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Preparation of Orthorhombic LIMNO , Material
by Quenching
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Department of Applied Chemistry, Saga University, 1 Honjo, Saga 840-8502, Japan

Orthorhombic LiMnGQ was synthesized using LIOH angMnOOH starting materials at 1000°C in an argon atmosphere by
guenching method. X-ray diffraction revealed that the LiMr@@mpound showed a well-defined orthorhombic phase of a space
group with Pmnm The lattice constants of the resulting compound were 2.806 A, b = 5.750 A, andc = 4.593 A. The

LiMnO, delivered 193 mAh/g in the first cycle and still delivered 183 mAh/g after 50 cycles at room temperature. We confirmed
that the initial discharge capacity of LiMnGagreed well with its specific surface area and grinding treatment was effective in
improving initial cycling performance. The well-defined orthorhombic LiMrg@@mpound made by the quenching method exhib-

ited an excellent cycle performance because it could maintain its original structure on cycling by suppressing transformation to the
spinel structure.
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The layered oxide materials LIMQM = Co, Ni, Mn,...) and From a review of previous studies, we found the following prob-
the LiMn,O, spinel are the most widely studied 4 V cathode mate- lems: first was the complexity of the synthetic process. For low
rials for lithium secondary batteries with high energy densitifhe temperature synthesis, most cases used an excess amount of lithium
Mn-based materials have attracted wide attention as intercalatiogalt or lithium/sodium exchange reaction to form the homogeneous
cathode materials because of their low cost and nontoxicity. TheliMnO, phase. It requires a long reaction time and other reaction
LiMn ,0, spinel has shown excellent cycle performance at roomsteps. Even for high temperature synthesis, very sensitive synthetic
temperature in the 4 V region. However, it presented a significantconditions and some treatments to improve the reaction between the
capacity loss when cycled in the (8 4) V region as well as at high ~ Starting materials are needed._Second,_ there is no report showing a
temperaturé:® The tetragonal to cubic structure occurred when the 900d cycle performance of o-LiMngat high temperature. And last,
average manganese valence reached about 3.5. It is the critical coR-LIMnO,, which was synthesized at high temperature, needed
centration of MA* that leads to the Jahn-Teller distortibhiMnO,  €nough time to reach the maximum discharge capacity at room tem-
(both orthorhombic and monoclinienaterials exhibit better cycle ~Perature. Although it critically depends on current density and the
performances than the LiM®, spinel when used over a wide volt- cycle test _condlthns_,, this indication is not_ desirable to use this cath-
age regior® ode material for lithium secondary batteries.

Orthorhombic LiMnG (herein referred to as o-LiMng of the _ Recently, we reported that the LigdMn, O, material using
ordered rock salt struc(t%ur(e described by Johnston ar?oélplé’eiim!; LiOH f""ndg;'\z/L”OOH showed a good cyclability both in the 3 and 4
Hoppeet all has been studied by many research grdégéThe Vv regionst = Furthermore, tetragonal i¥Mn,O, material, which
low temperature synthesi€70-450°G first reported by Ohzuku Was synthesmed using Lil as a reducing agent, showed not only a
et al. showed a large rechargeable capacity above 190 mAh/g usin§”gh discharge capacity over 200 nglAh/g, but also good cycle per-
lithium hydroxide and manganitey-MnOOH) at 450°C!! Reimers ~ formance in the (3+ 4) V region: Based on our previous re-
et al. also reported a new synthetic method, an ion exchange techsearch, we successfully synthesized a new type of o-Lijimate-
nique, and revealed an irreversible structural change to the spingial using LiOH andy-MnOOH by a quenching method. In this
phase usingn situ X-ray diffraction (XRD).*? paper, we report the synthetic method and physicochemical charac-

