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Structural Changes „Degradation… of Oxysulfide
LiAl 0.24Mn1.76O3.98S0.02 Spinel on High-Temperature Cycling
Yang-Kook Sun,a,* ,z Gyeong-Su Park,b Yun-Sung Lee,c Masaki Yoashio,c,*
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The structural integrity of the oxysulfide material, LiAl0.24Mn1.76O3.98S0.02 before and after charge-discharge cycling at high
temperature was studied by X-ray diffraction and high-resolution transmission electron microscopy. The rock salt phase Li2MnO3
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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LiMn2O4 spinels have generated great interest as the most p
ising cathode materials~positive electrodes! for lithium secondary
batteries, due to their high energy density, low cost, abundance
nontoxicity. LixMn2O4 (x 5 1) has a cubic spinel structure wit
space group symmetryFd3m in which the Li1 and Mn31/41 ions
are located on the 8a tetrahedral sites and the 16d octahedral si
the structure, respectively.1,2 In the 4 V region, it appears that th
cubic structure of the material is maintained during the extrac
and insertion of Li1 ions, but the capacity of the spinel electrod
slowly loses during cycling. Recently, Tarascon and Guyomard3 re-
ported that lithium-rich spinel (Li11xMn2O4) showed excellent cy-
clability at room temperature. However, a poor performance of
material at high temperature prevents its wider use as cathode
terial for lithium secondary batteries. For commercial use, the h
temperature performance of LiMn2O4 must be improved. To im-
prove the cyclability of spinel LiMn2O4 electrodes at high tempera
ture, many research groups have studied cation substitution for
and anion ~F! for O, and surface passivation treatment
LiMn2O4.

4-6 Surface passivation treatments of Li1.05Mn1.95O4 par-
ticles coated with lithium borate glass and acetylacetone impro
the performance of the material at 55°C to some degree owin
minimizing the LiMn2O4/electrolyte interface. Amatucciet al. re-
ported that the cyclability of fluorine-doped spinel LiMn2O42xFx at
55°C was improved to some extent because of a decreased
dissolution.6 The main possible reason for such poor performa
has been attributed largely to the solubility of LiMn2O4 spinel due to
the formation of HF resulting from the reaction of fluorinated anio
with residual H2O.7,8 Liu et al. reported that a significant amount o
tetragonal Li2Mn2O4 in Li xMn2O4 electrode after 80 cycles at the
V region appeared when charged and discharged at a high rat
tween 3.5 and 4.5 V and its existence was the result of kin
limitations at the electrode surface during fast intercalation.9 It was
subsequently shown by Thackeray and co-workers that evidenc
tetragonal Li2Mn2O4 phase on the LiMn2O4 particles surface at the
end of discharge~above 3 V! was detected by transmission electr
microscopy~TEM! imaging after a few high rate cycles.10 The pres-
ence of Li2MnO3 and spinel compositions other than LiMn2O4 in
cycled LixMn2O4 electrodes has been reported previously by R
ertson and co-workers.11 Cho and Thackeray suggested that a cap
ity fade for Li/LiMn2O4 cycled hundreds of times in the 4 V regio
at room temperature is ascribed to the formation of Li2MnO3 at the
particle surface which is attributed to the dissolution of MnO fro
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Li 2Mn2O4.
12 It is generally accepted that the capacity loss for t

LiMn2O4 electrode in the 4 V region could be attributed largely to
slow dissolution of MnO at the spinel particle into electrolyte. Ho
ever, there is no explicit experimental data for the structural deg
dation at the spinel particle surface after cycling at room tempe
ture as well as high temperature to confirm many research
observation and suggestion that is associated with capacity
Recently, we reported that a new sulfur-doped spin
LiAl 0.24Mn1.76O3.98S0.02, could eliminate the effect of Jahn-Telle
distortion and showed excellent cyclability in the 3, 4 V, and bo
the 3 and 4 V regions at room temperature.13,14

In this paper, we study the high-temperature~50 and 80°C! per-
formance of LiAl0.24Mn1.76O3.98S0.02 in the 4 V region combined
with the structural degradation at the spinel particle surface. X-
diffraction ~XRD! and high-resolution transmission electron micro
copy ~HRTEM! were used to investigate the cycling-induced pha
transformation of individual spinel particles at high temperature

Experimental

LiAl 0.24Mn1.76O3.98S0.02 powders were prepared by a sol-g
method as reported in our previous work.13

Li 1.05Al0.24Mn1.75O3.85S0.15 was a starting composition o
LiAl 0.24Mn1.76O3.98S0.02. The slight excess of Li was introduced t
compensate for losses during calcination.

