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Phase Separation Tendencies of Aluminum-Doped Transition-Metal
Oxides (LiAl; M ,0O,) in the a-NaFeO, Crystal Structure
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First-principles methods are used to calculate the miscibility of eight aluminum-doped transition-metal oxides in the layered
a-NaFeG structure. This study finds that for all Li(Al,M)@ompounds investigated (M Ti, V, Cr, Mn, Fe, Co, Ni, Cu) the
enthalpy of mixing is positive. In addition, detailed analyses were performed on, &0, and LiAl;_,Cr,O, by calculating full
temperature-composition phase diagrams. For the Li(Al,gsyStem, we find regions of immiscibility below173'C and above

600°C. For both Li(Al,Co)Q and Li(Al,Cr)O, above 608C, Al-doping is limited by the formation of-LiAIO ,.
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There has recently been considerable interest in Al doping of lithifor the cations, other compounds with different valence may form
um intercalation oxides. Al substitution of the transition-metal cationand prohibit mixing. This effect is not investigated here.
has been shown theoretically and experimentally to increase the cell First-principles methods can give insight into miscibility in a sys-
voltage! In addition, Chianget al2 have demonstrated the positive tem by providing the energies of the mixed and unmixed com-
effect of Al substitution on the cycle-life and high-temperature sta-pounds. Energies for a series of Li{AM,)O, compounds were
bility of spinel Mn-based insertion oxides. Ohzuéwal® used Al to calculated with thab initio pseudopotential method. The Vienna Ab
limit overcharging of LiNiQ and found beneficial effects on the ther- initio Software Package (VASP) pseudopotential programsed
mal stability of charged LiNiQ Some other obvious advantages of here solves the Kohn-Sham equations within the local density ap-
doping with Al are that it is light, nontoxic, and inexpensive. proximation using ultrasoft pseudopotentflsAll crystallographic
Because of the interest in Al doping of lithium insertion elec- degrees of freedom were optimized such that the minimum ground
trodes, we investigated the miscibility of Al in a number of transi- state energy was obtained. Details of this method can be found in the
tion-metal oxides. Although our results for most systems are basertferences cited.
on only a few calculations, we find large positive enthalpies of mix-  To isolate the effect of metal chemistry from the effect of differ-
ing between LiAIQ and half of the lithium transition-metal oxides ent structures, we chose to compute the formation energies for a
studied (Ti, V, Mn, and Fe), indicating that Al miscibility is limited. series of compounds with different choices of M but all in the same
For Li(Al,Co)O, and Li(Al,Cr)O,, in which mixing enthalpies are «-NaFeQ structure. For half the metals examined, including
small, we calculated the full temperature-composition phase diakiCoO,, a well-studied and commercially used cathode com-
grams. For the Al-doped Co system, full miscibility in the range pound® this is the equilibrium structure. The same structure was
from —173 to 600C is predicted. In both systems, Li(Al,Cg)é@nd used for the other compounds, even when it is not the experimental-
Li(Al,Cr)O,, the formation ofy-LiAIO , causes decreasing Al solu- ly observed ground state, in order to isolate the chemical effects
bility with temperatures above 6. We expect this phenomenon from structural factors. Eight metals were examined: Ti, V, Cr, Mn,
to occur in other Al-doped lithium-metal oxides as well. Co, Fe, Ni, and Cu. Note that whenever LiM@bes not crystallize
Enthalpies of Mixing in the layeredv-NaFeQ structure, our calculated enthalpies of mix-
The tendency for two compounds to mix can be estimated fro ing relative to the true experimental structure are underpredicted
. L . nti.e., too small). This is because in this case the experimentally
their enthalpy of mixingi.e., the enthalpy difference between the observed LiIMQ structure would have a lower (more negative)
mixture and the pure compounds. The enthalpy of mixing for

; : ; . enthalpy than layered LiMO Hence from Eg. 1, the enthalpy of
LIAIO ; with another LIMQ compound is mixing would be higher. While our results only apply directly to

AHpix(LIAL 1M O2) = Hij(at g0z — XHiivon mixtures in the layered state, they may also give an indication of the
sign of the enthalpy of mixing in other host structures.
= (1 = Hija0, [ Hewston and Chamberlatfiextensively reviewed the crystal