Croguennecet al. and other groups rePorted a mild synthetic terizations of o-LiMnQ, which can satisfy all three aspects at the
route at midrange temperaturé800-750°Q.141° They contributed ~ same time.
to revealing the capacity loss mechanism and improving the cycla-
bility of the o-LiMnO, material. However, the results showed a

reduced initial discharge capacitabout 130 mAh/y and some Experimental

problems such as an unstable charge valéficeFurthermore, the The o-LIMnO, material was synthesized using LiGH,O
elevated temperature performance of o-LiMnkas not been re- (Osaka Kisida Chemical, Japaand y-MnOOH (Tosoh Chemical,
ported. Japan. The mixture of LIOH andy-MnOOH (molar ratio of

Davidsonet al. and Janget al. also reported the synthesis of Li/Mn = 1.02) was thoroughly ground in an agate. It was pressed
0-LiMnO, material by a high temperature synthetic method at 300 kg/cm pressure into a 25 mm diam pellet to improve the
(>900°0.2%22 gpecifically, Janget al. successfully synthesized reactivity between particles of the precursor. The pellet was calcined
0-LiMnO, material using LiOH and MyO, under a reduced oxygen at 950-1100°C for 10 h in an argon atmosphere.
atmosphere, which exhibited an excellent cyclability between 4.4 The powder X-ray diffractionXRD, Rint 1000, Rigaky using
and 2.0 V at room temperature. They first reported the high temperaCu Ka radiation was employed to identify the crystalline phase of
ture performance at 55°C and observed a nanodomain structure ithe synthesized materials. The lithium and manganese concentra-
LiMnO,, using transmission electron microscofyEM) and high tions in the resulting materials were analyzed using an inductively
resolution electron microscopfHREM) which was produced by coupled plasma spectrometdCP, SPS 7800, Seiko Instruments,

a cycling-induced phase transformation. The capacity loss oflapan. The specific surface area was measured in a Gemini 2375

0-LiMnO, at high temperature was much larger than that duringinstrument using the Brunauer, Emmett, and Te(BET) method.
the room temperature te&t. The particle morphologies of the resulting compound were observed

using a scanning electron microscof®EM, JSM-5300E, Japan
Electron, Ltd., Japan
. ) The electrochemical characterizations were performed using
* Electroch IS Student Member. h ) .
o Eliﬁ;gﬁ,@ﬁ:ﬁ; 53323 Acfivin,v,en‘i?efr CR2032 coin-type cells. The cathode was fabricated with 20 mg of
Z E-mail: yoshio@ccs.ce.saga-u.ac.jp accurately weighed active material and 12 mg of conductive binder
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(8 mg of Teflonized acetylene bla€kAB) and 4 mg of graphite It

was pressed on a 250 Mrstainless steel mesh used as the current
collector at 300 kg/cthand dried at 200°C o5 h in anoven. The
test cell was made of a cathode and a lithium metal ari@gerus
Foote Mineral Co.separated by a porous polypropylene fil@el-
gard 340). The electrolyte used was a mixture of 1 M
LiPFg-ethylene carbonatéEC)/dimethyl carbonatéDMC) (1:2 by
volume (Ube Chemical, JapanAll assembling of the cell was
carried out in an argon-filled dry box. The charge and discharge
cycling was performed galvanostatically at a current density of 0.4
mA/cn? with a cutoff voltage of 2.0-4.5 \vs Li/Li ") at room and
high temperature§50°C).
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Phase analysis of the LiMn@ompound—The chemical analy- 20 (degree)
sis showed that the powder composition was, gd¥ing gdO,. 4.5
0-LiMnO, was obtained from the calcination at 950-1100°C for 10 h
in an argon atmosphere by rapid cooling. The effect of the cooling ¢~ 4.0
method is discussed in the next paragraph. We emphasize thee, ‘
LiMnO, in this study was synthesized by a one-step method without @ 3.5
intermediate regrinding or other treatments. From the thermal analy- %‘3 :
sis, it showed another reaction about 950°C, which converts the¥
LiMn,0, synthesized at about 800°C to the orthorhombic LiMnO e 3.0
compound. Figure 1 shows the XRD pattern of the LiMnfateri- —
als calcined at various calcination temperatures. For calcination tem~g 2.5
peratureT<950°C, it showed mixed structure patterns with a cubic O

