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Abslract-A sulfur-doped spinel material, LiA10~sMn~s~O~Sa0~, was synthesized by a sol-gd method using glycolic 
acid as chdating agent. The stmch~-al change of the oxysulfide spinel before and after cycling at elevated temperature 
was studied by charge/discharge measurements and X-my diffiaction. The capacity loss during cycling was noticeably 
increased in the call operation temperature from 50 to 80 ~ The capacity loss for the spinal material during cycling 
at elevated temperature is lalgdy a~ibuted to the formation of tetragonal Li~Mn204 and rock salt phase Li~MnO> 
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INTRODUCTION 

The presmfly colrmlercialized lifffiarn-ic~l batteries use layer struc- 
tured LiCoQ cathode. Because of the high cost and toxicity of co- 
balt, an intensive search for new cathode materials has been under- 
way in recent years. Spinel LiMn~O4 has been considered to be an 
atlmctive alternative in terms of low cost, abundance, and nontox- 
icity [Amine, 1996]. The spinel LiMn204 exhibits a relatively good 
cyde-ability at room temperature but still suffers from capacity loss 
at elevated temperature, e.g. 50-80 ~ [Amatucci, 1997; Xia, 1997]. 
In order to improve the cycle-ability of spinel LiMn~Q eleclx-odes 
at elevated temperature, many research groups have studied the mod- 
itication of the L~cln2O 4 by lithium rich or transition metal doped 
spinel, by reducing surface reaction between spinel electrode and 
electrolyte, by F partial substitution for O, and by sol-gel coating 
of LiC(~)2 [Alnatucci, 1997; Xia, 2000; Cho, 1999]. Alttlough some 
attempts have somewhat improved the electrochemical performance 
of spinel LiMn204 electrode at elevated temperature, capacity loss 
has still been observed during cycling. 

The reason for the capacity loss of the LiMnzQ is mainly attrib- 
uted to a slow dissolution of MnO at the spinel electrode into elec- 
b-olyte due to the formation of HF resulting fiorn the reaction of LiPF~ 
with residual H20 [Pasqnier, 1999]. However, there is not yet an 
explicit degradation medlanism of the spinel LiMI1204 electrode at 
elevated temperature. Li,MnzO 4 (x=l)has a cubic spinel s~ucmre 
with space group symmetry Fd3m in which the Li + and Mn 3*~4+ ions 
are located on tile 8a t~-ahedi-al sites and the 16d octahe&-al sites 
of the stmmue, respectively [Pasqnier, 1999]. Thackeray et al. have 
proposed a failure mechanism at room temperature in which a te- 
h-agonal Li~Mn204 phase has been detected by TEM dill-action im- 
age at the surface of discharged Li~n204 spinel electrodes cycled 
under tfigh rate, nonequilibliuln conditions between 4.2 and 3.3 V 
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[Thackeray, 1998]. The presence of Li21VlnQ and spinel compo- 
sitions other than LiMn~O4 in cycled LicMnzO4 electrodes has been 
reported previously by Robertson and co-workers [Robertson, 1997]. 
It was subsequently suggested that a capacity fade for LiMn~Q elec- 
trode cycled hundreds of times at room-temperature is attributed to 
the fommtion of LizlVlnO3 caused by the dissolution of lVlnO from 
the previously formed LizMnzO4 [Cho, 1999]. 

LiMn204 powders are typically prepared by a solid-state reac- 
tion that consists of extensive mechanical mixing and extended grind- 
ing process. This method, however, has several disadvantages: in- 
homogeneity, in-egular morphology, broader particle size disbibu- 
tion, and long and repeated heat-treatment processes. Employing a 
sol-gel method has solved these difficulties. All the components 
derived fi-c~n tile gel precursors are of atomic scale and homoge- 
neously mixed with each other, and thns form a single-phase spinel 
LiMI12O 4 having sublnicron, ilarrow particle-size distribution, and 
excellent phase-pure particles under the mild conditions. For this 
reason, we have adopted the sol-gel method using various idnds of 
chelating agent to synlhesize several cathode materials [Sun, 1997, 
1999; Park, 2000]. 

In this paper, we study the electrochemical cycling behavior of a 
new oxysulfide spinel LiA10 ~81VIn~ a208 ~7Sa08 materials at elevated 
temperature (50-80 ~ combined with the stmc~'al degmdatiort 
X-lay diffraction (XRD) and chalge/dischaige measurements were 
used to investigate the cycling-induced phase transformation of the 
spinel electrode. 