Positive enthalpies of mixing represent a tendency for phase segiructures of the first row of transition-metal LiM@ompounds.
aration. Negative values indicate the formation of ordered comdour (V, Cr, Co, and Ni) of the eight transition-metal oxides studied
pounds. Only positive values of the mixing enthalpy were obtained’eré and LIAIQ, are stable at room temperature in the layered
for LIAIO, with all eight transition metal oxides studied. However, 'hombohedrak-NaFeQ (space groufik3m) crystal structure. Ni is
even when a system has a positive enthalpy of mixing, it may stiigtable in a Jahp-Te!Ier distorted variant Of.thIS strgcture and general-
form a solid solution if the temperature is high enough for thely has some site disorder between the Li and Ni $t@e other
entropy contribution to the free energy to compensate for the posfour metals, Ti, Mn, Fe, and Cu, have different experimentally
tive enthalpy. In practice, the enthalpy of mixingH) can be re-  observed ground states.

placed by the internal energgly) of mixing, since th@AV term is The results of the mixing energy calculations are shown in
usually very small for solid-state reactioht£ U + pV). Note that ~ 1able I. The structures chosen to evaluate the enthalpy of mixing had

we consider mixing for an overall stoichiometry of LiAIM,O,. the §mallest un!t. cells possible (8 or 12 atoms) for the compqsition
The conditions of oxygen partial pressure needed to achieve thigudied. In addition, these structures had the lowest energy in the
average oxidation states for the cations is not computed. When tHd(Al,C0)O, system, where a more extensive set of structures was

oxygen partial pressure does not lead to an average valenee of gnvestigated. AII the fo_rmation energies are positive, indigating that
thermodynamically, LiA|_,M,O, favors phase separation into

LIAIO, and LIMO, at low temperature. It is possible, although
* Electrochemical Society Active Member. unlikely, that ordered compounds with larger unit cells or a different
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Table I. Computed formation energies,in meV per formula unit,
for LiAl 1,M,0O, in the a-NaFeO, (R3m) crystal structure.

Ti \ Cr Mn Fe Co Ni Cu

x=0.3333 337 249 1 148 94 13 25 18
x=05000 299 228 14 131 70 28 3 47
x=0.6666 253 229 7 111 44 9 11 17

stoichiomety have nejative formation enegies. Seeral adlitional
structures vere investigated in the Li(Al,Co)Q system,and all had
positive formaion enegies as ell. This implies thathe maeral
forms a lav-tempeature miscibility gap, separating into the tve dif-
ferent compound#t higher tempeatures the meerial is expected to
transbrm into a solid-solution sta

The tempeatures & which a completél-M solid solution can be
adhieved d@end on the mixing enthalpies andymae dove the
decomposition tempature of the aide for large positve enthalpies.
We can gproximately predict the tansition tempettures flom the
calculaed formaion enegies. To do this,a neaest-neighbor Idice
model vas ft to the enthalpies of mixingf eat of the eight &n
sition metals to obtain therét neaest-neighbor pair intactions
(Vy). Once the neast-neighbor interction has been obtainetthe
transition tempetture can be pproximated following the method
outlined ty de Fontainé? for a tiangular latice

_— 0.6062 [6 [\
¢ ke

The eight pedicted tansition tempetures ae shaovn in Hg. 1.
These esults allev us to &trapolate a ule of thumb ér the trangu
lar latices of the Igered stucture: full miscibility occurs whenkgT
> 0.9AH (at x = 0.5). The ough pediction of T, for Li(Al,C0)O,
from Eq. 2 grees vell with the moe eact result flom the calcula
ed phase dgram desdbed in moe detail belw; they differ by
roughly 15%. This confrmation sugests tha our gproximate
approac provides a easonhle estimae of the tempeiture & which
complete solid solution can beathed

Also plotted in kg. 1 is the ionic siz for eat transition metal in
the 3+ valance st®.13 The lager the ionthe geaer the sie dif-
ference betwen it and thé\l ion. A large siz difference with the
substituting ion causes neldtice stain and thexfore a geder tert
deng for phase ggmtion. As can be seendm the plota defnite
coreldion exists betveen the t@nsition tempesture and ionic sie:
the four laigest ions,Ti, V, Mn, and Fe, have the highest émsition
tempeatures. Chemical éécts,suct as electnic bonding and nta
netic efects,alter the inteaictions as il so tha T; is not eactly
detemined ly the plysical siz of the ions. & example Cu*" is
much smaller than Gr, Co*", or Ni®*, and yet Li(Al,Cu)O, has a
higher T, than ay of them. Mi#* and 3" are the same sizhut
they also difer in transition tempesture. However, an oserall core-
lation deally exists betveen ionic sieg and tansition tempeitures.

