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Abstract—Layered O2-lithium manganese oxide (O2-Li,-[LiyMng O,) was prepared by ion-exchange of P2-sodium
manganese oxide (P2-Na,-[LiysMng] Os). P2-Nay,[Liy¢Mnge] O, precursor was firgt synthesized by using a sol-gel meth-
od, and then O2- Li,,[Li,Mnge O, was produced by an ion exchange of Li for Nain the P2-Na,-[Li ,¢Mnge] O, pre-
cursor. Structural and electrochemical analyses suggested that good quality O2-Li,[LiysMnss O, was prepared from
P2-Na,[LiysMnge O, synthesized at 800 °C for 10 h using glycolic acid as a chelaing agent. During the cycle, the dis-
charge profile of the synthesized samples showed two plateaus at around 4 and 3V, respectively, with a steep dope
between the two plateaus. The discharge curve e 3V escdaed with an increase in the cycle number, presenting a phase
trangition from alayered to a spind like structure. The sample prepared at 800 °C for 10 h using glycolic acid delivered
a discharge capacity of 187 mAh/g with small capacity fading.
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INTRODUCTION

The LiMn,O, spind and its derivatives have dtracted much a-
tention as a promising materid for rechargesble lithium batteries
because of their high voltage, low cogt, and nontoxicity [Thack-
eray, 1997; Ohuzuk et d., 1990; Guyomard et d., 1994]. One of
mog sgnificant drawbacks of the Spind manganese oxidesisalow
discharge capacity due to their inherent structures [Jang e d., 1996,
1997; Franger et d., 2000]. Recently, layered LiMnO, has beenin-
tengvely invedigated as a new layered cathode materia because
of its reversible production of high discharge capacity. The prepa
raion of layered LiMNnO, has commonly been attempted by ion ex-
change of layered dkdi bronze AMNO, (A=K, Na) with lithium
because layered LiMNnO, isungable at high temperatures

Acoording to aphase diagram of NaMnQ, deve oped by Parant et
d. [1971] and Ddmaset d. [1982], layered dkai bronzesNaMnQO,
can exig with many different sructures, i.e, layered phases (o-Na
MnQ, (P3), o-Na,,MnO; (P2), and f-NaMnO, (P3)) and channel
gructures (Na,,MnQ,). Owing to this structura property, ion ex-
change of Li for Nain NaMnO, produces avaiety of layered bronzes
Li,MnO,; LiMnO, (03) from NaMnQ, and Li,,MnO, (O2) from
Na,;MnO,, respectively.

For layered LiMNnQO,, which normally adopts an O3 sructure with
the space group C2/m, the stacking of oxygen aoms follows the
cubic, dose packed (ccp) structure which the stable spind structure
exhibits However, the LiMnO, is gat to tranform into a stable spi-
nd phase even with minor cationic rearrangements occurring during
thefirst remova and subsequent cydling of Li, causing the degrada-
tion of dectrode performance. On the other hand, layered Li,MnO,
with an O2 sructure, which hasthe mogt symmetric hexagond gpece
group P6/mn, is thermodynamicaly stable compared with the
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O3-LiMnO, dructure. This is why layered LiMnO, with an O2
dructure is recently of greet interest as a cathode materid for re-
chargegble lithium batteries.

The synthess of layered Li,MnO, with an O2 structure has been
studied by Dhan's group using a solid-state reaction [Paulsen, 1971,
1999, 2000; Lu et d., 2000, 2001]. They firdt prepered layered Na,;
[LiyeMng] O, (P2 dructure) from stoichiometric amounts of Mn,O,
Li,CO,, and Na,CO, usng a 0lid gate reection, and then ion-ex-
changed the prepared P2-Na, /[ Li,sMns6] O, in aboiling solution of
5M lithium bromide dissolved in hexanal to form the layered O2
gructure. They investigated the correlaion between sructure, com-
position, and dectrochemica properties of the crystdline Na,-[Li,
Mn,_]O,, and asserted that the materid is alayered oxide with T2
Sructure [Paulsen, 2000; Lu et d., 2000, 2001]. They observed that
amadl deviations cause less ordered samples showing T2-O2 inter-
growth Sructures, and reported that the disordered T2 structure obtains
the best dectrochemica reault, goproximatdy 170 mARg [Paulsen,
2000]. They dso invetigated the effect of different Li/Naratios on
the gtructure and reported an optimum Li/Naratio [Paulsen, 2000].

