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局域结构优化Li-Ni-Te-O正极的电化学可逆性
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摘要:利用固相法合成了一系列化合物Li1+xNi3/4-5/4xTe1/4+1/4xO2(x=0,0.14,0.33,0.46,0.50和0.60).在

x=0.33时,发现C2/m 晶体结构中存在一种新奇的围绕Ni离子的短程有序P1-like区域,此区域表现出

一种松散结合的局域结构以及更快的Li+迁移率,进而保证了优越的结构和电化学可逆性.通过非原位X射

线吸收谱(XAS)、X射线衍射(XRD)、X射线光电子能谱(XPS)和电化学表征研究了材料的性能.证明了这



种性能与稳定的短程-长程有序结构以及Ni氧化还原电子对有关.该研究提供了发展高性能富锂正极材料

的新思路.
关键词:锂离子电池;正极材料;局域结构

0 Introduction
Secondary lithium-ion batteries as an

alternativeenergystoragesystemarewidelyused
in various electronic applications, such as
stationary energy storage, smart grid and
electronicvehicles[1-4].Layeredoxidessuchasα-
NaFeO2/LiCoO2 type structure have received
widespread attention for their excellent
electrochemical properties[5]. However, the
rechargeablecapacityofLiCoO2islimitedto160
mAh·g-1 duetothedestructionofcrystal
structure[6-8].Amongtheselayeredmaterials,Ni-
containingcathodescandeliverhighcapacityand
comparablyhighoperatingvoltageatalower
cost[9],suchasLiNi0.5Mn0.5O2[10-11]andlithium
nickelmanganesecobaltoxide(NCM)[12]layered
cathodematerialwithanincreasedcapacityofmore
than200mAh·g-1becauseofthedualelectron
redoxofNielement.However,thisdoesnotmean
ahighcontentofNicanbringaboutasatisfactory
capacity.The high Nicontent maylead to
structural transition and surface instability,
resulting in severe capacity decay during
cycling[13-14].Forthesereasons,Niisoftenusedas
adopantintheelectrodematerialtoenhancethe
electrochemicalperformance[15-16].

Recently,arangeofcationswithhighvalence
wereintroducedtoformhighlithiumcontaining
oxidesinordertogainhighcapacity,suchas
LiNi0.67Sb0.33O2[17], Li4MoO5-NiO[18] and
Li3MRuO5[19],thatholdsasignificantpotentialas
new hoststructuresforhighcapacitycathode
materials.Li4TeO5isalsoclassifiedasalayered
structure[20].However,itiselectrochemically
inactiveowingtotheabsenceofelectronsinthe
conductionbandoftellurium.Hence,transition
metals[21-24]arepartiallysubstitutedforTe6+and
Li+toinduceelectricalconductivityinLi4TeO5.

ConsideringNiOcrystallizesintothelayeredoxide
similartoLi4TeO5,NiO-Li4TeO5binarysystem
canbestructuredwiththepossibilityofpotentially
richLi-contentandstableNiredox.

Asweallknow,telluriumis much more
expensivethannickelandthereforenotsuitablefor
useinlarge-scalebatterycathodes.Sotheultimate
goalofourresearchistofindastrategyfor
increasingthecontentoflowcostconstituents
(like Ni),and getexcellentelectrochemical
performanceatthesametime.Inthiswork,we
introducedNiOintoLi4TeO5systemintheformof
aNiO·bLi4TeO5(a∶b=3,2,1,1/2,1/3,0)
which can be simply rewritten as
Li1+xNi3/4-5/4xTe1/4+1/4xO2(x=0,0.14,0.33,
0.46,0.50,0.60)asaLi-excesselectrodefor
convenienceandfoundauniqueP1-likedomain
withashort-rangeorderaround Niionsina
monoclinicC2/mcrystal,resultinginanimproved
Li+ extraction and structural stability. The
structureandelectrochemicalperformanceofLi-
Ni-Te-Oweresystematicallyinvestigatedinthis
study.Thisarticlewillserveasapreliminary
studyforlithiumionbatteryusedinlarge-scale
applicationsandtheeffortswehavemadewill
contributetofutureresearchinthisfield.

