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In this work, we present a density-functional theory (DFT) investigation of the phase stability, electrochemical stability and
phase transformation mechanisms of the layered and over lithiated Mn oxides. This study includes the thermodynamic stability
of Li and oxygen vacancies, to examine the electrochemical activation mechanisms of these cathode materials. DFT calculations
provide phase diagrams of Li-Mn-O system in both physical and chemical potential spaces, including the crystals containing
vacancies as independent phases. The results show ranges of electrochemical activity for both layered LiMnO2 and over lithiated
Li2MnO3. By using a thermodynamic model analysis, we found that the required temperature for oxygen evolution and Li
vacancy formation is too high to be compatible with any practical synthesis temperature. Using solid-state transition calculations,
we have identified key steps in the phase transition mechanism of the layered LiMnO2 into the spinel phase. The calculated effects
of pH on the Li-Mn-O phase stability have elucidated the Mn2+ formation mechanism from spinel phase under acid condition.

1 Introduction

The wide usage of rechargeable Li-ion batteries in portable
electronic devices and electric vehicles requires high en-
ergy density, fast charge/discharge rate and long cycling life-
times.1–5 Cathode materials play the most important role in
determining the performance of the battery, because they con-
stitute the major bottleneck to improve it. Currently, lay-
ered LiCoO2 oxides are the most common cathode material
in the market.6–11 Typically, the maximum theoretical capac-
ity of LiCoO2 is about 274 mAh/g,12 and practical capacity
remains larger than 130 mAh/g after more than forty cycles of
charge and discharge.13 However, LiCoO2 has many impor-
tant drawbacks, including a non-negligible instability at the
end of the charging process and decomposition at high tem-
peratures.14–18 Moreover, the Co is becoming more expensive
due to its relatively low abundance in the earth’s crust. To
overcome these difficulties, both LiNiO2 and LiMnO2 have
been widely explored as an alternative to the Co oxides.19–26

Both of them suffer from their own disadvantages for prac-
tical purposes. For example, the main problem of LiMnO2
is a structural transformation to the spinel phase during elec-
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trochemical cycling, which hinders subsequent Li insertion
and/or removal.27,28

One of the most promising alternatives from a practical
point of view is the Over-Lithiated-Oxide (OLO) cathode ma-
terial Li2MnO3 and its composite with Li(Ni,Co,Mn)O2.29

After losing most of the Li ions during the charging pro-
cess, the OLO gradually undergoes a phase transition into the
layered oxide LiMnO2.29–31 Consequently, the cathode ma-
terial used in practical applications is a composite structure,
i.e., a compound of the form xLi2MnO3(1-x)LiMnO2, where
the ideal x ratio is something to be determined experimen-
tally.29–36 The OLO phase of the composite material has the
same layered structure as the LiMnO2, but wih a “mixed” Li-
Mn layer, instead of pure Mn and Li layer stacking. The addi-
tional amount of Li from the OLO phase increases the capacity
and the energy density, provided that the stability issues of the
layered Mn oxide are solved.27,28

There has been numerous experimental studies on the elec-
trochemical performance of the OLO composite Mn layered
oxides.29–33 The problems arise because, despite its high ca-
pacity, Li2MnO3 presents several hurdles to practical applica-
tions: Mn ions are in Mn4+ oxidation state in Li2MnO3, even
when Li ions are not extracted from the crystal (contrary to the
Co3+ in LiCoO2). Thus, it is difficult to extract Li ions from
the stoichiometric Li2MnO3 at the usual operating voltage of
Li ion batteries (4.1 V vs. Li/Li+).37 Therefore, as Mn4+ has
been considered as inert in electrochemical reactions, it re-
quires an specific mechanism for activating the material to use
it as a cathode. The most common activation process consists
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of the injection of oxygen vacancies by elevating the potential
to 4.5 V or even higher.38–40 However, Li2MnO3 treated by
such activation procedure still needs improvement especially
in cyclability for practical purposes.37 Pasero et al. reported
the oxygen deficiency in Li2MnO3, leading to the formation
of Mn3+, but the low amount of oxygen vacancies was not
enough to explain the large rechargeable capacity.41 Lu and
Dahn suggested that both Li and O atoms were removed dur-
ing the first charging, but in a compound with Ni impurities,
which can act as electrochemically active species (oxidation
of Ni2+ to Ni4+).29 Kim et al. suggested that the removal of
Li atoms was subsequently accompanied by oxygen loss due
to the removal of electrons from the O 2p band.42 Finally, an-
other mechanism, proposed by Robertson and Bruce, is that
the charging occurred by the oxidation of the nonaqueous
electrolyte and that those generated protons were exchanged
for Li ions in Li2MnO3.36