LiAl 1,C0,0, System

While zero tempeature enegy calculdions can @/e indicdions
of (im)miscibility, a complete tempeture-composition calcutaon
of the free enayy is required to pedict the tempeture dependence
of solubility limits. For LiAl;,Co0, we have perbrmed a complete
phase-digram calculéon.

Expeimentally, a-LIAIO, is obseved to cystallize in thea-
NaFeO, structure belav 600°C.141° Above this tempeature, -
LIAIO , is stdle in the tetagonal cystal stucture with the 42,2
space goup.The major diference betwen the tw stuctures is tha
theAl ions ae tetehedally coodinaed in they structute while they
are octahedilly coodinated in the a strcture. LiCoO, forms in the
layered a-NaFeO, crystal stucture for all tempeatures?

When LiAIO, and LiCoG are mixed belov 600°C it is eason
able to assume thiahe a-NaFeO, crystal stucture is maintained so

(2]

Transition Temperature and Ionic Size for Al-Doped
LiMO, (R3m) Transition Metals
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Figure 1 Estimaed tempesture éove which complete solid solution can be
reated in lyered Li(Al,M)O, plotted net to ionic siz of the M* ions13

tha Al and Co mix ony on the (111) planes of thedk salt stuc-

ture, while the Li plane emains pegct in compositionThe formal

ism to calculte the fee enggy of systems with bingrdisoder from

first-piinciples is vell known'®-18and consists of pameteizing the
dependence of the ergron the distibution of ions in a iyen host
structure. We paemeteized this dpendence using duster epan

sion, which is a standar tedinique to stug substitutional disater
in metals,oxides,and semiconductsf819-21|n the case of lgered

LiAl 1,Ca0, the disoder of Al and Co vas esticted to a tve-

dimensional tiangular ldtice of sitesAdding inteplane inteactions
in the duster epansion did not sigridantly chang the esults;
hence these vere nglected In adlition, no disoder betveen the
Al1,Ca, plane and the lithium planeas allaved More details on
the method can befind in the eferencest®21

The calculéed enggies for nine diferent compositions of LiAL
,C00, in the a-NaFeO, structure were used to @de a duster
expansion with thee pais and tvo triplets for the lgered maerial.
The formaion enegies of these siictures ae plotted in ky. 2. The
formaion enegy of a gven stoucture, as opposed to the total ener
gy, reflects the elaive staility of that stucture with respect to
phase ggartion. The two enegies ae rlaed ty Eq. 1,with en
thalpies eplaced ly enegies.The formation enegies for this system
are positve kut quite small.

Free enagies for all compositions in the yared phase were
detemined ty Monte Calo simulations using the gnd canonical
ensemle on a system of 576 (CAl) sites.At eath tempeature and
chemical potential L000 Monte Cdo passes per tice site vere
performed after which sampling occued oser an aditional 4000
Monte Calo passes. fee enggies were found ly performing ther

Formation Energies for LiAl,,Co,0,
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Figure 2 Computed drmation enegies, in meV, for LiAl,,C00, in the
a-NaFeG, (R3m) crystal stucture.
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modynamic intgration of the d©iemical potential as a function of
composition.

In principle, a searte duster epansion is equired for the
tetragonal paent ldtice of y-LIAIO ,. However, we calculgéed the
enepy for substituting Co in the tegonal stucture and éund the
enegies for these compounds to imerse ery rapidly with x-,. The
formaion enegies for mixed tetegonal Li(Al,C0o)O, ranged from
300 to 800meV and the fee enggies for tetiagonal stuctures were
greaer by 850-1500 meV than theefe enegies of the Igered stuc-
tures @ the same compositiolVe theefore contuded tha LiCoO,
and LiAIO, are not miscile in the tetagonal phase and tha-
LiAIO , can be teeted as a stoldometic line compound

To obtain the fee enagy of y-LIiAIO , relative toa-LiAIO 5, the
total enegies d zero K were compagd The calculéed diference is
165 meV The entopy difference betwen these tw phases was
detemined ly requiing the diference in fee enggy a the tanst
tion tempeature, 600°C, to be equal toeo. Assuming thathe hea
capacities ofa-LIAIO , andwy-LIAIO , are the samethe free eneagy
for the tetagonal phase (withespect tax-LiAIO ,) is

T O

- 3
873K U ]

Fy-Linto, = 165 mevgl -

The phase dgam obtained ypocombining Eq. 3 with the ée enegies
for the lgyered phase obtainedofin Monte Cdp is gven in kg. 3.