Results and Discussion

(b)

phase and a tetragonal phase in the XRD diagram. However, whei 2.0 50 10.1

the calcination temperature is above 95@Fy. 139, the (010 peak ) ) X ‘ 25 L

at 20 = 15.4° was rapidly increased and other peaks also indicated 0 50 100 150 200
a major phase of the o-LiMnOmaterial. For the 1050°C sample, it .

exhibited a pure XRD pattern without other impurities and a very Capacity (mAh/g)

small amount of the LMnO; phase. However, the intensity ratios of o ) ] )
(110/(021) and (002/(120) in this compound were opposite that of Flgu_re 2. The chgracterlzatlon of LiMnOwhich was s_ynthe3|zed by slow
the 1000°C powder. The 1100°C sampkég. 1d presented a very cooling. The cooling rate was 5°C/mi0: Mn,O;, @: Li,MnO,).

different XRD pattern with a strong MnO; impurity peak and a
smaller(011) peak. Although the difference in the intensity ratios of
the (110/(021) and (002/(120) peaks between 1000 and 1050°C
samples could not be explained until now, we considered that th
well-ordered o-LiMnQ material was formed at the calcination tem- e other remained in the furnace and was cooled slowly. The cool-
peratures of 1000-1050°C. ing rate was 5°C/min.

The effect of different cooling methodsTo investigate the effect The pellet quenched in air showed a well-defined orthorhombic
of the cooling method, two LiMn@pellets were calcined at 1000°C Phase of aPmnmspace group as shown in Fig. 1b. The lattice
constants werea = 2.806 A, b = 5.750 A, andc = 4.593 A,
which showed a slightly largec-value compared with other
reportst®!! However, the other pellet, which was synthesized by

Ll t
slow cooling (Fig. 28, consisted of mixed phases of ,MnO,

(monoclinig and LiMn,O, (spine). This means that LiMn@using

for 10 h under an argon atmosphere in the same box-furnace. One
ellet was removed from the furnace and quenched directly in air;

(120)

111y (002) ]

alz o8 = = () LiOH and y-MnOOH in this study had a structural change when it
zlg 2z 2 gﬁf«s;: 53 was slowly cooled in the furnace. Because the cooling rate was slow
J A 8538 =¥ to differentiate the quenching effect, the pellet in the furnace can
A A .

react continuously with oxygen during the cooling process. Tang
et al. reported a similar result that the transformation of o-LiMnO
ULM (b) into the mixture of LiMnO, and LLMnO5; was accompanied by the
absorption of oxygen gas during the calcination process (3LiMNnO
+ 1/2 O, — Li,MnO; + LiMn,0,).*° Furthermore, this com-
pound showed a similar charge/discharge curve compared with the
M (©) LiMn,0O, spinel in the 4 V region. Figure 2b shows that there are
two distinct plateaus, at 4.05 and 4.15 V, in the 4 V region and it

L4 exhibits almost the same discharge pattern compared with J@yin
-J (d) in the 3 V region except for another plateau below 2.5 V. The first
discharge capacity exhibited the highest value during the 50 cycles.