Parallel to the experimental studies, ab initio calculations
based on density functional theory (DFT) are a powerful tool
to unveil, at the atomic scale, the mechanisms underlying
the electrochemical properties of these layered oxides cath-
ode materials.43–46 Most of the theoretical efforts have been
focused on the LiCoO2, from the fundamental and electronic
properties,47–50 to the phase diagrams or Li diffusion behav-
ior.48,50–54 Although less frequent, there are also several stud-
ies devoted to the understanding of the properties of both
LiMnO2 and OLO composite materials Li2MnO3. For in-
stance, Wang et al. studied the thermal stability of the lay-
ered oxides,55 Shin et al. reported the solubility of the Mn
cations from xLi2MnO3(1-x)LiMO2 (M = Mn, Ni, Co) into
the surface-treated layer, to prove that the small solubility
might account for the improved electrochemical cycling sta-
bility and rate capability observed in their own experiments.56

On the other hand, Okamoto showed that the introduction of
O-vacancies activates the Mn sites as the redox center for the
Li extraction from Li2MnO3.37 Koyama et al. identified a dis-
ordered stacking sequence of Mn-Li layers in Li2MnO3 to ac-
count for the wide potential plateau following the first Li ex-
traction at high potential (4.6 V).57

However, as we stated previously, at these high potentials Li
extraction is accompanied either by oxygen loss at the surface
of the highly delithiated Li1−xMnO2 (0.5<x<1) component
with a concomitant reduction of the Mn ions or by the removal
of Li and O from the Li2MnO3 phase without any change to
the tetravalent oxidation state of the Mn cations (i.e., with a net
loss of Li2O).56 The other important drawback of the layered
Mn oxides, the phase transformation into a spinel structure
with the removal of Li ions, still remains unsolved.27,28

In this work, we have used ab initio calculations based on
DFT to perform a detailed analysis of the phase composition
and thermodynamic stability of xLi2MnO3(1-x)LiMnO2. We
obtained the phase diagram as a function of temperature to

examine the effects of synthesis temperature and oxygen par-
tial pressure on the formation of the different phases and the
evolution of their relative stabilities with temperature. Our
main goal is to investigate the thermal stability of the Li and/or
O vacancies as activation mechanisms of the electrochemical
redox activity of the OLO composite structures. Finally, by
using a recently developed method to determine solid-state
transformations,58 we will examine the mechanisms that lead
to the transformation of the layered Mn oxide into the spinel
phase, in an attempt to improve the cycling stability and rate
capability of the Mn layered oxides as cathode materials for
Li-ion batteries.

2 Methods

2.1 Ab initio calculations

All the calculations performed in this work have been done
using DFT method as implemented in the Viena Ab initio
Simulation Package (VASP) code59,60 within the Projector-
Augmented-Wave (PAW) approach.61 Given the different
techniques and problems addressed in this study, we now de-
scribe in detail the different theoretical approaches used in our
calculations.

2.2 Phase stability

The phase stability of the different compounds studied in our
work was obtained by constructing the appropriate Li-Mn-O
computational phase diagram. We considered in our calcula-
tions all the known binary and ternary compounds with Li, Mn
and O, as included in the Inorganic Crystal Structure Database
(see Table 1).62

The Gibbs free energies of all the compounds need to be
compared to construct a phase diagram, because the diagram
shows the most stable phases under certain conditions. For the
different phases of the Li-Mn-O system, the stability of each
phase (with and without defects) is determined by comparing
the normalized Gibbs free energies:

G(LixMnyOz) =
G(T,P,LixMnyOz)

x+ y+ z
(1)

As the changes in pressure, volume and entropy have a neg-
ligible effect on solids (not for the oxygen molecule, as we
will discuss in the next paragraph),55,63,64 this equation can be
approximated as:

G(LixMnyOz) =
G(T,P,LixMnyOz)

x+ y+ z
≈

E0(0K,LixMnyOz)

x+ y+ z
(2)
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There are only two independent variables in the composi-
tion space and, for each phase, the position on a ternary dia-
gram and the normalized Gibbs free energy represent a unique
point in 3-D space. The ternary phase diagram is then obtained
by taking the convex hull (smallest convex set containing all
the Gibbs free energies) and projecting it onto a plane.63,65

In a similar way, we can construct the ternary phase dia-
gram using the pH as independent variable. Indeed, assuming
that the surface of the cathode material is in equilibrium with
bulk water with a specific pH value,66,67 the oxygen chemical
potential of the ternary Li-Mn-O system:

µ(Li−Mn−O) = µ(Li)+µ(Mn)+µ(O) (3)

is related to the water chemical potential:

µ(H2O) = 2µ(H)+µ(O) (4)

The chemical potential of hydrogen is related to the chemical
potentials of electrons and protons:

µ(H) = µ(H+)+µ(e−), (5)

which in turn is related to the pH value by the following rela-
tion:

µ(H+) = µo− pH×0.05918 eV, (6)

where µo is the proton solvation enthalpy in water,66,67 and the
chemical potential of the electrons is assumed to be fixed at the
Fermi level of a system of reference. In our work, we chose
the OLO Li2MnO3 as a reference. Additional tests performed
shown that there are no practical changes in the obtained re-
sults if we substitute the OLO by any other Li-Mn-O cathode
material studied in this work. Using the above equations, we
can express the oxygen chemical potential as a function of the
pH and, thus, to study the ternary phase diagram as a function
of the acidic or basic characteristics of the media.

