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Layered compounds with compositionMO, and structurd3m, in which M is a first-row transition
metal or a combination of transition (and possibly nontransition) metals, are attractive materials for lithium-
battery cathodes. For most choicesMf lithiation beyondx = 1 results in either decomposition or
transformation to a nonlayered structure. In this article, we present first-principles calculations, on the
basis of the GGA-U method, to compare addition, decomposition (with metal oxide and lithia as products),
and displacement (with metal and lithia as products) reactions when an additional Li is addisto Li
We considetM = Mn, Co, and Ni, as well as equiatomic binary mixtures of these elements. Although
the displacement reaction is energetically (or thermodynamically) favored, the addition and decomposition
reactions are apparently more favored kinetically, as it is the latter that are observed experimentally. The
ratio of the open-circuit cell voltage to the magnitude of the reaction en€siVE:, is higher for systems
such asvl = Mng sNigs, for which an addition reaction occurs, than for those sucMas Co, which
undergoes decomposition.

Introduction lithiation of monoclinic LIMnG; has not been demonstrated.
) _ Li,CuQ, adopts an orthorhombic structufe>whereas Li-
Layered O3 compoundsvith symmetryR3m and com-  \io, oceurs in both rhombohedral and orthorhombic fofns.
position LiMO, are a primary focus of lithium-battery The accommodation of additional Li into a host compound

materials researchRecent attention has been given t0 , orm P3m1 Li,MO, without destruction of the rhombo-
systems with two or three transition-metal components, peqral symmetry would be expected to promote enhanced
particularly Mn, Co, and Ni, on the transition-metafl capacity and reversibility by avoiding a breakup of the
sublattice?™® Lithium doping on the transition-metal sub- layered host structure. In this article, we explore by first-
lattice'® is another strategy under investigation. principles calculations the energetics of such a reaction for
Relatively little attention has been given to the reactions several possib|e choices ®f relative to other available
undergone by these layered compounds upon discharggeaction routes. A variety of reactions of Li with LiM@re
(relative to the Li metal) or lithiation beyond the stoichio- possible, in principle. The addition reaction
metric value of a single Li atom per formula unit. Over-
lithiation to form Li,MO, occurs, for example, foM = Li + LiMO, — Li,MO, 1)
MngsNigs!t but apparently not foM = Col? Li,MnO,

adopts a hexagonal structdfebut its formation by the ~ €an result in either a layered rhombohedral or a nonlayered

product compound LMO,. A second possibility is the
decomposition of the ternary oxide into a monoxi® (or
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Overlithiation Reaction in LiIMQ Battery Electrodes
preceding extrusion dfl from MO by the reaction
2Li + MO—M +Li,O (4)

The displacement reaction (eq 4) of transition-metal mon-
oxides, withM = Co, Ni, and Fe, has been investigatééf
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augmented wave (PAW) formulation. It has been amply
demonstrated that the GGAJ approximation affords greater
accuracy for electronic and magnétias well as electro-
chemical propertie$?’ relative to the LSDA-GGA, for
insulating transition-metal oxides. The LSBAJ approxima-
tion accounts for the on-site Coulomb interaction by penal-

Because Li batteries operate at temperatures close to roo”?zing partial occupancy of atomit:states on the transition-

temperature, there is generally little distinction between
internal energy and free enertiyand only the former, which
can readily be calculated with first-principles density func-
tional theory method¥ is considered here. By calculating

the energies of the reactant and product phases, we ca

predict the reaction energieAE,, for eqs 3.
Both thermodynamics and kinetics determine which reac-

tions, or reaction sequences, actually occur in a given system

and the extent of their reversibility. Thus, the reaction with
the lowestAE; does not necessarily occur if the kinetics are

metal sublattice. A linear-response method to determine the
optimal value of the Hubbard) parameter was recently
proposeéf and subsequently applied to several transition-
metal compound¥’ The numerical results of that work, as

