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In this work, the phase diagram of,l3o0, is calculated from first principles fotranging from 0 to 1. Our
calculations indicate that there is a tendency for Li ordering=a in agreement with experimefig. N.
Reimers and J. R. Dahn, J. Electrochem. 9@, 2091(1992]. At low Li concentration, we find that a staged
compound is stable in which the Li ions selectively segregate to every other Li plane leaving the remaining Li
planes vacant. We do not find the two-phase region observed at high Li concentration and speculate that this
two-phase region is caused by the metal-insulator transition that occurs at concentrations slightlx below
=1.[S0163-18208)06529-1

[. INTRODUCTION graphically identical host structures. At room temperature,
this two-phase coexistence region is found to exist between
Li,CoO, has served as an archetypal cathode material fothe Li concentrations ok=0.75 and 0.93:° At dilute Li
secondary Li batteries ever since the discovery by Mi-concentrations, transformations of yet another type occur,
zushimaet all that Li can be reversibly removed from and involving structural changes of the layered host. As the Li
reinserted into LIC0O,. The layered form of LiCo@ which concentration is brought below aboxt0.21, the layered

has rhombohedral symmetry and belongs to the space grmﬁgystal structure of Fig. 1 is observed to undergo a phase

R3m, is ideally suited to accommodate large changes in Litr_ansformauon in which the lattice parameters change

concentration. This crystal structure consists of close—packeﬁ'gmf'camIY' Th? phase to which the hO.St transforms has
not been identified. Recently, Amatucci, Tarascon, and

oxygen 'Ia.yers stacked in aik!BC 'sequence.wnh Co and Li Klein” have shown that LICoO, can be completely and re-
ions residing in octahedral sites in alternating layers between

the oxygen planesFigure 1 illustrates the crystal structure
of the layered form of LiCo@ As the Li concentration is

changed in LiCo0O,, vacancies are created or annihilated O Cobalt
within the Li planes. @ Lithium

Li,CoO, exhibits many of the essential properties re-
OOxygen

quired of a reliable cathode material. The voltage gfdd0,

with respect to metallic lithium is sufficiently high to guar-
antee a high-energy density though not too high to cause
electrolyte breakdown. Furthermore, ,Ci0oO, undergoes
only small structural changes as it is deintercalated to a Li
concentration of approximately 0.3. When the variations in
Li concentration are limited betweet=0.5 and 1.0, the in-
tercalation reaction is perfectly reversible giving rise to bat-
teries with exemplary cyclability.

In addition to its favorable electrochemical properties,
Li,CoG, also exhibits a variety of phase transformations that
are typical of many intercalation compounds. Reimers
and Dahr? for example, observed that the Li ions order in
rows at3 Li concentration. They carefully measured the sta-
bility region of this ordered phase and determined its order-
disorder transition temperature to be about 60 °C. Another
transformation of an electronic nature occurs at high Li con-
centration. LiCoQ is a semiconduct8rwhile Li,CoO, at
concentrations below=0.75 is metallic, implying that a FIG. 1. The crystal structure of the layered form of LiGo®@he
metal-insulator transition occurs at intermediate Li concenoxygen ions form close-packed planes stacked i\BIC ABCse-
tration. Curiously, superimposed on this metal-insulator tranguence, and the cobalt and lithium ions occupy alternating layers of
sition is a two-phase coexistence region between crystallosctahedral sites. The shaded plane will be referred to in Fig. 5.
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versibly deintercalated to form CgOThey found that in the —Eq

Co0, phase, the different O-Co-O slabs, held together by Zzz ex ?) @

van der Waals forces, are shuffled with respect to each other,

such that the close-packed oxygen layers haveABRAB  wherekg is the Boltzmann constant, is the absolute tem-

stacking sequence as opposed to AHBRCABCsequence of perature, and; is the energy of a statein which the solid

LiCo0,.” can reside. The summation in E({.) extends over all pos-
The spectrum of phase-transformation phenomena igible states corresponding to different configurational states

Li,CoO, makes this material ideally suited for a fundamental(€.g., different Li and vacancy arrangementsibrational

study of the nature and thermodynamic driving forces ofStates, electro_nic states, etc. The free energy is related to the

phase transformations in transition-metal-oxide intercalatio@rtition function according to

compounds. For applications in a rechargeable battery, phase

transformations as a function of Li concentration are unde- F=—kgT In(2Z). v

sirable as they are often accompanied by irreversibilities an

large volume changes. An understanding of the origins Ofn most first-principles investigations of solids with configu-

: 1,16,19,20 : _
these phase transformations can therefore be valuable in tlﬁicf%%?ingecggi?rsogi g)?cei(tjaotﬁhs are ntgeleiifggt 'IPrEeVilrtl)ciﬁJsion
design of new cathode materials. First-principles investiga- 9 :

tions are proving to be an invaluable tool in this resfetf. oftit\?ese ic:sgrre\t/asn:)fr:[eedoirr:] gen%rarll_)éilearcés rto otr:Iynqil:iarr\]tl-
Phase stability is best represented in a phase diagram thtzﬁ N provements oraer-disorde ansitio

1 . .
maps the thermodynamically stable phases as a function &empe_rature%. In this work, we neglect t_he electronic and_
temperature and Li concentration. The main ingredient in th lbrational degrees of freedom and consider only the contri-

construction of a phase diagram is the free energy of th utions to the free energy of the configurational degrees of
phases competing for stability. Much progress has bee eedom associated with Li and vacancy distributions within

made over the past 15 years in the first-principles calculatiod!geren: CO% hostt_s. Tlhet stum ml Eql) is then over the
of free energies and prediction of ordering in systems with Iiterent configurationa’ states only. -
In systems with configurational degrees of freedom, it is

substitutional degrees of freedom. Typically, such calcula- ient to d " ties that d d ;
tions involve a combination of accurate first-principles total-qonvemeﬂ 0 tehscn N ]Eropetr. lesl at depen .t?]n hio? 'gura-
energy calculations and statistical-mechanics techniquetéon’ S'“.'C[,?Qalfzz € configurational energy, withcaister -

(e.g., the cluster variation method or Monte Carlo tech—exp?nSIO t" R -{r? constrl:_ct Ia cICuster Txpansmq for Li
nigues to obtain finite-temperature thermodynamic proper—Con igurations within a particular CoQhost, we assign an

ties. The bridge between total-energy calculations andccupation variabler; to each possible Li site which takes

statistical-mechanics techniques lies in the cluster expansiotttn1e valuev_Ll If Li resides at that site anet1 if a vacancy is
t that site. It has been shown that the dependence of

formalism that enables an accurate and rapid extrapolation &

the total energy of any configuration from the first-principlesf”lny property on configuration can be exactly expanded

energy values of a relatively small number of in terms of polynomials, of these discrete occupation vari-
configurations:16:8 ableso;.?? ¢, is defined as a product of occupation vari-