1 Experimental
1.1 Materialspreparation

Li1+xNi3/4-5/4xTe1/4+1/4xO2wassynthesizedby
asimplesolid-statereactionmethod[25].Li2CO3,
NiC4H6O4·4H2OandTeO2 werepreparedas
precursorsindesiredratiosandanexcessof10%
lithiumisrequiredtocompensateforlithiumloss
during high temperature calcination. The
precursorsweremixedbyplanetaryballmilling.
Then,themixtureswerecalcinedat1000℃for
16hinair.Aftercoolingtoroomtemperature,
thepowder wascarefully groundfollowed by
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heatingat1050℃for6h.
1.2 Materialscharacterization

TheresultswerecharacterizedbypowderX-
ray diffraction (XRD, D8-Advance power
diffractometer,CuKαradiation,λ=1.54178Å).
NiandTeX-rayphotoelectronspectra(XPS)were
collectedbyaspectrometer(ESCALAB250).Ni
K-edge X-ray absorption structure (XAS)
measurements were performedintransmission
modeusing1W2BbeamlineatBeijingsynchrotron
radiationfacility (BSRF).Dataanalysis was
carriedoutusingtheIFEFFITsoftware.
1.3 Electrochemicalmeasurements

ElectrochemicalbehaviorofLi1+xNi3/4-5/4xTe1/4+1/4xO2
asacathodematerialwastestedinLihalfCR2032
coincells.Compositeelectrodeswereprepared
withtheactivematerial,acetylenecarbonblack
andPVDFinamassratioof8∶1∶1,andthen
rolledintoafilm.Coin-typecells(CR2023)were
assembledinanargon-filledglovebox(UniLab,
Mbraun,Germany)usingLimetalascounter
electrode,Celgard2400asseparatorand1mol/L
LiPF6ina mixtureofethylenecarbonateand
dimethylcarbonate (1∶1,volumeratio)as
electrolyte.Galvanostaticcharge/dischargetests
wereperformedonaLandCT2001A (Wuhan,

China)between3.5and4.6 V vs.Li+/Li.
Electrochemicalimpedancespectroscopy(EIS)and
cyclicvoltammetry (CV)were measuredona
CHI660D (Chenhua,Shanghai)electrochemical
workstation.

2 Resultsanddiscussion
Fig.1(a)showstheXRDpatternsofthe

obtainedLi1+xNi3/4-5/4xTe1/4+1/4xO2(x=0,0.14,
0.33,0.46,0.50and0.60).Thesamples
LiNi0.75Te0.25O2(x=0),Li1.14Ni0.58Te0.28O2(x=
0.14)andLi1.33Ni0.33Te0.33O2(x=0.33)canbe
classifiedaslayeredstructureinaspacegroupof
C2/m(PDF#00-58-638).Thesethreesamples
exhibitnoticeablesuperlatticepeakswithina20°~
23°range,suggestingahighstackingorderofthe
transitionmetallayeralongthecaxis[26].Theas-
preparedLi4TeO6(x=0.60)isindexedtospace

groupP1(PDF#84-1362).Partofthepeaksof
Li1.46Ni0.18Te0.36O2(x=0.46)canbeindexedbased
onC2/mstructureexceptfortheunconventional
peaksatabout19°~44°(arrows),whichcanbe
indexedtoP1structure.Itindicatesthatthe
samplesweregraduallytransformedintoP1phase
withtheincreaseofxandthisphenomenonis
moreobviousforLi1.5Ni0.13Te0.37O2(x=0.50).

