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Li-rich cathodes are gaining popularity for Li-ion batteries due to their higher capacity compared to
standard layered cathodes. However, the redox mechanisms in these materials are still not clear, nor is
the origin of the extra capacity observed experimentally. We investigate the elusive charge-
compensation mechanisms and their impact on potential oxygen-dimer formation in a recently
synthesized Li-rich cathode, Li,NiOs. Using state-of-the-art ab initio dynamical mean-field theory, we
show that the excess capacity in Li;NiOs comes from a combined Ni and O redox, unlike its layered
counterpart LiNiO,, where O redox predominates. Moreover, we demonstrate O dimer formation via
a plot of the electron localization function for the first time, and attribute this formation to the higher
oxidation state of O, even in the pristine material. Finally, we show that Li migration to the interlayer
tetrahedral sites at the end of charge is potentially unlikely due to the end configuration being higher in
energy and the stabilization of the parent structure caused by O dimerization. Without this microscopic
understanding, it is not possible to design better Li-rich high Ni-content cathodes with higher capacity
and minimal degradation.

1 Introduction

Due to the higher specific capacities beyond 250 mAh g™,
lithium (Li)-rich cathodes are promising cathodes for the next
generation of batteries, bridging the capacity gap between
traditional layered-oxide-based Li-ion batteries and future Li-
metal batteries, such as Li-sulfur and Li-air batteries." Most
studies on Li-rich materials focused on modifying the well-
studied layered manganese (Mn)-based material Li,MnOj3;
(LLMO). These layered materials have a Li layer and a transition
metal (TM) layer with an extra Li in the TM layer, making them
Li-rich. The general perception for these materials is that Mn
being in a formal +4 (d®) oxidation state is electrochemically
inactive, and hence all of the capacity results from anionic redox
i.e. O in this material, considering no covalency in the ionic
picture. LLMO and its derivatives have reasonably high capacity,
however, the practical application of Li-rich oxides has been
hindered by several formidable challenges,** including capacity
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between the charge and discharge voltages® and the “voltage
droop” issue.”

Amongst the Li-rich materials, currently the nickel (Ni)-
based ones are receiving increasing attention due to the
higher energy density of Ni-rich materials in general. Their high
energy density makes Ni the redox-active element of choice for
automotive applications.*™°

Although an isostructural Ni-based variant of LLMO was re-
ported a while back,"” with the chemical formula Li,NiO;
(LLNO), it was prepared under highly oxidizing conditions by
employing either a high O, partial pressure>® or high
mechanical pressure,’*** hence making the process non-
scalable and commercially non-sustainable. More recently,
a solid state route of synthesizing this material from LiNiO,
(LNO) has been suggested,*'*'® focusing the discussion back on
Li,NiO;.

Several questions have been raised about the redox mecha-
nisms involved in the electrochemical cycling process of LLNO.
It was hypothesized by Bianchini et al.*® that in this material Ni
is in a +4 (d®) state, and the capacity is mostly due to lattice O,
release. However, it is also mentioned that 76% of the total
specific capacity is obtained from O, release and that gas
evolution does not account for all the observed capacity. This
poses the question of where this extra 24% capacity comes from
if we accept it as true that there is absolutely no redox activity of
Ni. It is also to be noted that almost double the amount of O loss
is observed in LLNO by Ogley et al.'’ compared to LLMO as
shown by Rana et al.;*® so clearly lattice O, release cannot be the
only mechanism at play.

We have shown recently through advanced state-of-the-art
DMFT calculations that in LNO™" which is the prototypical
standard layered Ni-based material, and its doped versions
NMC-811,>>* that the formal oxidation state picture has
become obsolete, and Ni does not reach the +4 state at the end
of charge as expected from basic inorganic chemistry due to the
presence of ligand holes on O and O undergoing O redox in Ni
rich materials due to large Ni-O covalency. At the end of charge
in LNO and other Ni-rich layered cathodes, Ni is in a 3d°L” state.
Similarly the Ni in LLNO has been shown from Ni K edge X-ray
Absorption Near Edge Structure (XANES) spectra to be in a 3d®L>
state similar to LNO at the end of charge (in a highly covalent
Ni-O hybridized state).'” Hence, it is clear that the ionic picture
of formal oxidation states does not work in the case of high Ni-
O covalency, which can be expected for LLNO as well, due to
large Ni-O covalency and raises the imperative need for a clear
explanation of the redox mechanism involved in the cycling
process of this material.