Inthiswork, we report the synthesis of layered O2-Lig[LiygMngg]
O, usng a 0l-gd method. A P2-Nay/[Li Mg O, precursor was
firg synthesized by asol-gd method, and then O2-Li,/[Li My O,
was prepared by an ion exchange of Li for Nain the P2-Nay[Liye
Mnge] O, precursor. The synthes's of P2-Na,-[LiysMnge] O, precur-
or was carried out a various calcination temperatures using differ-
ent cheating agents Structurd and eectrochemicd characterizations
of the synthesized samples were performed with various andytic
techniques

EXPERIMENT
1. Synthess of Nay/[Liy,sMnseO, Powders by a Sol-gd Meth-

od
A P2-Na,,[Liy,Mngs] O, precursor was synthesized using a sol-
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oe method as previoudy reported [Park et d., 2002, 2004]. Sodium
acetete (CH,CO,Na, Aldrich), lithium acetete (Li(CH.COO)-2H,0),
and manganese acetate (Mn(CH,COO),-4H,0) sdtswere employed
as dating materids for the synthesis of the Nay[Li,sMnye O, pow-
ders Stoichiometric amounts of sodium, lithium, and nicke ace-
tate sAlts were dissolved in DI weter with a cationic ratio of Na:
Li: Mn=0.7: 1/6 : 5/6. The dissolved solution was added drop by
drop into a continuoudy agitating aqueous chdating agent. The che-
lating agents used in this synthesis were adipic and glycolic acids
The molar ratio of chelaing agent to tota metd ions was fixed a-
unity. The pH of the solution was adjusted to be in the range of 2.5-
3.5 for the adipic acid by adding acetic acid, and 8.5-9.5 for the gly-
colic acid by adding ammonium hydroxide. The prepared solution
was evaporated a 70-80°C for 5h until a trangparent sol wes ob-
tained. As water evaporated further, the sol turned into a viscous
trangparent gdl. The resuiting gdl precursors were hegted with aramp-
ing rate of 1°C/min and decomposed & 450°C for 10h in ar to
eiminate organic components. The obtained powders were ca-
cined at the temperature range of 700-1,000°C in aflow of air for
10 hours. After the cacination process, the powders were suddenly
quenched in liquid N,. In this work, we named the P2-Na,[Li
Mn,(] O, precursors prepared a 700, 800, 900, and 1,000°C as sam+
plesA, B, C, and D for adipic acid, and samplesE, F, G, and H for
glycolic acid.

2. Preparation of Liy[Li,MngO, Powders by a lon Exchange

The prepared precursor powders (Nay/[LiysMnge]O,; 50) were
introduced into a mixed solution of hexanal (150 ml) and lithium
bromide (LiBr; 55 g). lon exchange of Nain Nay/[Li;sMn,]O, with
Li was caried out a 160 °C for 3 hours under an Ar environment
in abatch reactor equipped with a reflux condenser to prepare O2-
Lio7[LineMnge] O,. After the reaction, the solution was filtered using
an agpirator under vacuum and the remaining powders were washed
with methyl acohol. The washed powders were dried a 180°C for
10h in avacuum oven In thiswork, samples A-I, B-I, C-I, D-l, E-
[, Fl, G-I, and H-l are O2-Liy[Liy,Mny O, prepared from sam-
plesA, B, C,D, E, F, G, and H by ion-exchange.

3. Characterization of Nay/[LiyMngs]O, and Liy [Liy,eMnge] O,
Powders

Powder X-ray diffraction (XRD, D/Max-3A, Rigaku) measure-
ments usng Cu-K o radiation was performed to characterize the
sructurd properties of the synthesized powders.

