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Abstract—A sulfur-doped spinel material, LIAMN, 0,505 Was synthesized by a sol-gel method using glycolic
acid as chelating agent. The structural change of the oxysulfide spinel before and after cycling at elevated temperature
was studied by charge/discharge measurements and X-ray diffraction. The capacity loss during cycling was noticeably
increased in the cell operation temperature from 50 t&€ 80he capacity loss for the spinel material during cycling
at elevated temperature is largely attributed to the formation of tetraggdal,Qj, and rock salt phase MnO.,.
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INTRODUCTION [Thackeray, 1998]. The presence oMO, and spinel compo-
sitions other than LIMJ®, in cycled LiMn,O, electrodes has been

The presently commercialized lithium-ion batteries use layer strucreported previously by Robertson and co-workers [Robertson, 1997].
tured LiCoQ cathode. Because of the high cost and toxicity of co- It was subsequently suggested that a capacity fade foyQjMiec-
balt, an intensive search for new cathode materials has been undéede cycled hundreds of times at room-temperature is attributed to
way in recent years. Spinel LiMD, has been considered to be an the formation of LIMnO, caused by the dissolution of MnO from
attractive alternative in terms of low cost, abundance, and nontoxthe previously formed Liin,O, [Cho, 1999].
icity [Amine, 1996]. The spinel LiM®, exhibits a relatively good LiMn,O, powders are typically prepared by a solid-state reac-
cycle-ability at room temperature but still suffers from capacity losstion that consists of extensive mechanical mixing and extended grind-
at elevated temperature, e.g. 50@@0Amatucci, 1997; Xia, 1997].  ing process. This method, however, has several disadvantages: in-
In order to improve the cycle-ability of spinel LiMD) electrodes  homogeneity, irregular morphology, broader particle size distribu-
at elevated temperature, many research groups have studied the méidn, and long and repeated heat-treatment processes. Employing a
ification of the LiMnO, by lithium rich or transition metal doped sol-gel method has solved these difficulties. All the components
spinel, by reducing surface reaction between spinel electrode ardkerived from the gel precursors are of atomic scale and homoge-
electrolyte, by F partial substitution for O, and by sol-gel coating neously mixed with each other, and thus form a single-phase spinel
of LiCoO,[Amatucci, 1997; Xia, 2000; Cho, 1999]. Although some LiMn,O, having submicron, narrow particle-size distribution, and
attempts have somewhat improved the electrochemical performanaxcellent phase-pure particles under the mild conditions. For this
of spinel LiMnO, electrode at elevated temperature, capacity lossreason, we have adopted the sol-gel method using various kinds of
has still been observed during cycling. chelating agent to synthesize several cathode materials [Sun, 1997,

The reason for the capacity loss of the Li®inis mainly attrib- 1999; Park, 2000].
uted to a slow dissolution of MnO at the spinel electrode into elec- In this paper, we study the electrochemical cycling behavior of a
trolyte due to the formation of HF resulting from the reaction of LIPF new oxysulfide spinel LiAkMn, 0, ,S 0 Materials at elevated
with residual HO [Pasquier, 1999]. However, there is not yet an temperature (50-8C) combined with the structural degradation.
explicit degradation mechanism of the spinel Lillrelectrode at  X-ray diffraction (XRD) and charge/discharge measurements were
elevated temperature.Mn,O, (x=1) has a cubic spinel structure used to investigate the cyclimgluced phase transformation of the
with space group symmetry Fd3m in which tHeeldd MA™" ions spinel electrode.
are located on the 8a tetrahedral sites and the 16d octahedral sites
of the structure, respectively [Pasquier, 1988hckeray et al. have EXPERIMENTAL SECTION
proposed a failure mechanism at room temperature in which a te-
tragonal LjMn,O, phase has been detected by TEM diffraction im-  LiAl ,,gVIn, .0, 5, 0; pOWders were prepared by a sol-gel method
age at the surface of dischargedVn,O, spinel electrodes cycled as reported in our previous works [Sun, 2001}l Mn, O, .S
under high rate, nonequilibrium conditions between 4.2 and 3.3 Was a starting composition of LiAMnN, 5,0, -S, . The slight ex-
cess of Li was introduced to compensate for loss during high-tem-
perature calcination. Powder X-ray diffraction (Rigaku, Rint-2000)
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coupled plasma (ICP) method by dissolving the powders in dilute
nitric acid. The sulfur was analyzed with a sulfur analyzer (LECO
Co., CS 444), and the oxygen content was determined via mass b
ance. The particle morphology of LiAMnN, £,0;..S,0; powders
was observed by using a field emission scanning electron micro
scope (Hitachi Co., S-4100). We prepared the XRD sample of the
cycled LiALMn, ;0,5 0s €lectrode as follows. The Li/Lig,
Mn, 056505 Cell discharged to 3.0 V was allowed to equilibrate
for 5 h at each operating temperature. After the cell was cooled dow
to room temperature, the LIAIMN, 0, S 05 €lectrode was re-
moved from 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 a lithium metal anode st
parated by a porous polypropylene film. For the fabrication of the
electrode, the mixture, which contained 25 mg LiMN, :0; S0

powders and 15 mg conducting binder (10 mg TAB and 5 mg graphFig- 2. Scanning electron micrographs of the LiAkgVIN, /05505

ite), was pressed on 2.0tstainless screen at 800 kg &nThe

used electrolyte was a 1 : 2 mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) containing 1 M LifPty volume. The
charge-discharge cycle was performed galvanostatically at a cul
rent rate of C/3 (0.4 mA cif) between 4.4 and 3.0 V.

