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First-principles theory of cation and intercalation ordering in Li CoO 1
x 2
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Abstract

Several types of cation- and vacancy-ordering are of interest in the Li CoO battery cathode material since they can have a profoundx 2

effect on the battery voltage. We present a first-principles theoretical approach which can be used to calculate both cation- and
Žvacancy-ordering patterns at both zero and finite temperatures. This theory also provides quantum-mechanical predictions i.e., without

.the use of any experimental input of battery voltages of both ordered and disordered Li CoO rLi cells from the energetics of the Lix 2

intercalation reactions. Our calculations allow us to search the entire configurational space to predict the lowest-energy ground-state
structures, search for large voltage cathodes, explore metastable low-energy states, and extend our calculations to finite temperatures,
thereby searching for order–disorder transitions and states of partial disorder. We present the first prediction of the stable spinel structure
LiCo O for the 50% delithiated Li CoO . q 1999 Elsevier Science S.A. All rights reserved.2 4 0.5 2
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1. Introduction and methodology

Ž .The LiMO Ms3d metal oxides form a series of2

structures based on an octahedrally coordinated network
Ž . Ž .with anions O on one fluidized catalytic cracking fcc

Ž . w xsublattice and cations Li and M on the other 1 . When Li
is de-intercalated from the compound, it creates a vacancy
Ž .denoted I that can be positioned in different lattice
locations. Hence, there are three types of ordering prob-

Ž .lems of interest in these materials we focus on LiCoO :2
Ž . Ž .i LirCo ordering in LiCoO xs1 leads to ordered2

Ž .R3m at low temperature and disordered LirCo rocksalt
Ž .at high temperature. ii Similarly, IrCo ordering in the

Ž .completely deintercalated ICoO xs0 is also of inter-2
Ž .est. iii The vacancies left behind by Li extraction can

form ordered vacancy compounds in partially deinterca-
lated Li CoO , leading to a IrLi ordering problem forx 2

intermediate compositions 0FxF1. We refer to the first
two of these ordering problems as cation ordering since

Žthey occur at fixed composition either fully intercalated or
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.deintercalated and deal with the positions of the cations.
The third type of ordering we call intercalation ordering
since it deals with a fixed CoO framework and the2

ordering may occur upon intercalation or deintercalation of
Li as a function of composition. In several recent papers

w xwhich we review here 2–4 , we have described a first-
principles theoretical approach to examine the energetics
and thermodynamics of both cation and intercalation order-
ing tendencies in the Li CoO oxide.x 2

We use a three-step first-principles approach to study
ordering. The salient points are described here, and more

w xdetails of the method may be found in Refs. 2–4 .
Ž .1 Total energy calculations: We calculate the Ts0

Ž .total energy of a set of not necessarily stable ordered
structures via the full potential, all-electron linearized aug-

Ž .mented plane wave method LAPW with all atomic posi-
tions fully relaxed via quantum mechanical forces. The
highly accurate LAPW method is, quite literally, the
benchmark against which other first-principles methods are

Ž .tested. We then map the LAPW energies onto a 2 Cluster
( ) Ž .expansion CE . The cluster expansion CE technique

Ž w x.see, e.g., Ref. 5 consists of an Ising-like expression in
which each substitutional unit is associated with the site of
an ideal lattice, and the ‘spin variable’ S is given thei

Ž . Ž . Žvalue q1 y1 if an A B atom is assigned to site i. Note
that in the three ordering problems studied, ArBsLirCo,

0378-7753r99r$ - see front matter q 1999 Elsevier Science S.A. All rights reserved.
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.IrCo, and IrLi. The energy of any configuration s

can then be written as:

E s s D J P s , 1Ž . Ž . Ž .ÝCE f f f
f

Žwhere f is a figure comprised of several lattice sites pairs,
.triplets, etc. , D is the number of figures per lattice site,f

J is the Ising-like interaction for the figure f , and P is af f

function defined as a product over the figure f of the
variables S , averaged over all symmetry equivalent fig-i

� 4 Ž .ures of lattice sites. We determine J by fitting E sf CE
Ž .of N structures to laser Doppler anemometry LDA totals

Ž . � Ž .4energies E s , given the matrices P s for theseLDA f
� 4structures. Once the coefficients of the expansion J aref

known, the Ising-like expression may be easily evaluated
for any substitutional configuration. Thus, one can calcu-

Ž .late via first-principles the total energy of a few substitu-
tional arrangements, but then effectively search the space
of 2 N configurations. Having obtained such a general and
computationally simple parameterization of the configura-

Ž .tion energy, we subject it to 3 Monte Carlo simulated
annealing. The third step of our approach involves subject-
ing the cluster expansion to Monte Carlo simulations so as
to investigate the thermodynamic properties of the cation
or intercalation ordering.

