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Abslract-We disclosed that a few !rinds of aromatic compounds having thiantlu-ene derivatives with acetyl or other 
fimctional groups were stable up to about 4.2-4.3 V against lithium. These materials, called redox shuttle, have lately 
been employed as a chemical overcharge protection agent that consumes the excess current during battery overcharge. 
They oxidized above 4 V and worked as redox shuttle when introduced into the electrolyte of  a Carbon/LiCoO 2 
prisnmtic battery within less than one hour rate (1C). We also studied thermal properlies of batteries containing the 
above-mentioned materials with ARC (Accelerating Rate Calorimeter). We ascertained that the current supplied over 
the full charge was not stored, but instantly and quite completely consumed in an oxidation-reduction reaction. 
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INTRODUCTION 

Recently, a type of rechargeable lithium battery known as lith- 
ium-ion or rocking chair has become commercially available and 
represents a preferred rechargeable power source for many con- 
sumer elecb-onics applications. Lifffium ion batteries use two differ- 
ent intercalation compounds for the active cathode and anode ma- 
terials. 3.6 V lithium ion batteries based on Carbon/LiCo�9 elec- 
trochemisby are now commercially available. However, lithium ion 
batteries can be sensitive to certain types of abuse, particularly over- 
charge abuse wherein the normal operating voltage is exceeded dur- 
ing recharge. During overcharge, excessive lithium is exn'acted from 
the cathode with a corresponding excessive insertion or even plat- 
ing of liffaitzn at the anode. This can make both elecb-odes less stable 
thermally. Overcharging also results in heating of the battery since 
much of the input energy is dissipated rather than stored The de- 
crease in thennal stability combined witil bali.ely heating can lead 
to thermal runaway and fire on overcharge. Many manufacturers 
have decided to inCOltx)rate a&!itional safety devices as a greater 
level of protection against overcharge abuse. For instance, Sony 
Corp. and Moll Energy Limited incorporated internal disconnect 
devices which activate when the internal pressure of tile battery ex- 
ceeds a predetermined value during overcharge abuse [Oishi et al., 
1990; John et al., 1992]. 

These pressure-activated disconnect devices thus rely on battery 
constructions wherein the internal pressure is maintained below the 
predetennined value over a wide range of normal operating condi- 
tions, yet during overcharge the internal pressure reliably exceeds 
said value. Also, a net increase in internal solids volume is employed 
to activate a disconnect device reliably at a specified state of over- 
charge [David, 1990]. 

On tile other hand~ So W disclosed the use of a smaU percentage 
of Li2CQ as a catilode additive tilat serves as a gassing agent in 
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a similar manner [-'~asuda, 15993]. Some aromatic compounds con- 
raining methyl groups have been used in electrolyte solvent mix- 
ktres and/or as electrolyte solvent additives in certain @ecific re- 
chargeable non-aqueous lithium batteries. For instance, toluene is 
used as an electrolyte solvent and/or electrolyte additive to ~hance 
cycle life [Naoyuki, 1992]. Additic~lally, xylene, and mesitylene 
are suggested for use as electrolyte additives to stop ffuther heat 
generation from occurring after an internal disconnect device is ac- 
tivated on overcharge [-'~asuda, 1992]. Thus, these additives are not 
employed for purposes of generating gas. However, it is speculated 
tixat methane is produced as a result of oxidation of the toluene at 
the voltages experienced during overcharge. Additionally, some aro- 
matic heterocyclic compounds have been used as electrolyte sol- 
vent additives for purfx~es of enhancing cycle life in certain specific 
rechargeable non-aqueous lithium batteries. Another test cell em- 
ploying an electrolyte comprising a fiman solvent additive demon- 
stvated an improved cycling efficiency for plated lifffium metal [Shi- 
nichi et al., 1986]. A polyacetylene anode, TiS2 cathode battery em- 
ployiug an electx)lyte comprising a ffaiophene solvent additive show- 
ed better cycling characteristics than similar batteries without the ad- 
ditive [Masao et al., 1986]. Recently, Tadimn disclosed a method 
for protecting non-aqueous redlmgeable litifimn battelieS against 
both overcharge and over-temperature abuse via use of a polymer- 
izing electrolyte [Pnnia et al., 1996]. The liquid electrolyte poly- 
merizes at battery voltages greater than the maximum operating volt- 
age or maximum operating temperature of the battery, thereby in- 
creasing the internal resistance of the battely and protecting the bat- 
tery. The method is suitable for lithium batteries employing pure 
lithium metal, lithium alloy, and/or lithium insertion compound an- 
odes. 