The Li/LiAl 0.24Mn1.76O3.98S0.02 cell discharged to 3.0 V was al
lowed to equilibrate for 5 h at each operating temperature. Afte
cooling the cell to room temperature, the LiAl0.24Mn1.76O3.98S0.02
electrode was removed from the cell and then dried for one d
Powder XRD~Rigaku, Rint-2000! using Cu Ka radiation was used
to identify the crystalline phase of as-prepared powders and cy
electrodes at various temperatures. Rietveld refinement was
performed using the XRD data to measure lattice constants.

The chemical composition was determined by chemical anal
using an inductively coupled plasma~ICP!. The chemical analysis
was conducted three times for each sample and the accuracy o
measured data was less than63%. To evaluate the solubility of
spinel, 0.4 g of powders was loaded into a Teflon container b
followed by immersing into 4 mL 1 M LiPF6 in ethylene carbonate
dimethyl carbonate~EC/DMC! ~1:2 by volume! electrolyte, which
was kept at room temperature, 50 and 80°C, respectively, for
week. The electrolyte separated from the powders was analyze
the measurement of Mn content.

The particle morphology of LiAl0.24Mn1.76O3.98S0.02 powders be-
fore and after cycling at 80°C was observed using a field emiss
scanning electron microscope~FESEM, Hitachi Co., S-4100!. Mi-
crostructures of individual oxide particles of the samples were a
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investigated by a TEM~H-9000NA!, which uses an ultramicrotom
technique15 for specimen preparation.

Charge-discharge cycles were performed in CR2030 button-
cells. The cell consisted of a cathode and a lithium metal an
separated by a porous polypropylene film. For the fabrication of
electrode, the mixture, which contained 25 m
LiAl 0.24Mn1.76O3.98S0.02 powders and 15 mg conducting binder~10
mg TAB and 5 mg graphite!, was pressed on 2.0 cm2 stainless
screen at 800 kg/cm2. The electrolyte used was a 1:2 EC/DM
mixture containing 1 M LiPF6 by volume. The charge-discharg
cycle was performed galvanostatically at a current rate of C/3~0.4
mA/cm2! between 4.3 and 3.0 V.

Results and Discussion

The as-prepared powders were confirmed to be well-defined
nel phase with space groupFd3m shown in Fig. 1. There is a sma
220 diffraction line~2u 5 30.4°! which is generated by Li ion at 8a
sites in the spinel host though the scattering factor of Li ions is v
small. This indicates that as-prepared powders have higher cry
linity. The lattice constant~a! of the powders is 8.1928 Å which is
lower than that of stoichiometric spinel.7 The previous reports re
vealed that the lattice constant of metal-doped LiMxMn22xO4 spinel
structures decreases with increasing amount of doped metal d
an increasing concentration of Mn41 ions in the spinel structure by
substituting Mn31 ions with the metal ions.16 The chemical analysis
data showed the sample to be LiAl0.24Mn1.76O3.98S0.02 and the aver-
age oxidation state of manganese in the powders was 3.55.13

Figure 2 shows the charge-discharge curves for
LiAl 0.24Mn1.76O3.98S0.02 electrode at room temperature, 50 and 80
as a function of cycle number. The measured charge-disch
curves have only one plateau due to a large amount of Al subs

Figure 1. X-ray diffraction patterns for LiAl0.24Mn1.76O3.98S0.02 powders.
e
e
e

i-

y
l-

to

e
-

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

Figure 2. Charge-discharge curves for Li/LiAl0.24Mn1.76O3.98S0.02 cells at~a!
room temperature,~b! 50, and~c! 80°C as a function of cycle number.

Figure 3. Variation of specific discharge capacities with number of cyc
for the Li/LiAl 0.24Mn1.76O3.98S0.02 cells at~a! room temperature,~b! 50, and
~c! 80°C.
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oxysulfide electrodes during cycling at various temperatures.
though the electrode cycled at 25°C~Fig. 3a! delivers an initial
capacity of 109 mAh/g, it shows excellent cycling behavior reta
ing 99%~0.020 mAh/g•cycle! of the initial capacity after 50 cycles
at C/3 rate. While the capacity loss during cycling was a little fas
at cell temperatures of 50~Fig. 3b! and 80°C~Fig. 3c! than that of
25°C, the capacity retentions of the electrode at the temperatur
50 and 80°C were 97~0.024 mAh/g•cycle! and 95%~0.018 mAh/
g•cycle! of the initial capacities of 104 and 99 mAh/g after 5
cycles, respectively. To our best knowledge, these are the lo
capacity losses observed at 50 and 80°C reported to date. This
cates that our prepared oxysulfide manganese oxides are a
cathode material which can compete with conventional cathode
terials such as LiCoO2 and LiNi12xCoxO2 for the application of
high-temperature performance lithium batteries. The oxysulfide
nel oxide is an attractive cathode material for lithium second
batteries due to temperature stability and excellent electrochem
performance as well as nontoxicity and low cost of raw materia

