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ABSTRACT

Lithium-rich layered oxides such as Li2MnOs have shown great potential as cathodes in Li-ion
batteries, mainly because of their large capacities. However, these materials still suffer from
structural degradation as the battery is cycled, reducing the average voltage and capacity of
the cell. The voltage fade is believed to be related to the migration of transition metals into the
lithium layer, linked to the formation of O-O dimers with a short bond length, which in turn is
driven by the presence of oxygen holes due to the participation of oxygen in the redox process.
We investigate the formation of O-O dimers for partially charged O1-LiMnOs using a first-
principles density functional theory approach by calculating the reaction energy and kinetic
barriers for dimer formation. Next, we perform similar calculations for partially charged O1-
Li2lrQs, a Li-rich material for which the voltage fade was not observed during cycling. When
we compare the stability of the oxygen framework, we conclude that the formation of O-O
dimers is both thermodynamically and kinetically viable for O1-LiosMnOs. For O1-LioslrOs,
we observe that the oxygen lattice is much more stable, either returning to its original state
when perturbed, or resulting in a structure with an O-O dimer that is much higher in energy.
This can be explained by the mixed redox process for Li2lrOs, which is also shown from the
calculated magnetic moments. The lack of O-O dimer formation in O1-LioslrOs provides
valuable insight as to why Li2lrOs does not demonstrate a voltage fade as the battery is cycled,
which can be used to design Li-rich battery cathodes with an improved cycling performance.

INTRODUCTION

Li-ion batteries are currently the primary source of energy storage for many
important applications, however many potential gains in energy density can still be made
by improving the cathode capacity. Li-rich materials are a promising class of compounds
that have demonstrated a high capacity [1]. This increased capacity is believed to be related
to the participation of oxygen in the redox processes as the battery is cycled, which has
been the topic of extensive investigation. Sathiya et al. [2] have discussed the oxidation of
oxygen leads to the formation of holes on the oxygen, which are subsequently stabilized by
a reorganisation of the oxygen framework, forming a peroxo-like species of oxygen pairs
with shortened O-O bonds. This shortened bonding pattern has been subsequently
confirmed for LiIrO; by McCalla et al. [3] via a combination of transmission electron
microscopy and neutron diffraction. Seo et al. [4] have proposed that the formation of



localized holes relies on the presence of labile oxygen states, which are a result of the local
oxygen environment.

More recently, several authors have asserted that the presence of unstable holes
on the oxygen can also lead to the formation of an oxygen dimer, finding O-O bonds with
distances closer to that of molecular oxygen (~1.3-1.5 &). Such short O-O distances have
also been reported recently by Xiang et al [5], who found peaks in their Raman spectra
that correspond to similar bond lengths. Both Saubaniére et al. [6] and Chen and Islam [7]
discuss that the dimerization of oxygen can trigger the migration of Mn in fully charged
Li2MnO;3, which is considered to be the mechanism by which the structure transforms into
a spinel-type phase. This structural change results in a reduced average voltage, which is
detrimental for the energy density of the battery [8]. Moreover, Chen and Islam contend
that the O-O dimer is eventually released from the structure as O.. Such oxygen evolution
has been observed for several Li-rich materials [9-11]. Interestingly, McCalla et al. found
that for Li,IrOs, the voltage fade found in LiMnOs is not observed, and that O; release is
limited and only occurs at very high states of charge. Understanding why these processes
occur for LizMnOs but not for LizIrOs can help prevent the degradation of the cathode and
open up this class of materials for further development.

So far the study of dimer formation in LixMnOs has been limited to the O3
stacking and the fully charged structure. However, as LixMnQs is charged, it is believed to
transform into an O1 stacking [12], which changes the possible migration pathways for the
transition metal. Such a transformation was also observed for Li2[rOs; by McCalla et al. In
this article we compare the stability of the oxygen framework of Li-rich Li,MnO; and
Li,IrOs by calculating the thermodynamic driving force of the dimer formation, as well as
the kinetic barrier. The goal is to check if there is a connection between the voltage fade
and formation of dimers, induced by the oxidation of oxygen. Instead of investigating the
fully charged structures, we apply our methodology to 75% delithiated LiosMnOs and
LiosIrOs. For the optimal lithium configuration, we find that the oxygen dimer formation
is much less likely in LiIrO;, which could explain the lack of voltage fade and oxygen
evolution found for this material.