RESULTS AND DISCUSSION

The as-prepared powders were confirmed to be well-defined spi
nel phase with space group FdShown in Fig. 1. The lattice con-
stant (a) of the powders is 8.1963vich is lower than that of stoi-
chiometric spinel. Generally, spinels with smaller lattice constant
showed improved cycle-ability. Amatuchi et al. have reported that
LiAl ,,Mn, O, prepared by solid-state techniques had a lattice con:
stant of 8.20 A and it showed much improved cycle-ability at ele-
vated temperature as well as room temperature compared with stc
chiometric spinel LiMpO, [Amatucci, 2001]. The solid-solution
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Fig. 1. X-ray diffraction patterns for LIAl :dMN; /056 05 pOWders.
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range of Al doped LiMyO, spinel synthesized by emulsion drying ered the discharge capacity of 100 mA hamd decreased slowly
method was in the range of x=0-0.6 in LM, O, and the lattice ~ during cycling to reach 93 mA h'gafter 50 cycles with capacity
constant linearly decreased from 8.245 A at x=0 to 8.136 A at x=retention of 93% of the initial capacity (capacity loss of 0.134 mA
0.6 [Myung, 2001]. The chemically analyzed data showed that then ¢*-cycle), which is the lowest capacity loss reported to so far. It
powder composition was LiMN, 5)0; ¢S 05 should be noted that the capacity loss 4€36 much higher than

Fig. 2 shows Scanning electron microscope (SEM) for the asthat at 25 and 5. Myung et al. reported that the Lif¥n, O,
prepared powders. The particles have a single-crystal-like gold witlelectrodes synthesized by the emulsion drying method suffered from
cubic structure shapes. They are quite different in particle morpholeapacity loss of 98 and 95% after 50 cycles at 25 af@d,4®-
ogy from the stoichiometric spinel with a well-developed (100) planespectively [Myung, 2001]. The excellent capacity retention of LiAl
and have the particle size distribution of 1pd0. Mn, 0,505 Spinel electrode at the elevated temperature is largely

Fig. 3 shows the charge-discharge curves for the, JdMh, o, due to the smaller lattice constant, an increase in covalence by Al
O, 0s €lectrode at 25, 50, and &R The charge-discharge curves substitution, and excellent homogeneity of powders synthesized by
have only one plateau due to a large amount of Al substitution foln sol-gel method. Recently, Gee et al. reported that an increase in
Mn, which could be ascribed to a single-phase reaction in the voltcovalent or metallic bonding plays an important role in suppress-
age region. Xia and co-workers reported that the spinel having ongng Jahn-Teller distortion in spinel LiMD, phase [Gee, 1998]. The
phase reaction during charge-discharge cycling showed better cyabove results indicate that our prepared oxysulfide manganese oxides
cleability [Amatcci, 1997]. The voltage difference between the chargeare a good cathode material, which can compete with the conven-
and discharge curves for the LifMn, ;,0; S os€lectrode cycled  tional cathode materials such as LiGa&Rd LiNi_,Ca0, for the
at 80°C increases with increasing cycle number, whereas there igpplication of the high temperature performance of lithium batter-
no difference in the charge-discharge curves for the, |, o, ies. This oxysulfide spinel oxide is an attractive cathode material
O, S 0s€lectrode cycled at 25 and |0 It is postulated by these  for lithium secondary batteries due to the temperature stability and
results that the capacity loss at elevated temperature during cyclingxcellent electrochemical performance as well as the nontoxicity
is related to the structural degradation of the N, 056505 and low cost of the raw materials.
host resulting from MnO dissolution. Shown in Fig. 4 is the varia- The capacity loss during cycling has been commonly consid-
tion of specific discharge capacity for the oxysulfide spinel elec-ered to be due to the MnO dissolution into the electrolyte solution.
trode during cycling at various temperatures. Although the elecdn order to study the structural change of spinel Li¥n, ;O;,
trode cycled at 2% [Fig. 4(a)] delivers an initial capacity of 107 S, electrode induced by Mn dissolution after cycling at elevated
mA h g?, 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 LiglMn, ;0. .S, ; €lectrode after 50 cycles
even at 50C is observed, which is the same capacity loss of the T : Li;Mn,0,
0.05 mA h g-cyclefor the electrode cycled at 5. However, the R LEMnOs
Li/LIAl 1gMN, 50,9505 Cell which cycled at 8TC initially deliv-
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temperature, XRD measurements were carried out. Fig. 5 shows of LiMn,O, Compounds Through the Use of the [Mh,_,O,F,

the X-ray diffraction patterns of the LIAIMN, :/0; S, ; €lectrodes Solid Solution;J. Electrochem. Sqd48 A171 (2001).