Wwell as other calculations within the LSDIAU framework,

suggest that, to a reasonable approximation
(5)

where the transition metalis in oxidation stateZ; and the

U=a+7Z

unfavorable. The displacement reaction, in which the transi- constant = 2 eV for Mn anda; = 3 eV for Co and Ni. For

tion-metal oxidation state is fully reduced in one step,

simplicity, we adopt this parametrization in numerical

apparently does not occur experimentally, despite having thec@lculations and set the exchange paraméterl eV?* The

smallestAE;. Although the addition reaction is typically the
least-favored energetically of eqs—3, it is observed
experimentally forM = MngsNigs. The addition reaction
has also been observed to occur, at least parfiafigr M

= Ni.The systenM = Co, on the other hand, is foutdo
undergo the decomposition reaction.

The (absolute value of the) reaction energy (or free
energy),AE;, represents a thermodynamic upper limit to the
open-circuit electrochemical cell voltag&), measured
during the first discharge cycle. In general, howew&yjs
often found to be considerably smaller thag,, particularly
for the decomposition reaction. On the other hand, the
fraction Vo/AE; is much closer to unity for the addition

variation ofU with oxidation state implies a self-consistency
condition. In the calculations, an initial guess is made for
the oxidation stat&; of ion M, which may need to be revised
on the basis of the calculated results; if so, the calculation is
then repeated with the value &f appropriate taz. The
oxidation state of a transition-metal ion is, in most instances,
revealed by its bond length with nearest-neighbor oxygen
ions?®

The explicit dependence dff on Z has mostly been
ignored in previous LDA-U calculations; however, it seems
more consistent to take this dependence into account when
comparing systems in whichtakes on disparate values, as
in the present work. We note, however, that calculations at

reaction. It is reasonable to suggest that the more profoundth® GGA level (results not presented here) of the properties
atomic rearrangements that occur during the reaction pathconsidered in this article yield trends that are quite similar

for the decomposition result in a smaller value\GfAE;
for decomposition than for the addition reaction, for which
only a modest change in crystal structure is required.

Method

to those shown for GGAU calculations.

Crystal Structures

A. Layered SystemsThe atomic structure of compounds
LiMO, with symmetryR3m (prototypeoa-NaFeQ) can be

The calculations presented in this article were performed described in terms of thaBCABCstacking of hexagonal

with the VASP codé!?? which implements the local spin
density functional approximation (LSDA) of density func-

layers, where successive Li ai layers are separated by
O layers. Compounds with composition,MO, may adopt

tional theory in a pseudopotential representation, with a plane€ither an orthorhombi€ or a rhombohedral structure. The

wave basis. In particular, the GGAJ approximation is
utilized, which combines the generalized gradient ap-
proximation (GGA) correctioti to LSDA with the LSDA+U
extensio®* of density functional theory. The GGAU
approximation in VASP is implemented within the projector
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R3m symmetry. The Li atoms occupy tetrahedral interstices methods. The calculations show that, in the absence of Li in

rather than octahedral sites, as ifM®.. ~
The detailed reaction path by which tR8m structure of
LiMO, transforms into thé®3m1 structure of LiMO, when

the transition-metal layer, the low-energy structure of the
transition-metal layers consists of alternating zigzag chains
of Mn and Ni atoms (Figure 3a in Yoon et &). With Li

the addition reaction occurs is unknown. In the most-direct present in the transition metal layer, a different configuration
transformation scheme, Li would first intercalate into the appears favorabf.In most of the calculations presented in
R3m structure to yield an intermediate structure with stacking this article, however, we employed an alternating straight-

chain (or striped) arrangement (Figure 3b in Yoon €®al.
AuBoCLiBLAB: - (7

which has a smaller unit cell. Although the striped arrange-
in which the intercalation would presumably proceed via a Ment has a slightly higher energy than the zigzag structure,
process analogous to the Daumd#terold picture of the

it suffices for illustrating the main trends.

