
〃／（でJ川（、Jけ川由り・  874   

一Headline－  

Development of LithiumIron Oxide Cathode Materials for Lithium  
SecondaryBatteries  

Yun－S．LEE，aSungJ．CHO，aYang－K．SuN，bKoichiKoBAWA，C  

andYuichiSATO＊c  

aFaculty ofApplied ChemicalEngineering，Chonnam NationalUniversity（300Yongbong－dong，Kwangju500－757，  
Korea）   
bDepartmentOfChemicalEngineering，HanyangUniversity（17Haengdang－dong，Seoul133－791，Korea）   
ぐDepartmentofAppliedChemistry，KanagawaUniversity（3－27－1Rokkakubashi，Kanagawa－ku，Yokohama221－8686，  
Japan）  

ReceivedJunelO，2005；AcceptedAugust2，2005  

Twolithiumironoxideshavebeensynthesizedatlowtemperaturesbytheconventionalsolid－Statemethod・Orthor－   
hombicLiFeO2hasbeensynthesizedusingLiOHandY－FeOOHat150℃wascomposedoforthorhombicLiFeO2and  
smallamountofspinelLiFe508phases．ALi／LiFeO2Cellshowednotonlyafairlyhighinitialdischargecapacityof  
over150mAhg1butalsoagoodcycleretentionrateatroomtemperature・Itwasfoundthatthe orthorhombic   
phase ofthe LiFeO2underwenta struCturalchange to the LiFe508Spinelphasein the nrstcycle・Especially・it  
showedaseverestruCturalchangeduringthe負rstdischargeprocess，Whichmightbethemainreasonforthecapac－   
itylossoftheLi／Ⅰ．iFeO2SyStem．Anamorphous－1ikeLixFeyOzhasbeensynthesizedusingLiOHandα－FeOOHat  
200℃consisted ofthree kinds ofstruCtureS，LiFe508，Li5FeO4，and atrace ofcubicα－LiFeO2．ALi／LixFeyOz cell   
showedaveryhighinitialdischargecapacity（215mAhg‾1）aswellasanexcellentcycleretentionrate（95％）打om  
thellthtothe50thcycle．ItwasfoundthatLixFeyOzmaterialwastransformedintothespinelIJiFe50ポandtetragonal  
βTLiFeO2phasesafterlong－termCyCling・  

KqI穐タめ：LithiumIronOxide，Solid－StateMethod，StruCturalTransformation，SpinelLiFe50H，TetragonalLiFeO2  

andγ－forms，duetothesyntheticconditionandsynthetic  
method．α－LiFeO2isacubicunitcellofspacegroupFm  
3m，andβ－LiFeO2（tetragonal，I41／amdormonoclinic，C  
2／c）isformedintoanintermediatephaseduringtheor－  
dering process．γ－LiFeOz（tetragonal，I41／amd）is ob－  
tainedbyreducingthe symmetIY打omcubictotetrago－  
nalby ordering Li＋ and Fe：j＋ions at octahedral  
sites．7▼15）   

Kannoetal．foundthatacorrugatedlayeredstruCture  
LiFeOe compound was electrochemically active during 
thelithiuminsertion／extraction reaction．7→＝Tney no－  
ticed one interesting point that orthorhombic LiMnOz 
formed using LiOH andγ－MnOOH，Which has a struCT  
ture similar tothat of con）ugated LiFeOz，WaS Synthe－  
sized successfu11y by anion exchange method atlow  
temperature．1617）TheysucceededinsynthesizingLiFeOz  
materialusingtheH’／Li＋ionexchangereactionfromγ－  
FeOOH ata reaction temperature oflOO to500℃．Al－  
thoughthisLi／LiFeOzcellexhibited ahirlyhighinitial  
dischargecapacityofaboutlOOmAhg‾landlithiumwas  
reversiblyinserted／extractedin the FeO21ayers，it  
showedalargecapacitydeclineduetothecationicdisor－  
derinthevoltagereg10nOf4．2andl．5V．   
Tabuchietal．announced manyinterestingresultsfor  

alltypes ofLiFeO2COmpOunds・いl：i）They successfu11y  
adoptedanewsyntheticprocess，ahydrothermalmethod，  
fortheLiFeO2SyStem．Manykinds ofstartingmaterials  
（α－FeOOH，FeCl：i，Fe（NO：j）：i，LiOH，NaOH，andKOH）at   