The total energy calculations were performed using the
Perdew-Burke-Ernzerhof (PBE) generalized-gradient approx-
imation (GGA) functional,68 and the plane-wave cut off used
was of 500 eV in all cases. For all the compounds, a k-point
mesh within the Monkhorst-Pack scheme69 was used to en-
sure a convergence of 1 meV/unit cell. Structural relaxations
were performed without including any constraint to a toler-
ance of 10−4 eV in the total energy and 0.01 eV/ Å in the
forces on every atom. The initial structures for each com-
pound were taken from the materials project database.70 All
calculations were spin-polarized and both ferromagnetic (FM)
and antiferromagnetic (AFM) magnetic configurations were
considered. The total energies used to construct the phase di-
agram correspond to the lower energy magnetic configuration
found for each compound.

Although PAW potentials have been extensively used in
the study of positive electrode materials for Li-ion batter-
ies, GGA is known to show large errors in the calculation

of the electrochemical properties of these materials. The rea-
sons are the different chemical environments during the re-
dox processes: from metallic Li to a transition metal (TM) in
a oxyanion group; and also the well-known tendency of the
GGA to overestimate the delocalization of the d-redox elec-
trons of the TM and their hybridization with the O p states,
which to a large extent determines the electrochemical prop-
erties of the cathode material.71,72 By explicitly including an
onsite coulomb, U, and exchange, J, terms in the Hamilto-
nian (GGA+U approach), we can partially correct the electron
over-delocalization (and the self-interaction errors) and accu-
rately calculate the electrochemical properties.73 It is then cru-
cial to precisely determine the value of the U parameter to per-
form GGA+U DFT calculations. Although different values
have been reported for the U parameter, and they might de-
pend on the crystal structure and the oxidation state of the Mn
cation involved, we need to set up a common value throughout
all the calculations in order to avoid the strong dependence of
the total energy on the U parameter when comparing the for-
mation energies of the different compounds and building the
phase diagram. The U parameter has been obtained by means
of a linear response method,72,73 and it was set to 5.2 eV for
all the compounds considered in this work. The J value was
set to 0 eV in all cases, as only the U-J difference is relevant
for the calculations.

To analyze the thermochemistry of an oxide system, it is
also important to accurately determine the energy changes oc-
curring during the oxidation reaction. As stated previously,
the U parameter accounts for the over-delocalization of the d-
electrons of the Mn, but another source of errors comes from
the overestimation of the oxygen dimer binding energy and a
possible contribution associated with the addition of two elec-
trons to the oxygen p-orbitals to form O2− from O2.64,73,74

Thus, by properly determining the chemical potentials of O2,
we can compensate DFT errors and improve the accuracy of
the obtained phase diagrams. A correction term for the oxy-
gen molecule is then included in the calculation of the forma-
tion energies (the room-temperature enthalpy of O2 was de-
termined to be -8.95 eV/formula unit).64,73,74 This term has
been obtained by calculating the formation enthalpies of sev-
eral oxides and comparing them with the experimental values,
in order to obtain the best agreement possible for the enthalpy
of the oxygen gas molecule.64 To calculate the phase diagrams
at different temperatures, we obtained the dependence of the
chemical potential of O2 with temperature and pressure using
the data in the JANAF thermochemical tables.75

2.3 Electrochemical stability

To assess the electrochemical stability of a Li-Mn-O system
under real experimental conditions, i.e., open to Li or O envi-
ronments, we build the Li-Mn-O phase diagram in the chemi-
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cal potential space. To find meaningful limits for the chemical
potentials, we follow the methodology proposed in Ref. [74].
The chemical potentials are not independent, they have to be
summed as the free energy of the bulk compound for a stoi-
chiometric system:

gb = ∑xiµi (7)

where xi is the number of atoms per formula unit of species
i. Assuming that the entropic and volumetric contributions
are negligible,55,63,64 the free energy can be approximated by
the energy obtained directly from DFT calculations (εb). Up-
per limits for the chemical potentials are established by the
pure elements, which are then defined as reference chemical
potentials: µi

∗ = Ei
0, where Ei

0 is the energy per atom of
the pure element. Metallic Li and O2 gas phase are the ref-
erence states. Lower limits can be defined from the relation
between the chemical potentials and the DFT energy of the
corresponding bulk compound (equation 3). The valid range
of the chemical potential would then be given by: ε f /xi < (µi
− µi

∗) < 0, with the formation energy ε f defined as: ε f = εb
− ∑ xiµi

∗. This equation reflects the stability of every com-
pound with respect to the reference states (in our calculations,
we used the fcc phase of Mn as a reference state for the TM).
There are similar conditions for the equilibrium of the differ-
ent compounds on a ternary system. By combining all of them,
the phase diagram in the chemical potential space can then be
plotted.

