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LiAl y4Mn; O, and LiMn,O, materials were synthesized using LiOH, (WD;);, and different Mn sourcesMn;O, and

v-MnOOH). X-ray diffraction (XRD) showed that all prepared materials had identical crystalline ptagsc, Fd3m). Two

materials using the My®, source exhibited different cycling characteristics depending on the cycling voltage range. However, the
two materials using thg-MnOOH source showed an identical cycling performance in both the 3 and 4 V regions. Transmission
electron microscope analysis revealed that the materials usMgOOH consisted of two kinds of structures of cubic and
tetragonal in the resulting powders although they were shown as a pure cubic spinel structure in the XRD diagram. This indicated
a more stable state for the two Mn-based materials ugiMnOOH when the transformation from the cubic to tetragonal phase
occurred in the 3 V region.
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LiMn,0, spinel has been widely investigated because of its cost Experimental
pgrformance, environmen.tal merit, and easy prepargtion compared | ja| .Mn, O, and LiMn,O, materials were synthesized using
with other cathode materials’ The performance of LIMJO, has | joH, AI(NOy); and two manganese source@n,O, and
been stabilized at room temperature, however, its efficiency at high,_MnOOH) by a melt-impregnation method. Each mixture were
temperature has been unsatisfactory until flow. ) . precalcined at 470 and 530°Crf6 h in O, or air, respectively, and
Many research groups have reported lots of suggestions whichap, post-calcined at 800°C for 20 h.
revealeq the capacity |C_)BSS mechanism or improved cycling pe_rfor- The powder X-ray diffractiol’XRD, Rint 1000, Rigaku, Japan
mance in the 4 V feg'of‘- However, there was no clear suggestion ,sing Cu kx radiation was performed to identify the crystalline
to explain the capacity loss mechanism in the 3 V region except forphase of the materials. A transmission electron micros¢fM
the Jahn-Teller distortioh: There has been no report which dis- jEm 2010, JEOL, Japarequipped with energy-dispersive X-’ray
puted the Jahr_1-TeIIer distortion or revealed unique behaviors in th%pectromete(EDS) was employed to characterize the microstruc-
3 V region until recently. _ ture of the powder. The Li, Al, and Mn concentrations in the result-
However, Sunet al. have reported that sulfur-doped spinels, jng materials were analyzed using an inductively coupled plasma
LiMN 503.9650.02 and LiAlg 2qMN1 7603 965,02 POWders, were synthe-  spectrometefiCP, SPS 7800, Seiko Instruments, Japdo quanti-
sized by the partial substitution of oxygen in LiMdy, which tatively test the oxygen content, an oxygen determination analyzer
showed an increased discharge capacity in the 3 V region. Thes¢RO-416DR, EF-40C, LECO Corporation, US#as used for oxy-
also had excellent cycling performances in the 3, 4, andgen analysis.
(3 + 4) V regionst**? Furthermore, Kang and Goodenough re- The electrochemical characterizations were performed using
ported the synthesis of the LiM®, material which showed no ca- CR2032 coin-type cells. The cathode was 20 mg of accurately
pacity fading in the 3 V region, even though it was a pure spinelweighed active material and 12 mg of conductive bin@@mg of
material*® Although the two groups failed to perfectly explain why Teflonized acetylene blackTAB) and 4 mg of graphite It was
their materials induced their distinct reactions in the 3 V region, notepressed on a 250 nfstainless steel mesh used as the current col-
that these results are new observations different from those in prelector at 300 kg/crhand dried at 200°C 105 h in anoven. This cell
vious reports. consisted of a cathode and a lithium metal an¢@gprus Foote
We have recently reported the unique cycling characteristics ofMineral Co) separated by a porous polypropylene film as the sepa-
the LiAl, ;Mn, (O, material in the 3 V region. It showed many dif- rator(Celgard 3401 The electrolyte used was a 1 M LiREthylene
ferent characteristics depending on the starting materials and syrarbonate(EC)/dimethyl carbonateDMC) (1:2 by volume, Ube
thetic conditions"6 For instance, we found that LiglMn, O, Chemical, JapanThe charge and discharge current density was 0.4
using the MBO, source showed a more serious capacity loss thanMA/CTT with a cutoff voltage of 3.0-4.3 V for the 4 V te¢?.2-3.6

the pure LiMnO, spinel material in the 3 V region, in which the Vfor the 3V tes].
increase in the cubic phase in the LiAMn, JO, structure prevented

a complete structural change from cubic (}¥n,0O,) to tetragonal

(Li,Mn,0,) in this voltage regiod* On the other hand, the The LiAlg ;Mn; §O, and LiMn,O, materials were synthesized us-
LiAl , ;Mn, 4O, material using the-MnOOH source exhibited a bet- ing two different manganese sourd#n;0, andy-MnOOH). From

ter cycling performance than the LiM®, spinel in both the 3and 4  the XRD pattemn in Fig. 1, it seems that all the materials exhibit the
game crystalline cubic phase structure without any impurities. How-