1Introduction   
The battery industries have aimed to supply safe 

powersourceswithhighenergydensityandgoodcycle  
perbrmance．Lithium secondarybatteries arethe most  
promisingcandidateamongthemanypossibilitiestosat－  
isfythisdemand．Manyresearchgroupshavefocusedon  
the development of new cathode materials for lithium 
secondary batteries to realize the production of secon－  
darybatterieswithhighenergydensity．   
Amongthevariouscathode materials，thelayered ox－  

idematerials，LiMO2（M＝Co，Ni，Mn，Fe…．），havebeen  
investigatedasprospectivecathode materialsforlithium  
secondary batteries．AlthoughLiCoO2is currently used  
as a cathode materialofthe commerciallithiumion bat－  
tery，itinvoIvesmanyprOblemssuchashighcost，envi－  
ronmentalaspectsandlowpracticalcapacity（about130  
m〟lg1）．12）LiNiOz has alarger practicalcapacity  
thanLiCoO2；however，itis high1ypossible for exother－  
mic decomposition ofthe oxide to occurreleasing oxy－  
gen at hightemperature．34）Recently，LixMnO2and  
LiMno．5Nio．502have been widelyinvestigated because of  
their cost performance，enVironmentalmerit and easy  
preparationmethodcomparedwithothercathodemateri－  
als．5‾6）   

LiFeO2also has manyadvantages overthe abovelay－  
ered cathode materials becauseironis nontoxic and one  
of the most abundant metalsin the world．Itis well－  

known that LiFeO2materialhas difEerenttypes，α－，β－，  
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TablelPropertiesandpolymorphsoflithiumironoxides．  

phase  ClγStalstructure  Unit－Cellparameter  

a＝4．158A  

a＝4．152八，C＝4．920Å  

a＝8．571Å，b＝11．589Å，C＝5．147Å，β＝145．70  

a＝4．05A，C＝8．74Å  

a＝8．3313A  

a＝8．390A  

α－LiFeO2  

β一LiFeO2  

γ－LiFeO2  

α－LiFe5（）H   

β－LiFe50H  

CorrugatedLiFeO2  

Ⅰ．i5FeO∫l  

cubic  Fm3m   

tetragonal  I41／amd  

monoclinic  C2／c   

tetragonal  I41／amd  

cubic  P4132  

cubic  FdT3m  

orthorhombic  Pnma  

orthorhombic  Pbca  
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various Li／Fe（1－50）ratios were distilledin a Te剖on  
beakerandhydrothermallytreated at230℃in an auto－  
Clave．juthoughα－LiFeO2derivatives were successfu11y  
Obtainedbetweenα－FeOOH（Fe3＋source）andLiOHby  
a one－Step method，the cycling performance of theα－  
LiFeO2COmpOundwasverypoor（5－10mAh g‾1）in the  
range4．5tol．5V．Propertiesandpolymorphsofconven－  
tionallithiumiron oxideswere showninTablel．   

Furthermore，Kim and Manthiram reported that a  
nano－CIγStallinelithiumironoxide（LiⅩFeyOz）ofanamor－  
phoustypepresentedahighdischargecapacityofabout  
140mAhg「一withafairlygoodcycleabilityintherange  
Ofl．5and4．3V，neyhave synthesizedvariouskindsof  
lithiumironoxideswithaLi／FeratioofO．69－1．22using  
the solution method，Which utilized the oxidation reac－  
tionofFe21withlithiumperoxideinthepresenceofex－  
CeSSlithium hydroxidein aqueous medium．1H）Although  
they successfu11y obtained alithiumiron oxide with a  
fairly good battery perbrmance atlow temperature  
（200℃），thecyclecharacteristicsand syntheticmethod，  
duetotheexcessuseofthelithiumsourcebythesolu－  
tionmethod，areStillunsatisfactoryforuseasapractical  
Cathodematerialforlithiumsecondarybatteries．   

From a review ofprevious studies，Wefound that al－  
most allconventionallithiumiron oxide materials were  
Obtained using complex reaction mechanisms（e．g．，an  
ion exchange reaction，a hydrothermalmethod，and a  
Wet SOlution method）．Along reactiontime was needed  
Or Other reaction steps compared to the conventional  
SOlid－State method．Moreover，almostalllithiumiron oxT  

ide materials using the above methods were unsatisfac－  
tory as a practicalcathode material，h・Om the viewpoint  
Ofthereversibledischargecapacityandcyclingperform－  
ance，inlithiumsecondarybatteries．   
Therefore，We repOrt here new and easy synthetic  

methods of orthorhombic LiFeO21920）and amorphous－  
typeLiⅩFeyOz21）cathodematerialswithgoodbatteryper－  
formancesuslngaCOnVentionalsolid－StatereaCtionatlow  
temperatures（1500r200℃）．Furthermore，Wealso sug－  
gestthecapacitylossmechanism and the unique struC－  
turalchangesinlithiumironoxidesystem．  

