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For lithium-ion batteries of Ghpinel Li-Mn-O), severe capacity loss occurs after storage of the battery58°C. According to

our previous studies, this occurrence is predominantly attributable to degradation of the carbon anode, which was induced by
electroreduction of M(ll) dissolved from the spinel; this step is followed by the irreversible electrochemical reaction at the
graphite(Mn depositg/electrolyte interface. 2-VinylpyridinéVP) 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 Vs. Li/Li * resulted in the film formation of po(g2-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(ll) on the graphite electrode.
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Among the candidates for the cathode materials of rechargeablsynthesis process. Furthermore, their effects on the capacity fading
Li(-ion) batteries, manganese oxides are attractive due to the lovare much more important than the Li/Mn ratio or other factols®
cost of the raw materials and the fact that manganese is considereflithough controlling the stoichiometry of the LiM@®, material and
more environmentally friendly than other transition-metal oxide sys-the suppression of Mil) dissolution from the spinel are essentially
tems, such as LiCof) LiNiO,, and their derivatives. So far, the important for enhanced performance, the “dissolved Mn-free” in the
preparation and characterization of manganese-based oxides hatégh temperature range would still be difficult to solve the degrada-
been studied, such as the spinel L@, "* MnO,s’ layered  tion problem of the Qlspinel Li-Mn-O) cell to the best of our
LiMnO,s 8" and LiNi;;,Mn;,,0,.8%In recent years, most research is knowledge. Therefore, in the Gpinel Li-Mn-O) system, the pro-
focusing on the improvement of the battery performance of the spi-tection of the negative electrode against solublg(IMrin an elec-
nel LiMn,O, and LiNi;;,;Mn,,0, phases. Among these manganese- trolyte is considered to be important and useful for understanding
based oxides, the spinel-type LiMD, system is one of the most and improving the battery performance.
attractive cathodes in terms of cyclability, operation potential, cost, However, to improve the negative electrode performance in
abundance, and low toxicity. However, a serious problem hinderinglithium-based secondary batteries, some organic/inorganic additives
the wider use of the spinel as the cathode is its poor storage perforare effective depending on the nature of the anode materialg?CO
mance at>50°C due to the manganese dissolution. Several mechaHF, ™ HI,™ All 5, and Mgb™"*"for metallic lithium, and ethylene
nisms for the Mn dissolution and its suppression methods have beegulfite’® vinylene carbonatéVvC),* chloroethylene carbonat8,
addressed by some groub¥*We recently emphasized that the and sodium ioft* for carbon anodes. These additives exhibited a
carbon anode deteriorated after the manganese dissolution into thignificant effect on the solid electrolyte interfat®El formation
electrolyte of the carbon/LiMiD, system:>1° After the manganese  during the first chargéLi intercalation process and play a key role
dissolution from the spinel LiMsO, cathode at the higher tempera- N determlnlng the battery perfornjance.'The SEI layer containing a
ture, the soluble manganese ingredient reaches the carbon ano@@!ymeric material was also studied to improve the battery perfor-
through the separator, and then the ionic manganesé|l Mis mance, such as polypyrro?é.Elgctrochemlcal.polymerlzathn is
readily reduced on the carbon because the standard redox potentigl'€ Of the most interesting and simplest techniques for fabricating a
of Mn/Mn(ll) (ca. 1.8 Vvs.Li/Li*) is much higher than that of the polymer—modlfled electrode. "It is f%e%%eved that vinyl-type poly-'
lithium intercalation into graphitéca. 0.3-0 V/ vs. Li/Li +)_1e,17 We mers synthesized by electroreduc are advantageous for di-

) i rect film formation on a negative electrode in lithium-ion cells, as
concluded that the higher temperature degradati®60°C) of the pointed out by Besenhard and Winter's groﬂp.

carbon/LiMn,O, system was mainly caused by the degradation on " \yith the aim of suppressing the degradation of the graphite per-
the anode side. Therefore, we believe that solving the problem o mance due to dissolved Mih), we recently evaluated three inor-
this anode deterioration is very important for the enhancement of th"ganic additives: Lil, LiBr, and NL‘J.SB As we recently communi-
entire carbon/LiMpO, system, which is applicable to hybrid and cated, coating the graphite surface with an electropolymerized film
pure electric vehicles. Recently, as electric bikes. electrically o 2-yinylpyridine (VP) used as an electrolyte additive effectively
assisted bicyclosquipped with lithium-ion batteries of the low cost  jnpibjted the degradation by dissolved M, whereas the VC ad-
C/LiMn,0, system have been commercialized by some companiesgitive hardly eliminated the degradatidhin the present study, we
both the bike and C/LiMgO, are gradually becoming more popular. report the impact of the VP additive on the electrode surface and the
On the spinel-type LiMpO, cathode side, Xiat al. found that  electrochemistry of graphite in C/LiM®, cells.
both the charge-discharge profile and the structural changes are
closely related to the degree of oxygen deficiency created in the Experimental

