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a  b  s  t  r  a  c  t

The  effects  of  vinylene  carbonate  (VC)  on  high  temperature  storage  of  high  voltage  Li-ion  batteries
are  investigated.  1.3 M of  LiPF6 dissolved  in ethylene  carbonate  (EC),  ethylmethyl  carbonate  (EMC)  and
dimethyl  carbonate  (DMC)  of  3:3:4  volume  ratio  is used  as  original  electrolyte  for  18650  cylindrical  cells
with LiCoO2 cathode  and  graphite  anode.  VC  is  then  added  to  electrolyte.  At the  initial  stage  of  the  high
temperature  storage,  higher  open-circuit  voltage  (OCV)  is  maintained  when  increasing  the  VC  concen-
tration.  As  the  storage  time  increases,  OCV  of  higher  VC  concentration  drops  gradually,  and  then  the
eywords:
inylene carbonate
igh temperature storage
igh voltage Li-ion batteries
pen-circuit voltage
as chromatography
-ray photon spectroscopy

gas  evolution  takes  place  abruptly.  Gas  analysis  shows  methane  (CH4)  decreases  with  increase  of  the  VC
concentration  due  to  formation  of  stable  solid  electrolyte  interface  (SEI)  layer  on  the  graphite.  Since  the
residual  VC  after  formation  of the  SEI  layer  decomposes  on  the  cathode  surface,  carbon  dioxide  (CO2) dra-
matically  increases  on  the  cathode  with  the  VC  concentration,  leaving  poly(VC)  film  at  the  anode  surface,
as suggested  by  XPS  test  results.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Rechargeable Li-ion batteries are presently one of the major
ower sources for portable electronic devices because of their
igh energy density. Most research performed to advance Li-ion
atteries has concentrated on improving the aspects of battery per-
ormance such as cycling characteristics, rate characteristics, and
igh temperature storage.

High voltage charging system over 4.2 V is recently applied to
i-ion batteries for higher energy density. In this system, the elec-
rolyte composition and additives used in lower voltage (like 4.2 V)
harging system cannot be applied directly, because many side
eactions will take place on the interface between electrodes and
lectrolyte over 4.2 V. These reactions lead to gas evolution and
hanges of the interface layer on electrodes, inducing Li-ion bat-
ery OCV drop subsequently [1].  Notably, these reactions may  occur
bruptly under high temperature.

Numerous studies have been done on developing new elec-
rolytes for Li-ion batteries with high ionic conductivity and good

hemical and electrochemical stabilities [2–6]. Inorganic com-
ounds [7–11] and organic compounds such as unsaturated carbon
ond-containing components [12–16],  sulfur-containing compo-

∗ Corresponding author. Tel.: +82 70 7125 0387; fax: +82 41 560 3696.
E-mail address: jyeom74@gmail.com (J.-Y. Eom).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.06.095
nents [17–20],  halogen-containing components [21–25],  and other
components [26–28] have been proposed as electrolyte additives
for Li-ion batteries. It is considered that these additives could
improve the properties of the SEI layer formed on the graphite
anode.

VC has also been employed as an electrolyte additive to improve
battery performance [12]. The cycling performance and high-
temperature storage are enhanced by adding it to the EC-based
electrolyte. Thus VC has been recognized as an effective additive
for the electrolyte when using the graphite anode.

In this work, the effects of VC concentration on high temper-
ature storage of high voltage Li-ion batteries were investigated.
The reaction between electrodes and electrolyte was examined by
composition analysis of evolved gas, electrolyte and surface film
with different VC concentrations during high temperature storage.

2. Experimental

The cylindrical cells of 18650 size composed of LiCoO2 as a
cathode and graphite as an anode were used with 1.3 M of LiPF6
dissolved in 3:3:4 volume ratio of EC, EMC and DMC  as electrolyte.
VC was added to the electrolyte.
The cells charged to 4.35 V were stored in a chamber at 90 ◦C for
24 h. OCV was continuously monitored during the high tempera-
ture storage. An amount of evolved gas during the high temperature
storage was measured using a graduated measuring vial. The gas

dx.doi.org/10.1016/j.jpowsour.2011.06.095
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 2. OCV transition of 18650 cylindrical cells as the VC concentration during
storage at 90 ◦C for 24 h.

Table 1
The amount of evolved gas during storage at 90 ◦C for 24 h as the VC concentration.