In this paper, we investigate the phase diagram of th@P€soi.oj.....ox, where the indices |, ... k correspond to

layered form of LiCoO, from first principles. In Sec. Il, the a coIIect|on. of sites that form a clustey, SUCh. as a pair
cluster expansion formalism and its application to ﬁrst_cluster, a triplet cluster, etc. A cluster expansion of the en-
principles calculations is described. In Sec. Ill, we presenfr@Y: for example, takes the form

the results of our investigation of the, 300, system. In this

section, we first describe three different host structures E=Vo+ > Voo, 3)
whose relative stability we investigated as a function of Li @

concentration and temperatui@ec. Il A). In Sec. Il B and ] i
Il C, we present the results of oab initio pseudopotential where the sum in E3) extends over all possible clusters of

calculations for different Li vacancy arrangements withinSitesa. Vo and the coefficienty, are called effective cluster
Li,CoO,. These results were used to construct cluster exparibteractions(ECI) and have a constant value. The ECI are
sions to describe the configurational energy of different Li-merely eéxpansion coefficients describing the dependence of
vacancy arrangementSec. 1l D). In Sec. IV, the calculated the energy of the crystal on the Li-vacancy configurations

Li,CoO, phase diagram is presented. This section is fol-2nd are not to be confused with interaction potentials com-
lowed by a discussion of the results. monly used in oxides. In practice, the EGI () converge to

zero as the size or distance between the points of the cluster
a increase. Equatior3) can therefore be truncated after
some maximal cluster. It is important to note that the Li ions
do not have to reside exactly at the lattice sit@s order for

The determination of the relative stability of different a cluster expansion to be applicable. Relaxations are allowed
phases at finite temperature must be done by a comparison within the cluster expansion formalism and both relaxations
their free energies. Statistical mechanics tells us how a ma®f the Li ions and of the Coohost are implicitly accounted
roscopic thermodynamic property such as the free energy cdnor in the numerical values of the ECI. All that is required for
be determined from the detailed microscopic interactions bea cluster expansion to be applicable is that there exists a
tween the atoms of a solid. The link lies in the partition one-to-one correspondence between the relaxed Li ions and
function Z of the solid, which is defined as the sitesi to which an occupation variable; is assigned.

IIl. METHOD
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layered form of LiCoQ, conventionally called 0% which
has an ABC oxygen stacking. This structure is observed to
be stable experimentally for Li concentrations between
=0.3 and 1.G:®" This is the same structure as illustrated in
Fig. 1. The second host in Fig. 2, referred to as O1, has an
ABAB oxygen stacking. This structure is observed to be
more stable than the O3 host whenCo0, is completely
deintercalateti(i.e., x=0). First-principles calculations with
the linearized augmented plane wave metflio8diPW) have
supported this experimental findigby predicting that
CoG; in the O1 structure has a lower energy than O3 by
about 50 meV pe@CoO, formula unit, whereZ represents
a Li vacancy?’ The stability of the O1 host seems to be
restricted only to zero Li concentration. Both experimental
and first-principles evidence suggest that the O1 host is un-
stable when Li is inserted in CgOAmatucci, Tarascon, and
O1 host structure P¥ T Sctihedis SmomgingICs Klein’ observed that the O1 host immediately reverts back to
/N Edge sharing O octahedrain Lipane  th€ O3 host upon Li intercalation into CgOFurthermore,

LAPW calculations have shown that the O1 form of LiCoO
is less stable than O3 by 150 meV per formula dhithis

FIG. 2. Schematic illustration of the three host structures 03’indicates that the Li ions prefer the octahedral sites of Q3 to
01, andH1-3. The vertices of the octahedra correspond to oxygeri0se of O1. The reason for this preference can be attributed
ions. The uppercase letters describe the stacking sequence of tfe @ lower electrostatic energy of Li in O3 as compared to
close-packed oxygen layers in each host. Depending on the ho#fiat of Li in O1. In the O3 host, the oxygen octahedra sur-
structure, the oxygen octahedra surrounding the Li sites share edgesunding Li sites share edges with the octahedra surrounding
with the oxygen ions surrounding the Co iofie., the O3 hogtor  the Co sites, whereas in the O1 host, they share faces. The
they share face§.e., the O1 host In theH1-3 host, oxygen octa-  electrostatic repulsion between the Li and Co ions is greater
hedra around the Li sites of every other plane between O-Co-Qy, the |atter case.
slabs share edges with the octahedra surrounding Co ions as in O3 T thirg host structure that we considered has features of
while in the remaining planes these octahedra share faces as in O&oth 03 and OL. In this hybrid host, which we will refer to
asH1-3, every other plane between O-Co-O slabs has an

The values of the ECI for a particular system must beenwronment identical to that of O3 whereas the remaining

determined with an accurate first-principles method. Typi_planes have an environment identical to that of O1. Since as

cally this occurs by calculating the energy of a series ofdescribed above, Li prefers the octahedral .S|.tes of O3 to
configurations (e.g., different Li-vacancy arrangements those of O1, we assumed that il-3, the Li ions only
within a particular hostusing a first-principles method and Occupy those alternating planes with an O3 environment. In
then fitting a truncated form of E@3) to the values of these View of this assumed distribution of Li ions between the
energies. The fit to the first-principles energies can be perf©-Co-O slabs, this hybrid host structure can be thought of as
formed with either a least-squares procedtirer a more  a stage-ll compound similar to that observed in graphite in-
elaborate method based on linear programming technffues tercalation compound$. Since Li intercalates only into ev-
Once an accurate cluster expansion has been constructed, #1y other plane between O-Co-O slabshHbi-3, the maxi-
total energy of any Li-vacancy arrangement can be calcumum Li concentration that can be obtained in this host is
lated rapidly. This makes it possible to calculate finite-=2 in Li,C00,. The crystallographic details and the x-ray
temperature thermodynamic properties using statisticalpowder-diffraction patterns of this phase have been pub-
mechanics techniques such as Monte Carlo simulafons. lished elsewher&® Similarly to O3,H1-3 at the stoichiom-
etries CoQ and Li;,C00, also belongs to th&3m space

. RESULTS group. The unit cell oH1-3 in the hexagonal setting has the
samea lattice vector as O3; however, it hag attice vector
that is twice as large as that of O3.

To investigate phase stability with the cluster expansion In all hosts, we assumed that the Co ions do not migrate
method, we must consider the set of host structures that ate the Li planes when Li vacancies are introduced there.
likely to be stable as a function of Li concentration and tem-Unlike for the layered form of LiNiO, Ref. 30 there is to
perature. In this work, we considered three host structuresiur knowledge no experimental evidence suggesting that Co
These are illustrated in Fig. 2. In this figure, the vertices ofions leave the Co planes to reside in vacant Li sites. Further-
the octahedra schematically represent the oxygen sites thatore, a first-principles investigation of Co and Li ordering in
coordinate the Co ions at the center of these octahedra. TH8C0O, and of Co and vacancy ordering in CpBefs. 27
Li ions reside in octahedral sites between the O-Co-O slabsand 31 indicated that there is no thermodynamic driving
For each host, a representative oxygen octahedra surrounfirce for intermixing of Co and Li. In this work, we inves-
ing a Li site is drawn in Fig. 2. The first host structure is thetigate the energetics and thermodynamics resulting from the