It is known that certain aromatic compounds, including hetero- 
cyclic compaunds, can be polymerized elecb-ochemically [Masao 
et al., 1986; Pt~aia et al., 1996]. W:altman also disclosed the use of 
polymerizable aromatic monomer additives for purposes of pro- 
tectkg a rechageable lifffium battery dmitg overcharge. During 
overcharge abuse, tile aromatic additive polymerizes at voltages 



646 D.-X Lee et al. 

greater than the maximum operating voltage of the bakery, thereby 
increasing its internal resistance sufficiently for l~-Otection. On the 
other hand, there have been several reports on chemical prevention 
of the overcharge of Li/TiS2 and Li/MnO2 lithium rechargeable bat- 
tefies [Abraham et al., 1990; Narayanan et al., 1991; Golovin et al., 
1992]. The redox shuttle can offer a quite g c ~  approach to cell 
overct~ge protection. In tiffs scheme, a material with an appropri- 
ate oxidation potential is dissolved in the electrolyte where it remains 
unreactive until the cell is charged fully. At a potential slightly above 
the cell charge limit (upper ctXoff voltage), the redox shuttle is ac- 
tivated by its electrochemical conversion. The cell potential during 
overcharge is fixed at the oxidation potential of the redox sht~le. 
This process is supported by ditfusion of the oxidized products to 
the anode where they recombine to form the starting material. Once 
the refomled material diffuses back to the cathode, it is oxidized 
and the cathode potential is maintained indefinitely at the oxidation 
potential of the redox reagent, until the time that charging is termi- 
nated. 

EXPERIMENTAL 

All the electrolyte solvents and salts were battery grade and were 
obtained from Mitsubishi Chemical Co. and Jeil Chemical Indus- 
try, respectively. The electrolyte used consisted of 1.0M-LiPF6 dis- 
solved in a mixture of EC (Ethylene Carbonate), PC (Propylene Car- 
bonate), EMC (Ethyl Methyl Cartx~late), DMC (Dmlethyl Cartx~l- 
ate) with volume ratio of 35/10/35/20 in the sequential order. This 
fonnulation ratio was already detemlined by showing highest ionic 
conductivity using the Solartron Impedance Analyzer 1287/1260 
model. 

All reage~lts in solid state were obtained frc~n Aldrich and opened 
in Dry Box in Argon atmosphere, then dried in vacuum oven for 2 
days. Other liquid reagents were used after drying by 4A molecu- 
lar sieves. The water content was measured by using the Karl Fisher 
737 Titrator (Swiss Methrom Co.). 

Each reagent synthesized was dissolved into the electrolyte as 
50-100 mM. Cyclic voltammetry by a three-electrode cell was per- 
formed with a Solartron electrochemical interface-impedance/gain 
phase analyzer SI1287-1260 systeln. A 1.2 inra dimn. Pt wire was 
used as the working electrode, a Pt plate as the counter electrode, 
and litifum pressed on a Ni Exmet plate was used as a reference 
electrode. 

The potentials are shown in reference to the Lithium vs. Li§ 
as a nratter of convenience. The f~-st screening test was done by 
scanning the voltage to the cathodic direction from the rest poten- 
tial to 0.2 V For the reagents that showed no reaction here, voltage 
scanning was done starting from the anodic direction at 10 mV/s 
inthe range of 3.5 to 4.5 V or 5.0 V 

After coiffinning the stability of the reage~lt,s by cyclic voltam- 
metry, a charge-discharge test was performed by adding the reagents 
to the electrolyte in a prismatic bakery. A mixture of LiCcL)2/graph- 
ite/PVdF (gravimettic ratio 90/7/3) in N-raetilyl pyrolidc~le (NMP) 
solvent was cast on A1 foil 15 gra tifck by doctor blade witi1 100 
~ n  gap, then dried in convection oven for 12 hrs. After drying, the 
electrcxle was pressed twice with 1~)11 press in 90 N/Cln 2 to make the 
cathode. 

A mixture of nongraphitizable carbotfPVdF (gravmletric ratio 

93/7) in NMP was cast on copper foil 19 gm thick by same method 
as cathode, then finally pressed with roll press machine. 