XANES and Resonant Inelastic X-ray Scattering (RIXS)
measurements show that O dimerization occurs in LLNO." In
this study, the authors show the presence of Ni in 3d°L* state
based on both Ni-K and Ni L-edge spectra. An overall reduction
of the cathode is associated with the movement of the Ni K edge
to lower energies and attributed to the change in structural
composition of the cathode due to loss of stoichiometry, owing
to O loss, as well as trapped O dimers. It is emphasized that
although the RIXS signature of O dimerization is seen here, 0O-O
RIXS may not be a good signature of O redox (as seen previously

J. Mater. Chem. A

View Article Online

Paper

as well), necessitating and inspiring further theoretical
investigation of O redox. The O-O dimer feature is shown by
Ogley et al.'” to be absent in pristine LLNO, arising only at
delithiated states, suggesting that Li content may be a key
determinant in driving the intensity of the RIXS feature. It is
proposed that the O-O dimer feature may not necessarily be
associated with the 3d®L”> configuration, and there may be
structural effects at play. It has also been well established for
related Ni-rich materials*** that TM K edge XANES do not
provide a faithful description of oxidation state change,
particularly in the case of strongly covalent systems, and are
often affected by structural reconstruction effects. Hence, it is
imperative to disentangle the bulk O redox mechanism in LLNO
from the structural reconstructions and correlate this to the
mechanism of O dimerization, which is not yet well understood
in Li-rich materials.

Based on calculations,* it has recently been suggested albeit
for a different Ni-rich material LNO that O dimerization arises
due to defects in the system. These calculations combined
bond-length analysis with magnetic moment analysis to char-
acterize this dimer as “molecular O,-like”. Bond length analysis
showed a relaxed bond length of 1.208 A, which is the average
bond length of molecular O,. Magnetic moment analysis
showed an average magnetic moment over the two constituent
oxygens of 0.761 pg, which is close to the corresponding value of
the magnetic moment of triplet O,. However, O dimerization is
an electronic phenomenon, and a structural analysis argument
based on bond length and average magnetic moment from
different O sites on a plane wave calculation might not fully
reflect either the occurrence or bonding nature of dimers. This
is even more complicated considering the multifaceted nature
of electronic interaction in solids when trying to determine the
occurrence of an O dimer in a solid state with numerous plau-
sible interactions, unlike an O dimer in vacuum, where a bond
length analysis alone would have been sufficient. The study*
undertakes further characterization of the structure and assigns
charges to these oxygens (via Mulliken and Léwdin partitioning)
of approximately zero, and an integrated crystal orbital bond
index between them of 0.95, indicating a covalent bonding. No
such analysis exists for LLNO. Very recently, the assumptions
about the origin of O dimerization and molecular O, in
a different Li-rich material have been questioned, and ideas
regarding the impact of beam damage in X-ray experiments on
molecular O, have been put forth,* challenging the existing
notions of anion redox. Since there is no concrete and accurate
theoretical understanding yet on Li-rich materials, the jury is
still out on these very relevant and fundamental questions.

In this article, we address several fundamental questions
regarding this interesting Li-rich high Ni content cathode
material, LLNO, which has the potential for applicability in
batteries due to its high capacity. Using dynamical-mean field
theory (DMFT), we present the progress of the electronic
structure as a function of state-of-charge, as well as track very
accurately the occupancies of Ni d and O p orbitals, thereby
clarifying the redox mechanism at finite temperatures. Using
the GW approximation, we reproduce the TM K edges. Utilizing
core-hole DFT methods, we capture the O-K edge and the

This journal is © The Royal Society of Chemistry 2025
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corresponding peak, which is believed to be”*”*"?® indicative of
O dimerization, and show, using excited state core-hole PDOS
analysis, the nature of the peak. Employing the Electron
Localization Function (ELF), we show definitively the formation
of O dimers in the bulk material without the presence of defects
and show that the O dimerization is due to the electronic
structure instability arising from the higher oxidation state of O.
Finally, we comment on the possibility of Li migration from
intralayer octahedral to interlayer tetrahedral sites. Our work
clarifies the origin of the extra capacity seen by Bianchini et al.,'®
shows the origin of O dimerization without defects, and clarifies
the redox mechanism in this material and its impact on Li
migration as well. The microscopic understanding of O
dimerization-based degradation, as well as the origin of the
extra capacity clarified in this article, can potentially aid in the
design of optimal Li-rich high Ni content cathodes with high
capacity and minimal degradation.