2.4 Solid state transformations

The climbing image-nudged elastic band method (CI-NEB)
allows us to obtain the minimum energy path (MEP) between
a set of two different states.76–78 Usually, the initial and final
states correspond to different configurations of the same sys-
tem. The challenge of finding reaction paths for solid-solid
transformations comes from taking into account that there are
two different types of variables, i.e., those describing atomic
motion and those describing the geometry of the periodic cell.
In the standard CI-NEB method,77,78 the atomic coordinates
are moved according to the forces on the atoms. The analogy
for the cell vectors is the stress acting on the material. A rela-
tionship between stress, strain and the change in cell vectors is
then needed. The last step consists in coupling cell and atomic
variables (they have different units and scaling relations) and
combining them in a single vector. The method is described
in detail in Ref. [58]. In our calculations, the initial state is a
layered Mn oxide with half of the Li atoms removed (to match
the stoichiometry of the spinel structure), and the final state is
the spinel phase.

3 Results

3.1 Li-Mn-O phase diagram in the chemical potential
space

We have obtained the formation energies of a series of Li-Mn-
O compounds, taking into account the correction for the bind-
ing energy of the O2 molecule aforementioned. The results are
shown in Table 1 (for each stoichiometry, only the most sta-
ble compound is shown). All of them correspond to a U value
of 5.2 eV. Although the total energy is obviously affected by
the specific value of the U parameter, the general trends in the
formation energies are invariant to small deviations from the
adopted value.

Table 1 Calculated formation energies of stable bulk compounds in
the Li-Mn-O system. For each stoichiometry, only the most stable
compound is shown.

Compound Structure Space group ε f (eV/atom)
Mn fcc Fm3̄m -6.0269
Li bcc Im3̄m -1.8948
1
2 O2 gas phase -4.9295
LiMnO2 Layered O3 R3̄m -1.9960
Li2MnO3 Layered O3 C2/m -1.9293
LiMn2O4 Spinel Fd3̄m -1.8389
Li2Mn3O7 Triclinic P1̄ -1.7306
MnO Rocksalt Fm3̄m -2.1853
Mn2O3 α Pbca -1.9137
Mn3O4 Hausmannite I41/amd -2.0491
Mn2O5 Mullite P4/mbm -0.8240
Mn5O8 Monoclinic C2/m -1.8028
MnO2 Trigonal R3̄m -1.5107
Li2O Fluorite Fm3̄m -1.8646
Li2O2 Hexagonal P63/mmc -1.4381

The resulting phase diagram in the chemical potential space
is shown in Fig. 1. The picture shows the correlations be-
tween the different phases within the system, as a function of
both the chemical potential of Li, µ(Li), and oxygen, µ(O). As
we have chosen metallic Li as the reference state (µ∗(Li)), the
Li chemical potential represents the negative of the voltage
against Li|Li+ extraction/insertion.74 On the other hand, the
chemical potential of the O2 molecule at 0 K sets the reference
state for the oxygen (with the correction aforesaid, dashed line
in the figure). The chemical potential of the oxygen gas phase
strongly depends on the pressure and temperature. The dotted
line indicates the chemical potential µ(O) at room temperature
and ambient pressure, conditions under which most of the syn-
thesis experiments are carried out. The difference is less than
0.2 eV with respect to the O2 reference state. In our study, we
used the Mn fcc bulk as reference state for the TM, due to the
wide range of experimental values existent for the Mn oxides.
The equilibrium between two different phases is marked with
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a line, and the points where two lines intersect show the region
where three different phases coexist. The compounds with a
stability window above the oxygen chemical potential refer-
ence state (µ∗(O)) are thermodynamically not stable at 0 K.
The Li oxides are also represented with lines because they are
independent on the Mn chemical potential (this fact restricts
the number of independent chemical potentials to one) and the
Mn oxides are represented by areas, because µ(O) is indepen-
dent of µ(Li) for these compounds.

Fig. 1 Phase diagram of the Li-Mn-O system in the chemical
potential space. The color shading shows the acidic (yellow) and
basic (violet) environments, respectively.

