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1. Introduction

Kinetic stability is a key aspect of Li-insertion
compounds used in rechargeable Li batteries. To
obtain high capacity, the Li ions need to be cycled
over a wide range of concentrations within the host
structure of the insertion compound. This almost
invariably brings the host structure outside its range
of thermodynamic stability at some stage of the
electrochemical cycle. Maintaining a desirable host
structure over repeated electrochemical cycles often
hinges upon the host structures resistance against
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transforming into more stable phases when it be-
comes thermodynamically metastable. The ability to
resist phase transformation can have an important
impact on the overall performance of a Li-insertion
compound used as an electrode material in a Li
rechargeable battery.

The focus of this paper is on the role electronic
structure plays in determining the site preference
and mobility of 3d transition-metal ions in an oxide
and how these factors in turn affect the resistance
of metastable 3d transition-metal oxides against
transformation. This is a relevant topic to the Li
rechargeable battery field because 3d transition-
metal oxides are often used as positive electrode
materials.

Lithium manganese oxide structures serve as the
main prototype of a 3d transition-metal oxide system
used in this investigation. Lithium manganese oxides
have been intensely researched as candidate positive
electrode materials for use in Li rechargeable bat-
teries because they offer the possibility of high
capacity combined with good safety. This desirable
combination is a consequence of the relative stability
of the fully charged MnO, structures. Mn is also less
expensive than Co, the transition metal commonly
used today in positive electrode materials for re-
chargeable Li batteries.!

The Mn oxide structures that have received the
most attention as possible positive electrode materi-
als are spinel,>* o-NaFeO,-type layered,>° and
orthorhombic (Pmnm).23 All three of these structures
have a close-packed (sometimes slightly distorted)
oxygen array in a fcc-like stacking with Mn occupying
octahedral sites and Li occupying either octahedral
or tetrahedral sites. Unfortunately, each of these
structures has problems that have hindered their
practical use in Li rechargeable batteries thus
far.2351011 For the a-NaFeO,-type layered and ortho-
rhombic (Pmnm) structures the primary problem is
that they undergo structural transformation with
electrochemical cycling. As such the Mn oxides are a
good prototype for investigating the relationship
between transformation kinetics and electronic struc-
ture.

One advantage that spinel-like LixMn,O,4 (s-Lix-
Mn,0,) has over the other candidates is that it is not
susceptible to any major structural transformation
upon electrochemical cycling over the 0 < X; < 2
range.? This is due in part to s-LixMn,O4 being
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thermodynamically stable at X, ; = 1. Additionally
s-LixMn,QO, retains its structural integrity at high and
low lithiation even though it becomes energetically
metastable at those compositions.?
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The low energy of the spinel structure at the
LiMn,O, composition is not unique to Mn. For the
3d transition metals from Ti to Cu, the energy of the
spinel structure is lower than the energy of the
layered structure.*?*2 This is not too surprising since
there is a greater separation between neighboring
positively charged Li and M cations (M = 3d transi-
tion-metal ion) in the spinel structure—where the Li
occupy tetrahedral sites and the M octahedral sites—
than in the layered structure—where both Li and M
occupy octahedral sites.?

As mentioned previously, both a-NaFeO,-type lay-
ered (I-LixMnO,) and orthorhombic (o-LixMnO,) lose
their structural integrity with electrochemical cy-
cling, in contrast to s-LixMn,O,4, and rapidly trans-
form to a spinel-like material at partial lithiation.%4-17
This results in a substantial drop in capacity over
the first few charge/discharge cycles.® However,
capacity is recovered with additional cycling as the
transformation to spinel moves toward completion.'8
The transformed spinel-like material is reported to
have properties such as reduced Jahn—Teller distor-
tion and greater durability that are actually superior
to conventionally synthesized s-Li,Mn,O, spinel.1>1819
Nonetheless, there remains an interest in making
layered manganates that can resist transforming into
spinel.

Although spinel is energetically favored at the
Li;2MO, composition for all of the 3d transition
metals from Ti to Cu, the rate at which the layered
structure transforms to spinel varies substantially
for each 3d metal. For LiyMnO; the transformation
from layered to spinel occurs rapidly at room tem-
perature. In the case of LixNiO, heating is required
in order for layered to rapidly transform to spinel.?°
While for LixCoO; the transformation of layered to
spinel appears to be even more difficult, with the
conversion only detected by TEM in the surface
layers of highly cycled I-LiyC00,.21?2 In the following
sections the transformation of the layered a-NaFeO,
structure to spinel will be focused upon as an
example (with significant relevance to the battery
field) that illustrates the influence of electronic
structure on the transformation kinetics of 3d transi-
tion-metal oxides.

2. Transformation Mechanisms

The transformation of I-Li\MO; or o0-LiyMO; into
s-LiyM;04 (M = 3d transition-metal ions) does not
require oxygen rearrangement since all the struc-
tures share a cubic closed-packed (ccp) oxygen anion
sublattice. In all three structures M ions occupy
octahedral interstitial positions while the Li occupy
either octahedral or tetrahedral interstices.? Hence,
the transformation of I-Li\MnO; or 0-LiyMnO; to s-Lix-
Mn,O, involves a rearrangement of Mn from the set
of octahedral sites characterizing I-LiMnO;, or o-
LiMnO; to the set of octahedral sites characterizing
s-LiMnO; (as well as rearrangement of the Li ions).

Formation of spinel from I-LixMnO, requires the
movement of one-fourth of the Mn ions from the Mn
(111) plane into the Li (111) plane as can be seen by
examining Figure 1.
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Figure 1. I-LiyMO; (layered) and s-LiM,O, (spinel) struc-
tures (M = 3d transition metal). M occupy octahedral sites
in both structures. In I-Li\MO,, M and Li (and/or vacancies)
alternately occupy (111) planes of the ccp oxygen sublattice.
The (111) plane parallel to the M layers is indicated by
the black line between the layered and spinel structures.
The [111] direction is shown as well. In s-Li;;,MnO., (111)
planes with three-fourths of the Mn alternate with (111)
planes with one-fourth of the Mn. Li ions occupy tetra-
hedral sites in the planes with one-fourth of the Mn. The
planes with three-fourths of the Mn are free of Li. In fully
lithiated spinel-like s-Li,Mn,0,, the Li move into octahe-
dral sites. Three-fourths of the Li are in the (111) plane
with one-fourth of the Mn, and one-fourth of the Li are in
the plane with three-fourths of the Mn.

M octa /5]

For o-LixMnO,, 50% of the Mn ions need to change
position in order to form spinel.?2 The characteristics
of the orthorhombic, o-NaFeO,-type layered, and
spinel structures as well as many other ordered rock-
salt structures have been covered in detail by Thack-
eray.?

Given that the structural transformation of the
o-NaFeO,-type layered and orthorhombic structures
to spinel only requires cation migration, the varying
resistance of transition-metal compositions against
the transformation (i.e., low resistance for Mn, high
for Co) is most likely connected to the diffusion
kinetics of the respective 3d transition-metal ions.

An ion can take two extreme paths in migrating
between octahedral sites of a ccp oxygen framework,
as occurs during the transformation of I-LiyMnO, or
0-LixMnO; to s-LixMn,0,4. These two paths are shown
in Figure 2. The most direct path travels straight
through the edge shared by neighboring octahedra,
i.e., the O, — Oy path through E shown in Figure 2.
This path, while short, brings the cation in close
proximity to the coordinating oxygen anions. A more
open but longer path is through a nearest neighbor
(n.n.) tetrahedral site via the faces (F) it shares with
the neighboring octahedra (i.e., path O, — T4 — Op,
in Figure 2).

While the octahedra shown in Figure 2 are undis-
torted, this is generally not the case in structures
such as I-LiyMnO; and o-LixMnO,. In these cases the
octahedra are distorted by both the cationic ordering
which breaks the cubic symmetry of the underlying
oxygen sublattice and the Jahn—Teller distortion
when Mn3* is present. Consequently, not all of the
octahedral edges (E) or faces (F) that Mn can pass
through are equivalent in I-LiMnO; and o-LixMnO..

Chemical Reviews, 2004, Vol. 104, No. 10 4515

N.N. vacant
tetrahedron

N.N. vacant

Octahedral Q
Mn s octahedron

Open Path: O, —>T; —> 0,
Constricted Path: O, —> O,

Figure 2. The most direct path an octahedral Mn can
follow to a vacant nearest neighbor octahedral site (Oy,) is
through the edge (E) shared by the two sites. This path
(On — Oy) is also the most constricted in terms of separation
between the migrating Mn and the surrounding oxygen
anions. The minimum separation occurs as Mn passes
through the center of the octahedral edge labeled E. A more
open path between octahedral sites is via a nearest
neighbor (n.n.) tetrahedral site (T4). Along this path (Oy
— T4 — Oy) the minimum separation between a migrating
Mn and surrounding oxygens occurs as Mn passes through
the center of the shared triangular face between the n.n.
octahedron and tetrahedron (F). In a perfect octahedron
the distance between the corner oxygens and the center of
the triangular face (i.e., distance from O to F) is 1.155 times
the distance from corner oxygens to the center of the edge
(i.e., distance from O to E in Figure 2).

Generally, the activation barrier for a transition-
metal ion passing through the triangular oxygen face
(F) along a O, — T4 — Oy, type path is expected to be
less than the barrier to pass through the oxygen edge
(E) along a O, — Oy type path. The separation
between cation and oxygen is about 15% greater at
F than at E (assuming an undistorted octahedron).
Hence, there should be less Pauli repulsion from the
electron clouds of the oxygen when the cation passes
through the octahedral face (F) than when passing
through the octahedral edge (E). Previous work has
shown that Li favors a O, — T4 — Oy type path when
diffusing in the Li layer of I-LiyC00,.% It is expected
that 3d metal ions will typically take O, — T4 — Op
type paths (Figure 2) as well when diffusing through
a ccp oxygen framework, such as during the trans-
formation of I-LiyMnO; or o-LixMnO; to s-LixMn;0,.
The results of first-principles calculations discussed
in the following sections support this view.

A notable exception to the general favorability of
On — T4 — Oy, type paths for cation migration is cases
where the intermediate tetrahedral site (T4) shares
a face with an octahedral site occupied by another
cation. The passage of a 3d metal ion through such
tetrahedral sites is typically calculated to be high in
energy, in some cases higher than the energy for
passing through the octahedral edge (i.e., the O, —
On path).?* This is due to the small separation and
hence strong repulsion between face-sharing cations
in a ccp oxygen framework.

In the following sections it will be shown that first-
principles calculations and ligand-field theory indi-
cate that the energetics for the passage of a 3d ion
like Mn through intermediate triangular (F) and
tetrahedral (Ty) sites is highly effected by its oxida-
tion state.”® This suggests that the kinetics of phase
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transformations involving 3d ion rearrangements in
a ccp oxygen framework will depend strongly upon
oxidation state. Since the maintenance of structural
integrity is a desirable feature for an electrode
material, the effect of valence on ionic mobility is an
important consideration when designing electrodes.
For multivalent TM ions it is possible that the TM
ion could have a low mobility in one valence,- but a
high mobility in another, which could make the host
structure vulnerable to transformation during elec-
trochemical cycling.

3. Density Functional Theory

Much of the quantitative information in this paper
is derived from first-principles calculations based on
density functional theory (DFT).?5~27 Experimentally
it is difficult to determine ion migration paths and
energy barriers along migration paths in structural
transformations such as from I-Li\MnO; to s-LiMn,Os.
Examining the atomic-scale ionic movements that
could occur in such a transformation using first-
principles calculations can therefore be informative.

For characteristics of TM oxides such as LixMnO,
or LixCoO; that can be experimentally determined,
it is found that the calculated results presented in
this paper are in good agreement with experiment.””
Additionally, previous studies have found that vari-
ous properties of 3d TM oxides can be determined
with good accuracy using DFT-based methods.13:28.29
This gives credibility to the findings of this paper
which rely upon the rich and precise atomic-scale
detail provided by first-principles calculations.

The density functional calculations were performed
using the Vienna Ab Initio Simulation Package
(VASP).%0 The spin-polarized generalized gradient
approximation,®-3? Perdue—Wang exchange correla-
tion function, and ultrasoft pseudopotentials were
used.®3

Defects can be calculated in supercells that are
multiples of the unit cell for the underlying undefec-
ted structure (e.g., I-Lii.MnOy). If the supercell is
large enough, the periodic images of the defect will
have negligible interaction, giving an approximation
of an isolated lone defect.