2 Computational details
2.1 Computational details: DFT calculations

Our DFT calculations for structural relaxation were carried out
in a plane-wave basis with projector-augmented wave (PAW)
potentials® as implemented in the Vienna Ab initio Simulation
Package (VASP).>**!

In all our DFT relaxation calculations, we chose as exchange-
correlation functional the Generalized Gradient Approximation
(GGA) implemented following the Perdew-Burke-Ernzerhof
(PBESol) prescription®* for solids. For ionic relaxations using
the VASP package, the internal positions of the atoms were
allowed to relax until the forces became less than 0.005 ev A~
An energy cutoff of 600 eV and an 8 x 8 x 4 Monkhorst-Pack k-
points mesh provided good convergence of the total energy.

The DFT + U calculations were carried out in the form of GGA
+ U. The value of U at the Ni sites in the GGA + U formalism was
6 eV, in the Dudarev Scheme, following previous calculations
where similar values of U have been selected.'*?*33-%

The electron localization function (ELF) is plotted to show
oxygen dimerization, which is defined as a measure of the
likelihood of finding an electron in the neighborhood space of
a reference electron located at a given point and with the same
spin, and given by the formula,**

ELF= — (1)

Vp|*

1 2 1 3 5/3 5
here, D = — Vo,|” — - —— an = —(3w? /3.
where, D=, S [V - 2 (3w

2.2 Prediction of XAS using DFT calculations

X-ray absorption spectra for the O K edge were calculated with
VASP6 using PAW with an energy cutoff of 600 eV. A core hole
was introduced in the 1s state of O. The PBE functional was
chosen since it has been shown before to be sufficient for
describing the essential O p states™ as well as capturing the
edge and pre-edge peak features sufficiently.*

This journal is © The Royal Society of Chemistry 2025
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2.3 Feg calculations for prediction of XANES for strongly
correlated TM

In our study, we employed the FEFF10 code for the ab initio
calculation of K-edge XANES for the transition metals. The X-ray
absorption spectra of transition metals are commonly domi-
nated by atomic multiplet interactions arising from electron
correlation.”” FEFF employs Green's formulation of the multiple
scattering theory to compute the spectra.*®*® The X-ray absorp-
tion cross-section u is calculated in a manner similar to Fermi's
golden rule when written in terms of the projected photo-
electron density of final states or the imaginary part of the
one-particle Green's function, G(r, 7’; E). In terms of the Green's
function, G(r, 7’; E), the absorption coefficient, u, from a given
core level ¢ is given by ref. 40.

e,G(r, v E) &/ ‘c> (2)

with the Green's function, G(r, 7’; E) given by

1
= ——Im<c
T

, we(r)w; (r')

G(””E>:§;E—Ef+ir )
where ¥ are the final states, with associated energies Er and net
lifetime I', of a one-particle Hamiltonian that includes an
optical potential with appropriate core hole screening. The
FEFF code computes the full propagator G incrementally using
matrix factorization and uses the spherical muffin-tin approxi-
mation for the scattering potential. For self-consistent potential
calculations required in the XANES calculation for the Fermi
level E, estimation, a large value of rfms1 (radius of the cluster
considered during the full multiple scattering calculation
within the self-consistent field loop) was chosen to be 9 A, to
have a large number of atoms included in the self-consistent
potential calculations. Full multiple scattering (FMS) is
required in the XANES calculation, as the multiple scattering
(MS) expansion's convergence might not be stable in the XANES
calculation. A large rfms (radius of sphere centered on the
absorbing atom (real space) or for the unit cell of the crystal (k-
space) to compute full multiple scattering calculations) value
was considered to be 11 A, for proper convergence. The Hedin-
Lundgqpvist self-energy was chosen for the exchange-correlation
potential model used for XANES calculation. The random phase
approximation (RPA) is used to approximate the core-hole
interactions in our K-edge XANES calculations. The default
experimental broadening of 0.3 eV given by FEFF was applied.

