene
carbonate because VC is reduced predominantly on
graphite electrodes in LiPF6/EC + DEC + 2 wt% VC
electrolyte. This polymeric species are capable of resist-
ing the attack of PF5 or other thermal reactions, and by
provide better passivation than surface films comprising
(CH2OCO2Li)2, which is the major SEI component in
LiPF6/EC + DEC without VC. The other advantage
of using VC is that it can suppress the production of LiF
during prolonged cycling and thus reduce the surface
resistance of the graphite electrode. Consequently, a
stable SEI layer with few resistive products formed on a
graphite electrode leads to a cell having improved
thermal cycling performance.
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