Concentration of VC Average amount of evolved gas Remark

VC 0% 2.3 cc
VC 1% 2.5 cc CID open of 1/2 cell
J.-Y. Eom et al. / Journal of Pow

as collected by the paraffin oil bath based method, and then a
omposition of gathered gas was analyzed with gas chromatog-
aphy (GC). GC analysis was conducted on an Agilent Technologies
890 GC with a packed Column and TCD detector. Helium was used
s the carrier gas with a flow rate of 3.3 mL  min−1. Samples were
amped from 40 to 150 ◦C at 10 ◦C min−1. To determine the source
f evolved gas elements, after disjointing charged cells to cathode
nd anode, separately both cathode and anode added an electrolyte
n 18650 can were stored in chamber at 90 ◦C for 24 h, and then the
volved gas on cathode and anode was analyzed respectively.

GC was also used to analyze electrolyte composition changes
long with addition of VC. And X-ray photon spectroscopy (XPS)
as employed to characterize the element chemical state changes

aused by the reaction between electrodes and electrolyte with
ifferent VC concentrations during high temperature storage.

. Results and discussion

Fig. 1 shows that the cycling performance of 18650 cylindri-
al cells with different VC concentrations. Adding small amount
f VC dramatically improved the cycling performance, indicating
hat the VC derived SEI layer on the graphite anode was  very stable
n the high voltage charge system. Further increasing VC concen-
ration over 3% did not bring significant improvement of cycling
erformance.

Fig. 2 shows that the OCV curves of 18650 cylindrical cells with
ifferent VC concentrations during high temperature storage. At the

nitial stage, high OCV was maintained with the addition of VC. The
ufficiently formed SEI layer was from reduction of VC on graphite
node before that of EC, and exhibited excellent thermal stability
1].  While in VC free electrolyte, the non VC derived SEI layer is
artially destroyed under high temperature. Thus formation of new
EI layers would consume Li ions, leading to decrease of OCV. As
he storage time went, OCV of cells with higher VC concentration
ropped gradually, and then the current interrupt device (CID) of
8650 cylindrical cells was triggered by the abrupt gas evolution. As
he VC concentration increased, the amount of evolved gas during
igh temperature storage abruptly went up over VC 3%, as shown

n Table 1.
The composition of evolved gas was analyzed, as shown in
ig. 3. The volume percentage of hydrogen (H2), carbon monoxide
CO), ethylene (C2H4), and ethane (C2H6) after being stored at 90 ◦C
or 24 h almost remained the same for different VC concentration.
owever, those of CH4 and CO2 were dramatically changed when
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ig. 1. Cycling performance of 18650 cylindrical cells as the VC concentration. The
ells  were charged to 4.35 V at 0.8 C-rate on constant current–voltage mode and
ischarged to 3.0 V at 1.0 C-rate on constant current mode.
VC 3% 2.7 cc CID open of 2/2 cells
VC 5% 3.3 cc CID open of 2/2 cells

increasing VC concentration. To identify the source of evolved
gas elements, gas from both cathode and anode was  analyzed
respectively, as given in Table 2. The evolution on anode could be
related to the formation of SEI layer in the following equation:

2EC + 2e− + 2Li+ → (CH2OCO2Li)2 + C2H4 (1)

EC + 2e− + 2Li+ → (CH2OLi)2 + CO (2)

DMC  + e− + Li+ → CH3OCO2Li + CH3
′ (3)

DMC  + 2e− + 2Li+ → 2CH3OLi + CO (4)

CH3
′ + H′ → CH4 (5)
CH4 gas was only detected on the anode side. And no CH4 could
be found in the EC only electrolyte, indicating that CH4 gas was
mainly generated through the reduction of DMC  on the surface
of graphite anode, since. The explanation could be given in Eqs.
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Fig. 3. Composition of evolved gas during storage at 90 ◦C for 24 h as the VC con-
centration.
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Table 2
The evolved gas on both cathode and anode with electrolyte of VC 1% during storage
at  90 ◦C for 24 h.

Gas elements Vol. % of evolved
gas on cathode

Vol. % of evolved
gas on anode

H2 – –
CO 2.3 8.2
CH4 – 6.4
CO2 45.4 0.4
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3) and (4),  where DMC  produced a CH3 radical, which reacted
ith the H radical from H2O in the electrolyte and electrodes.
s the VC concentration increased, the evolution of CH4 gas was
ecreased continuously during high temperature storage, as shown

n Fig. 3. This suggested that the VC suppressed the decomposition
f DMC and thus the SEI formation. On the other hand, CO2 gas
as mainly evolved on cathode, although small amount of which
as detected on the graphite anode. The amount of CO2 gas was

bruptly increased with increase in the VC concentration, as shown
n Fig. 3. It was considered that the evolution of CO2 gas was due to
he decarboxylation of VC [1].  Then residual VC after formation of
he SEI layer on the graphite anode would react on the surface of
athode, evolving CO2 dramatically on the side of cathode in higher
C concentration.