H1-3 host structure

u Face sharing O octahedra in Li plane

A. Host structures
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0 concentrations ranging from=0 to 3, and(iii) CoQ, in the
01 host. The formation energies of the different Li-vacancy
configurations are plotted in Fig. 3. We define the formation

gg energy for a given Li-vacancy arrangement with composition
2= X in Li,CoO, as

EE -100 |

gE

—.C

g5 AtE=E—XE(ico0,~ (1=X)Ecoo,: 4

g% -150

£E

where E is the total energy of the configuration per
Li,J;,_,CoO, formula unit,ELiCoo2 is the energy of LiCo®

B in the O3 host, andECoo2 is the energy of Co®in the O3

’25% " 0!20 e host. We consider formation energy as opposed to total en-
R . 0.40 0.60 0.80 1.00 . .
ergy because it is the relevant quantity for the study of phase
Li concentration stability. The formation energy of a given structurg@o0O,
as defined in Eq(4) reflects the relative stability of that

FIG. 3. The formation energies as calculated with the pseudostructure with respect to phase separation into a fractioh
potential method ofi) 44 different Li-vacancy arrangements within |iCoO, and a fraction (+x) of CoO..

-200

the O3 host(open circley (i) five different Li-vacancy arrange-  To calculate the total energies, we used ultrasoft
ments. Wlthln. theH 1-3 (filled diamonds, and (iii) CoG; in the O1 pseudopotentia?éss which allow for a moderate|y low-
host(filled triangle). energy cutoff for the plane wave basis set expansion. For

oxygen, we used a pseudopotential with a core radius of 1.55
degrees of freedom associated with Li-vacancy rearranges.u. while for Li and Co we used the core radii of 2.6 and
ment over the octahedral sites in the Li planes of the O3 an@.46, respectively. Partial core correctibhsvere imple-
H1-3 hosts. mented to treat the nonlinear dependence of the exchange

The three host structures O3, O1, aHd-3 are very correlation functional.
similar to each other in that the O-Co-O slabs consist of In all the total-energy calculations, a plane-wave basis set
edge-sharing CoQoctahedra. The only difference between cutoff energy of 600 eV was used. This value was found to
them is in the way in which the O-Co-O slabs are related tde more than sufficient to ensure a converged plane-wave
each other across the Li planes. Each of these host structuregsis set. The exchange and correlation functional
can be derived from the other by a simple gliding of theimplemented in the calculations was that of Ceperley and
0-Co-O slabs with respect to each other adjacent to an emp#lder®® as parametrized by Perdew and Zungek-space
Li plane. For example, the O3 host can be transformed to thgampling was performed with the method of Monkhorst and
H1-3 host by gliding the O-Co-O slabs adjacent to everyPack® The ionic positions and the lattice parameters of each
other Li plane, whereas O1 can be obtained from O3 bystructure were relaxed with the conjugate gradient method
gliding the O-Co-O slabs adjacent to every Li plane. Thesaising forces and stresses. During relaxation, partial occu-
types of glides are likely to have small activation barrierspancy at the Fermi level was treated with the method of
when the Li planes are empty. This means that, if there is #Methfessel and Paxtoli.After relaxation was achieved, the
thermodynamic driving force, these glide transformationsenergies of the optimized geometries were recalculated, this
will likely occur at ambient temperatures. Along with the O3 time performingk-space integrations using the linear tetrahe-
and O1 hosts that are observed experimentally, Hie3  dron method including corrections according to” &ig
host is therefore a reasonable candidate structure that can bepsen, and Anderséh.Convergence tests of the energy
expected during a typical deintercalation and intercalatiorwith respect to the-space grid were performed for several
cycle at room temperature. Li-vacancy configurations in the O3 host with supercells that
are representative for the remaining®iconfigurations con-
sidered in this work. We found that for thkepoint grids used
in these supercells, the total energies were converged to

The construction of a cluster expansion that reflects thavithin 5 meV per formula unit of LgJ,_,Co0,. To deter-
configurational energy of a system requires accurate firstmine whether spin polarization is important in CoG,, we
principles total-energy calculations as input. In this work, weperformed spin-polarized calculations for several Li-vacancy
used theviENNA ab initio simulation packagéVASP) to  configurations within the O3 host. We found that spin polar-
perform first-principles total-energy calculations for ization does not affect the total energy of LiCp@nd low-
Li,C00,.323% VASP numerically solves the Kohn-Sham ers the energy of CoQn the O3 host by only 11 meV per
equations within the local-density approximation using ultra-formula unit. We determined that the effect of spin polariza-
soft pseudopotentiat$®®and a plane-wave basis set. Detailstion on the formation energies is negligible, producing a
of the VASP pseudopotential code can be found in Refs. 32hange of at most 3 meV per @, _,CoO, formula unit.
and 33. All total-energy calculations used in this work are therefore

We calculated the total energy @f) 44 different Li- nonmagnetic.
vacancy arrangements in the O3 host for concentrations The formation energies of all structures in Fig. 3 are nega-
ranging fromx=0 to 1, including Co®@ and LiCoQ, (ii) tive, indicating that LiCoG, is stable with respect to phase
five different Li-vacancy arrangements in tHel-3 host for  separation into a fractiox of LiCoO, and a fraction (1

B. Formation energies
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—X) of CoO, within the O3 host. This means that for suffi- /W

ciently low temperatures, we can expect that at a particular AVAVAVAVAVA
Li concentratiorx, the stable phase will either be a stoichio-

metric compound in which Li and vacancies are ordered on a Aezez{%gez%'
superlattice, or a mixture of ordered stoichiometric com- VaVaVaVaVaV.
pounds. At higher temperature, these ordered compounds are AVA )
expected to transform to the disordered state, assuming that M/

the host on which the Li ions order is still stable with respect (a)

to other host structures. In Fig. 3, we have drawn the convex
hull connecting the structures with the lowest formation en-
ergies to indicate which of the structures are the most stable

VAYAVVAVA
. . (NN N
among the those whose energies were calculated with the NAVAVAVAY VA

pseudopotential method. AVAVA 2
Several important features aboutCoO, can be deduced AVAYAY
AVAVVAVAYAY,

from the formation energies as calculated with the pseudo-

potential method. Figure 3 shows, in agreement with

experiment, that at zero Li concentration the O1 host is (b)

more stable than the O3 host. The difference in energy be- ) o

tween O1 and O3 is 40 meV perd; _,CoO, formula unit. . FIG. 4. Two L|-vacqncy arrangements at concentralcem in

This result is in good agreement with previous first-LixC00; whose formation energies are very low. The triangular

principles calculations using the LAPW method which found2ttice denotes the Li sites within a Li plane of the O3 host. The

a value of 50 me\#’ Approximately halfway between the fllleq cwaes correspond to Li ions ordered on the triangular Iattlcg.
. . . . A given in-plane ordered arrangement of Li ions can be stacked in

formation energies of O1 and O3 lies the formation ENeT9Nitterent ways among the different Li planes. The unfilled circles

of the H1-3 host atx=0. This is a plausible result since !