The phase diagram shows that there are no partially delithi-
ated phases (LixMnO2) present, a fact that supports the well-
known experimental evolution into the spinel structure.27,28

This phase (spinel) shows a stability window beyond 3.5 V vs.
Li|Li+ extraction/insertion. The triclinic Li2Mn3O7 also ap-
pears as a stable phase under certain chemical potential condi-
tions, as we will discussed in the last section. In an oxidizing
atmosphere, the OLO phase appears to be the most thermody-
namically stable but, upon reduction (i.e., oxygen evolution),
it transforms into the standard layered oxide, LiMnO2. While
the overlithiation leads to the formation of Li2O (under reduc-
tion) and Li2O2 (under oxidizing conditions), the delithiation
(under enough reducing conditions) leads to the formation of
the different Mn oxides. Both Li2O and Li2O2 are the main
reaction products of the activation mechanisms (Li and/or O
vacancies) of the redox activity of the OLO composite struc-
ture.38–40 The lowest region corresponds to the Mn fcc bulk,
which is taken as the reference state in the calculation of the
formation energies.

3.2 Phase stability of Li vacancy and O evolution activa-
tion mechanisms

We have calculated the formation energies of O and Li vacan-
cies in both LiMnO2 and Li2MnO3 crystals, in order to verify
if the temperatures of formation and the thermodynamic sta-
bility of the resulting structures can account for the activation
mechanisms experimentally proposed.38–40 Taking the most
stable O vacancy site obtained, the formation energies of the
Li-O vacancy pairs have also been calculated, since the coexis-
tence of both vacancies may be favourable in order to maintain
the charge neutrality of the crystal. There is one inequivalent
oxygen site for LiMnO2, as shown in Fig. 2. For the Li2MnO3
crystal and, due to the presence of mixed Li-Mn layers, there
are in principle three inequivalent O sites (marked from 1 to 3
in Fig. 2), but the symmetry of the crystal and the similarity
of the distance between O and Li ions when the Li is in a pure
Li or in a mixed Li-Mn layer (2.12 and 2.08 Å, respectively)
reduce the inequivlaent positions to two different formation
energies. The difference between them is 0.025 eV/f.u., with
the position 1 as the most stable site for O vacancy formation.
The effective charges of the Mn ions closer to the O vacan-
cies are 5.53 and 5.16e− for LiMnO2 and Li2MnO3 crystals,
respectively, reflecting a small charge transfer from the O2−

vacancy site to the neighboring Mn3+ (in LiMnO2) or Mn4+

(in Li2MnO3) ions.

Fig. 2 LiMnO2 (left panel) and Li2MnO3 (right panel) with the O
vacancy sites considered.

In addition to the O vacancies, we also considered the for-
mation of a Li vacancy, to study the activation mechanism
formed by the O-Li vacancy pair. Figure 3 shows the three
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different Li vacancy positions considered when the O vacancy
is in the most stable position for both LiMnO2 and Li2MnO3
crystals. As expected, the most stable locations for Li vacan-
cies are the closest sites to the already existing O vacancy, in
order to minimize the Coulomb interaction energy, because of
the highly ionic character of the Li-O bond. Both Li vacancy
positions are marked as position 1 in Fig. 3 for LiMnO2 and
Li2MnO3 crystals, respectively. The difference in formation
energies between the three different Li vacancy sites is really
small, though: 0.044 eV/f.u. for LiMnO2 and 0.057 eV/f.u.
for Li2MnO3. The formation of Li or O vacancies alone
seems to be a very unlikely activation mechanism, since the
experimental results report that the oxygen evolution (i.e., re-
moval of excess O, either during the synthesis process or the
first cycle of charge/discharge) is the main activation mecha-
nism of the electrochemical activity of Li2MnO3 cathode ma-
terial.38–40,56 The formation of Li vacancies during the syn-
thesis should entail the loss of Li2O, something not consistent
with the experimental findings.

Fig. 3 LiMnO2 (left panel) and Li2MnO3 (right panel) with the Li
vacancy sites considered, when there is already an O vacancy in its
lowest energy configuration.

Given that both O and O-Li pair vacancies are stable and
can coexist, we now turn into the required temperature for
their formation. Following Ref. [64] and neglecting P and
V effects on solids,55,63,64 the oxygen vacancy formation reac-
tion can be expressed in the following way for LiMnO2 crystal
(and in the same manner for Li2MnO3):

Li12Mn12O24→ Li12Mn12O23 +
1
2

O2(g) (8)

∆G0 = G0(Li12Mn12O23)+
1
2

G0(O2)−G0(Li12Mn12O24)

≈ E0(Li12Mn12O23)+
1
2

H0(O2)−Tf S0(O2)

−E0(Li12Mn12O24), (9)

Tf = (2E0(Li12Mn12O23)−E0(Li12Mn12O24)

+H0(O2))/(S0(O2)); (10)

and for the Li-O vacancy pair formation reaction:

Li12Mn12O24→ Li11Mn12O23 +
1
2

Li2O+
1
4

O2(g) (11)

∆G0 = G0(Li11Mn12O23)+
1
2

G0(Li2O)+
1
4

G0(O2)