Fig.1 Crystal/atomicstructuralcharacterizationofLi-Ni-Te-Omaterials
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  XRDcharacterizeslong-rangeorderinthe
crystal,whileextended X-ray absorptionfine
structure(EXAFS)isrelatedtothelocalatomic
arrangementaroundtheabsorbed metalatom.
Fig.1(b)showstheEXAFSspectraoftheas-
preparedseriessamples.Thefirstpeakataround
1.5Å(nophasecorrection)correspondstotheNi-
O bondasthefirstcoordinationsphere.The
almostidenticalNi-Opairindicatestheoxygen
distributionaroundNiofthesematerialsremained
thesame.Thesecondpeakataround2.5Åis
relatedtothescatteringcontributionfrom the
secondneighboring Me (Me=Li,NiorTe).
DramaticchangecanbeobservedfortheNi-Me
pair,bothbytheintensityandtheposition.The
intensityoftheNi-Mepeakforx=0,0.14and
0.33graduallydecreasesfollowedbyaconstant
intensityforx=0.46andx=0.50.Itsuggests
thateitherthenumberofthemetalcoordinators
reducesorthetypeofthecoordinatedmetalatoms
varies.Forexample,morelithiumionscoordinate
totheabsorberNi,replacingtheothermetalions
Ni or Te,because lithium of low-z atom
contributeslessscatteringamplitudethanmetals
ofNiandTe.TheNi-Mepositionshiftstothe
largerRdirectionforx=0.33,0.46and0.50,
indicatingalargerdistancebetweenNiandthe
secondneighboringmetalatoms.

Tab.1 ImportantinteratomicdistancesinP1structure

Atomicparameters
Atom1Symmetry1Atom2 Symmetry2 Distance/Å
Te1 x,y,z Li4 1-x,1-y,1-z2.9305(46)

Te1 x,y,z Li2 -x,-y,-z 2.9842(22)

Te1 x,y,z Li4 x,y,z 2.9150(52)

Te1 x,y,z Li4 1-x,1-y,-z2.8759(55)

Te1 x,y,z Li2 -x,-y,1-z 2.9995(17)

Te1 x,y,z Te1 -x,-y,-z 3.1328(32)

Li1 x,y,z O3 -1+x,-1+y,z2.1355(33)

Li1 x,y,z O2 -1+x,y,z 2.0348(29)

Te1 x,y,z O3 1-x,1-y,-z1.8844(33)

Te1 x,y,z O2 1-x,-y,-z 2.0211(33)

Te1 x,y,z O4 x,y,z 1.8760(33)

  SimilartotheprecedingXRDresult,the
sampleshavebeendividedintotwophases,C2/m
forx=0,0.14,0.33andP1forx=0.46,0.50
and0.60.Thesetwocrystalstructuresgivealmost
identicalNi-OlocalconfigurationanddifferentNi-
Melocalinteraction.Thecompositeofx=0.33
presentstheP1-likedomainaround Niions,
revealedbythecombinedcharacterizationofXRD
andSynchrotron-basedXAS.TheP1structural
parametersisshowninTab.1,whichisreferenced
toUnteneckeretal[27].Thedistance(d)between
NiandsurroundingMe-ionsforx=0.33is2.96Å
(d0.33 =2.96 Å),whichisanaveragevalue
calculatedfrom Tab.1. Whilethe difference
betweenthedforC2/mandP1is0.22Å,which
isobtainedfromtheEXAFSdiagramintermsof
thehorizontalaxis.Andd0forx=0issmaller
thanthatforx=0.33,therefored0is2.74Å.As
showninFig.2,theC2/mstructuregivesalarger
Ni-MeinteractiondistancethantheP1structure
(d0.33=2.96Åvs.d0=2.74Å)byfavoringLi
formakingNicoordinateratherthanNiorTe.
Researchshowsthatthebarrierformigrationof
lithiumisrelatedtotheTMvalenceandtheLi-TM
distanceinlayeredlithium metaloxides[28-29].A
largerLi-TM distanceandlower TM valence
aroundLisupportalowerbarrier.Toillustrate
thispointindetail,electrochemicalpropertieswill
bediscussedlater.Therefore,XRDandEXAFS
confirmaconsistentstructuresforthesamples,
exceptforx=0.33whichcombinesthelong-range
orderofC2/mandthelocalstructureofP1.