2. Results

We construct separate cluster expansions to describe the
different types of structural energetics:

( )2.1. Cation LirCo ordering in LiCoO2

We have computed formation enthalpies for eight dif-
Ž .ferent LirCo cation arrangements s of LiCoO xs12

on the fcc lattice:

D H s ,LiCoO sE s ,LiCoO yE LiO,B1Ž . Ž . Ž .f 2 tot 2 tot

yE CoO,B1 , 2Ž . Ž .tot

where the last two terms refer to LiO and CoO in the NaCl
Ž .B1 structure with lattice constants obtained by minimiz-
ing the respective total energies with respect to hydrostatic
deformation. These cation arrangements included both the

Žcommonly observed layered LiCoO structure which we2

designate ‘CuPt’ because the cations, Li and Co, form the
.CuPt structure and the cubic structure derivative of spinel

Žwhich we refer to as ‘D4’ because there are important
distinctions between this phase and the spinel structure—

.see below which have been produced by solution growth
Ž w x.at ;4008C. see, e.g., Refs. 6,7 . We have mapped the

formation energies of these eight cation configurations
w xonto a cluster expansion and found 2 : the ‘cubic’ LiCoO2

ŽD4 structure is only slightly higher in energy 0.01
.eVrformula unit than the ‘layered’ CuPt structure, the

latter being the observed phase of LiCoO grown at high2

temperature. A Monte Carlo simulation starting at high
temperature and slowly cooling down demonstrates that
the layered phase is the lowest-energy cation arrangement
out of the 2 N possible structures, and hence, is truly the
thermodynamic ground state of LiCoO . Also, the calcula-2

Žtions demonstrate that the disordered cation phase rock-
.salt is not stable thermodynamically at any reasonable

temperatures, thus demonstrating that the observed rocksalt
w xphase 8 is kinetically stabilized.

( )2.2. Cation IrCo ordering in ICoO2

Similarly, a cluster expansion was constructed from
eight IrCo cation arrangements s of the fully delithi-

Ž .ated ICoO xs0 on the fcc lattice:2

D H s ,ICoO sE s ,ICoO qE Li,bccŽ . Ž . Ž .f 2 tot 2 tot

yE LiO,B1 yE CoO,B1Ž . Ž .tot tot

3Ž .

Ž .where E Li,bcc is the total energy of Li in the bcctot

structure with lattice constant obtained from total energy
minimization. The separation in energy between ‘layered’

ŽCuPt and ‘cubic’ D4 increases in ICoO 0.14 eVrfor-2
.mula unit as compared to LiCoO , due to the symmetry2

w xof the phases 2 . The CuPt layered structure of ICoO is2

again predicted to be the lowest energy substitutional
cation arrangement. However, this structure has an ABC . . .
stacking of the cation planes, and recent electrochemical

w xmeasurements of Amatucci et al. 9 have succeeded in
completely de-intercalating Li from LiCoO , forming a2

ICoO structure with the stacking of planes in an AAA . . .2

arrangement. Consistent with the observations of Amatucci
w xet al. 9 , we find that the ICoO in the AAA stacking is2

lower in energy than the ABC stacking by ;0.05 eVrfor-
mula unit.

2.3. Effect of cation ordering on aÕerage Õoltage

Ž .For a Li CoO rLi cell, the voltage V x as a functionx 2
w xof Li composition is given by 10,11 the Li chemical

Ž .potential difference between cathode Li CoO and anodex 2
Ž .Li metal :

yeV x sm Li CoO ym Li metal . 4Ž . Ž . Ž . Ž .Li x 2 Li

From this expression, it is straightforward to show the
Ž w x w x.following see, e.g., Refs. 12 or 13 :

x2
s

D H x , x syF d xV xŽ . Ž .Hreact 2 1
x1

sy x yx FV s , x , x 5Ž . Ž . Ž .2 1 2 1
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where F is the Faraday constant and the reaction energy of
Li intercalation between two Li compositions x and x is1 2

given by:

D H s x , x sE Li CoO ,s yE Li CoO ,sŽ . Ž . Ž .react 2 1 tot x 2 tot x 22 1

y x yx E Li,bcc . 6Ž . Ž . Ž .2 1 tot

Therefore, by computing the energetics of Li intercala-
Ž .tion in Eq. 6 , we ascertain the average battery voltage.

The calculated average voltages for all cation arrange-
ments considered are in the ;4 V range. In particular, the
average voltage for LiCoO in the layered CuPt structure2
Ž .3.78 V is in reasonable agreement with measured values
Ž . w x4.0–4.2 V 14 . The cluster expansion of voltage can also
be used to predict the average voltages of disordered

Ž .phases. The random-cation rocksalt phase 3.99 V is
predicted to have a higher average voltage than the ordered

Ž .CuPt phase 3.78 V . The voltages of partially long-range
Ž .ordered CuPt and D4 phases hs0.88 are increased

relative to CuPt and D4 by 0.05 and 0.01 V, respectively.
The qualitative effect of disordering raises the energy of
ICoO more than LiCoO , and thus raises the average2 2

voltage.