. designate the projection perpendicular to the Li plane of the posi-
every other empty plane between O-Co-O slabs inltfie3  01s of the Li ions in the adjacent Li plane.

host has an O3 environment, while the remaining empty

planes have an Ql environment. It |mplles' that the 'merachexagonal setting. This is illustrated in Figia# This stil

tion between adjacent O-Co-O slabs is fairly short rangeqgayes several crystallographically distinct ways to stack in-
and that the energy d1-3 atx=0 could be approximated ane Lj-vacancy arrangements along theirection. Figure

as the weighted average of the energies of O1 and O3. 1 550 indicates which stacking results in the lowest energy.
addition, the calculated equilibriuro-lattice parameter of This is illustrated by projecting the Li-vacancy ordering in

H1-3 (converted to the setting of the O3 hpi 12.23 A, 4,4 adjacent Li planes along a direction perpendicular to the
which is roughly the average of the calculatethttice pa- | planes.

ramete( of O3 of 12.39 A and that of qalso'converted to Almost degenerate, but slightly higher in energy with the
the setting of the O3 hosbf 11.99 A. In Fig. 3 it can be seen Li-vacancy ordering of Fig. @) is another structure with the
that atx=0.1666, the Li-vacancy arrangement in #&-3  arrangement as illustrated in Figlod In this configuration,
host lies on the convex hull. This structure is more stablghe Liions are ordered in a zigzag arrangement. The pseudo-
than the two other Li-vacancy arrangements considered Ofotential calculations predict that the formation energy of
the O3 host at that concentration. Furthermore, the fact that {,is structure is approximately 1 meV pex@i; _,CoO, for-
lies on the convex hull means that it is more stable than &,,1a unit higher than that of Fig.(d. This difference in
two-phase mixture (with overall Li concentration X energy is too small to be resolved with currently available
=0.1666 of any two other ordered Li-vacancy arrange- nymerical methods. Therefore, we cannot unequivocally de-
ments. As will be shown in the next sections, this resultyce from our first-principles calculations which of the two
indicates that théd1-3 host will appear as a stable phase in j.yacancy configurations is the ground state. We calculated
the phase diagram. Figure 3 also clearly indicates that thefye x-ray powder-diffraction patterns of the fully relaxed co-
is a tendency for Li ordering within the O3 hostetz.  ordinates of the structures with the Li-vacancy configurations
Among the 44 different Ll—yacancy conflguratlo_ns Cons'd'depicted in Figs. @) and 4b). The powder-diffraction pat-
ered, the lowest-energy configuratiorxat ; has an in-plane  tern of the configuration of Fig.(d) exhibits the(104) peak
Li ordering as illustrated in Fig.(4). In this configuration,  spjitting observed experimentaffyThe diffraction pattern of
the Li ions are ordered in rows separated by rows of vacane configuration of Fig. @) does not exhibit this peak split-

cies. This in-plane Li ordering is the same as that proposeglng. This suggests that the structure of Fit)4s indeed the
by Reimers and Dafirbased on their electrochemical aind  staple state at= i

situ x-ray powder-diffraction measurements. They deduced
this type of Li ordering by noticing that thé.04) peak of the

03 host(which has rhombohedral symmelisplits into two
peaks with an intensity ratio of 1:2. Reimers and Daan One salient feature about the formation energies in Fig. 3
gued that this splitting can be explained by assuming that this that they do not vary strongly with different Li-vacancy
host changes from a rhombohedral to a monoclinic symmeeonfigurations at each Li concentration. Previous pseudopo-
try whereby the basal plane of the monoclinic structis@n-  tential calculations*'* have shown that Li in LiCo@ is
taining thea andb lattice vector¥is a two-dimensional su- completely ionized. The Li ions are therefore expected to
percell of the basal plane of the rhombohedral O3 host in thetrongly interact electrostatically. Generally, the variation of

C. Charge transfer and screening
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before and after Li addition. Figure 5 shows a charge differ-
ence plot between €00, atx=0.25 and CoQ@both in the

03 host. For the purpose of this calculation, the lattice pa-
rameters and the positions of O and Co were taken to be the
same in the two structures such that the charge densities
could be subtracted point by point. The resulting difference
shows how the electron distribution changes when Li is
added to the host, and in particular where the electron of the
added Li resides within the host. Figur@abshows the posi-
tive part of the charge difference, and therefore indicates the
regions in which there is an accumulation of charge upon
addition of Li. Figure %b) shows the negative part of the
charge difference, showing regions in which the electron
density is depleted as a result of Li addition. Note that since
x=0.25 in Li,CoO,, only  of the Li sites are occupied. The
crystallographic plane shown in Fig. 5 corresponds to the
shaded plane illustrated in Fig. 1. This plane cuts through Li,
Co, and O ions.

Figure 5 clearly shows that although the Li ions are ion-
ized, the electron transfer from Li to the host is very local.
There is a significant increase in the electron density at the
oxygen sites immediately surrounding the Li ions. The accu-
mulation of electron density at these oxygen sites has a dis-
tribution that resembles that of polarized atompiorbitals.
From Fig. 5, it is clear that the local charge transfer from Li
to its neighboring oxygen ions forms an almost spherical
electron cloud that locally screens the positive charge of the
ionized Li ion. This local charge transfer from Li to the
neighboring oxygen ions is representative of that occurring
in the other structures investigated with the pseudopotential

FIG. 5. (a) The positive part of the difference between the elec-method and explains why the energy does not vary strongly
tronic density of Lj,,Co0, and CoQ in the O3 host. Dark regions as the Li-vacancy arrangement is changed at fixed Li con-
designate regions of high electron density. The large white circlegentration.
designate the oxygen sites while the small white circles designate Figures %a) and Zb) illustrate that there is a significant
the cobalt sitesthe circles designating these sites have been supekedistribution of charge around the Co ions as Li is added to
imposed on the charge difference plothe lithium ions reside at  the host. Figure &) shows that there is an accumulation of
the c_enter of the sets_ of four oxygen ions wi_th incre_ase(_nl electror&harge density in lobes pointing in directions between the
density. (b) The negative part of the electronic density dlfferenceoxygen ions. This increase in charge on Co is the result of
bet‘."’een Li(C00, and CoQ in the. O3 host. Dark areaS.Sigr."fy the electron addition to thi,, bands as Li is added to the
regions of electron d.ens't.y depllenon. The very 'af.ge white CIIrCIesHost[within the Iocal-densitygapproximation, these bands are
correspond to occupied Li, the intermediate size circles correspon artially filed in CoQ (Ref. 13]. The t, bands in

to oxygen sites, and the small circles correspond to Co sites. Th " . | . - .
crystallographic plane in these figures correspond to the Shade&ans|t|on-metal OXIde_S in which the transition metal resides
plane illustrated in Fig. 1. In an octghedrfal environment rg;ult from tiig , dxz', and

d,, atomic orbitals of the transition metal that point away
the energy with configuration is large in systems infrom the oxygen ions. Figure(b) shows that there is also a
which the substitutional components are ioni2&&: This  significant depletion in electron density around the Co ions
does not occur in LICoO, because the Li ions are strongly closest to the Li ions. This depletion results from a change in
screened by the local oxygen environment. Contrary to whaghe polarization of ther bonds between the oxygen ions and