Reagent grade natural graphitdakalai Tesque, Inc., average
particle size about 10um), mangane<dl) perchlorate (Kanto
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tal conditions are described in our previous p&ﬁ@?’. Manga- . i , T . . . .

neséll) perchlorate was dried in vacuum at 100°C fed day to L 144 1%, :&\ — i
remove the residual water prior to its use in the electrochemical cell. -5 S S 0/:

The natural graphite powder was heat-treated at 700°C for 12 F — 1.2+ ! | i ~VP free 7
under an Ar atmosphere, and then the working electrodes were pre 7 1 : ! 1
pared by blending the graphitebout 12 mg and polyvinylidene & 1.0 Fz o= :h~~'r s E
fluoride) (9:1 in weighy in N-methyl pyrrolidone. The obtained > 1L N ! e T
slurry was pasted on a Ni mesh, and dried at 100°C for 24 h. The > 0.8 |} . e 7
pressed electrode was dried again at 100°C for 4 days. Li foils were T ! \,
used for both the reference and counter electrodes. The electrolyt © 0.6+ " \*\ 7
was 1 mol dm? LiClO, in EC/DEC (1:1 by volumg. VP (1, 0.5, < 1 ! !
and 0.1% by volumeor 6.6 vol % VC as the electrolyte additive Q0.4 H X ]
was dissolved in the electrolyte solution before the electrochemical n? 1 % . \,
cell assembly. The volume of the electrolyte solution in the working 029 X y 0.5% Sl1% ]
electrode comgartment of the electrochemical cell was approxi- ] Wi WY s
mately 14 cr.* 0.0 j : " . j J ) ! "

0 200 400 600 800

The “charge” (lithium intercalation and “discharge”(lithium
deintercalation tests at a constant current of 35 mAlgvere car- : »
ried out between 0.02 and 1.5 ¥&. Li/Li* at room temperature Capacity / mAh g
(25 + 2°C) in a glove box under an argon atmosphere whose dew
point was less than —80°@orresponding to 0.53 ppm by volume Figurg 1. Galvanostatic chargt_a-dischargeigur_ves during the first pycle of
of water content Cyclic voltammetry was performed at a slow graphite electrtgdes at 35 mAgin 1 mol dnt2 LiClO, EC/DEC(1:1) with
sweep rate of 0.05 mV$ between 1.0 and 0.02 V. To examine the 1,05, 0.1 vol % VP and no VP.
influence of an additive on the degradation of the graphite electrode
by soluble Mrill), a specific amount of a concentrated manga-
neséll) perchlorate EC/DEC solution was added to the electrolyte
solution of a cell to adjust the concentration of 150 ppm(Mn
when the fifth “discharge” was finished, and then the charge-
discharge cycle was started again from the sixth C%Mternating
current impedance measurements were performed in the frequency
range from 100 kHz to 10 mHz with a perturbation voltage of 10 . ef—
mv. TN +e N -\0 N
The surface morphologies of the electrodes were observed usinc ——-b‘\© —
a scanning electron microscopéSEM, Hitachi N-2300NI)
equipped with an energy dispersive X-ray analyEi®X) microana-
lyzer. X-ray photoelectron spectroscopyPS, Perkin Elmer, PHI ~ Scheme 1.
5600 systemwas employed using monochromatic AlaKas the
incident X-rays, and depth profiling was made by argon ion-beam ) ) a9
sputtering which was conducted using an ion-beam voltage of 3 kvin the formation of poly2-vinylpyriding
Calibration of the peak position was made by the peak at 284.4 ev  This electroreductive polymerization produces a polymer coating
corresponding to the C in the hydrocarbon adsorbed on samples; thign the graphite during the initial “charge” because the polymer
was used as a reference for the final adjustment of the energy scal@ould be insoluble in the electrolyte. The quantity of the reductive
Prior to the SEM or XPS measurement, the electrode after an eleccharge passed at the plateau increased with increasing VP concen-
trochemical test was rinsed in a pure DEC solution and dried intration from 0.1 to 1 vol %. Probably the amount of deposited poly-
vacuum, and then transferred to the observation chamber using &er also increased for the higher VP concentration. For higher
specially built transport bag to prevent any exposure to air. amounts of the additive, the potential plateau between 0.20-0.02 V
The UV-visible absorption spectra were measured for methanoffor lithium intercalation into graphite decreased; that is, the thicker
solutions containing the deposited polymer because the electrodeRolymer film covering the electrode interferred with the lithium in-
posited poly2-vinylpyridine) is partly soluble in methandPf After tercalation into graphite. A similar tendency was observed for the
the first cycle, the graphite electrodes were washed with pure DEGIeintercalation process of lithium from graphite; that is, the initial
and dried under vacuum, and then the dried electrode was soaked iiflischarge” capacities decreased as the concentration of VP became
a specific amount of methanol for one day. The UV-vis absorption ofhigher. Furthermore, no plateaus were observed between 0.3 and 1.5

