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The structural integrity of the oxysulfide material, LiBMn; 76030850, before and after charge-discharge cycling at high
temperature was studied by X-ray diffraction and high-resolution transmission electron microscopy. The rock salt,phe3g Li

which is associated with capacity loss has been detected at the surface of the oxysulfide particles in the electrode cycled in the 4
V region at 80°C. The small structural degradation of the new oxysulfide material may be responsible for the excellent cyclability
of the oxysulfide spinel at high temperature over the 4 V region.
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LiMn,0, spinels have generated great interest as the most promki,Mn,0,.*? It is generally accepted that the capacity loss for the
ising cathode materialgpositive electrodgsfor lithium secondary  LiMn,0O, electrode in the 4 V region could be attributed largely to a
batteries, due to their high energy density, low cost, abundance, andlow dissolution of MnO at the spinel particle into electrolyte. How-
nontoxicity. LiMn,O, (x = 1) has a cubic spinel structure with ever, there is no explicit experimental data for the structural degra-
space group symmetriyd3m in which the Li* and M+ ions dation at the spinel particle surface after cycling at room tempera-
are located on the 8a tetrahedral sites and the 16d octahedral sites Bffe as well as high temperature to confirm many researchers’
the structure, respectively In the 4 V region, it appears that the Observation and suggestion that is associated with capacity loss.
cubic structure of the material is maintained during the extractionRecently, we reported that a new sulfur-doped spinel,
and insertion of Li ions, but the capacity of the spinel electrode LAl 0.2aMN1 760396502 could eliminate the effect of Jahn-Teller
slowly loses during cycling. Recently, Tarascon and Guyorhesd  distortion and showed excellent cyclabilit in the 3, 4V, and both
ported that lithium-rich spinel (Li.,Mn,0,) showed excellent cy- the 3 ar_!d 4 V regions at room temperatdre. R
clability at room temperature. However, a poor performance of the N this paper, we study the high-temperat(§é and 80°C per-
material at high temperature prevents its wider use as cathode mdormance of LiAbMn; 7d0508%.02 in the 4 V region combined
terial for lithium secondary batteries. For commercial use, the highWith the structural degradation at the spinel particle surface. X-ray
temperature performance of LiM®, must be improved. To im- diffraction (XRD) and high-resolution transmission electron micros-

prove the cyclability of spinel LiMgO, electrodes at high tempera- copy (HRTEM) were used to investigate the cycling-induced phase

ture, many research groups have studied cation substitution for Mn’fransformatlon of individual spinel particles at high temperature.

and anion (F) for O, and surface passivation treatment of
LiMn,0,.4® Surface passivation treatments of; biMn, <O, par- Experimental
ticles coated with lithium borate glass and acetylacetone improved LAl ~- Mn wders were prepared b el
the performance of the material at 55°C to some degree owing to 02Mn1.7d03.985%002 POWders were prepared by a sol-ge
S . . . method as reported in our previous wdk.
minimizing the LiMn,O4/electrolyte interface. Amatucedt al. re- Li o6l 0 2MN; 7603 acSo was a starting  composition  of
ported that the cyclability of fluorine-doped spinel Lib®y_,F, at .1-|° 02471, 75-3.85 -15h iiah fg . p duced
55°C was improved to some extent because of a decreased Mh"”\ 0-24Mn1-76?3~9|880-02 Le_ag tl excess of Li was Introduced to
dissolution® The main possible reason for such poor performanceCOT_?}E”E;ENW (I\)/ls:es urng C?:g;lngrls(::rﬁar ed 10 3.0 V was al-
has been attributed largely to the solubility of Lib@y, spinel due to 0.24MN;1 703.96%.02 9 :

the formation of HF resulting from the reaction of fluorinated anions Iowe_d to equilibrate fo5 h ateach operatmg_ temperature. After
with residual HO.”® Liu et al. reported that a significant amount of cooling the cell to room temperature, the LiiMN,. 7¢05.05%.02
: : electrode was removed from the cell and then dried for one day.

tetragonal LiMn,0, in Li, Mn;0, electrode after 80 cycles at the 4 pqer XxRD(Rigaku, Rint-200pusing Cu K radiation was used
V region appeared when charged and discharged at a high rate bes jyenify the crystalline phase of as-prepared powders and cycled

}_we_en_ 3:5 an?] 4'? M agd |tsfeX|st§nc_:e v]:/as the reT;J%I_t of kinetiCg|ectrodes at various temperatures. Rietveld refinement was then
imitations at the electrode surface during fast intercalatitnwas rformed using the XRD data to measure lattice constants.

