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ABSTRACT: Lithium-excess transition metal oxide materials are promising cathode candidates
for future secondary batteries due to their relatively high energy density, which is commonly
related to redox-active oxygen centers. First-principle computations are crucial for the
understanding of the underlying redox mechanism in these compounds, with plane-wave density
functional theory being the most frequently used setup. An important tool for the assignment of
the redox-active species is the projected density of states, although the atomic contributions
postulated this way do not strictly correspond to any observable physical quantity. By directly
analyzing the computed real-space charge density changes, on the other hand, oxygen redox
activity can be found to be substantial in most transition metal oxide compounds, although a
projection onto atomic states would suggest otherwise. This can be linked to the shortcomings of
the commonly employed spherical approximation for ions in crystalline compounds used to
compute the projected density of states, which fails to describe the charge density topology in
covalent transition metal oxides and leads to a qualitatively different picture from a charge
density-based approach, specifically, the underrepresentation of oxygen contributions and
exaggeration of transition metal contributions to the density of states

The density based

approach, due to the non-spherical nature of Bader domains, is more apt to properly describe
oxygen redox contributions. This raises the question how meaningful the descriptors of oxygen
redox activity are and how it should be acknowledged for transition metal oxide compounds in
general.

2

TOC GRAPHICS

KEYWORDS: Lithium-excess materials, Projected density of states, Oxidation states, Atoms in
molecules, Transition metal oxides

3

Lithium and post-lithium battery cathodes with anionic redox activity during cycling have
emerged as heavily investigated material class for future high-performance secondary batteries in
recent years. Most of these materials constitute transition metal chalcogenides1-5 or
chalcohalides6-7 and are primarily of interest due their increased gravimetric capacity compared
to the commercially deployed layered transition metal oxides of the O3-type α-NaFeO2 structure
(e.g. LiCoO2, LiNixMnyCozO2), which is ascribed to the formal oxidation of anions during charge
(and conversely a reduction during discharge) providing additional charge storage capability.8-10
In most of these materials oxide ions (formally O2-) are the anionic species exhibiting this effect
and the origin of this redox activity can be briefly summarized as the occupation/de-occupation
of O-centered hole states in what can be viewed as heavily p-doped transition metal oxides.
While numerous cathode materials with redox-active oxygen centers have emerged since the first
reports of this effect,11-12 Li-excess compounds remain the most intensely investigated
representatives, with the eponymous Li excess stemming from the replacement of polyvalent
transition metals by monovalent Li in transition metal oxides, introducing multiple O hole states
per ion. The prototypical layered Li-excess material Li2MnO3 has been discussed in the literature
as a model system in order to better understand the O redox mechanism in these compounds
theoretically.8-10, 13 In Figure 1(a) the total and projected (onto the different types of ions) density
of states (PDOS) for this material computed with density functional theory (DFT) is shown (see
computational details below for more information on the chosen setup). In agreement with
previously reported theoretical results,9 the electronic states at the Fermi level in Li2MnO3 are
dominated by oxygen contributions, and upon delithiation (oxidation) to LiMnO3 the electron
loss in the host material is assigned to the oxide ions. This effect can be also visualized in the
charge density difference plot for Li2MnO3 in Figure 2(a), where a pronounced electron density
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difference on the oxygen centers can be seen. The reason for the unusual preferential redox
activity of the oxide over transition metal ions, which, in the case of the corresponding formal
Mn4+ cations, in principle could still be further oxidized, is the low relative energy of occupied
manganese d states as shown in Figure 1(a) compared to the oxygen states.8-10 The situation,
however, changes when Mn is replaced with lighter transition metals of the same period, namely
Cr or V. The higher energy of transition metal states relative to oxygen leads to increasing
hybridization with metal d states in Li2CrO3 and Li2VO3 at the Fermi level and a decreasing
importance of oxygen oxidation upon electron loss. While, as shown in Figure 1(b), in Li2CrO3
the near-Fermi level states show a mixed transition-metal/oxygen character (similar to what has
been reported for the related Li2MoO3),10 the frontier electronic states in Li2VO3 exhibit a
pronounced transition metal character, shown in Figure 1(c). Hence, the formal reaction
mechanism would shift from anionic to cationic redox when going from Li2MnO3 over Li2CrO3
to Li2VO3.
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Figure 1. Total (black) and species-projected (transition metals in blue, oxygen in red) densities of states
of Li2MnO3/LiMnO3 (a), Li2CrO3/LiCrO3 (b), and Li2VO3/LiVO3 (c). The densities of states for the
reduced compounds are shown in the left, the ones for the oxidized ones in the right column, respectively.
The energies (E) are relative to the Fermi level (EF).
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Despite the change of the atomic contributions at the Fermi level from oxygen- to transition
metal-dominated, the density difference plots in Figure 2 still indicate a significant change in the
charge density around the oxygen centers upon removal of Li from Li2CrO3 and Li2VO3. While
the isosurface plots also show a change in electron density around the transition metal centers in
these compounds, most of it can be accounted for by a change in d orbital magnetic quantum
number rather than a loss of charge. Quantitatively, the Bader charges listed in Table 1 show an
electron loss of ~0.15 |e| per V center when oxidizing Li2VO3 to LiVO3, ~0.03 |e| per Cr from
Li2CrO3 to LiCrO3, and an electron gain of ~0.08 |e| from Li2MnO3 to LiMnO3, while the oxygen
centers lose ~0.25 |e|, ~0.29 |e|, and ~0.32 |e| per ion, respectively, and hence account for most of
the electron donation in each case. Due to the pronounced covalent character of the transition
metal-oxygen bonds, the atomic charges of the transition metal ions obtained from the Bader
analysis are significantly lower than what would be expected from their formal oxidation states
(FOS). This is consistent with previous theoretical reports which also show that this is not an
error of the Bader partitioning itself, but is clearly caused by a valence charge accumulation
around the transition metal ions.14-15 Oxygen contributions to the redox activity are also
consistent with the well-established mechanism of charge self-regulation on transition metal
centers whereby changes in valence change are smaller than changes in the FOS.16
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Figure 2. Charge density difference between Li2MnO3 and LiMnO3 (a), Li2CrO3 and LiCrO3 (b), as well
as Li2VO3 and LiVO3 (a). Positive density differences are indicated by yellow isosurfaces, negative ones
by light blue ones; the isovalue was set to 0.01 e/Å3. Li atoms are represented by green, Mn by purple, Cr
by orange, V by blue, and O by red spheres.