This is another difference compared to that of the o-LiMis@stem
10 20 30 40 S0 60 70 80 in this study, which showed a very low discharge capacity in the first
20 (degree) cycle (see Fig. 3. From these results, we found that orthorhombic
LiIMnO, in this study could preserve its original structure by a
Figure 1. XRD patterns of LiMnQ material(a) 950, (b) 1000,(c) 1050, and guenching process in air, which prevented structural transformation
(d) 1100°C. to the spinel-like phase during the cooling process.
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' ' ' 0-LIMnO, at 50°C increases up to the 10th cycle accompanied by a
4.5 spinel transformation. After reaching the maximum point, however,
- (a) the capacity gradually decreased. The discharge curve for the 100th
> 4.0 cycle and its cycle behavior were analogous to that of the cubic
E:n 15 spinel (LiMn,O,) system. _ ,
= We also found one different fact from previous repdttés The
= 3.0 phase transformation of LiMnOsynthesized by the high tempera-
§ : ture method=800°Q occurs very slowly compared with that of the
= 25 compound using the lower temperature synthetic me{lse&D0°0O.
8 This means a high crystalline orthorhombic LiMpformed by high
2.0 temperature synthesis could preserve its original structure on cycling
and more effectively suppress transformation into the spinel struc-
45 ture. Specifically, LiMnQ obtained by quenching maintained its
. original structure much easier. Because the cooling rate was very
~ 4.0 fast, there was not enough time to react with oxygen which could
3 . induce a spinel-like transformation during cooling. Therefore, it
¥ 35 could hold a well-developed orthorhombic phase up to room tem-
gﬂ ’ perature and exhibit a very stable cycle performance even for the
"—; 3.0 high temperature test by sustaining its original structure on cycling.
> ) A more detailed discussion about electrochemical properties and ca-
= 25 pacity loss mechanism will be reported elsewhere.
W
O The effect of grinding process on initial capacityCroguennec
2.0 1 100,50,25,10 et al. have suggested the effect of crystallite size on the cycle per-
0 5'0 1(')0 150 - 200 formance of LiMnQ material. They reported an interesting result
Capacity (mAh/g)

Figure 3. Discharge curves with the number of cycles for the Li/i1 M
LiPFg-EC/DMCI/LIMNO, cells. (a) 25°C test andb) 50°C test. Cycling was
carried out at a constant charge-discharge current density of 0.4 AA/cm
between 4.5 and 2.0 V.

Cycle behavior of eLiMnO, material—Figure 3 shows the dis-
charge curves of the LiMnOelectrode as a function of the cycle
number at room(25°C) and high (50°C) temperatures. The data
were collected at a current density of 0.4 mAfchetween 4.5 and
2.0 V. The LiMnG; electrode, which was cycled at room tempera-
ture, showed a very small initial discharge capacity of about 34
mAh/g and still increasing capacity on cycling. Furthermore, for the
high temperature test cell, even if it also showed a small initial
discharge capacity during the first cycle, the increased capacity wal
very fast and reached a maximum point during the early stage. Al 15kU XS5,.000 - Spkm B61453
though Janget al. reported a similar result for o-LiMng which
exhibited an excellent cyclability under almost the same test condi-
tions, the discharge capacity in high temperature continuously de-
creased and reached about 80 mAh/g after the 100th &elew-
ever, the LiMnQ compound in this research delivered 186 mAh/g
during the 10th cyclémaximum value of capacityand still deliv-
ered 176 mAh/g after 100 cycles. The cycle retention rate is 95%,
therefore, it only decreased by 0.1 mAh/g per cycle in the 3 and 4 V
regions. Note that o-LiMn® material obtained by quenching
method presented an excellent cycle performance even for the hig
temperature test.