Capacity loss during cycling has been commonly considere
be due to the Mn dissolution into the electrolyte solution. The
prepared powders were first statically exposed in the electrolyte
lution at room temperature, 50 and 80°C, respectively, for one w
and the dissolved Mn21 ions in the electrolyte were analyzed. Th
dissolved amount of Mn21 in the electrolyte is 5.6, 10.57, and 96.3
mg/L at room temperature, 50 and 80°C, respectively. It is not
able that the amount of dissolved Mn at 80°C is nine times hig
than that at 50°C.

To explore the cause of such poor capacity retention at the
temperature, XRD, SEM, and HRTEM were used to see the st
ture of the powders treated in the electrolyte at various temperat
Figure 4 shows the XRD patterns for LiAl0.24Mn1.76O3.98S0.02 elec-
trodes after 50 cycles at 50 and 80°C. When comparing XRD
terns for the cycled electrodes at 50 and 80°C~Fig. 4a and b! with

Figure 4. X-ray diffraction patterns for LiAl0.24Mn1.76O3.98S0.02 electrodes
after 50 cycles at~a! 50 and~b! 80°C.
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that of the as-prepared powders~Fig. 1!, we are unable to find any
difference in the positions of the characteristic peaks for the typ
spinel phase. The lattice constants of the electrodes cycled at 25
and 80°C were 8.1778, 8.1682, and 8.1625 Å, respectively.
though there is very little difference in the lattice constants of
cycled electrodes at 50 and 80°C, the lattice constant differe
between the as-prepared powders~8.1928 Å! and the cycled elec-
trode at 80°C is large. Also, the lattice constants decrease with
creasing cell operating temperatures, indicating an increase in
amount of Mn41 and the decrease of crystallinity in the oxysulfid
spinel due to Mn dissolution. As discussed above, the amoun
Mn31 decreases with increasing temperature because of a slow
solution of spinels according to the disproportionation reacti
2Mn31 → Mn41 1 Mn21. The lower ionic radius of Mn41 with
respect to Mn31 leads to higher covalency of the manganese-oxyg
bonds and consequently to the decrease of the lattice constantsa.

Figure 5 shows SEM images of the as-prepar
LiAl 0.24Mn1.76O3.98S0.02 powders, the cycled electrode at 80°C, t
as-prepared LiAl0.2Mn1.8O4 and LiMn2O3.98S0.02 powders. The par-
ticle morphology of as-prepared powders is analogous to tha
single-crystal gold with a cubic structure. The particles are sha
into a well-developed polyhedra, mainly octahedral configurat
bounded by eight~111! planes. The edge of the particle in the cycle
electrode at 80°C is smoothed due to the Mn dissolution an
surface structure change. The LiAl0.24Mn1.8O4 and LiMn2O3.98S0.02

powders are different from LiAl0.2Mn1.76O3.98S0.02 powders in mor-
phology. Figure 5 reveals that the particles have intermediate sha
changing from spherical to cubic octahedral structure. The part
sizes of LiMn2O3.98S0.02 and LiAl0.24Mn1.76O3.98S0.02 are larger than
those of LiAl0.2Mn1.8O4 which do not contain sulfur ion in their
structure. Especially, LiMn2O3.98S0.02 has the particle size distribu
tion of 5 ; 10 mm. At present, it is not clear how the size an
morphology of particles affects the cycling behavior of the oxys
fide electrode. But we speculate that the excessively added s
may act as a catalyst in the synthetic process of S-doped Mn p
to enlarge the particle size.