The battery was charged and discharged according to the respec- 
tive test condifior~ but the usual test condition is as follows: to begin 
with, charge was done with constant current and constant voltage 
(CC/CV) mode up to 4.2 V, applying 0.5 hour rate (0.5C), 1 hour 
rate (1C). On the other hand, discharge was done with constant cur- 
rent mode up to 2.75 V, applying 0.2 hour rate (0.2C), 0.5C. 1C. 
The heat flow of the prismatic battery di~lg overcharge was meas- 
ured with a Thermal Hazard Technology ARC calorimeter. 
1. Synthesis of Compounds 
1-1. Compound (1), 2,7-diacetylthianthrene 

10 g ~ e n e  (0.0462mole) was dissolved in 40ml methyl- 
ene chloride, then 15 g acetyl chloride (0.185 mole) was added and 
stin-ed for 10 min. Continuously, 15 g aluminum chloride (0.112 
mole) was slowly added line by little over 30 min. After thian- 
threne was confirmed to have disappeared from solution, this solu- 
tion was refluxed, and the reaction was nearly f~fshed by slowly 
adding a little leftover amount of aluminum chloride. This product 
was poured into 100 nfl iced water little by little. After organic com- 
posed layer was separated and uptaken, crude product was washed 
twice with 150 ml water, then once again washed with sodium hy- 
dro carbonate solution, then dried over magnesium sulfate anhy- 
dride. After this was vacuum distilled, resultant product was sepa- 
rated with column chromatography by using eluent solution of Ethyl 
acetate vs. Hexane (1 : 9 volume ratio) solutioi1 A 2.14g weak yel- 
low solid pure product was obtained. Yield was 15%, and the melt- 
ing temperature was 173 ~ NMR (in CDC13): 2.5 (s, 6H), 7.4-7.9 
(m, ArH) (unit: ppm). 
1-2. Compound (2), 2,7-dibromothianthrene 

15 g tifantin-ene (0.0462 mole) was dissolved in acetyl hydrox- 
ide 70 ml, then this solution was heated into 80 ~ herein bromine 
10.8 g (0.139 mole) was added and refluxed over 8 hrs. First, yel- 
low solid was obtained by decreasing temperahlre from 80 ~ to 
room temperature. Secondly, cmde white solid 2.8 g was obtained 
by filtration and recrystallizafion 5 limes. Yield was 25% and melt- 
ing temperature was around 145 ~ NMR (in CDCls): 6.89 (d, 2H), 
6.97 (d, 2H), 7.17 (s, 2H) (unit: ppm). 
1-3. Compound(3), 2,7-diisobutanoyltifiantt~ene 

10 g thianthrene (0.0462 mole) was dissolved in 40 ml methyl- 
ene chloride solution, then 20 g isobutyl chlolide (0.185 mole) was 
added and stirred for 10 mitt Then, 15 g aluminum chloride (0.112 
mole) was slowly added little by little over 30 min. After thian- 
ti~-ene was coiffinned to have disappeared ~roln solutiorl, this solu- 
tion was refluxed, and the r eason  was nearly finished by slowly 
adding a little leftover amount of aluminum chloride. This product 
was poured into 100ml iced water little by little. After orgmic com- 
posed layer was separated and uptaken, crude product was washed 
twice with 150 ml water, then once again washed with sodium hy- 
dro carbonate solution, then dried over magnesium sulthte anhy- 
dride. After this was vacuum distilled, resultant product was sepa- 
rated with colulurl d11~)matogI-aphy by using eluent solution of Ethyl 
acetate vs. Hexane (1 : 9 volume ratio) solution. 1.40 g weak yel- 
low solid pure l~-~duct was obtained Yield was 75%, and the inelt- 
mg tera~rature was 109 ~ NMR (in CDCI~): 1.17 (d, 12H), 3.4- 
3.5 (m, CH), 7.2-8.0 (In, ArH) (unit: ppm). 
1-4. Colnpound(4), 2-acetyltifantt~-ene 
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10 g tifiantiame (0.0462 raole) in 40 ral raethylene chlolide solu- 
tion was dissolved, then 10g acetyl chloride (0.128 mole) was added 
and stm-ed for 10 rain. Then, 15 g alunfinum ctflolide (0.112 mole) 
was slowly a&led little by little for 30 rain. After confimling tile 
disappearance of thianthrene in solution, then with this solution we 
finished tile refluxing, reaction by a&litional a&ling tile little renlain- 
ing aluminum chloride slowly Crude product was poured into 100 
ral iced water little by little. 