Within the Li(Al,Co)O, phase digram, the lover tempeature
miscibility gap is symmeic and peakstabout —18CFC. Due to the
low tempesture of this miscibility gp thee is olviously no epeii-
mental dé with which to compae this patr of the esult.At 600°C,
the tansbrmation of layered a-LiAIO , to the tetagonaly-phase in
which no Co dissoles cedes a ne two-phaseegion on theAl-rich
side Note tha above 600C the solubility of LiCoQ and LiAIO,
actualy deceases with tempature due to the ineasing sthility of
v-LIAIO ,. Sudh a case ofatrograde solubilitywhile unepectedis
not all tha uncommon.

Initial expeiiments on the Li(Al,C0)Q@ system done Yo Nazi
etal.22 found the solubility limit ér formation of solid solutions of
Al in LiCoO, to be aound 25% wen pocessedta750C. Howvev-
er, becausey-LIAIO , was one of the stting maerials, it is difficult
to assess if ade solubility limit was eaded or vhether the mar-
ial had not beeneded long enough teead equilibium. A second
study, by Alcantam et al23 agrees with our esults; thg found no
traces ofy-LiAIO , at 700°C with composition up to 70%l. Recent
expetiments ly Janget al?* at 800C have conirmed the ristence
of a two-phase egion & LiAl 5 7:C0y 20, and a solid solutionta
LiAl 5 ,Cay 760,. They also bund taces of the teagonal phaseta
50% Co, whete the esults of this stud shav tha the two-phase
region ends & about 30% Co & this tempesture. Because the

Calculated LiAl, ,Co,0, Phase Diagram
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Figure 3 Computed phase gjeam for LiAl;.,C0,0,.

results of the xpelimental studies diggee with eab other and with
our calculéed results,it is difficult to decide vaether these diér-
ences & due to our calculimns or &petimental discepanciessud
as incomplete equilibtion. Futher petimental irvesticggtion of
the phase digram in this egion is theefore waranted

It is interesting to note ttehis two-phase egion with y-LiAlO ,
occus in otherAl-doped layered ocides as wll. Chianget al found
that in Li(Al,Mn)0,>?5small amounts oAl can be incaporated into
the layered stucture, but & greder Al concentetions y-LiAIO ,
forms. Their results indicte a solid solubility ofAl in the layered
phase of bout 5-7% & 950-1000C. Aluminum solubilities moe
similar to our esults r Li(Al,C0)O, have been dund br LiCrO,.
In Li(Al,Cr)O,, 60%Al substitution vas eaded br processing tem
pertures up 920C.26 Above this tempeature, y-LIAIO , forms.An
Al solid-solubility limit between 20 and 30% as bund br
Li(AILNi)O ,27 at 700°C, again much smaller thand Li(Al,C0)O,.

For Li(Al,Cr)O, a phase digram can be eagilcalculded Since
the mixing enthalpies in theylared stucture (Table 1) ar paticu-
larly small in this systenthe free enggy of the lyered phase ma
be pproximated with an ideal solution modedjthout ary signifi-
cant loss in accaxy. Combining these ergies with Eq. 3 ér the
free enggy of y-LIAIO , results in the phase djam of kg. 4.As in
Li(Al,C0)O,, the solubility & high tempeature is limited ly the sta
bility of y-LIiAlIO ,. This agrees ery well with expetiment. Rep-
pelmeieret al?® found tha at 60%AI content the merial remains
a layered solution bely 92C0C, while aove this tempeture it
decomposes tg-LIAIO , and the Igered solid solution Li(Al,Cr)Q.
This result is theefore in gpod areement with our calcuti@n,
which gves a 55%Al solubility limit at the same tempature.