2.4. Intercalation ordering and Õoltage profile in layered
Li CoOx 2

Ž .The Li sites in the R3m CuPt layered structure form
Ž .close-packed 111 planes which yield a two-dimensional

triangular lattice, and these Li planes are stacked in a
Ž .rhombohedral fashion ABC . Thus, the problem of inter-

Ž .calation ordering of Li and Li-vacancy denoted I is an
ordering problem on the stacked triangular lattice. Total

Ž .energies were computed for a large number 16 of ordered
vacancy compounds constructed by removing Li atoms

Ž .from the LiCoO CuPt structure:2

D Es x sE Li CoO ,s yxE LiCoO ,sŽ . Ž . Ž .int tot x 2 tot 2

y
y 1yx E CoO ,s . 7Ž . Ž . Ž .tot 2

These 16 energies are mapped onto a cluster expansion
on the three-dimensional triangular lattice with two-, three-,
and four-body interactions.

Ž .The chemical potential difference in Eq. 4 defining
w x Ž .the voltage may be computed 11 from grand canonical

Monte Carlo simulations of the Li CoO cluster expan-x 2

sion. This provides a completely parameter-free, first-
principles prediction of the Li intercalation voltage of the
Li CoO rLi cell as a function of Li content. The predictedx 2

intercalation voltage profiles are shown in Fig. 1. Shown
are results for the equilibrium voltage profile both at zero
temperature and Ts300 K. Also shown is the voltage
profile of the metastable random solid solution phase.
Two-phase regions, defined in terms of free energies by
tie-lines connecting the two phases, correspond to plateaus

Fig. 1. Predicted Li-intercalation voltage of the Li CoO rLi cell as ax 2

function of Li composition, calculated from the chemical potential differ-
Ž . Ž .ence in Eq. 4 . a Equilibrium profile at T s0 K, calculated analytically

Ž .from the ordered vacancy formation energies. b Equilibrium profile at
Ž .T s300 K, calculated from Monte Carlo simulations. c Profile of the

metastable random solution phase, calculated analytically from the cluster
Ž .expansion interactions with mean-field T s300 K entropy.

in the voltage profiles. Likewise, the voltage drops are
associated with single phase, ordered regions. As the tem-
perature is increased, drops become more rounded and
disappear at order–disorder transitions. The voltage profile
of the solid solution phase is completely smooth with no
discontinuous voltage drops.

ŽVia a combination of Monte Carlo simulations both
.grand canonical and canonical , thermodynamic integra-

tion, and investigation of finite-size effects, one can map
the entire chemical potential–temperature, and hence the
voltage–temperature, phase diagram for Li intercalation in
Li CoO rLi cells. The predicted phase diagram is shownx 2

in Fig. 2. Many of the predicted ground state phases
undergo order–disorder transitions below room tempera-
ture. In equilibrium, three phases are predicted to remain

Žordered at and above room temperature: the 2=1 xs
' '. Ž .1r2 and 3 = 3 xs1r3 and 2r3 structures. Reimers

w xet al. 15,16 have observed electrochemically and through
X-ray diffraction a monoclinic ordered vacancy com-
pounds at xs1r2. Their data suggest a ‘2=1’ two-di-
mensional ordering as we have predicted. Reimers et al.
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Fig. 2. Predicted Li CoO voltage–temperature phase diagram. At roomx 2
Ž .temperature horizontal dashed lined , three vacancy compounds remain

ordered.

w x15,16 have also measured the order–disorder transition
temperature for this phase at 608C, and the width of the
2=1 phase field at room temperature to be ;0.1 V. Our
calculations are in excellent agreement with both of these
observations. No compounds at xs1r3 or xs2r3 have

Žbeen experimentally reported in Li CoO although thesex 2' '3 = 3 phases have been found in other intercalation
.compounds . It is possible that the formation of these

phases is kinetically inhibited in electrochemical experi-
ments. Also, we have only considered ABC-type stacking
sequences in the calculation of this phase diagram, and it is
possible that the xs1r3 phase could disappear from the
phase diagram by the emergence of low-energy staged
compounds at low-Li content, as has recently been sug-

w xgested by van der Ven et al. 17 . Additionally, we find no
evidence for a two-phase region at high-Li content, as has
been observed electrochemically. Future electrochemical
experiments to investigate the thermodynamic stability of
the predicted ordered vacancy phases would therefore be
of great interest.