is often assumed, previous first-principles calculatid’ co. In an octahedral oxygen environment, theandd,z_ 2
have indicated that a large fraction of the electron donated b¥%iomic orbitals of Co directly overlap with th, p,, and

the Li ion to the CoQ host is not transferred to C@hus
changing the valence of Co from €oto Ca®* according to
a conventional chemistry point of vigwut is transferred to
oxygen. By integrating the charge within spheres around the, o . S
oxygen ions, it was fourldthat about 50% of the valence LixC0Q,). For strongly ionic crysta;lg they band is prima-
charge from Li is transferred to oxygen. This transferredrily of metald character, while the, is composed mainly of
charge to the oxygen ions effectively screens the strong ele@xygenp states. The charge depletion in Figbboccurs in
trostatic interaction expected between positively charged Lfegions that resemble the charge distribution ofl,a_,2
ions. atomic orbital(i.e., lobes pointing toward the oxygen igns
The effect of Li intercalation on the electron density canWithin the local-density approximation, thej bands of
be seen in a plot of the difference of the electron densitiesi,CoO, are empty for alk, and hence this charge depletion

p, orbitals of oxygen, thus forming bondir% bands and
antibondingeg bands(the eg bands are commonly referred
o as simply thee; bands and lie above thigy bands in
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S ol g " ngirs int g;ﬁ:ne triplets
> °
L5 g o FIG. 7. Schematic illustration of the clusters used in the cluster
| 9 R expansions. The triangular lattice denotes the Li sites within a
120 N T R single Li plane, while the unfilled circles denote the projection of
0.00 0.20 0.40 0.60 0.80 1.00 the Li sites of an adjacent Li plane. The points belonging to a

. . particular cluster are connected by dark lines.
Li concentration
FIG. 6. Integrated valence charge of the oxygen ions in the 4between—0.97 atx=0 to —1.25 atx=1. We emphasize that
structures within the O3 host with different Li-vacancy arrange-the oxygen charges in Fig. 6 are averages taken over all the
ments. This charge is the excess charge on oxygen with respect ixygen ions within a given structure. Within some struc-
the neutral oxygen ion. tures, the variation of the charge on the different oxygen ions
is large, and this variation is a result of the local charge

- ; transfer of electrons from Li to its neighboring oxygen ions
implies that a change in the nature of th&bond between ) I
b g b& as illustrated in Fig. 5. The above results show that the

Co and O is occurring. It indicates that as Li is added, this : . . .
..charge on the oxygen ions is not fixed as the Li-vacancy

%onfiguration and/or Li concentration is changed. As will be
discussed in Sec. IV, the increase of the average charge on
the oxygen ions with Li concentration explains the variation

In Fig. 6, we plot as a function pf LI concentration the of the c-lattice parameter in LCoO, as a function of Li
average net charge on the oxygen ions for the 44 Structures . ~ntration

having different Li-vacancy arrangements within the O3
host. As can be seen from Fig. 6, the average net charge on
oxygen increases almost linearly with Li concentration from
a value of —0.9 at zero Li concentration to-1.20 in To study phase stability at finite temperature, we need to
LiCoO,. For each of the 44 structures, the charge aroundonstruct a separate cluster expansion of the formation en-
each of the oxygen ions was calculated by integrating thergy for each different host structure. Because of the large
electron density within a sphere of radiucentered at the number of calculations involved in each cluster expansion,
different oxygen sites. A constant sphere radiwgas chosen we did not construct a cluster expansion for the O1 host
for each structure and the oxygen charges in Fig. 6 are avesince, as described in Sec. lll A, it is stable only at very
ages over all the oxygen ions of a given structure with adilute Li concentrations. In our calculations of thg CbO,
particular Li-vacancy arrangement. The radiu®r each of phase diagram O1 will therefore be treated as a line com-
the 44 structures was set equaljtthe equilibrium distance pound atx=0 and its free energy will be set equal to its
between nearest-neighbor oxygen ions of the close packeshergy.

oxygen planes. For a representative subset of the 44 struc- A cluster expansion for the O3 host structure was con-
tures, we determined that these values foare approxi- structed by applying an inversion method based on linear
mately equal to the radius that minimizes the quantityprogramming techniquébto the formation energies of 36 of
Aqg/AV whereAq is the increase in the electron density andthe 44 different Li-vacancy configurations within the O3 host
AV is the change in the sphere volume resuting from arplotted in Fig. 3. The resulting cluster expansion contains 19
incremental increase of the sphere radius. These values forterms, including 12 pairs and 5 triplets. These clusters are
can, therefore, be regarded as an estimate of the oxygen rdlustrated in Fig. 7. The values of the ECI are plotted in Fig.
dius within each structure. The values fowvaried almost 8(a) and are also listed in Table I. The ECI of Fig(aB
linearly with Li concentration between=1.21 A atx=0to  correspond to clusters that connect sites within the same Li
r=1.25 A atx=1. The change im with Li concentration is plane and sites between adjacent Li planes. The root-mean-
indicative of oxygen breathing observed in some ionicsquaregrms) difference between the 36 formation energy val-
oxides®® It may be argued that the increase in integratedues used in the inversion method and the corresponding val-
charge with Li concentration is a result of using a largerues as calculated with the cluster expansion is less than 5
sphere radius at higher Li concentration. To determinemeV. For the remaining eight Li-vacancy configurations not
whether or not this is the case, we calculated the chargmcluded in the inversion, the rms difference between their
density in structures with five different Li concentratiofxs  energies as calculated with the pseudopotential method and
=0, 1, 1, 2, and 2 in which the cell parameters and posi- as predicted by the cluster expansion is 8 meV. This indi-
tions of the oxygen and Co ions were all kept identical. Incates that the cluster expansion for the O3 host has predictive
this case, the effect of oxygen breathing is eliminated and weapabilities. As can be seen from FigaB the values of the
can use a fixed sphere radiuat all Li concentrations. Simi- ECI converge to zero as the number of sites or the separation
larly to Fig. 6, the average oxygen charge varied linearlybetween the sites in the cluster increases. The ECI corre-

accumulating at the oxygen ion. In effect, Li addition to
Co0, makes the host more ionic in nature.