To understand the phase transformation induced by the cyclin
high temperature in detail, we conducted TEM analysis of the cyc
electrode~the same material as shown in Fig. 4b! at 80°C in the
fully discharged state and then compared the result with that of
as-prepared powders. Figure 6 shows a HRTEM micrograph

Figure 5. Scanning electron micrographs of the~a! LiAl 0.24Mn1.76O3.98S0.02
powders, ~b! electrode after 50 cycles at 80°C, and the as-prepared~c!
LiAl 0.2Mn1.8O4 and ~d! LiMn2O3.98S0.02 powders.
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tained from the surface of the as-prepared powders with its dig
diffractogram. The lattice fringes of the as-prepar
LiAl 0.24Mn1.76O3.98S0.02 powders reveal a 0.476 nm modulatio
which is equivalent to the spacing of~111! plane in the cubic spine
structure. The lattices are not distorted, and the surface is smo
Figure 7a shows a HRTEM micrograph obtained from the surfac
the particles in the electrode after 50 cycles at 80°C. It is obse
clearly that the surface roughness of the particle is irregular du
the structural change at the particle surface during cycling, sugg
ing that Mn dissolution leads to structural-transformed materia
the surface of particles, while the cubic spinel phase is still in co
The thickness of structural change in the electrode after 50 cycle
80°C is below 10 nm from the particle surface. To identify t
changed structure of the particle surface, the analysis of the HRT
image was carried out by the digital diffractograms and inve
Fourier transform filtered image.17,18 Figure 7b demonstrates tw
digital diffractograms obtained from the framed areas A and B
Fig. 7a. The periodic components in the framed areas reveal th
selves as diffraction spots in the diffractograms of Fig. 7b. T
distance from the center to the diffracted spots indicates the re
rocal space. Indexing of the diffracted spots shown in Fig. 7b w
performed by measuring the reciprocal spaces of the spots an
angles between the spots. It is found from the indexed results o
diffracted spots that two diffraction spots of area A correspond to
reflections of the LiAl0.24Mn1.76O3.98S0.02 with a cubic spinel struc-
ture, while the diffraction spots of area B correspond to the refl
tions of the Li2MnO3 and LiAl0.24Mn1.76O3.98S0.02 as shown in Fig.
7b. Figure 7c shows a processed image by the filtering met
where the image was obtained through inverse Fourier transf
with 031 and 022 reflections of Li2MnO3, and 111 reflections of
LiAl 0.24Mn1.76O3.98S0.02. From the processed image, we can clea
see that the surface region of the spinel LiAl0.24Mn1.76O3.98S0.02 par-
ticles is partly changed into the Li2MnO3 with a rock salt phase
Further HRTEM lattice image for the LiAl0.24Mn1.76O3.98S0.02 elec-
trode after 50 cycles at room temperature shows no formation
Li2MnO3 phase as shown in Fig. 8. Our data confirm Cho a
Thackeray’s speculation that the capacity loss in Li/LiMn2O4 cell is
ascribed to a structural degradation of the spinel electrode whic

Figure 6. HRTEM lattice image and its digital diffractogram o
LiAl 0.24Mn1.76O3.98S0.02 powders.
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associated with the formation of Li2MnO3 resulting from the disso-
lution of MnO from Li2Mn2O4. Thus, it is concluded that the for
mation of Li2MnO3 is due to the dissolution of MnO from Li2Mn2O4

Figure 7. ~a! HRTEM lattice image from particle surface in the electrod
after 50 cycles at 80°C. A: Bulk region, B: Surface region.~b! Two digital
diffractograms obtained from the framed areas A and B shown in a.~c!
Filtering image of area A and B shown in a.
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formed on LiAl0.24Mn1.76O3.98S0.02 surface during cycling which re
sults in the capacity loss of the oxysulfide spinel at high tempe
ture. It is believed that the below 10 nm of structural change c
sisted of Li2MnO3 on the cycled electrode is responsible for t

Figure 8. HRTEM lattice image from particle surface in the electrode af
50 cycles at room temperature.
-
-

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

Conclusions

An oxysulfide spinel, LiAl0.24Mn1.76O3.98S0.02, electrode cycled
at high temperature shows excellent cyclability at a high rate o
the 4 V region. The capacity retentions of the oxysulfide electro
after 50 cycles at room temperature, 50 and 80°C are 99, 97,
95% of initial capacity of 109, 104, and 99 mAh/g, respectively. T
rock salt Li2MnO3 phase was detected at the surface of dischar
electrode after 50 cycles at 80°C by HRTEM imaging and the dig
diffractograms. The excellent cyclability resulted from small stru
tural degradation of the oxysulfide particle surface and the mate
could be used as an attractive cathode material in lithium secon
batteries.
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