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Impact of 2-Vinylpyridine as Electrolyte Additive on Surface
and Electrochemistry of Graphite for C/LiMn 2O4
Li-Ion Cells
S. Komaba,a,* ,c,z T. Itabashi,a T. Ohtsuka,a H. Groult, b,* N. Kumagai,a,*
B. Kaplan,a,b and H. Yashiroa,*
aDepartment of Frontier Materials and Functional Engineering, Graduate School of Engineering, Iwate
University, Iwate 020-8551, Japan
bPierre and Marie Curie University, CNRS UMR 7612, 75252 Paris Cedex 05, France

For lithium-ion batteries of C/sspinel Li-Mn-Od, severe capacity loss occurs after storage of the battery at.50°C. According to
our previous studies, this occurrence is predominantly attributable to degradation of the carbon anode, which was induced by
electroreduction of Mn~II ! dissolved from the spinel; this step is followed by the irreversible electrochemical reaction at the
graphite/sMn depositsd/electrolyte interface. 2-Vinylpyridine~VP! used as an additive in the electrolyte suppressed this degrada-
tion; therefore, improving the battery performances. During the first “charge,” the electrochemical reductive polymerization of VP
monomers at about 0.9 Vvs.Li/Li + resulted in the film formation of poly~2-vinylpyridine! on the graphite surface. The quantity
of charge passed for the polymeric film formation depends on the amount of VP addition. Surface analyses using X-ray photo-
electron spectroscopy and electron microscopy confirmed that the electrodeposited film blocked the electroreduction of dissolved
Mn~II ! on the graphite electrode.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1885385# All rights reserved.
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Among the candidates for the cathode materials of recharg
Li ~-ion! batteries, manganese oxides are attractive due to th
cost of the raw materials and the fact that manganese is cons
more environmentally friendly than other transition-metal oxide
tems, such as LiCoO2, LiNiO2, and their derivatives. So far, t
preparation and characterization of manganese-based oxide
been studied, such as the spinel LiMn2O4,

1-4 MnO2s,5 layered
LiMnO2s,6,7 and LiNi1/2Mn1/2O2.

8,9 In recent years, most research
focusing on the improvement of the battery performance of the
nel LiMn2O4 and LiNi1/2Mn1/2O2 phases. Among these mangane
based oxides, the spinel-type LiMn2O4 system is one of the mo
attractive cathodes in terms of cyclability, operation potential,
abundance, and low toxicity. However, a serious problem hind
the wider use of the spinel as the cathode is its poor storage p
mance at.50°C due to the manganese dissolution. Several me
nisms for the Mn dissolution and its suppression methods have
addressed by some groups.4,10-14 We recently emphasized that t
carbon anode deteriorated after the manganese dissolution in
electrolyte of the carbon/LiMn2O4 system.15,16After the manganes
dissolution from the spinel LiMn2O4 cathode at the higher tempe
ture, the soluble manganese ingredient reaches the carbon
through the separator, and then the ionic manganese, Mn~II !, is
readily reduced on the carbon because the standard redox po
of Mn/MnsII d ~ca. 1.8 V vs.Li/Li +! is much higher than that of th
lithium intercalation into graphite~ca. 0.3-0 V vs. Li/Li +!.16,17 We
concluded that the higher temperature degradations.50°Cd of the
carbon/LiMn2O4 system was mainly caused by the degradatio
the anode side. Therefore, we believe that solving the proble
this anode deterioration is very important for the enhancement o
entire carbon/LiMn2O4 system, which is applicable to hybrid a
pure electric vehicles. Recently, as electric bikes~i.e., electrically
assisted bicycles! equipped with lithium-ion batteries of the low co
C/LiMn2O4 system have been commercialized by some compa
both the bike and C/LiMn2O4 are gradually becoming more popu

On the spinel-type LiMn2O4 cathode side, Xiaet al. found tha
both the charge-discharge profile and the structural change
closely related to the degree of oxygen deficiency created i
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synthesis process. Furthermore, their effects on the capacity
are much more important than the Li/Mn ratio or other factors.2,18,19

Although controlling the stoichiometry of the LiMn2O4 material and
the suppression of Mn~II ! dissolution from the spinel are essentia
important for enhanced performance, the “dissolved Mn-free” in
high temperature range would still be difficult to solve the degr
tion problem of the C/sspinel Li-Mn-Od cell to the best of ou
knowledge. Therefore, in the C/sspinel Li-Mn-Od system, the pro
tection of the negative electrode against soluble Mn~II ! in an elec
trolyte is considered to be important and useful for understan
and improving the battery performance.