Fig.3(a)presentscycleperformanceat0.1C(1C
=173mA·g-1).Theinitialcapacityforx=0.33is
150mAh·g-1andcapacityretentionof94%in
comparisonwith93,121,64and37mAh·g-1with
aretentionof84%,70%,74%,and73%forx=
0,0.14,0.46,0.50,respectively,after50
cycles.Thatis,x =0.33 exhibitssuperior
reversibleLi+ extraction.Fig.3(b)showsthe
electrochemicalimpedance spectroscopy (EIS)
measurementofthecathodeseries.Thesemicircle
ofthe curve represents the charge transfer

262 中国科学技术大学学报 第49卷



Forx=0.33,thedistancebetweenNiandsurroundingMe-ionsd0.33is2.96Å.Whiled0forx=0issmallerthanthatofx=0.33,d0is2.74Å.

Fig.2 LocalstructuremodelsofNiwithx=0andx=0.33

Fig.3 ElectrochemicalpropertiesofLi-Ni-Te-O

resistanceattheinterface oftheelectrolyte/
electrodeandthestraightlineisrelatedtolithium
diffusionresistanceinthebulkoftheelectrode.It
canbefoundthatthediameterofthesemicirclefor
x=0.33ismuchsmallerthanthatoftheothers,
indicatingthatithasthelowestchargetransfer
resistance.Theslopeofthestraightlineforx=
0.33possessesthehighestvalue,suggestingthe
fastestlithiumdiffusion.Thisresultisingood
agreementwiththecycleperformance.Itisshown
thatC2/mphasecontributestowardshighcapacity
butpoorcycle performance,while P1phase
exhibitslowcapacitybutgoodcycleperformance.
Onlyx=0.33 withaP1-likedomaininthe
framework ofC2/m structure manifests both

improvedcapacityandcycleperformance.Previous
researchhasshownthatalargerLi-TMdistanceand
lowerTMvalencearoundLisupportmoreconvenient
Li+ migration channels.Bao et al.[30] further
investigated Li4NiTeO6 (Li1.33Ni0.33Te0.33O2,x=
0.33)byfocusingonthesequenceofLiremoval
when it is charged through first-principles
computations. Accordingly, Li1.33Ni0.33Te0.33O2
exhibits excellent electrical conductivity and
structuralstability with a volume change of
7.2%.Therefore,thelooselybondedstructure
forx =0.33 provides moreconvenient Li+

migrationchannels,whichleadstohigherLi+

mobility,as wellas maintenanceofstructure
stability.
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Fig.4 EvaluationofstructuralstabilityforLi-Ni-Te-O

  Fig.4(a)showstheXRDpatternsafter50
cycles.Forthesesamples,withtheexceptionof
x=0.33,thesuperlatticepeakswithintherange
of20°~ 23° were broadened and weakened
significantly,meaningalossofthelong-range
stackingorder.TheXRDpatternsforx=0.33are
consistentwiththepristinephase,indicatinga
good structural stability. The Ni-Me local
interactionforx=0.33aftercyclingwaschecked
byFT-EXAFS(Fig.4(b)).Theoverallshapesare
similartoeachother,demonstratinganidentical
andstablelocalstructurearoundNi[31].Themost
significantchangeistheslightlydecreasedpeak
intensityofthesecondshellthatisattributedto
theMedisorderaroundNi.Hence,thesteady
patternsindicatedbyexsitu XRDandEXAFS
meansx=0.33 maintainsaperfectstructural
stabilityevenafter50cycles.