2.4 Computational details: DMFT calculations

For our DFT + DMFT calculations, we used the full-potential
augmented plane-wave basis as implemented in the WIEN2K
code package.** For the WIEN2K calculations, we used the
largest possible muffin-tin radii, and the basis set plane-wave
cutoff was defined by Ryin*Kmax = 9, Where Ry, is the muffin-
tin radius of the O atoms. The consistency between the VASP
and WIEN2K results has always been cross-checked.

DMFT calculations were performed using the TRIQS/
DFTTools package*** based on the TRIQS libraries.*® We
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performed DMFT calculations in a basis set of projective Wan-
nier functions as implemented in the dmftproj module of
TRIQS. It was also used to calculate the initial occupancy of the
correlated orbitals. A projection window of —8 eV to +26 eV was
chosen. The large window of unoccupied bands was chosen to
account for any hybridization between Ni d and O p orbitals in
the higher energy unoccupied bands, for more accurate charge
projections within the d - p model. All five Ni d orbitals have
been treated in the impurity model, whereas the O p states have
been taken into account only as non-interacting.

The Anderson impurity model, constructed by mapping the
many-body lattice problem to a local problem of an impurity
interacting with a bath, was solved using the continuous-time
quantum Monte Carlo algorithm in the hybridization expan-
sion (CT-HYB)* as implemented in the TRIQS/CTHYB
package.”” For each DMFT step, 125000 x 128 cycles of
warmup steps and 1250000 x 128 cycles of measures were
performed for the quantum Monte Carlo calculations. We per-
formed one-shot DFT + DMFT calculations, using a fully local-
ized limit (FLL) type double-counting correction.” We used
a fully rotationally invariant Kanamori Hamiltonian parame-
trized by Hubbard U and Hund's coupling Ji;, where we set the
intraorbital interaction to U = U - 2Jy. For our DMFT calcula-
tions, we used U = 6 eV and J = 0.5 eV following existing
literature for Ni d orbitals.”?***> The insulating state for pristine
LLNO structure was seen to appear at U = 6 eV, Jy = 0.5 €V,
which also match with our choice of U in the DFT calculations
as well as previous existing values of U in literature.'®->333-3549
Real-frequency Green's functions have been obtained using the
maximum-entropy method of analytic continuation as imple-
mented in the TRIQS/MAXENT application.>

3 Results and discussion

In this section, we discuss the results obtained from DFT, GW
and DMFT calculations. We first describe the crystal structure
and the DFT non-spin polarized band structure, based on which
we determine the low-energy Wannier Hamiltonian. Then we
describe the progression of the DMFT spectral functions with
various states of charge (SOC) and the calculated DMFT charges
from interacting Green's functions. Next, we show the calcu-
lated XANES spectra and correlate them with experimental
results. Finally, we show the origin of the O dimerization with
the electron localization function plots, and describe the
potential Li migration behavior.

3.1 Crystal structure and DFT bands

In this section, we describe the crystal structure and the DFT
non-spin polarized band structure of LLNO. LLNO is iso-
structural to LLMO. The lattice crystallizes in space group C,/m.
The PBESol-relaxed lattice constants are: a = 4.846 A, b = 8.384
A, c=4.939 A, @ = 90°, 8 = 109.305°, v = 90°. The structure is
shown in Fig. 1a. It is a layered structure with excess Li in the
TM layers as shown. There are a total of 4 Li, 2 Ni, and 6 O ions
in the unit cell. In principle, Li,NiO; can be considered as Li
[Niy3Liy/3]0,, where alternating Li and Ni,;Liys; layers are
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(a) (b)

Energy (eV)

Fig. 1 (a) Crystal structure of Li;NiOsz in pristine state and (b) the
corresponding non-magnetic DFT band structure. The representative
colors for the fat bands as well as the atomic spheres are Ni (blue), O
(red), and Li (green). The Fermi energy is marked with the dashed line at
OeV.

embedded within a nearly cubic close-packed oxygen sublattice,
and the Ni,/;Li;/; layer shows a honeycomb ordering. We then
create different states of charge by removing Li ions first from
the Li layers as suggested by Bianchini et al.’® and finally, at the
very end of charge, we remove Li from the TM layer to create
NiO;. We provide the details of all the relaxed structures in
Table 1 and the relaxed CIF files as ESL.}

In the pristine state, the non-magnetic DFT band structure
shows that LLNO is a diamagnetic insulator, confirming
experimental findings. We observe a large overlap between Ni
d and O p states as shown in Fig. 1b. This large overlap of Ni
d and O p bands is similar to the band structure of NiO, seen in
ref. 19, indicating a strong hybridization between Ni d and O p
orbitals, where a d-p low-energy Wannier Hamiltonian was
constructed due to the large covalency between Ni d and O p
bands. In this case, we also construct a Wannier d—p model.