Such an approximation of periodicity was made for
the calculations discussed in the next section (section
4). The supercells for these calculations were com-
posed of either 12 or 32 primitive LiyMO; unit cells
(M = 3d TM ion; 0 < x < 1) that contained various
M defects. The lattice parameters of the supercells
were kept constant at the parameters for the unde-
fected structure, while the ionic coordinates were
allowed to relax. A 2 x 2 x 2 k-point mesh was used
for the calculations on the 12-unit supercells and a
1 x 1 x 1 k-point mesh for the 32-unit supercells.
The primitive LiyMO; unit cells used to construct the
super cells had previously been calculated with full
relaxation of lattice parameters as well as ionic
coordinates.

Later sections will draw upon the results of calcu-
lations on I-LixMO,, s-LixM»0,4, and related meta-
stable crystalline structures. For these calculations
a LixM40s (0 < x < 4) unitcelland a4 x 4 x 4 k-point
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mesh were used. Both the lattice parameters and the
ionic coordinates were allowed to fully relax.

The bulk of the calculations in this study were
performed on Mn oxide structures; however, as a
reference, many equivalent calculations were also
carried out for LixCoO; (0 < x < 1). This system was
chosen for comparison with LiyMnO; because in the
layered form it is does not undergo significant phase
transformations with electrochemical cycling despite
becoming energetically metastable relative to spinel
at partial lithiation.3*~3" This resistance to transfor-
mation has allowed layered LiCoO, to become the
standard positive electrode material for use in com-
mercial Li rechargeable batteries.

Finally, some calculations equivalent to those
performed with Mn and Co were carried out for
oxides of the other 3d transition metals, from Ti to
Cu, to demonstrate some general principles govern-
ing this class of materials.

4. Comparison between the Activation Barriers
for Co and Mn Migration

Figures 3 and 4 show the energy barriers calcu-
lated for Mn and Co movements out of a TM layer
octahedron and into the Li/vacancy layer of the
layered a-NaFeO,-type structure (recall that the TM
cations have to migrate into the Li/vacancy layer for
the transformation to spinel). The cation positions
used in these calculations follow the O, — Oy, (Figure
3) and O, — T4 — Oy, (Figure 4) type paths shown in
Figure 2.

Figure 3 shows the calculated energy barrier for
Mn and Co hopping directly through an octahedral
edge (E) into a Li/vacancy layer octahedron. The
barrier illustrated at the top of Figure 3 is the
calculated result when the Li content is X.; = 0 (i.e.,
MO;, M = Mn or Co); the bottom plot corresponds to

Xu=0

A B C

Figure 3. Energy of Co/Mn ion along the O, — Oy
transition path from an octahedral site in the TM layer,
through a shared edge, to an octahedral site in the vacancy/
Li layer: (top) delithiated X.; = 0 (M**"), (bottom) half-
lithiated X, ; = 1/2 (average M35%). (A (on x axis)) Layered
structure with no transition metal in the empty/lithium
layer (i.e., no defects). (B) A single TM atom located in the
shared edge between neighboring octahedra (i.e., E in
Figure 2). (C) A single TM atom defect in an empty/lithium
layer octahedron.
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Figure 4. Energy for a Mn/Co ion along the path from an
octahedral site in the TM ion layer to a tetrahedral site in
the Li/vacancy layer. (top) Delithiated MO, (M = Mn or
Co: (A) layered structure, (B) single TM ion located in
triangular face between TM layer and empty layer (i.e.,
F in Figure 2), (C) single tetrahedral TM defect in empty
layer. (bottom) Half-lithiated, i.e., Li;,MO;: (A) layered
structure, (B) Li disorder to create a trivacancy around a
tetrahedron in the Li layer (prevents high-energy face-
sharing cations for tetrahedral defect), (C) single TM ion
located in triangular face between TM layer and Li layer,
(D) single tetrahedral TM defect in Li layer, (E) both Li
and TM ion in tetrahedral sites (tetrahedral site available
to Li due to vacancy created by TM defect).

a Li content of X ; = 1/2. The TM ion hop in both
cases is along the “constricted” O — Oy path shown
in Figure 2 and results in the formation of an
octahedral Mn or Co defect in the Li/vacancy layer.

Figure 4 shows the calculated energy barrier for
Mn and Co hopping through an octahedral face (F)
into a nearest neighbor tetrahedron in the Li/vacancy
layer at X.i = 0 and 1/2. This path is the first half
(On — Ty) of the “open” O, — T4 — Oy path pictured
in Figure 2.

Figures 3 and 4 catalog the plausible initial steps
in the transformation of the layered structure to
spinel. Other O, — O, and O, — T4 — Oy, cation hops
within the transition-metal layer have also been
calculated, but they were found to be particularly
high in energy due to cationic repulsion and hence
are ruled out.?

As expected, the barrier is calculated to be lower
(at a given lithium content) for hops from octahedra
to n.n. tetrahedra through a shared face (O — Tq)
than hops directly between octahedra through an
octahedral edge (On — Oy). This is consistent with
experimental results that indicate Mn migrates
through tetrahedral sites during the transformation
of orthorhombic or layered LixMnO; into spinel.17:38

Some additional noteworthy features of the calcu-
lated results shown in Figures 3 and 4 are as follows.

(i) The barrier for the TM ion to leave its site in
the TM layer is high for both Co and Mn at MO;
composition.

(if) The formation energy of a tetrahedral Mn defect
in the layered structure at X, = 1/2 is negative, while
it is positive for Co.

(iii) The activation barriers for Mn migration are
higher than those for Co at X.; = 0, but they are much
lower at X = 1/2.

The relatively low energy for Mn migration out of
the TM layer and into n.n. tetrahedra in the Li/
vacancy layer at X; = 1/2 is probably the Achilles
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heel of the I-LiyMnO, material. It suggests that Mn
can easily move out of the layered configuration into
the Li/vacancy layer at this composition. This should
facilitate the rapid transformation of I-Li;,MnO; to
s-LiMn,0O4 since Mn ions need to move from the TM
layer to the Li/vacancy layer during the transforma-
tion. The results of additional calculations, for ex-
ample, on the second half of the of the O, — T4 — On,
path, reported elsewhere further attest to the relative
ease for Mn to move between octahedral and tetra-
hedral sites along the reaction path toward spinel at
XL = 1/2 in I-LixMnO,.?*

Co by contrast is seen in Figures 3 and 4 to have
high-energy barriers at both delithiated and partially
lithiated compositions along either type of pathway
(Op — T4 — Op or O, — Oy) into the Li/vacancy layer.
Results of TM ion defect calculations at full lithiation,
i.e., XLi = 1, which are not shown,’8 indicate that both
Co and Mn are prevented from entering the Li layer
by the lack of octahedral lithium vacancies.

The calculated low activation barrier and defect
energy for Mn going On — Tg4 at partial lithiation is
consistent with the lack of stability of I-LixMnO,
against transformation into spinel observed experi-
mentally. Likewise, the high activation barriers for
all possible Co hops out of the TM layer are consistent
with the relative stability observed experimentally
for layered LixCoO..

Figures 3 and 4 illustrate that TM ion defect
energies and activation barriers to forming defects
appear to be highly sensitive to the Li concentration
in the layered structure. The relative stability of Mn
and Co in the TM layer octahedra changes dramati-
cally with increasing Li content, with Mn calculated
to be more stable than Co at X.; = 0 and far less
stable at X, = 0.5. The next section will show that
as the average oxidation state of the TM ions changes
from +4 to +3.5, due to the Li content changing from
XLi = 0 to 0.5, different charge-transfer reactions
accompany tetrahedral defect formation for Mn as
well as for Co. This provides an explanation for the
qgualitative change in Mn behavior compared to Co
and highlights the important role that electronic
structure plays in the mobility of these ions.

5. Valence of Co and Mn during Migration

Figures 3 and 4 indicate a significant variation in
the Mn and Co migration barrier along the O, — Ty
— Op and O, — Oy paths as the oxidation state
changes.

Using the calculated electron spin density, the ionic
valences can be determined by integrating the elec-
tron spin density in a sphere about the ionic centers.
Integrating spin density provides the net spin as-
sociated with a given TM ion. This captures the
formal valence of the cation better than integrating
the charge density because it distinguishes the
partially filled 3d orbitals of the transition-metal
cation from the filled p orbitals of the coordinating
oxygens. With this method it is possible to detect the
charge-transfer and/or bonding changes that occur
for a TM ion as it moves along its migration path.3940

The results of such spin integrations are shown in
Figure 5 for Co (top) and Mn (bottom) in various
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Figure 5. Integrated net spin for Co and Mn cations along
the O, — T4 path into the Li/vacancy layer at X.; = 1/2.
(top) Liy2Co0; layered Oy Co ions (labeled octa w/no Co
tet) have an oxidation state of ~+3.5 (tz4>®). The migrating
Co in triangular (octa/tetra face) or tetrahedral coordina-
tion takes on nearly 3 units of electron spin (1/2ug), giving
an oxidation state approaching +2 (e*t,%). When one-fourth
of the Co are in T4 sites with +2 charge, the other three-
fourths of the Co in Oy, sites (octa w/1/4 Co tet) have a
raised oxidation state from ~+3.6 to +3.7. (bottom) Liy,-
MnO,: The migrating Mn (octa/tetra face and tetrahedral)
has about 4.5 units of electron spin, giving an oxidation
state of ~+2.5 (e?t,25). Mn in Jahn—Teller-distorted octa-
hedra (octahedral w/JT) are ~+3 (tzg%e4'); in non-Jahn—
Teller-distorted octahedra (octahedral w/no JT) they are
+4 (tzg3).

positions along the O, — T4 — Oy, path at t; = 1/2.
Figure 5 shows the amount of electron spin (in units
of 1/2 up) as a function of integration radius. The total
spin initially rises rapidly with radius as the d
orbitals are integrated over. However, then the spin
levels off as the nonpolarized oxygen states are
reached. The value at this plateau is used in deter-
mining the formal valence of the TM cations. For
example, the bottom of Figure 5 shows Mn** which
plateaus at a total electron spin of 3, reflecting the
tag°e? d-orbital filling of Mn*+.

Even though the average formal valence state of
the TM is +3.5 at X; = 1/2, Figure 5 shows that the
migrating Mn (Co) ion in triangular or tetrahedral
coordination takes on quite a different valence from
the surrounding octahedral Mn (Co) ions. The mi-
grating Mn (Co) ion gains d electrons when it passes
through the triangular octahedron face and keeps
them as it continues into the neighboring tetrahedral
site in the Li/vacancy layer.

The spin integration results of Figure 5 indicate
that when forming a tetrahedral Mn (Co) defect at
Xii = 1/2, the migrating Mn (Co) approaches a +2
valence state while a neighboring octahedral Mn (Co)
is oxidized toward +4. This constitutes a charge-
disproportionation reaction which can be approxi-
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mately expressed by the following equation (where
Miet?" is the migrating TM ion)

2M00t3+ - Mtet2+ + Moct4+ 1)

A similar charge disproportionation reaction is re-
ported to occur during the degradation of s-LiyMn,04
with electrochemical cycling whereby the Mn?* dis-
solves into the electrolyte.?

Using the spin integration method described above,
it was also determined that at an average formal
valence of +4 (X i = 0) both Mn and Co undergo a
simple tetrahedral defect reaction

Moet™" — Meet™" &)
6. Ligand-Field Effects on the Energetics of
Migrating Co and Mn

Size effects are often an important contribution to
the energy of ionic systems. However, surprisingly
cation size appears to have little if any effect on the
propensity of Mn or Co to enter tetrahedral coordina-
tion in the LixMO, ccp oxide system. According to
Pauling’s first rule, a smaller cation should be more
energetically favorable in a small interstitial site
than a larger cation.*! The tetrahedral sites formed
by oxygen anions in a ccp structure are smaller than
the octahedral sites, so by Pauling’s first rule smaller
cations should have a greater propensity to enter
tetrahedral coordination than larger cations. How-
ever, the behavior of the LixMnO, and LixCoO,
systems is very different than what is expected
according to Pauling's first rule.

On the basis of cationic radii reported in the
scientific literature (53 pm for Coq*t and 40 pm for
Cowet*™; 53 pm for Mng** and 39 pm for Mng*™),*
one would expect the tetrahedral defect energies and
activation barriers for MnO, and CoO, to be roughly
the same. However, as seen previously, the calculated
energy for the tetrahedral Mn** defect is almost twice
as high as that of Co**. The activation barrier for the
octahedron—tetrahedron hop is also significantly
higher for Mn** (Figure 4 top).

For the composition Li;,MO, (M = Co, Mn), the
relevant cations to consider are M?* in tetrahedral
coordination, M®* in octahedral coordination, and M**
(given above) in octahedral coordination (58 pm for
Cowe®™ and 54.5 pm for Co,e®t; 66 pm for Mng?™ and
64.5 pm for Mny>t).4?