2.5. Intercalation ordering and Õoltage profile in cubic
Li CoOx 2

The two ordered forms of Li CoO which have beenx 2
w xsynthesized 6,7 , ‘layered’ CuPt and ‘cubic’ D4, are ex-

tremely similar in terms of atomic coordination sequence:
pair and three-body correlations are equivalent, with the
first difference between the two occurring at the four-body
correlation. Thus, one might expect the two forms of
Li CoO to exhibit similar energies and electrochemicalx 2

potentials. However, electrochemical properties of the two

compounds are very different: when used as a cathode
material in Li CoO rLi cells, the cubic D4 structure has ax 2

Ž .nearly flat voltage plateau at 3.6 V, for 1r2-xF1
which contrasts with the voltage profile of the layered
CuPt phase which takes place mostly above 4 V and has

w xseveral voltage drops and plateaus. We have found 3 that
the electrochemical distinction between layered CuPt and
cubic D4 is that the intercalation sites for Li of these two
compounds changes with Li composition x: in the cubic

Ž . Ž .phase, Li moves from octahedral O to tetrahedral Th d

sites upon deintercalation, forming a low-energy Li CoOx 2

spinel phase, whereas deintercalation of Li from the lay-
ered phase results in formation of ordered vacancy com-
pounds, but Li remains in O sites.h

Just as we considered ordered vacancy compounds for
the layered phase, we have also computed the total ener-
gies of several ‘derivative’ structures Li CoO formed byx 2

partial removal of Li from the cubic structure. We consider
both ‘structure preserving’ removal of Li from the parent

Žstructures i.e., removal of Li without changes in the
.positions of the remaining atoms , as well as ‘symmetry-

Žmodifying’ removal of Li i.e., removal of Li followed by
.movement of remaining atoms : the energies of these

compounds are shown in Fig. 3. We have found that
‘structure preserving’ removal of Li changes the voltages
of the CuPt and D4 structures in an almost identical way
Ž .due to the similarity of LirI ordering tendencies , and
thus, the ‘structure preserving’ removal of Li cannot ex-
plain the observed electrochemical differences between
CuPt and D4.

Fig. 3. First-principles calculated energetics of several Li CoO com-x 2
Žpounds in the layered and cubic structures. Energies eVrLi CoOx 2

. Ž .formula unit are shown relative to xLi CoO q 1y x ICoO in thex 2 2
Ž .layered structure. The empty filled circles connected by solid lines

represent the energetics of symmetry-preserving removal of Li from the
Ž .cubic layered structures, respectively. The empty square represents the

energy of the Li CoO O spinel and the dashed lines show the energeticx 2 4

pathway for symmetry-modifying removal of Li from the cubic structure.
Ž .The average voltages of Eq. 5 are shown graphically as 3.78V y m,

where m is the slope of the various lines in this figure.
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We have found that ‘symmetry modifying’ removal of
Li from the cubic phase can account for most of the
observed differences between layered and cubic Li CoO :x 2

our results are shown in Fig. 3, where we show that the
normal spinel structure has a much lower energy than any
of the other compounds calculated at xs1r2. While
xs1 D4 has Li and Co in octahedral O positions, theh

normal spinel structure has two Co in O positions, but Lih

in tetrahedral T sites. Thus, as Li is deintercalated fromd

the cubic D4 phase, the remaining Li atoms move from Oh

to T sites, as forming a ‘normal’ spinel structure withd

stoichiometry Li CoO O s2Li CoO . This calculatedx 2 4 1r2 2

T site preference for Li is supported by X-ray diffractiond
w xmeasurements 7 .

Ž Ž ..The low energy of the normal spinel leads via Eq. 5
to a significant reduction of the average voltage of the

Ž .cubic phase from xs1 to xs1r2 3.0 V , as compared
Ž .to the layered phase 3.4 V , thus explaining the observed

difference in voltage between layered and cubic Li CoOx 2
w x7,6 . However, although our calculations indicate that the
average voltage of the cubic phase is lower than the
layered structure down to xs1r2, subsequent extraction
of Li from the spinel structure corresponds to removal of

Ž .Li from the energetically favorable T sites, and thusd

costs a large amount of energy. Thus, the average voltage
Ž .of the cubic structure is predicted to rise sharply 4.8 V

from xs1r2 to xs0. Electrochemical measurements
w x7,6 of cubic Li CoO have commonly probed only rela-x 2

Ž .tively high Li contents x)0.5 ; however, Gummow et al.
w x Ž .7 have observed a sharp increase in voltage of ;1 V
near xs1r2 in cubic Li CoO , in agreement with ourx 2

calculations. If the capacity of Li extraction in the spinel
phase Li CoO O would be improved, our calculationsx 2 4

will provide a prediction that this spinel would make a
Ž .high voltage ;4.8 V battery cathode.
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