It is thought that this is due to the polymerization induced by
the electrochemical reduction of VP monomers as depicted in
Scheme 1 based on the previous literattir& thus resulting

the obtained methanol solution was measured in air. V in the discharge curves at all though the current due to the lithium
) ) deintercalation was observed in all the discharge curves. This con-
Results and Discussion firms that the electroreductive polymerization that occursaatl.0

V is not reversible, and the electrode surface was modified by the
reduction of VP.
Compared to our previous investigati%%he dependence of the

P concentration on the electrochemical results of graphite seems to
e different from that of Fig. 1. The electrochemical results for the
VP additive were influenced by the surface conditions of the graph-
ite and the amounts of graphite loaded in an electrode. Because
d;raphite was not heat-treated in the work of Ref. 39 while the graph-
Ite in this study was pretreated at 700°C as mentioned, the surface

Influence of VP addition on graphite electrode perform-
ance—We first investigated the influence of the VP addition
to the electrolyte on the electrochemical performance of a graphit
electrode. Figure 1 shows the initial charge-discharge curves 01/
graphite electrodes in electrolyte solutions containing various
concentrations of VP. In the VP-free electrolyte, the graphite
electrode exhibited a reversible capacity of 328 mAh gvith
typical plateaus corresponding to the Li intercalation stages, an
an irreversible capacity of 71 mAh§was observed on the first

cycle, which is well known to be due to the electroreductive condition yva_si different. The specific CaPaC'F'e@e-' mAh
decomposition of the electrolyte components including the SEI(g of graphit¢™) due to the VP electropolymerization were depen-

formation on graphite around 0.8-0.3 V. In the VP-added dent on the loaded active mass even if the améemcentrationof
electrolytes, an additional plateau clearly appeared around 0.9-1.§'¢ VP additive was the same, because the capacities were calcu-
V in the curves earlier than the electroreductive decomposition./ated on the basis of the graphite load. However, we confirmed that
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the tendency of the dependence on the VP concentration was reprdhicker film formation because of the lower capacity and larger po-
ducible under the condition as mentioned in the preceding section.larization,

Figure 2 shows the variations in the “discharge” capacity and Generally, an electropolymerized film on an optically transparent
coulombic efficiency(defined as “discharge”/“charge” capacity ratio substrate, such as indium-tin oxide-coated glass, readily absorbs UV
for each cyclg of the graphite electrode in different VP concentra- visible light, and the absorbance is in proportion to its thickness, and
tions. In the additive-free electrolyte, the graphite electrode exhib-the wavelength of absorption peak is related to the band transition
ited a high discharge capacity of 328 mARtgand the efficiency  depending on ther conjugation and so off. It was difficult to
was relatively high(~100% except for the first cycle that agrees obtain UV-visible absorption spectra of a tested graphite electrode,
with the reductive decomposition including the SEI formation. With which is not transparent, but the p@yvinylpyridine) film electro-
the addition of VP, the initial discharge capacity and efficiency werechemicallgl formed on a steel surface was partly dissolved in
monotonously reduced due to the irreversible film formation. For themethano % To prove the electrochemical formation of pedly
lower concentration of 0.1% VP, the variations in the “discharge” vinylpyridine) on graphite, optical absorption was examined after
capacity and efficiency are not significantly different from those of dissolution in methanol. Figure 4 shows the UV-visible absorption
the VP-free one. It is likely that the influence of 0.1% VP is negli- spectra of methanol solutions in which the tested electrode was im-
gible due to the lower amount of the polymer deposit. When themersed after the first cycle. For the VP monomer, two absorption
electrolyte contained a higher VP concentration, a reduced capacitpeaks exist at 233 nm and 277 nm attributed tohe” electron
and lower efficiency were obtained. Although the polymerization transformation of the vinyl group and the B absorption band of the
plateau of VP was clearly observed at 0.9 V in the first cycle, thearomaticw-m" one of the pyridine group, respectively, and the peak
plateau was not distinguishable at all in the subsequent chargingat 261 nm originates from po(ly-vinylpyridine).36 Therefore, the
and the efficiency was almost 100% except for the first cycle. There-appearance of absorption peaks at 261 nm confirms the electro-
fore, it was thought that almost all the monomers were consumed irchemical formation of pol§2-vinylpyridine), whose chemical for-
the first cycle; otherwise, the thick polymer film would hinder sub- mula can be expressed &;H-N),, on a graphite electrode in the
sequent electrochemical film formation at the surface. However, dur£C/DEC medium.
ing successive cyclings, the “discharge” capacity recovered to show As seen in Fig. 4, very broad peaks appear around 233 and 277
a “discharge” capacity similar to that of the additive-free one, that is,nm, suggesting that the vinyl and pyridine groups were contained in
after four and eight cycles for 0.5 and 1%, respectively. We believethe deposit; therefore, some monomer and/or oligomer molecules
that this was due to some crack and/or partial exfoliation in thewould be entrapped in the polymer deposit. As previously
deposited film which might be promoted by electrochemical cy- described®*'some monomer and solvent molecules were similarly
clings, resulting in the formation of a pathway for the lithium ions.