The radius of Co is less than or equal to the radius
of Mn at all oxidation states and coordinations
relevant to the Li;,MO, composition. However, as
discussed in the previous section, Mn?* is calculated
to be more energetically favored in tetrahedral
coordination and have a lower activation barrier for
the Op — T4 hop than Co?*, despite being the larger
cation.

Finally, according to Pauling’s first rule one would
expect lower tetrahedral defect and activation barrier
energies in MO, than in Li;;,MO; for both Co and Mn
since the +4 cations have smaller radii than the +2
cations. Again, site-occupancy predictions based on
Pauling’'s first rule run contrary to the results
calculated from first principles.



Metastable Transition-Metal Oxide Structures

octahedral tetrahedral
€g s 2
//
|
/ _Ao
/ 3
o / i1 b
o /A 2A
g2 S / Ty S S
= A A A y
2p 3|
_Ao 5t )
v2 r/e
t2g \/ 3

Figure 6. Energy splitting of the d orbitals in octahedral
and tetrahedral coordination. The numbers at each level
indicate the energy degeneracy that still remains after
ligand-field splitting. Note that the energy barycenter (i.e.,
“center of energy”) need not be the same in octahedral and
tetrahedral coordination as pictured.

It appears that for the layered Mn and Co oxides
considered, ionic size effects do not play a significant
role in the preference for octahedral or tetrahedral
sites nor in the activation barrier to hops between
the two. Consequently, size effects probably do not
play a significant role in determining the mobility of
Mn or Co through a ccp oxide framework. In contrast,
the results indicate that valence and electronic
structure are more decisive factors in the site prefer-
ence of Mn or Co and hence in their propensity to
migrate through a ccp oxide framework. This is
consistent with the work of Goodenough that found
valence to be an important determinant of the site
preference of 3d TM ions in oxides.*

The role of electronic structure in Mn and Co site
preference and mobility can to some extent be
understood through ligand-field theory (LFT).4445
LFT qualitatively explains how the degeneracy of the
3d orbitals is broken when a free TM ion is sur-
rounded by coordinating anions. The ligand-field
splitting of d orbitals in octahedral and tetrahedral
coordination is pictured in Figure 6.4°

In octahedral coordination, the d level splits into
the eq4 level, which is 2-fold degenerate, and the tyg
level, which is 3-fold degenerate. The energy separa-
tion between the t,g and ey levels is called the ligand-
field splitting (= A,). The tyg level, composed of the
dy, dyy, and dy, orbitals modified by the octahedral
ligand field, is lowered (2/5)A, relative to the energy
barycenter, i.e., “center of energy”, of the d orbitals.
The eq level, composed of the d,, and dy.—y, orbitals,
is raised (3/5)A,.*°

For d orbitals placed in tetrahedral coordination,
the t, level contains the dy;, dy, and dy, orbitals
modified by the tetrahedral ligand field and the e
level contains the d, and d,.—y, orbitals. Figure 6
illustrates how the energy levels in tetrahedral
coordination are inverted relative to those in octa-
hedral coordination (Figure 6).
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Figure 7. Change in LFSE associated with the charge
disproportionation reaction in both Li;,MnO; (high-spin
Mn3+) and Liy»,Co0, (low-spin octahedral Co). A, and A
equal the octahedral and tetrahedral ligand-field energy
splittings, respectively. The Jahn—Teller splitting equals
a. The proportionality between A, and A; is taken from
crystal-field theory to be —4/9A, = A% Note that the
energy barycenter (dashed line) is drawn as a constant,
but this is not generally the case nor does it affect the
change in LFSE (although it certainly affects the change
in total energy).

Using LFT, the change in the ligand-field stabiliza-
tion energy (LFSE) for the charge disproportionation
reaction (eq 1) can be estimated for Mn and Co as
shown in Figure 7.

The change in LFSE for the charge disproportion-
ation reaction that produces tetrahedral Mn at X
= 1/2 is projected to be equal to the energy of the
Jahn—Teller splitting (o). For Co, on the other hand,
the change in LFSE is projected to be more than
twice the energy of the octahedral ligand-field split-
ting (34/15A,), which should be much larger than the
Mn Jahn—Teller splitting o.#”*® Hence, LFT indicates
that charge disproportionation is much more costly
in ligand-field stabilization for Co than for Mn at X,
= 1/2. This is consistent with a much lower mobility
for Co®%* than Mn3®*" in a ccp oxide and therefore a
greater resistance of metastable Co oxides such as
I-Li;2,C00, against transformation. Experimental
evidence supporting the decisive role LFSE plays in
the differing stability of the layered structures in-
corporating Mn, Co, as well as Ni has been reported
by Choi, Manthiram et al.*°

It should be kept in mind that while LFSE is
important, it is one of many contributions to the
energy in the LixMnO, and LixCoO, systems. For
example, the d levels in Figure 7 are drawn with a
constant center of energy, or barycenter (indicated
by the dashed line), but this is not generally the case.
Hence, in addition to a change in the splitting of the
d levels with changing coordination, there can be a
shift in their average energy.

Also, the change in LFSE does not account for the
energy cost of spin pairing (two electrons with op-
posing spin occupying the same orbital).%5! This is
not relevant for Mn in this case, but for Co the change
in LFSE of the charge disproportionation reaction is
probably somewhat counteracted by the change in
spin pairing energy (SPE), since a high-spin ion is
formed from low-spin ions. The products of Co%"
charge disproportionation have four unpaired d elec-



4520 Chemical Reviews, 2004, Vol. 104, No. 10

trons while the reactants have none, making the
products more favorable in terms of SPE (Figure 7).

7. Summary of Important Factors Influencing Co
and Mn Site Preference in ccp Oxides

The association shown in sections 4 and 5 between
the +2 oxidation state and a relatively low energy
for tetrahedral Mn defects in the layered structure
is found to carry over to the site preference of Mn in
periodic crystalline structures (likewise the high
energy for Co occupancy of tetrahedral sites). Table
1 gives the calculated energy difference between
layered Li; MO, and other crystal structures with
varying amounts of tetrahedral TM cations. Note that
the X, = 0.5 structures with tetrahedral Mn in Table
1 are markedly lower in energy relative to the layered
structure (I-Li;,MO,) than are those with tetrahedral
Co.

For the partially inverse spinel structure (ps-
(LiM)¢et(LiM3)octOg) shown in Table 1, one-fourth of
the Co or Mn in tetrahedral sites are calculated to
have a +2 formal valence while three-quarters in
octahedral sites adopt a +4 formal valence (giving
the overall average valence of +3.5 required by
charge balance). Similar to the tetrahedral defect
calculations for Mn and Co at X.; = 1/2 (Figure 4,
bottom), the ps-(LiMnN)wt(LiMnN3)otOs is calculated to
be lower in energy than I-Li;,MnO; while ps-(LiC0)xet-
(LiCo3)octOs is calculated higher in energy than I-Liy-
Co0.. The generally low energy associated with the
charge disproportionation of Mn3* to produce Mnge®"
(eq 1) indicated by the calculations of this section,
as well as in sections 4 and 5, is consistent with the
experimental observation that Mn3" in many envi-
ronments favors charge disproportionation.®?

The importance of electron supply in the energetics
of tetrahedral Mn is demonstrated by the inverse
spinel (is-(Mny)et(Li2MnN2)ocOsg) result in Table 1. In
iS-(MnN2)¢et(LizMnN2)otOg 0ne-half of all the Mn are in
tetrahedral coordination but there are not enough
electrons available for these Mn to take on a +2
oxidation state without the other Mn being oxidized
above +4. Instead, the valences for Mn are calculated
to be +3 in tetrahedral coordination and +4 in
octahedral coordination (giving the required average
valence of +3.5). The relatively high energy of is-

Table 1. Energy of Mn and Co Oxides with Varying
Amounts of Tetrahedral TM lons (Comparison of Co
and Mn oxides at X.; = 0.5)2

energy (eV)/M cation

fraction Liyjp- Liyjp-
structure of M tet MnO; Co0O;,
I-Li1;2MO; (layered) 0 0.0 0.0
s-LiM;04 (spinel) 0 —0.2489 -—-0.1791
(LiM)tet(LiM3)octOs 1/4 —0.0829 0.1448

(part. inv. spin.)
(Mz)tet(LizMz)gctOsg(inV. spin.) 1/2

a Energies are relative to the I-Li;2MO, structure for M =
Mn and M = Co, respectively. The second column lists the
fraction of TM cations in tetrahedral coordination for a given
structure. The structure labeled (LiM)t(LiM3)octOs (part. inv.
spin.) corresponds to a partially inverse spinel and (My)eet-
(LizM2)octOs (inv. spin.) to a fully inverse spinel (i.e., antispinel).

0.2447 0.3627
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Figure 8. Formation energy versus Li concentration for
three structures of Mn oxide (top) and Co oxide (bottom):
(O) s-LixM,04-labeled spinel, (¢) I-LixMnO,-labeled layered,
and (+) partially inverse spinel structure with 1/4M
tetrahedral (ps-(LixM)et(LiyM3)otOg;0 < x <land0 <y <
2) labeled 1/4 Mn tet. As the Li content is increased, the
Li is added to the tetrahedral site first of ps-(LixM)¢et
(LiyM3)otOg, and then to the octahedral sites. For Mn, there
also is the energy of (A) a structure with one-sixth of the
Mn in tetrahedral sites at X, ; = 1/3 labeled 1/6 Mn tet with
a triangle data point and (x) a structure with one-eighth
of the Mn in tetrahedral sites at X, ; = 1/4 labeled 1/8 Mn
tet.

(MN2)tet(LizMnN3)o:Og compared to I-Liy,MnO, further
demonstrates that only the +2 oxidation state (out
of the oxidation states +2 through +4) seems to be
correlated with the low-energy occupation of tetra-
hedral sites by Mn.

Hence, the passage of Mn between octahedral sites
via an intermediate tetrahedral site (i.e., the “open”
On — T4 — Oy path of Figure 2) is expected to be
greatly facilitated when the Mn can take on a +2
valence in the tetrahedral site. The amount of Mn
ions that can become +2 is determined by the
average degree of Mn oxidation which is determined
by the Li content.

The average Li content also determines the number
of available tetrahedral sites that Mn can enter
without sharing faces with Li ions in n.n. octahedral
sites. Therefore, while LiMnO, has sufficient elec-
trons available for one-half of the Mn to take on a
+2 valence through charge disproportionation of
Mn3* (eq 1), Mn movement into tetrahedral sites in
I-LiMnO;, is still expected to be highly unfavorable
due to electrostatic interactions with Li in face-
sharing n.n. octahedra.

This interplay between electron supply and cation
repulsion on the energetics of structures with tetra-
hedral Mn or Co is illustrated by Figure 8, which
gives the calculated energies per TM ion for various
structures over a range of Li contents. The results
for the ps-(LixM)¢et(LiyM3)octOg structure (0 < x < 1
and 0 <y < 2) are shown for both M = Co and Mn
(with increasing lithiation the Li was added to the
tetrahedral sites first, then octahedral). These ener-
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gies, labeled 1/4 M tet with + data points in Figure
8, are compared with the energies of the I-LiyMO, and
s-LiM,0, structures (labeled layered with diamond
data points and spinel with square data points,
respectively). Additionally, for Mn the results are
shown for a structure with one-sixth of the Mn in
tetrahedral sites at X, ; = 1/3 (labeled 1/6 Mn tet with
a triangle data point) and a structure with one-eighth
of the Mn in tetrahedral sites at X.; = 1/4 (1/8 Mn
tet with a x data point). These respective Li contents
were chosen because they allow the Mn to dispro-
portionate so that all of the tetrahedral Mn are +2
and all of the octahedral Mn are +4.

When the average formal valence is +4, the cal-
culated energy difference between ps-(Mn)e:(MnN3)o.:Os
and I-MnO; is larger than that between ps-(Co)et-
(C03)0ctOg and 1-Co0O,. This resembles the results of
the tetrahedral defect calculations in I-MO, (Figure
4, top) where the energy of the tetrahedral Mn**
defect is calculated to be higher than the energy of
the Co*t defect.

Figure 8 shows that with the addition of Li the
energy of ps-(LixM)et(LiyM3)octOs drops much more
rapidly relative to the layered structure for Mn than
for Co. Around the Li;»,MnO, composition (i.e., ps-
(LiM)tet(LiM3)octOg), when all of the tetrahedral Mn
have a +2 valence and all of the octahedral Mn are
+4 (i.e., total charge disproportionation), ps-(Lix-
Mn)et(LiyMn3)o:Og drops below I-Li;,MnO; in energy.
The particularly steep drop in energy of ps-(LixMn)t-
(LiyMn3)octOg compared to I-LixMnO, with increasing
Li concentration is due to the increase in electron
supply, making more Mn** possible.