e
subsequently shown by Thackeray and co-workers that evidence df The chemical composition was determined by chemical analysis
tetragonal LiMn,0, phase on the LiMyO, particles surface at the  ysing an inductively coupled plasni(CP). The chemical analysis
end of dischargeabove 3V was detected by transmission electron \yas conducted three times for each sample and the accuracy of the
microscopy(TEM) imaging after a few high rate cyclé%.'l’he Pres-  measured data was less thar8%. To evaluate the solubility of
ence of LiMnO; and spinel compositions other than Lib@y in spinel, 0.4 g of powders was loaded into a Teflon container bag,
cycled LiMn,O, electrodes has been reported previously by Rob-followed by immersing into 4 mL 1 M LiPEin ethylene carbonate/
ertson and co-workers.Cho and Thackeray suggested that a capac-dimethyl carbonatéEC/DMC) (1:2 by volume electrolyte, which
ity fade for Li/LiMn,O, cycled hundreds of times in the 4 V region was kept at room temperature, 50 and 80°C, respectively, for one
at room temperature is ascribed to the formation gMriO; at the week. The electrolyte separated from the powders was analyzed for
particle surface which is attributed to the dissolution of MnO from the measurement of Mn content.
The particle morphology of LiA,,Mn; 7603 965 o2 pOWders be-
fore and after cycling at 80°C was observed using a field emission
* Electrochemical Society Active Member. scanning electron microscogEESEM, Hitachi Co., S-4100 Mi-
Z E-mail: yksun@email.hanyang.ac.kr crostructures of individual oxide particles of the samples were also
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Figure 1. X-ray diffraction patterns for LiAJ ,.Mn; 7d03 965002 pOWders.

investigated by a TEMH-9000NA), which uses an ultramicrotome
techniqué® for specimen preparation.
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Figure 2. Charge-discharge curves for Li/LifMn; 7¢03 965 o2 Cells at(a)
room temperaturelb) 50, and(c) 80°C as a function of cycle number.

tion for Mn. While the polarization of the electrode at room tem-

perature is almost constant during cycling, the polarization of the
electrode cycled at 80°C increases with increasing cycle number.
Shown in Fig. 3 is the variation of specific discharge capacity for the

Charge-discharge cycles were performed in CR2030 button-type
cells. The cell consisted of a cathode and a lithium metal anode

separated by a porous polypropylene film. For the fabrication of the

electrode, the mixture, which contained 25
LiAl 5 2Mn; 7605 965 02 powders and 15 mg conducting binddi0
mg TAB and 5 mg graphite was pressed on 2.0 énstainless
screen at 800 kg/ctn The electrolyte used was a 1:2 EC/DMC
mixture containig 1 M LiPFs by volume. The charge-discharge
cycle was performed galvanostatically at a current rate of(G/3
mA/cn?) between 4.3 and 3.0 V.

mg

Results and Discussion

The as-prepared powders were confirmed to be well-defined spi
nel phase with space grotz3m shown in Fig. 1. There is a small
220 diffraction line(26 = 30.4° which is generated by Li ion at 8a
sites in the spinel host though the scattering factor of Li ions is very
small. This indicates that as-prepared powders have higher crystal
linity. The lattice constanta) of the powders is 8.1928 A which is
lower than that of stoichiometric spinélThe previous reports re-
vealed that the lattice constant of metal-doped M, ,O, spinel

structures decreases with increasing amount of doped metal due t

an increasing concentration of Kthions in the spinel structure by
substituting MA* ions with the metal ion&® The chemical analysis
data showed the sample to be LiAMnN, 7d03 9850 02 @nd the aver-
age oxidation state of manganese in the powders was'3.55.
Figure 2 shows the charge-discharge curves for the
LiAl ¢ ,AMn; 7603 965 o2 €lectrode at room temperature, 50 and 80°C
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Figure 3. Variation of specific discharge capacities with number of cycles

as a function of cycle number. The measured charge-discharger the Li/LiAl ,Mn; 703 65 02 cells at(a) room temperature(p) 50, and
curves have only one plateau due to a large amount of Al substitu<c) 80°C.
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(a) powders, (b) electrode after 50 cycles at 80°C, and the as-prepéced

0 Figure 5. Scanning electron micrographs of tte@ LiAl o ,iMn; 7¢03 965,02
LiAl ¢ ,Mn; O, and(d) LiMn ,05 465 o, powders.