D. Cluster expansions and Monte Carlo simulations
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40 TABLE I. ECI of the cluster expansion for the formation ener-
E gies of the O3 hostsecond columnand of the cluster expansion
30 — for the c-lattice parameter for the O3 hoghird column). Refer to
- Fig. 7 for an illustration of the clusters used in the cluster expan-
> 20 sions.
E T
5 10 v, ECI c, ECI
= - Cluster type me A
ol .~ N NI i (mev) *
- J Empty cluster/, ~175.25 13.767
®
-10 Point cluster —6.83 0.175
‘20:IIIIIIIIIIIIIII|I In-plane pairs
12 345612 3456123435 .
| ' (0 | First 29.00 —-0.078
point in-plane inter plane triplets Second 7.34 —-0.034
(a) pairs pairs .
Third 6.23 —0.054
w0l Fourth 0.39 —0.016
L ! Fifth —-0.41 —0.025
B Sixth —0.61 —0.008
S0
2 - 2 1 Interplane pairs
5 n . v First 5.24 0.023
B S10 | point
B ' ‘ Second 5.84 —0.012
B ) iolet Third 0.57 —0.010
I~ pairs rple
30— ’ Fourth 0.22 ~0.008
— d Fifth 3.26 —0.016
(b) -s0 L Sixth 0.10 0.002
FIG. 8. Values of the ECI fofa) the O3 host andb) theH1-3 Triplet clusters
host. Refer to Fig. 7 for an identification of the cluster correspond- 1 ~3.38 0.067
ing to each effective cluster interaction. 2 227 0.004
sponding to the first-nearest neighbor in plane pair cluster is 3 . —0.006
the largest, its value being at least three times larger than the 4 —1.00 0.002
other ECI. 5 —0.38 0.020

As was pointed out in the previous section, the formatior

energy of the experimentally observed Li-vacancy ground- ) .
1 e unit. For theH1-3 host, the Monte Carlo simulations were

state orderindFig. 4(a)] at x=3 is practically degenerat - i - ,
with that of the configuration of Fig.(4). The cluster expan- performed on a two-dimensional lattice, since the cluster ex-

sion plotted in Fig. &) for the O3 host predicts that the pansion for this host only has ECI corresponding to clusters
ground-state configuration of Fig(a} is more stable than within the occupied Li planes. The Monte Carlo cell for the
the configuration of Fig. é) by 5 meV. Although this dif- H1-3 host contained 900 primitive unit cells. At each tem-
ference is slightly larger than the difference calculated withP€rature and chemical potential, 2000 Monte Carlo passes
the pseudopotential method, it is still smaller than the mini-Per lattice site were performed after which sampling oc-

mum numerical error expected from the pseudopotential

method. . )
. gies of the H1-3 hostsecond columnand of the cluster expansion
A second cluster expansion was constructed fortie3 for the c-lattice parameter for the H1-3 hdshird column). Refer to

host. This cluster expansion contains five terms. It was ob-. ; . .
. _ ; . .~ “Fig. 7 for an illustration of the cluster ed in the cluster expan-
tained by fitting the ECI to the formation energies of the five 9 ran flustrat usters used us xp

TABLE II. ECI of the cluster expansion for the formation ener-

. . - . o - sions.
different Li-vacancy configurations withiRl1-3 plotted in
Fig. 3. The ECI of this cluster expansion correspond to clus- vV, ECI c, ECI
ters within the same Li plane. Their values are illustrated in Cluster type (meV) A)
Fig. 8b) and listed in Table Il. Since occupied Li planes in
the H1-3 host are further apart than in the O3 host, ECI  Empty cluster V) —125.54 12.843
corresponding to clusters connecting different Li planes have Point cluster —38.75 0.248

been neglected.

. . In-pl i
Both cluster expansions of the formation energy of the O3 n-piane pars
. . . First 22.42 —0.091
andH1-3 hosts were implemented in Monte Carlo simula- Second 0.89 0.004
tions in the grand canonical ensemble. To study the thermo- ' '
dynamics of Li and vacancy ordering in the O3 host, we used Triplet cluster
a Monte Carlo cell containing 3888 unit cells where each 1 0.28 0.040

primitive unit cell corresponds to a @, ,CoO, formula
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the O1 host is the stable structure. At 3, in agreement
with the experimental observations of Reimers and Dahn,
200 ﬁ we find that the Li ions order into rows alternated by rows of
o1] |3 03 vacanciegsee inset in Fig. @ The order-disorder transition
wial T 08 temperature of this phase is about 160 °C, which is 100 °C
ﬁ higher than the experimentally measured valuelhis over-

(©)

100 prediction is typical of most first-principles phase diagram
calculations within the local-density approximation. The
stacking sequence of the in-plane-ordered Li arrangement of
this phase is illustrated in Fig.(@. At x=3, the Li ions
order in an arrangement in which the Li ions are spaced as
T T T T far apart as possible. This ordered arrangement is illustrated
0 01 02 03 04 05 06 07 08 09 1.0 in the inset in Fig. 9. The order-disorder transition tempera-
ture of this phase is about 80 °C. This ordered phase is not
observed experimentally. However, in view of the expected
FIG. 9. The calculated LC0O, phase diagram. The insets show Overestimation of the order-disorder transition temperature in
the local-density approximation, the true transition tempera-
ture is likely around or below room temperature. This may

curred over 4000 Monte Carlo passes. To investigate th&%Plain why it has not been observed experimentally.
relative stability between the O1 host, the O3 host, and the For Li concentrations within a_concentrat|on mtervgl of
H1-3 host, we calculated the free energies of the latter tw®-05—0.10 centered at=0.15, we find that théi1-3 hostis
host structures as a function of Li concentration. These fre@'0ré stable than both O1 and O3. In-plane Li ordering is
energies were obtained by integrating the chemical potentigiédicted in the occupied Li planes of thel-3 host atx
obtained from the Monte Carlo simulations. The integration=5- The in-plane ordered arrangement is the same as the
bounds were from zero Li concentratiénhere the free en- in-plane ordered arrangement predictedxats within the

tration x. arrangement within thel1-3 host is calculated to disorder at

For both the O3 and thel1-3 host structures, we also 130 °C through a second-order phase transition. It may be
cluster expanded thelattice parameters of the different Li- argued that the cluster expansion for #i&-3 host cannot
vacancy configurations whose geometries were optimizeB€ considered to be very accurate as it contains a relatively

with the VASP pseudopotential code. A cluster expansion ofmall number of ECKi.e., five terms in the cluster expan-
the c-lattice parameter takes the form sion) and was constructed using a small amount of structures

(i.e., formation energy values corresponding to five different

Li-vacancy arrangements within thé1-3 hosj. To assess
C=Co+ X Coly. the accuracy, on the one hand, of the predicted stability
“ range ofH1-3 and, on the other, of the order-disorder tran-

wherec, andc,, are constant expansion coefficients and  Sition temperature withii1-3, we investigated how small
are polynomials in terms of occupation variables as deperturbations(not larger than 10 meV per formula unib
scribed in Sec. Il. For each Li-vacancy configuration, thethe energies of the five structures used in the construction of
equilibrium lattice parameters were converted to the hexagahe ECI forH1-3 affect these two properties. We found that,
nal parameters of the O3 host. For both host structures, th&hile the stability range off1-3 with respect to O3 and O1
cluster expansions of thelattice parameters contained the only changes negligibly, the order-disorder transition tem-
same clusters as used in the cluster expansion of the formg@erature does change mugf the order of 150 °C Due to
tion energies. The root-mean-square difference between tHBe uncertainty of the temperature at which the in-plane Li
c-lattice parameters determined from the pseudopotentigirdering atx=; disorders within theH1-3 host, we have
calculations and those as calculated with the resulting clustermitted it from the phase diagram of Fig. 9.
expansion is 0.5% of the averagdattice parameter of the Experimentally, Ohzuku and Uetland Amatucci, Taras-
03 host. The values of the expansion coefficieptendc,  con, and Kleir observed that during deintercalation, the O3
for both the O3 andH1-3 hosts are listed in Tables | and I, host undergoes a transformation to a new phase balow
respectively. These cluster expansions were used to deter0.21 that is stable as a single phaseat0.148, but they
mine the equilibrium lattice parameter as a function of Lidid not identify this phase. The predicted stability of the
concentration. H1-3 host arounck=0.15 is consistent with this experimen-
tal finding. We compared -calculated x-ray powder-
diffraction patterns of théd1-3 phase with those observed
experimentally aroundx=0.15, and found that they agree
The calculated equilibrium phase diagram ofC00, is  well qualitatively. A detailed comparison of the calculated
presented in Fig. 9. It can be seen that the O3 host is preand experimental diffraction patterns at low Li concentra-
dicted to be stable for Li concentrations abowve0.3. For Li  tions has been published elsewh&tén view of this agree-
concentrations above=0.6, the Li ions and vacancies re- ment, we believe, therefore, that the experimentally observed
main disordered within the O3 host even below room temphase transformation below=0.21 is to theH1-3 host.
perature. Figure 9 also indicates that whenO in Li,CoO,  This structure can be considered a stage-Il compound.