The dectrochemica characterization was carried out using
CR2032 cointtype cdls Thetest odiswere assambled by the follow-
ing method: the cathode was fabricated with an accuratdy weighed
active materid (20 mg) and conductive binder (13 mg). It was pressed
on 25 mnY stainless sted mesh used as the current collector at 300
kg/om? and dried at 200°C for 5hours in an oven. This cdl was
composed of a cathode and a lithium metd anode (Cyprus Foote
Minerd Co.) separated by a porous polypropylene film used asthe
separator (Celgard 3401). The dectrolyte used was a 1M LiPR,-
ethylene carbonate (EC)/dimethyl carbonate (DMC) (1: 2 by val-
ume). The cellswere assambled in an argonHilled dry box and teted
a room temperature. The cdl was charged and discharged at a cur-
rent dengity of 0.4 mA/cn? with cut-off voltages from 20V to an
upper voltage of 4.2V (vs Li/Li"). After 2-3 charge-discharge cydes,
the upper voltage was sequentidly increased by 0.2V until 4.8V
was reeched.
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Fig. 1. XRD spectra for Na,-[Liy¢Mngg O, precursors synthesized
using (a) adipic and (b) glycolic acids at 700, 800, 900, and
1,000 °C, respectively.

RESULTS AND DISCUSSION

1. P2-Nay-[LiysM g O, Powders

Na,-[LiyeMng] O, powders were synthesized a 700, 800, 900,
and 1,000°C, using adipic and glycalic acids for chdating agent.
The Nay;[Li,eMng O, powders were synthesized with a Li com-
pogtion of 1/6. Literature reports thet lithium is soluble in Na,-[Li,
Mn,_]O,only in the range of X=1/9-2/9 [Paulsen, 1999]. FHg.1(a)
and (b) show XRD patterns for Nay/[Li,,sMng] O, synthesized us-
ing adipic and glycolic acids, respectively, asafunction of cdcina-
tion temperatures. All the synthesized samples except the sample
prepared a 700 °C are indexed as a P2 gructure with a symmetric
hexagond space group gructure (P6,/mmc) [Paulsen, 1999]. They
show a (002) pesk a 26=16° asamain peek and (012) and (014)
planes a 26=3% and 49, reppectively. These traits are dso observed
inthetypica P2 layered Sructure. The oxygen latticein the P2 struc-
tureis not acubic dase packed. Sandwiches of NaMn,_ O, are ssp-
arated by 0.7 filled layers of sodium in prigmatic Stes Our observed
XRD gpectra are very smilar to the data previoudy reported for
Na,,Co0O,, identifying the formation of the desired P2 structure in
this experiment [Basys et d., 1996]. The cdculation of the lattice
condants, aand ¢, for sample F by a Rietveld refinement method
using the measured XRD data dso identified the formation of P2
gructure. The lattice congtants of the ssmple were a=2.371 and c=
11.079, which are very smilar to the values reported in literature
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(8=2.867 and c=11.154) [Paulsen, 1999].

Samples A and E, syntheszed a 700°C, show a P3 gdructure.
Sample Eisamog equd to sample A in XRD spectra. According
to previous work reporting the synthesis of Mn based cathode ma:
terids [Paulsen, 1999, 2000; Kim et d., 1998; Jeong, 1999, the
sructurd stebility of the materiasincreases in order from P2 to spi-
nel to P3. In our sysem, it seems that the formation of P3 sructure
is favorable a alow temperature of 700 °C. The XRD spectraare
conggtent with observations made by Paulsen et d., who reported
the synthesis of a P3 structure a 900°C [Paulsen, 2000]. Besdes,
the spectra show some impurity related peeks, shown as agterisks
a 26=18, 23, 28, and 30°. The impurities seem to originate from
unreected reactants remaining in the product. The synthetic process
is mainly influenced by temperaure, time, chelaing agert, ec. In
this work, it is likdy that the synthetic reaction has been insuffi-
ciently accomplished a 700 °C for a given reaction time (10 h) and
chelating agent, resulting in the emergence of impurity pesks on
the XRD spectra

Meanwhile, samples B, C, and F show the formation of good
qudity P2 gructure without the indusion of impurities, but theindu-
gon of agmdl amount of P3 sructureis detected at 26=38, 45.6, 53,
and 57° from the XRD spectraof samples B and F. This meansthet
samples B and F are a mixed gructure of P2 with P3. For sample
D synthesized a 1,000 °C, however, various impurity pesks emerge
a 26=18 and 37° onthe XRD spectrum. Thisindicatesthat ahigher
temperature deteriorates the crystd structure and is not proper for
the formation of good quality P2 structure.

