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  Abstract:ThestructuralstabilityofLiAlH4,apromisinghydrogenstoragematerial,underhighpressure

wasresearchedusingtheabinitiopseudopotentialplanewavemethod.Itisfoundthatthephasetransition

occursat1.6GPafromtheα-LiAlH4phasetotheβ-LiAlH4(spacegroupI2/b)phase.Thisphasetransitionis
identifiedasfirst-orderinnaturewithvolumecontractionsof18%.Moreover,theanalysisofthephonon

dispersioncurvessuggeststhatphasetransitionisrelatedtothephononsoftening.Mullikenpopulationanalyses

indicatedthattheambientphase(α-LiAlH4)isexpectedtobethemostpromisingcandidateforhydrogenstorage.
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  Lightmetalcomplexhydridesarepromisingmaterialsforsolid-statehydrogenduetotheirgravi-
metrichydrogendensity[1-5].Forexample,lithiumalanate(LiAlH4)andsodiumalanate(NaAlH4)

havetheoreticalhydrogencapacitiesof10.6%and7.5% (massfraction),respectively.Hence,LiAlH4
andNaAlH4couldbeviablecandidatesforpracticalusageason-boardhydrogenstorage.However,a
seriousproblemwiththesematerialsistheirpoorkineticsandlackingreversibilitywithrespectto
hydrogenabsorption/desorption.RecentexperimentalevidencesshowthatLiAlH4andNaAlH4release
7.9%and5.6% (massfraction)ofH,respectively.Thisrepresentsnearly4and5timesmorestored
hydrogenthanLaNi5-basedalloyswhicharecurrentlyusedinnickel-basedhydridebatteries.However,

itisdifficulttoaccuratelyidentifythepositionsofthehydrogenatomsbythehigh-pressureX-rayand
neutrondiffractionstudies.Therefore,explorationofthephasestabilityandstructureshasattracteda
greatdealofattention.

Underambientconditions,LiAlH4crystallizesatamonoclinicstructurewithaspacegroupP21/c
(denotedasα-LiAlH4).ThestructureconsistsofAlH4unitsseparatedbyLi+ions,andthehydrogen
atomsarearrangedaroundthealuminumatomsinanalmostregulartetrahedralconfiguration.Onthe
theoreticalside,theα-LiAlH4structuretransformsintoanewtetragonalβ-LiAlH4structure(space
groupI41/a)at2.6GPawitha17%volumecontraction[6].However,theneutrondiffractionconfirms
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thatthestructureofthehighpressureβ-LiAlD4hasamonoclinicspacegroupI2/b
[7].Itisdetermined

thatthereisareversiblephasetransitionbacktotheα-LiAlD4withaslowreleaseofpressureand
cooling.Consequently,theRamanmeasurementconfirmedthattheambientstructuretransformtothe

β-LiAlH4structure(spacegroupI2/b)at3GPa
[8],aswellasthepreviouslyreportedtransitionpres-

surebetween2.2and3.5GPa[9].
Inthiswork,wereportourresultsonthegeometriesandelectronicstructuresofLiAlH4with

pressureusingtheabinitiocalculations.Thetotal-energycalculationsforthepressure-inducedphase
transitioninLiAlH4 wereperformed.Thestructuraltransitionfromα-toβ-LiAlH4 happenedat
1.6GPa.Thefullphonondispersioncurveswerecalculated,forthefirsttime,toprovidetheevidence
ofphononstabilityforpressured-inducedphasetransition.Wealsodiscussedthedensityofstatesand
bondoverlappopulationsaboutthetwophases.

1 ComputationalMethod
  Thecalculationswereperformedwithinthedensityfunctionaltheory(DFT),usingthePerdew-
Burke-Ernzerhofgeneralizedgradientapproximationfunctional[10-12].Aplane-wavenorm-conserving
pseudopotentialmethod[13]asimplementedintheCASTEPcode[14]wasemployed.Weusedtheplane-
wavekinetic-energycutoffof850eVwhichwasshowntogiveexcellentconvergenceofthetotalener-
giesandstructuralparameters.AccordingtotheMonkhorst-Packmethod,k-pointspacingsmallerthan
0.3nm-1wasindividuallyadjustedinreciprocalspacetothesizeofeachcomputationalcell[15].The
optimizationwasperformed,allforcesonatomswereconvergedtobelessthan0.1eV/nmandallthe
stresscomponentsarelessthan0.02GPa.Thetoleranceintheself-consistentfield(SCF)calculation
wassetto10-6eV/atom.Thephononfrequencieswerecalculatedbythedirectapproach,whichis
basedonthefirst-principlescalculationsofthetotalenergy,theHellman-Feynmanforces,andthedynami-
calmatrixasimplementedinthephononpackages[16-17].Convergencetestgavetheuseof2×1×1and
2×2×1supercellinthephononcalculation.