The reason for the oxygen contributions to redox activity being reflected differently in the
PDOS and the Bader charge analysis lies in the way these measures are computed: Bader charges
rely on the topological partitioning of the electron density in real space (for details see e.g. Ref.
17-19), while the PDOS on the other hand relies on a partitioning of one-electron states between
the atomic contributions to this orbital. For computations with localized basis sets the latter can
be done in a straightforward manner via a Mulliken-type population analysis using the overlap
matrix of the atom-centered basis functions, their LCAO coefficients, and the orbital
occupations. The known drawbacks of the Mulliken analysis, like the arbitrarily set equal
distribution of the overlap population among the atoms or its basis set dependence, can result in
misrepresentations of atomic contributions to the PDOS. While such issues are important to keep
in mind for DFT computations in the solid state with atom-centered basis codes like SIESTA20 or
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CRYSTAL,21 the bulk of theoretical literature, including this work, utilizes computations with
plane-wave basis sets. Due to the lack of an atomic basis in these codes, some type of projection
onto the atomic sites is necessary to decompose the density of states into site and orbital
contributions. A frequently used solid state DFT setup are plane-wave basis sets in combination
with the projector-augmented wave (PAW) method22-23 as implemented in the Vienna Ab Initio
Simulation Package (VASP; also employed here, see computational details below).24 To compute
the PDOS, individual states n at point k in reciprocal space, |𝜑𝑛𝐤 ⟩, with occupation fnk are
projected onto spherical harmonics Ylm confined within a sphere around the nuclei. A commonly
chosen default setting is to use the radius of the PAW augmentation spheres to define the
spherical region. The projection also allows a decomposition into populations ρ by atomic center
α and angular momentum l averaged over the number of k points Nk via Equation (1).25-26
𝑙

𝜌𝛼𝑙

1
𝛼
|𝜑𝑛𝐤 ⟩|2
=
∑ 𝑓𝑛𝐤 ∑ |⟨𝑌𝑙𝑚
𝑁𝐤
𝑛𝐤

(1)

𝑚=−𝑙

Atomic partial charges qpartial can be obtained by subtraction of the atomic populations in
Equation (1) from the number of electrons of the respective atom Z via Equation (2) (due to the
PAW scheme the number of electrons explicitly taken into account can vary from the nuclear
charge).

