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Abstract

Orthorhombic LiMnQ cathodes suffer severe capacity fading due to accelerated manganese dissolution at elevated temperatures. Fluorine
modified LiMnO, cathodes prepared by a solid-state reaction show less cation mixing and a well-defined crystallinity with a larger grain/powder
morphology. The cathodes exhibitimproved capacity retention and rate capability at the elevated temperajm(Bpared with undoped
counterparts.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction spinels[13]. The dissolution is induced by acids generated
from reaction of LiP salts with the water impurities present

Lithium-manganese-oxide is a candidate material to in the cell[14,15] Robertson et al16] suggested that the
replace the commercial LiCaoCrathode in lithium-ion sec-  capacity decay is due to disproportionation of the spinel elec-
ondary batteries, because it has the advantages of lowetrode into acid-soluble species.
toxicity and cost[1-5]. Unfortunately, however, one of Croguennec et a[17] reported that small crystallites of
the choices, LiMpOy, delivers a lower discharge capac- 1-10um are more easily transformed into a spinel-like struc-
ity (110-120mAhg?) than LiCoQ (140-150 mAhg?) ture. They showed thatLiMnO; has stacking faults (local
[1-5]. Moreover, it faces severe capacity fading problems regions of monoclinic ordering) that are caused by structural
due to accelerated dissolution of manganese on cycling atdisorder between the Li and Mn sites, and that these stack-
elevated temperature (>5Q), and structural instability due  ing faults induce a broadening of the (1 1 0) diffraction peak
to Jahn—Teller (J-T) distortid6—9]. Orthorhombic LiMnQ [17,18] Orthorhombic LiMnQ cathodes with more stack-
(0-LiMNnO>) has a high theoretical capacity285 mAh g 1) ing faults underwent an easier phase transformation from an
and a better cycleability than LiM©®4 over a wide voltage  orthorhombic to a spinel structure with more severe capacity
range[10,11], but its cycling performance is poor at the ele- fading on cycling, compared with samples with less stacking
vated temperatur@.1]. faults[19].

It has been reported thatLiMnO» transforms to a phase To stabilize the structural instability for elevated-
with a spinel-like structure during cyclind.2]. The disso- temperature performance, cation substitution suctv-as
lution of manganese is again the cause of poor cycling per- LiAl 1_Mn, O, has been studied. While capacity retention
formance at the elevated temperature and leads to defectivavas found to be better than thatwtiMnO3 on cycling tests

at 55°C, Al substitution ¢-LiAl 1_,Mn,O5) did not prevent
* Corresponding author. Tel.: +82 2 880 8319; fax: +82 2883 8197. I~ distortiorf20]. An alternative approach to improving the
E-mail address: byungwoo@snu.ac.kr (B. Park). structural stability is by coating theLiMnO» surface with
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metal oxides, which might minimize the structural instability ¢ m-LiMnO,
from HF attack{8,9]. LA B B B B B B
Recently, improvements on cycleability through the co- (@) o-LiMnO,
doping of cations (Li, Mg, Al, etc.) and anions (F, S, etc.)
into LiMn204- or LiNiO2-based cathodes have been reported
[21-27] A sintering agent during synthesis can cause large
and smooth powder8,29] Dahn’s group[30] obtained
dense LiNiCo;_2,Mn, O, materials at 900C by adding LiF
as a sintering agent. This study reports enhancement of the
electrochemical properties ofLiMnO, cathodes by Li and
F additions through a solid-state reaction.
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2. Experimental

Liz+sMny_,0,_,F, (0<x<0.07, 0<y<0.3) samples (© 0-Li, ,Mn,5,0, 0, F
were prepared by a solid-state reaction with LiBILO,
Mn2O3 and LiF. Heat treatment was performed at 8GCFor

20 h in an argon atmosphere. An excess amount of lithium . m

was used to compensate for the amount lost during heat treat- o L_,_LMA

ment. The lithium composition was analyzed by inductively 0 15 20 25 30 35 40 45 50 20

coupled p!asmg atomic emission spectr_on_wetry (ICP-AES). Diffraction Angle za(degree)

X-ray diffraction (XRD) with Cu Kx radiation (M18XHF-

SRA, MAC Science) was used to determine the phases andrig. 1. X-ray diffraction patterns for variousLiy+.Mn;_,Oz_,F, powders

the degree of crystallinity (stacking faults) in th@range of with anion-dopant F: (a) stoichiometrieLiMnO2; (b) o0-LiMNO1.92Fo.08;