Aft_el- tile sepa-ated organic part was taken, crude product was 
washed twice with 150 ml water, once again washed with sodium 
hy&o carbonate solution, then dried over raagnesiunl sulfate anhy- 
&ide. After vacuum distillation, tile resultant product was sepal-ated 
with colunm ctaolnatography by using eluent etllyl acetate vs. Hex- 
ane (1 : 9) solutic~l A yield of 2.47 g weak yellow solid pure prod- 
uct was obtained showing 23%, the melting temperature was 173 
~ NMR (in CDC13): 2.5 (s, 5H), 7.4-7.9 (Ill, ArH) (unit: ppra). 

~ ' /  S ~ c t t 3  

Compound(l ) i 
2,7-diacetyhhiamhrene i i 

Compound(3) 
...... ! : ! : ~ . ! . ! . ~ ) ~ . ~ P ~ . ! . ! . ~ ! . ~ ! ! . ! ~ 5 ~ . ~  ....... 

R E S U L T S  A N D  D I S C U S S I O N  

1. Redox  Shuttle C o m p o u n d s  
A covalent bond of two atoras of an organic conlpound, in prin- 

ciple, is such that two electrons fomring a pair form one single bon& 
Therefore, when an organic compound is oxidized or reduced to 
renlove or add one electron fi-oln all electron systeln of tile bond of 
file organic conlpound, an unpaired electron is fonned in file organic 
molecule compound. Although the unpaired electron can be stabi- 
lized when decomposition of file organic compound has resulted 
in a novel bond with another molecule being formed, the state of 
file orgmic compound having tile unpaired electron is unstable in 
piinciple. 

However, in the case where unpaired electrons exist on a delo- 
calized orbit and spread over two or more atoms in a molecule as 
canbe observed in a p-ofoital of an aromatic series, tile organic con> 
pound is able to relatively stably exist even if tile organic con> 
pound has unpaired electrons. If  tile reaction active point at which 
the density of the unpaired electrons is high is protected from at- 
tacks of other raolecules clue to a stelic tml&ance of tile substitu- 
tional group, tile orgmic conlpound even having unpaired electrons 
is made to be more stable. Usually, acetyl and isohutanoyl groups 
are inducing electronwitilch-awing tllan halogen groups, so redox 
potential range is a li~le bit higher 

Since tile oxidation-reduction potential is substantially detennined 
clepei~!itlg upon tile degree of spread of tile unpaired electrons and 
the symmetry of the orbit, excess spread of the orbit causes an un- 
satisfactory state to be realized became tile oxidation-reduction po- 
tential becomes inappropriate. Corapounds of tile types expressed 
by tile Fig. 1 having a basic skeleton composed of tile benzene ling, 
which is an aronlatic ii~tg having a relatively sraall raolecula- weight, 
are preferred compounds to serve as the redox shuttles in view of 
tile oxidation-reduction potential. 

Since tile benzene iing, which is tile basic skeleton of tile con> 
pound, has a molecular weight of 78, the benzene ring has smaller 
raolecular volunle as compared witll raetal complex type raolecule, 
such as metallocene, polypyridine complex or ceriurn ions. The fore- 
going fact raeans that tile volume sharixg in tile electrolyte is sraall 
and tile dispersion rate is high. Thus, a satisfactoiy operation can 
be performed as the redox shuttle. The benzene compound has an 
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�9 Compound(2) 
2,7-dibromothianthrene 

................. ................... I 
2~acetyl~hianthrene [ 

Fig. 1. Chemical structure of thianthrene derivatives for over- 
charge protection. The nomenclature for the additives are 
recotxled in parenthesis under each structul~ The num- 
bers in parentheses correspond to the compound number 
in the text: 

effect to serve as the redox shuttle, that is, an effect of consuming 
tile overcharge cun-ent by tile oxida~bn-reduction reactions. That 
is, it has an appropriate oxidation-reduction potential as the redox 
shuttle for a d-V-class battery and is able to chemic@ stabilize 
oxidation species and reduction species by selecting a substitutional 
group. 
2. The  Introduction of Substitutional  Group 

The selection of tile substitutic~lal group induced into tile ben- 
zene ring is performed mainly in consideration of the characteristic 
of tile substitutional group for atu-acting electrons or electron donat- 
ing characteristic on tile basis of file oxidalion-l~tuction potential 
andthe operating voltage range due to tile p-electrc~l orbital energy of 
file raolecule. A fact about tile benzene compound has bern known 
that a substiMional group of a type attraclmg electrons, in many 
cases, raises file oxidation-reduction potential and a substitutional 
group of an electron donative, in raany cases lowers tile oxidation- 
reduction potential. Moreover, effects of plural substitutional groups 
frequently exhibit reversible characteristics. 