For Co, the energy of ps-(LixC0)tet(LiyC03)octOs by
contrast never drops below that of I-LixCoO,. The
results of Figure 8 for crystalline structures, like
those in Table 1, mimic the results of the tetrahedral
defect calculations (Figure 4). In each case tetrahe-
dral Co is found to be unfavorable at all lithium
concentrations and oxidation states considered, while
tetrahedral Mn is found to be favorable at the
Li;2MnO, composition when it has a +2 valence.

Further bolstering the association of +2 valence
with low-energy tetrahedral site occupancy by Mn is
the relatively low energy of LixMnO; structures with
one-sixth and one-eighth of the Mn in tetrahedral
coordination (marked with an x and a triangle in
Figure 8) at lithium concentrations giving the tetra-
hedral Mn a +2 valence and the octahedral Mn a +4
valence (Liy3sMnO; and Li1sMnO, compositions, re-
spectively).

For Li concentration higher than Li;,MO; there is
a rapid rise in energy for both ps-(LixMn)e(Liy-
Mn3)octOs and ps-(LixCo)wet(LiyC03)0ctOs even though
the tetrahedral TM ions maintain a +2 valence. The
cause of this energy rise is the strong repulsion
between Litye and Mn®™ or Cow®t that share a
polyhedral face. Above a Li content of one-half Li per
TM ion, the ps-(LixM)tet(LiyM3)otOg Structure can only
accommodate Li in sites that share at least one face
with another cation. At the LiMO, composition both
PS-(LiMnN)¢et(LizMnN3)octOg and ps-(LiCo)tet(LizC03)0ctOs
are unstable with the tetrahedral Mn and Co being
forced back into the TM layer octahedra by repulsive
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interactions with face-sharing Li ions (hence the lack
of a + data point at X.; = 1 in Figure 8).

Figure 8 exemplifies the conflicting requirements
for low-energy occupancy and passage through tet-
rahedral sites by Mn in LixMnO, with a ccp oxide
framework. It requires the coexistence of both Li
vacancies to provide tetrahedral sites without face-
sharing cations and Mn3" that can form Mng?"
through charge disproportionation (eq 1). However,
an increase in the concentration of Li vacancies
decreases the amount of Mn3" that can undergo
charge disproportionation (eq 1) and vice versa. This
suggests that the bulk of the Mn migration out of
the transition-metal layer during the transformation
of I-LixMnO, occurs at partial lithiation when Mn3*
and Li vacancies coexist.*®

The required coexistence of Mny®** and Li vacan-
cies for the easy migration of Mn between octahedral
sites via a tetrahedral intermediate also explains the
ability of s-LiyMn,0O,4 to withstand electrochemical
cycling over the 0 < X ; < 2 range without significant
cation rearrangement, even though the spinel order-
ing is thermodynamically unstable near x = 0 and 2.

When the spinel-like structure becomes metastable
near X.i = 0, most of the Mn are +4 and there are
little or no Mn®* that can charge disproportionate.
Hence, Mn passage through tetrahedral sites is
probably very unfavorable energetically. This cuts off
the “open” O, — T4 — Oy, path of Figure 2. As a result,
the Mn are “trapped” in the metastable spinel-like
configuration (1-MnO2) at high charge. When the
spinel structure becomes metastable near X = 2
there is a lack of Li vacancies. This also prevents Mn
rearrangement even though Mny3*, which can un-
dergo charge disproportionation, are in abundance.
Consequently, the metastable s-Li,Mn;0, is pre-
served at deep discharge as well. When Mng®",
which can charge disproportionate, and Li vacancies
coexist at one-half lithiation, the spinel structure is
thermodynamically stable. Therefore, when the Mn
are most prone to migration, there is no thermody-
namic driving force to do so and the spinel host
structure is retained (although Mn can still dissolve
into the electrolyte through charge disproportion-
ation).

This discussion has focused on stoichiometric spinel
structure, but nonstoichiometric spinels can exist as
well. In the case of spinels that are oxygen deficient
there could be significant concentrations of Mn3*
remaining at full charge. The results of this study
suggest that such spinels may be susceptible to cation
rearrangement if they are energetically metastable.

8. Effect of Chemical Substitutions on Mn Site
Preference

In sections 4, 5, and 7 it was shown how low-energy
occupation and passage through tetrahedral sites by
Mn is associated with the +2 oxidation state. It was
also shown that Mng** can readily produce Mne®"
through charge disproportionation (eq 1). On the
other hand, tetrahedral Mn with a +3 or +4 oxida-
tion state was found to be less favorable.

Chemical substitutions that oxidize Mny*", which
might otherwise produce Mn?t through charge
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disproportionation, are a promising approach for
hindering the transformation of metastable host
structures such as I-LixMnO,. Such chemical substi-
tutions would be expected to hinder Mn passage
along O, — T4 — Oy, (Figure 2) type paths.

There are two categories of elements that will likely
produce the desired effect: fixed low-valence cations
and electronegative (relative to Mny2*) multivalent
cations. It should be noted that fixed low-valence
cations have the drawback of reducing the capacity
since it is extremely difficult to oxidize Mn above +4.
Some cations in these categories that have already
been shown experimentally to improve the electro-
chemical performance of I-LiyMnO; and/or o-LixMnO,
include AI3T,18 Co%*,7 Cr3+,5 Ni?*,% Li*, and Cr3*.%

A series of first-principles results will now be
shown that demonstrate the effect of a variety of
chemical substitutions on the valence of Mn and how
this in turn affects the site preference of Mn.

As discussed previously, a strong preference by Mn
for octahedral over tetrahedral coordination should
result in reduced mobility for Mn through a ccp
oxygen framework. A reduced mobility for Mn in turn
could increase the resistance of metastable chemi-
cally substituted Mn oxide structures against struc-
tural transformation.

The results of sections 4, 5, and 7 indicate that
there is a good correlation between the energetics of
a tetrahedral Mn defect in I-LiyMnO, and the energy
difference between I-LiyMnO, and a periodic small
unit cell structure with tetrahedral Mn like ps-(Lix-
Mn)¢et(LiyMn3)oc:Og provided the Li contents and
tetrahedral Mn oxidation states are the same in both
the periodic structure and the tetrahedral Mn defect
calculation. Specifically, Mng** is found to be rela-
tively unfavorable whether it occurs as a defect in
layered I-MnO, or within a periodic structure like ps-
(MnN)eee(Mn3)otOg. Likewise, Mng?" is found to be
relatively favorable whether it occurs as a defect in
layered I-Li;2,MnO; or within ps-(LiMnN)gd(LiIMN3)oOs.

To gauge the favorability of Mn entering tetrahe-
dral sites in the presence of chemical substitutions
that alter the Mn oxidation state, the energy differ-
ence between structures such as ps-(LiMnN)e(Li-
Subs3)ectOs (Sub = Mn and/or substitutional elements)
with tetrahedral Mn and I-Li;2Mny,4Subs;,0, (Sub =
Mn and/or substitutional elements) without tetrahe-
dral Mn have been evaluated over a large range of
chemical substitutions.

It is assumed that as with pure Mn oxides, the site
preference for Mn at a given valence will be reflected
by the energy difference between the chemically
substituted compounds with and without tetrahedral
Mn. The use of simple structures such as ps-(LiMn)et-
(LiSubs)ectOg with tetrahedral Mn instead of large
supercells with tetrahedral Mn defects, like those
used in section 4, greatly reduces the calculation
time.

Obviously it is an approximation to use the energy
difference between a structure with tetrahedral Mn
and a structure with only octahedral Mn as an
indication of Mn mobility in a ccp oxide. To precisely
determine Mn mobility along the “open” O — T4 —
On path, the activation barrier is the required quan-
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Figure 9. Energy difference between ps-(LiMn)t(Li-
Subg)ectOg with tetrahedral Mn and I-Li;,Mn;,,Subg;,,0,
without tetrahedral Mn as a function of the spin on the
tetrahedral Mn (Tetra Mn spin d¥). Sub = elements
substituted for Mn and/or Mn. Pure Liy,MnO; is labeled
“pure”. Each data point (*) has been labeled according to
the element substituted (e.g., Co) and the fraction of Mn
in the “pure” structural counterpart they have replaced
(e.g., 0.25). The substituted elements occupy only Oy, sites
in both ps-(LiMnN)et(LiSub3)e:Og and I-Liy;zMny,,Subs,O,.
Mn occupies Ty sites and any available Oy, sites in ps-(Li-
Mn)et(LiSubgz)o:Og and only Oy, sites in I-Liy,Mny,,SubgO;.
For data points that are clumped together, a single label
containing all the chemical substitutions contained in the
cluster of points is enclosed in parentheses (e.g., 0.25Cr,
0.25Fe). The chemical substitutions listed in these labels
are ordered (going from top to bottom in the label) from
lowest Mn: d spin to highest, i.e., from left-most data point
to right-most in the cluster. The data points for 0.25 Cu
and 0.75 Ni cannot be resolved because they have nearly
the same coordinates: (0.25 Cu, 3.517, 0.887 eV); (0.75 Ni,
3.519, 0.886 eV).

tity not the energy in tetrahedral coordination.
However, if the energy of tetrahedral site occupancy
for Mn is high, the activation barrier for the O, —
Tg— O path can only be equal or higher. Therefore,
the energetics of Mn in tetrahedral coordination can
provide an upper bound on the mobility of Mn along
the Op — Tg— Op path.

Figure 9 shows the energy difference between ps-
(LiMnN)¢et(LiSUb3)ectOs (Sub = Mn and/or elements
substituted for Mn) and I-Li;,Mny,;,Subs;,0,, which
is believed to be a particularly good gauge for the
stability of the layered structure. The reason for this
is that ps-(LiMn)t(LiSubs).tOs is equivalent to a
tetrahedral Mn and Li defect placed in a small
supercell of layered structure (four MnO; units as
opposed to the 12 and 32 MnO; unit supercells used
in section 4). Hence, its energy should be related to
the Mn tetrahedral defect energy in layered at a
given composition. Furthermore, the partially inverse
spinel (ps-(LiMn):(LiSubs)e:Os) can be easily formed
from I-Li;,Mny,4Subs,0, by moving one-fourth of the
Mn into nearest neighbor tetrahedra in the Li layer,
which equals the fraction of Mn that move from the
TM layer to the Li layer during the transformation
of layered to spinel (i.e., one Mn per eight oxygen).”87°
Therefore, ps-(LiMnN)t:(LiSubs)etOs could resemble
intermediate structures that arise during the trans-
formation.

Consistent with the proposed importance of Mn
valence and LFSE, low fixed valence cations (e.g.,
ARt Mg?*, Li*) and electronegative multivalent
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cations (e.g., Co®*, Ni2*, Cu?*) that oxidize Mn3* are
calculated to stabilize Mn in the octahedral sites of
I-Liy2Mny4,Subs;,0,. This is indicated in Figure 9 by
the ps-(LiMnN)ei(LiSubs)etOs with these chemical
substitutions (i.e., Sub = Al, Mg, Li, Co, Ni, or Cu)
being higher in energy than I-Li;2Mny,Subs,O;
rather than lower as is the case for pure Li;,MnO;
(labeled “pure” in Figure 9).

The correspondence between chemical substitu-
tions that have been reported to experimentally
stabilize layered I-LiyMnO, material and/or improve
its capacity (e.g., AI**, Co®*, Cr3*, Ni?", Li") and the
chemical substitutions that are calculated to stabilize
Mn in the layered octahedral sites according to
Figure 9 is reassuring.”'853-5 Another encouraging
feature of Figure 9 is that none of the elements that
are found in compositions calculated to destabilize
the layered structure (e.g., Ti*t, Zr*t, Sn**, V5) have
been reported experimentally to be successful in
stabilizing I-LiyMnO, material.

Cr substitution provides a particular example that
supports interpreting the results of Figure 9 as a
measure of the layered structures stability against
transformation. Experiments have shown that reduc-
ing the Mn/Cr ratio in Cr-substituted I-LiyMnO,
reduces in size or eliminates the spinel-type step in
the voltage curve that arises during electrochemical
cycling of pure I-LixMnQ,.53%6 This implies that Cr
substitution can hinder or prevent the transformation
of the layered structure to spinel.

Davidson et al. found that replacing one-fourth of
the Mn in I-Lix\MnO, with Cr fails to prevent a step
in the voltage curve from developing with electro-
chemical cycling.>® The calculated energy of the
partially inverse spinel (ps-(LiMnN)t(LiCrMn2)o:tOs)
with one-fourth of the Mn substituted with Cr is
—0.1494 eV/(Mny) lower in energy than I-Liy»(Crys-
Mns/4)O,. Using this result as a gauge of stability
suggests that the layered structure with one-fourth
Cr should still be susceptible to forming tetrahedral
Mn and hence should still be susceptible to trans-
forming into spinel, consistent with experimental
observation.