We also performed cyclic voltammetry to investigate the influ-
ence of the VP additive as shown by the cyclic voltammograms

(CVs) in Fig. 3. When a larger amount of VP was dissolved in the 3004 ' VP 'free ' i
electrolytes, the reductive peak around 0.9v¥. Li/Li* became o /01 % —— VP free

more preeminent. The limiting reductive current between 0.8 and E 200- 0'5 @ —0.1% VP

0.3 V also increased with the increase in the VP concentration due to = o ——0.5% VP

the diffusion control of the VP monomers or electric resistance con- > 100- 1% —1.0% VP

trol of the deposited filni® The electrochemical polymerization oc- B

curred at a higher potential than that of the typical SEI formation of g 0- .

0.8 V; that is, the polymer was deposited before the SEI formation. © Z

It is reasonable to think that the surface film formed in the VP-added € -100- Polymerization
electrolytes should differ from the typical SEI film, which allows Gt’

Li* ion transfer and prevents electron transfer, but does not prevent >  -200+ .
Mn(ll) deposition'® In other words, the surface film of VP is ex- O

pected to possess a unique functionality, such as the suppression of -300+ 1
the Mn(ll) degradatior?® In Fig. 3, the redox couples below 0.3 V - ' r - .
correspond to the reversible lithium intercalation into graphite ac- 0.0 s 10
companied by the staging structure. The scan rate of 0.05Thié s Potential / V vs. Li/ Li+

relatively fast for separating the redox couples of the staging struc-
tures, but it is clear that its electrochemical activity was deterioratedrigure 3. CVs of graphite electrodes at 0.3 m¥vsn 1 mol dnT3 LiClO,
by dissolving a higher concentration of VP, thus resulting in the EC/DEC(1:1) with 0.1, 0.5, 1% VP additive and no additive.
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Wavelength / nm of suppressing the degradation of the graphite anode and, therefore,

) ) ) ) ) ) the improved performances of the graphite/Lpdy batteries,
Figure 4. UV-vis absorption spectra of methanol solutions dissolving the whereas the addition of VC was hardly effective for the suppression.
electrochemically formed deposits on graphite electrodes with VP additive
after the first cycle. Effect of VP addition on Sléé) ressing the deterioration by

Mn(ll).—As previously described ® when the Mn dissolution

occurs in a practical cell after several cycles, the graphite electrode
contained in the compact and uniform film, and the film strongly is already modified with the SEI. Therefore, manganese perchlorate
depressed the corrosion of steel. Although the electrode material, 150 ppm Mrill), where the degradation of battery performance
solvent, and electrolysis conditions used here were different fromwas clearly observ 8] was dissolved after the fifth “discharge”
those of a previous study, it is postulated that the film formed on(before the sixth *“charge’ and the charge-discharge cycling
graphite possessed a similar chemical nature such as ionic condudehaviors were compared in electrolytes with and without 0.5%
tivity and reduced electronic conductivity. In consideration of the VP, as illustrated in Fig. 5. From the sixth curves, the “charge”
partial dissolution of the deposited film in methanol, a part of the capacity became significant ata. 1600 mAh g with a high
deposited polymer may be soluble in the organic EC and DEC elecirreversibility because the electroreduction of Min occurred at
trolyte in an electrochemical cell. However, the absorption resultsa higher potential than that of the lithium intercalation followed
demonstrated the formation of a definite amount of the polymer filmby the decomposition as previously reporfgdAIso, it seems
on the graphite electrode. that there appeared longer plateaus below 0.3 V than those of

Moreover, the entire absorption including the peak situated atthe lithium intercalation into graphite, because the irreversible

261 nm was intensified by increasing the VP concentration. Al-reactions simultaneously occurred along with the intercalation in
though the dissolution of the polymer deposit partly occurred, thethe lower potential range. Surprisingly, the VP addition successfully
higher absorption of the methanol solutions suggested a highesuppressed these irreversible reactions even thoughCidyp),
amount of polymer deposition. This agrees with the electrochemicalwas added to the electrolytes. Furthermore, the potential variation
behavior around 0.9 V discussed previously, showing that the graphand absolute capacity for the VP-added system were very similar
ite surface was covered with the polymer which was thickened byto those obtained in the MHh)-free electrolyte. It suggests that
concentrating the VP monomer. The thick polymer interfered with the stage structures of the lithium intercalated graphite were
the lithium intercalation into graphite; consequently, we choose thesuccessfully formed without any irreversible reactions including
intermediate concentration of 0.5% VP to investigate the influencethe electrochemical plating of Mn metal.
of the VP coating on the carbon anode degradation byilMAs we Figure 6 represents the dependence of the “discharge” capacity
describe, this film-forming VP as an electrolyte additive was capableand coulombic efficiency on the VP addition. For the VP-free

a) r Mn dissolution b) r Mn dissolution

400 . . . r , T T T T T
;m — 1 1004 1
E 450 W ] Figure 6. Comparison of(a) “discharge”
= X 80+ 1 capacities andb) coulombic efficiencies
2 2504 1 of graphite electrodes at 35 mAYgin
8 o0 1 € 6ol i 1 mol dn73 LiClO, EC/DEC (1:1) with
& 2 0.5% VP additive and without VP addi-
g 150+ R E tive. Manganed#l) perchlorate ([Mn]
=~ ] 404 ] =150 ppm was added before the sixth
5 ) ) “charge.”
@ 504 —® Wwith0.5% VP d 00 & With 0.5% VP 20 % |
(s} —a— without VP —a— without VP