Among the substitutional groups to be induced into the benzene 
compound, tile alkyl group and alkoxy group are electron-donative 
substitutional group and mainly have file effect of adjusting tile oxi- 
dation-reduction reaction potential. On the other hand, the halogen 
group, which is an electron-attractive substitutic~lal group, does not 
considerably affect tile oxidation-reduction potential but has file func- 
tion of improving tile stability of tile perfonnance of tile battely at 
high tenlperaka-es. 

That is, the electron-donative group of the benzene compound 
lowers file oxidation-reductic~l patential as described above mid ac- 
tivates tile electrophilic substitution reactions of tile oxidizer in tile 
system. On the other hand, the dectron-abstractive group deactivates 
tile electrophilic substitutic~l reactions. 

In order to shift the redox potential to more positive values, it is 
necessary to raodify tile fftiaxgt~-ene structure by replacing hy&o- 
gm aAxmlS on tile aronlatic rings with electron-witil&-awing groups. 

The reason why the halogen group is selected as an electron-at- 
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tractive group for deactivating the electrophilic substitution reac- 
lions of the oxidizer is that the halogen group has a sigI~icmlt effect 
of deactivating the electrophilic substitutional reactions but a re- 
strained effect of raising the oxidation-reduction potential. The rea- 
son for t t~ is tt~at the halogen group t~as a great resonant effect in 
the substitutional group. The resonant effect in the substia~donal 
group lowers tile oxidation-reductic~l potential because of non-lccal- 
ization of the molecule orbit For this reason, thiar~ene was deriva- 
tized by replacing hydrogen atoms in the 2,7-positions with diacetyl 
groups, according to a previously published precedtae [Prema et 
al., 1987], diisobutanoyl groups, dibromo groups, 2-acetyl group, 
and fi~tlher derivatized by replacing sulfur atoms with oxygen atoms. 
The primary ptq~ose of the acetyl fimctional groups of diacetyl thi- 
anthrene is to shift the redox potential to a more positive value. In 
a secc~Mary role, functional groups may be added to promote sol- 
ubility of the derivatized compound in the electrolyte. Other fimc- 
tional groups can be attached to thianthrene to either increase or de- 
crease its redox potential. Electron withdrawing substituents such 
as acetyl, bromo and diisob~noyl groups are expected to increase 
the oxidation potential, wt/le electron rele0~sing su~litue~lts such 
as alkyl groups will decrease this potential. Since LiPF6 or the like, 
which is generally employed as a support salt in the electrolyte, is 
a stroig Lewis salt, it sometimes becomes an oxi(llz~- t~aving sqa-eigffl 
capable of attacldng the benzene compound if the tempem~Jre is 
relatively high. 

In a battely system having a strong Lewis acid, such as LiPF~, 
as a support salt, the effect of the halogen gronp deactivates the elec- 
trophilic substitution reactions clue to LiPF~ at high temperatures. 
As a result, the stability of the benzene compound at high tempera- 
~Jres can be improved and deterioration in the performance of the 
battely taking place clue to oxidation of the benzene conipound can 
be prevented. 

That is, the oxidation-reduction potential of the organic compound 
is mainly determined depending upon the basic skeleton of the mole- 
cule. The oxidation-reduction potential can be varied by hun&eds 
of mV depending upon the type of the electrolyte for dissolving 
the organic compound. Therefore, the substitutional group must be 
selected appropriately to precisely adjust the potential. 

Wtlen these conipounds were tested under the same conditions 
as dibenzo-l,4-dioxine, the redox potential was found to have quite 
shifted to for oxidation and the subsequent recluclio~l. The redox 
potential ranges for the dibenzo-l,4-dioxine and derivatized thian- 
threne compounds are given in Table 1. 
3. The Mechanism and Function 

The protective redox shuttle reaction is initiated when the cath- 

Table 1. Redox potential ranges of chemical shuttle reagents 

Redox 
Peak separation 

Compound potential range 
(V vs. Li+/Li) (AEp) 

