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For lithium-ion batteries of C/(spinel Li–Mn–O), the sever
capacity loss occurs after storage of the battery at>50 �C. This is
mainly due to degradation of the carbon which was induced by
electroreduction of Mn(II) dissolved from the spinel; this step is
followed by the irreversible electrochemical reaction at the
graphite/(Mn deposits)/electrolyte interface. However, 2-vinyl-
pyridine as an additive into the electrolyte was capable of
suppressing this degradation of graphite anode, therefore,
improved the battery performances. During the first charge,
electropolymerization of 2-vinylpyridine from about 0.9V vs Li/
Liþ resulted in film formation of poly(2-vinylpyridine) on the
anode surface. The polymer protected the graphite from dissolved
Mn(II).

Manganese dissolution from the spinel occurs by high
temperature storage of the C/LiMn2O4 battery at >50 �C and
leads to degradation of the carbon anode. Some chemical
mechanisms of theMn dissolution as well as methods to suppress
it were addressed by some groups.1{4 Recently, we emphasized
that the solublemanganese species diffuse through the electrolyte
to reach the carbon anode; then, manganese is readily deposited
on the carbon. We concluded that the deposition induced the
degradation on the anode side.5 No manganese dissolution from
the spinel would be still difficult to solve the degradation problem
of the C/(spinel Li–Mn–O) cell to our knowledge. Therefore, a
protection of the negative electrode from soluble Mn(II) is
important for enhancement of large sized C/LiMn2O4 batteries
for vehicle power sources. On the other hand, electropolymeriza-
tion is one of the most interesting and simplest techniques for
fabricating polymer-modified electrode.6 We believe that vinyl-
type polymers synthesized by electroreduction7;8 are advanta-
geous to direct film formation on a negative electrode. In this
study, we investigated the graphite anode performance in
electrolytes containing small amount of a new additive, 2-
vinylpyridine (VP), in order to suppress the degradation caused
byMn(II) reduction, and compared to that for vinylene carbonate
(VC).9

Reagent grade natural graphite (Nakalai Tesque, Inc.,
average particle size 10�m), manganese(II) perchlorate, 2-
vinylpyridine, and vinylene carbonate were used. Details of the
electrochemical measurement are described in our previous
paper.5 Mixture of the graphite (from 10 to 20mg) and
poly(vinylidene fluoride) in a weight ratio of 9 : 1 was used for
preparation of working electrodes. Li foils were used for both the
reference and counter electrodes. Charge-discharge (lithium
intercalation-deintercalation, respectively) tests were carried out
between 0.02 and 1.5V vs Li/Liþ at 0.1mAcm�2 and 25� 2 �C

in Ar. The electrolyte used was 1mol dm�3 LiClO4 EC-DEC

(1 : 1 by volume). VP (14, 0.7 and 0.14% by volume) was
dissolved into the electrolyte prior to battery tests. SolubleMn(II)
perchlorate (150 ppm Mn(II)) was added after the 5th discharge.

Figure 1 shows the initial charge-discharge curves in
electrolytes with various amounts of VP. For VP free (Figure
1d), the natural graphite shows a reversible capacity of
344mAh g�1, and an irreversible capacity of ca. 90mAh g�1

was observed at the first, which is well known to be due to the
electroreductive formation of the solid electrolyte interface (SEI)
on graphite around 0.8–0.3V. In VP-added electrolytes, the
additional plateau appears clearly around 0.9V in the curve, and
SEM observation confirmed deposits on the electrode. It is most
likely that this is due to the electroreductive polymerization of VP
as shown in Scheme 1 in consideration of previous literature;7;8

the formation of poly(2-vinylpyridine) film.

This electroreductive polymerization brought about the in
situ polymer coating on the graphite during the initial charge. The
quantity of charge passed at the plateau increased with the

Figure 1. Initial charge-discharge curves of graphite electrodes at
0.1mAcm�2 in LiClO4 EC/DEC (1 : 1) with a) 14, b) 0.7, c) 0.14% VP
additive, and d) no additive.
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increase ofVP concentration. It is thought that the thickness of the
polymer also increased for the higher concentration ofVP. In case
of larger amount of the deposits, the potential plateau around 0V
for lithium intercalation into graphite decreased, and it finally
disappeared because thicker polymer film interfered lithium
intercalation into graphite. As a result, the discharge (deintercala-
tion) capacity also decreased. However, the discharge capacity
was relatively higher only for lower concentration, 0.14% VP.