2 Experimental   
Lithiumiron oxideswere synthesized atvarious calci－  

nation temperatures bythe solid－State method．Orthor－  
hombic LiFeO2materialwas synthesized usingLiOH・  
H20（KishidaChemical，Japan），andγ－FeOOH（HighPu－  
rityChemicals，Japan）．Astoichiometric amountofeach   

materialwasgroundandcalcinedat150℃br15hinjh－  
atmospherein aboxfurnace．One mixturewas calcined  
in a ceramic boat without pressing；the other was  
pressedata300kgcm－preSSureintoa20mmdiame－ ソ  
ter pellet to improve the reactivity between particles of 
the pr・eCurSOr．AmorphousLiⅩFeyOzmaterialwas synthe－  
Sized using LiOH・H20（〟drich Chemical，USA），and  
α－FeOOH 仏1drich Chemical，USA）by the solid－State  
method．A stoichiometric amount of each materialwas  
thorough1ygroundinamortarbrlh，andthemixture  
wascalcinedat200－800℃for12hinN2atmOSphere．The  
COntentSOfLiandFeintheresultingmaterialswereana－  
1yzedbyatomic absorption spectroscopy（AAS，Aん6200，  
Shimadzu，Japan）by dissoIvingthe powderin dilute ni－  
tricacid．   

Powder X－ray difh・aCtion O（RD，RintlOOO，Rigaku，  
Japan）using CuKαradiation was employed toidentify  
the crystalline phase ofthe synthesized material．Toin－  
VeStigate the struCturalchangein the positive electrode  
during cycling，in－Situ XRD measurements were con－  
ducted using a homemade cell．2ご）Cellassembling and  
handling during thein－Situ XRD measurements were  
doneinanargon－fi11edgloveboxtopreventanyreaction  
With moisturein the air．A丘er reaching the desirable  
VOltage point，thein－Situ XRD cellwasle丑in the glove  
box for6hrs to reach equilibrium during the entire  
measurement．Additionally，1nOrdertoinvestigatethecy－  
Clingbehaviorafterlong－termCyCling，eX－Situ XRDmeas－  
urements were conducted on the cycled electrodes after 
Variouscycles．Each cellwasle技in the glove boxfor2  
days to reach equilibrium afterbeing tested h・Oml．5V  
to4．5V．   

To detect a struCturalchange，a Vibrationalsample  
magnetometer（VSM，RikenDenshi，Japan）wasusedfor  
COllecting the magnetic丘eld dependence of magnetiza－  
tion（M－H）data at300K．Magnetization curveS Were  
measured between －10and ＋10kOe．A transmission  

electron microscope CrEM，JEM 2010，JEOL，Japan）  
equipped with an energy－dispersive x－ray SpeCtrOmeter  
（EDS）wasalsoemployedtocharacterizethemicrostruC－  
tureofthepowder．   
The electrochemical characterizations were performed 

using a CR2032coin－type cell．The cathode was fabri－  
Catedof20mgofaccuratelyweighedactivematerial，12  
mg ofconductive binder（8mg ofTeflonized acety1ene  
black（TAB）and4mg of graphite）．The mixture was  
pressed on a200mm2stainless steelmesh used as the  
Current COllector under a pressure of300kg cm2and   
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driedat130℃for5hinanoven．Thetestcellwasrnade  
Of a cathode and alithium metalanode（CypruS Foote  
MineralCo．）separated by a porous polypropylenefi1m  
（Celgard3401）．The electrolyteusedwasamixture ofl  
M LiPF一；Tethylene carbonate（EC）／dimethylcarbonate  
（DMC）（1：2byvol．，UbeChemicals，Japan）．Thecharge／  
dischargecurrentdensitywasO．1mAcm¶2withacutoff  
VOltageofl．5to4．5Vatroomtemperature．  

3 Results and Discussion  
3．1Preparation and electrochemicalcharacteriza・  
tionofLi／LiFeO2SyStem   

Figurelshowsx－raydi批action（ⅩRD）patternsofthe  
rawY－FeOOHandthetwoLiFeO2materialswhichwere  
calcinedat150℃for15hinAratmosphere．TheLiFeO2  
mixturewithoutpressing（Fig．1（b））shows aveIγSimi－  
larXRDpatterncomparedtotheγ一FeOOH．Itseemsto  
failto form an orthorhombic struCture，althoughthere  
aresomedifferences血・Omthatoftheoriginaly－FeOOH，  
Whichresulted血・Omthe reactionwithlithiumhydroxide  
at80℃．on the other hand，Fig．1（c）displays a wellT  
de丘ned orthorhombic patternin the XRD diagram．The  
CharacteristicindicationsoforthorhombicLiFeO2（herein  
referredtoaso－LiFeOz）materialarewelldefinedbythe  
COnCreteSplitbetweenthe（011）and（110）peaksandbe－  
tween the（012）and（200）peaks，althoughthere are  
Smallamounts ofβ－LiFe50ボimpurities．We found that  
the pelletizinginthis studyplayed animportantrolein  
acceleratingthe slow reaction oflithiumandγ－FeOOH  
particlesbecause the rate ofsurface reaction ofthe two  
Startingmaterialswasslowatthelowsynthetictempera－  
ture．   