3.2 Correlated electronic structure

In this section, we discuss the evolution of the correlated elec-
tronic structure in the paramagnetic phase as a function of
state-of-charge using DMFT. We follow the real-frequency
interacting Green's functions as we delithiate the structure. In
Fig. 2, we show this evolution where we plot orbital resolved
spectral functions. Although the large angle § = 109.305° leads
to a trigonal distortion and breaks somewhat the degeneracy of
the ¢,, orbitals, for all practical purposes, we can still use the
tg—€¢ split nomenclature to track the change of spectral

Table 1 Table showing relaxed lattice parameters for Li;NiOsz as
a function of state of charge

Pristine 50% SOC 75% SOC 100% SOC
Lattice constants [A]
a 4.846 4.864 5.138 5.099
b 8.834 8.273 9.043 9.094
c 4.939 5.056 4.740 4.605
Lattice angles [°]
o 90.00 90.00 90.00 90.00
6 109.3 111.7 131.5 134.9
% 90.00 90.00 90.00 90.00
Volume [A%] 189.4 189.1 165.0 151.3

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Figure showing the evolution of DMFT spectral functions ob-
tained from Green's functions with the different states of charge (a) 0%
SOC (b) 50% SOC (c) 75% SOC and (d) 100% SOC. The change in
spectral function as well as the emergence of quasiparticle peaks
(shown using dashed brackets) show the involvement of Ni d orbitals in
the redox process.

functions. DMFT calculations are carried out at 1/kgT =20 eV *,
which corresponds to a temperature 7 = 580 K in the para-
magnetic regime.

The paramagnetic spectral function at 0% SOC shows an
insulating state with fully-filled ¢,, and half-filled e, orbitals,
with a small band gap of 0.4 eV. The occupancy of Ni-d orbital
from the DMFT interacting Green's function is 8e, which is
aligand hole state of 3d®L” in this material. The total number of
electrons in the d-p manifold is 48 electrons, and since there
are 2 Ni and 6 O atoms, the average occupancy of O p orbitals in
this state of charge is 5.33. This indicates a large ligand-hole on
the O and a large deviation from the formal oxidation state of +4
for Ni (also shown in Fig. 3). Following the logic of formal
oxidation states, this would have resulted in an O~ state, which
we do not see in the DMFT calculations.

Next, we move on to the 50% state-of-charge and see
a massive change in the Ni d spectral function obtained from
the interacting Green's functions. We show that both the t,, and

9
> 8 @ENid @mO0p
5[] 7]
<7 7.7 T —
[N ..
8 7.25 71
3 6
o 5 o
= 5.33
E 5.1 5.08 4.96
o 4
5 !
w3
2 |
=2
E
z1

0

0% SOC 50% SOC 75% SOC 100% SOC
STATES OF CHARGE

Fig. 3 Figure showing redox states of Ni and O species for various
states of charge calculated using DMFT d—p models. This confirms that
the redox behavior is shown by both Ni and O. O redox occurs first,
and Ni redox occurs at a later stage.
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e, orbitals start emptying out, thus showing the involvement of
the Ni d in the redox process. In this case we find the average
occupancy of the Ni d orbitals become 7.7 and since the total
number of electrons in this case of 46 due to removal of 2 Li and
correspondingly 2e leads to an average O p occupancy of 5.1,
also shown in Fig. 3. Thus we see an involvement of both O and
Ni in the redox process, although up to this state-of-charge the
major involvement in the redox process is due to O p orbitals
confirming O redox, essentially demonstrating ligand hole
redox similar to LNO up to this SOC.