S T S S S oz 4 & &

Cycle number Cycle number



Journal of The Electrochemical Socigtys2 (5) A937-A946 (2005 A941

N
n

The variations in the “discharge” capacity and coulombic effi-
ciency are represented in Fig. 8. The VC addition made the capacity
retention worse between the sixth and tenth cycles, and the effi-
ciency at the sixth one was scarcely improved by the VC addition. It
6,7,10 1-5 was concluded that VC is hardly capable of depressing thdIMn
degradation based on these results. There is a general agreement that
the SEI film formed on the carbon anode consists of a heterogeneous
mixture of inorganic/organic compounds dependent on the electro-
lyte additives. We believed that the functionality of the surface film
formed in the VC system differs from that of the VP; the aromatic
pyridine ring should modify the functionality of the surface film to

[}

=
th

E/Vvs. Li/Lit

0.5

6 (717 mAh g™') suppress the Mifl) deposition.
0 To study the influence of the VP monomers on the electrochemi-
0 100 200 300 400 500 cal behavior at the sixth cycle, Fig. 9 compares the CVs for the

graphite anode in 150 ppm Mih) added electrolytes after the initial

five charge-discharge cycles which were performed inIM+ree
electrolytes. For both cases, no current peaks are observed between
1.5 and 0.5 V because the SEI formation and/or the electropolymer-
ization were completed before the voltammetry. In the negative scan
of Fig. 9, an additional reductive current appeared to be a shoulder
between 0.5 and 0.25 V for the VP-free one. Belcav0.3 V, some
redox couples are observed due to lithium de-/intercalation in both
CVs; however, the cathodic and anodic currents in the VP-free elec-
trolytes increased and decreased, respectively, showing that an irre-

Capacity / mAh g1

Figure 7. Charge-discharge curves of graphite electrode at 0.1 mz& am
1 mol dn7® LiClO, EC/DEC (1:1) with 6.6 vol % VC additive. Manga-
neséll) perchloratg[Mn] = 150 ppm was added before the sixth “charge.”

sample, the coulombic efficiency at the sixth cycle was dramatically,
reduced to 20%, which is due to the dissolved(Mn Note that this | ggjple reaction was induced by the W dissolution. From our

lower efficiency leads to a severe capacity loss in a practicalggjier opservatioh® these phenomena are due to metallic manga-
C/LiMn20, cell when considering the absolute capadityAh of  nege electrodeposition and also the following electrolyte decompo-
each electrodebalance of the negative/positive electrodes, eveniion promoted on the Mn surface. However, the irreversibility was
though the capacity recovered in the following cycle between theymost completely suppressed by the VP addition; namely, the CV in
sixth and tenth cycles as shown in F|g.66Ther_efore, both the  ihe vp-added electrolyte confirms that no apparent current flowed
discharge capacity and the efficiency of a graphite anode should bgy,,e 0.22 v in the cathodic scan, and the redox peaks are identical
simultaneously improved after @ 150 ppm WMp addition. During 4 that of a typical reversible lithium intercalation accompanied with
the initial five cycleswithout Mn(ll) dissolutiorj, the battery per- g sige reactioriFig. 3. These are consistent with the results in Fig.
formance was hardly affected by the formation of a polymer asg 4nq 6.
mentioned, except fo.r .the first cyclg that included the polymeriza-  \yhen the graphite electrode was “charged” after the(IMrad-
tion. However, the efficiency at the sixth completely recovered from gision the difference in the electrode/electrolyte interface character-
20 to 98% with maintenance of the high “discharge” capacity by VP igtics was investigated by the ac impedance method. Figure 10
addition. In the cycles subsecllfent fo the fifth, the “discharge” ca-ghows the Cole-Cole plots obtained at the rest potential in the VP-
pacity increases(~340 mAh g7) with a satisfactory efficiency  free and VP-added electrolytes after fully charging to 0.02 V at the
(~100%. Additionally, the potential variation and capacities were sjxth cycle. For the locus for the VP-free electrolyte, one semicircle
hardly changed after the Mim) addition, as seen in Fig. 5and 6. and an inclined line appeared. For the VP addition, two semicircles
However, the VC additive, which has a polymerizable double and an inclined line also appeared. As previously describétthe
bond comparable to VP, positively enhances the performance of therst semicircle in the high-frequency region is attributed to the im-
graphite”™ As shown in Fig. 7 and 8, we also examined the pedance relative to the presence of an SEI layer, and the second in
charge-discharge test in a VC-added electrolyte for natural graphit¢he middle-frequency region is attributed to the charge-transfer pro-
as received without heat-treatment at 700°C with the electrochemicess. Finally, the straight line in the low-frequency region is attrib-
cal conditions the same as in our recent wtVhen Mr(ll) was  uted to the Warburg diffusion associated with the finite lithium dif-
added to the electrolyte containing VC after the initial five cycles, fusion in the graphite framework. Apparently, the typical two
the “charge” capacity in the VC system reached 717 mAhagthe  semicircles and inclined line appeared in the locus for the VP added
sixth cycle despite the fact that the capacity without VC was one. However, one distorted semicircle was observed for the VP-
1680 mAh g*. Furthermore, the “discharge” capacity after the free one. It is likely that understanding the Wi added system may
Mn(Il) addition decreased twa. 200 mAh g?, as seen in Fig. 7.