Samples G and H dso exhibit the improvement of the crystd
qudlity, athough both show an impurity pesk at 26=18". Full width
a haf maximum (FWHM) of a main pesk, (002), a 20=16" for
the samples decreased with the increase of the calcinations temper-
aure from 0.310° for 700°C to 0.152° for 1,000°C in case of glycalic
acid. As opposad to sample D, it is interesting to note that sample
H exhibits a negligible impurity pesk even though both are cacined
a 1,000°C. This meanstha glycolic add works as amore effective
chelating agent than adipic adid in the synthesis of Na,;[Li My O,
powders, even a high temperature. Both adipic and glycdlic acids
have been employed as a chdaing agent to synthesize lithium meta
oxide cathode materids in the literature [Park et d., 2000, 2001;
Sun et d., 2000]. But the effectiveness of the chdating agents hes
not been discussed in detall in the works. Chen e d. invedtigated
thereettivity of chdating agentsby comparing polyacrylic acid (PAA)
with citric adid, which is a conventiondly employed chdating agent.
They reported that PAA enhances sgnificantly the formetion of a
crosslinked gd sinceit contains alarge number of carboxylic acid
groups used for the formation of chelates among mixed cations.
This induces more homogeneous mixing of the cations, resulting
in fewer tendencies for segregetion during cacination [Chen et d.,
2001]. The present experimental data presents that glycolic acid
seems to be more effective cheating agent for the preparation of
Na,[Li,sMng] O, powders. We speculae that this is because gly-
colic acid has many more OH" radicds per mole than adipic acid.
Ancther possihility isthet the chain length of glycolic acid is shorter
then thet of adipic acid. The short chain length of glycolic acid tends
to enhance the synthetic reection rate of Na,;[Li,sMne] O, powders
during the calcinations. Both these characteridics seem to suggest
thet glyoolic acid is superior to aodtic adid in synthesizing good quiity
January, 2005
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Fig. 2. XRD spectrafor Liy-[LiyMngO, prepared by ion-exchange
of Na for Li in Nay-[Liy,MnseO, precursors synthesized
using (a) adipic and (b) glycalic acids at 700, 800, 900, and
1,000 °C, respectively.

Intensity (%)

Nay;[LiyeMnge] O, powders
2. 02-Liy/[LiyMngs O, Powders

Lig/[LiyeMnge] O, is prepared by ion exchange of Li for Nain
the P2-Na,-[Li,,cMn¢] O, precursor. Fg. 2 shows XRD patterns of
layered lithium manganese oxides prepared by ion exchange of so-
dium manganese bronzes synthesized as a function of cacinetion
temperature. All the XRD patterns exhibit broad cheracteridic peeks
with low intendities and indicate the existence of stacking faults.
Paulsen et d. reported thet the exigence of the stacking faults in
layered gtructuresis shown as sharp 001 and hkO pesks on their dif-
fraction patterns, as shown aso in our observed XRD spectra. Fur-
thermore, they suggested that the broad characteridtic peskswith low
intensities are ascribed to the effect of layer gliding in the layered
gructure when the structure changes from P2 to O2 during ion ex-
change [Paulsen et d., 2000]. In P2 gructures, sodium prefers pris:
metic or octahedrd places, wheress lithium adopts only octahedrd
coordination. In other words, the prismatic Sites are not favorable
for lithium. Oxygen stacking in the P2 sructure is accumulated in
an aray of BAABBAABBA, etc. During the ion exchange process,
the layers of the P2 Sructure are rearranged to cregte an octahedra
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gructure for lithium. This can be accomplished by dliding every
second MnG, layer in one direction or, dternatively, by gliding in
the other direction. Demas et d. reported that both possibilities are
proper for energeticaly equivaent principle and leed to the same
02 gructure with space group P,mL [Delmas et d., 1996]. The gp-
pearance of an (002) pesk a 26=18° on the XRD spectra of Fig. 2
represents the formation of an O2 dructure by replacing Nain the
P2 gructure with Li during ion exchange. Therefore, it is assessed
that ion exchange is completdy terminated when the Na phase pesk
vanishes & 26=16" and, mearwhile, only (002) pesk shows up a
26=18.