However, to improve the negative electrode performanc
lithium-based secondary batteries, some organic/inorganic add
are effective depending on the nature of the anode materials: C2,

20

HF,21,22 HI,23 AlI 3, and MgI2
24,25 for metallic lithium, and ethylen

sulfite,26 vinylene carbonate~VC!,27-29 chloroethylene carbonate30

and sodium ion31 for carbon anodes. These additives exhibite
significant effect on the solid electrolyte interface~SEI! formation
during the first charge~Li intercalation! process and play a key ro
in determining the battery performance. The SEI layer contain
polymeric material was also studied to improve the battery pe
mance, such as polypyrrole.32 Electrochemical polymerization
one of the most interesting and simplest techniques for fabrica
polymer-modified electrode.33,34 It is believed that vinyl-type poly
mers synthesized by electroreduction35,36 are advantageous for d
rect film formation on a negative electrode in lithium-ion cells
pointed out by Besenhard and Winter’s group.37

With the aim of suppressing the degradation of the graphite
formance due to dissolved Mn~II !, we recently evaluated three in
ganic additives: Lil, LiBr, and NH4I.

38 As we recently commun
cated, coating the graphite surface with an electropolymerized
of 2-vinylpyridine ~VP! used as an electrolyte additive effectiv
inhibited the degradation by dissolved Mn~II !, whereas the VC ad
ditive hardly eliminated the degradation.39 In the present study, w
report the impact of the VP additive on the electrode surface an
electrochemistry of graphite in C/LiMn2O4 cells.

Experimental

Reagent grade natural graphite~Nakalai Tesque, Inc., avera
particle size about 10µm!, manganese~II ! perchlorate ~Kanto
Chemical Co., Inc.!, VP, and VC were used. Battery grade lithi
foil, ethylene carbonate~EC!, diethyl carbonate~DEC!, and LiClO4
were used without any further purification. Details of the experim
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tal conditions are described in our previous paper.16,31 Manga-
nese~II ! perchlorate was dried in vacuum at 100°C for.1 day to
remove the residual water prior to its use in the electrochemica

The natural graphite powder was heat-treated at 700°C for
under an Ar atmosphere, and then the working electrodes wer
pared by blending the graphite~about 12 mg! and poly~vinylidene
fluoride! ~9:1 in weight! in N-methyl pyrrolidone. The obtaine
slurry was pasted on a Ni mesh, and dried at 100°C for 24 h
pressed electrode was dried again at 100°C for 4 days. Li foils
used for both the reference and counter electrodes. The elec
was 1 mol dm−3 LiClO4 in EC/DEC ~1:1 by volume!. VP ~1, 0.5,
and 0.1% by volume! or 6.6 vol % VC as the electrolyte additi
was dissolved in the electrolyte solution before the electroche
cell assembly. The volume of the electrolyte solution in the wor
electrode compartment of the electrochemical cell was app
mately 14 cm3.16

The “charge” ~lithium intercalation! and “discharge”~lithium
deintercalation! tests at a constant current of 35 mA g−1 were car
ried out between 0.02 and 1.5 Vvs. Li/Li + at room temperatur
s25 ± 2°Cd in a glove box under an argon atmosphere whose
point was less than −80°C~corresponding to 0.53 ppm by volum
of water content!. Cyclic voltammetry was performed at a sl
sweep rate of 0.05 mV s−1 between 1.0 and 0.02 V. To examine
influence of an additive on the degradation of the graphite elec
by soluble Mn~II !, a specific amount of a concentrated man
nese~II ! perchlorate EC/DEC solution was added to the electro
solution of a cell to adjust the concentration of 150 ppm Mn~II !
when the fifth “discharge” was finished, and then the cha
discharge cycle was started again from the sixth cycle.16 Alternating
current impedance measurements were performed in the freq
range from 100 kHz to 10 mHz with a perturbation voltage o
mV.

The surface morphologies of the electrodes were observed
a scanning electron microscope~SEM, Hitachi N-2300NII!
equipped with an energy dispersive X-ray analysis~EDX! microana
lyzer. X-ray photoelectron spectroscopy~XPS, Perkin Elmer, PH
5600 system! was employed using monochromatic Al Ka as the
incident X-rays, and depth profiling was made by argon ion-b
sputtering which was conducted using an ion-beam voltage of
Calibration of the peak position was made by the peak at 284
corresponding to the C in the hydrocarbon adsorbed on sample
was used as a reference for the final adjustment of the energy
Prior to the SEM or XPS measurement, the electrode after an
trochemical test was rinsed in a pure DEC solution and drie
vacuum, and then transferred to the observation chamber us
specially built transport bag to prevent any exposure to air.

The UV-visible absorption spectra were measured for meth
solutions containing the deposited polymer because the elec
posited poly~2-vinylpyridine! is partly soluble in methanol.36 After
the first cycle, the graphite electrodes were washed with pure
and dried under vacuum, and then the dried electrode was soa
a specific amount of methanol for one day. The UV-vis absorptio
the obtained methanol solution was measured in air.