The reversibility of the electrochemical
processwastestedbyexsitu XPSandXANES
measurement.XPSspectroscopyforx=0.33was
employedtoobtainadeeperinsightintothe
chemicalvalencestatesoftheNiandTe(Fig.5
(a)).Ni-2pcorespectrumpeakat858.7eVwitha
satellitepeakat864.5eVrevealstheexistenceof
Ni2+inthepristinephase[32].Uponcharge,Ni-
2p3/2shiftstoahigherbindingenergyof860.0eV,
meaningatransformationofNi2+→ Ni4+.After
discharge,Ni-2p3/2bindingenergyshiftsbackto
thepristinestate,confirmingthat Ni4+ was

reducedtoNi2+.Evenafter100cycles,Ni-2p3/2is
stillsimilarto that ofthe discharge state,
exhibitinggoodreversibility.Te-3d5/2 spectrum
givesadominantpeakataround576.3eV,which
ischaracteristicofTe6+[25].Uponcharge,this
peakshowsashifttobindingenergyof577.0eV
andanincreaseofthefullwidthathalfmaximum
(FWHM)value, which are reversed upon
discharge.Asiswellknown,telluriumisclearly
withoutvalencestatehigherthan +6.This
phenomenoncanbeconsideredasasignificant
variationinthelocalenvironmentaroundTeatom
asmentionedbyMcCallaetal.[23].XPSprovides
thevalencestateofthesamplesurface,whilethe
synchrotron-basedexsitu XANES measurement
revealsthebulkinformationontheelectronicstate
ofatoms.InFig.5(b),NiK-edgeshiftstohigher
energyduringthe1stchargeprocess,indicating
thecontinuousoxidationofNi2+toNi4+,which
shiftsbacktolow energy whendischargedto
3.5V.Thistrendismoreprominentinthe2nd
cycle(Fig.5(c)).

Herewecalculatedthetheoreticalcapacityfor
x=0.33tobe172.9mAh·g-1consideringNi2+/
Ni4+astheredoxcouple.Fig.6(a)showsaninitial
discharge-capacityof169.5mAh·g-1at0.05C
whichisthehighestcapacityreportedin Te-
containingcathodes.Theinitialchargecapacityof
morethan 250 mAh · g-1,exceeding the
theoreticallimit,may derivefrom electrolyte
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Fig.5 Evaluationofelectrochemicalreversibilityforx=0.33

Fig.6 Reconfirmingelectrochemicalreversibilityforx=0.33

decomposition,the O2 generation caused by
oxidization of O2- or residual Li2CO3
decomposition[33-34].Thefollowingchargecapacity
is around the theoretical value showing the
irreversibilityofcapacityonlyexistsinthefirst
cycle.TheCVcurves(Fig.6(b))exhibitedapair
ofwell-definedpeaks,correspondingtotheNi2+/
Ni4+redoxcouple.Thepositionofredoxpeaks
remainedthesameduringthefirsttwocycles,
whileonlytheintensitieswerechanged,indicating
that Ni2+/Ni4+ was stable during the whole
process.Based uponex situ XPS,XANES,

charge-discharge curves combined with CV
results,aninferencecanbemadeconfirmingthat
theelectrochemicalreaction wassustainedand
stable.

3 Conclusion
In conclusion, a layered

Li1+xNi3/4-5/4xTe1/4+1/4xO2cathodewassynthesized

andauniqueP1-likedomainwithinthecrystal
framework of monoclinicC2/m structure was
found to improve the structural and
electrochemical properties. This combined
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structuremakesP1-likelocaldomainprovidinga
longerdistanceoftheTM-TMinteractionandthen
establishing aloosely bondedlocalstructure,
whichcontributestohigherLi+ mobility,aswell
asmaintainingthestabilityofthelong-rangeorder
ofC2/m.Li1.33Ni0.33Te0.33O2exhibitedexcellent
reversible Li+ extraction with 94% capacity
retentionat0.1Ccomparedtoothersamples,with
capacityretentionofabout70%after50cycles.
Thesynthesisofthisstablecrystal/atomstructure
wouldcontributesignificantlyindevelopinghigh-
performancecathodes.
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