COMPUTATIONAL DETAILS

All calculations are performed in the density functional theory (DFT) framework,
as implemented in the Vienna Ab initio Simulation Package (VASP) [13,14]. The projector
augmented wave (PAW) method [15] was used to make a distinction between the core and
valence electrons, with the standard VASP recommended choice for the number of valence
electrons. The wave functions of the valence electrons are expanded in a plane wave basis
set, using a high energy cutoff equal to 500 eV, which is advisable for structures containing
oxygen. The bulk structures were optimized with the hybrid HSE06 functional [16]. A
suitably converged Monkhorst-Pack mesh [17] was chosen for the k-point sampling of the
Brillouin zone, with a k-mesh spacing smaller than 0.05 A=, Geometry optimizations were
performed with a Gaussian smearing of 0.05 eV for semiconductor and insulators, and a
Methfessel-Paxton [18] smearing of 0.2 eV for metallic structures, followed by a self
consistent field calculation using the tetrahedron method [19], for an accurate calculation
of the total energies. The convergence criterion on the electronic optimization is set
at 107® eV, and 1073 eV for the geometric optimization. As Ir is known to exhibit a strong
spin-orbit interaction, non-collinear calculations including spin-orbit coupling were
performed for calculating the magnetic moment and density of states of LiIrOs. The dimer
reaction energy and kinetics of both compounds were calculated in a 2x2x2 supercell,



where we switched to the PBE+U functional [20,21] in order to make the dimer screening
computationally feasible. A range of choices for the U parameter were tested to closely
match the magnetic moments and lattice constants of the HSE06 calculation for the bulk
structures, and we settled on 3.9 eV for Mn and 4.0 eV for Ir. Activation energies were
calculated using the nudged elastic band (NEB) method [22].

DISCUSSION

In order to compare the structural stability of the oxygen framework for the
Li:MnOs and LiIrOs compounds, we have to calculate the chemical reaction energy for the
formation of O-O dimers for both cathode materials in a charged state, i.e. after the
removal of a certain concentration of lithium. However, the fully charged structure for
Li2MnO; is found to be highly unstable, i.e. lead to the spontaneous formation of several
oxygen dimers. Moreover, the cathode is unlikely to ever be fully delithiated in a practical
battery. We choose to work with the 75% charged structures, LinsMnOs and LiysIrOs, as
based on the oxygen evolution we would expect dimerization for this state of charge for
Li:MnOs but not LiIrOs. The lithium configuration was found by comparing the energy
of all symmetrically non-equivalent configurations in the primitive cell. Similar to previous
work [12], we find that for the optimal lithium configuration, the LipsMnO; structure
spontaneously shifts from an O3 stacking to the O1 stacking, with the lithium in the la
Wryckoff sites (Figure 1). A similar transformation is found to occur for LiysIrOs, which
has been experimentally verified and leveraged in order to study the deformation of the
oxygen framework [3]. Note that we refer to oxygen dimers as a local formation of an
oxygen pair which are covalently bonded at a distance close to that of the O, molecule.

Oxygen oxidation Table I: Calculated magnetic moments and O-O
distances in Li>[Mn, Ir]Oa.