From Fig. 2(a) and (b), it is seen that the layered lithium manga:
nese oxides prepared from sodium manganese bronzes synthesized
a 700 and 800°C attain a perfect ion exchange, regardless of che-
lating agents. However, those a 900 and 1,000°C are not completely
ion-exchanged. This indicates thet the ion-exchange is unfavorable
for sodium manganese bronzes cacinated & higher temperatures.
The extent of the ion-exchange decreases with the increase of the
cacinations temperature. Samples A-l and E-l show the formation
of O3 dructure though there are dight difference in the XRD pat-
terns of the two samples. Many unknown impurities are aso de-
tected & 260=26, 30, and 51° from sample E-1. However, an O2 sruc-
tureis observed from the other ssmples (B-1, C-, D-I, I, G-I, and
H-1). Literature [Paulsen et d., 2000] has reported thet either the
O3 or 02 gructure has amain pesk a 26=18°, but the splitting di-
rection of the peeks at 26=36 and 37° is different depending on the
gructures. In the case of the O3 dructure, the splitting emerges be-
hind the pesks, wheress the litting starts before the pesks in the
case of O2 dructures. In addition, the peek at 20=62° that appeared
in the O3 gtructure disgppears in O2 gructure and, indtead, a new
pesk emerges a 26=5%. Samples B-1 and | seem to include a
smal amount of O3 sructure because samples B-1 and 1 are ill
showing low intensity peaks at 260=62° and a plitting pesk & 26=
36° from their XRD spectra. This means that samples B-1 and F
areamixed gructure of O2 and O3. Samples C-I, D-1, G-I, and H-|
exhibit O2 gructure dthough they were imperfectly ion-exchanged.
For samples D-1 and H-I (especidly from D-I), however, many un-
known impurity pesks are observed from the XRD spectra, indi-
caing that the high cacination temperature of sodium manganese
bronzes are dso unfavorable to the formation of good quaity O2
gructure.

Fig. 1 shows that rdatively good qudity sodium bronze oxides
are synthesized at 800 and 900°C, and glycolic acid acts asamore
effective chelating agent than adipic acid in the synthesis of Na,,
[LiyMng] O, powders However, Hg. 2 revedsthat theion-exchange
isimperfectly carried out & 900 and 1,000 °C, whereas 700°C forms
O3 dructure. Here, we have employed samples B-1 and FI for the
eectrochemicd characterization of the prepared layered lithium
manganese oxides.

3. Electrochemical Analysis

Fig. 3(@) and (b) show the capecity vs voltage profile for Li/Lig,
[LiyeMnge] O, cdls prepared by using adipic and glycadlic acids, re-
spectively. The cdlls were charged and discharged three times at a
congtant current dendity (0.4 mA/en) from 20V to an upper volt-
ageof 4.2 V. After the 3rd charge-discharge cyde, the upper voltege
wasincreasad by 0.2V sequertidly until 4.8V was atained. While
charging and discharging the cdlls it is seen that both samples B-
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Fig. 3. Chargedistharge curves of Lig,[LiyMng O, prepared us
ing (a) adipic and (b) glycalic acids, respectively.