Results and Discussion

Influence of VP addition on graphite electrode perfo
ance.—We first investigated the influence of the VP addit
to the electrolyte on the electrochemical performance of a gra
electrode. Figure 1 shows the initial charge-discharge curve
graphite electrodes in electrolyte solutions containing var
concentrations of VP. In the VP-free electrolyte, the grap
electrode exhibited a reversible capacity of 328 mAh g−1 with
typical plateaus corresponding to the Li intercalation stages
an irreversible capacity of 71 mAh g−1 was observed on the fir
cycle, which is well known to be due to the electroreduc
decomposition of the electrolyte components including the
formation on graphite around 0.8-0.3 V. In the VP-ad
electrolytes, an additional plateau clearly appeared around 0
V in the curves earlier than the electroreductive decompos
-
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It is thought that this is due to the polymerization induced
the electrochemical reduction of VP monomers as depicte
Scheme 1 based on the previous literature,35,36 thus resulting

in the formation of poly~2-vinylpyridine!39

This electroreductive polymerization produces a polymer co
on the graphite during the initial “charge” because the poly
would be insoluble in the electrolyte. The quantity of the reduc
charge passed at the plateau increased with increasing VP c
tration from 0.1 to 1 vol %. Probably the amount of deposited p
mer also increased for the higher VP concentration. For h
amounts of the additive, the potential plateau between 0.20-0
for lithium intercalation into graphite decreased; that is, the thi
polymer film covering the electrode interferred with the lithium
tercalation into graphite. A similar tendency was observed fo
deintercalation process of lithium from graphite; that is, the in
“discharge” capacities decreased as the concentration of VP b
higher. Furthermore, no plateaus were observed between 0.3 a
V in the discharge curves at all though the current due to the lit
deintercalation was observed in all the discharge curves. This
firms that the electroreductive polymerization that occurs atca. 1.0
V is not reversible, and the electrode surface was modified b
reduction of VP.

Compared to our previous investigation,39 the dependence of t
VP concentration on the electrochemical results of graphite see
be different from that of Fig. 1. The electrochemical results for
VP additive were influenced by the surface conditions of the gr
ite and the amounts of graphite loaded in an electrode. Be
graphite was not heat-treated in the work of Ref. 39 while the gr
ite in this study was pretreated at 700°C as mentioned, the su
condition was different. The specific capacities~i.e., mAh
sg of graphited−1! due to the VP electropolymerization were dep
dent on the loaded active mass even if the amount~concentration! of
the VP additive was the same, because the capacities were
lated on the basis of the graphite load. However, we confirmed

Figure 1. Galvanostatic charge-discharge curves during the first cyc
graphite electrodes at 35 mA g−1 in 1 mol dm−3 LiClO4 EC/DEC~1:1! with
1, 0.5, 0.1 vol % VP and no VP.

Scheme 1.
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the tendency of the dependence on the VP concentration was
ducible under the condition as mentioned in the preceding sec

Figure 2 shows the variations in the “discharge” capacity
coulombic efficiency~defined as “discharge”/“charge” capacity ra
for each cycle! of the graphite electrode in different VP concen
tions. In the additive-free electrolyte, the graphite electrode e
ited a high discharge capacity of 328 mAh g−1 and the efficienc
was relatively highs,100%d except for the first cycle that agre
with the reductive decomposition including the SEI formation. W
the addition of VP, the initial discharge capacity and efficiency w
monotonously reduced due to the irreversible film formation. Fo
lower concentration of 0.1% VP, the variations in the “discha
capacity and efficiency are not significantly different from thos
the VP-free one. It is likely that the influence of 0.1% VP is ne
gible due to the lower amount of the polymer deposit. When
electrolyte contained a higher VP concentration, a reduced ca
and lower efficiency were obtained. Although the polymeriza
plateau of VP was clearly observed at 0.9 V in the first cycle
plateau was not distinguishable at all in the subsequent cha
and the efficiency was almost 100% except for the first cycle. Th
fore, it was thought that almost all the monomers were consum
the first cycle; otherwise, the thick polymer film would hinder s
sequent electrochemical film formation at the surface. However
ing successive cyclings, the “discharge” capacity recovered to
a “discharge” capacity similar to that of the additive-free one, th
after four and eight cycles for 0.5 and 1%, respectively. We be
that this was due to some crack and/or partial exfoliation in
deposited film which might be promoted by electrochemical
clings, resulting in the formation of a pathway for the lithium io

We also performed cyclic voltammetry to investigate the in
ence of the VP additive as shown by the cyclic voltammogr
~CVs! in Fig. 3. When a larger amount of VP was dissolved in
electrolytes, the reductive peak around 0.9 Vvs. Li/Li + became
more preeminent. The limiting reductive current between 0.8
0.3 V also increased with the increase in the VP concentration d
the diffusion control of the VP monomers or electric resistance
trol of the deposited film.33 The electrochemical polymerization o
curred at a higher potential than that of the typical SEI formatio
0.8 V; that is, the polymer was deposited before the SEI forma
It is reasonable to think that the surface film formed in the VP-a
electrolytes should differ from the typical SEI film, which allo
Li+ ion transfer and prevents electron transfer, but does not pr
Mn~II ! deposition.16 In other words, the surface film of VP is e
pected to possess a unique functionality, such as the suppres
the Mn~II ! degradation.39 In Fig. 3, the redox couples below 0.3
correspond to the reversible lithium intercalation into graphite
companied by the staging structure. The scan rate of 0.05 mV−1 is
relatively fast for separating the redox couples of the staging s
tures, but it is clear that its electrochemical activity was deterior
by dissolving a higher concentration of VP, thus resulting in
-