a) r Mn dissolution b) r Mn dissolution

400 120

B VC added
A== == 00 | /
£ 300 | 0 Figure 8. (a) “Discharge” capacities and
- 250 | 280 | (b) coulombic efficienciews. cycle num-
’§ . & Additive f ber plots of graphite electrodes at
g 200 Additive free § 60 [ Additivefree 0.1 mA cmi? in 1 mol dni3 LiClO, EC/
S 150 2 DEC (1:1) with 6.6 vol % VC additive and
=3 vé added w40 no additive. Manganegié) perchlorate
S 100 acae ([Mn] = 150 ppm was added before the
_g’ 50 20 | 20% sixth “charge.”
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Figure 9. CVs of graphite electrodes after five galvanostatic cycles at mers, a p_ar_tly dissolved Ol'gomer ora polg/mer in an electrolyte

35 mA gt in 1 mol dn LiCIO, EC/DEC (1:1) withwithout VP additive.  Solution similar to the M(il)-amine compleX® Presumably, man-

Manganes@l) perchlorate[Mn] = 150 ppm was dissolved prior to the vol- ~ ganese deposition was also prevented by the complex formation

tammetry. because the stability of the Mih) complex would make the reduc-
tion of Mn(Il) difficult.

Surface analyses of graphite electrode for VP additieiihe

be complicated because we need to take into account several rea®P addition resulted in the formation of a polymer that interferes
tions, such as the MH) reduction, the electrolyte decomposition, with the charge transfer between the dissolvedIMrand electrode.
and lithium intercalation, resulting in one distorted semicircle which This fact suggested that the VP addition affected the electrode/
would consist of several semicircles of these reactions having dif-electrolyte interface; the condition of the electrode surface after cy-
ferent but close time constants. However, we can safely concludeling was investigated by SEM, EDX, and XPS as discussed here.
that the total cell resistance is significantly reduced by the addition Figure 11 shows SEM images of graphite electrodes cycled in
of VP in the electrolyte. In the CVs of Fig. 9, the fact that a higher the VP-free and VP added electrolytes to which(Mnwas added
current flowed in the VP-free system seemed to suggest a loweafter the initial five cycles. For the VP-free one, graphite particles
resistance at the interface without VP; however, the reductive cur-are not observed at all because an extremely thick deposit covers the
rent in the CVs included the irreversible deposition of Mn, resulting graphite electrode on which many small white particles were depos-
in a high resistance in the Cole-Cole plots but a higher reductiveited. It would be formed by the accumulation of metallic Mn and the
current in the CVs. Therefore, it was thought that these results fromsubsequent significant decomposition products. It is apparent that
the CVs and the impedance are consistent with each other. the degradation of the graphite anode was due to this deposit pre-

One can conclude that this figure supports the fact that the VPventing lithium intercalation into the graphite. Nonetheless, with VP
addition suppressed the Mn plating and the induced decompositioraddition, the deposit completely disappeared, and the flake shape of
so that the entire impedance and resistances estimated from thibe pristine graphite is still distinguishable even if ¥n is added.
semicircles become smaller by the formation of @Paly  The surface of the graphite particles is smooth and uniform because
vinylpyridine). These electrochemical results confirmed that the VP there are no small white deposits. As recently reported, some inor-
addition and the formation of a polymer film during the first cycle ganic additives of Lil, LiBr, and Nl suppressed the degradation
effectively eliminated the degradation by K dissolution. As  and improved the coulombic efficiency at the sixth cycle when the
mentioned here and in previous papers, the electropolymerized filnmanganese was dissolved. Compared to these inorg‘?rﬂce,ef-
coating protects steels against corrosibag it is likely that the film fect of the VP additive is much more remarkable based on the dif-
formed on graphite protected the lithium intercalated graphiteference in the electrode morphology and cycling behavior. The fact
against the M(l) ion dissolution. Namely, the protective layer that the deposit did not appear well agrees with the preceding elec-
probably possessed a lithium-ion conductivity, but almost notrochemical results.
manganese-ion conductivity and almost no electronic conductivity From the EDX spectra of the electrode observed by SEM in Fig.
such as the typical SEI layer. Moreover, a stable(Mrcomplex is 12, chlorine, nickel, and manganese were definitely detected on the
possibly formed with the pyridine groups of the unreacted mono-surface. Chlorine and nickel come from the perchlorate anion and