work arrangement of columnar domains. In the intermediate l2yered systems is assumed to be ferromagnetic. Experiments
structure, the inserted lithium layeBy) is tetrahedrally ~ On Ni-doped®LiMnO, and® LiNiO2 are consistent with this
coordinated, whereas the original Li layeg, () is octahe- ~ @ssumption; Co in LiCo@is in a low-spin, essentially
drally coordinated. An unfavorable feature of this structure Nonmagnetic configuration. We assume that doped LiinO
is that the insertedR(;) layer lies in registry with a nearby which has a cooperative Jahmeller distortion, is character-
By layer (with an O layer sandwiched between them), so ized by antiferromagnetic chains along the close-packed
that some repulsive EM pairs possess short bond lengths P-axis®” We treat LiM O, with P3ml symmetry, as being
of comparable in magnitude td—O bond lengths, which ferromagnetic. Measuremefft$or Li,NiO, show ferromag-
does not occur in th@3ml structure. netic layers with antiferromagnetic interlayer coupling.
One might expect that another unfavorable feature of the Although the magnetic structures assumed in our calculations
proposed intermediate structure would be the smatLLi are idealized, they are likely sufficiently close to the true
separations between the tetrahedrally coordinaBgql &nd structures to reproduce the correct trends for the properties
octahedrally coordinatedC(;) layers. In fact, the LiLi of interest.
separations in the relaxed intermediate structures are ap- B. Monoxides. To evaluate the reaction energy for the
proximately 2.50 A, which is actually larger than the decomposition reaction (eq 2), we require energies for the
corresponding separations of about 2.35 A in the relaxed transition-metal monoxides. The calculations for MnO, NiO,
P3mi1 structure. However, this is achieved by expanding the and CoO are made on the basis of the same assumed
c-axis lattice constant, which results in an increase of the structure, rhombohedrally distorted rock salt, with AFII
overall electrostatic energy. antiferromagnetic ordé® in which close-packed (111)
For these reasons, the intermediate structure is energeti{ransition-metal layers are ferromagnetic and adjacent layers
cally unfavorable, as demonstrated in the numerical calcula-have opposite spin. In the case of CoO, a tetragonal structure
tions presented below. It would be unstable with respect to was observedl at temperatures less than about 200 K but
a transformation to thB3m1 structure, which is stable. Such was not addressed in this work.

a transformation could perhaps occur via a martensitic C. Metals. To evaluate the reaction energy for the
process. displacement reaction (eq 3), we require cohesive energies
Although the proposed reaction path for the addition for the pure transition metals Mn, Co, and Ni. Ferromagnetic

reaction, on the basis of Li intercalation followed by a Co is hexagona®® and ferromagnetic Ni is face-centered
martensitic transformation, appears plausible, no experimen-cubic2® The 58-atom cubic unit céflof a-Mn was employed
tal evidence for it is presently available. Unlike the case of in calculations for metallic Mn. The magnetic structure of
the multiphase reactions (eqs 2 and 3), however, phasea-Mn is complex. To obtain an energy for Mn, we first
separation accompanied by long-range diffusion is not calculated anEn.nmag Value for the system without spin
required, and activation energies are therefore expected tgpolarization. A detailed investigation of the ground-state
be relatively low. magnetic structuf@ (on the basis of a different exchange-
1. Transition-Metal Mixtures. We consider pseudobinary  correlation functional) yielded an energyEq.g~ 0.1 eV
alloys with the composition LNI;M;)0s0,, in addition to per atom less than that for nonmagnetidin. In reaction
the pure LMO; systems. The ordering in LiM@Nio sO; has energy calculations, we employ an enei§y= Enonmag —
been given the most attention in previous work; other AEms for Mn. This may be regarded as a lower bound,
pseudobinaries appear to have minimal, if any, ordering because a chemical reaction at room temperature most likely
tendencies. The structure of the pseudobinary LM, 0.,
which shows strong ordering tendencies, has previétisty
been investigated with first-principles and Monte Carlo
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Table 1. Structural Parameters for LIMO2? Table 3. Structural Parameters for Li:MOz in Rhombohedral
Structure (P3m1)2
theory