Interestingy, our calculéion for Li(Al,C0)O, shavs complete
solubility & intermedide to lov tempeatures. This realizaion may
pave the vay for LiAl,,Co0O, mixtures with a high dgree ofAl
substitution.Al reduces the total thestical caacity by moving
some of the oltage to a ery high potential, but curently commer
cial bdteries based on the LiCgGystem use owlabout half the
theoeetical cgacity Substitution of the nomidized fraction of Co
ions ly Al should esult in signifcant cost and ight saings. Olvi-
ously, the maeral needs to possess othedftires sub as long gcle
life and long-tan stability in order to become ptical as an elec
trode In adlition, Alcantam et al?® have speculted tha at low Al
substitution tetrahedal occupé&on of Al in LiAl 1.,C0,0O, may limit
the maeral’s reversibility. Though ve have not beenlde to conirm
these esults usingifst-piinciples methodsAl migrating to tetahe
dral positions wuld result in a de@ase in lithium ion difisivity
and consequenyl the obsered poor eversibility. Preliminary cak
culdions indicae tha Al occupdion of tetahedal sites is not ener
getically favorable.

Calculated LiAl,,Cr,O, Phase Diagram
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Figure 4 Computed phase gjeam for LiAl ,Cr,O».
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Another soute for the discgpany between theostical and
expelimental esults is thexastence of mygen deécts.All calcula
tions were perbrmed assuming stdi@metic oxygen content.
Expeiments hae shavn, however, tha oxygen vacancies can be
formed duing processingnotably in Li,NiO, and in LiCoO, (x <
1).281t has beendund thathe higher the lithium conterthe geaer
the tempeature needed to pmote aygen libegtion. Though these
oxygen deécts vere not bund in the fuly lithiated compoundsta
the tempegtures testedthe tends indicte tha oxygen \acancies
could form for fully lithiated LiCoQ, at high enough tempeaiures.
We calculéed the dedct enggy for an xygen \acany in both
LiAIO , and LiCoG and bund thathe oxygen vacang defect ener
gies ae nuch lager for a-LIAIO , andy-LiAIO , than br LiCoO,.
Thus xygen deécts wuld moe readily occur in LiCoQ. Because
the deéct enegy differs for the tw end membes; the incoporation
of oxygen \acancies ltanges the fee enagy of the lgered stuc-
ture’s noruniformly as a function of composition.

We were ale to qualitéively detemine the diect on the phase
diagram by combining these engies and the leemical potentialdr
gaseous xygen found using an idealag model.The free enagy
changes br the lgered stucture ae very small oor all compositions
in the tempeature ranges of inteest. Havever, the efect of ocygen
defects,a geaer free enggy, is much more pionounced on the Co-
rich side This increase in the &e enggies pushes the edpf the
two-phaseegion doser to theAl rich side However, the danges in
the phase dgram occur onf a high tempegtures, above 2000C.
Our peliminaly results she promise br modeling aygen deécts.
Further irvestigations,both computional and gpeiimental,need to
be done toefine the deéct model and deterine the ole of okygen
defects in these nterials.

Condusions

The enegy calculagions desdbed hee shav tha when
Li(Al,M)O , is doped wittAl, four of the eight ainsition-metal rides
studied (T, V, Mn, Fe) phase gmiate & nomal piocessing temper
tures.The other éur (Cr, Co, Ni, Cu) hare lon-tempesture miscibit
ity gaps, but form solid solutions taroom tempeature. A full temper
ature-composition phase djeam was calculted for LiAl,Co0O,.
Complete miscibility is dund betveen —173 and 600°CAbove
600°C, Al-doping in LiCoO, is limited by the formation of -
LiAIO ,. A tempegture-composition phase djeam was also calcu
lated for LiAl4.,Cr,O,. Complete miscibility isdund belav 600°C,
as in LiAl;_,Co0,0,. Al-doping @ove 600C is limited ly the for-
mation of y-LiAlO ,. For all axides wvhich have substantial solubili
ty with LIAIO, in the layered phasgreduced solubility should be
expected Bove 600C due to thedrmaion of y-LIAIO ,. In some
materials sud as Li(Al,Mn)O, where a minimal amount oAl is
critical for the sthility of the layered phasg® the elaive staility

of different poymomphs mg thelefore stongly depend on temper
ture thiough the solubility limit.
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