Fig. 4 shows the results of electrolyte analysis after storage at
0 ◦C for 24 h with different VC concentrations. Its main composi-
ion (EC:EMC:DMC) was not changed remarkably after storage with
ifferent VC concentrations. However, a new solvent component
iethyl carbonate (DEC) appeared, which was from the following
eaction during high temperature storage:

EMC → DMC  + DEC (6)

The amount of DEC was greater when VC concentration was
ower, indicating that the effect of VC suppressing the decomposi-
ion of EMC. At the same time, the residual VC could not be detected,
nd the remaining VC in electrolyte after storage, which was orig-
nally 5% in volume, was also very low. This suggested that the
esidual VC after formation of the SEI layer on the graphite anode

eacted on the surface of cathode continuously, corresponding with
he result of gas composition analysis after storage, as previously
hown in Fig. 3.
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ig. 4. Residual electrolyte analysis after storage at 90 ◦C for 24 h as the VC concen-
ration.
Fig. 5. Composition comparison on the surface of (a) cathode and (b) anode after
storage at 90 ◦C for 24 h as the VC concentration by XPS analysis.

Fig. 5 shows composition comparison of the surface of cathode
and anode by XPS analysis. At the cathode surface, the C 1s compo-
sition was significantly increased by addition of VC. On  the other
hand, composition of the anode surface was not changed greatly
with different VC concentrations. This suggested that the amount
of VC contributing to formation of the SEI layer on the graphite
anode remained the same, regardless of total VC concentration,
and then the residual VC after formation of the SEI layer reacted
on the cathode surface continuously. This reaction resulted in the
abrupt gas evolution on the cathode surface. It should be noted in
the result of XPS composition that in Co 2p signal on the cathode
surface decreased, while that on the anode surface increased with
higher VC concentration. It is believed that the residual VC after
formation of the SEI layer on the anode surface would react on
the cathode surface and lead to the dissolution of metal elements
on the cathode surface. These dissolved metal elements were then
reduced on the anode surface. These reactions contributed to OCV
drop during high temperature storage.

XPS spectra of the surface film formed on cathode and anode is
shown in Fig. 6. Changes of the peak position and height on the C
1s and the O 1s spectra were observed after addition of VC, indi-
cating dependence of the composition of SEI layer formed on the
cathode and the anode on VC concentration. Considerable changes
are shown in the C 1s and the O 1s spectra of the cathode surface. By

adding VC, the peak intensity on the C 1s spectrum was increased
and the peak on the O 1s spectrum was  shifted to higher binding
energy position. It was reported that the peak around 286 eV in
the C 1s spectrum and around 534 eV in the O 1s spectrum were
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Fig. 6. C 1s and O 1s spectra of (a) cathode and (b) anode afte

elated to polymer species [29,30]. These polymer species were
rom the decomposition of VC. The formation of poly(VC) on the
athode surface was shown more clearly than on the anode sur-
ace by the decomposition of VC. Therefore, it was  believed that
he poly(VC) was formed on the cathode surface continuously by
he residual VC after formation of the SEI layer on the anode. This
esult was in agreement with that of the gas and the electrolyte GC
nalysis.

. Conclusions

The effects of VC on the high temperature storage of high volt-
ge Li-ion batteries are investigated. At the initial stage of high
emperature storage, higher OCV is maintained with higher VC
oncentration. As the storage time increases, OCV of higher VC
oncentration drops gradually, followed by abrupt gas evolution.

The gas analysis result shows CH4 gas decreases when increas-
ng VC concentration, due to formation of stable SEI layer on the
raphite. Since the residual VC after formation of the SEI layer
ecomposes on the cathode surface, CO2 gas dramatically increases
n the cathode with higher VC concentration. These gas evolutions
n the cathode are caused by formation of the surface film through
ecomposition of VC. The reactions also formed the poly(VC) film
n the cathode surface, as suggested by XPS tests.
eferences

[1] H. Ota, Y. Sakata, A. Inoue, S. Yamaguchi, J. Electrochem. Soc. 151 (2004)
A1659–A1669.

[
[
[

[

age at 90 ◦C for 24 h as the VC concentration by XPS analysis.

[2] L.J. Krause, W.  Lamanna, J. Summerfield, M. Engle, G. Korba, R. Loch, R. Atana-
soski, J. Power Sources 68 (1997) 320–325.