Thialltln-ene 4.01-4.10 0.09 
2-acetylthianthrene 4.10-4.20 0.10 
2,7- diac etylthianttn-ene 4.21-4.27 0.06 
2,7- diis obut 0zloylthiallt ln-elle 4.21-4.27 0.06 
2,7-dibromothianthrene 4.37-4.43 0.06 

ode reaches the oxidation potential of the redox reagent as in Fig. l. 
It proceeds wittl the diffusion of tile oxidized species (R +) to the 
anode where it is reformed. The reaction is sustained by ditS~sion 
of the reformed reagent back to the cathode. Judicious selection of 
the particular thi0zlthiene will allow the overcharge protection agent 
to be tailored to the appropriate cell voltage. The redox potential of 
prosl:ective shuttle candidates is detennined readily fiDln cyclic volt- 

::: 

+ 

Fig. 2. Redox shuttle effect, in real Carbon/LiCoO2 battery system, 
during overcharging, oxidized materials are moved by dif- 
fusion and reduced in near anode surface, and adversely 
reduced materials are oxidized consuming overcharge cur- 
rent As a result, charge potential can be suppressed and 
maintained at redox shuttle potentiaL 
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Fig. 3. Cyclic voltanimogram of 10 mM 2,7-dibl~mothiantlnCne 
in EC/PC/DMCJEMC (35/10/20/35 volume eatio%)+l.0 M- 
LiPF6. 
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Fig. 4. Cyclic voltammogram of 10 mM 2,7~liisobutanoyllhianlh- 
rene in EC/PC/DMCEEMC (35/10/20/35 volume eatio%)+ 
1.0 M-LiPF~. 
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ammeby of Pt electrode in electrolyte contaitmg the compound of 
interest For example, a solntion of 50 mM 2,7-diacetylthianthrene, 
in EC/PC/DMC/EMC (35/10/20/35 volume ratio)-1.0 M LiPF~, was 
tested at a scan rate of 10 mV/s. Fig. 4 shows a symmebical wave 
which is characteristic of a reversible reaction with the peak oxida- 
tion cmrent at 4.27 V and the corresponding reduction (regenera- 
tion of the starting material) at 4.21 V vs. Li+/Li. 

The potential of the insertion into cathode detemtines the suit- 
ability of the protective agent. Typical redox shuttle fffiaN=ene oxi- 
dizes at 4.1 V vs. Li+/Li. ConsequelNy, although ~ e n e  [Abra- 
han  et al., 1999] exhibits good redox behaviol, it is not suitable for 
use in the Carbo~fLiCoQ cell since the activation of tile redox shut- 
de would overlap with the removal of liff~itan fi01n the cathode. This 
would interfere with the cathode u61izadon so that the cell would 
not charge fully. 

The peak width m~d the peak sepm-ati01~ f01- a one-electron reac- 
d01~ can be predicted fiom the Nemst equad011 accorditg to Eqs. 
(1) and (2) below: 

Peak width=A~F: =~ ~F~ =2.20RThLF=0.0565/n at 25 ~ (1) 

Peak separation A~ ~E~ ~E~ 2.22RT/nF 0.058/n at 25 ~ (2) 

The data in Table 1 were obtained fi-om the cyclic voltanmet~y of 
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Fig. 5. Cyclic voltammegram of 10 him 2,7-diacetylthianthrene 
in EC/PC/DMC/EMC (35/10/20/35 volume ~iio% )+1.0 M- 
LiPF~. 
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Fig. 6. Cyclic vo l iammeg~m of 10 mM 2,7-acetylthianthrene in 
EC/PC/DMC/EMC (35/10/20/35 volume ralio%)+l.0 M- 
LiPFo 
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Fig. 7. Charge curves of file battery contaning without and with 
50 mM of 2,7-diaeetylthianthrene. 

derivatized thianthrene at sweep rotes of 10 mV/s, and they show 
close agreement between the expemnental and theoretical values 
for peak width and peak separation exception for anff~ene. Tt~ 
indicates that the redox of derivatized thianthrene is a reversible 
reaction involving a one-elecbDn b-ansfel: The c011stancy of the cur- 
rellt function indicates that the redox reactions are diffiasion con- 
trolled. 

Wile,1 CarboifLiCoO2 cells contakmlg redox shuttle a&litives 
are charged under 0.5C constant current conditiom, voltage pro- 
files such as those shown in Fig. 7 are obtained, th-oper matching 
of the overcharge protecti011 additive (shuttle) to the electrochemi- 
cal couple requires sufficient separation between the completion of 
lifffium extracti011 fiom the cathode reacti011 mid the onset of the 
shuttle activati011. For this reas011, an ideal match for the LiCoQ 
cafflode would probably involve a shiXtle activated at poteiNals be- 
twee,1 4.2 and 4.3 M This would ensure complete cathode utiliza- 
tion, yet be well within the voltage stability window of the electro- 
lyre. 