10-70. Raman spectra were obtained to determine the bond-(€) o-Li1.07Mno.9301.92F0.08s. Somem-Li>MnOs phase coexists.

ing nature using LabRamHR (Jobin Yvon Co.) with Ar-ion

laser excitation (514 nm). The particle size and morphology

of the synthesized powders were analyzed by field-emissionhombic structure (with a space group Bfnm) based on

scanning electron microscopy (FE-SEM) with a JSM-6330F the o-LiMnO structure with small amounts of-Li,MnOs

(JEOL). phase[l]. The formation of the LiMnO3 phase is due to

Electrochemical cycling tests were performed with coin- reaction with oxygen in the atmosphere. Anion substitution
type half cells (2016) at both elevated temperature® (55 does not cause any particular change in the lattice constants
and room temperature. 1i;Mn;_,O;_,F, active materials (4, bandc) of o-Li1.:Mn1.O2F,. The unit-cell parameter

with a finite size were prepared for the cycling tests using of the undope- L|Mn02 sample isa=(4. 587+0. OO9)A

a 25pm-sized sieve. Cathodes were made from the active b=(5.737+0.017)A and ¢=(2.801+0.008)A, while

material, super P carbon black, and a polyvinylidene fluoride that of o-Li1 g7Mng.9301.92F0.08 iS a=(4.577+ 0.007),&,

(PVdF) binder in a weight ratio of 90:5:5. The electrolyte b5=(5.751+ 0.013),& andc=(2.807+ 0.006),&.

was 1M LiPk with 1:1 ethylene carbonate/ethyl-methyl Monoclinic LiMnO, exists by stacking faults irp-

carbonate (EC/EMC), and lithium metal was used as the LiMnO2 due to cation mixing between Li and Mn, and this

anode. The cycle-life of the cells was tested at a rate of 0.2 Cmay influence the phase transitionoeEiMnO> to the spinel

(=36 mAg1; 1C=180mAg?) between 4.5 and 2 V. structure during cycling. Disorder-sensitive (11 0) broaden-

For XRD measurements of the cycled electrodes, the dis-ing shows these stacking fau[ts0,17,18] A full-width-at-
charged cells after cycling were kept at a 2 V discharge statehalf-maximum (FWHM A (20)) of the (1 1 0) peak from each

until the current decreased to 10% of the initial value so sample is approximately (a) 0.50b) 1.30 and (c) 0.11,

that the cells would be stabilized near 2V. The cells were respectively. From these resulis;Li1 07Mng.9301.92F0.08

disassembled in a glove box £8 level <50 ppm), and the  has a well-developed crystalline phase, with less stack-

Li1+Mny1_,Oo_,F, powders were rinsed thoroughly with a ing faults than an undoped one. In similar wok1],

DEC solution to remove the LiRFsalts. a small quantity of fluorine was found to reduce cation
mixing. The overall FWHM information of the XRD pat-
terns (from (010), (011), (200), etc.) shows that

3. Results and discussion Li1.07Mng.0301.92F0.08 has a mature crystallinity and/or a
larger grain size than undopedLiMnO;. The composi-

The XRD patterns for various lithium-manganese-oxide tion ratios of Li/Mn in o-LiMNnO2, o-LiIMnO1 g2Fg.0g and
samples with anion-dopant fluorine before cycling are pre- o-Li1 07Mng.9301.92F0.08 were measured as 1.11, 1.11 and
sented irFig. L Allthe samples have a predominantly orthor- 1.22, respectively (instead of 1.0, 1.0 and 1.15, respectively),
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Fig. 2. Raman spectra for undoped and F-substitoted +.Mn;_,Oo_,F,
powders.

which is probably due to the:-LioMnO3 phase and grain-
boundary segregation.

The overall Raman spectra o#-LiMnO, and o-
Li1.07Mng.9301.92F0.08 are similar, and the change in bond
energy by fluorination is negligiblé={g. 2). There is, how-
ever, a noticeable decrease in the peak width with fluo-
rination, i.e., the peak widths (FWHMs) of the bands at
~410,~560 and~660 cnT! decrease from-19, ~24 and
~21cntt in 0-LiIMNO; to ~15, ~17 and~16cnT?! in
0-Li1,07Mng.9301.92F0.08 respectively. The bands at560
and~660 cnT ! are attributed to the @Mn—O bending and
stretching modes, respectivgBi,32] The broadening of the ) ) ) . )