and FI produce two voltage plateaus, which are usudly observed
in materias having astructurd change from layered to spind during
cyding. Our prepared samples seem to undergo a sructurd trand-
tion to a gind-like phase. Both the samples show arapid capecity
fading at theinitid cycdes but the cgpacity fading breedth was de-
creasd after 25 cydes The sample FI, espedidly, shows a high
initid discharge capacity of 187 mAh/g and maintains the capacity
of 170 mAh/g after 25 cydes Many ressarchers have reported thet
this materid attains a high discharge capacity with alow capacity
fading athough the structure trandforms to a spind-like phase with
cydling [Armgrong et d., 1999; Quineet d., 2000]. Bruce et d. re-
ported that the phase change of O3-LiMnO, from layered to spinel
gructure does not have a deleterious effect on the cyding perfor-
mance of the materid [Armstrong &t d., 1999]. Quine and cowork-
ersaso reported thet layered Li,[Mn,_,Ni,]O, with the O3-NaFeO,
gructure delivers a high cgpacity of 220 mAh/g in the voltage 2.4-
4.8V. But they reported that the Li,[Mn,_,Ni,]O, electrode trans-
formed to a spind-like structure after scores of cycling [Quine et
d., 2000]. After the fird cyde, samples B-1 and Rl show two pla
teaus a around 4 and 3V with a steep curve dope between the two
plateaus. The discharge curve a the 3V region becomes epecialy
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Fig. 4. Plots of specific discharge capacity versus cydic number
for Liy,[LiyMnge O, prepared at different cheating agents.

vdid with cyding, indicating the formation of a spind-like phese.
From the eectrochemicd results, we speculate that our prepared
cathode materials undergo a phase transformation from layered to
spind gructure during the cycling, dthough no direct evidence was
detected from the XRD patterns of the cycled dectrode.

Fg. 4 shows the discharge cagpecity for Li/Liy/[Liy,sMns O, cdls
cyded between 2.0 and 4.8V a room temperature. Both the sam-
ples show a rapid capecity fading at the initid cycles, but the ca-
pecity fading breedth is decreased after 25 cycdles. At thefirg cycle,
the samples B-1 and I ddliver the discharge capacities of 145 and
187 mAh/g, respectively. After 30 cydes, however, the discharge
cgpacities of samples B-1 and FI show 125 and 170 mAh/g with
the cgpacity retention rates of 0.49 and 0.42%/cycles, repectively.
The dectrochemicad measurementsfor our prepared samples again
show thet glycolic acid is more effective than adipic acid as a che-
lating agent to prepare the layered lithium manganese oxides.

XRD spectra of the samples in Fg. 2 show thet both the sam-
ples B-1 and I experienced perfect ion-exchange and mainly pro-
duced O2 gdructure with amal amount of O3 sructure. Background
noise levels of the XRD paternsin Fig. 2(b) were higher than those
in Fg. 2(a). However, FWHM vaues of the main (002) pesk for
samples B-l and FI were 0.237 and 0.196°, respectively, indicating
that better crystd qudlity is obtained in glycolic acid than in adipic
acid. The intengty ratios of other pesks ((010), (004), (011), and
(110) pesks) to the main pesk ((002) pesk) were much higher in
glycalic acid than in adipic adid. This indicates thet O2 Sructure is
prevaent in sample FI. 1t was reported thet the obvious splitting
of XRD peeks gppeared a 26=65 and 66° corresponds to the pro-
duction of high discharge capacity with low cgpacity fading in the
eectrochemica characterization [Paulsen et d., 2000]. The degree of
the pesk splitting was much gpparent in glycdlic acid than in adipic
acid. Consequently, we speculate that the use of glycolic acid asa
chelaing agent in the preparation of the layered lithium manganese
oxideis proper to get better crysd and dectrochemicd properties.

CONCLUSION

We have synthesized layered O2-Li,-[Li,¢Mng]O, by ion ex-
January, 2005

change from P2-Na,/[Li M| O, prepared a different cadination
temperatures and with different chdating agents. The optimum O2-
Lios[LiyeMng] O, was syntheszed a 800°C usng glycolic acid.
During the cycle, the discharge profile of the samples showed two
platesus a around 4 and 3V, respectively, with a gegp dope be-
tween the two plateaus. Our prepared samples seemed to undergo
adructurd trandtion from layered to spind like phase. The sample
prepared a 800 °C for 10 h using glycdlic acid showed a high dis-
charge capecity with low capacity fading. At thefirg cydle, the dis
charge cgpadities of the samples prepared a 800 °C for 10h usng
adipic acid and glycdlic acid were 145 and 187 mAhg, repectively,
and they reached 125 and 170 mAh/g with capacity retention rates
of 0.49 and 0.42%/cycles, respectively, after 30 cycles.
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