after 50 cycles at 25, 50, and “80 For the cycled spinel elec- Amatucci, G. G., Schmutz, C.N., Bylr, A, Siala, C., Gozdz, A. S., Lar-
trodes at 25 and 5C, no impurity phases have been observed after cher, D. and Tarascon, J. M., “Materials’ Effects on the Elevated and
50 cycles. But the X-ray diffraction patterns of the spinel materials Room Temperature Performance of C/LidpLi-lon Batteries;J.
cycled [Fig. 5(a) and (b)] shift slightly to the right, indicating that a  of Power Sourcess9, 11 (1997).

contraction of lattice constant and a change of composition of theédmine, K., Tukamoto, H., Yasuda, H. and Fujita, Y., “A New Three-
spinel component compared with those of the as-prepared powders volt spinel Li.,Mn; Ni,:O, for Secondary Lithium Batteries,

(Fig. 1) [Pasquier, 1999]. A small amount of peaks that could be Electrochem. Socl43 1607 (1996).

indexed to LiMn,O, with tetragonal and IMnO, with rock salt Cho, J. and Thackeray, M. M., “Structural Changes of LidiSpinel
phase appeared for the cycled electrode &t §Big. 5(c)]. The Electrodes during Electrochemical Cyclinly;Electrochem. Sqc.
existence of those phases is mainly related to the capacity loss for 146 3577 (1999).

the spinel electrode cycled at’8) Recently, it was reported that the Cho, J., Kim, G. B., Lim, H. S., Kim, C.-S. and Yoo, S.-I., “Improve-
Li,MnQ; concentration increased with cycling, reached a maximum  ment of Structural Stability of LiVy©®, Cathode Material on 5&

after 220 cycles, and decreased to 500 cycles, whegbés,Qj Cycling by Sol-Gel Coating of LiCofDElectrochemical & Solid-
peaks increased with cycling and disappeared after 220 cycles [Pas- State Letters2, 609 (1999).

quier, 1999]. The rock salt phasgNlnO; has been detected in a Gee, B., Horne, C. R, Cairmns, E. J. and Reimers, J. A., “Supertransferred
very minor amount by HRTEM lattice image at the particle sur-  Hyperfine Fields at 7Li Variable Temperature 7Li NMR Studies of

face of discharged spinel electrode after 70 cycling 4 8®hich LiMn,O,-Based Spinels). Phys. Chem..BL02 10142 (1998).

is mainly responsible for the origin of capacity loss [Sun et al., 2001]Myung, S.-T., Komba, S. and Kumagai, N., “Enhanced Structural Sta-

Our data confirms the above observations. bility and Cyclability of Al-Doped LiMpO, Spinel Synthesized by
From the above results, the small capacity loss in Li/lddh, s, the Emulsion Drying Method]. Electrochem. Sacl48 A482

0O,450; Cell at elevated temperature is ascribed to a structural de- (2001).
gradation of the spinel electroaehich is associated with the for-  Park, S. H., Park, K. S., Sun, Y.-K. and Nahm, K. S., “Synthesis and

mation of LiMn,O, and LiMnQ,. It is concluded that the forma- Characterization of a New Spinel, LAl ,dMn, 70, 65,05 Operat-
tion of Li,MnQ, is attributed to the dissolution of MnO from, Li ing at Potentials Between 4.3 and 2.4Mgf Electrochem. Spi47,
Mn,O, which has been formed at the surface of dischargegl,L.iAl 2116 (2000).
Mn; ¢,0; oS o5 €lectrode. Pasquier, A. D., Blyr, A., Courjal, P., Larcher, D., Amatucci, G., Gerand,
B. and Tarascon, J.-M., “Mechanism for LimitedG5storage Per-
CONCLUSIONS formance of LiMn, o0, Electrode}J. Electrochem. Sqd 46, 428
(1999).

A new oxysulfide spinel, LiAl,dMn, ;00,3 s electrode cycled  Robertson, A. D., Lu, S.H. and Howard, Jr. W. F.>“Modified Li
at elevated temperature, shows excellent cycleability at a high rate Mn,O, Spinel Intercalation Cathodes. Il. Electrochemical Stabiliza-
over the 4V region. The capacity retentions of the oxysulfide elec- tion by CF*? J. Electrochem. Sqd.44, 3505 (1997).
trode after 50 cycles at 25, 50, and®@Gre 97, 97, and 95% of  Sun, Y.-K. and Kim, D.-W., “Synthesis and Electrochemical Character-
initial capacity, respectively. iMn,O, with tetragonal and IMnO, ization of LiMnO, Cathode Materials Prepared for Lithium Poly-
with rock salt phase was detected at the surface of discharged elec- mer BatteriesKorean J. Chem. Engl6, 449 (1999).
trode after 50 cycles at 80, which was the main origin of the ca- Sun, Y.-K., “Structural Degradation Mechanism of Oxysulfide Spinel

pacity loss of the spinel electrode at elevated temperature. LiAl ,,Mn, ;05 S, . Cathode Materials on High Temperature’
Electrochemistry Communicatiqrg 199 (2001).
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