As the lithium is removed from
the cathode, the oxygen of the Li-rich
materials is believed to oxidize [23]. To confirm the change in the oxidation state of the
atoms, we compare the calculated local magnetic moments of the various elements for both
structures in the discharged and 75% charged state in Figure 1 and Table I. We can see that
for LibMnQO3, the magnetic moment of Mn remains largely the same, whereas the magnetic
moment on oxygen increases significantly. For oxygen, the increase in magnetic moment
corresponds to an oxidation from its O*

state, as its p-orbitals are no longer fully Liy[Mn, Ir]O3 H Lig.5[Mn, Ir] O3
occupied, leading to an increased local |p/(Mn) | 2.918 pp 2.949 pp
density of unpaired electrons. The results 1ul(0) 0.001 s 0.445 s
. dshort 2.52 A 231 A
diong 2.75 A 2.61 A
[ 2] (Ir) 0.762 pip 1.165 pp
It [1](O) 0.069 pp 0.371 pp
dshort 2.75 A 2.51 A

ing 2.87 A 2.74 A
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Figure 1: Charging of the Li.[Mn, Ir]O; cathode. The unit cell of the HSE06 calculation is drawn in blue. Atomic orbital
diagrams are also drawn in order to elucidate the connection between the magnetic moment and the oxidation state for
Mn and O. The top figures are the structure shown in the [100] projection, whereas the lower figures represent a single
octahedral layer of the layered structure, viewed top down. The projected density of states of the Mn-3d, Ir-5 and O-2p
orbitals are also shown for the discharged (left) and charged (right) structure.

for Mn indicate that it does not participate much in the redox processes that occur when
the battery is charged. Instead, its magnetic moment remains close to 3 pz, which
corresponds to the initial oxidation state Mn** in the discharged cathode structure. For
LiIrOs, removing lithium from the discharged structure results in a significant change of
the local magnetic moment for both Ir and O, implying a more mixed redox process during
the charging of the cathode. This mixed redox for LiIrO; is in agreement with the XPS
results of McCalla et al. [3], where they explain that this is in part due to the covalent
character of the Ir-O bond. This covalency could also explain why oxygen is oxidized less
when charging Li[rOs, as valence electrons are removed from both Ir and O. Mn** could
in principle also be oxidized further, but the Mn** oxidation state is rare, and generally not
octahedrally coordinated [24]. The fact that the change in magnetic moment on O is
smaller for Li>IrOs than for LizbMnOs indicates that the mixed redox process in the charging
of Li,IrO; results in less oxidation of the oxygen of the structure in the charged state. This
is supported by the projected density of states (PDOS), also plotted in Figure 1. For



LixMnOs, the electronic states close to the fermi level correspond largely to the O 2p states.
This indicates that as the battery is charged, electrons are removed from oxygen rather
than Mn. In contrast, looking at the PDOS for Li>IrO; reveals that the states near the Fermi
level are more evenly distributed between O 2p and Ir 5d, which corresponds well to the
picture of a more mixed redox activity for this material. When comparing the PDOS of the
charged structures with the discharged ones, we note that in both cases the number of O
2p states near the Fermi level has decreased. The different is much more substantial for
LixMnOsversus LixIrOs, once again implying a larger oxidation of oxygen for LixMnO:s.

Along with its oxidation, the oxygen framework is distorted as lithium is removed
from the structure. In order to quantify this, we determine the distances between the
various oxygen pairs, connected in the tetrahedral environment of Mn or Ir. The distances
between oxygen pairs which are part of the same oxygen layer change little. However, for
the interlayer oxygen pairs, marked in Figure 1, the change in bond length is more
pronounced. Moreover, the shorter bonds dj,,,, for an oxygen pair sharing two [Mn, Ir]
neighbors, shrink more than the long bonds d,,,4, which share a transition metal and Li
or vacancy. This leads to a distortion of the octahedral environment around the transition
metals, resulting in short O-O bonds which McCalla et al. refer to as dimers. In this work,
we will focus our attention on the formation of a peroxo species with a bond length closer
to that of the oxygen molecule, as this formation has been derived theoretically for
Li2MnO;3, and believed to be related the migration of Mn and the resulting voltage fade [6].