𝑞partial (𝛼) = 𝑍𝛼 − ∑ 𝜌𝛼𝑙

(2)

𝑙

The average partial charges of the transition metal species and oxide ions in the Li-excess
compounds discussed above are listed in Table 1 using the default PAW augmentation sphere
radii for the projection. Since Li was found to be almost fully ionized in all compounds and
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independent of the employed charge analysis method, with only minor variations, it is not
discussed explicitly in the following. It should be noted that the total charge which is obtained by
projection within the augmentation spheres does not correspond to the number of electrons in the
unit cell, but for the compounds in Table 1 only amounts to roughly ~80-85 % of the valence
charge, indicating a significant charge remainder in the bonding region outside the augmentation
spheres. This leads to the counter-intuitive situation of positively charged oxide ions, indicating a
significant underestimation of the oxygen contributions compared to the topological charge
analysis (an underestimation of the oxygen population by ~30 % on average), while the
transition metal partial charges are in better agreement with their Bader charge counterparts
(roughly ~5 % average deviation in population). While this is a known drawback of the
projection approach and improved algorithms providing more accurate partial charges and DOS
have already been proposed,27-28 it has implications for the qualitative accuracy of the PDOS in
VASP, still a commonly used tool to assign which species undergoes oxidation or reduction. The
underrepresentation of oxygen contributions, especially in the diffuse region further away from
the nucleus and high in energy (close to the Fermi level), important in anionic species, directly
translates into an exaggeration of transition metal contributions to the density of states. This is in
part caused by an underestimation of the Wigner-Seitz radius of the ions, which leads to
consistently smaller volume fractions of oxygen compared to the Bader volumes where the ionic
volume per oxygen center exceeds the one of the transition metal by more than 50%; also, the
lack of constraint on the shape of the Bader volume allows for a more accurate partitioning even
if the average atomic volumes are similar. The fixed default volume ratio between oxygen and
transition metal center when using the PAW augmentation sphere volumes (1:4.2 for Mn and Cr,
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1:3.3 for V) without regard to the actual ionic species involved further skews the decomposition
by atomic site towards the transition metal.

Table 1. Net Bader charges qBader, net projected partial charges qpartial, atomic Bader volumes VBader, and
augmentation sphere volumes Vaug averaged (where necessary) over the transition metal species (TM) and
the oxide ions in the Li-excess materials Li2MnO3, Li2CrO3, Li2VO3, and their oxidized counterparts
LiMnO3, LiCrO3, LiVO3. The total cell volumes per formula unit (f. u.) are given for comparison.

Li2MnO3

LiMnO3

Li2CrO3

LiCrO3

Li2VO3

LiVO3

qBader(TM) [|e|]

1.778

1.702

1.823

1.850

2.044

2.192

qBader(O) [|e|]

-1.186

-0.866

-1.202

-0.912

-1.277

-1.030

qpartial(TM) [|e|]

1.382

1.322

1.228

0.997

1.562

1.437

qpartial(O) [|e|]

0.974

1.052

0.972

1.01

0.953

0.986

VBader(TM) [Å3]

7.484

8.725

7.680

8.820

7.619

7.213

VBader(O) [Å3]

12.680

13.617

12.823

14.271

13.260

14.543

Vaug(TM) [Å3]

9.700

9.700

Vaug(O) [Å3]
Vcell / f.u. [Å3]

7.550

2.310
51.43

52.69

52.09

55.10

53.44

54.05

Generally, the atomic volumes in a cell should roughly add up to the volume of the simulation
cell to provide a qualitatively correct PDOS.25 Using spheres with the same volume as obtained
from the Bader analysis for each atom in the cell leads to the correct total volume in which the
projection is carried out, but the corresponding radii of ~1.2 Å for the transition metal and ~1.5
Å for O in comparison to metal-oxygen distances below 2.0 Å in all considered structures
suggest a significant overlap of the spheres in the bonding region and charge spill-over between
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the atomic domains which influence the composition of the PDOS. If the minimum extension of
the basins is used instead, better corresponding to a hard sphere-type approximation and
minimizing overlap, the resulting atomic radii of ~0.8-0.9 Å for the transition metals and oxygen
alike again lead to a severe underestimation of the total population (only about ~75% of the
simulation cell charge), leaving out crucial anionic charge density components at large distances
from the oxygen nuclei. Both approaches, while mildly changing the transition metal-oxygen
ratio of the PDOS at the Fermi level, do not reproduce the significant oxygen contribution to
redox activity found from Bader charges in Li2CrO3/LiCrO3 and Li2VO3/LiVO3. The disparity
between Bader analysis and PDOS is hence not trivially resolved by an adjustment of the
spherical domains in which the projection is performed, but a result of the non-spherical nature
of the Bader domains, which are shown in Figure 3 on the example of Li2MnO3. The
hybridization of s and p valence states results in a rather convex oxygen Bader volume shape,
while the d dominated transition metal density gives rise to a concavely shaped domain. The
spherical approximation of the latter hence might lead to a substantial cut beyond the inwardbent faces for sphere radii larger than the minimum extent of the Bader domain, ascribing crucial
oxygen contributions to the transition metal, while the spherical approximation for oxygen would
rather tend to disregard the outer perimeter of the Bader volume.
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Figure 3. Shape of the Bader volumes of the transition metal (a) and oxygen (b) in Li 2MnO3. The Bader
volume is shown in yellow (surface) or blue (cuts), while manganese, oxygen and lithium centers are
represented by purple, red, and green spheres, respectively.

