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ABSTRACT: Oxygen loss can lead to high-capacity Li2MnO3-based lithium-
rich layered cathodes. Substitution of Mn with other transition metals (Ti and
Co) signi!cantly a"ects the amount of oxygen loss and capacity during the !rst
charge/discharge cycle. An explanation of these results is provided with density
functional theory (DFT+U) electronic structure calculations. Oxygen is found
to bind more strongly to Ti and more weakly to Co. The in#uence of the
substitution is attributed to changes of the band gap. Ti lifts the nonbonding
band and increases the band gap of the compound, thus raising the energy
required to redistribute the electrons released upon oxygen loss. Co lowers the nonbonding band and facilitates oxygen loss.

! INTRODUCTION

Li2MnO3-stabilized LiMO2 (M = Mn, Co, Ni) materials are
promising cathodes for Li-ion batteries due to their higher
capacity and stability as compared with the parent LiMO2

layered oxides.1 The stabilized compounds have a similar
structure as LiMO2 except that excess Li populates the
transition-metal layer. This is made clear using the notation,
Li[Li1/3Mn2/3]O2, where [...] indicates the composition of the
transition-metal layer; in this example, 1/3 of the Mn atoms are
replaced with Li. In the end-point material, Li2MnO3, Mn4+

cannot be further oxidized. It has been shown that the oxidation
of O2! to O2 compensates for electrons in charging process.2!4

For the stabilized materials, it was expected that the
compensating electrons would come only from LiMO2 (M =
Mn, Co, Ni), where M can be oxidized to a +4 state.
Interestingly, oxygen loss is still observed, and it continues after
all transition metals are fully oxidized.5,6 This oxygen loss
results in a higher capacity than either of the end-point
materials, so it is important to determine the factors that a"ect
it.
In a previous paper, Li[Li0.2Ni0.2Mn0.6]O2 was synthesized,

and the in#uence of di"erent transition-metal ions on oxygen
loss during the !rst cycle was studied.6 The results shows that
oxygen loss is sensitive to the substitution: introducing Ti into
the transition-metal layers reduces oxygen loss, whereas Co
promotes it. The explanation provided is that a greater overlap
between the Co3+/4+ t2g and O2! 2p bands leads to more metal-
O covalency, more delocalized electrons, and a reduced stability
of O2! ions; whereas less overlap between the Ti3+/4+ t2g and
the O2! 2p bands leads to less metal-O covalency, more
localized electrons, and an increased stability of O2! ions. Here
we employ density function theory (DFT) calculations to
explain the experimental results and test this model from the
perspective of oxygen binding and electronic structure
calculations.

! COMPUTATIONAL METHOD
To simplify the calculations, we modeled the end-point material
Li[Li1/3Mn2/3]O2 and then substituted Mn with other
transition metals. All transition metals modeled are in their
+4 state, which represents the chemical environment where
oxygen loss occurs. DFT+U calculations were conducted using
Vienna ab initio simulation package.12 The generalized gradient
approximation with PW91 functional was chosen to describe
electron exchange and correlation.13 All calculations included
spin-polarization. Core electrons were incorporated into
pseudopotentials with the projector augmented wave meth-
od.14,15 Valence electrons were described with a plane-wave
basis set with an energy cuto" of 400 eV. A 2 ! 1 ! 1 supercell
was chosen to represent the periodic crystal. All atoms were
allowed to relax, but no gross structural rearrangements were
considered. A Monkhorst-Pack k-point mesh of 2 ! 4 ! 4 was
set for oxygen binding energy calculations, and a 6 ! 12 ! 12
mesh was set for density of states (DOS) calculations. An on-
site Hubbard term (U) was used for the transition metals to
avoid the delocalization of 3d electrons as a result of self-
interaction. The e"ective U values (Ueff = U ! J) were taken
from the literature; they are summarized in Table 1. A
comparison of band gaps calculated with DFT+U and the
Heyd!Scuseria!Ernzerhof (HSE06) hybrid functional16 is
plotted in Figure 1. The HSE band gaps are expected to be
in fairly good agreement with experiment, without relying on
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Table 1. U Value for Di!erent Transition Metals (TMs)