A compound with one-half of the Mn ions substi-
tuted by Cr was found to have no spinel step in its
voltage curve.®® The energy of (LiMnN)t(LiCr2Mn)oetOg
for this case is calculated to be 0.2806 eV/(Mngt)
higher in energy than I-Liyz(Cry2Mny,)0,.24 This
result suggests that forming tetrahedral Mn in the
layered structure with one-half Cr should be unfa-
vorable, and hence the structure should resist trans-
forming into spinel, again consistent with observa-
tion. While Figure 9 may give a measure of the
stability of chemically substituted layered compounds
against Mn migration into the Li/vacancy layer, it
should be kept in mind that the elements substituted
for Mn may themselves be prone to migration into
the Li/vacancy layer. However, in the Davidson
experiment it appears that both the Cr and Mn resist
migrating into the Li/vacancy layer when the Mn is
sufficiently oxidized.

In addition to revealing which chemical substitu-
tions could prevent the transformation of the layer
structure, Figure 9 also illustrates the relation
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Figure 10. Equivalent plot to Figure 9 except AE gives
the energy difference between fully inverse spinel, i.e.,
antispinel (is-Mngt(LiSub).:O4; Sub = substitutional ele-
ments or Mn) and spinel (s-Liwt(MnSub)e:O4). Also, the x
axis is now the average spin on the tetrahedral Mn since
there are two tetrahedral Mn per inverse spinel unit cell.
All of the chemical substitutions replace 50% of the Mn
ions. In the anti-spinel, all of the octahedral Mn are
chemically substituted. In the spinel half of the octahedral
Mn are chemically substituted.
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Figure 11. Equivalent plot to Figure 9 at X,; = 0.25.

between the valence of Mn and its energy in tetra-
hedral coordination. Starting at Mng?" (i.e., d°
filling), the relative energy of ps-(LiMn)(LiSub3z)octOs
rises roughly linearly with increasing valence (i.e.,
decreasing d filling) to a maximum peak at around
+4 valence (i.e., d2 filling) for the tetrahedral Mn.

This is consistent with calculations shown in sec-
tions 4, 5, and 7 that found the tetrahedral Mn**
defect (Figure 4) as well as the delithiated ps-(Mn)et-
(Mn3)4etOs (Figure 8) to be particularly high in energy.
It is also consistent with experimental results that
show chemical substitutions which oxidize Mn to +4
such as Ni“ increase the stability of the layered
structure.> When Mn is oxidized to +4 it becomes,
practically speaking, electrochemically inactive in
I-LixMO, materials due to the great difficultly in
oxidizing Mn above +4.

Figure 9 indicates that chemical substitutions
which oxidize Mn stabilize the layered structure
against transformation only up to a point. At valences
higher than +4, i.e., tetrahedral Mn orbital fillings
less than d3, the trend abruptly shifts (Figure 9).
Although in reality such valences are rare for Mn in
ccp oxides, Mn is predicted to become less stable in
the layered octahedral sites with valences increasing
above +4.

Figures 10—13 give further confirmation that the
maximum energy for Mn occupation of tetrahedral
sites in a ccp oxide occurs when the Mn valence is
+4 (i.e., d® filling), independent of cation ordering.
Figures
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rock-salt structures.

10—13 contain energy plots equivalent to Figure 9
that were generated from comparisons between fully
inverse spinel (is-(Mn)et(LiSub)etO4) and spinel
(s-Li(MNnSub)Oy), ps-(LiMnN)t(Subs)ectOs and I-Liyy-
Mny,4Subs; Oz, PS-(MN)et(Subs)ectOs and I-Mny,Subs 0o,
spinel s-(Mn):(Sub,).:O4 and cation-deficient rock-
salt rs-(MnSub,)..:O4. Figure 10 is particularly no-
table because it illustrates how chemical substitu-
tions which reduce Mny toward an ideal +2 d-orbital
filling (e.g., 0.5 Nb), or that oxidize Mn well above
+4 (e.g., 0.5 Mg) are calculated to actually make the
fully inverse spinel with tetrahedral Mn more stable
than spinel at one-half lithiation.

8.1. Electronic Structure Model for the Energetics
of Mn Oxides

Figures 9—13 show that the energy difference
between structures with and without tetrahedral Mn
is approximately a linear function of d-orbital filling
on the tetrahedral Mn within certain ranges.

One can intuitively understand the piecewise linear
structure of the plots in Figures 9—13 using a simple
model based on the change in electronic structure
when Mn moves from an octahedral to a tetrahedral
site. In this model it is assumed that the slopes of
the lines in Figures 9—13 are equal to the energy
difference between the energetically highest occupied
d orbital (HODO) of the tetrahedral Mn and the
HODO of the octahedral Mn. This assumption is
consistent with electrons being transferred between
octahedral d levels and tetrahedral d levels that are
fixed with respect to each other independent of
oxidation state.

Given the typical d-orbital splitting for tetrahedral
and octahedral environments this leads to three
different regimes for the energy change when Mn

Reed and Ceder
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Figure 14. In tetrahedral coordination (Tq) the d-orbital
splitting is opposite and smaller in magnitude than the
d-orbital splitting in octahedral coordination (Oy). Conse-
quently, the transfer of electrons from d orbitals in an Oy
ligand field to d orbitals in a T4 field as Mn moves from an
octahedral to a tetrahedral site falls into three different
regimes: X < 2,2 <x =< 3,and 3 < x =< 5. These regimes
are distinguished by the highest occupied d orbital (HODO)
in the Oy, and T4 fields. Only integer fillings of the d shell
are pictured, but fractional fillings can occur as well.

moves from octahedral to tetrahedral coordination as
illustrated in Figure 14 (this model neglects the
splitting of the e4 level by Jahn—Teller distortion).
Figure 14 schematically pictures how the d orbitals
change for a Mn that moves from octahedral (Oy)
coordination (e.g., in the layered structure) to tetra-
hedral (T4) coordination (e.g., tetrahedral site in ps-
(LiMn)tet(LiSUb3)oct08).

The different regimes that occur as a function of
the tetrahedral Mn d-orbital filling (d*) are as follows.

(1) x = 2. In this regime as Mn moves from
octahedral to tetrahedral coordination the d electrons
move from tq (lowered octahedral d) to e (lowered
tetrahedral d) orbitals. The energy difference between
tetrahedral and octahedral Mn is given by the energy
difference between the filled e and t,4 orbitals plus a
constant (AEwn7+) that accounts for other energy
contributions independent of d-orbital filling (AEmn7+
is the AE intercept at d° of Figures 9—13).

AE ct—ter = (B¢ — Etzg)x + AEyn- 3)

(2) 2 < x = 3. The energy difference in this regime
includes the contribution from the x < 2 regime plus
the energy difference between the filled t, (raised
tetrahedral d) and the ty; (lowered octahedral d)
orbitals giving

AEqet e = (Ey, — E )(X — 2) + 2(E, — Ey,) +
AEMn7+ (4)

(3) 3 < x = 5. The energy difference in this regime
includes the contribution fromthe x < 2and 2 <x =<
3 regimes plus the energy difference between the
filled t, (raised tetrahedral d) and e4 (raised octahe-
dral d) orbitals giving

AE oot = (B, — Eeg)(X —3) + (B, — Etzg) +
2(E, ~ E,) + AEyy. (5)

This simple model, which gives a piecewise linear
relationship between the energy of tetrahedral Mn
and its valence, fits the results of Figures 9—13
surprisingly well, considering the wide variety of
single and multivalent cation substitutions used in
generating these plots. This again indicates the
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Figure 15. Schematic of the charge disproportionation
reaction which involves two Mn as opposed to the single
Mn reactions shown in Figure 14. Charge disproportion-
ation can occur over the 3 < x < 5 filling range. The set of
orbitals Oy, and T4 linked by a right arrow (—) correspond
to the Mn moving from octahedral to tetrahedral coordina-
tion. The other set of orbitals labeled Oy, correspond to a
Mn that remains in octahedral coordination. Integer fillings
of the d shell are pictured, but fractional fillings can occur
as well.

substantial role Mn valence plays in determining its
site energy.

The model of eqs 3—5 suggests that the energy of
a manganese oxide can be conveniently separated
into two contributions. One contribution is from the
interactions involving Li cations, O anions, Mn’* (i.e.,
dO) ionic cores, and elements substituting for Mn (d°
ionic cores if the d orbitals of these elements are
filled). The difference in this energy term between
the structures with and without tetrahedral Mn
equals the y intercept (AEmn™) of AEqci—tet given by
eqs 3—5. The other energy contribution is from the
energy of the filled Mn d orbitals (and in some
instances the substitutional element d orbitals) which
gives the piecewise linear valence dependent terms
of AEqct—tet IN €0 3—5.

The simple d-level splitting model of eqs 3—5
explains well the abrupt change in slope as the
orbital filling moves from the 2 < x < 3 regime to
the 3 < x < 5 regime (Figures 9—12). When the filling
of the Mn d orbitals exceeds d3, the HODO of the
octahedral Mn goes from being lower in energy (tzg)
to higher in energy (eg) than the HODO of the
tetrahedral Mn (t,). Therefore, at d® the slope of
AEqt—tet @as a function of Mng: d filling abruptly
changes sign from positive to negative. The x < 2
regime cannot be resolved from the 2 < x < 3 regime
in Figures 9—13, which suggests that there is little
splitting between the Mn d orbitals in tetrahedral
coordination (i.e., t; and e).

While Figure 14 only illustrates a single Mn’* ion
core and its associated d electrons moving from Oy
to T4 coordination, the proposed model of eqs 3—5 can
also be used to account for charge disproportionation
(eg 1). When charge disproportionation occurs an
additional electron is transferred to the tetrahedral
Mn t; orbital from a Mn eg orbital (or perhaps another
multivalent cation d orbital) that remains in octahe-
dral coordination. The HODOs over the 3 < x < 5
d-filling regime (i.e., t, tetrahedral, ey octahedral)
remain the same whether charge disproportionation
occurs or not. Therefore, the presence of charge
disproportionation should not change the slope of the
plot over the 3 < x < 5 regime according to eq 5. This
can be seen by comparing the 3 < x < 5 regime of
Figure 14 with the disproportionation reaction dia-
gramed in Figure 15.

Equations 3—5 can be used to estimate the octa-
hedral ligand-field splitting (A,) from the slopes of
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the lines fit to Figures 9—13. The octahedral ligand-
field splitting is found to be roughly the same for all
of the MnO, host structures and Li contents consid-
ered (i.e., Figures 9—12), ranging from A, = 2.1 to
2.3 eV. These values resemble the ligand-field split-
ting reported experimentally for MnO, of 2.5 eV.5%
The estimated octahedral ligand-field splitting for the
Mn3z0, structures on the other hand (Figure 13) is
found to much lower at A, = 1.2 eV. This is close to
the ligand-field splitting reported experimentally for
MnO of 1.3 eV.5%

In addition to having a lower estimated A,, the
calculations on MnzO, (Figure 13) differ from the
MnO, host structures in having the y intercept
AEmn7+ shifted to such a negative value that the
tetrahedral Mn structure (s-(Mn)eet(Sub2)ectO4) IS
always lower in energy than the structure with only
octahedral Mn (rs-(MnSub,).:O4), although a maxi-
mum in energy at Mng*t is maintained.

While the piecewise linear regions and energy
maximum around +4 valence of Figures 9—13 are
consistent with ligand-field effects, it is important to
bear in mind that LFSE cannot by itself predict the
energy difference between octahedral and tetrahedral
Mn.

For example, in section 6 the change in LFSE
associated with the charge disproportionation reac-
tion creating tetrahedral Mn?* (eq 1) is projected to
be equal to the Jahn—Teller splitting «, i.e., a positive
energy (see Figure 7). However, first-principles cal-
culations show that the energy of producing tetra-
hedral Mn?* through charge disproportionation (eq
1) in I-Li1;,MnO; is negative (Figures 4, 8, and 9).

The possibility that Mn generally favors tetra-
hedral coordination as its valence approaches +2 (i.e.,
d® is unlikely given that MnO has a rock-salt
structure not zinc blende or some other structure
with Mn¢**. Instead, the driving force for Mn move-
ment out of the octahedral sites of I-Li;,MnO; into
neighboring Li layer tetrahedral sites appears to be
due to the unique cationic ordering and associated
cationic interactions that are present in I-Li;;,MnO..