10 20 30 40 50 60 70 80 that of the as-prepared powddf&g. 1), we are unable to find any
difference in the positions of the characteristic peaks for the typical
20 /degree spinel phase. The lattice constants of the electrodes cycled at 25, 50,
and 80°C were 8.1778, 8.1682, and 8.1625 A, respectively. Al-
Figure 4. X-ray diffraction patterns for LiAj,Mn, ;05955 o2 €lectrodes  though there is very little difference in the lattice constants of the
after 50 cycles ata) 50 and(b) 80°C. cycled electrodes at 50 and 80°C, the lattice constant difference
between the as-prepared powdé8sl1928 A and the cycled elec-
trode at 80°C is large. Also, the lattice constants decrease with in-
creasing cell operating temperatures, indicating an increase in the
amount of MA" and the decrease of crystallinity in the oxysulfide
spinel due to Mn dissolution. As discussed above, the amount of

ing 99% (0.020 mAh/gcycle) of the initial capacity after 50 cycles Mns*. decreasgs with Increasing temperature beqausg ofa S'OVY d|'s-
at C/3 rate. While the capacity loss during cycling was a little fastersomta'fn of Sﬂnels ag(iordlng to the dl_spropprtlonatlorl reaction;
at cell temperatures of 5(Fig. 3b) and 80°C(Fig. 30 than that of ~ 2Mn”" — Mn™™ + Mn“". The lower ionic radius of Mh’ with
25°C, the capacity retentions of the electrode at the temperatures gESPect to Mii* leads to higher covalency of the manganese-oxygen
50 and 80°C were 970.024 mAh/gcycle) and 95%(0.018 mAh/ bonds and consequently to the de_crease of the lattice constamts of
g-cycle) of the initial capacities of 104 and 99 mAh/g after 50 ~ Figure 5 shows SEM images of the as-prepared
cycles, respectively. To our best knowledge, these are the lowestiAl o.24VN; 760308502 POWders, the cycled electrode at 80°C, the
capacity losses observed at 50 and 80°C reported to date. This indas-prepared LiAJ,Mn; §O,4 and LiMn,Os3 96 o, powders. The par-
cates that our prepared oxysulfide manganese oxides are a goditle morphology of as-prepared powders is analogous to that of
cathode material which can compete with conventional cathode masingle-crystal gold with a cubic structure. The particles are shaped
terials such as LiCo9and LiNi;_,Co,0, for the application of into a well-developed polyhedra, mainly octahedral configuration
high-temperature performance lithium batteries. The oxysulfide spi-bounded by eightl11) planes. The edge of the particle in the cycled
nel oxide is an attractive cathode material for lithium secondaryelectrode at 80°C is smoothed due to the Mn dissolution and/or
batteries due to temperature stability and excellent electrochemicagurface structure change. The LiAMn; O, and LiMn,O3965 02
performance as well as nontoxicity and low cost of raw materials. powders are different from LiglLMn 7¢03 9850 02 POWders in mor-
Capacity loss during cycling has been commonly considered tophology. Figure 5 reveals that the particles have intermediate shapes,
be due to the Mn dissolution into the electrolyte solution. The as-changing from spherical to cubic octahedral structure. The particle
prepared powders were first statically exposed in the electrolyte sosizes of LiMnO3 965 o2 and LiAlg ,Mn; 7605 953 o2 @re larger than
lution at room temperature, 50 and 80°C, respectively, for one weekthose of LiAl ,Mn; g0, which do not contain sulfur ion in their
and the dissolved M ions in the electrolyte were analyzed. The structure. Especially, LiMO; 055 o2 has the particle size distribu-
dissolved amount of Mit in the electrolyte is 5.6, 10.57, and 96.38 tion of 5 ~ 10 wm. At present, it is not clear how the size and
mg/L at room temperature, 50 and 80°C, respectively. It is notice-morphology of particles affects the cycling behavior of the oxysul-
able that the amount of dissolved Mn at 80°C is nine times higherfide electrode. But we speculate that the excessively added sulfur
than that at 50°C. may act as a catalyst in the synthetic process of S-doped Mn phase
To explore the cause of such poor capacity retention at the higho enlarge the particle size.
temperature, XRD, SEM, and HRTEM were used to see the struc- To understand the phase transformation induced by the cycling at
ture of the powders treated in the electrolyte at various temperaturesigh temperature in detail, we conducted TEM analysis of the cycled
Figure 4 shows the XRD patterns for LiAMnN; 7603 965,02 €l€C- electrode(the same material as shown in Fig.)4t 80°C in the
trodes after 50 cycles at 50 and 80°C. When comparing XRD pat-fully discharged state and then compared the result with that of the
terns for the cycled electrodes at 50 and 8QF@). 4a and b with as-prepared powders. Figure 6 shows a HRTEM micrograph ob-