RESULTS 

Cyclic voltammetry was used to screen candidates for use as re- 
dox shuttle rcagents f01- overdlmge protection in rect~geable lith- 
ium-t011 baIteiy. Results of such experiments are given in Table 1. 

The requirement of the selection of a compound for use as a re- 
dox shuttle reagent f01 a given positive electrode is that the oxida- 
tion potential of the shuttle reagent be slightly higher than the fiall 
chage limit of the cell. The choice of a Farticular redox reagent 
will vary with the cathode material used in a rect~gcable lithimn- 
ion cell. Thus, although the carbon/LiCcK) 2 couple is mentioned 
specifically, other cathcxtes such as LiMI120 4 Ol- LiNt�9 might also be 
usec[ In a lifflium-ion cell wiffl kigh voltage cathcde such &s LiCcK92, 
oxidation of the redox reagent should take place after the fifll capac- 
ity of the cathode has been accessed. For LiCoO2 this means that 
the shtCtle should be activated at a potential above 4.2 V vs. LI+/Li. 

We have discovered that thianthrene and its derivatives such as 
2,7-diacetyl fffimlff~ene are usefial &s overcharge txotection addi- 
tives for lithium-ion battery. Substitution of acetyl groups for hy- 
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d'ogen atoms at the 2,7-positions in thianthrene resulted in a shill 
of  the redox potential to values more positive than those obtained 
w~h thianthrene The preferred electrolytes are resistive to oxida- 
tion in this range. In particular, liquid electrolytes ~ Ohylene car- 
bonate (EC)~ propylene cmbonate (PC), dimOhyl carbonate (DMC~ 
ethyl methyl carbonate (EMC) and similar solvents or mixtures of 
solvents are known to those used in the system as desirable electro- 
lyres for use with high voltage cathodes The same is true for these 
solvents or mixtures of  solvents and the solwtes which they form 
with lithium salts such as LiAsF~ LiPF6, LiC104, LiN(SQCF3)2, 
LiC(SQ CF~)3, LiBF4 etc. 

However, since the redox shuttle actually has a limiting current 

a satisfactory effect of preventing overcharge cannot be obtained if 
the overcharge dectric ctrrent is greater thin a predetermined value. 
Specifically, the limiting cun~ t  of each of the redox shuttles, which 
have been suggested, is not sufficiently large with respect to over- 
charge occurring in a case where charge has been performed at a 
rate (cun-ent capacity/charge p~iod) of 1, that is, charge has been 
performed with a constant current of  1C (Ah/h) or greater. 

To prevent overcharge occurring with a lasget c ~ t ,  the an- 
other method using an electronic dreuit or the method of mechani- 
cally inten-upting the eleclric ctrrent using generation of gas if over- 
charge t~es place is relatively effective. Therefore, in a case where 
the redox shuttle is employed in a k~tery system in vdfich charge 
is performed W~l alarge elecWic current, another methodmust also 
be employed. But another method is beyond our current interest, 
so we focus only on redox shuttle additives. 

The charge curves o f a  Carbon/LiCoO~ battery with and wih- 
out 2,7-diacetylthimfllt~ne are shown in Fig. 7. As the fi~xre shows, 
the voltage increase at charging was delayed, but did not level off. 
Even though the dependence on the concentration of the reagent 
was not known, 50 mM yeas the maximum that could be dis- 
solve& There was no large drop of  voltage after full charging nor 
at the beginning of  discharge, suggesting that there was no internal 
short circuit or large resistance to cause an 11t_ drop. 

A Carbon/LiCoO2 battery was again assembled, and the charge 
and discharge curves at overcharge were observed. The results are 
shown in Fig. 8. The voltage of  battery with reagents showing re- 

dox reactions was maintained at ~ we call a shuttle voltage even 
v&en overcharge ~ t  was supplied, whereas the voltage of the 
battery x~hout any reagent increased up to the cutoffvoltage. The 
same phenomenon vcas seen even ~ e r 4  weeks of storage The shut- 
tle voltage varied according to the oxidation potential of reagents; 
also, discharge capacity varied with the shuttle voltage. 