y

,

t

of

thicker film formation because of the lower capacity and large
larization,

Generally, an electropolymerized film on an optically transpa
substrate, such as indium-tin oxide-coated glass, readily absor
visible light, and the absorbance is in proportion to its thickness
the wavelength of absorption peak is related to the band tran
depending on thep conjugation and so on.40 It was difficult to
obtain UV-visible absorption spectra of a tested graphite elect
which is not transparent, but the poly~2-vinylpyridine! film electro-
chemically formed on a steel surface was partly dissolve
methanol.36 To prove the electrochemical formation of poly~2-
vinylpyridine! on graphite, optical absorption was examined a
dissolution in methanol. Figure 4 shows the UV-visible absorp
spectra of methanol solutions in which the tested electrode wa
mersed after the first cycle. For the VP monomer, two absor
peaks exist at 233 nm and 277 nm attributed to thep-p* electron
transformation of the vinyl group and the B absorption band o
aromaticp-p* one of the pyridine group, respectively, and the p
at 261 nm originates from poly~2-vinylpyridine!.36 Therefore, th
appearance of absorption peaks at 261 nm confirms the el
chemical formation of poly~2-vinylpyridine!, whose chemical fo
mula can be expressed assC7H7Ndn, on a graphite electrode in t
EC/DEC medium.

As seen in Fig. 4, very broad peaks appear around 233 an
nm, suggesting that the vinyl and pyridine groups were contain
the deposit; therefore, some monomer and/or oligomer mole
would be entrapped in the polymer deposit. As previo
described,36,41some monomer and solvent molecules were simi

Figure 2. Variations in~a! “discharge” ca
pacity and ~b! coulombic efficiency o
graphite electrodes at 35 mA g−1 in
1 mol dm−3 LiClO4 EC/DEC~1:1! with 1,
0.5, 0.1% VP additive and no VP.

Figure 3. CVs of graphite electrodes at 0.3 mV s−1 in 1 mol dm−3 LiClO4
EC/DEC ~1:1! with 0.1, 0.5, 1% VP additive and no additive.



gly
terial
from
d on
nduc
the
the

elec-
sults
film

d at
. Al-
, the
ighe
ical

raph
d by
with

the
ence

able

refore,
,
sion.

by
n
trode
lorate
nce
e”
ing
.5%

rge”

t
ed

s
se of
sible
n in
fully

iation
imilar
at

were
ding

pacity
free

the
ditive

A g
e.
th

s

i-

th

A940 Journal of The Electrochemical Society, 152 ~5! A937-A946 ~2005!A940
contained in the compact and uniform film, and the film stron
depressed the corrosion of steel. Although the electrode ma
solvent, and electrolysis conditions used here were different
those of a previous study, it is postulated that the film forme
graphite possessed a similar chemical nature such as ionic co
tivity and reduced electronic conductivity. In consideration of
partial dissolution of the deposited film in methanol, a part of
deposited polymer may be soluble in the organic EC and DEC
trolyte in an electrochemical cell. However, the absorption re
demonstrated the formation of a definite amount of the polymer
on the graphite electrode.

Moreover, the entire absorption including the peak situate
261 nm was intensified by increasing the VP concentration
though the dissolution of the polymer deposit partly occurred
higher absorption of the methanol solutions suggested a h
amount of polymer deposition. This agrees with the electrochem
behavior around 0.9 V discussed previously, showing that the g
ite surface was covered with the polymer which was thickene
concentrating the VP monomer. The thick polymer interfered
the lithium intercalation into graphite; consequently, we choose
intermediate concentration of 0.5% VP to investigate the influ
of the VP coating on the carbon anode degradation by Mn~II !. As we
describe, this film-forming VP as an electrolyte additive was cap

Figure 4. UV-vis absorption spectra of methanol solutions dissolving
electrochemically formed deposits on graphite electrodes with VP ad
after the first cycle.
,

-

r

-

of suppressing the degradation of the graphite anode and, the
the improved performances of the graphite/LiMn2O4 batteries
whereas the addition of VC was hardly effective for the suppres

Effect of VP addition on suppressing the deterioration
Mn(II).—As previously described,16,29 when the Mn dissolutio
occurs in a practical cell after several cycles, the graphite elec
is already modified with the SEI. Therefore, manganese perch
@150 ppm Mn~II !, where the degradation of battery performa
was clearly observed16# was dissolved after the fifth “discharg
~before the sixth “charge”!, and the charge-discharge cycl
behaviors were compared in electrolytes with and without 0
VP, as illustrated in Fig. 5. From the sixth curves, the “cha
capacity became significant atca. 1600 mAh g−1 with a high
irreversibility because the electroreduction of Mn~II ! occurred a
a higher potential than that of the lithium intercalation follow
by the decomposition as previously reported.16 Also, it seem
that there appeared longer plateaus below 0.3 V than tho
the lithium intercalation into graphite, because the irrever
reactions simultaneously occurred along with the intercalatio
the lower potential range. Surprisingly, the VP addition success
suppressed these irreversible reactions even though MnsClO4d2
was added to the electrolytes. Furthermore, the potential var
and absolute capacity for the VP-added system were very s
to those obtained in the Mn~II !-free electrolyte. It suggests th
the stage structures of the lithium intercalated graphite
successfully formed without any irreversible reactions inclu
the electrochemical plating of Mn metal.