M or expt a b c RM;—0) R(Mz—0) M theory or expt a c RM;—0) R(M>—0)
Mn theory 551 285 542 1.96,2.34 Mn theory 3.21 5.34 2.27
Mn expt®49 5438 2.808 5.387 Mn expts 3.195 5.303
Ni theory 2.89 1433 1.98 Ni theory 3.13 5.06 2.16
Ni expts® 2.88 14.19 Ni exptté 3.095 5.070
Co theory 2.83 1418 1.94 Co theory 3.14 5.16 2.19
Co exph? 2.82 14.04 Mno.sNig s t(striped) 3.16 5.20 2.24 2.19
MnosNigs t(striped) 2.93 14.48  1.96 2.07 Mng.sNios t(zigzag) 3.16 527 2.24 2.19
Mno=Nigs t(zigzag) 2.89 1423 194 2.05 Mng sNig 5 expt! 3.13 5.196
MnoeNigs exptl 2.88 14.28 MnosCoo s theory 3.18 5.13 2.26 2.21
MnosCoys theory 2.96 14.48 1.97 2.09 NiosCoos theory 3.13 5.13 2.17 2.18
NigsCops theory 291 14.46 2.02

: 551 aLattice constants and MO bond length(M;-O) andR(M.-O) where

NiosCoos  expt 285 14.13 M; is Mn andM is Ni in the case of MasNig s, and similarly for M sCap 5
aMonoclinic structure (symmetrZ2/m) assumed for M= Mn; results and NpsCon s, are in A. In the case of MyNig s, calculations are performed

for the other systems correspond to the rhombohedral structure (symmetryfor striped and zigzag ordered arrangements in the transition-metal layers.

R3m). Lattice constantsg, b, andc, and M—0O bond length(M;—0) and

R(M2—0), whereM; is Mn andM; is Ni in the case of MgasNigs, and
similarly for MnysCons and NpsCays, are in A. Table 4. Structural Parameters for MO in Rhombohedral Structure
(rocksalt with trigonal distortion) 2

Table 2. Compound Formation Energies (eq 8, in eV per formula

unit) for Pseudobinary Alloys Li( M1M2)o502? M theory or expt a A¢ R(M—0)
Mn theory 4.48 0.77 2.24
M theory or expt structure AHm Mn expf? 443 0.62
MngsNig s GGA striped —0.19 Ni theory 4.20 0.47 2.10
Mno.sNios GGA+U striped —0.03 Ni expt® 4.17
Mng sNig s GGA+U zigzag —0.15 Co theory 4.28 0.86 2.14
MnosCop s GGA striped 0.24 Co exp® 4.26
+ [ . . ; :
I\N/Iir;(;,gC(?és ggﬁ v zirr:f)(eeg _00.0021 a Adjacent close-packet¥ layers are assumed to have opposite spin.
Nio £COp.s GGA+U striped 0.11 dA¢ represents a deviation of the angle between trigonal axes from 90
NiosCos expts 0.02 egrees.
aMonoclinic structure (symmetrZ2/m) assumed for M= Mn; results Table 5. Structural Parameters for Metals®
for the other systems correspond to the rhombohedral structure (symmetry
R3m). The experimental value for hiCop 5 is a heat of mixing determined M theory or expt a c
by calorimetry. Mn theory 8.55
Mn expt 8.91
would not yield a crystal structure as complex as that of m: tehxift’ry g'gf
a-Mn. Co theory 2.49 4.01
We employ the GGA method, equivalent to settldg— Co expt 2.505 4.069
J = 0, instead of the standard GGAJ scheme in calcula- aLattice parameters in A. Calculation farMn assumes a nonmagnetic

tions for the metallic systems, for which it is not well-suiféd. ~ System-

methods, relative to experimental values. Compound forma-
tion energiesAH; are listed in Table 2.