Figure2shows the transmission electron microscope  
CrEM）brightfieldimageand selected areaelectron dif－  
fraction（SAD）patterns ofthe o－LiFeO2material．Allof  
the electron diffraction patterns were obtained from the 
O－LiFeOz particlesin this study．TYlis shows that the  
LiFeO2SampleconsistedoflOO－200nmsizedneedle－type  
particles．Itiscomposedofanorthorhombicphase（a＝4．  
0Å，b＝3・OA，andc＝9・1A）withasmallamountofβ－  
LiFe508（cubic，a＝8．3A）phase（Fig．1（c））．Additionally，  
SOme Ofthe orthorhombic phases（Fig．2（d））had a dif・  

ferentstackingsequenceinthec－direction，givingriseto  
asuperlatticepeakWhitearrowsindicatethespotsaris－  
ing丘・Omthesuperlatticegeneratedbythealteredstack－  
ing sequencein the c－direction as shown above．We as－  
sume that the altered stacking sequence and higher 
amount ofthe spinelphase have combined to decrease  
the dischargeCapaCityofthe LiFeO2material．Fromthe  
TEManalysis，the LiFeO2inthisstudywasfoundtobe  
mixedwithwell－CryStallized orthorhombicLiFeO2，Cubic  
β－LiFe50パ，anddefectiveLiFeO2Phases．   

Figure3（a）exhibits the charge／discharge curveS for  
Li／1MLiPF一～－EC／DMC／0－LiFeO2Calcinedat150℃for15  
hin argon．ne testconditionwas acuITentdensity of  
O．1mAcm2between4．5andl．5V．Thevoltage during  
thefirstchargeoftheu／0－LiFeO2Cellincreasedrapidly  
to4．OVandshowedaplateauregionbetween4．2and4．  
3V．The丘rstdischargecurve abruptlydecreasedtobe－  
low3．OVanddisplayedavoltageplateauof2．0－2．1Vre－  
gion followed by two more smallvoltage steps．In the  
SeCOndcycle，theplateaureg10natthe2．OVreg10nWaS  
notdetectedanditexhibitedaslightlydifEerentcyclebe－  
havior．This clear1y exhibited that theLi／0－LiFeO2SyS－  
tem presented hirly di鮎rent cycle characteristics血●om  
the second cycle duringfurther cycling．rmeinitialdis－  
ChargecapacityoftheLi／0－LiFeO2Cellinthisstudywas  
150mAhg1，Whichwasoneofthelargestvaluesasre－  
ported previously．We assume that thelarge discharge  
CapaCityoftheLi／0－LiFeO2Ce11inthisstudymightresult  
from the absence（or scarcity）oftheinactiveα－LiFeO2  
impurityintheLiFeO2StruCture．  
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（C）  （d）  

Fig．2 TEMimage and SAD patterns ofthe resultingpow－  
der．（a）bright丘eldimage of orthorhombic LiFeO2，O））  
orthorhombic LiFeO2in the［110］direction，（c）spinelβ－  
LiFe50ボin the［112］direction，and（d）defectiveLiFeO2in  
the［100］direction．   
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20（degree）  

Fig．1X－raydiffractionpatternSOf（a）y－FeOOH，O））uFeOz  

withoutpressing，and（c）LiFeO2Withpressing．  
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Fig．4 Fielddependenceofthemagnetizationofvariousma－  
terialsandelectrodes．（a）cubic a，LiFeO2，O））orthorhombic  
LiFeO2，（c）thelstchargedstate，and（d）thelstcycledstate  
ofanorthorhombicI，iFeO2electrode．  

10  20  30  40  50  ‘0  70  80  
28（degree）  

Fig．3（a）The charge／discharge CurveS for the Li／1M  

LiPF6－EC／DMC／LiFeO2Cellwith materialcalcined at150℃  

andin－Situ XRD patternsforthethiscellduring（b）thelst  

charge，and（c）thelstdischargeprocess．Thetestcondition  

wasacurrentdensityofO．1nlA／／cm2between4．5andl．5V  

atroomtemperature．   

LiFe508phasestillfailedtoappearinthisXRD diagram，  
theXRDpatternatl．5Visverysimilartothatofthecu－  
bic LiFe，0バand staIIs to show the（220）peak of the  
LiFe508Spinelat20＝310duringthenrstdischarge．   
However，it stillneeds to define the realremaining  