[3] W. Xu, C.A. Angell, Electrochem. Solid-State Lett. 4 (2001) E1–E4.
[4] M. Schmidt, U. Heider, A. Kuehner, R. Oesten, M.  Jungnitz, N. Ignat’ev, P. Sartori,

J.  Power Sources 97–98 (2001) 557–560.
[5] F. Kita, H. Sakata, A. Kawakami, H. Kamizori, T. Sonoda, H. Nagashima, N.V.

Pavlenko, Y.L. Yagupolskii, J. Power Sources 97–98 (2001) 581–583.
[6] Y. Sasaki, M.  Handa, K. Kurashima, T. Tonuma, K. Usami, J. Electrochem. Soc.

148  (2001) A999–A1003.
[7] O. Chusid, Y. Ein-Eli, D. Aurbach, M. Babai, Y. Carmeli, J. Power Sources 43 (1993)

47–64.
[8] J.O. Besenhard, M.W.  Wagner, M.  Winter, A.D. Jannakoudakis, P.D. Jan-

nakoudakis, E. Theodoridou, J. Power Sources 44 (1993) 413–420.
[9]  D. Aurbach, Y. Ein-Eli, O. Chusid, Y. Carmeli, M.  Babai, H. Yamin, J. Electrochem.

Soc. 141 (1994) 603–611.
10] J.O. Besenhard, M.  Winter, J. Yang, W.  Biberacher, J. Power Sources 54 (1995)

228–231.
11] S. Komaba, B. Kaplan, T. Ohtsuka, Y. Kataoka, N. Kumagai, H. Groult, J. Power

Sources 119–121 (2003) 378–382.
12] C. Jehoulet, P. Biensan, J.M. Bodet, M.  Broussely, C. Moteau, C. Tessier-

Lescourret, Proc. Electrochem. Soc. 97 (1997) 974–985.
13] C. Wang, H. Nakamura, H. Komatsu, M.  Yoshio, H.  Yoshitake, J. Power Sources

74 (1998) 142–145.
14] H. Yoshitake, K. Abe, T. Kitakura, J.B. Gong, Y.S. Lee, H. Nakamura, M.  Yoshio,

Chem. Lett. 32 (2003) 134–135.
15] K.C. Möller, H.J. Santner, W.  Kern, S. Yamaguchi, J.O. Besenhard, M.  Winter, J.

Power Sources 119–121 (2003) 561–566.
16] H.J. Santner, K.C. Möller, J. Ivanèo, M.G. Ramsey, F.P. Netzer, S. Yamaguchi, J.O.

Besenhard, M.  Winter, J. Power Sources 119–121 (2003) 368–372.
17] G.H. Wrodnigg, J.O. Besenhard, M.  Winter, J. Electrochem. Soc. 146 (1999)

470–472.
18] G.H. Wrodnigg, T.M. Wrodnigg, J.O. Besenhard, M.  Winter, Electrochem. Com-

mun. 1 (1999) 148–150.

19] Y. Ein-Eli, S.R. Thomas, V.R. Koch, J. Electrochem. Soc. 144 (1997) 1159–1165.
20] Y. Ein-Eli, J. Electroanal. Chem. 531 (2002) 95–99.
21] Z.X. Shu, R.S. McMillan, J.J. Murray, I.J. Davidson, J. Electrochem. Soc. 143 (1996)

2230–2235.
22] R. McMillan, H. Slegr, Z.X. Shu, W.  Wang, J. Power Sources 81–82 (1999) 20–26.



9 wer So

[
[

[

[

[
Sources 119–121 (2003) 373–377.
814 J.-Y. Eom et al. / Journal of Po

23]  Z.X. Shu, R.S. McMillan, J.J. Murray, J. Electrochem. Soc. 140 (1993) 922–927.
24] M.  Inaba, Y. Kawatate, A. Funabiki, S.K. Jeong, T. Abe, Z. Ogumi, Electrochim.
Acta 45 (1999) 99–105.
25] A. Naji, J. Ghanbaja, P. Willmann, D. Billaud, Electrochim. Acta 45 (2000)

1893–1899.
26] K.C. Möller, T. Hodal, W.K. Appel, M.  Winter, J.O. Besenhard, J. Power Sources

97–98 (2001) 595–597.

[

[
[

urces 196 (2011) 9810– 9814

27] Y. Matsuo, K. Fumita, T. Fukutsuka, Y. Sugie, H. Koyama, K. Inoue, J. Power
28] H. Ota, A. Kominato, W.J. Chun, E. Yasukawa, S. Kasuya, J. Power Sources
119–121 (2003) 393–398.

29] D. Bar-Tow, E. Peled, L. Burstein, J. Electrochem. Soc. 146 (1999) 824–832.
30] A.M. Andersson, K. Edström, J. Electrochem. Soc. 148 (2001) A1100–A1109.


	Effects of vinylene carbonate on high temperature storage of high voltage Li-ion batteries
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusions
	References