VP free b) with VP additive
g L4 -

EL

Figure 11. SEM images of graphite elec-
trode (a) without and(b) with VP additive
after 10 charge-discharge cycles. Manga-
neséll) perchlorate ([Mn] = 150 ppm
was added before the sixth “charge.”
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a) VP free b) with VP additive O 1s, N 1s, and Li 1¢not shown herepeaks, taking their photo-
ionization cross sections into account, gave the atomic ratios of the
al important elements as summarized in Table 1.
o Min As seen in Fig. 13, Mn 2, peaks are clearly observed at the

same binding energy for both cases, but with a different thickness
Mn and distribution. In the VP addition case, the peaks were remarkably
weakened and almost disappeared after sputténogg that a single
peak atca. 640 eV is due to the Auger peak of iy of the nickel
current collector, while the Mn 2p peaks appeared in all the spectra
and were intensified by slight etching in the VP-free c@sble ).

This proves that the Mn-containing layer became thinner by the

Figure 12. EDX spectra of graphite electrodes cyclaiiwithout VP and(b) slllgdziodptq Iymerlzztlontof \ép' Prt(_) bably,d;he ex'St?nC(? of Mtr.] W'th.ttr?e
with VP additive after 10 charge-discharge cycles. Mangdhegerchlorate adadiive was due to adsorption and/or compiex formaton within

([Mn] = 150 ppm was added before the sixth “charge.” a thin solid film of poly2-vinylpyridine). The voltammetry of a
manganese metal electrode in an additive-free electrolyte confirmed

its high (electrochemical reactivity of the electrolyte
decompositiort®®® therefore, the decomposition products would
current collector, respectively. Note that the characteristic X-ray in-cover the Mn deposit, so that the peak intensities of Mn for the
tensity of the manganese was weaker for the VP-added electrolyte/P-free electrolyte somewhat increased after sputtering, as seen in
This proved that the Mn deposition was suppressed by the film-Fig. 13 and Table I.
forming VP additive; namely, the additive depressed the irreversible Note that manganese was not meta(B89 e\) and not the di-
reactions at the carbon. oxide (642 eV), but seemed to be divalent or trivalent such as MnO
Figures 13 and 14 shows the XPS spectra of the Mn 2p, C 1s, Gand MnOs as all the Mn 2p,, peaks are situated around 641%v
1s, and N 1s peaks for the electrodes cycled in the VP-added anih Fig. 13. These results suggest the irreversible decomposition and
additive-free electrolytes after dissolving M ions. Etching the  thick deposition by Mfl) dissolution, as discussed previously.
surface by Af ion sputtering for 4, 20, and 40 min was carried out When Mr(ll) was dissolved, metallic Mn was first deposited; nev-
to observe the depth distribution. Generally; Aon etching of the  ertheless, Mfil) or Mn(lll) compounds, including an organic man-
polymer surface results in surface contamination with the destroyedjanese compound, were readily formed at the surface because of the
products; however, the SEI layers and electropolymerized films havéigh reactivity of the Mn metal, as previously descrid&d.
already been analyzed by XPS with sputter etching. Because the From the C 1s spectra, there is also a difference in the chemical
morphology and thickness based on the SEM anal§@g 11 and state and depth profile of carbon. For the VP-added solution, car-
12) were much different between the VP-free and -added systemshonates(290-289.5 eV and a hydrocarbori285 e\A43 were ob-
the XPS results may contain errors in the surface contamination, buserved aftea 4 minetching; however, an intense peak at 284-285
the errors were rather negligible when considering the depth resolueV which might be due to carbon in the grapfifter a hydrocarbon
tion. Under the same etching conditions, the XPS results for bothof the main chain in pol§2-vinylpyridine) appeared after a long
systems were compared for further discussion about the differencsputtering for 20 and 40 min. For the VP-free electrolyte, a peak
in the Mn deposited interface. The relative areas of the Mn 2p, C 1sassigned as C in carbonates is clearly observed during the argon-ion
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Figure 13. Mn 2p and C 1s XPS narrow
spectra of graphite electrodes cyclés)
without and(b) with VP additive after 10
charge-discharge cycles. Mangariése
perchlorate[ Mn] = 150 ppm was added
before sixth “charge.” Times indicate Ar
ion etching duration.
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Figure 14. O 1s and N 1s XPS narrow
spectra of graphite electrodes cycléa
without and(b) with VP additive after 10
charge-discharge cycles. Mangar@se
perchlorate([ Mn] = 150 ppm was added
before sixth “charge.” Times indicate Ar
ion etching duration.

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(ll) perchloratd Mn] = 150 ppm) was added before the sixth “charge.”