phasein／ontotheelectrodeafterthe負rstcycle，because  
somepeaksintheXRDpatternsafterthefirstcharge／  
dischargeprocessinFig．3（b，C）arealsopartiallysimilar  
to those ofαandβ－LiFeOごphases，SuCh as the（200）  
and（220）peaksofα－LiFeO2（seeFig7（d））．To conBrm  
theremainingphasein／ontotheelectrode，themagnetic  
propertiesofeach sample（α－LiFeO2，0－LiFeO2，Charged  
anddischargedelectrodes）wereexaminedusingaVSM  
at room temperature．Because allconventionalLiFeO2  
shows antiferromagnetic ordering below room tempera－  
ture，themagneticfield（H）dependence ofthemagneti－  
zation（M）forthe above samplescould successfu11yde－  
tect a magneticimpuritysuch asLiFe508in／onto the  
powders and electrodes aRer the charge and discharge  
prOCeSS・   

Figure4showsthe丘elddependenceofthemagnetiza－  
tion ofvarious LiFeO2pOWders and electrodes aftercy－  
cling．Unfortunately，theαTLiFeO2pOWderinthis study  
shows noidealbehaviorin the M／Hloop test，due to  
thesmallamountofimpurity，Whichwasobtainedbythe  
hydrothermalmethod（Ref．Tabuchieial．J  
Chem．，140，159（1998））．Itiswell－knownthatthehydro－  
thermalmethod sometimesinvoIves difBcultyin obtain－  
ingasingle－phasecompound，becauseitusesmanyreac－  
tionstepsandotherchemicalsduringthesyntheticproc－  
ess．Asdescribedbefore，theorthorhombicLiFeO2mateT  
rial in this study was composed of an orthorhombic 
phase，a Smallamount of β－LiFe50H，and defective  
LiFeO2．The result of the M－H test for orthorhombic  
LiFeO2pOWdershowed aslightlyshapedpattern dueto  
theexistingLiFe50パphase（aboutl％）inthe struCture，  
andthepattern oftheM／H curveWaSfairlysimilarto   

To investigate the difference on cycling between the 
Rrstand second（third）cycles，in－Situ XRD ofthe Li／0－  
LiFeO2Cellwas conducted using a homemadein－Situ  
XRD cell．′me counter and reference electrodes were  

prepared by pressinglithium foilonto a stainless steel  
mesh．′me ce11construCtion ofthein－Situ XRD cellwas  

describedin our previous report．22）The test condition  
wasthe sameasthe cyclingtestatacurrentdensityof  
O．1mAcm」2between4．5andl．5V．Figure3（b）shows  
thein－Situ XRD patterns ofthe Li／0－LiFeO2Cellduring  
thefirst charge process．As expectedfrom the smooth  
voltageplateauinthechargecurve，thein－SituXRDdurL  
ingthefirstchargeprocessshowednobigdifferencein  
thewholeXRD diagram，althoughsome peaks are split  
intotwopartsduringchargeandotherpeaksareslightly  
intensified according to the depth of charge．However，  
Fig．3（c）showsclearlythemanypeakchangesoftheLi／  
0－LiFeO2Cellduring thefirst discharge prOCeSS．The  
main orthorhombic peak at20＝14．60was maintained  
to2．4V；however，it signiBcantly decreased duringthe  
2．3Vregion，andthisclear（001）peakcouldnotbe dep  
tectedafterthispoint．Moreover，Othermajorpeaksalso  
startedtochangeinthe2．3Vregion．Someofthemajor  
peakswilldiminishduringdeeplithiuminsertionintothe  
LixFeO2StruCture，While the other smallpeaks of20＝  
4300r63O（mainlythe spinelphase），incontrasttothe  
strong maJOr peaks，become the stronger peaksin the  
deep discharge state．Althoughthe perfect cubic spinel  
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thatofα－LiFeO2With a smallamount ofimpurity．The  
Weightfractionofβ－LiFe50H（肱＝65emug1at300K）  
in each sample was estimated as the ratio of the ob－  
Served spontaneous magnetization，Ms（0．884（5）emu  
g1）to that of the above magneticimpurity．′me肱  
Valuewascalculatedasanaverageofextrapolateddataat  
H＝0fromtwoleastsquarelinesconsistingofM－Hdata  
morethan5kOeorlessthan5kOe．Ontheotherhand，  
the electrodes afterchargeand discharge clearlyreveal  
the struCturalchangein the Li／0－LiFeO2Cellcathode  

duringthefirstcycling．Inthecaseoftheelectrodeafter  
the charge process，itclearly showsthe S shape ofthe  
COnVentionalLiFe508phasein the M－H test．ne value  

Ofthe spontaneous magnetization ofthis electrodeis6．  
443（2）emu gL．Moreover，the electrode a杜er the丘rst  