TM Ueff ref TM Ueff ref

Co 5.1 7 V 4.0 8
Mn 5.0 9 Cr 3.5 10
Ti 4.2 11 Fe 4.3 7
Ni 5.96 9

Article

pubs.acs.org/JPCC

© 2012 American Chemical Society 23201 dx.doi.org/10.1021/jp3058788 | J. Phys. Chem. C 2012, 116, 23201!23204

pubs.acs.org/JPCC


any material speci!c !tting parameters.17 Although DFT+U
underestimates the band gap as compared with HSE, the
correlation between the two methods validates the use of DFT
+U and the literature values of Ueff used for our analysis. Local
charges were calculated using a grid-based Bader analysis
method.18,19

! RESULTS
The e"ects of Ti and Co doping on oxygen loss in the !rst
cycle are summarized in Figure 2.6 The width of the plateau at

4.5 V corresponds to the amount of oxygen loss. When Mn is
substituted for Ti, the plateau increases (indicated by the
arrows in the Figure); the opposite is observed for Co
substitution.
The oxygen binding energy is a direct indicator of oxygen

stability in di"erent compounds. A stronger oxygen!metal
bond makes it harder for oxygen to leave the material. Using
DFT, the oxygen binding energy is calculated as the energy of
the following reaction

! +"Li M O Li M O 1
2
Ox x x x x x2 3 2 3 1 2 (1)

Our model uses a value of x = 4 and an oxygen vacancy
concentration of 8.3%. The low concentration reduces the
interaction of vacancies between periodic images so that the
calculations correspond to the onset of oxygen loss, thus
simplifying the analysis. The oxygen binding energy of
Li[Li1/3M2/3]O2 (M = Co, Mn, and Ti) is shown in Figure 3.
Ti substitution is found to increase the oxygen binding energy,
whereas Co decreases it, which agrees with the experimental
trends. The average net charge on the oxygen atoms, which is
the total electric charge calculated with a Bader analysis minus
the number of protons in the nucleus, is also shown to correlate
with the oxygen binding energy. This trend has been
understood in terms of the degree of covalency between the

O and transition metal.6 Transition-metal ions that are more
electropositive result in more ionic oxygen!metal bonds. When
the bonding electrons are relatively more localized on oxygen
atoms, these oxygen atoms are di$cult to remove, and the
material is harder to oxidize. Transition-metal ions that are less
electropositive lead to a greater degree of covalency with
oxygen and a greater tendency for oxygen loss.
Trends in oxygen stability can be directly understood from

the electronic structure of the oxide materials and speci!cally
how the DOS changes with the transition metal, as shown in
Figure 4a. One thing worth noting is that the valence bands
consist of both oxygen and metal character, with oxygen
dominating. There is more metallic contribution in the valence

Figure 1. Correlation between band gaps of Li2MO3 calculated with
DFT+U and the HSE functional.

Figure 2. Charge/discharge curves of di"erent compounds from ref 6
showing how Ti suppresses oxygen loss and Co increases it.

Figure 3. Correlation between oxygen binding energy and the oxygen
net charge.

Figure 4. (a) Density of states of Li[Li1/3M2/3]O2, where M is Co, Mn,
or Ti. In each plot, the black curve is the total density; red and blue
curves are the partial density on oxygen and the transition metal; and
the dashed black line indicates the Fermi level. The band gap increases
from left to right, which follows the oxygen binding energy trend (note
that Li[Li1/3Co2/3]O2 is calculated to be a metal). The energy levels
are aligned by the low-lying oxygen 2s states. (b) Electron density
isosurface (yellow) of the lowest unoccupied molecular orbital
(LUMO) in Li[Li1/3Ti2/3]O2. The green spheres are Li and the red
spheres are O. The concavity along the bond directions shows the
nonbonding character of the LUMO.
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band for Co, which suggests more overlap between the Co and
O bands and a greater covalency. Both Mn and Ti have a
greater ionic character. In all three compounds, the conduction
band primarily consists of nonbonding or antibonding metal
states. The nuclear positive charge increases from Ti to Co and
the metal states are lower in the DOS due to an increased
Coulomb attraction. For Co, the nonbonding states overlap
with the valence states, and the band gap vanishes.
The band gaps of the three compounds are also found to