A. Atomic Structure. Calculations were performed to Previous calculations for the pseudobinary systems under
determine the reaction energies for the addition, decomposi-consideration were performed within the local spin density
tion, and displacement reactions (egs3) for compounds  approximation (LSDA) by Koyama et &The present work
Li\MO,, with M = Co, Mn, and Ni, as well as for the and that of Koyama et al. agree qualitatively in showing

Results

pseudobinarie$! = CaopsMngs, CaysNios, and My sNig s. formation energies for MyxNio s to be more negative than
To evaluate the reaction energies, we require the energieghose of the other two equiatomic pseudobinafiés; Coys-
of the corresponding reactants and products. Mnos and C@sNigs The absolute values of the predicted

The striped structure is employed in most of the calcula- lattice constants antiH; in the present work, however, differ
tions for pseudobinary systems, as noted above. The internasomewhat from the previous calculatichbecause of the
coordinates as well as the lattice constants are relaxed indifferent approximations to electron exchange and correlation
each system, to minimize the energy, whereas the latticeemployed.
vectors are constrained to be consistent with trigonal sym- 1 [ attice Constants. Results for LiMaQn Table 1
metry. correspond to the layered monoclinic structure. In the case

Calculated equilibrium lattice constants and bond lengths of M = MngNigs, the calculated lattice constants for the
are listed Tables 1 and-%. Comparison of the predicted zigzag structure, which is favored energeticdfyare in
lattice constants with experimental values is a test of the slightly better agreement with experimental valiéisan are
reliability of the methods employed in this work, namely those for the striped structure. In the case of Ni, the
GGA+U for the oxides and GGA for the pure metals. The calculation is done for the experimentally obsernigm
lattice constants are typically slightly overestimated by these structure, although Rt is known to adopt a low-spin Jahn
Teller active configuratiof? We are not aware of measured
(41) Petukhov, A. G.; Mazin, I. IPhys. Re. B 2003 67, 153106. lattice constants for equiatomic alloys of Mn and Co,
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although measuremefiishave been made for Mn-rich Mn Ni Co

compositions of this system. Vegard's law behavior has been 23 o | ‘ ‘

observed experimentafffor the crystallographic parameters Li, (M cé)&sozz

of LiNi;—yCo,0,, but clustering tendencies were evident in oy, 0, @ Li,(MnCo) 0,

EPR measurements. The calculations for striped layers of 22 Li,(NiCo), .0, ulcoo, e 7

LiNi0sCs0, are discussed below. In addition to the Y TS

calculations for the striped structure, two other structures e w @

were considered for LiNiCosOz. In one of them, we — °< 21 No @ y P R
. . . (GoMn) O, @

assume an alternation of pure Ni and Co layers along the 5 Li,(NMn)_ 0, e

c-axis, and in the other, a nominally disordered arrangement 24(LS) *.—2,, Li(NiCo), 0,

of Co and Ni atoms in a 16-atom per layer unit cell. In the & | LiNico), 0, @ y

alternating layer arrangement, our cell relaxation procedure 2 #H) o, @ 2

was unable to achieve low stresses without breaking the Lithco), 0, @ : el 34(H5)

rhombohedral symmetry of the unit-cell vectors. In the Li(MnNi)o‘sO? 34(LS) o, @

nominally disordered arrangement (8 Ni and 8 Co atoms are 19 - 3 )]

distributed more or less randomly in the transition-metal #

layer), we were unable to obtain a stable relaxed atomic

configuration, because of charge fluctuations during the 18

relax_afuon proce_ss. These calculations, as well as _the hea‘:igure 1. Calculated catiorroxygen bond lengths in LiM@ Circles

of mixing analysis described below, suggest thafsNy 5 represent results for the indicated compounds. Lines represent the sum of

may exhibit Ni and Co C|ustering and therefore be difficult the ionic radif” for the octahedrally coordinated cation indicated and for
. . . divalent oxygen. The bond length for LiMnQGs omitted because of the
to synthesize as m|croscop|cally homoggneous alloys. large Jah Teller distortion: cf. Table 1.
Calculated compound formation energies

(8) 2. Metal—Oxygen Bond Lengths and Oxidation States.