−G0(Li12Mn12O24)≈ E0(Li11Mn12O23)+
1
2

E0(Li2O)

+
1
4

H0(O2)−Tf S0(O2)−E0(Li12Mn12O24), (12)

Tf = (4E0(Li11Mn12O23)−E0(Li12Mn12O24)

+2E0(Li2O)+H0(O2))/(S0(O2)). (13)

The O vacancy formation temperatures for LiMnO2 and
Li2MnO3 crystals are, respectively, ∼1900 and ∼2200 K;
higher than for LiNiO2 (∼1100 K) but much lower than for
LiCoO2 (∼3500 K).64 This fact indicates that relatively high
temperatures are needed for the formation of O vacancies in
both crystals, and that such high formation temperature would
ultimately suppress the oxygen evolution and the transforma-
tion of Li2MnO3 into LiMnO2 during the synthesis. The tem-
peratures for Li-O vacancy pair formation are even higher,
∼3000 and∼5000 K, respectively, for LiMnO2 and Li2MnO3.
Of course these calculated temperatures do not correspond to
the exact vacancy formation temperatures since the thermo-
dynamic stability of a particular phase with vacancies must
be compared with other phases with vacancies. What our re-
sults really imply is that, while relatively medium tempera-
tures can facilitate the oxygen evolution, the Li-O vacancy
pair formation is a very unlikely process. This finding con-
firms the relatively high stability of these two phases and ex-
plains why the Li loss (during the charging process) causes
a gradual phase transition of the OLO Li2MnO3 into the lay-
ered LiMnO2. These findings support the experimental evi-
dence of small amount of oxygen deficiencies reported during
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Li2MnO3 synthesis41 or the difficulties to remove Li ions af-
ter oxygen loss while keeping the capacity at reasonable oper-
ational levels.35,36

To confirm the non thermodynamic stability of the O and
Li-O pair vacancies, we performed a more systematic investi-
gation of the phase diagram of Li-Mn-O system and its evolu-
tion with the temperature. Previous work55 on the same sys-
tem was focused on the thermal stability of the spinel phase,
whereas in our study we are interested in the relative stabil-
ity of the Li2MnO3 and LiMnO2 phases. Figure 4 shows the
phase diagram at room temperature (RT) of the Li-Mn-O sys-
tem obtained from our calculations. We assume an oxygen
partial pressure of 0.02 MPa (corresponding to ambient con-
ditions). Together with all the reported compounds of the Li-
Mn-O system (see Table 1), we also included LiMnO2 and
Li2MnO3 with O, Li and Li-O pair vacancies as indepen-
dent phases of the calculation (Table S1 of the Supplemen-
tary Information shows all the obtained formation energies†).
At any point different than the nodes, the equilibrium phases
are given by the vertices of the triangle bounding every par-
ticular composition. The effects of the P, V and entropy
terms in solids were again omitted because they are negligi-
ble in solids compared to other factors. When calculating the
ternary phase diagram at different temperatures (Fig. S1 of
the Supplementary Information†), all the finite temperature
and entropy effects are taking into account through the oxy-
gen partial pressure (via the oxygen chemical potential) with
data obtained from the JANAF thermochemical tables,75 as
stated previously. The thermodynamically stable phases are
LiMnO2 and Li2MnO3, the cubic spinel LiMn2O4 and the tri-
clinic Li2Mn3O7, Li oxides (Li2O and Li2O2), together with
the most stable Mn oxides (MnO, tetragonal spinel Mn3O4
and α−Mn2O3), as it has already been reported.55 Points 1
and 2 in Fig. 4 denote the positions of the O vacancies for
LiMnO2 and Li2MnO3, respectively. None of them (nor the
Li-O vacancy pair) are thermodynamically stable at RT. When
the temperature is increased up to 800 K (Fig. S1 of the Sup-
plementary Information†), the spinel LiMn2O4 decomposes
into the layered LiMnO2, tetragonal Mn3O4 and O2, because
the OLO Li2MnO3 has a very narrow range of stability, as we
showed in the previous section. Further increase of the tem-
perature up to 1300 K does not modify the phase diagram.
Above 2000 K, when the O vacancies can be formed, the
Li-Mn-O compounds are no longer thermodynamically stable
and they decompose into the corresponding oxides (Li2O and
MnO) and O2.