V regions. Nevertheless, after 50 cycles the electrode maintained a X o
almost perfect tetragonal phase in the discharged &ta2e2 \/).15 ever, we found many different characteristics between the two Mn-
based materials. We already reported the dissimilar intensity ratio of

In this paper, we report the unique structural formation in the . . : :
LiAl 4 ;Mn, 4O, and LiMn,O, materials using thg-MnOOH source € (31D/(400 peaks for the LiAIMn, O, material using different
. : anganese sourcéSFurthermore, the intensity ratio of th&11)/

and explain the reason why these materials showed stable cyclin ) ; 4 g
behavior even in the 3 V region. 400) peaks for the LIAIMn,_,0O, materials using MgO, (herein

referred to as sample)Ashowed small value$<1.0) which were
lower than those of the LiAMn,_,O, materials usingy-MnOOH
* Electrochemical Society Student Member. (herel_n referred to as sample_).BJnfortuna_tely, we cannot clearly
** Electrochemical Society Active Member. explain the meaning of this difference; it is assumed that the shape
Z E-mail: yoshio@ccs.ce.saga-u.ac.jp of the (311 and(400) peaks reflects the degree of tetragonal distor-

Results and Discussion
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) ) o Figure 2. TEM image and SAD pattern of resulting powder before cycling.
F_|gure 1. XRD _patterns of powdt_ers calcined aF 800°C in aim) (8 LiAlyMn; O, using the MgO, (b) LiAl,,Mn,d0, using the
LiAl 9 sMn; O, using the MRO,, (b) LiAl o ;Mn; 4O, using they-MnOOH, y-MnOOH. T: tetragonal, S: cubic.
(c) LiMn 0, using the MRO,, and(d) LiMn,O, using they-MnOOH. R is
the intensity ratio of th€311)/(400) peaks.

shape and equiaxed cubic crystalspherical shape The structure
tion from the cubic spinel structure. To exclude the effect of alumi- of the elongated particles for sample B was tetragonal with
num, stoichiometric LiMpO, spinels(using MnO,, sample C; us-  ¢/a@ = 1.2 and had th¢001] preferred growth orientation.
ing y-MnOOH, sample D were also synthesized under the same  Tabuchiet al. also has reported the same result for the Lilip
synthetic conditions and are shown in Fig. 1c and d, respectively. material, which has a mixed phase of cubic and tetragonal at room

Although the XRD results indicated that samples B and D weretemperature, using the same starting materiaiOH and
made with a pure spinel phase, the Rietveld refinement and chemical-MnOOH) under similar synthetic conditiort§. They suggested
analysis presented quite different results compared with that of théhat the structural difference in LiM@, using LIOH and
XRD. As shown in Table I, samples B and D showed different y-MnOOH might have resulted from the different synthetic condi-
occupation ratios in the oxygeB2e site. Furthermore, the average tions and starting materials compared to each other. It is also known
manganese valence and oxygen content of these materials wetbat a lower symmetry structure for lithium manganese oxide can be
smaller than those of samples A and C. prepared by reacting LiOH with-MnOOH in a reducing atmo-

To find other differences in the structural aspects, a TEM analy-sphere although it is not clear how the tetragonal phase was formed
sis was performed and revealed the same results as the Rietveld amiring the synthesis proce¥&There is a high possibility that a local
chemical analysis. Figure 2 shows the TEM image of particles fordeficiency of oxygen has generated the3Mahn-Telley ions dur-
samples A and B. It shows that sample A consisted of 200 nming the calcination process which resulted in the tetragonal transfor-
equiaxed spinel crystals, while sample B had a much larger particlenation of the spinel phase as shown in Tabfé I.
size with a bar-type shape. With further analysis of the powder par- Figure 3 shows the variation in the specific discharge capacity
ticles using electron diffraction, it was found that sample A consistedwith the number of cycles for the different Mn-based materials in
of only a cubic crystal phase as shown in the inset, whereas samplthe 3 and 4 V regions. We found another unique characteristic from
B was composed of multiple phases as shown in the selected areie cycling test results between the two Mn-based materials. In the 4
diffraction (SAD) patterns: elongated tetragonal crystéisr-type V region, samples A and B exhibited excellent cycling performance,

Table I. The chemical analyses and atomic positions of the Rietveld refined resulting materials.

LiAl  ;Mn; O, LiMn,0,
Mnz0, v-MnOOH MnzO, v-MnOOH
Sample(800°C) (A) (B) ©) (D)
Occupation 8a site Li 1.0 1.0 1.0 1.0
ratio Li 0.007 0.007 0 0
16d site Al 0.045 0.045 - -
Mn 0.948 0.948 1.0 1.0
32e site (6] 0.984 0.940 0.984 0.977
Coordinate 32e site O 0.388 0.389 0.388 0.388
(X, X,X)
Lattice constantA) 8.227 8.223 8.240 8.245
Average Mn valence 3.530 3.515 3.509 3.495