Figure 6 represents the dependence of the “discharge” ca
and coulombic efficiency on the VP addition. For the VP-

Figure 5. Sixth charge-discharge curves of graphite electrode at 35 m−1

in 1 mol dm−3 LiClO4 EC/DEC~1:1! with 0.5% VP additive and no additiv
Manganese~II ! perchloratesfMng = 150 ppmd was added before the six
“charge.”

Figure 6. Comparison of~a! “discharge”
capacities and~b! coulombic efficiencie
of graphite electrodes at 35 mA g−1 in
1 mol dm−3 LiClO4 EC/DEC ~1:1! with
0.5% VP additive and without VP add
tive. Manganese~II ! perchlorate sfMng
= 150 ppmd was added before the six
“charge.”



cally

tical

ven
the

e
ld b

-
r as
riza-
from

VP
” ca-
y
ere
.
uble
of the
the
phite
emi-

les,

was
the

effi-
acity
effi-

n. It
n
ent that
neous
ctro-
film
atic
to

emi-
r the
ial

etween
mer-
scan
ulder

both
elec-
n irre-
r
nga-
mpo-
was
V in

owed
ntical

with
Fig.

cter-
re 10

VP-
t the
ircle
ircles

im-
ond in
pro-

trib-
dif-
two
dded
VP-

y

-
e.”

d

at

d

e

A941Journal of The Electrochemical Society, 152 ~5! A937-A946 ~2005! A941
sample, the coulombic efficiency at the sixth cycle was dramati
reduced to 20%, which is due to the dissolved Mn~II !. Note that this
lower efficiency leads to a severe capacity loss in a prac
C/LiMn2O4 cell when considering the absolute capacity~mAh of
each electrode! balance of the negative/positive electrodes, e
though the capacity recovered in the following cycle between
sixth and tenth cycles as shown in Fig. 6.16 Therefore, both th
discharge capacity and the efficiency of a graphite anode shou
simultaneously improved after a 150 ppm Mn~II ! addition. During
the initial five cycles@without Mn~II ! dissolution#, the battery per
formance was hardly affected by the formation of a polyme
mentioned, except for the first cycle that included the polyme
tion. However, the efficiency at the sixth completely recovered
20 to 98% with maintenance of the high “discharge” capacity by
addition. In the cycles subsequent to the fifth, the “discharge
pacity increasess,340 mAh g−1d with a satisfactory efficienc
s,100%d. Additionally, the potential variation and capacities w
hardly changed after the Mn~II ! addition, as seen in Fig. 5 and 6

However, the VC additive, which has a polymerizable do
bond comparable to VP, positively enhances the performance
graphite.27-29 As shown in Fig. 7 and 8, we also examined
charge-discharge test in a VC-added electrolyte for natural gra
as received without heat-treatment at 700°C with the electroch
cal conditions the same as in our recent work.39 When Mn~II ! was
added to the electrolyte containing VC after the initial five cyc
the “charge” capacity in the VC system reached 717 mAh g−1 at the
sixth cycle despite the fact that the capacity without VC
1680 mAh g−1. Furthermore, the “discharge” capacity after
Mn~II ! addition decreased toca. 200 mAh g−1, as seen in Fig. 7.

Figure 7. Charge-discharge curves of graphite electrode at 0.1 mA cm−2 in
1 mol dm−3 LiClO4 EC/DEC ~1:1! with 6.6 vol % VC additive. Manga
nese~II ! perchloratesfMng = 150 ppmd was added before the sixth “charg
e

The variations in the “discharge” capacity and coulombic
ciency are represented in Fig. 8. The VC addition made the cap
retention worse between the sixth and tenth cycles, and the
ciency at the sixth one was scarcely improved by the VC additio
was concluded that VC is hardly capable of depressing the M~II !
degradation based on these results. There is a general agreem
the SEI film formed on the carbon anode consists of a heteroge
mixture of inorganic/organic compounds dependent on the ele
lyte additives. We believed that the functionality of the surface
formed in the VC system differs from that of the VP; the arom
pyridine ring should modify the functionality of the surface film
suppress the Mn~II ! deposition.

To study the influence of the VP monomers on the electroch
cal behavior at the sixth cycle, Fig. 9 compares the CVs fo
graphite anode in 150 ppm Mn~II ! added electrolytes after the init
five charge-discharge cycles which were performed in Mn~II !-free
electrolytes. For both cases, no current peaks are observed b
1.5 and 0.5 V because the SEI formation and/or the electropoly
ization were completed before the voltammetry. In the negative
of Fig. 9, an additional reductive current appeared to be a sho
between 0.5 and 0.25 V for the VP-free one. Belowca. 0.3 V, some
redox couples are observed due to lithium de-/intercalation in
CVs; however, the cathodic and anodic currents in the VP-free
trolytes increased and decreased, respectively, showing that a
versible reaction was induced by the Mn~II ! dissolution. From ou
earlier observation,16 these phenomena are due to metallic ma
nese electrodeposition and also the following electrolyte deco
sition promoted on the Mn surface. However, the irreversibility
almost completely suppressed by the VP addition; namely, the C
the VP-added electrolyte confirms that no apparent current fl
above 0.22 V in the cathodic scan, and the redox peaks are ide
to that of a typical reversible lithium intercalation accompanied
no side reaction~Fig. 3!. These are consistent with the results in
5 and 6.