CyCleexhibitsamoredevelopedSshapethan thataf［er  
theBrstcharge．Thevalueofmagnetizationfortheelec－  
trodeafterthe丘rstcycleis8．68（2）emu／g．13）Thismeans  
that the electrode a丘er the 丘rst cycle has alarger  
amountofthespinelLiFe508phasethanthatofanelec，  
trodea技erthefirstcharges，anditalsoexplainsclearly  
thatthephasechange，fromtheorthorhombicLiFeO2tO  
thespinelLiFe50日，isacceleratedasthecyclingproceeds．  
Based on these results，We COuld consider that the  
orthorhombic LiFeO2 underwent severe struCtural  
Changes during thefirst cycle，Whichinduced a struC－  

turalchangefromtheorthorhombictothespinelphase．   
Figure5shows the cycle characteristics ofthe Li／0－  

LiFeO2Cellinlong－term CyCling at room temperature．  
ThetestconditionwasacurrentdensityofO．1mAcm▼2  
between4．5andl．5V．ThisLi／0－LiFeO2Cellshows a  

Slightlyincreaseddischargecapacityuptothe3rdcycle  
andmaintainsastablecycleperk）rmanCebetweenthe15  
th and50th cycles．The cycle retention rate ofLi／0－  
LiFeOz cellwas above70％after50cycles，Which was  
OneOfthehighestvaluesinthelithiumiron oxide sys－  
tem．   

However，itoccurredtoushowchanged spinelphase  

COuldmaintain（ordevelop）intothefo1lowingcycles？In  
Ordertoinvestigate thefurtherstruCturalchangein the  
long－term CyCling，LiFeO2eleetrodesinthe discharged  
State a丑er3rd（the maximum point ofdischarge capac－  
ity）and50thcyclesweretaken血・Omthetestcellsinthe  
glovebox．The electrodeswerewashedwith DMC solu－  

tion to remove LiPFじSalt andle杜in a glove boxfor2  

daysto reachequilibriumafterbeingtestedfroml．5to  
4．5V．Figure6shows theTEM bright負eldimage and  

electrondifh・actionpatternsoftheo－LiFeO2electrodesai  
terthe3rdand50thcycles．Ascanbeseen血・Omthein－  
dexed polycrystal1ine ringpattern（Fig．6（a，b，C）），nearly  
alloftheinitialo－LiFeO2phase was convertedintothe  
Spinelphaseafterjustonecycle，aSalmostnotraceofo－  
LiFeOz was observed using TEM analysIS．A well－  
developedspinelstruCtureWaSeVidencedfromthesingle  
CryStaldifh・action patternin the［110］zone obtained  
h．omoneoftheparticlesinthecycledelectrode．Thedif  
fraction pattern wellmatched thattakenfrom a perfect  
SpinelLiFe50H StruCture．Afterfurther cyclingthe elec－  
trode for50cycles（Fig．6（d，e，f）），nO Signi丘cant struC－  
turalchanges were observed from the TEM analysis．  
Comparingthebright丘eldimagesa仕erthe3rdand50th  
CyCles，theparticlesizeandmorphologyarequitesimilar，  

indicating that nofurther serious struCturaltransforma－  
tionsoccurredafterthefirstfewcycles．Thepolycrystal－  
1ine ringpatternand single crystalpatternin the［100］  
ZOne taken a允er50cycles also shows that the spinel  
LiFe50HStruCtureWaSWellmaintained duringthesubse－  
quent cycles after theinitialstruCturaltransformation．  
One di鮎rence between the two electrodes was that the  

electrode after50cycles showed alarge amount ofde－  
fects and underwent a more serious phase transforma－  
tiontothespinelLiFe508phase，duetothelong－termCy－  
Cling．The TEM analysis conclusively proved that the  
phase transition血・Om the orthorhombic struCture tO the  

SpinelstruCture Of the Li／LiFeO2Cellwas almost com－  

pletedafterafbwcyclesandthatduringthe subsequent  
Charge／dischargeprocess，theelectrodeundenventmini－  
malstruCtur・alchange．   

Based on these results血・Om thein－Situ，eX－Situ XRD，  
andTEMmeasurements，itcouldbeconsideredthatthe  
Li／0－LiFeO2Cellunderwent severe struCturalchanges  
intothe spinelLiFe50Hform duringtheearlystageand  
COntinued the transformationinto the spinelLiFe50H  
phaseduringthelong－termCyCling．  
3．2 SyntItesis and structuralchange of LixFeyOz  
with amorphous structure 
Figure7showstheXRI）patternsoftheresultingpow－  

ders calcined atvarious temperatures．Thelithiumiron  
OXide obtained at200℃（Fig．7（a））showed abroad re－  
flectionpattern，Whichwasmade up ofapolymorphous  
StruCtureWithpoorcrystallinity，Smallparticlesizes，and  
an amorphous－1ike phase．Theintermediate compounds  
（300℃and400℃）were gradually transk）rmedinto a  
mixture ofthe LiFe50H，Li5FeO4，and atrace ofcubicα－  