Oxygen content%) 35.77 3341 35.23 35.10
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& B 3V O 4V test
25+ e 3V o 4V test ture. There is a high possibility that some amounts of the tetragonal
phase may minimize the volume expansion of the spinel structure
0 . L A L . L . L . L because these do not take part in the structural change during the
0 10 20 30 40 50 charge/discharge process in the 3 V region, as it retains its original
tetragonal phase. Therefore, it should have a high amount of tetrag-
Cycle number onal phase in the discharged state after 50 cycles and could exhibit

a high discharge capacity even with the effect of the Jahn-Teller
Figure 3. Plot of specific discharges. number of cycles for the Li/L M distortion as observed in our previous repdrt.
LiPFs-EC/DMCILIAl 5 ;Mny 4O, and LiMn,O, cells in different voltage re- To prove our suggestion in a different way, constant current and
gions. Cycling was carried out at a constant charge-discharge current densitgonstant voltag(éCCCV) tests for samples A and B were conducted
of 0.4 mA/cnt between 2.2 and 3.6 V for the 3V tq@0 and 4.3 V forthe  in the 3 V region. The samples were fully charged/discharged in the
4V tes). voltage range of 2.2 to 3.6 V with the current density of 0.4

mA/cn?. The processed time was 600 min and the pause time was
which resulted from the increased average manganese valence by A min. Figure 4 strongly supports our suggestion about the role of
substitution, although there was a difference in the discharge capaghe tetragonal phase in the low voltage region. Sample B showed
ity after 50 cycles. Samples C and D also showed good cyclingexcellent cycling performance until the tenth cycle. The cycle reten-
performance in the same voltage region. However, these materialgon rate was 94% in the 3 V region. This means that the lithium
presented quite different cycling behaviors in the 3 V region depend-insertion/extraction of sample B could proceed with a small amount
ing on the manganese source. Sample A showed the lowest dissf Jahn-Teller distortion due to the existence of the tetragonal phase
charge capacity and poorest cycling behavior in the 3 V region be4n the spinel structure. However, sample A had an abrupt capacity
cause of the co-effect of the Jahn-Teller distortion and an uniqueoss as mentioned abov&This is why it is important to obtain good
aluminum effect in the LiAj Mn,; 4O, material using the MyO, cycling performance of the LiAkMn,; 4O, and LiMn,O, using the
source as previously reportét Sample C also showed an abrupt y-MnOOH starting source in the 3 V region.
capacity loss during the early stage which resulted from the Jahn- On the contrary, this indication seems to interfere with the cy-
Teller distortion,i.e. the phase transformation of cubic to tetragonal cling performance in the 4 V region because the structural transfor-
Li,Mn,0, by lithium insertion in the 3 V region. On the other hand, mation in this voltage range is the same phase reaction from
samples B and D exhibited inimitable cycling behavior in this volt- LiMn,O, (cubic to A\-MnO, (cubic. Therefore, samples B and D
age region. These materials showed almost the same discharge cghould have poorer cycling performances than those of samples A
pacity regardless of the Al substitution and did not have any abruptnd C, which consisted of only the pure cubic phase, in the 4 V
capacity loss in the early stage. Furthermore, sample D exhibitedegion. We could confirm our hypothesis again from the cycling test
identical cycling performance in both the 3 and 4 V regions. results as shown in Fig. 3. Sample C showed a higher discharge

On the basis of these results, it was determined thatcapacity than sample D up to 50 cycles, moreover, the difference in

LiAl o sMn; O, and LiMn,O, using yv-MnOOH source were com- capacity in the 4 V region between samples A and B was significant
posed of a mixed phase of cubic and tetragonal, which occurred duéecause the cubic phase of sample A was intensified by the Al
to an oxygen deficiency or some other effects during the synthessSUbStltUtIO
Therefore, this indication might reduce the stress of transformation From these results, we concluded that LiMn,; O, and
of the LiMn,O, based materials from the cubic to tetragonal phasesLiMn O, using they-MnOOH have a mixed phase of cubic and
when the lithium ion is inserted into the 16c site. It is also a naturaltetragonal, whereas LifkMn; O, and LiMn,O, using the MRO,
consideration that it should differentiate the total stress amount byhave only the pure cubic phase in the spinel structure. This indica-
the Jahn-Teller effect between the material with only the cubic phaseion induced a quite different battery performance between the two
and with the mixed phase of cubic and tetragonal in the spinel struckinds of Mn-based materials in the 3 V and 4 V region.
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Conclusion

LiAl g 4Mn; O, and LiMn,O, materials were prepared by the 1.

melt-impregnation method using LiOH, MNOs); and different Mn

Mn;O, source showed different cycling performances in the 3 V
region. Meanwhile, the two Mn-based material usingyidnOOH
exhibited similar cycling behaviors in the 3 V region regardless of
the Al substitution. A TEM analysis revealed that the materials using
the y-MnOOH consisted of two kinds of structures with cubic and
tetragonal phases in the resulting powders although they were
shown as a pure cubic spinel structure in the XRD diagram. We

conclude that this indication produced the unique electrochemicalo.
behavior for the Mn-based material using thdinOOH source in 11

the 3 V region.
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