When the graphite electrode was “charged” after the Mn~II ! ad-
dition, the difference in the electrode/electrolyte interface chara
istics was investigated by the ac impedance method. Figu
shows the Cole-Cole plots obtained at the rest potential in the
free and VP-added electrolytes after fully charging to 0.02 V a
sixth cycle. For the locus for the VP-free electrolyte, one semic
and an inclined line appeared. For the VP addition, two semic
and an inclined line also appeared. As previously described,31,42 the
first semicircle in the high-frequency region is attributed to the
pedance relative to the presence of an SEI layer, and the sec
the middle-frequency region is attributed to the charge-transfer
cess. Finally, the straight line in the low-frequency region is at
uted to the Warburg diffusion associated with the finite lithium
fusion in the graphite framework. Apparently, the typical
semicircles and inclined line appeared in the locus for the VP a
one. However, one distorted semicircle was observed for the
free one. It is likely that understanding the Mn~II ! added system ma

Figure 8. ~a! “Discharge” capacities an
~b! coulombic efficienciesvs. cycle num-
ber plots of graphite electrodes
0.1 mA cm−2 in 1 mol dm−3 LiClO4 EC/
DEC ~1:1! with 6.6 vol % VC additive an
no additive. Manganese~II ! perchlorate
sfMng = 150 ppmd was added before th
sixth “charge.”



l rea
on,
hich

dif-
clude
ition
her
lowe
cur-

lting
ctive
from

e VP
ition

m th

VP
cle

d film

hite
er
no

tivity

ono-

lyte
-
ation
c-

eres
.
rode/
r cy-
ere.
d in

d
icles
rs the
pos-
the
t that
it pre-
VP

ape of
.
cause
inor-

ion
the

dif-
fact
elec-

Fig.
n the
and

s at
.
l-

ith/

c-

ga-

A942 Journal of The Electrochemical Society, 152 ~5! A937-A946 ~2005!A942
be complicated because we need to take into account severa
tions, such as the Mn~II ! reduction, the electrolyte decompositi
and lithium intercalation, resulting in one distorted semicircle w
would consist of several semicircles of these reactions having
ferent but close time constants. However, we can safely con
that the total cell resistance is significantly reduced by the add
of VP in the electrolyte. In the CVs of Fig. 9, the fact that a hig
current flowed in the VP-free system seemed to suggest a
resistance at the interface without VP; however, the reductive
rent in the CVs included the irreversible deposition of Mn, resu
in a high resistance in the Cole-Cole plots but a higher redu
current in the CVs. Therefore, it was thought that these results
the CVs and the impedance are consistent with each other.

One can conclude that this figure supports the fact that th
addition suppressed the Mn plating and the induced decompos
so that the entire impedance and resistances estimated fro
semicircles become smaller by the formation of poly~2-
vinylpyridine!. These electrochemical results confirmed that the
addition and the formation of a polymer film during the first cy
effectively eliminated the degradation by Mn~II ! dissolution. As
mentioned here and in previous papers, the electropolymerize
coating protects steels against corrosion,36 so it is likely that the film
formed on graphite protected the lithium intercalated grap
against the Mn~II ! ion dissolution. Namely, the protective lay
probably possessed a lithium-ion conductivity, but almost
manganese-ion conductivity and almost no electronic conduc
such as the typical SEI layer. Moreover, a stable Mn~II ! complex is
possibly formed with the pyridine groups of the unreacted m

Figure 9. CVs of graphite electrodes after five galvanostatic cycle
35 mA g−1 in 1 mol dm−3 LiClO4 EC/DEC ~1:1! with/without VP additive
Manganese~II ! perchloratesfMng = 150 ppmd was dissolved prior to the vo
tammetry.
c-

r

,
e

mers, a partly dissolved oligomer or a polymer in an electro
solution similar to the Mn~II !-amine complex.38 Presumably, man
ganese deposition was also prevented by the complex form
because the stability of the Mn~II ! complex would make the redu
tion of Mn~II ! difficult.

Surface analyses of graphite electrode for VP addition.—The
VP addition resulted in the formation of a polymer that interf
with the charge transfer between the dissolved Mn~II ! and electrode
This fact suggested that the VP addition affected the elect
electrolyte interface; the condition of the electrode surface afte
cling was investigated by SEM, EDX, and XPS as discussed h

Figure 11 shows SEM images of graphite electrodes cycle
the VP-free and VP added electrolytes to which Mn~II ! was adde
after the initial five cycles. For the VP-free one, graphite part
are not observed at all because an extremely thick deposit cove
graphite electrode on which many small white particles were de
ited. It would be formed by the accumulation of metallic Mn and
subsequent significant decomposition products. It is apparen
the degradation of the graphite anode was due to this depos
venting lithium intercalation into the graphite. Nonetheless, with
addition, the deposit completely disappeared, and the flake sh
the pristine graphite is still distinguishable even if Mn~II ! is added
The surface of the graphite particles is smooth and uniform be
there are no small white deposits. As recently reported, some
ganic additives of Lil, LiBr, and NH4I suppressed the degradat
and improved the coulombic efficiency at the sixth cycle when
manganese was dissolved. Compared to these inorganics,38 the ef-
fect of the VP additive is much more remarkable based on the
ference in the electrode morphology and cycling behavior. The
that the deposit did not appear well agrees with the preceding
trochemical results.