Experimental investigations on oxygen redox activity reported in the literature rely on
techniques like e.g. electron energy loss spectroscopy (EELS)29 or X-ray absorption
spectroscopy (XAS),4, 7 but it should be noted that the interpretation of these results is based on
the comparison with reference compounds and they do not provide an unambiguous way to
determine atomic charge states in molecules or bulk. Due to the covalent character of bonding in
“ionic” transition metal compounds, such benchmarks themselves do not provide pure metal ion
reference states. Analyzing (the somewhat artificial concept of) atomic orbital contributions is
only possible in ab initio computations, since these are not physical observables themselves. The
electron densities, however, are observables and their changes in principle measurable, which is
an argument in support of topological charge partitioning schemes like the Bader analysis.14, 30
The latter shows a substantial oxygen redox activity in all three model compounds, independent
of the computed PDOS character at the Fermi level due to the reasons described above. The
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origin of this oxygen redox activity becomes apparent when comparing the transition metal
charge states in the Li-excess compounds to those of the pure transition metal oxides with
various FOS of the metals as shown in Figure 4: the metal charges approach a maximum value
with increasing oxygen content (FOS of the metal) which ranges between ~+1.8 |e| and ~+2.3
|e|, depending on the transition metal (see computational details below for a list of the transition
metal oxide structures included). These charges significantly differ from the FOS of the
transition metals due to the pronounced covalency of the transition metal-oxygen bonds in
agreement with previous theoretical and experimental findings (while for main group metals the
FOS roughly corresponds to the real-space charge state).14,

16, 31-33

The computed trends are

consistent with what we previously reported for transition metal aquo complexes, where similar
charge loss limits of the transition metals were found, which enabled us to propose a Bader
charge-based explanation for the formation of oxo an- and cations of transition metals in aqueous
solution 34.
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Figure 4. Computed Bader charges for different vanadium (blue circles), chromium (orange squares), and
manganese oxides (purple triangles) in dependence on their formal oxidation state. The Bader charges for
the Li-excess compounds LiVO3/Li2VO3 (red diamonds), LiCrO3/Li2CrO3 (green diamonds), and
LiMnO3/Li2MnO3 (yellow diamonds) are also included for comparison. Least-squares fit power functions
(dotted lines) are included for a better visibility of the trends.

As can be seen in Figure 4, vanadium oxides are the most ionic compounds with the greatest
variability of charge states, followed by the less ionic chromium oxides, and the most covalent
manganese oxides. As a rule of thumb, the cationic charges in vanadium and chromium oxides
roughly correspond to ~(FOS)1/2 and ~(FOS)1/3, respectively, while in manganese oxides they
first scale similar to chromium oxides, but again slightly drop at higher oxygen content. The
differing slopes are related to the increasing valence electron binding strength within a row in the
periodic table35 and the resulting energetically lower-lying transition metal d electrons incapable
of abstraction by oxygen. The transition metal charge states in the Li-excess compounds
discussed above are similar to the ones in the corresponding oxides with the same FOS of the
transition metal. The more pronounced oxygen redox activity in Li2MnO3 can hence be
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explained by the reluctance of (formal) Mn4+ centers to oxidation, although the redox activity of
transition metals is generally low and commonly exaggerated relative to their actual real-space
charge losses and gains. This is by no means restricted to Li-excess cathode materials as a
comparison with α-V2O5 (space group Pmmn) shows, a regularly investigated candidate material
for future high-performance Li ion battery cathodes.36-38 For the lithiation of this material to αLiV2O5 the PDOS shown in Figure 5(a) and (b) suggest an electron donation to an almost pure
vanadium state. However, the calculated electron density difference in Figure 5(c) shows a nonnegligible change in the density around oxygen, while changes around vanadium are again
mostly due to a change in orbital shape. Quantitatively, the Bader charge analysis supports the
latter observation, assigning ~0.70 |e| of the ~0.93 |e| donated by each Li atom to oxygen centers
and only ~0.23 |e| to vanadium.