For convenience, we frame our discussion of transition-metal
are listed in Table 2. MyNios shows a negative value of  oxidation states in terms of the calculated metatygen
AHy, consistent with the strong ordering tendency of this bond lengthg? although the relationship between bond length
system?>*The zigzag structure, as expected, shows a lower and oxidation state is complicated by the fact that oxygen is
formation energy than the striped structure. The other not necessarily divalent in all of the systems under consid-
pseudobinaries showH; values for the striped structure that  erationl946

are either pOSitiVe or close to zero. Table 2 lists results of Results for transition metabxygen bond |engths calcu-
GGA as well as GGA'U calculations. The GGA calculations  |ated for the oxides treated in this work are plotted in Figure

AH; = Egiwmy0s0) ~ [Ewim,oy) T Eim,0,)l/2

(and previous LSDA calculatiofls exhibit values ofAH; 1 as filled circles (the plotted value is the mean bond length
different from those of the GGAU method, butall of these  when the octahedron is distorted). For comparison, the
treatments show ordering tendencies ofoMios. Overall,  horizontal lines indicate the sum of ionic ratfiiR(M?*) +

we would expect predictions of the GGAJ methods to be  R(0?), of octahedrally coordinated Mn, Ni, and Co, in

slightly more realistic than those of the lower-level methods. yarious oxidation states, and an oxygen ion. The radius for
In the case of NisCau s, the GGAtU prediction of alarge  oxygen was taken to be 1.36 A, appropriate for a coordination
positive AH; suggests that ordering (or mixing) is unfavor-  nymber of 3. For most of the cases considered, the bond
able, which is consistent with the experimental observation length calculated by first principles is slightly higher than
of clustering?* Furthermore, a calorimetric determination of  the sum of the ionic radii for the appropriate oxidation states.
the heat_ of mixinép for N.io,5COo,5 is well below the GGAI—_U For LiMng.Nio=O, and LiMn, sCoosO5, the calculations
calculation of AH;, which suggests that the experiment g ,gqest that Mn is quadrivalent and Ni or Co divalent; this
represents a much more clustered state for this system than,sgignment is confirmed by examination of the local density
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Figure 2. Reaction energie\E;, per Li atom for Li with LIMO,. Results

are shown for the addition, decomposition, and displacement reactions,
defined in egs 3. In the case of MgeNio 5, the addition and decomposition
reaction energies are essentially identical.

In the overlithiated systems with compositionNMiO,, with

on theM sublattice, Mn, Co, and Ni are all divalent, with
bond lengths slightly longer than those in rhombohedral
monoxidesMO.

B. Intermediate State.As a complement to our calcula-

Chem. Mater., Vol. 18, No. 5, 200801

systems considered, the highest reaction energies occur for
Ni, which is consistent with the trend of higher ionization
energies for later transition metals.

The displacement reaction, eq 3, in which the transition
elements are reduced to their metallic state, is in all cases
more favorable energetically than the reactions given in eqs
1 and 2. (For the purpose of this analysis, the product states
for the pseudobinary systems in the case of decomposition
and displacement reactions are assumed to be fully dissoci-
ated, e.g., MnO and NiO or Mn and Ni metal.) That the
displacement reaction does not occur directly, for example,
in the case of MgsNigs is most likely because the
energetically preferred reaction is blocked by kinetic barriers.

Of the systems considered, the only one for which an
addition reaction has been obser¥ets LixMngsNig sO».
Ideally, the predicted reaction energy would be equal to the
electrochemical cell voltage, in which Li metal is the counter
electrode. The measured cell volt&gtor LiMn g sNig 0.,
however, is about 1.8 eV, somewhat lower than the predicted
reaction energy (for the addition reaction with ®@&m1 Li,-

Mng sNig 5O, as the product) of 2.25 eV. A possible explana-
tion for the discrepancy is that the measured cell voltage is
determined not (or not only) by the equilibrium structure
With symmetryP3m1 but by some intermediate structure as
well. The idealized intermediate structure postulated in this
work, with an energy about 0.75 eV above that of B3enl
structure, would have a reaction energy of approximately
1.5 eV. We reiterate, however, that there is no direct evidence

tions for the equilibrium phases, we also treated the proposedsor the intermediate structure proposed in this work.

intermediate states described in section Ill, which may be
relevant to the reaction path for the addition reaction. For
the systems with compositionAMO,, including both single

Discussion and Conclusions

component and pseudobinaries, the intermediate state energy We have applied first-principles methods to calculate the

was approximately 0.75 eV per formula unit higher than that
for the equilibrium P3m1) structure.