LiFeO2phases．Additionally，theXRDpatternobtainedat  
400℃ exhibited stronger α－LiFeO2 main di蝕・aCtion  
peaks，SuChas（111），（200），and（220），thanthoseofthe  
300℃ sample．Moreover，the compound obtained at   
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Fig．5 Aplotofthespeci負cdischargevs．numberofcycles  

fortheLi／1MLiPF6－EC／DMC／LiFeO2SyStemWithmaterial  

calcinedat150℃．  
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Fig．7 X－ray diffraction patterns forLixFeyOz powders ob－  
tainedat（a）200℃，（b）300℃，（c）400℃，and（d）800℃．  

Fig．8 TEMbright－fieldimagesoftheLixFeyOzpowderob－  
tained at200℃．（a）magnifiedimage and（b）polycrystalline  
electrondi血・aCtionpattern．   

InordertoinvestigatetheoriginalstruCtureOflithium  
iron oxides，tranSmission electron microscopy analysIS  
wasperformed．TEMbright一鮎1dimagesandanelectron  
difh・aCtionpatternbrthelithiumironoxide obtainedat  
200℃areshowninFig．8．Thebright－fieldimagesshow  
thatthepowderconsistsofanagglomerationof丘nepar－  
ticlesoflessthan20nmin size．Inaddition，theparticle   

Fig．6 TEMimageandSADpatternsofelectrodesaftercy－  
cles（a，b，C）a丘erthe3rdcycle，and（d，e，Oafterthe50thcycle・   

800℃exhibitedasinglecubicα－LiFeO2phase，Whichis  
well－knowntohavedifficultyinserting／extractinglithium  
into and outofits struCture．  
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maintainedanexcellentcyclingperformaneeupto50cy－  
Cles．TnisindicationmightsuggestthattheLixFeyOzpow－  
derobtainedat200℃mighthaveundergoneastructural  
Changeintheearlystageandthatithadahighpossibil－  
ityof showing unique cycle characteristicslike that of  
theLi／0－LiFeO2SyStem．  
Inordertoinvestigatethisuniquecyclingbehaviorof  

LixFeyOz obtained at200℃，eSpeCially during the early  
Stage，eX－Situ XRD measurements were taken of four  
electrodesin the discharged state a杜er various cycles．  
FigurelO showstheresultsoftheex－Situ XRD patterns  
a氏er various cycles of the bur electrodes，Which re－  
mainedinthegloveboxfor2daystoreachequilibrium  
afterbeingtestedh・oml．5Vto4．5V．Wetriedtodivide  
theseexTSitu XRDresultsintotwopartstoeasilyexplain  
the relation between the struCturalchange and the cy－  
Clingbehavior，althoughthiscouldbeconsideredagrad－  
ualstruCturalchangefromthelsttothe50thcycle．One  
group（1st and3rd cycles）presented almost the same  
XRDpatterns，Whichisamixtureofcubicβ－LiFe50Rand  
asmallamountofLiFeO2phase．Althoughitwasdifficult  
to clearlydistinguishthetype ofLiFeO2phase between  
theα 

． 

kindsofLiFeO2COuldbedetectedsuchasthe（200）and  
（220）peaksoftheαTandβ－LiFeO2（α－：JCPDS＃17－938，  
β－：JCPDS＃17－936）at20＝43．3O．The other group  
（15thand50thcycles）alsoexhibitedasimilarXRDpat－  
ternin each case overthe whole scan range．Two elec－  

trodes commonlyshowedtypical（311）and（440）peaks  
OftheLiFe50Hphasewithanadditionaltetragonal（β－Or  
γ－）LiFeO2phase（ね一／arr！d，β－：a＝4・152Å，C＝4・92A，Or  
γ－：a＝4．057Å，C＝8．759A）．Theintensityofthetetrago－  
nalLiFeO2phaseincreased as the cycling proceeded．  
Based on these results，Wefound that the Li／LiⅩFeyOz  
Cellshowedfairlylargecapacityfadingintheearlystage，  
Which seemed to resultfrom the splneltransformation．  
AfterthelOth cycle，however，the Li／LixFeyOz cellpre－  
Sentedaverystablecyclingcharacteristic，duetotheap－  
pearance ofthe tetragonalLiFeO2phase；perhaps this  
mightplayanimportantroleinmaintainingthegoodcy－  