2 ResultsandDiscussions
  Weoptimizethecrystalstructuresallowingsimultaneouslyvariationsofunitcellandatomicposi-

Fig.1 Volumevs.pressurecurvesofα-LiAlH4and

β-LiAlH4phases(Enthalpydifference(performulaunit)

betweenα-LiAlH4andβ-LiAlH4asafunctionof

pressureisshownintheinsert.)

tionsatselectedpressures.Thecalculatedlattice
parametersofα-LiAlH4(spacegroupP21/c)and

β-LiAlH4 (spacegroupI2/b)arelistedinTable1,

whichalsoincludestheexperimentaldataforcom-
parison[18].Fortheα-LiAlH4phase,thedeviations
betweenourcalculatedresultsandtheexperimen-
talvaluesarelessthan2%,whichissufficiently
accurate.Thisstronglysupportsthechoiceofthe
pseudopotentialsandGGAapproximationforthe
currentstudy.Thetheoreticalgeneratedpressure-
volumecurve(seeFig.1)showsthattheα-LiAlH4
transformstoamonoclinicphaseofβ-LiAlH4with
avolumecontraction(ΔV/V)of18%,whichsug-
geststhatthisisafirst-orderphasetransition.The
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hugevolumecontractionisconsistentwiththeRamanscatting measurementandtheothertheoretical
results[6,8].Inordertogiveaclearpictureofthestructuraltransition,thedifferenceoftheenthalpy(perfor-
mulaunit)betweentheα-LiAlH4andβ-LiAlH4phasesasafunctionofpressureisshownintheinsert
ofFig.1.Itcanbeclearlyseenthattheβ-LiAlH4phasebecomesenergeticallymorefavourablethan
theα-LiAlH4phaseabove1.6GPa,whichisthetransitionpressurefromα-LiAlH4toβ-LiAlH4.

Table1 Optimizedstructuralparameters,atomicpositionparametersfor
theα-LiAlH4andtheβ-LiAlH4structures

Phase Unit-celldimensions Atomcoordinates

α-LiAlH4
(P21/c)

a=0.4851nm(0.4817nm*)

b=0.7814nm(0.7802nm*)

c=0.7732nm(0.7821nm*)

Li:(0.585,0.459,0.829),(0.560,0.466,0.827)*

Al:(0.159,0.204,0.938),(0.139,0.203,0.930)*

H1:(0.193,0.102,0.766),(0.183,0.096,0.763)*

H2:(0.377,0.371,0.986),(0.352,0.371,0.975)*

H3:(0.254,0.082,0.119),(0.243,0.081,0.115)*

H4:(0.822,0.268,0.882),(0.799,0.247,0.872)*

β-LiAlH4
(I2/b)

a=0.4452nm
b=0.4459nm
c=1.0102nm

β=89.978°

Li:(0,0.250,0.125)

Al:(0,0.250,0.625)

H1:(0.259,0.425,0.542)

H2:(0.324,0.508,0.792)

    Note:“*”representsexperimentaldatafromRef.[18].

Toinvestigatethedynamicstability,wecalculatedthephonondispersioncurvesalongsomehigh-
symmetrylinesintheBrillouinzones(BZ)andthecorrespondingphonondensityofstates(DOS)for
theLiAlH4structure.NoimaginaryfrequencyisobservedthroughoutthewholeBZ,indicatingthat
thetwonovelphasesaredynamicallystableinthepressureregionfromthisstudy.Wealsocalculated
thephonondispersioncurvesatthephasetransitionpressurefortheα-LiAlH4structureinFig.2.For
comparison,thestabilityofphonondispersioncurvesfortheα-LiAlH4at0GPaareshowninFig.2(a).
InFig.2(b),itisindicatedthatthephasetransitionshouldnotberelatedtothepressure-inducedpho-