From the EDX spectra of the electrode observed by SEM in
12, chlorine, nickel, and manganese were definitely detected o
surface. Chlorine and nickel come from the perchlorate anion

Figure 10. Cole-Cole plots of graphite electrode after sixth “charge” w
without VP additive. Manganese~II ! perchloratesfMng = 150 ppmd was
added before the sixth “charge.”

Figure 11. SEM images of graphite ele
trode~a! without and~b! with VP additive
after 10 charge-discharge cycles. Man
nese~II ! perchlorate sfMng = 150 ppmd
was added before the sixth “charge.”
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current collector, respectively. Note that the characteristic X-ra
tensity of the manganese was weaker for the VP-added electr
This proved that the Mn deposition was suppressed by the
forming VP additive; namely, the additive depressed the irrever
reactions at the carbon.

Figures 13 and 14 shows the XPS spectra of the Mn 2p, C
1s, and N 1s peaks for the electrodes cycled in the VP-adde
additive-free electrolytes after dissolving Mn~II ! ions. Etching the
surface by Ar+ ion sputtering for 4, 20, and 40 min was carried
to observe the depth distribution. Generally, Ar+ ion etching of the
polymer surface results in surface contamination with the destr
products; however, the SEI layers and electropolymerized films
already been analyzed by XPS with sputter etching. Becaus
morphology and thickness based on the SEM analysis~Fig. 11 and
12! were much different between the VP-free and -added sys
the XPS results may contain errors in the surface contaminatio
the errors were rather negligible when considering the depth re
tion. Under the same etching conditions, the XPS results for
systems were compared for further discussion about the diffe
in the Mn deposited interface. The relative areas of the Mn 2p,

Figure 12. EDX spectra of graphite electrodes cycled~a! without VP and~b!
with VP additive after 10 charge-discharge cycles. Manganese~II ! perchlorate
sfMng = 150 ppmd was added before the sixth “charge.”
.

d

,
t
-

O 1s, N 1s, and Li 1s~not shown here! peaks, taking their phot
ionization cross sections into account, gave the atomic ratios o
important elements as summarized in Table I.

As seen in Fig. 13, Mn 2p3/2 peaks are clearly observed at
same binding energy for both cases, but with a different thick
and distribution. In the VP addition case, the peaks were remar
weakened and almost disappeared after sputtering~note that a singl
peak atca. 640 eV is due to the Auger peak of NiLMM of the nicke
current collector!, while the Mn 2p peaks appeared in all the spe
and were intensified by slight etching in the VP-free case~Table I!.
This proves that the Mn-containing layer became thinner by
electropolymerization of VP. Probably, the existence of Mn with
VP additive was due to adsorption and/or complex formation w
a thin solid film of poly~2-vinylpyridine!. The voltammetry of
manganese metal electrode in an additive-free electrolyte confi
its high ~electro!chemical reactivity of the electroly
decomposition;16,38 therefore, the decomposition products wo
cover the Mn deposit, so that the peak intensities of Mn for
VP-free electrolyte somewhat increased after sputtering, as s
Fig. 13 and Table I.

Note that manganese was not metallic~639 eV! and not the di
oxide ~642 eV!, but seemed to be divalent or trivalent such as M
and Mn2O3 as all the Mn 2p3/2 peaks are situated around 641 e39

in Fig. 13. These results suggest the irreversible decompositio
thick deposition by Mn~II ! dissolution, as discussed previou
When Mn~II ! was dissolved, metallic Mn was first deposited; n
ertheless, Mn~II ! or Mn~III ! compounds, including an organic ma
ganese compound, were readily formed at the surface because
high reactivity of the Mn metal, as previously described.16

From the C 1s spectra, there is also a difference in the che
state and depth profile of carbon. For the VP-added solution
bonates~290-289.5 eV! and a hydrocarbon~285 eV!43 were ob-
served after a 4 min etching; however, an intense peak at 284-
eV which might be due to carbon in the graphite44 or a hydrocarbo
of the main chain in poly~2-vinylpyridine! appeared after a lon
sputtering for 20 and 40 min. For the VP-free electrolyte, a
assigned as C in carbonates is clearly observed during the arg

Figure 13. Mn 2p and C 1s XPS narro
spectra of graphite electrodes cycled~a!
without and~b! with VP additive after 10
charge-discharge cycles. Manganese~II !
perchloratesfMng = 150 ppmd was adde
before sixth “charge.” Times indicate A+

ion etching duration.
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Table I. Atomic ratios (%) of the important elements estimated from the XPS peaks of graphite electrodes with/without VP additive after 10
charge-discharge cycles. Manganese(II) perchlorate„†Mn ‡ = 150 ppm… was added before the sixth “charge.”