3.3 Solid-state transformation from the layered oxide to
the spinel phase

The phase diagrams plotted in Figs. 4 and S1 show that the
spinel phase is not thermodynamically stable at the temper-

Fig. 4 Calculated ternary phase diagram for the Li-Mn-O system at
room temperature. Points 1 and 2 show the position of the Li-O
vacancy pair for LiMnO2 and Li2MnO3, respectively (see text for
details).

atures at which most of the synthesis procedures are carried
out. However, Fig. 4 shows that, at RT, and if Li ions are
extracted from the layered oxide phase, the stability domain
moves to the right-hand side of the phase diagram (along
the Li-Mn composition line) and the spinel structure can be
formed. At that point, the equilibrium phases would be the
spinel LiMn2O4, the OLO Li2Mn2O3 and the Mn2O3 oxide.
During the subsequent cycles, the OLO phase would evolve
again into the layered LiMnO2 (the other two stable phases
would be now the lithium and manganese oxides Li2O and
MnO) but the difference is that, as long as we increase the
number of cycles, more amount of the spinel phase will be
formed and not decomposed with further Li extraction and/or
insertion.

Figure 5 shows a comparison between the formation ener-
gies per formula unit of the layered Mn oxide and the spinel
phase, with respect to the Li concentration of the host struc-
ture. Our results show that, when half of the Li ions are ex-
tracted from the host structure during the charging process
(i.e., when the stoichiometries of the two phases are the same),
the spinel phase formation energy is lower than that of the
layered oxide structure. This means that there has to be a ther-
modynamic driving force facilitating such phase transforma-
tion. In an attempt to find the comprehensive kinetic mecha-
nism behind that transformation between the two phases, we
performed Solid-State NEB (SS-NEB) calculations,58 starting
with a Mn layered oxide compound, from which half of the
Li ions has been extracted, and the spinel phase as the final
state. During the SS-NEB minimization, both atomic and cell
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degrees of freedom are optimized, in order to find the MEP
connecting from initial to final configurations. Figure 6 shows
the energy profile obtained in our calculations, together with
some of the configurations corresponding to the different in-
termediate transition states. The spinel phase has a pure Mn
layer (purple atoms of Fig. 6) and a mixed Li (green atoms in
Fig. 6)-Mn layer, whereas the layered oxide has only pure Li
and Mn layers. As Li ions are extracted from the host structure
during cycling, the Mn ions can migrate into the (now empty)
Li layer. Then, the driving mechanism for the phase trans-
formation is the reduction of the stress between the different
layers by “creating” an additional layer within the unit cell to
accommodate the new cationic distribution. The rapid nature
of this transformation has been attributed to the ease by which
Mn3+ disproportionates (transforms into a mixture of Mn2+

and Mn4+) and moves through the tetrahedral sites of the lay-
ered LiMnO2.55 To visualize the disproportionation of the Mn
ions, Fig. S2 of the Supplementary Information† shows a
comparison between the initial Li0.5MnO2 layered oxide with
all the Mn ions in octahedral sites and the first transition state
where some of the Mn ions are already moving through the
tetrahedral sites aforementioned. Our Bader charge analysis79

shows that all the Mn ions in the initial Li0.5MnO2 layered ox-
ide structure are in two different charge states (4.90 or 5.07e−,
depending on whether the adjacent Li site is occupied or not),
whereas all the Mn ions in the transition state are in a larger
charge state (between 5.12 and 5.52e−). Our results also show
(in Fig. 6) that this migration (and the subsequent formation
of the new Li-Mn layer) is accompanied by a concomitant re-
duction of the interlayer stress while the new Li-Mn mixed
layer is being “created”. The transition states of the insets of
Fig. 6 also show that the change is an atom-dominated process
(rather than a cell-dominated mechanism), despite of the fact
that the two unit cells are remarkably different. The dynamics
of the cell shape change is especially predominant after the
saddle point has been reached, in order to fit the new shape of
the spinel unit cell. The barrier obtained in our calculations
is relatively high, 0.94 eV, much larger than that obtained for
single atom or cell-dominated processes of phase transforma-
tions between more similar phases.78 As it can be noted in
Fig. 6, there is a simultaneous migration of the Li and Mn
ions in order to conform the structure of the new spinel phase.
Consequently, the SS transformation is not the result of a sin-
gle migration process (for instance, diffusion of the Mn3+ ions
through the tetrahedral sites of LiMnO2) and different and si-
multaneous mechanisms with their respective migration barri-
ers (migration of Li and Mn ions, Coulombic repulsion with
the displaced O ions, etc.) should be taken into account in
the analysis of the phase transformation. Specifically, the key
activation step for this SS transformation are identified as the
distortion of the oxygen sub-lattice with the extraction and in-
sertion of Li ions (during cycling), which facilitates the mi-