Temperature

EN

Q

Li concentration

the in-plane Li ordering predicted to be stablexat3 and 3.

IV. PHASE DIAGRAM
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13.9 tially increases going through a maximum slightly belaw
| /\ =0.5 and then decreases as the Li concentration is lowered
5 \ further.
° 134
£ / 03
g -/ V. DISCUSSION
g / Many features of the calculated phase diagram in Fig. 8
) -/ H13 agree with experiment. Our first-principles calculations and
124l previous ones predict O1 to be more stable than O3 at zero
o1 Li concentration. The first-principles results described in
i Sec. Il B, and the cluster expansion derived from these first-
ot o 1 L 1 principle results, result in Li ordering at=3 within the O3
000 020 040 060 080 1.00 host. Furthermore, we have been able to identify a new phase
(a) Li concentration at x=0.15, of which the calculated diffraction patteths
agree qualitatively with the experimental patterns at that
145 1 ves concentratior.Even the evolution of structural features such
| . . Teo ‘eu, as thec-lattice parameter with Li concentration are qualita-
g . ‘::., tively well reproducedFig. 10. Despite this agreement be-
g 140 . teest tween calculated properties and experiment, there is one ma-
8, . jor disagreement at high Li concentration. As can be seen
S 135 oe? from Fig. 9, we do not find a two-phase coexistence region
k- betweerx=0.75 and 0.93 as is observed experimentafty.
°© | This implies that this two-phase region is unlikely to be the
ol result of an ordering reaction since we do not find any ten-
I dency for Li ordering above room temperature for 0.6.
C L We argue that _the Igck of agreement in this region of thg
0.00 020 040 060 050 00 phase diagram is a direct failure of the local-density approxi-

mation. While LiCoQ is an insulatof, substantial delithia-
(b) Li concentration tion leads to metallic conductivity. We believe that this
metal-to-insulator transition is responsible for the observed
two-phase region. Recent experimental results by Tukamoto
centration(values are in A The calculated-lattice parameters are and Wes‘ts provide ?V'O_'ence fpr the elef:tronlc naturg of this
also illustrated in the regions where the O3 and-3 hosts are transition. By substituting a dilute fraction of the Coions
metastablédashed lines of LiCoO, by Mg?" ions they found that Mg doping makes
LiCoO, metallic without inducing any structural changes of
Figure 10 compares the calculatedattice parameters the host. In parallel with this, they found that in the Mg-
with that observed experimentallas a function of Li con- doped samples, the two-phase region is absent.
centration. Thec-lattice parameters were calculated in the Experimentally, LiCoQ is observed to be a semiconduc-
Monte Carlo simulations using the cluster expansions of théor in  which the Co ions are in a low spin
c-lattice parameters for the O3 amtil-3 hosts. Since the configuratior® Since the Co ions reside in an octahedral
calculated order-disorder transition temperatures of the oroxygen environment, thd levels of Co split into thred,,
dered phases at=% and 2 within O3 are overpredicted, we bands and tway bands as a result of the ligand field pro-
calculated thec-lattice parameters at 130 °Qalculation  duced by the negative oxygen ions. In an octahedral environ-
temperaturg This temperature is between the order-disordeiment, thet,, bands have a lower energy than gbands. In
transition temperatures of the= 3 phase and the= 3 phase low-spin LiCoQ,, the t,, bands are completely filled with
and therefore properties calculated at this temperature will bthe six valence electrons of C.e., Co*), while the g,
most comparable with those measured experimentally #ands are empty. The experimentally measured gap between
room temperature. We have plotted ttiattice parameters thet,y ande, bands is 2.7 eV First-principles calculations
of the O3 andH1-3 hosts over the range of Li concentra- in the independent electron approach such as those per-
tions for which these hosts can exist. This implies that thormed in the local-density approximatioh? qualitatively
c-lattice parameters are also plotted for Li concentrations ateproduce this electronic picture for LiCgCalthough with a
which these hosts are predicted to be metastable. This esmaller band gap.
ables us to more clearly identify trends. As Li is removed from LiCo®, an electron hole is cre-
The calculated-lattice parameter of the O3 host is sys- ated in the uppet,4 valence bands. When the Li concentra-
tematically predicted to be smaller than the experimentallytion is belowx=0.75 in LiCoO,, there are presumably suf-
observed value by approximately 4%. This is a direct resulficient electron holes to allow for a high level of screening.
of the local-density approximation that is known to under-At these Li concentrations, metallic behavior in which the
predict equilibrium lattice parameters. Despite the systematielectronic states are delocalized is therefore expected. This is
underprediction, the qualitative agreement between the calndeed observed experimentaflythis picture is also quali-
culated and measuredlattice parameter is remarkable. As tatively reproduced by our first-principles total-energy calcu-
Li is removed from the O3 host, thelattice parameter ini- lations, where we find that LCoO, has patrtially filled va-

FIG. 10. Comparison betwedn) calculated andb) experimen-
tal (taken from Ref. Y c-lattice parameter as a function of Li con-
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lence bands upon Li removal from LiCgO For Li
concentrations betweex=1 andx=0.75, an insulator-to-
metal transition must therefore exist. At very dilute electron-
hole concentrations, the holes are likely to be unscreened or
at least very poorly screened, causing them to remain local-
ized. In this regime, electron correlations are important and
first-principles investigations in the independent electron ap-
proximation, such as those performed in the local-density
approximation, are likely to break down. To correctly study
strongly correlated electronic systems it is necessary to resort
to many-body theories that are currently intractable for sys- B

&
S

-150

Free Energy (meV/formula unit)
3

-200

tems with large unit cells. Our cluster expansion based on the -250 ' : ' ' '
local-density approximation is, therefore, not accurate to de- 0.000 0.100 0200 0300 0400
scribe the thermodynamics for Li concentrations above the Li concentration

metal-insulator transition. This cluster expansion was con- .