In the case of I-Li;2,MnO,, the positive change in
LFSE for charge disproportionation (i.e., o) is insuf-
ficient to counter the cationic interactions that favor
Mn movement into Li layer tetrahedra. Conversely,
in chemically substituted compounds such as I-Lij;-
Mn34M@140,, the much higher change in LFSE
associated with Mn*t movement from octahedral to
tetrahedral coordination (38/45 A, assuming —4/9A,
= Ay overwhelms the interactions favoring the
formation of tetrahedral Mn*" so that it becomes
highly unfavorable energetically.

While LFSE can be useful for explaining the trends
of Mn site preference with valence, it does not capture
important energy contributions that are more sensi-
tive to cationic ordering. These energy contributions,
for example, make the formation of tetrahedral Mn?*
favorable in I-Liy,MnO; but unfavorable in s-LiMn;O,.
A more clear picture of these energy contributions
can be gained from the model of egs 3—5.

One energy contribution that is sensitive to cationic
ordering given explicitly in egs 3—5 is the y intercept
AEmn™. According to the proposed model AEwn7+
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Figure 16. Effect of octahedral coordination on the energy
of TM 3d orbitals: (a) 3d level of free TM ion. 3d orbitals
are degenerate. (b) Average interactions between anions,
neighboring cations, and 3d electrons shift the average
energy of the 3d orbitals. (c) Splitting of 3d energy levels
in an octahedral ligand field. Note that while the energy
of the 3d orbitals may be increasing due to the negatively
charged ligands, the overall energy of the system is
decreasing in going from a free ion to bound one.

accounts for the interactions involving Li cations, O
anions, Mn’* (i.e., d°% ionic cores, and elements
substituting for Mn (d° ionic cores if the d orbitals of
these elements are filled). It is assumed that these
interactions are primarily electrostatic. AEyn+ can
have a substantial effect on site energetics as the
difference in y-intercepts of Figures 9—13 show.

The other energy contribution that is sensitive to
cationic ordering is implicitly part of d-orbital terms
such as (Et, — Ee)(x — 3) in egs 3—5. A coefficient
such as (E¢, — Ee,), which gives the energy difference
between the tetrahedral t, and octahedral e orbitals,
can be broken down into two parts.

One part depends on the ligand-field splitting in a
given coordination (i.e., A, and Ay). This part is the
change in LFSE is represented in Figure 7 (e.g., a
for Mn charge disproportionation; eq 1, 38/45 A, for
Mn4+ On — Td).

The other part depends on the average energy of
the d orbitals, i.e., the energy barycenter, in a given
site. The energy barycenter of d orbitals in octahedral
coordination is represented by the level above b in
Figure 16.5 In moving Mn between octahedral and
tetrahedral sites there is a change in LFSE caused
by the change in the splitting of the d orbitals (e.g.,
from tyy and g4 to e and ty) and a change in energy
barycenter caused by the change in the average
interactions experienced by electrons in the d orbit-
als.

Taking into account the change in barycenter of
the d levels and the interactions involving the Mn’*
ionic cores, a more complete expression for the energy
change (AE.q) associated with the Mn charge dispro-
portionation reaction (eq 1) than that given in Figure
7 can be obtained

6
AE 4 = (5Eg, + Epp,+) + (3EOb —2A, + EMan) _

o

3
2(4:50b -28,-3

+ E M nOCt7+)

AE4 =5(Ey, — Egp) T o+ (EMntet7+ - EMnoct7+)

AE, = 5AE, + o + AEy+ (6)

Reed and Ceder

The change in LFSE of o associated with the charge
disproportionation reaction of Mn (Figure 7) is now
augmented with two other terms to give a more
complete expression for the total energy change: AE,,
which equals the change in the d barycenter (Ew —
Eob), and AEun+, which equals the change in Mn core
interaction energies when Mn moves from an octa-
hedral to a tetrahedral site (Emn.* — Emn,’")-

Equation 6 helps clarify why the energy of the
charge disproportionation reaction producing tetra-
hedral Mn in I-Li;,MnO; is negative. The y intercept
of Figure 9 is close to zero, which indicates that
AEmn+ =~ 0 when changing from I-Li;,MnO; to (ps-
(LiMn)et(LiMnN3)octOg). Therefore, in this case the
energy of charge disproportionation is approximately
AEq = 5AE, + a. Since a is positive, AE, must be
negative for the formation of tetrahedral Mn in I-Liy-
MnO; to be energetically favored. In other words, the
d-orbital energy barycenter in ps-(LiM)tet(LiM3)0ctOs
is lower than the barycenter in I-Liy,,MnO, according
to this model.

Just as values for A, can be estimated from Figures
9—13 using egs 3—5, so to can values for AE, and
AEmn+. Whereas A, is estimated to be roughly
constant (2.1—2.3 eV) for the MnO; host structures
(Figures 9—12), the values of AE, and AEw,+ are
estimated to vary much more widely (—0.48 to 0.29
eV and —2.1 to 0.36 eV, respectively). This is consis-
tent with the d-orbital barycenter and the Mn”* core
interactions being more sensitive to cationic ordering
than the ligand-field splitting, as previously sug-
gested.

Since the LFSE term is determined by Mn valence
and appears to be relatively insensitive to cation
ordering in the MnO; host structures, it would seem
to be the easiest energy term to manipulate through
chemical substitutions. This is because the exact
placement of the chemical substitutions in the Mn
sublattice would presumably be less important for the
LFSE term than for the terms that are more sensitive
to cationic ordering (i.e., AE, and AEwn™).

9. Qualitative lonization Scale

The previous sections highlighted the role valence
plays in determining Mn site preference and mobility
through a ccp oxide framework and consequently in
the susceptibility of metastable structures such as
I-LixMnO;, to structural transformation. Since chemi-
cal substitutions are one way of manipulating the
valence of Mn, it is useful to be able to predict the
effect substituted cations will have on the valence of
Mn in either tetrahedral or octahedral sites. The
large number of calculations used to produce Figures
9—13 can be used to provide a qualitative oxidation
scale between Mn and other 3d TM ions. The relative
oxidation/reduction strength of the substituted TM
ions that Mn coexists with in Figures 9—13 can by
obtained by determining the valence of each cation
using the spin integration method described in sec-
tion 5.

Figure 17 holds in a compact form all of the valence
information on crystalline TM oxides produced by the
first-principles calculations of this study. The position
of a given ion pair (e.g., Nix>T**) on the chart



Metastable Transition-Metal Oxide Structures

+5>46

y Mn,,

Figure 17. Qualitative ionization energies for 3d ions at
various valences in an oxide framework. The position of a
given ion pair indicates the energy ranking of that ioniza-
tion reaction. Comparisons are relative to Mn ionization
energies in Oy and T4 coordination labeled prominently in
the center of the figure. Solid black arrows indicate well-
determined upper and/or lower energy limits for a given
ionization energy. Dashed lines with a question mark
indicate that in that direction the energy limit was not
determined. For example, the ionization energy Crq2t 3+
is calculated to be lower in energy than Mny2™3" but it
is uncertain which Mn ionization energy it lies above. If
an ionization energy lies at the same level as one of the
Mn energies and does not have an arrow on either side
(e.g., Coo®™41), that ionization energy and the Mn energy
which it is level with were found to be approximately equal
in energy (i.e., Cox® " &~ Mny ™ 4"). The chart entry
Feot> " marked with an asterisk (*) contradicts the result
calculated for anti-spinel (Mn),(Li>Fe;)Og but it is consis-
tent with all other calculations performed on Liy(MnFe)O,
structures.

indicates the relative energy ranking of that ioniza-
tion reaction (e.g., the ionization energy of Nio** to
Nio*") compared to the various ionization energies
of Mn in octahedral and tetrahedral coordination.
The qualitative ranking of the Mn ionization energies
in octahedral and tetrahedral coordination is labeled
prominently along the center of Figure 17.

The purpose of this scale is to aid in qualitatively
predicting the effect of 3d TM ion chemical substitu-
tions on the valence of Mn in octahedral or tetrahe-
dral sites of a ccp oxide. This scale can be useful for
choosing chemical substitutions that will keep octa-
hedral Mn in a relatively immobile valence state (i.e.,
near +4) over the range of an electrochemical cycle
where the coexistence of Mn3* and Li vacancies would
allow the rapid transformation of a metastable ccp
oxide (e.g., as with I-LiyMnO; or o-LixMnOy,).

To illustrate the use of the qualitative ionization
scale given in Figure 17, consider the case of layered
Li(Ni12Mny,2)0,.5 Assuming that the oxidation states
of Li and O are +1 and —2, respectively (calculated
to be true except in extremely electron-deficient
cases), Ni and Mn must hold an average valence of
+3. Moving up from the bottom of the scale one notes
Mne3™ 7t is ranked lower than Nie? 3. This
means Mn3" is favored to be oxidized to +4 over Ni?*
being oxidized to +3. Since one-half Mn** and one-
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half Ni?* gives an average valence of +3 required by
the Li content, the predicted valences are Mn** and
Ni2*. This matches calculated* and experimental
results.>®

Since Figure 17 is constructed only with calcula-
tions on Mn oxides substituted with one other 3d
metal, it is not clear whether using Figure 17 to
predict the valence of two or more non-Mn 3d TM
ions coexisting in an oxide would be valid. However,
with additional calculations on non-Mn TM oxide
compositions perhaps Figure 17 can be expanded to
address combinations of non-Mn TM ions.

10. Effect of Valence on Site Preference of Other
3d Transition Metals

Since the results of the previous sections indicate
that the site preference and tendency toward migra-
tion of Mn or Co is strongly affected by the electron
occupancy of the d levels split by ligand-field effects,
it is possible that this may be the case for all of the
3d TM ions.

The 3d orbitals of Mn and Co and those of the other
first-row transition metals should have a qualita-
tively similar ligand-field splitting in octahedral or
tetrahedral sites of an oxide.***> The magnitude of
the splitting may vary as it depends on the extent of
overlap between the TM d and oxygen p states.*6.60
However, as a first approximation it is instructive
to neglect this variation in ligand-field splitting
across the 3d series and simply characterize a TM
ion at a given valence by the number and configu-
ration (e.g., high or low spin) of its d electrons. For
example, Fe3* would be expected to behave somewhat
similar to Mn?" when both have a high-spin d®
configuration (e.g., t,g®e4? in octahedral coordination).

The relative energetics of tetrahedral and octahe-
dral occupancy for Mn and Co in a ccp oxide with
Li;»,MO, composition was observed to be consistent
with the projected change in LFSE for Mn and Co
when they are moved from octahedral to tetrahedral
coordination (Figure 7; section 6). To test how well
this trend holds for other 3d transition metals,
calculations equivalent to those done with Mn and
Co in section 7 were performed for the transition
metals Ti through Cu on the ps-(LiM)tet(LiM3)otOs
and I-Li;,MO, (M = 3d TM) structures as well their
delithiated counterparts ps-(M)et(M3)octOs and I-MO..

Table 2 gives the calculated energy difference
(AEqct—ter) between ps-(LiM)¢et(LiM3)octOs and I-Liy-
MO, for the 3d transition metals from Ti to Cu
(ordered lowest AEq—tt to highest). It also lists the
change in valence and d-orbital filling that ac-
companies the structural change from I-Li;,MO; to
ps-(LiM)t(LiM3)octOs. The valence and d-orbital fill-
ing have been determined using spin integration as
described in section 5. For each respective change in
d-orbital filling that accompanies the formation of
tetrahedral M, the projected change in LFSE and
spin-paining energy (SPE) is given. The SPE is
important to consider because the splitting from spin
pairing (As) can be of comparable magnitude to the
splitting from the ligand field in 3d transition metals
(hence the existence of high-spin octahedral cations
when Ag > A,).59%1 Ag is the additional repulsive
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Table 2. Energy Differences between ps-(LiM)tt(LiM3)octOs and I-Li,M4Og (M = 3d TM) for Each 3d TM from Ti to
Cu Listed from Lowest AE to Highest?

reaction AEoct—tet (€V) d filling A LFSE and SPE
2,\/“’]0(;{3+ e Mnoct‘H + Mntet” —0.33 2t2g3991 g t2g3 + ezt23 08
4Feoct® " — Feg®™ + 3Feq 87 -0.17 Atpg*2 — €2ty + 3ttt 27, — 2As
CUoct — CUget? -0.15 NA NA
ATie3%" — Tiget™™ + BT3B -0.12 Atpgt2 — €00 + 3tpg?° 0
Voet> 5" — Ve 0.039 o2 — et12 (3/5)A — (9/10)A¢
Croct3.5+ — Crtet3.5+ 030 t2921/2 — e2t2112 Ao — At
2Nioet®™ — Nioet*™ + Niger?™ 0.43 2t %4t — o8 + ettt (6/5)A¢ — (4/5)At + o
4C000t3'5+ - SCOOCt4+ + Cotet2+ 0.58 4t2951/2 - Stzgs + e4t23 (14/5)A0 - (G/S)At - 2A5

a Column 1 gives the valence states accompanying the movement of the TM ion from octahedral to tetrahedral coordination.
Column 2 gives the energy difference between ps-(LiM)wt(LiM3)oc:Os and I-LioM4Os per tetrahedral M. Column 3 holds the change
in d-orbital filling that results from moving the TM ion from octahedral to tetrahedral coordination. The projected change in
LFSE and spin pairing energy (SPE) that results from the change in d-orbital filling is listed in column 4. This energy is expressed
in terms of the octahedral splitting (A,), the tetrahedral splitting (A¢), the Jahn—Teller splitting (o), and the spin-pairing splitting
(As). As is the additional repulsive energy from two electrons of opposing spin occupying the same d orbital. P The change in
valence/d filling for Cu could not be determined using the method of section 5.