Sputtering VP free VP addition

duration

(min) C (0] Li Mn C (0] 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

#Mn 2p peak overlapped the Auger peak of )\ of the Ni current collector, so the estimation of the Mn ratio included a large error.

a) VP free

Mn containing layer

Graphite

SEI

b) with VP

VP modified layer

Figure 15. Schematic illustrations of
graphite electrode irta) VP-free and(b)

VP added electrolytes after the dissolution
of Mn(Il) showing that the VP film sup-
presses the electrochemical deposition of
manganese.
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etching, and a small hydrocarbon peak was observed; the fact that jposited film effectively suppressed the electroreduction of the dis-
peak of C in graphite was not observed is an indication of the pressolved Mrll) on the graphite electrode, resulting in enhanced
ence of a thick layer containing Mn. The carbonates would be at-performance of the graphite/LiM®, cells.

tributed to LLbCO; and/or MNCQ. In Fig. 14, the spectrum of N 1s
shows the existence of nitrogen which is due to fly
vinylpyridine) on the electrode, and the peak attributed to N disap- . .
peared after successive etching, indicating that the (Poly The authors thank N. Kumagai, A. Ueyama, S. Takahashi, and S.
vinylpyridine) film was relatively thin and can protect the graphite Ko;utsuml for thglr he]pful assistance in the experimental work.
surface against dissolved manganese, which agreed with the result jfiS Study was financially supported by the 2000-2004 program,
Fig. 11. The O 1s spectra similarly supported the fact that the thick2€Velopment of Rechargeable Lithium Battery with High Energy/

Acknowledgments

deposit containing a Mn compound was formed in a VP-free elec-Power Density for Vehicle Power Source$ the Industrial Technol-

trolyte. That is, peaks assigned as O inpQiand carbonates are
confirmed after etching. For the VP addition, the peak at 532.7 eV i
attributed to oxygen in CIQ* which is probably adsorbed on the
polymer surface, but the peaks of oxygen gradually decreased by
etching. These XPS results of carbon, oxygen, and nitrogen con-
firmed that the surface film formed with the VP addition consisted of
not only poly(2-vinylpyridine) but also lithium carbonate and a hy-
drocarbon. It is thought that the VP additive modifies the surface
layer.

These surface analyses results are consistent with the formatiorf*
of thick deposits containing Mn which is attributed to the irrevers- 5
ible electrochemical reduction as mentioned above. Figure 15 showss.
a schematic model of the surface of a graphite electrode based or-
the electrochemical and surface analyses. For the VP-free electro-,

1
2.
3.

lyte, when Mrill) was dissolved in an electrolyte, Mn metal was g
first deposited on the electrode, followed by a drastic decompositionio.
of the electrolyte by the metal. Finally, a thick layer containing 11.
Mn(I1)/(1I1) compounds interfered with the lithium intercalation.
When VP additives were dissolved into the electrolyte, the polymer
layer was formed ata.0.9 V before the typical electrolyte reduction 13.
at ca. 0.8 V; therefore, the SEI layer was modified with p@y 14
vinylpyridine). This modified layer is capable of eliminating the
Mn(ll) deterioration, because the modified layer successfully blocksg.
the Mn(ll) reduction. A further investigation is required to prove 17.
how to suppress the charge transfer betweelilljland graphite by
the poly2-vinylpyridine) modified layer.

For lithium-ion batteries of Ghpinel Li-Mn-0), severe capacity
loss occurs after storage of the battery=é80°C, and it is predomi-
nantly attributed to the degradation of the carbon anode which wag?
induced by the electroreduction of Mh) dissolved from the spinel. ;.
This step would be suppressed by the film-forming additive of
2-vinylpyridine, but VC hardly showed such an effect on the sup- 22.
pression of this degradation. Although the VP additive had the prob2>
lem of increasing the initial irreversible capacity and high polariza-
tion, it would be solved by precoating the graphite powder with 25.
poly(2-vinylpyridine) by a chemical technique prior to cell assem- 26.
bly. The stability of the VP monomer at the spinel Li-Mn-O elec-
trode should be investigated for designing a practical cell. Consexg
quently, novel types of additives are essentially important and
necessary for the suppression of the deterioration, and further analy-
ses and the development of such additives are now in progress 9,
enhance the C/LiMyO, battery system.

19.

30.

Conclusion 3L

Film-forming VP as an electrolyte additive was capable of sup- 32.
pressing the degradation of the graphite anode. Therefore, it im-
proved the performances of graphite/LipDy batteries, whereas the
addition of VC was not effective in the suppression. The electro-
chemical reductive polymerization of VP monomers added to anss.
electrolyte solution occurred at the electrode/electrolyte interface3®
during the first “charge,” resulting in the pd@Brvinylpyridine)
modified-SEI formation on the graphite surface, as confirmed by
electrochemical measurements, UV-vis spectroscopy, and XPS meas.
surements. The surface analyses also confirmed that the electrod%

37.

40.

ogy Research Grant Program from the New Energy and Industrial
srechnology Development OrganizatiONEDO), Japan.

lwate University assisted in meeting the publication costs of this article.
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