Dimer analysis

To calculate the chemical reaction energy of the dimer formation, we construct a
2x2x2 supercell of the primitive unit cell,
for the Ol stacking of the 75% charged
LipsMnO; and LiosIrOs (Figure 2). In order
to consistently study the dimer formation,
we need to consider all non-equivalent
oxygen pairs that have the potential to
form a dimer for each material. We use an
in-house Python package'to find the non-
equivalent potential dimers in the
structure. This package relies heavily on
the pymatgen [25,26] as well as the
fireworks [27] packages  for  the
automation of the dimer calculation workflows. In short, all oxygen dimers in the structure
are found using a voronoi decomposition to find the neighbors of the various atoms in the
unit cell. Once all oxygen dimers have been found, we set up a list for each non-equivalent
potential dimer, which contains all the equivalent dimers to this non-equivalent dimer.
From each non-equivalent dimer list, we choose one dimer of the unit cell, with the goal
of producing a list of inequivalent dimers that is easy to visualize. In the charged O1-
LipsMnQO; and O1-LiosIrOs structures, we find a total of 6 non-equivalent dimers, shown
in Figure 2. For each structure and each potential dimer, we reduce the distance between
the oxygen atoms in the dimer pair to 1.4 A and once again optimize all atomic positions
as described in the methods section. To make sure the interaction between the dimers in
the periodic boundary conditions approach of VASP is sufficiently small, we have also
performed similar calculations in a 3x3x3 supercell, and found the differences between the
reaction energies to be smaller than 50 meV for all potential dimers.

Figure 2: Potential oxygen dimers in O1-Lios[Mn, Ir]Os.

1 Pybat, can be found at https://github.com/mbercx
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We show the results for the reaction energy and final bond length in Figure 3.
Even though all perturbed structures produce a stable oxygen dimer after optimization,
only two dimers have a negative reaction energy, which we have labelled as A and E
in Figure 2. One dimer (C) results in a geometry similar to the formation of the E dimer,
with comparable energies. The two dimers that have a reduced energy in the final state are
formed by two oxygen atoms from different layers, with dimer A being the most
energetically favorable by far. We show the final structures both dimers in Figure 3, along
with the kinetic barrier, calculated using the NEB method. For the A dimer, the kinetic
barrier is found to be 214 meV, which is smaller than the typical kinetic barrier for lithium
migration in layered structures [28]. This implies that the formation of the A dimer is very
likely to occur during the charging process. The kinetic barrier for the E dimer is
significantly higher at 584 meV, but is by no means insurmountable. Hence, we would
expect to find both barriers to play a significant role in the structural changes that occur
for LixMnO:s as it is cycled.

In stark contrast with the results of OI-Lio;sMnOs, none of the dimer
optimizations for O1-LiosIrOs result in a new geometry with a lower energy as the
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Figure 3: Reaction energies AE, final O-O bond length d_, and kinetic barriers for the dimers in O1-LiosMnOs. The

final geometry and kinetic barrier is only shown for dimer A and E, which have a negative reaction energy.

unperturbed structure. In fact, out of all the dimers, all but one return to the original
oxygen framework. The only dimer that is stable after optimization has an increased energy
of +2.2 eV, and is hence unlikely to be ever formed in practise. In our view, the enhanced
stability of the oxygen framework can be in part explained by the reduced participation of
oxygen in the redox process as the battery is charged, which is believed to be the primary
driver for dimer formation.

CONCLUSION

In this work, we have made a comparison of the stability of the oxygen framework
of two layered oxide materials which are being investigated for use as a cathode in Li-ion
batteries. Based on a combination of HSE06 and PBE+U calculations, we find that the
oxygen lattice is much more stable for LioIrO; than for LixMnOs, which we believe to be
related to the mixed redox activity in LiIrOs. This suggests that introducing transition



metals in the Li-rich structure that allow for higher states of oxidation is a reasonable path
for reducing the likelihood of forming O-O dimers, and observing the corresponding
structural changes of the cathode that are tied to the detrimental voltage fade and oxygen
evolution. Although our results indicate that the formation of oxygen dimers in O1-
LipsMnO; is likely to occur, we have yet to study its connection with the migration of Mn
into the lithium layer. Other further investigations that could be interesting are the
formation of oxygen dimers at the cathode surface, and subsequent evolution of O, from
the cathode into the electrolyte.
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