EXPERIMENTAL SECTION 

LiAl  o 18MB18203978003 powders were prepared by a sol-gel method 
as reported in our previous works [Sun, 2001]. Lil 0~lc 2Mn18038S02 
was a starting composition of LiA10 ~81VIn~ 8203 ~jS003. The slight ex- 
cess of Li was introduced to compensate for loss during high-tem- 
perature calcinatiort Powder X-ray ditfi-action (Rigaku, Rint-2000) 
using CuKo~ radiation was used to ideimfy the Clystallme phase of 
cycled electrodes at various temperatures. The contents of lithium, 
aluminum, and manganese were measured by using the inductively 
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coupled plasma (ICP) method by dissolving the powders in dilute 
nitric acid The sulfitr was malyzed xa4th a sulfur analyzer (LECO 
Co., CS 444), andthe oxygen content was determined viamass bal- 
ance. The particle morphology of LiAI0~MnL~O~97Soo~ powders 
was observed by using a field emission scanning eleclron micro- 
scope (Hitachi Co., S-4100). We prepared the XRD sample of the 
cycled LiAlo~ln~O~97Soo~ eleclrode as follows. The Li/LiAl0ts 
Mnt~O~97S0~ cell discharged to 3.0 V was allowed to equilibrate 
for5 h at each operating temperature. After the cell was cooled down 
to morn temperature, the LiAl0 ~/ln~O~TSo~3 electrode was re- 
moved fi'om the cell and then dried for one day. 

Charge-discharge cycling was performed in CR2032 button type 
cells. The cell consisted of a cathode and alithium metal anode se- 
par~ed by aporous polypropylene film. For the fabrication of the 
eleclrode, the mixture, vahich contained 25 nag LiAIa~Vln~ ~Oz97So~ 
powflr and 15 mg conducting binder (10 nag TAB md 5 nag graph- 
ite), was pressed on 2.0 era2 stainless screen at 800 kg em~. The 
used eleclrolyte was a 1 : 2 mixture of ethylene carbonate (EC) and 
dimethyl carbonate (DMC) conlaining 1 M LiPFs by volume. The 
charge-discharge cycle was performed galvanostatically at a cur- 
rent rate of C/3 (0.4mA em-:) between 4.4 and 3.0V. 

RESULTS AND DISCUSSION 

The as-t:ropared powd~s were confmned to be well-defined spi- 
nel phase with space group Fd3m shown in Fig. 1. The lattice con- 
stare (a) of  the powders is 8.1963 A which is lower than that ofgoi- 
chiome~c spinel. Generally, spinels with smaller lattice c~stant 
showed improved cycle-ability. Amauchi et al. have reported that 
LiAL #Zm~sO~ proparcd by solid-stme techniques had a Lattice con- 
strut of  S.20A and it showed much knproved cycle-ability a ele- 
vated tempwalure as well as room temperature compared with ~toi- 
chiome~fic spinel LiMn204 [Amatucci~ 2001]. The solid-solution 
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Fig. L X-ray diffraction patterns fr162 LiAl0~,Mnt.,zO~S,t~ powders. 
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Fig. 2. Sealm~g dec~on mierographs of the LiAlol,inl,20]~S~,3 
powders.  
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range of A1 doped LiMnzO4 spinel synthesized by emulsion drying 
method was in the range of x=0-0.6 in LiA1]~gn~_~O4 and the lattice 
constant linearly decreased from 8.245 A at x 0 to 8.136 A at x 
0.6 [Myung, 2001]. The diemically analyzed data showed that the 
powder composition was LiA1o ~sMn~ s~O~ ~TSo o~. 

Fig. 2 shows Scanning electron microscope (SEM) for the as- 
prepared powders. The particles have a single-crystal-like gold with 
cubic structure shapes. They are quite different in particle morphol- 
ogy fioln the stoictiometdc spinel with a well-developed (100) plane 
and have the particle size distribution of 1-10 gm. 

Fig. 3 shows the ctmzge-discha~ge curves for the LiA1o lsMnl s~ 
O~S00~ eleetrode at 25, 50, and 80 ~ The cha~ge-disct~ge curves 
have only one plateau due to a large amount of A1 substitution for 
Mn, which could be ascaibed to a single-phase reaction in the volt- 
age regiort Xia and co-workers refitted that the spinel having one- 
phase reaction during chmge-discha~ge cycling showed better cy- 
cleability [Alnatcci, 1997 ]. The voltage difference between the charge 
and discharge curves for the LiAl0 laMnl ~O3~7S00~ electrode cycled 
at 80 ~ increases with mcrcasing cycle number, whereas there is 
no difference in the charge-discharge curves for the LiA10 lsMnl s~ 
0397S003 elecb-ode cycled at 25 and 50 ~ It is postulated by these 
results that the capacity loss at elevated tmtperature durkig cycling 
is related to the slmcmral degradation of the LiAI~ lsMn~ s~O3 ~7S003 
host resulting froln MnO dissolution. Shown in Fig. 4 is the varia- 
tion of specific discharge capacity for the oxysulfide spinel elec- 
trode during cycling at various temperatures. Although the elec- 
trode cycled at 25 ~ [Fig. 4(a)] delivers an initial capacity of 107 
mA h g 1, it shows excellent rechargeability retaining 97% of the 
initial capacity after 50 cycles at C/3 rate. It is noticeable that 3% 
capacity loss for the LiA10 lsMill s203 ~7S00 ~ electrode after 50 cycles 
even at 50 ~ is observed, which is the same capacity loss of the 
0.05 mA h g-l.cycle for the electrode cycled at 25 ~ However, the 
Li/LiAl<lsMnl~=O~TS00~ cell wttich cycled at 80 ~ iuitially deliv- 
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Fig. 4. Specific discharge opacity for the Li/LiAI01sMnis:O3,:S0~3 
cell as a function of cycle number at (a) 25, (b) 50 oC, and 
(e )  80 "C. 