At 75% SOC we find a large change in the spectral function of
both the t,, and e, spectral functions, demonstrating further
involvement of Ni d orbitals in the redox process, as shown in
Fig. 2. The integrated charge from the interacting Green's
function shows an average occupancy of 7.25 on Ni d orbitals.
Since the total occupancy of the d—p manifold is 45e, we find the
average occupancy of O p orbitals is 5.08, as shown in Fig. 3.
Hence, beyond 50% state of charge, a larger involvement of Ni
d orbitals is observed in LLNO, which was not seen in LNO.

Finally, at 100% SOC, we obtain the NiO; structure. Although
it is difficult to extract the last Li ions from the structure
experimentally, it is possible to create this structure theoreti-
cally. Moreover, since there is the possibility of Li moving from
the transition-metal octahedral site to the inter-layer tetrahedral
site, which has been predicted in LLMO, it may be possible to
extract the Li which has moved to the inter-layer tetrahedral
site. From the spectral function, we see a large change in both
the t,, and e, orbitals as shown in Fig. 2. From the calculated
charges we find Ni d orbital having average occupancy of 7.1
which is a 3 d®L and with total d-p manifold having 44e hence O
p orbitals having average occupancy of 4.96. Thus, we see more
oxidation of Ni d orbitals. Overall, Ni d goes from an occupancy
of 8 (3d®L*) to 7.1 (3d®L), and O p goes from 5.33 to 4.96. Hence,
we find redox of both Ni and O, and this explains the charge-
compensation mechanism during cycling as well as the extra
capacity observed by Bianchini et al' which cannot be
explained through only lattice O, release.

Incidentally, from standard GGA + U calculations, it is also
seen that near the end of charge localized moments appear in
0 K DFT calculations which indicate that the material becomes
more paramagnetic at the end of charge compared to
a diamagnetic configuration at the beginning of charge, this can
also be seen from the occupancies on Ni sites. This idea is
further supported by the correlated paramagnetic spectral
functions shown in Fig. 2 where large quasiparticle peaks
appear beyond 50% state of charge shown using dashed
brackets,} which indicates a localized behavior associated with
the correlated metallic state and potentially localized moments

} In this case we have an “electron quasiparticle”: an electron in a crystal which
behaves as if it had an effective mass m* which differs from its real mass in
vacuum, a la Landau® who suggested that the low-temperature properties of
correlated metals can be understood in terms of long-lived quasiparticles with
all complex interactions included in Fermi-liquid parameters. The quasiparticle
peak is the peak associated with this semi-localized behavior, often seen in
Mott transitions at moderate correlation strengths where the strength of
interaction U ~ metal bandwidth W, associated with lower and upper Hubbard
bands®™.
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at low temperatures. It is to be noted, however, that a correlated
metal with a large quasiparticle peak is not the same as a free
electron metal and has vastly different experimental
conductivities.

3.3 Redox mechanism and XANES spectra

We have already demonstrated the different occupancies of Ni
d and O p orbitals as a function of SOC. This explains the redox
and corresponding charge-compensation mechanism in LLNO
during cycling. We observe primarily ligand hole redox due to
the large Ni-O covalency at the beginning of the charge. This is
very different from LLMO O redox, where O redox is primarily
due to unhybridized O species. Next, we try to reproduce the
trends in the experimental XANES spectra, and correlate this to
existing experimental spectra.

First, we use core-hole DFT to predict the O K edge as
a function of state of charge. This is shown in Fig. 4a. We see
a good match with the existing literature.”” The small peak
feature associated with the post-edge peak at the end of charge
is seen at 523 eV. Very importantly, we observe that the post-
edge peak at 523 eV that is attributed to O dimerization" is
seen in our theoretical spectra as well. Although it is not
possible to calculate the exact energies, particularly from
pseudopotential DFT calculations, the main features are well
represented. It is also to be noted that soft X-rays are often
surface sensitive, and the depth of penetration of the X-ray
determines the lineshapes and particularly intensities through
surface attenuation, as is seen in experimental literature.