Shapesarenotwell－definedwhichsuggeststhatthepow－  

derispoorlycrystallizedinagreementwiththeXRDre－  
Sult．The polycrysta11ine ring pattern shownin Fig8（b）  
aloneissufficienttoidentifyconclusivelythestructureof  
the LixFeyOz powder partly due to the numerous poly－  
morphs oflithiumiron oxide．Two strong peaks，how－  

ever，SuggeStthattheas－preparedmaterialhasoneoffol－  
lowing cubic structures：α－LiFeOz（ダ加3m），α－LiFe50H  
（P4132，Ordered hightemperature phase），Or Cubicβ－  
LiFehOポU7d3m）．The patternin Fig8（b）has beenin－  
dexed based ontheα－LiFeOz struCture because ofthe  

absenceofthestrong（311）peak．Thepowdercouldwell  
beamixtureofthedi鮎rentcubicphases．   
Figure9（a）showsthecharge／dischargecurveSOfthe  

Li／LixFeyOzcellobtainedat200℃．necharge／discharge  
CurrentdensitywasO．1mAcm2withacutoffvoltageof  
l．5to4．5Vatroomtemperature．Thefirstchargecurve  
oftheLi／LixFeyOxcellrapidlyincreasedupto4．0V．This  
Cellshowsasmallplateauregionatabout4．1Vandex－  
hibitsanotherlongvoltageplateaubetween4．2and4．3V．  
While the first discharge curve drastically decreased to 
3．3V，itshowed two smallvoltage plateaus between2．O  

andl．5V．For the second cycle，the voltage pro丘1e  
graduallydecreasedwithoutanyremarkablevoltagepla－  
teauandexhibitedaslightlydifferentshapecomparedto  
that ofthe丘rst cycle．Figure9（b）exhibits the specific  
dischargecapacitywiththenumberofcyclesfortheLi／  
LixFeyOzcellobtainedat200℃．TYlisLi／LixFeyOzcellpreT  
Sented ahighinitialdischarge capacity of215m〟lg1  
andanexcellentcycleretentionratefromthellthtothe  
50thcycle．Althoughthismaterialshowedaslightlylarge  
CapaCityloss up to thelOth cycle，the cycle retention  
rate血・omthellthto50thcyclewas95％，Whichisthe  
highestvalueaspreviouslyreported．Ontheotherhand，  
Wealsofoundthatthere seemed tobeoneunique char－  
acteristicinFig．9（b）．LixFeyOxobtainedat200℃showed  
alarge capacity drop duringthe early stage and then  
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Fig．9（a）Charge／discharge curveS，（b）speciBc discharge  

CapaCityvs．numberofcyclesforLi／LixFeyOzcellobtainedat  

200℃．ThetestconditionswereacurrentdensityofO．1rnA／  
Cm2betweenl．5and4．5Vatroomtemperature．  
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Fig．10 Er・Situ XRDpatternSbrcycledLixFeyOzelectrode草  

obtainedat200℃．（a）1stcycle，（b）3rdcycle，（c）15thcycle，  

and（d）50thcycle．   
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LiFe50H phase wasfoundin the electrode a仕er the3rd  
CyCleandthattherewasnobigdifferencecomparedwith  
thatoftheelectrodea杜er50cycles．Thismeansthatthe  
struCturalchangeintothe spinelinthe Li／0－LiFeO2Cell  
wasalmostcompleteduringthe負rstcycle，Whichmight  
bethemainreasonfortheabruptcapacitylossoftheLi／  
0－LiFeO2Cellduring the early stage．LixFeyOz with an  
amorphous struCture WaS Synthesized by the conven－  
tionalsolidTStatemethod at200℃．Itshowed ahighin－  
itialdischargecapacity（215mAhg】）and excellentca－  
pacityretention atroomtemperature，althoughitexhib－  
ited a gradualcapacitydecrease up to thelOth cycle．  
′mis revealed thatlithiumiron oxide obtained at200℃  
partially transformsinto the tetragonalβ一LiFeO2phase  
after transformation br the splnelLiFe50パinthe early  
Stage，Which mightcontribute tothe stabilization ofthe  
hoststruCture．  
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Fig．11TEM bright一丘eldimage ofLixFeyOz electrode after  
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Clingretentionofthissystem．   
A similar structural change on cycling has already 

been describedforthe orthorhombicLi／LiFeO2SyStem，  
Which showed an almost complete conversion to the  
LiFe508 Spinelphase after 50 cycles．However，One  
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wasitstendencyto undergo a struCturalchange to the  
Cubic spinelLiFe508duringthe earlystageand another  
StruCturalchange 血・Om the spinelto the tetragonal  
LiFeO2Phase．′mestructuralchangecontinuesevenafter  

long－termCyClingandresultsinamixedphaseofspinel  
LiFe508andtetragonalLiFeO2a托er50cycles．  
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