Fig.2 Phonondispersionrelationsand
densityofstateinhigh-symmetrydirectionsfor
theα-LiAlH4structureat0and1.6GPa

nonsoftening.Thetotalandpartialdensities
ofstatesforthetwophasesareshownin
Fig.3.Analysisofthecalculatedelectronic
densityofstaterevealsthatthetwophases
exhibitacommoninsulatingfeaturewitha
finiteenergygap.Thevalenceband(VB)in
α-LiAlH4phaseissplitintotworegions.Sub-
sequently,thetwopeakscombineintoone
broaderpeakintheβ-LiAlH4phaseproducing
thebroadeningofVBunderhighpressure.
Thisisoriginatedfromtheshortenedinter-
atomicdistanceuponsqueezing,fortheVBre-
gionismainlydominatedbyH1s,andAl2s,

2pstates.ItshowsthattheHandAlatoms
becomethedirectionalcovalentbondswithin
theAlH4tetrahedronorAlH4octahedronlayers.Thebottomoftheconductionbandjustabovethe
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Fig.3 Calculatedtotalandpartialelectronicdensities
ofstatesforα-LiAlH4structureat0GPa(a)and

β-LiAlH4structureat1.6GPa(b)respectively

FermienergyiscomposedoftheAl2s,2p,Li1s,

andH1sstates,whichareconsistentwiththeionic
bondingbetweentheLiandtheAlH4 unit.We
foundmoremixingofthesandpstatesforAl
atomintheβ-LiAlH4 phase.Consequently,the
electronictransitionfromtheAl-sto-pstateis
relatedforthehugevolumecollapseduringthe
α-LiAlH4toβ-LiAlH4phasetransition.

Inordertobetterunderstandthebonding
interactionsbetweenH,AlandLiatoms,westud-
iedtheMullikenchargesandthebondoverlappop-
ulation(BOP)PonthebasisofMullikenPopula-
tionsin Table2[19-20].ThescaledBOP (Ps)is
definedin Ps

Al(Li)─H =PAl(Li)─H/LAl(Li)─H with L
representingtheaveragebondlengthofAl─Hor
Li─H,respectively[21].ItisfoundthatthePs

Al─H

valuefortheα-LiAlH4phase(0.506)issmaller
thanthatoftheβ-LiAlH4phase(0.534)asthe
coordinationnumberofAl(4)staysunchangedat
theα-βtransition.Previousstudieshaveshownthat
thesmallertheBOP,thelowerthehydrogendesorptionkineticenergy[22].Fromthispointofview,the
currentstudysuggeststhattheactivationenergyoftheα-LiAlH4islowerthanthatoftheβ-LiAlH4.
Theambientphaseofα-LiAlH4isexpectedtobethemostpromisingcandidateforhydrogenstorage.

Table2 Averagenetcharges,bondlength(L)andscaledbondoverlappopulation(Ps)between

H,Al,andLiatomsintheα-LiAlH4(at0GPa)andtheβ-LiAlH4(at2.0GPa)structures

Phase
Averagenetcharge

H Al Li

L/nm

Al─H Li─H

Ps

Al─H Li─H

α-LiAlH4 -0.48 0.64 1.29 0.1615 0.1886 0.506 0.019 

β-LiAlH4 -0.46 0.55 1.28 0.1628 0.2067 0.534 -0.063 

3 Conclusions
  Weinvestigatedthepressure-inducedphasetransformationsinLiAlH4usingthefirst-principles
basedonthedensityfunctionaltheorywiththeplane-wavebasis.Thestructuraltransitionsfrom
α-LiAlH4toβ-LiAlH4occursat1.6GPa,accompaniedwithabout18%volumecollapse,originating
fromtheelectronictransitionofAl-sto-pstates.Thephasetransitionshouldberelatedtothepres-
sure-inducedphononsoftening.TheBOPanalysisshowsthattheactivationenergyoftheα-LiAlH4is
smallerthanthatoftheβ-LiAlH4.Theα-LiAlH4isexpectedtobethemostpromisingcandidatefor
hydrogenstorage.
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LiAlH4 晶体结构及稳定性的第一性原理研究

张艺龙,崔慢爱,刘艳辉
(延边大学理学院物理系,吉林 延吉 133002)

  摘要:基于密度泛函理论的第一性原理赝势平面波方法,研究高压下三元碱金属氢化物

LiAlH4 的相变行为,分析了LiAlH4 高压相变的物理机制。研究表明,在1.6GPa时LiAlH4
发生了相变,从α-LiAlH4 转变为空间群为I2/b的β-LiAlH4,相变时伴随18%的体积坍塌,即
一级相变。通过分析声子色散曲线得出,相变与声子软化有关。Millikan布局分析表明,常压

相(α-LiAlH4)是很有潜力的储氢材料。

  关键词:晶体结构储氢材料;密度泛函理论;压力诱导结构转变;电子结构
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