Sputtering
duration
~min!

VP free VP addition

C O Li Mn C O N Li Mn

4 30.1 50.9 18.7 0.3 42.4 44.5 1.3 9.8 2.0
20 17.4 46.9 32.7 3.0 66.3 16.2 0.6 16.9 a

40 13.5 48.4 33.6 4.5 80.5 9.9 0.5 9.1 a

a Mn 2p peak overlapped the Auger peak of Ni of the Ni current collector, so the estimation of the Mn ratio included a large error.
Figure 14. O 1s and N 1s XPS narro
spectra of graphite electrodes cycled~a!
without and~b! with VP additive after 10
charge-discharge cycles. Manganese~II !
perchloratesfMng = 150 ppmd was adde
before sixth “charge.” Times indicate A+

ion etching duration.
LMM

f

ion
-
of
Figure 15. Schematic illustrations o
graphite electrode in~a! VP-free and~b!
VP added electrolytes after the dissolut
of Mn~II ! showing that the VP film sup
presses the electrochemical deposition
manganese.
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etching, and a small hydrocarbon peak was observed; the fact
peak of C in graphite was not observed is an indication of the
ence of a thick layer containing Mn. The carbonates would b
tributed to Li2CO3 and/or MnCO3. In Fig. 14, the spectrum of N 1
shows the existence of nitrogen which is due to pol~2-
vinylpyridine! on the electrode, and the peak attributed to N di
peared after successive etching, indicating that the po~2-
vinylpyridine! film was relatively thin and can protect the graph
surface against dissolved manganese, which agreed with the re
Fig. 11. The O 1s spectra similarly supported the fact that the
deposit containing a Mn compound was formed in a VP-free
trolyte. That is, peaks assigned as O in Li2O and carbonates a
confirmed after etching. For the VP addition, the peak at 532.7
attributed to oxygen in ClO4

−,45 which is probably adsorbed on t
polymer surface, but the peaks of oxygen gradually decreas
etching. These XPS results of carbon, oxygen, and nitrogen
firmed that the surface film formed with the VP addition consiste
not only poly~2-vinylpyridine! but also lithium carbonate and a h
drocarbon. It is thought that the VP additive modifies the sur
layer.

These surface analyses results are consistent with the form
of thick deposits containing Mn which is attributed to the irrev
ible electrochemical reduction as mentioned above. Figure 15 s
a schematic model of the surface of a graphite electrode bas
the electrochemical and surface analyses. For the VP-free el
lyte, when Mn~II ! was dissolved in an electrolyte, Mn metal w
first deposited on the electrode, followed by a drastic decompo
of the electrolyte by the metal. Finally, a thick layer contain
MnsII d/sIII d compounds interfered with the lithium intercalati
When VP additives were dissolved into the electrolyte, the poly
layer was formed atca.0.9 V before the typical electrolyte reducti
at ca. 0.8 V; therefore, the SEI layer was modified with poly~2-
vinylpyridine!. This modified layer is capable of eliminating t
Mn~II ! deterioration, because the modified layer successfully b
the Mn~II ! reduction. A further investigation is required to pro
how to suppress the charge transfer between Mn~II ! and graphite b
the poly~2-vinylpyridine! modified layer.

For lithium-ion batteries of C/sspinel Li-Mn-Od, severe capacit
loss occurs after storage of the battery at.50°C, and it is predom
nantly attributed to the degradation of the carbon anode which
induced by the electroreduction of Mn~II ! dissolved from the spine
This step would be suppressed by the film-forming additive
2-vinylpyridine, but VC hardly showed such an effect on the s
pression of this degradation. Although the VP additive had the p
lem of increasing the initial irreversible capacity and high polar
tion, it would be solved by precoating the graphite powder
poly~2-vinylpyridine! by a chemical technique prior to cell asse
bly. The stability of the VP monomer at the spinel Li-Mn-O el
trode should be investigated for designing a practical cell. Co
quently, novel types of additives are essentially important
necessary for the suppression of the deterioration, and further
ses and the development of such additives are now in progre
enhance the C/LiMn2O4 battery system.

Conclusion

Film-forming VP as an electrolyte additive was capable of
pressing the degradation of the graphite anode. Therefore,
proved the performances of graphite/LiMn2O4 batteries, whereas th
addition of VC was not effective in the suppression. The ele
chemical reductive polymerization of VP monomers added t
electrolyte solution occurred at the electrode/electrolyte inte
during the first “charge,” resulting in the poly~2-vinylpyridine!
modified-SEI formation on the graphite surface, as confirme
electrochemical measurements, UV-vis spectroscopy, and XPS
surements. The surface analyses also confirmed that the elec
a

n

-

n

s
n
-

-
o

-
e-

posited film effectively suppressed the electroreduction of the
solved Mn~II ! on the graphite electrode, resulting in enhan
performance of the graphite/LiMn2O4 cells.
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