When the Mn dissolution occurs in the practical cell after
several cycles, the graphite electrode is already modified with
SEI. So, manganese perchlorate (150 ppm Mn(II); where the
degradation of battery performance was clearly observed5) was
added after the fifth discharge, and the charge-discharge cycling
behaviors were compared in electrolytes with and without VP
(0.14%) as illustrated in Figure 2. At the sixth, the charge capacity
became pretty large of 1680mAh g�1 with huge irreversibility
because of the electroreduction of Mn(II) and the decomposition
as described previously;5 nevertheless, the VP addition success-
fully suppressed the irreversible reactions, and the capacity
retention was also improved after the fifth cycle.

Figure 3 shows variations in the discharge capacity and
coulombic efficiency (defined as a ratio of discharge to charge
capacities at each cycle). In the case of VP free, the coulombic
efficiency at the six cycle dramatically reduced to 20% which is
due to the dissolved Mn(II). One can understand that this lower
efficiency leads to sever capacity loss of a practical C/LiMn2O4

cell considering the absolute capacity balance of negative/
positive electrodes, even though the capacity was recovered in
the following cycle.5 Therefore, not only the discharge capacity
but the efficiency of a graphite anode should be improved even
after 150 ppm Mn(II) addition. For the VP added system, the
efficiency at the sixth was much improved, furthermore, the
discharge curves and capacities were hardly changed afterMn(II)
addition as shown in Figures 2 and 3. From characteristic X-ray
analysis of the tested electrode, the peak intensity of manganese

became lower for the VP added electrolyte. We believe that film-
forming VP was effective to suppress theMn deposition, namely,
it depressed the irreversible reactions at the carbon. On the other
hand, VC additive which has a polymerizable double bond
comparable to VP is known to be positive to improve the
performance of the graphite.9;10 However, it (6.6 vol% VC)
hardly eliminated theMn(II) degradation in our conditions. There
is general agreement that the SEI surface film formed on the
carbon anode consists of a heterogeneous mixture of inorganic/
organic compounds dependent on electrolyte additives. It is likely
that the functionality of the surface film formed in the VC system
differs from that of theVP.Consequently, novel types of additives
are essentially important and necessary for the suppression of the
deterioration, and the further analyses and development of such
kinds of additive are now in progress in order to enhance the C/
LiMn2O4 battery system.

The authors thank Ms. N. Kumagai for helpful assistance in
the experimental work. This study was partially supported by the
program ‘‘Development of Rechargeable Lithium Battery with
High Energy/Power Density for Vehicle Power Sources’’ of
Industrial Technology Research Grant Program from NEDO of
Japan, Grant-in-Aid for Young Scientists from JSPS, and
Saneyoshi Scholarship Foundation.

References
1 A. D. Pasquier, A. Blyr, P. Courjal, D. Larcher, G. Amatucci, B. Gerand, and

J.-M. Tarascon, J. Electrochem. Soc., 146, 428 (1999).
2 Y. Xia, Y. Zhou, and M. Yoshio, J. Electrochem. Soc., 144, 2593 (1997).
3 S.-T. Myung, S. Komaba, and N. Kumagai, J. Electrochem. Soc., 148, A482

(2001).
4 S. Komaba, N. Kumagai, T. Sasaki, and Y. Miki, Electrochem., 69, 784

(2001).
5 S. Komaba, N. Kumagai, and Y. Kataoka, Electrochim. Acta, 47, 1229

(2002).
6 S. Komaba and T. Osaka, J. Electroanal. Chem., 453, 19 (1998).
7 J.W.Breitenbach, O. F.Olaj, andD. Sommer,Adv. Polym. Sci., 9, 47 (1972).
8 I. Sekine, K. Kohara, T. Sugiyama, andM.Yuasa, J. Electrochem. Soc., 139,

3090 (1992).
9 Sanyo Co., Jpn. Kokai Tokkyo Koho 3066126 (1993).
10 D. Aurbach K. Gamolsky, B. Markovsky, Y. Gofer, M. Schmidt, and U.

Heider, Electrochim. Acta, 47, 1423 (2002).

Scheme 1.

Figure 2. Charge-discharge curves of graphite electrodes at 0.1mAcm�2

in LiClO4 EC/DEC (1 : 1) with a) no additive and b) 0.14% VP.
Manganese(II) perchlorate ([Mn] = 150 ppm) was added before the sixth
charge.

Figure 3. Comparison of a) discharge capacities and b) coulombic
efficiencies of graphite electrodes at 0.1mAcm�2 in LiClO4 EC/DEC
(1 : 1) without (thin line) and with 0.14% VP (thick line). Manganese(II)
perchlorate ([Mn] = 150 ppm) was added before the sixth charge.
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