0-04 T I L I ] I ]
(a) O K edg 0% SOC ]
003 — 75% SOC
0.02|-
0 - |
S o.01F :
>
S I | ~
= 0.0 L L
g 215 520 525 530 535
:‘Z‘ 2.5 -I T I T I T I
@ 1(b) Ni K edge 4
[} | —
2 2
1.5 —
1 L
0.5 —
0 L I 1 l 1 l
8340 8350 8360 8370

Photon Energy (eV)

Fig. 4 Figure showing (a) O—K and (b) Ni K edges for Li;NiOz at the
beginning and near the end of charge at 0% and 75% SOC. The dashed
arrow in (a) indicates the peak generally shown in experimental studies
to indicate the O dimer, while the solid arrow in (b) shows the
movement of the Ni K edge as a function of state of charge.
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Next, we analyze the O K edge for Li, sNiO; (75% delithiated
Li,NiO;) in detail, where we find the peak which is experimen-
tally pointed out to be a dimer. We show that the peak consists
of two inequivalent O sites in Fig. 5a. We also analyze the
excited-state PDOS from the core-hole DFT calculations. We
find that the pre-edge peak consists of a mix of Ni d and O p
states due to hybridization, as has generally been shown in Ni-
rich materials.>® However, we also see in Fig. 5b that the small
post-edge peak consists primarily of O p contribution with no
contribution from Ni d states. Hence, we can establish clearly
that this small peak arises from the O dimer formation, which
we will demonstrate in the next section via plots of the electron-
localization function. We also note here that this peak does not
appear in Li,NiOj; or other configurations of Li, sNiO; with Li in
interlayer sites, confirming that dimer formation occurs only in
cases without Li in interlayer sites. We shall explain this in
detail in a later section on Li migration.

Next, we calculate the Ni K edges, which are generally
measured with hard X-rays experimentally and are much more
bulk sensitive. In this case, due to the inability of DFT to take
into account electron correlation-based self-energy effects
accurately, we use the GW-approximation-based multiple scat-
tering methods and obtain an excellent match with experi-
mental Ni K edges. We show in Fig. 4b that the Ni K edge moves
to lower energies in delithiation, which has been suggested in
experimental studies to be indicative of the reduction of Ni.
Limitations in periodic modelling necessitate that the GW-
approximation calculations presented are carried out on struc-
tures comprising a stoichiometric ratio of atoms. In experiment,
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Fig. 5 Figure showing (a) the calculated contribution from each
inequivalent O site to the total XANES K-edge for LigsNiOs. (b) The
excited-state core-hole electronic PDOS-based analysis of the dimer
peak in O K-edge XANES for 75% state of charge. The peak labelled
with the dashed arrow in (a) has previously been attributed to the
oxygen dimer. We verify this by showing in (b) that the electronic
density of states at this energy comprises states associated with the
oxygen dimer.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta03794h

Open Access Article. Published on 08 July 2025. Downloaded on 7/16/2025 1:42:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

along with trapped O dimers, there is also O-loss leading to loss
of stoichiometry. This loss causes structural changes, which
contribute to the negative shift."” Indeed, it is well known that
structural effects play a massive role in K-edge spectra.'*** The
negative shift in our stoichiometric calculations may be corre-
lated to trapped O dimers forming at the end of charge which
we demonstrate in the next section.

3.4 O dimerization

In this section, we demonstrate the formation of O dimers and
explain the origin of O dimerization phenomena. It has been
suggested previously, albeit for a different Ni-rich material LNO,
that O dimerization occurs due to the formation of defects,>®
using a combination of bond length and magnetic moment
analysis, with Mulliken and Loéwdin charges and ICOOP.
However, the state-of-the-art in providing the clearest demon-
stration of the formation of a dimer is usually carried out
employing ELF****7¢ analysis, since by definition the electron
localization function is a measure of the probability of finding an
electron in the neighborhood space of a reference electron
located at a given point and with the same spin, essentially
defining a dimer. We see the formation of O dimers at 75% state
of charge, while no such dimer exists at 0% state of charge. We
show the ELF plots for 0% and 75% state of charge in Fig. 6. In
Fig. 6a ELF for 0% state of charge is shown, where there is no O
dimer formation, while in Fig. 6b, a clear O dimer formation is
seen at 75% state of charge. O dimers form in the bulk structure
itself and do not require defects or O vacancies (although these
might potentially be present). This is because dimerization of O