The tempw~ure increase and explosion ofbateries w~h and with- 
out 2,7-diacetylthianthrene, 2,7-diiscbulanoylthoanthrene and 2,7- 
dibmmothianthrene during overcharge was measured by using a 
calorimeter to determine how the applied current is converted into 
oxidation-reduction reaction as shown in Fig. 9 and Fig. 10. Espe- 
cially fi~m Fig. 9 batteries w~h the above-mentioned redo• shnttle 
additives were resistant to overcharge quite longer than batteries 
~thont them. This means that much of  the culrent supplied over 
4.2 V is not gored in the battery or conamled in a side reaction but 
is nearly completely converted into oxidation-reduction reaction. 
Until just before thermal runaway, seE-sustaining reaction is con- 
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Fig. 11. Swollen shape o f b ~  just alter 1CL2V ov~ohal~e ARC 
test. 

tinuing; this means that Solid Eleclrolyte interface (SEI) near to an- 
ode elearode is continuously decomposing. Themlal nmaway is 
brought about when delithiated LiCoO2 is decomposing. On the 
other hand, LiMn204 is said to be resistive to thermal decomposi- 

tion at high temperature [Sun et al., 1998]. 
in this experiment, we charged 0.5C rate except for 1C rate, in 

order to see the graph in detail around thermal nmaw~. Generally, 
no work is done by the current to change the state of the battery 
system, and all the cmrent supplied is consumed by the redox reac- 
tion. Fig. 10 strongly supports the above statemelK Above 80 ~ 
there is some difference in temperature rate, which means that re- 
dox shuttle additives can surpress temperature increases. Fig. 11 
shows the result of ARC test with 1C, 12V mode. The test battery 
is charged fully with IC rate and then, it is once again charged fully 
"with 1C rate for 2.5 hm Usually, the voltage of the battery goes up 
to 12 V w~hin and around 1.5 hraf l~  chwging, then voltage is main- 
tained at that point until end o f  charging. Sometimes bad batteries 
are fired or exploded, severely damaging eleclronic appliances. Even 
though the battery did not explode, it usually approached break- 
down. Of course, the battery was not recovered any more, because 
most of  the eleclrolyte was evaporated, and separation between dec- 
trade and setxa~:r occu~d.  Fortunately, in our case, abattery was 
swollen after overcharging without showing any fnv or explosion. 
So, we can censider that the redax shuttle can also s.wpress 1C over- 
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bromothiunthrene at IC ovffcharge characteristics. 
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charging. From Fig. 12 through Fig. 15, all of them passed 1C/12 V 
test. Tt~ test is a clite~ion for screening whether a battery can be 
applicable to use as a power source to many portable electronic ap- 
pliances, for example, cellular phones, PDA's, and Notebook PC's 
etc. 

In some cases, the 1C/12V test is a very severe condition, be- 
cause as the capacity of the battery becomes higher, the more the 
bakery experiences severity during overcharge. Even in the case of 
2-acetylthianthrene, there is no explosion or fire, so it means that 
our redox shuNe additives are very powerful candidates for over- 
charge protectiort Even though 2,7-diisobutanoylthianthrene, as in 
Fig. 13, shows a little bit unstable prone, at any rate it works as a 
redox shuttle in this overcharging test All of balIeries show com- 
mon phenomena, that is, both temperature and current remarkably 
decreased after reactmlg 12V culznmation. It means that [mttelJes 
with our redox shuttle additives are safe and stable under 1C over- 
charge test. But even though we did not offer in this paper results 
about 2C or higher C rate, none of the battelies could pass. So, we 
ascertained these redox shuttle additives are suitable only within 
1 C or lower rate. 

C ONCLUSION 

Thianthrene compounds with one or two alkyl groups and a hal- 
ogen directly substituted on the benzene skeleton are stable up to 
about 4.2 V and oxidize above tt~ poteiNal. These colnpo~Ms work 
as redox shuttle overcharge protection when added to the electro- 
lyre of a C~uoIJLiCoO2 batteiy The voltage leveled offright above 
the full charge voltage even when overcharge current was supplied. 
The current supplied over the fifll charge voltage was not stored in 
the battery or constmled m a side reaction, but nearly completely 
converted into oxidation-reduction reactiort Also in a certain lower 
rate, it could work as an overcharge protection. 

NOMENCLATURE 

~Ep : anodic peak voltage 
~Ep : cathodic peak voltage 
A~Epn �9 peak width 
AEp �9 peak separation 
1C rate : the rate in which the capacity is consumed over one 

hour 
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