We note, however, that in the case 0fC00,, the energy
of the intermediate structure was several tenths of an eV
higher unless symmetry is broken by a small displacement
of the Co atoms. Without this displacement, the d-electron
density of electronic states is ungapped at the Fermi energy
but a gap is introduced when the Co atom displacement
occurs. For Mn in the 4 and Ni in the 2 oxidation states,
however, the gand b4 multiplets are either filled or empty
as a result of crystal-field splitting, and a gap is present
without any further symmetry breaking. The larger energy
barrier (in the absence of symmetry breaking) to overlithi-
ating LiCoQ, compared to that for the oth&3m systems
may be an additional factor that makes an addition reaction
unfavorable for LiCoQ.

C. Reaction Energies.Energies were calculated for the

energiesAE; for the reaction of Li with several layered
compounds of composition MO,. The results exhibit the
following trends. Absolute values oAE; scale with the
atomic number oM and increase through the series Mn,
Co, Ni. In most cased( = Ni is the exception)AE; is far
larger (by more than 0.1 eV per reacting Li) for the
displacement reaction than for the addition or decomposition
reactions. The addition and decomposition reaction energies,
on the other hand, are comparable and differ by only
hundredths of an eV, with decomposition typically slightly
preferred. Only the addition (e.g., fdf = MngsNigs) and
decomposition reactions (e.g., fst = Co) appear to be
observed experimentally. It is possible, and perhaps likely,
that the selection of one or the other of these two reaction
types is kinetically driven. For example, the decomposition
reaction energy is lower even fk = Mng sNig 5, for which

the addition reaction is observed experimentally. We note,

addition, decomposition, and displacement reactions (egshowever, that forAE, differences as small as they are

1-3) for compounds LMO,, with M = Co, Mn, and Ni, as
well as for pseudobinariegl = CoysMngs, CosNigs, and
MnosNigs Results are plotted in Figure 2 for the reaction
energy, in eV, per reacting Li. As expected, the reaction
energies for the pseudobinaries are close to the average
of the single-component results for their constituents
(AE(MngsNigs) ~ (AE(Mn) + AE(Ni))/2, whereE denotes

the addition, decomposition, or displacement energy). Of the

between the addition and decomposition reactions, entropic
contributions to the free energy, which we have ignored, may
be relevant. The nonobservation of the displacement reaction
may more unambiguously be attributed to high activation
barriers.

AE; represents a thermodynamical upper limit to the (open-
circuit) voltageV, of an electrochemical cell in which Li
metal and LMO; are the electrodes, and thus= Vy/AE; <



1302 Chem. Mater., Vol. 18, No. 5, 2006 Benedek et al.

1. The measured voltage for the addition reaction in the casecorresponds te ~ 0.25, was measuré&for the decomposi-
of M = MngsNigs is about 1.8 eV, whereas the calculated tion reaction, albeit not under open circuit conditions.
E is 2.25 eV, so thatr =~ 0.8. In the case of simple
intercalation processes that are highly reversible (such as the

add_mon of Li to L.|XC2(.;02, X = 1,)’_ v may Q|ﬁer only National Laboratory by the Office of FreedomCar and Vehicle
minimally from unity?” The addition reaction (q 1), tgchnologies (Batteries for Advanced Transportation Technolo-
however, is accompanied by a structural change fREm gies (BATT) Program), U.S. Department of Energy, under
to P3ml symmetry, which is expected to lessen the revers- contract W31-109-Eng-38. Grants of computer time at the
ibility of the reaction and result in a less-than-ideal value of National Energy Research Supercomputer Center, Lawrence

v. The reaction path for the decomposition reaction (eq 2) Berkeley Laboratory, and at the JAZZ cluster, Argonne National
involves more extensive atomic rearrangement than the|aboratory, are gratefully acknowledged.

addition reaction and therefore greater irreversibility and a
lower value ofv. ForM = Co, a voltage/ ~ 0.6 eV, which CMO051854R
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