The 0-LiMnGO, in this study showed a wide difference in capacity
between the room and high temperature test as shown in Fig. 3
However, there seems to be one common factor in the charge
discharge process. The two LiMgpQ@ells at different temperatures
showed a similar discharge curve in the first cycle and then these
changed into a spinel-like phase upon cycling. Many researc
groups have reported the same result, in which o-LiMir@vers- -
ibly transforms into a material with a spinel-like structure during {p—
cycling”*"8 It is well known that this transforming induces an SHm. 061453
abrupt capacity loss in the LiMnGsystem even though it improves
the electrochemical performance. We also found the same result in
the high temperature test cell and it clearly revealed the capacitytigure 4. SEM images of LiMnQ (a) before grinding and(b) after
loss mechanism in the LiMnOsystem. The discharge capacity of grinding.
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that the compound with small grain size showed twice the dischargenitial capacity between before and after grinding at room tempera-
capacity as a compound with large grain si%é’ Because the in-  ture is about 160 mAh/g. Although the cycle retention rate of
tercalation of LiMnQ compound takes place primarily on the grain LiMnO, after grinding at high temperature decreased to 86%, it still
surface, it prefers to have a small grain size to induce rapid lithiumexhibited a pretty good cycle performance up to 50 cycles. From the
diffusion between the bulk and its surface. Therefore, we assumeesults, we concluded that the grinding treatment was effective in
that the grinding treatment is a useful way to increase the initialincreasing the initial discharge capacity of the LiMn@mpound at
discharge capacity of o-LiMnOat room temperature. Because it room temperature, which accelerated the rapid reaction between the
showed relatively a large particle size overdf as shown in Fig.  particles and electrolyte.

4a, the grinding treatment smashes it to small particles and increases Therefore, we succeeded in synthesizing a new type of
the surface area of the o-LiMOTherefore, it makes better contact o-LiMnO, material by quenching with an excellent cycle perfor-
between the particles and electrolyte and it helps to accelerate thmance at high temperature as well as a high initial discharge capac-
lithium diffusion in the LiMnG, structure. To confirm this assump- ity at room temperature. Further work is now in progress to improve
tion, LiMnO, was thoroughly ground in an agate mortar by a milling the high temperature performance and more clearly reveal the
machine(ANM 1000, Nito. Co., Japan Figure 4 shows the mor- m.echanism of grinding effect at room temperature. These results
phology of the o-LiMnQ compound using a scanning electron mi- Wil be reported elsewhere.

crograph(SEM). The compound before grinding is represented in Conclusion

Fig. 4a and compared with that of the compound after grinding for 6 ) . . ) .

h (Fig. 4b. The o-LiMnO, compound before grinding had a typical Orthorhombl_c LanQ_ was synthoesged using LIOH and
bar-shape, which was shown to the compound usifignOOH. v-MnOOH starting matgrlals at 1000°C in an argon _atm_osphere.
The average particle size for the compound before grinding wasXRD revealed that the LiMn©compound by quenching in air has a
5-15 wm; after grinding, it was 0.5-3um. We could not find the well-defined o_rthorhomblc phase. It exhibited an excellent cycle per-
whole bar-shaped type after grinding which was the original struc-formance at high temperature as well as at room temperature. How-
ture of LiMnO, usingy-MnOOH source. In addition, BET analysis €Ver, 0-LIMnG,, which was synthesized at high temperature needed
strongly supported our assumption about the grinding effect ong time to reach the maximum discharge capacity at room tem-
for LiMnO, material. The surface areas of the two compounds wereP€rature. To prevent this phenomenon, it was ground by a milling

0.55 n/g before grinding and 9.25 ¥y after 6 h grinding, respec- machine for various times. It showed a high initial capacity above
tively. It is noticeable that the specific surface areardth grinding 190 MAN/g at room temperature. We confirmed that the initial dis-

was 17 times as much as that before grinding. charge capacity of o-LiMn@is strongly related to the specific sur-
. o . face area. The well-defined orthorhombic LiMn@mpound made
Cycle performance of .iMnO, depends on grinding-To in- by quenching exhibited excellent cycle performance even at high

crease the initial discharge capacity of o-LiMn@t room tempera-  temperature, and can maintain its original structure during cycling
ture, the resulting compound was thoroughly ground by a milling and suppress transformation into the spinel structure.