Table 3. Energy Differences between ps-(M)tet(M3)octOg and 1-M4Og (M = 3d TM) for Each 3d TM from Ti to Cu
Listed from Lowest AE to Highest®

reaction AEoct—tet (€V) d filling A LFSE and SPE
Crm“* - Crt@t“Jr 0.54 t292 —e? (4/5)A0 — (G/S)At
Vot = Vet 0.57 NA NA
Tioct4+ i Titet4+ 0.64 tggo — et 0
Feoct — Fewer” 0.76 NA NA
CUoet — CUter® 1.0 NA NA
COoet*™™ — COget*™ 1.3 tpy® — e2t;° 2A0 — 2As
Mnoee*t — Mngee* 21 tog® — e?ty! (6/5)A, — (4/5)A¢
Nioet*™ — Niget*™ 2.6 t® — e3t° (12/5)A — (3/5)A¢ -—2As

@ Column 1 gives the valence states accompanying the movement of the TM ion from octahedral to tetrahedral coordination.
Column 2 gives the energy difference between ps-(M)re(Ms)octOs and 1-M4Og per tetrahedral M. Column 3 holds the change in
d-orbital filling that results from moving the TM ion from octahedral to tetrahedral coordination. The projected change in LFSE
and spin-pairing energy (SPE) that results from the change in d-orbital filling is listed in column 4. This energy is expressed in
terms of the octahedral splitting (A,), the tetrahedral splitting (A¢), and the spin-pairing splitting (As). ® The change in valence/d

filling for Cu, Fe, and V could not be determined using the method of section 5.

energy caused by two electrons of opposing spin
occupying the same d orbital. For finding the change
in SPE of Tables 2 and 3, As is assumed to be roughly
equal for both octahedrally and tetrahedrally coor-
dinated d orbitals. Table 3 contains the results from
calculations on ps-(M)t(M3)octOs and I-MO,, for the
3d transition metals from Ti to Cu (ordered lowest
AEct—tet to highest).

Each 3d metal from Ti to Cu in Table 2 and 3 will
now be discussed.

10.1. Ti

Ti is calculated to have a delocalized d band in
I-Liy, TiO,. This is reflected by each Ti holding a +3.5
charge. In I-TiOy, Ti is calculated to have an empty
d band and a +4 valence. At both Li concentrations
the tetrahedral Ti is +4 and the projected change in
LFSE and SPE for Ti moving from octahedral to
tetrahedral coordination is zero. This is consistent
with Ti having a relatively low calculated value for
AE ittt (fourth lowest in Table 2 and third lowest
in Table 3).

However, the that fact AE et for Ti is higher than
Mn and Fe in Table 2 and higher than Cr in Table 3
runs contrary to expectations based solely on LFSE
and SPE since Mn and Fe at X, ; = 1/2 and Cr at Xy
= 0 have a projected change in LFSE and SPE that
is greater than zero.

If I-LixTiO could be synthesized, the negative value
of AEqct—tet fOr Liy,TiO, (—0.12 eV) suggests that Ti

in a layered structure could be susceptible to migra-
tion into the Li layer at partial lithiation. Experi-
mentally layered LiTiO; has not been synthesized as
the similar ionic size between Li and Ti leads to a
disordered rock-salt structure.’? Layered Li(Nig4s-
Tios5)02 has been synthesized; however, it suffers
from poor cyclability which is blamed on Ti migration
into the Li/vacancy layer.5? Additionally, Ti has been
reported to migrate into the Na layer of layered
NaTiO,.%® These experimental observations are con-
sistent with the relative ease Ti*t is expected to have
in moving between octahedral and tetrahedral coor-
dination due to a lack of ligand-field stabilization.

10.2. V

At X = 1/2, V is calculated to maintain the same
valence (+3.5) in octahedral and tetrahedral coordi-
nation, i.e., there is no charge disproportionation in
forming tetrahedral V at this Li composition (Table
2). The projected change in LFSE and SPE at X, ; =
1/2 is (3/5)A, — (9/10)A:, which is positive whether
the proportionality given by crystal-field theory |4/
9A.| = |A¢ is assumed?® or if A ~ 0 is assumed as
the results in section 8 suggest for Mn. The greater
change in LFSE and SPE for Li;;,VO, than for
Liy, TiO; is consistent with a greater value of AEqct—tet
in Table 2. This suggests that V should be less prone
than Ti to enter tetrahedral sites at this average
valence, and hence I-Li;2VO; should be more resis-
tant against transformation than I-Liy,TiO,. How-
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ever, AEq—tet IS Still relatively small (0.039 eV/Vie),
suggesting that V might still easily migrate out of
metastable octahedral sites at this composition.

The value of AE—tet fOor VO, was calculated to be
the second lowest in Table 3. Unfortunately the
valences of V in ps-(M)t:(M3)sctOs could not be clearly
determined using the spin integration method of
section 5 because the net spin on the V did not match
a spin-polarized configuration consistent with the
average formal oxidation state. Instead, the V took
on a non-spin-polarized state.

10.3. Cr

Like V, Cr is calculated to maintain a +3.5 oxida-
tion state in both octahedral and tetrahedral coor-
dination at X,; = 1/2 (Table 2). At this lithium
concentration the projected change in LFSE and SPE
is higher for Cr than for V, which is consistent with
the greater value of AEq—tt Calculated for Cr in
Table 2. This supports Cr having a stronger prefer-
ence for octahedral sites at the +3.5 valence than V.
At +4 valence Cr was calculated to have the lowest
AEqi-tet In Table 3. This is consistent with the
relatively low projected change in LFSE and SPE for
Cr** moving from octahedral to tetrahedral coordina-
tion ((4/5)A, — (6/5)Ay).

The enhanced stability of I-Lix(Cri2Mny2)O; re-
ported experimentally can be explained by these
results.>® As I-Li(Cr12Mny,)O; is delithiated, the Mn
is oxidized to +4 first according to section 9 and
experiment.5® As already discussed, Mn** is highly
stable in octahedral coordination. Cr is oxidized to
+4 later in the charge, when Li vacancies that can
facilitate TM ion migration are more plentiful. The
relatively high value of AEq—t calculated for Cr35+
in Table 2 probably reflects a strong preference for
octahedral coordination at this valence. One would
expect Cr to have an even stronger preference for
octahedral coordination in I-Liy;»(Cri2Mny)O2 since
its valence is +3 which has a t,¢® orbital filling—the
same orbital filling as Mn#*,

While Cr#** has the lowest AEqc—tet in Table 3 and
relatively weak ligand-field stabilization, the absolute
value of AE—tet (0.54 eV) for CrO; is still higher than
that for Li,;»,CrO; (0.3 eV). Furthermore, there prob-
ably is no longer a driving force to convert to spinel
in highly delithiated I-Lix(Cr12,Mn1,,)O,. The fact that
the structural integrity of I-Liy(Cri2Mn;2)O; is main-
tained over delithiation attests to a relatively strong
octahedral site preference exhibited by Cr at partial
lithiation.

It has been observed that when Cr®* is formed in
delithiated I-Li(LiysMnysCrys)0,, it spontaneously
moves into tetrahedral coordination.®® This is con-
sistent with the lack of d electrons for Cré* and hence
the lack of ligand-field stabilization.

10.4. Mn

Mn goes from having the lowest AEq—tet at X =
0.5 (Table 2) to the second highest AEqt—tet at Xij =
0 (Table 3). The low value of AEq et for Mn at X, ; =
0.5 is consistent with a relatively small projected
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change in LFSE and SPE equal to the Jahn—Teller
splitting (a).4"8

As mentioned before, the fact that AEqc et iS lower
for Mn than for Ti despite a being greater than zero
runs contrary to expectations based solely on LFSE.
According to the simple model of eqs 3—5 in section
8.1, the low energy of ps-(LiMnN)t(LiMnN3)0ctOs cOM-
pared to I-Li;,MnO, can be explained by a lower d
barycenter in ps-(LiMnN)et(LiMN3)otOs (€q 6). The d
electrons of the tetrahedral Mn?* enter d orbitals that
are shifted lower in energy, probably because they
are surrounded by less negative charge in a tetra-
hedral site than in an octahedral one. Ti**, on the
other hand does not have any d electrons, so there is
no energy reduction resulting from a lower tetra-
hedral d barycenter.

Another factor that could make AEq -t particu-
larly low for Mn in Table 2 is the half-full orbital
shells of Mn?* and Mn** (the products of Mn3* charge
disproportionation). In general, half-full or full orbital
shells have lower energy than other fillings because
the electron—electron repulsion is decreased® (this
is why in the chemistry of low atomic number
elements the electrons arrange so often to produce
full “octets”). On this basis one expects Mn?" to have
a lower electron—electron repulsion energy due to its
half-full d shell® (e2t,® in tetrahedral coordination).
It is also favorable for the levels that result from
ligand-field splitting to be half-full or full.>® There-
fore, the half-full tyg level (tyg®) of Mn** is favorable
in this regard as well. The energetic favorability of
half-filled levels is another reason Mn3* in many
environments is observed to be unstable to both
reduction to Mn?* and oxidation to Mn**,52

10.5. Fe

At X ; = 0.5 there is a large positive change in
LFSE (2A,) for the formation of tetrahedral Fe.
However, this is counteracted by a large negative
change in spin-pairing energy (—2As). The decrease
in spin-pairing energy is caused by one of the low-
spin Feq?®" becoming high-spin Few ™. Recalling
that As can be comparable in magnitude to A, in 3d
metal oxides,?*5! the net change in LFSE and SPE
given for Fe in Table 2 is probably small. This is
consistent with the negative value calculated for
AEqt—tet (—0.17 eV/Fe tet). However, the net change
in LFSE and SPE should still have a positive value
since Fe is calculated to be low spin in octahedral
coordination (tg*° or ty3*3), indicating that |As| < |A,|.

I-LiFeO, has been synthesized by ion exchange
from NaFeO,, but it shows little or no electrochemical
activity.®® It was not reported whether this is a result
of Fe®" migration; however, the results of Table 2
suggest that Fe should be susceptible to migration
out of the TM layer at partial lithiation in I-LixFeO,

At X.i = 0 Fe was found to be of intermediate
stability in octahedral coordination. Unfortunately
the valences of the Fe ions could not be clearly
determined using the spin integration method of
section 5 because the net spin on the Fe did not
match a high-spin or low-spin configuration consis-
tent with the average formal oxidation state (+4).
This suggests that the d-orbital filling takes on an
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intermediate spin configuration for Fe and/or the
assumed oxygen formal oxidation state of —2 is no
longer justified due to strong covalency between the
Fe and O.

10.6. Co

Co has the highest value of AEq -t in Table 2. This
is consistent with it having the largest projected
change in LFSE ((14/5)A, — (6/5)A+). However, the
change in LFSE is somewhat counteracted by a
negative change in spin-pairing energy (—2A;). The
spin-pairing energy is reduced in the charge dispro-
portionation of Co where four d fillings of t;,>° change
to three t¢° and e*t,%. This helps explain why AEoct—tet
calculated for Co is not as high compared to the other
3d metals as one would expect on the basis of LFSE
alone.

At X i = 0 Co has the third highest AEqct—tet. Its
change in LFSE and SPE is 2A, — 2As and the same
as Fe at X, i = 0.5, which has a low AEgc—-tet- A
possible explanation for this is that the magnitude
of A, is higher and/or the magnitude of As is lower
for Co** than for Fe35",

The remarkable success of LiCoO; as an electrode
material is likely related to the strong intrinsic
preference of Co for octahedral sites over the +3 to
+4 valences as indicated by the high calculated value
of AEqct—tet iN Tables 2 and 3. This strong preference
of Co for octahedral sites clearly suggests that Co will
not easily migrate through an close-packed oxygen
framework at these oxidation states.