Figure 5. Total and projected densities of states of lithiated (a), and pristine (b) α-V2O5 (vanadium plotted
in blue, oxygen in red, total in black) as well as the corresponding charge density difference between the
two (c). The energies (E) are relative to the Fermi level (EF). Positive density differences are indicated by
yellow isosurfaces, negative ones by light blue ones; the isovalue was set to 0.008 e/Å3. Li atoms are
represented by green, V by blue, and O by red spheres.
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To summarize, we find significant charge density changes around oxygen in the prototypical
Li-excess material Li2MnO3 upon oxidation to LiMnO3, but also for its Cr and V counterparts,
which would not be expected from the composition of the PDOS of the latter two near the Fermi
level. We can relate this to an incomplete projection of O-near density caused by its small
augmentation sphere, resulting in an exaggerated transition metal contribution to the valence
band maximum. We generally find a low variability of transition metal charge states in their
respective oxides, suggesting that any oxidation or reduction of these compounds is mostly
carried by charge density changes around oxygen, in agreement with previous theoretical
studies.16,

31, 33-34, 39

While we indeed find a more pronounced oxygen redox activity in the

prototypical Li-excess material Li2MnO3, its rather small difference compared to oxides with
what is formally classified as conventional transition metal redox activity raises the question
whether such a classification is actually justified, or whether it should be rather expanded to all
transition metal oxide compounds in general.

Computational Details
All computations were performed with the exchange-correlation functional of Perdew, Burke,
and Ernzerhof (PBE)40-41 as implemented in the program package VASP 5.4.424 using a plane
wave basis and the projector-augmented wave method.22-23 An energy-converged plane-wave
cutoff of 600 eV was chosen with a gamma-centered k-point grid with at least 36 points·Å in
each dimension42 and a SCF convergence threshold of 10-4 eV. The real-space grid for charge
density integration was set to 27,000 points/Å3. Geometry optimizations were performed on all
structures with a conjugate gradient algorithm until force convergence below 0.02 eV/Å was
reached. The tetrahedron method with Blöchl corrections was used for Brillouin zone
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integrations,43 and a grid-based Bader analysis performed with the BADER code version
0.95a.30, 44-46 The rotationally invariant LSDA+U correction proposed by Dudarev et al.47 was
applied on transition metal d states with empirically tuned U parameters of 3.10 eV (V), 3.50 eV
(Cr), and 4.0 eV (Mn) reported in literature.48 Li2MO3 cells (M = V, Cr, Mn) with space group
C2/m containing four formula units were employed for the simulations. Interlayer Li atoms with
largest mutual distance were removed to generate LiMO3 structures which were subsequently
fully relaxed for the comparison of Bader charges and volumes as well as partial charges and
projected densities of states. Density differences were computed by subtracting the charge
density of the Li2MO3 cells from the ones of the corresponding LiMO3 with one interlayer Li
atom per formula unit removed, but without an additional structure relaxation.
There exists some ambiguity with regard to the computational setup used, which utilizes an
exchange-correlation functional of the generalized gradient approximation-type with a Hubbard
correction applied on transition metal d states and an empirically tuned U parameter. It is known
that the PDOS composition at the Fermi level as well as the real-space charge distribution is
sensitive to the magnitude of the U parameter,10 which generally lowers the energy of d states
and causes electron localization on transition metal centers. For this reason, hybrid functionals
are sometimes employed for quantitatively more accurate results.9 However, these come at a
high computational cost which in this specific case is not justified, as the purpose of the above
discussion is to give a qualitative comparison between real-space charge distributions for
different types of PDOS state orderings with the commonly use plane-wave/PAW DFT
approach, which is not dependent on the functional type used.
The different transition metal oxide starting structures were obtained from the Materials
Project database.49 The selected structures were: P63mc and Fm-3m MnO; Pbca, R-3c, and Ia-3
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Mn2O3; C2/m, P42/m, and I4/m MnO2; Imma MnO3; P21/c Mn2O7; C2/c, P42/mmc, and Fm-3m
CrO; Pbcn, R-3, and R-3c Cr2O3; C2/m, Pnma, and P42/mnm CrO2; P212121, Pbam, and Pmmn
Cr2O5; Ama2, P63mmc, and Pm-3m CrO3; R-3m and Fm-3m VO; C2/c, R-3c, and Ia-3 V2O3;
C2/m, P21/c, and P42/mnm VO2; P21/m, C2/c, and Pmmn V2O5. The structures were relaxed, all
computations were performed with the computational setup described above.
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