ered the discharge capacity of 100 li1A h gl  and decreased slowly 
during cycling to reach 93 mA h g-1 after 50 cycles with capacity 
retention of 93% of the initial capacity (capacity loss of 0.134 inA 
h g 1-cycle), wttich is the lowest capacity loss reported to so far. It 
should be noted that the capacity loss at 80 ~ is much higher than 
that at 25 and 50 ~ Myung et al. reported that the LkA10~Mn1704 
electrodes synthesized by the emulsion drying method sutt~red from 
capacity loss of 98 and 95% after 50 cycles at 25 and 45 ~ re- 
spectively [Myutg, 2001]. The ~,ccellmt capacity reteii~oi1 of LiA1015 
Mn1850397S003 spinel electrode at the elevated temperature is largely 
clue to the smaller lattice constant, an increase in covalence by A1 
substitution, and excellent homogeneity of powders syi~iesized by 
a sol-gel metho& Recently, Gee et al. reported that an increase m 
covalent or metallic bonditg plays an important role m suppress- 
ing Jahn-Teller distortion in spinel LiMn204 phase [Gee, 1 9:)8]. The 
above results indicate that ourFet~ed oxysulfide manganese oxides 
are a good cathode inaterial, wttich can compete with the conven- 
tional cathode materials such as LiCoQ and LiNil_,Co, O2 for the 
application of [tie high temperature peffonnance of lidtium batter- 
ies. This oxysulfide spinel oxide is an atWacfive cathode material 
for lithium seec~lday batteries due to the telnperatare stability and 
excellent electrochenucal perfomlance as well as the nontoxicity 
and low cost of the raw materials. 

The capacity loss during cycling has been commoE[y consid- 
ered to be due to the MnO dissolution into the electrolyte solutioit 
In order to study the struc~ral change of spinel LiA10 laMnl s20397 
So03 electrode induced by Mn dissolution after cycling at elevated 
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Fig. 5. X-ray diffraction patterns for LiAI0zsMni~:O3~:Su.m elec- 
trodes after 50 cycles (a) 25, Co) 50, and (c) 80 oC. 
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temperature, XRD measurements were carried out. Fig. 5 shows 
tile X-lay dill-action patteln8 of tile LiA10 l~dni.s20~.~Sa0~ electrodes 
after 50 cycles at 25, 50, and 80 ~ For the cycled spinel elec- 
trodes at 25 and 50 ~ no impurity phases have been observed after 
50 cycles. But tile X-my diffraction patterns of the spinel materials 
cycled [Fig. 5(a) and (b)] shift slightly to the fight, indicating that a 
co~-action of lattice constant and a change of composition of tile 
spinel component compared with those of the as-prepared powders 
(Fig. 1) [Pasquier, 1999]. A small amount of peaks that could be 
indexed to Li~MII204 widl tett-agonal mid Li2MnQ with rock salt 
phase appeared for the cycled electrode at 80 ~ [Fig. 5(c)]. The 
existence of those phases is mainly related to the capacity loss for 
the spinel electrode cycled at 80 ~ Recently, it was reported that the 
LiaMnQ concem'aion increased with cycling, reached a maxJmum 
after 220 cycles, and decreased to 500 cycles, whereas Li2MneQ 
peaks increased with cycling and disappeared after 220 cycles [Pas- 
quier, 1999]. The rock salt phase LiaMnO3 has been detected in a 
very minor amount by HRTEM lattice image at tile particle sur- 
face of discharged spinel electrode after 70 cycling at 80 ~ which 
is m~fly  responsible for tile origin of capacity loss [Sun et al., 2001]. 
Our data confirms the above observations. 

From the above results, the small capacity loss in Li/LiAla laMnl a~ 
Q~vS00~ cell at elevated tenlpemture is ascribed to a structta-al de- 
gmdarion of the spinel electrode, which is associated with the for- 
marion of Li~Mn~O4 and Li~MnQ. It is concluded that the forma- 
lion of Li2MnQ is a~ibuted to tile dissolution of MnO fi-oln Lie 
Mn~O4 which has been formed at the surface of discharged LiA1o la 
1VInI~2Q ~vS00~ electrode. 

CONCLUSIONS 

A new oxysulfide spinel, LiAlai~Mni ~20~vS00 ~ electrode cycled 
at elevated temperature, shows excellent cycleability at a high rate 
over the 4 V region. The capacity retentions of the oxysulfide elec- 
trode after 50 cycles at 25, 50, and 80 ~ are 97, 97, and 95% of 
itfitial capacity, respectively. LiaMilaO 4 with tetragonal and Li~!VInQ 
with rock salt phase was detected at the surface of discharged elec- 
trode after 50 cycles at 80 ~ which was the main origin of the ca- 
pacity loss of the spinel electrode at elevated tempera~,~e. 
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