10.7. Ni

Ni is calculated to have the second highest AEqt-tet
at X.; = 0.5 and the highest AEq—tt at X j = 0. At
XLi = 0.5, Ni is calculated to undergo a charge
disproportionation reaction (eq 1) similar to Mn and
Co. The projected change in LFSE and SPE is higher
for Ni than Cr, which is consistent with the higher
value of AEq -t Calculated for Ni than Cr in Table
2. On the basis of these calculations, Ni is expected
to be the second most stable in octahedral sites at
an average valence of +3.5 of the 3d metals from Ti
to Cu.

The high value of AE—tt calculated for Ni at X;;
= 0 is consistent with the large projected change in
LFSE (12/5A, — 3/5A:). However, as with Co3>", the
change in LFSE is somewhat counteracted by a
negative change in spin-pairing energy (—2As), which
helps explain why AE -t calculated for Ni*t is not
as high compared to the other 3d metals as one would
expect on the basis of LFSE alone.

The calculated stability of Ni in octahedral coor-
dination is consistent with the good electrochemical
performance observed experimentally for Li(MnNi)-
0, compounds. The Ni?" oxidizes Mn to +4, which
as already discussed has a strong preference for
octahedral sites. When the average valence of Ni is
between +3 and +4, there is a high concentration of
Li vacancies that would facilitate ion migration,
except for the strong preference of Ni for octahedral
sites over this valence range. Ni?* also most likely
has a strong preference for octahedral coordination
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due to ligand-field effects, although probably not as
strong as Ni3" since there is an additional electron
in the eq4 level.

10.8. Cu

At an average formal valence of +3.5, Cu is
calculated to have the third lowest AEq—tt €qual to
—0.15 eV per tetrahedral Cu. This suggests that Cu
at this average valence does not have a strong
preference for octahedral sites. At an average formal
valence of +4, AEq—twt for Cu (1 eV) is ranked fourth
highest in Table 3. In practice, such high oxidation
states for Cu are probably difficult to achieve. How-
ever, if it were to occur, a metastable structure like
I-LiCuO, should be prone to transformation at
partial lithiation according to these results. Unfor-
tunately, the valence of Cu in both cases could not
be clearly determined using the spin integration
method of section 5.

10.11. Overall Trends for 3d Metals

The energy of all the 3d metals entering tetrahe-
dral coordination from the I-Lix\MO, structure de-
creases as X goes from 0 to 1/2. This is similar to
the defect calculations on Co and Mn in section 4 that
found tetrahedral defect energies in the layered
structure to decrease for both as Li content increases
from O to 1/2.

At X.; = 0.5, three of the eight TM ions (Mn, Co,
and Ni) were found to undergo a major charge
disproportionation reaction (eq 1) when moved from
octahedral to tetrahedral coordination. In contrast,
at X, = 0 none were found to undergo charge
disproportionation.

Table 2 shows a good correlation between the
relative energetics of octahedral and tetrahedral site
occupancy by a 3d metal ion and the projected change
in LFSE for moving a 3d metal ion from octahedral
to tetrahedral coordination. From rows 4 (Ti) to 8 (Co)
in Table 2 the correlation is perfect; the value
calculated for AEgi—tet increases along with the
projected change in LFSE (from O for Ti to (14/5)A,
— (6/5)A: for Co).

The two deviations from this trend are Mn and Fe,
which have the two most negative values for AEqct—tet.
Both of these cases probably have relatively small
net changes in LFSE and SPE, which is consistent
with a more general association between low values
of AEqt—tet and low projected changes in LFSE and
SPE. The case of Fe illustrates that focusing exclu-
sively on LFSE can be misleading when spin pairing
is present, especially in low-spin cations.

Table 3 also shows a good correlation between
AE,ct—tet and the projected change in LFSE, with the
largest changes in LFSE being associated with the
highest values of AEqct—tet-

The results given in Tables 2 and 3 support the
decisive role of LFSE in the site preference and most
likely the mobility of 3d metal ions in a ccp lattice.
For Mn, Ni, and Co the results in Table 2 are
consistent with the experimental work of Choi, Man-
thiram et al. who found increasing resistance of I-Lix-
MO, against transformation into spinel as M is
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changed from Mn to Ni to Co.*® Table 2 shows that
AEq—tet and the projected change in LFSE and SPE
for Ni fall between those values for Mn and Co; this
agrees with the observed intermediate stability of
I-LixNiO, compared to I-LixMnO;, and I-Li,CoO..

11. Conclusions

For phase transformations involving rearrange-
ment of transition-metal cations over octahedral sites
within a fixed ccp oxide framework, such as the
transformation of layered LiyMnO; to spinel, the
results of this study indicate that the low-energy
pathway for transition-metal migration between
octahedral sites is through a shared nearest neighbor
tetrahedral site (i.e., On — T4 — Oy) rather than
directly between octahedral sites (On, — Oy). This
suggests that the smaller the energy change is for
transition-metal ion movement between octahedral
and tetrahedral coordination, the more easily the TM
ions should be able to rearrange in a ccp oxide when
transforming from a metastable structure to a stable
one. As a result, the resistance against transforma-
tion of metastable transition-metal oxides with a ccp
oxygen sublattice (e.g., LixMnO, with a-NaFeO,
structure) will depend on the relative stability of the
transition metal in octahedral coordination compared
to tetrahedral coordination. The availability of empty
tetrahedra without any cations occupying nearest
neighbor face-sharing octahedra is also an important
factor in the ability of TM ions to migrate through a
ccp oxide. Such tetrahedra provide a relatively low-
energy pathway by avoiding the highly repulsive
interaction between face-sharing cations.

The energetics of Mn movement between octahe-
dral and tetrahedral sites is found to be particularly
sensitive to valence. Of the 3d transition metals from
Ti to Cu, Mn is calculated to be the second most
stable in octahedral coordination at +4 valence and
the least stable at +3 valence. This appears to result
from a large difference in ligand-field stabilization
between the +4 to +3 states of charge for Mn. The
most unfavorable change in LFSE associated with
Mn movement from octahedral to tetrahedral coor-
dination occurs when Mn is +4 with three spin-
polarized d electrons occupying a half-filled ty4 shell
in octahedral coordination. In contrast, Mnu" (tzg°e4t)
is calculated to undergo a charge disproportionation
reaction (eq 1), forming Mng?t (€%t2%) and Mng*™
(tzg%), which allows Mn?T movement into tetrahedral
coordination with a relatively low change in LFSE.

The low-energy passage of Mn through tetrahedral
sites enabled by Mn.*" charge disproportionation
appears to underlie the instability of metastable ccp
Mn oxides such as the layered a-NaFeO, and orthor-
hombic structures with electrochemical cycling. In
both of these structures Mny3", which can charge
disproportionate, and Li vacancies, which facilitate
Mn migration by providing empty tetrahedral sites
without face-sharing cations, coexist over the Li
concentration range where these structures are not
thermodynamically stable.

Spinel-like LiyMn,Q4, on the other hand, maintains
its structural integrity, even when it is not thermo-
dynamically stable at high and low lithium content.
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This is probably because significant amounts of Mn3*
and Li vacancies do not coexist over ranges of Li
concentration where the spinel-like structure is
metastable. At low lithium concentrations the Mn are
primarily in the +4 oxidation state and consequently
have relatively low mobility. At high Li content (x ~
2 in LixMn;0,) there are insufficient Li vacancies to
allow easy Mn rearrangement. When substantial
concentrations of Mn3* and Li vacancies coexist in
s-LiMn,Qy, the spinel structure is thermodynamically
stable and hence not adversely effected by the
increased mobility of Mn. However, there still is the
problem of Mn dissolution into the electrolyte through
Mn3* charge disproportionation.

LFSE also appears to be a decisive factor in the
site preference of other 3d TM ions in a ccp oxide.
As with Mn, this should impact the resistance of
other metastable 3d TM oxides against transforma-
tion. The resistance against transformation imparted
by ligand-field effects appears to be epitomized in the
case of layered LixCoO,. Contrary to the case with
Mn, the change in LFSE associated with Co move-
ment from octahedral to tetrahedral coordination is
highly unfavorable in Liy>Co00,. This provides im-
pressive stability for layered LixCoO, with electro-
chemical cycling over Li concentrations where the
spinel structure is thermodynamically stable (e.g.,
Li1/2C002).

The results of this investigation lead to the predic-
tion that, in general, metastable Mn oxide structures
with a ccp oxygen sublattice will rapidly transform
to stable ccp structures if Mn3t and/or Mn?* coexist
with sufficient vacant interstitial sites. This is due
to the lack of ligand-field stabilization for Mn,** and
the susceptibility of Mn3* to charge disproportion-
ation, which results in low ligand-field stabilization.
This in turn makes tetrahedral sites relatively ac-
cessible to Mn, which facilitates cationic rearrange-
ment.

The energy difference between oxide structures
with and without Mn in tetrahedral coordination can
be fitted reasonably well to a simple model in which
the energy difference is broken down into two con-
tributions. One contribution is independent of Mn
d-orbital filling and hence Mn valence. It accounts
for the change in interaction energy between a Mn”*
(i.e., d° ionic core and the surrounding cations as a
Mn moves from an octahedral to a tetrahedral site.
The other energy contribution is from the changing
energy of the filled d orbitals as Mn is moved from
octahedral to tetrahedral coordination. The latter
energy contribution varies in a piecewise linear
fashion with Mn valence and has a peak at Mn**,
reflecting the ligand-field splitting of octahedrally
and tetrahedrally coordinated d orbitals.

The energy contribution from the changing Mn d
orbitals as Mn moves from octahedral to tetrahedral
coordination can in turn be separated into the change
of the Mn d-orbital energy barycenter and the change
in ligand-field stabilization energy. While the change
in LFSE is determined by the Mn valence, the
d-orbital barycenter and the energy of interactions
involving the Mn"* ionic cores are found to be much
more sensitive to cationic ordering.
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Using ionic valences found through a large series
of calculations on substituted Mn oxides, a qualitative
ionization scale between Mn and other 3d metals has
been constructed. This scale allows one to predict the
valences for Mn (in octahedral and/or tetrahedral
coordination) coexisting with another 3d TM cation
(in octahedral coordination) in a ccp oxide. This could
be useful for designing TM oxide materials with
improved kinetic stability over the range of Li
concentrations covered by electrochemical cycling.

The findings of this study point to a number of
different strategies for producing lithium manganese
oxide structures, other than spinel, that resist trans-
formation with electrochemical cycling. If a meta-
stable ccp oxide structure such as I-Lix\MnO, or
0-LixMnO, (X.; < 1) is used, high concentrations of
Mno2* and Li vacancies should be prevented from
coexisting over regions of metastability. This can be
accomplished by chemically substituting for Mn with
low fixed valence and/or electronegative multivalent
cations that can oxidize the Mn g4 orbital. There are
many different examples of this approach that have
had some success experimentally.”853-55 Another
way of oxidizing the Mn ey orbital is to introduce
vacancies into the Mn sublattice.5¢

Given that Mn*t is the most stable valence in
octahedral coordination, it might be desirable for Mn
to be electrochemically cycled between elevated oxi-
dation states centered closer to +4 rather than over
the +3/4+4 redox range characteristic of LixMnO,
structures. Unfortunately at this time there probably
are not any electrolytes that can withstand the
oxidative strength of Mn at valences higher than
+4.57 An additional problem with Mn charged above
+4 in ccp oxides is the possibility of decomposition
reactions producing O,.5868

Another strategy is to use a structure with an
oxygen sublattice that is different from that of spinel
(i.e., non-ccp). For such a structure to transform into
spinel the oxygen needs to rearrange, which should
make the transformation much more difficult.

One way this has been accomplished experimen-
tally is by using a close-packed oxide structure that
is not cubic-close packed.%7° Such structures may be
more resistant against transformation to spinel, but
there still is a network of octahedral and tetrahedral
sites that could possibly allow undesirable Mn move-
ment during electrochemical cycling. The phospho-
olivine structure is an example of a non-ccp oxide that
has shown good reversible capacity with iron (LiFe-
PO,) however not with Mn (although Mn combined
with Fe is reported to perform well).”* Oxides con-
taining polyanions such as PO, 2 offer a rich diversity
of structures that might be suitable for use in a
positive electrode.”

Another option is to use a non-close-packed struc-
ture. A more open structure can constrain Mn by
eliminating energetically favorable sites it can mi-
grate through (e.g., tetrahedral sites). A layered
structure can be made less close packed by pillaring
open the Li/vacancy layer with a large cation like K*
or with a cluster of atoms.” The tunneled Mn oxides
are another example of non-close-packed structures.
Good cyclability and resistance against transforma-
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tion to spinel has been achieved by Doeff et al. using
such a structure.”"®
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