oxysulfide electrodes during cycling at various temperatures. Al-
though the electrode cycled at 25€ig. 33 delivers an initial
capacity of 109 mAh/g, it shows excellent cycling behavior retain-
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Figure 6. HRTEM lattice image and its digital diffractogram of (Li2MnO3) 5

LiAl g 24MN4 7603 965,02 POWders. e

tained from the surface of the as-prepared powders with its digital
diffractogram. The lattice fringes of the as-prepared (b) area A area B
LiAl g 2Mn1 7605 06502 pPowders reveal a 0.476 nm modulation
which is equivalent to the spacing @f11) plane in the cubic spinel
structure. The lattices are not distorted, and the surface is smoott
Figure 7a shows a HRTEM micrograph obtained from the surface of
the particles in the electrode after 50 cycles at 80°C. It is observec
clearly that the surface roughness of the particle is irregular due tc
the structural change at the particle surface during cycling, suggest
ing that Mn dissolution leads to structural-transformed material at
the surface of particles, while the cubic spinel phase is still in core.
The thickness of structural change in the electrode after 50 cycles a
80°C is below 10 nm from the particle surface. To identify the
changed structure of the particle surface, the analysis of the HRTEN .
image was carried out by the digital diffractograms and inverse
Fourier transform filtered imag€:*® Figure 7b demonstrates two
digital diffractograms obtained from the framed areas A and B of
Fig. 7a. The periodic components in the framed areas reveal them
selves as diffraction spots in the diffractograms of Fig. 7b. The
distance from the center to the diffracted spots indicates the recip-
rocal space. Indexing of the diffracted spots shown in Fig. 7b were
performed by measuring the reciprocal spaces of the spots and th

angles between the spots. It is found from the indexed results of the //
diffracted spots that two diffraction spots of area A correspond to the //
reflections of the LiA} ,Mn; 703 9650 02 With a cubic spinel struc-
ture, while the diffraction spots of area B correspond to the reflec-

tions of the LpMnO; and LiAlg ,,Mn; 7603 965 02 @S shown in Fig. ©

7b. Figure 7c shows a processed image by the filtering method,

where the image was obtained through inverse Fourier transform igure 7. (a) HRTEM lattice image from particle surface in the electrode
with 031 and 022 reflections of JMnO;, and 111 reflections of 4. 50 cycles at 80°C. A: Bulk region, B: Surface regits. Two digital
LiAl o 2MN1 7603 965 02 From the processed image, we can clearly gfiractograms obtained from the framed areas A and B shown ift)a.
see that the surface region of the spinel lgiadMn; 7603 965,02 Par- Filtering image of area A and B shown in a.

ticles is partly changed into the JMnO; with a rock salt phase.

Further HRTEM lattice image for the LigbaMn; 7¢03 965002 €l€C-

trode after 50 cycles at room temperature shows no formation of

Li,MnO; phase as shown in Fig. 8. Our data confirm Cho andassociated with the formation of IMnO; resulting from the disso-
Thackeray’s speculation that the capacity loss in Li/Liapcell is lution of MnO from Li;Mn,O,4. Thus, it is concluded that the for-
ascribed to a structural degradation of the spinel electrode which isnation of LLMnO; is due to the dissolution of MnO from {¥in,O,

N
N
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excellent cyclability for the oxysulfide spinel electrode after 50
cycles at 80°C.

Conclusions

An oxysulfide spinel, LiA} ,Mn; 7805 965002 €lectrode cycled

at high temperature shows excellent cyclability at a high rate over
the 4 V region. The capacity retentions of the oxysulfide electrode
after 50 cycles at room temperature, 50 and 80°C are 99, 97, and
95% of initial capacity of 109, 104, and 99 mAh/g, respectively. The
rock salt LbMnO; phase was detected at the surface of discharged
electrode after 50 cycles at 80°C by HRTEM imaging and the digital
diffractograms. The excellent cyclability resulted from small struc-
tural degradation of the oxysulfide particle surface and the material
could be used as an attractive cathode material in lithium secondary
batteries.
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