gration of the Mn3+ ions, the formation of Mn-Li anti-site de-
fects, the migration of the Li ions into the tetrahedral sites
and, finally, the change in the cell-shape to fit the new Li-Mn
mixed layer, once the formation energy of the spinel phase
is lower than that of the layered oxide. Recent experimental
work80,81 has confirmed that the transformation of the layered
oxide into the new spinel phase can be the result of the diffu-
sion of TM ions from the slab of the layered oxide to the inter-
slab space, to stabilized the delithiated structure. The cracks
observed in their diffraction patterns80 at the edge of the crys-
tal could be the consequence of an increased strain due to Li
de-intercalation, accompanied by an in-plane reorganization
and the spinel phase formation (see also Figs. 6 and Fig. S2 of
the Supplementary Information†). Such spinel phase appears
progressively from the shell to the core,80 which means that
the transformation begins at the surface of the cathode material
and then it propagates deep into the oxide as long as Li ions
are inserted and removed during cycling. Of course, our solid-
state mechanism does not correspond exactly to the experi-
mentally observed phase transformation steps, but it provides
a comprehensive activation step information, which would be
helpful in suppressing the spinel phase transformation by in-
creasing the SS-NEB kinetic barrier (perhaps with appropriate
metal doping) and, thus, blocking the layered oxide transfor-
mation into the spinel phase.

Fig. 5 Formation energy of the layered oxide LiMnO2 and spinel
phase LiMn2O4 as a function of the Li content.

Finally, Fig. 7 shows the same Li-Mn-O phase diagram as
shown in Fig. 4, but as a function of the pH. Three particu-
lar cases are shown: neutral (pH=7), basic (pH=12) and acidic
media (pH=3). In neutral conditions, the OLO Li2MnO3 and
LiMnO2 layered oxide appear as stable phases, together with
the Li oxides and the same Mn oxides that were previously
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shown as thermodynamically stable at RT. Under basic condi-
tions, the phase diagram remains practically unchanged, and
only the Li peroxide and Mn2O3 (Mn3+ oxidation state) are
decomposed into other reaction products. The phase stabil-
ities are remarkably different in acid conditions, and Fig. 7
shows that both LiMn2O4 spinel and Li2Mn3O7 appear as
thermodynamically stable phases. We discussed previously
about disproportionation of Mn3+ ions as one of the kinetic
mechanisms of the transformation of the layered oxide into
the spinel phase. It has been recently shown81 that the forma-
tion of Mn2+ ions in fragmented pieces of the cathode mate-
rial with low Li content, due to the continuous extraction of
oxygen from the surface structural lattice, which lowers the
oxidation valence of Mn for charge neutrality. The particle
surface directly contacts the electrolyte and it is easy to be
etched by the acidic species coming from the electrolyte, due
to its oxidation at high voltages. The attack of those acidic
species would accelerate the disproportionation of the Mn3+

ions and further reactions involving the decomposition of the
spinel phase can also occur. One of them could be the follow-
ing reaction:81

2Mn3+(LiMn2O4)→Mn4+(Li2Mn3O7)+Mn2+(MnO)
(14)

Further degradation of the cathode material and the forma-
tion of MnO and Mn2+ species results in significantly capacity
fading during long-term cycling. In light of this perspective,
Fig. 7 and Fig. 1 gain now much more direct relevance to
experimental conditions. According to our calculations, the
previous reaction has a slight endothermic character (0.6 eV),
but it still could be feasible under certain conditions. Indeed,
Fig. 1 shows that, under high voltage conditions (more neg-
ative µ(Li)), both LiMn2O4 and Li2Mn3O7 appear as stable
phases for certain µ(O) values, which we can easily correlate
with acidic conditions, as shown in Fig. 7. Therefore, we can
now understand that, in order to prevent the degradation of the
cathode material and the observed capacity fading, both phase
transformations (from the layered oxide to the spinel and fur-
ther evolution of the spinel structure under acidic conditions)
need to be suppressed.

4 Conclusions

In this work, we have investigated the thermodynamic and
electrochemical stability of the different phases of the Li-Mn-
O system. Oxygen evolution in the OLO Li2MnO3 and Li
vacancy formation (probably due to the exchange of proton
from nonaqueous electrolyte with the Li+ ions) have been pro-
posed as the most likely mechanisms for the activation of the
electrochemical activity of these cathode materials. Our cal-
culations for the required thermodynamic temperatures of the

Fig. 6 Solid-State Nudge Elastic Band (SS-NEB) energy barrier for
the transformation of the layered oxide LiMnO2 into the spinel
phase LiMn2O4. The inset shows the intermediate images obtained
(color code: purple, Mn; green, Li and red, oxygen atoms).

oxygen and Li-O pair vacancy formation show that, although
the coexistence of both types of vacancies could increase the
stability of the crystal because of the charge neutrality and
the strong ionic character of the Li-O bonding, the LiMnO2
and Li2MnO3 crystal phases including the vacancies do not
appear as stable in the corresponding phase diagrams in both
the physical and the chemical potential spaces. Moreover, the
high temperatures needed for their formation are incompatible
with any practical synthesis temperature, especially for the Li-
O vacancy pair formation.

We have also shown that, under acid conditions, both spinel
LiMn2O4 and Li2Mn3O7 appear as thermodynamically stable
phases, which explains the experimental degradation of the
cathode material and the observed capacity fading after long-
term cycling.
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