machine. Figure 5 shows the plot of specific discharge capasity
number of cycles for LiIMn@ cells afte 6 h grinding. As expected,
it showed a very high initial discharge capacity of 193 mAh/g as References

well as a gOOd Cydabi“ty at room temperature. The difference in the 1. K. Mizushima, P. C. Jones, P. J. Wiseman, and J. B. GoodenMaghbr. Res. Bull.,

15, 783(1980.
2. J. R. Dahn, U. von Sacken, and C. A. Mich8glid State lonics44, 87 (1990.
3. D. Guyomard and J. M. TarascoBolid State lonics§9, 222 (1994.
4. J. M. Tarascon, E. Wang, and F. K. SehokodhiElectrochem. Soc138 2859
(1991).
5. J. Barker, R. Koksbang, and M. Y. Saifiolid State lonics82, 143(1995.
6. M. M. Thackeray, P. G. David, P. G. Bruce, and J. B. Goodenoltter. Res.
Bull., 18, 461 (1983.
7. R.J. Gummow, D. C. Liles, and M. M. Thackerayater. Res. Bull.28, 1249
(1993.
8. A. R. Armstrong and P. G. Brucdlature,381, 499(1996.
9. W. D. Johnston and R. R. Keikes, Am. Chem. Soc738, 3255(1956.
10. R. Hoppe, G. Brachtel, and M. Jans2nAnorg. Allg. Chem.417, 1 (1975.
. T. Ohzuku, A. Ueda, and T. HiraGhem. Express/, 193(1992.
12. J. N. Reimers, E. W. Fuller, E. Rossen, and J. R. DahRJectrochem. Soc140,
3396(1993.
13. S. T. Myung, S. Komaba, and N. Kumag@hem. Lett.1, 80 (2003).
14. P. Strobel and J. P. Levy, Cryst. Growth66, 257 (1984).
15. R. J. Gummow and M. M. Thackera}, Electrochem. Soc141, 1178(1994.
16. L. Croguennec, P. Deniard, R. Brec, and A. LecérfMater. Chem.5, 1919
(1995.
17. L. Croguennec, P. Deniard, R. Brec, P. Biensan, and M. BrousSely] State
lonics, 89, 197 (1996.
18. L. Croguennec, P. Deniard, and R. BrécElectrochem. Soc144, 3323(1997.
19. W. Tang, H. Kanoh, and K. Oal, Solid State Chem142 19 (1999.
20. 1. J. Davidson, R. S. McMillan, J. J. Murray, and J. E. GreedaRpwer Sources,
0 L 1 ] 1 54, 232(1995.
0 10 20 30 40 50 21. Y. l. Jang, B. Huang, H. Wang, D. R. Sadoway, and Y. M. Chidnglectrochem.
Soc.,146, 3217(1999.
22. Y. M. Chiang, D. R. Sadoway, Y. I. Jang, B. Huang, and H. Wélig¢ctrochem.
Cycle number Solid-State Lett.2, 107 (1999.
23. M. Okada, Y. S. Lee, and M. Yoshid, Power Source€90, 196 (2000.
. e . 24. Y. S. Lee, H. J. Lee, and M. YoshigJectrochem. Commun3, 20 (2001).
Figure 5. The plot of specific discharge capacitg. number of cycles for 55" ' &' c' N Kumada, and M. Yoshia, Power Sourcesd6, 376 (2000,
the Li/1 M L|PF6'EC/DN_|C/L|M"‘02 Ce_”S afte a 6 hgrinding. (a) 25°C t_GSt 26. M. Okada, T. Mouri, and M. Yoshio, Abstract 327, The Electrochemical Society
and (b) 50°C test. Cycling was carried out at a constant charge-discharge  and The Electrochemical Society of Japan Meeting Abstracts, Vol. 99-2, Honolulu,
current density of 0.4 mA/cfrbetween 4.5 and 2.0 V. HI, Oct 17-22, 1999.

Saga University assisted in meeting the publication costs of this article.

250

200

T

1
=
=

150

100

50

T
i

Discharge capacity (mAh/g)