structed by fitting to formation energy values in which the . F'G- 11. The free energies at 30 °C of O3 adi-3 as a func-
holes in thet,, bands are predicted to be delocalized. For::fg (());_ Lh'ocs(:ncemrat'on' Also illustrated is the energy of GoiO
concentrations well below the metal-insulator transition this '
is valid and accurate results can be expected. However, the

cluster expansion will predict incorrect energetics forthrough a maximum at approximatek=0.5%" The cause
Li,CoO, for Li concentrations above the metal-insulator for the initial increase in the-lattice parameter as Li is re-
transition since it will describe the system in this regime as ifmoved from LiCoQ is intuitively clear. As Li is removed,

the electronic states are delocalized. Recent unrestrictefie screening between the negatively charged oxygen planes
Hartree-Fock calculations performed on Li-doped NiO haves reduced resulting in an increased electrostatic repulsion
demonstrated that there can be a large energy gain when @atween the oxygen ions facing each other across empty Li
electron hole goes form a delocalized state to a localizedjtes. Further removal of Li below=0.5, however, results
state’® This energy gain can be supplemented further by 3 4 decrease in thelattice parameter. Since the screening

IocaIAEeIaxation of the crys_tal in the vipinity of the localized qftact of the positively charged Li ions is much lower at low
.h0|e|' Another. gﬁept f?]r Li concentfr_atlons_ abtl)ve the metal- ; concentrations, one would expect that the structure could
insulator transition is the extra configurational entropy assor . oen keep its structural integrity because of the strong

ciated with the localized holes. The electronic Cont”bUt'OnSelectrostatic repulsion between negatively charged oxygen

to the free energy are, therefore, very different depending on . :

. . = _lons. Nevertheless, both experimental observations and our
whether the holes are localized or delocalized and the differ- ; . X
ences are both of an energetic and entropic nature. Both eﬁ_alculatmns show that this does not take place, but surpris-

tropic and energetic effects are expected to lower the fre@,gly that thec-llattlce parameter cor?tracts. The reason for
energy of insulating LIC0O,. If this effect is strong enough this can be a@ttnbuted toa Qecrease in Fhe average charge on
to break the convexity of the free energy with Li concentra-(N€ 0Xygen ions as the Li concentration is decreased. As
tion, a two-phase region between a metallic phase and ghown in Fig. 6, the pseudopotential cglculatlons predict that _
semiconducting phase will result. the average net charge on the oxygen ions decreases as the Li
It may be contended that the failure to predict the two-concentration is reduced. As a result, the electrostatic repul-
phase region betweex=0.75 and 0.93 is not a failure of sion between the oxygen ions is lower at these concentra-
LDA, but results from the fact that the cluster expansion fortions. This effect in combination with the physical absence
the O3 host was not parametrized well in that region of com-of Li ions that otherwise occupy a certain volume within the
position. The structure with largest(besides LiCo@) is at  host structure results in the contraction of the host along the
Ligg34C00,. This concentration is in the middle of the ex- ¢ axis at low Li concentrations.
perimentally observed two-phase region. Therefore, if phase Another remarkable feature of JG0G, is that the order-
separation is to be predicted between0.75 and 0.93, the disorder transition temperature of the=3 ordered phase is
energetics of structures at&=0.833 should indicate a ten- measured to be only slightly above room temperature, which
dency for phase separation. Nevertheless, as can be seenisrrelatively low in comparison to other oxide systems. Al-
Fig. 3, the formation energy of the structurexat0.833 as though our calculationgsee Fig. 9 based on the local-
predicted by LDA lies on the convex hull, a result which density approximation overpredicts this transition tempera-
indicates a strong tendency for mixing. ture by 100 °C the predicted transition temperature of 160 °C
Although the independent-electron approach in the localis still quite low. The origin of this result can be traced to the
density approximation seems to be inadequate for the studgrge electron transfer from Li to oxygen described in Sec.
of Li,CoG, for x in the vicinity of the metal-insulator tran- [ll C. As was indicated, the charge transfer from Li to the
sition, it is a powerful tool to help understand and predict thehost is very local, and this local charge screens much of the
properties of LiCoO, away from the metal-insulator transi- positive charge on the Li ion thereby significantly reducing
tion. For example, it is clearly capable in predicting the evo-the effective interactions between*Lions.
lution of thec-lattice parameter as a function of Li concen-  The occurrence of staging in layered intercalation com-
tration. An interesting feature about,doO, is that thec-  pounds is not uncommon. It has been observed in transition-
lattice paramete(Fig. 10 of the O3 host is observed to go metal dichalcogenidé$*’ and is ubiquitous in graphite in-
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tercalation compound$. It is therefore not surprising that at one point the free energy ¢f1-3 crosses that of O3,
our first-principles calculations indicate that tHe.-3 host, making the latter phase more stable.

which can be considered a stage-Il compound, is more stable

than the O3 host at low Li concentration. In fact, as noted VI. CONCLUSION

above, a comparison of the calculated x-ray powder-
diffraction patterns of thed1-3 host with those measured
experimentally at low Li concentration is in good qualitative
agreement® The stability of theH1-3 host relative to the
03 host at low Li concentration can be understood by in

specting the free energies biiL-3 and O3 as a function of pounds. We find that a¢= 3, the Li ions order, in agreement

Li concentration at constant temperature. At dilute Li con-""" . .
centrations, the interaction between different Li ions is smaII.W'th the observations of Reimers and DahnWe do not

As a result, the free energy of both host structures depeni@ogé:ﬁt:\gt%;gg?s:nﬁg;%?g btzert\;?g ?;(p;]r;m;r::?al:¥r?st hlftgru
primarily on the Li concentration with only a minor depen- ' ibu ! insu

" " o I )
dence on the interactions between Li ions. The free energietganSItlon around that composition. At 15% Li concentration,

as a function of Li concentration of O3 amhtlL-3 are there- ¢ identify a stage-Il compound to be stable.
fore more or less parallel at low Li concentration. This can
be seen in Fig. 11, which illustrates the calculated free-
energy curves of O3 and1-3 as a function of Li concen- The authors would like to express their sincere gratitude
tration at room temperature. The1-3 host, however, is to Dr. Adrian Kohan for helpful discussions on this work.
more stable than O3 at=0 as a result of the shuffle of the This work was supported by the Department of Energy, Of-
O-Co-O slabs adjacent to every other empty Li layer infice of Basic Energy Sciences under Contract No. DE-FG02-
H1-3. This relative stability persists for as long as the two96ER45571. We thank the San Diego Supercomputing Cen-
free-energy curves are parallel. As the Li concentration inter for access to their C90 and the Center for Theoretical and
creases, however, the Li planestbt -3 saturate sooner than Computational Materials Science of the National Institute of
those of O3 since the former has only half the available LiSciences and Technology for generously providing us with
planes. At these concentrations, the free energyH@f3  computing resources. One of the auth@dsV.D.V.) grate-
becomes more sensitive to interactions between Li ions thafully acknowledges support from the DOE Computational
that of O3. The free-energy curves are no longer parallel, an8cience Graduate Fellowship Program.

In this work we have performed a first-principles investi-
gation of the LjCoO, phase diagram. Our results indicate
that first-principles investigations can give practical informa-
tion and insights about the thermodynamic and phase stabil-
ity properties of transition-metal oxide intercalation com-
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