Raman bands can be attributed to the occurrence of stackind,'9: 3: Scanning electron micrographs of lithium-manganese-oxide pow-
L. . . . ers: (a) bare-LiMnO2; (b) o-Li1.07Mng.9301.92F0.08. Cycled samples are

faults due to cationic disorder and/or immature crystallinity 4 5\ gischarge state after 100 cycles between 4.5 and 2V %€ Sfith

of the structure. The sharper shape of the peaks in the fluo-0.2c (=36 mag?).

rinated samples signifies better crystallinity and less cation

mixing. The Raman data are in agreement with the diffraction LiMnO cathode has a maximum capacity-«#203 mAhg*

results ofFig. 1 on the 3rd cycle, and exhibits an average capacity decay

Scanning electron microscopy (SEM) images indicate of approximately—1.5mAh g per cycle. By contrast, the
clear differences in the particle size and the morphology fluorine-substituted sample;Li1.g7Mng.9301.92F0.08 has a
between the undoped and fluorine-added lithium-manganesemaximum capacity of~168 mAhg? on the 10th cycle,
oxides, as shown irig. 3(a) and (b). The bare particles and experiences an average capacity decay of approximately
consist of agglomerated submicron-sized grains with an aver-—0.6 mAh g* per cycle.
age particle size of5 pum. By contrast, fluorine substitution The decrease in the maximum capacity by fluorine sub-
leads to larger particles ef10m with a smooth surface  stitution might be due to the lower theoretical capacity-of
morphology. These morphological differences affect the con- Li1.g7Mng.9301.95F0.08 (~257 mAh g 1) compared with that
tact area with the electrolyte and the Mn-dissolution reaction. of undoped-LiMnO; (~285 mAh g1). Although the max-
Halide salts are known to be effective mineralizing agents, imum capacity ofo-Li1.g7Mng 9301.92F0.08 is smaller than
and are often used as a flux in crystal groyat,33] that of undopea-LiMnO,, the appropriate fluorine substitu-

The voltage profiles of the undoped and fluorine- tion clearly improves the capacity-retention properties. This
substituted cathodes are presentedrig. 4. The cathodes  behaviour agrees well with that reported in the literatures
were tested at 58C using coin-type half cells (2016 size) [10,19]with respect to crystallinity and stacking faults.
at 0.2C (=36 mAg?) in the voltage window of 4.5 and The rate capability at elevated temperature °Gpwas
2 V. Both samples display the typical voltage profilesvof tested by varying the discharge rate between 4.5 and 2V, as
LiMnO2-based cathodes. The performances of these sampleshown inFig. 6a). The capacity fading is greater at 0.04 C
during 100 cycles are shown iRig. 5. The undope- discharge than at 1 C discharge. This can be attributed to the
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Fig. 4. Voltage profiles of: (a) bare-LiMnO, cathode and (b)o-
Li1.07Mng.9301.92F0.08 cathode between 4.5 and 2V. C rate is 0.2C (®) Cycle Number
(=36mAg1).

Fig. 6. Plots of: (a) rate-capability tests at elevated temperaturedpand

exposure-time effects of manganese dissolution ata high V0|t-(b) cycle-life performances at room temperature between 4.5 and 2 V.

age. Data from cycling at room temperature between 4.5 and
2V are given inFig. 6(b). While the average capacity decay
for the undoped cathode is approximatel.6 mAh g1 per
cycle, that foro-Li1.07Mng.9301.92F0.08 IS negligible (after
approximately 40 cycles).

As shown inFig. 3(a), the particle size of the undoped
powders decreases on cycling. On the other hand, the fluo-

rinated powders remain as relatively large particles with a
smooth morphologyKig. 3(b)). A tendency for the parti-
cles to crumble during electrochemical cycling will affect
the electrical contact and the capacity retention.

For the structural characterization of the cycled electrodes,
ex situ XRD patterns were obtained (deig. 7). After 100
cycles, the cells were kept at a 2V discharge state a€55
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The remarkable difference is that the major phases of the [6] A. de Kock, M.H. Rossouw, L.A. de Picciotto, M.M. Thackeray,

cycledo-Li 1.07MnNg.9301.92F0.08 arec-LiMn 204 (cubic) and
o-LiMnO2, while undoped-LiMnO, after cycling reports
only -LioMn,04 (tetragonal). More detailed analyses of the
structural properties of cycled electrodes are required.

4. Conclusions

Fluorinated lithium-manganese-oxide has been synthe-
sized through a solid-state reaction with Li and F additions.

Theo-Li1,07Mng,9301.92F0.0gCathode has a well-defined cry-
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morphology, than undoped-LiMNO,. The fluorine-
modified LiMnQ, cathode exhibits improved capacity reten-
tion and rate capability at an elevated temperaturé (§5
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