correlate positively with their oxygen binding energy. This is
not surprising: when an O atom is removed from the material,
the localized electrons on the O, which occupied states below
the Fermi level, must be accommodated in unoccupied states.
The di"erences in energy for oxygen removal between the
di"erent compounds can then be correlated to the band gap.
This model is supported by calculations of the DOS of
Li[Li1/3M2/3]O2!x shown in Figure 5a. The removal of an O

atom releases two electrons to the crystal, which occupy a new
state above the Fermi level. In Li[Li1/3Ti2/3]O2!x, this new state
is localized in an orbital with dz2 character on the two Ti centers
neighboring the O vacancy. The dz2 states on Ti mix with the pz
states of the missing O in the metal-oxide valence band. The
other end of the Ti-dz2 orbitals point to the neighboring
occupied O-pz orbitals. The node between the Ti-dz2 and O-pz
orbitals indicates the antibonding character of the state. A small
portion of the state is locating on the second nearest neighbor
Ti atom, with t2g symmetry, which indicates nonbonding
character. To summarize, the electrons left behind upon O loss
in Li[Li1/3Ti2/3]O2!x are in a nonbonding/antibonding mixed
state.
The DOS also shows why oxygen loss is enhanced upon

delithiation. In Figure 6, the removal of a Li atom in

Li1!x[Li1/3M2/3]O2 creates an electronic hole and lowers the
Fermi level so that the material becomes a conductor. Because
the band gap is zero, oxygen loss is facilitated by the low-lying
unoccupied states. This explains why Li[Li1/3M2/3]O2 is
inactive as a cathode material.
The correlation between the band gap of Li[Li1/3M2/3]O2

and the binding of oxygen extends over the !rst-row transition
metals, as shown in Figure 7. These calculations indicate that
Fe and Cr could be potential doping elements for Li-
[Li1/3Mn2/3]O2, besides Ni and Co. V should stabilize oxygen
as compared with Mn.

! CONCLUSIONS
We have explained the e"ect of transition-metal substitutions
on oxygen loss in lithium-rich layered oxides from the
electronic structure calculated with DFT+U. The conclusion
is that the band gap of the cathode determines the oxygen
binding energy because the unoccupied metal bands provide
the empty energy levels for electrons from the removed O. Ti
substitution increases the band gap because the nonbonding
metal band has higher energy due to the weaker nuclear
attraction as compared with Mn. Therefore, Ti suppresses
oxygen loss. Co substitution decreases the band gap because
the low-lying nonbonding metallic band overlaps with the
valence band and makes the material a conductor. Therefore,

Figure 5. (a) DOS of Li[Li1/3M2/3]O2 with an oxygen vacancy in the
supercell. The black dashed line shows the increased Fermi level after
oxygen removal as compared with before, shown by the green dotted
line. (b) Electron distribution of the highest occupied orbital created
by oxygen removal in Li[Li1/3Ti2/3]O2. Green spheres are Li, red are
O; blue Ti; and black is the O vacancy.

Figure 6. DOS of Li[Li1/3M2/3]O2 with a lithium vacancy in the
supercell. Fermi levels drop from the green dotted lines to the black
dashed lines. All three materials are conductors now.

Figure 7. Correlation of oxygen binding in Li[Li1/3M2/3]O2 with the
band gap. Each band gap is calculated as the energy di"erence between
the bottom of the conduction band and the top of the highest
occupied band of oxygen character. This is the conventional band gap
for all except the vanadium compound, whose highest occupied states
are nonbonding metallic states.
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Co facilitates oxygen loss. The correlation between band gap
and oxygen binding energy is further con!rmed by examining
other third-period transition metals between Ti and Ni.
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