(a) 0% SOC

(b) 75% SOC

Fig. 6 Figure showing electron localization functions (a) for 0% state
of charge and (b) for 75% state of charge, during cycling, clearly
showing the formation of O dimers at 75% SOC.
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stabilizes the O ions in a highly oxidized state, as we have shown
in Fig. 3. We can see that the O p-orbital occupancy is ~5 which
indicates an O oxidation state of —1. Formation of a dimer allows
two O ions at —1 state to share electrons to form a dimer and
stabilize their configuration. The question might arise as to why
this does not form in the case of a 0% state of charge, which is
also unstable with p orbital occupancy of 5.33. However, as we
can see in Fig. 6a, the Li ions in the interlayer space prevent O
dimerization. Moreover, the O ions between the two TM layers
have a large distance, which also prevents dimerization. So,
dimerization, we have demonstrated here, is not necessarily
a defect-driven process, but is an electronic structure-driven
process arising due to the instability associated with the higher
oxidation state of O. It is hence energetically favourable for the O
in p°> state to form dimers and stabilize by fulfilling the octet
configuration. It is to be noted that by defect we mean specifically
Ovacancies and O site defects and not Li vacancies occurring due
to delithiation. Although it is plausible that Li vacancies in the
charging/delithiation process and subsequent structural relaxa-
tion may induce local lattice distortions that could potentially
impact O-O interactions or even, as in any oxide material, affect
the formation of O vacancies, the primary driving force behind O
dimerization is the electronic instability of O in a highly oxidized
state, rather than O vacancies. This is evident from our calcula-
tions, which demonstrate O dimerization even in a bulk O
vacancy-free structure. This can also lead to the eventual
formation of molecular O, in the material as has been shown
before theoretically using AIMD simulations for a related Ni-
rich material LiNiO,. In this study on LiNiO, in a highly
charged state the following mechanism for the observed reaction
route was proposed: (1) two oxide ion radicals O~ combine to
form a peroxide ion O3; (2) upon peroxide formation and
desorption, the two O~ radicals are oxidized to molecular O,,
leaving behind two oxygen vacancies and two electrons; and (3)
the two electrons reduce the two closest O~ radicals to O~ ions.
The latter two processes occur simultaneously. O dimerization
will also have a significant impact on Li migration.

3.5 Li migration

In this section, we discuss the Li migration in Li-rich materials,
which have been observed in LLMO. It has been seen previ-
ously®” that in LLMO, near the end of charge Li in the TM layer
in the octahedral site migrates to the interlayer tetrahedral site
and forms a dumb-bell configuration of two Li ions.

First, we try to construct a structure with the dumbbell
configuration in LLNO at 75% state of charge, similar to what
would be observed in LLMO and other Li-rich layered mate-
rials,”” and relax this structure. We observe that after a full
relaxation of this structure, the energy difference between the
structure with Li in interlayer tetrahedral sites and the structure
with Li in intralayer octahedral sites is ~2.4 eV (energy differ-
ence per ion ~133 meV). This is a massive energy difference
which cannot be overcome by thermal fluctuations at any
reasonable temperature. Hence, we can conclude that the
structure with Li in interlayer tetrahedral sites is energetically
unfavourable in this case.
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To further establish the idea that Li migration in this
structure to inter-layer sites is unlikely, next we carry out AIMD
calculations at different temperatures T'= 300 K, and 500 K, in
the NVT ensemble using the Nose-Hoover thermostat for a few
picoseconds. However, this does not show a Li migration from
intra-layer octahedral to inter-layer tetrahedral sites.

The higher stabilization of the structure with Li in the
intralayer octahedral sites can be attributed to the fact that in
the case of the structure with Li in the tetrahedral interlayer
sites, the highly oxidized O ions cannot attain stability by
forming O dimers. Hence, the stabilization energy of O dimer-
ization competes with the thermal energy, and this results in
the final state being unfavourable and higher in energy. Thus,
even though it might be possible to have Li migration in LLNO,
the likelihood of such a transition is very low due to the stabi-
lization effect of O dimerization.

To further confirm that the structure with Li in interlayer
tetrahedral sites is unlikely to appear, we carry out XANES O K
edge spectra simulation with this structure. Unsurprisingly, the
dimer peak shown in Fig. 4a as well as Fig. 5a does not appear
since dimers do not form in this structure. We also find no
dimer formation in our calculation for ELF for this structure
either.

4 Conclusions

In this article, we study the electronic structure of LLNO, a Li-rich
high Ni-content cathode material of current interest, using
advanced theoretical methods. We show that, unlike Mn in
LLMO, Ni in pristine LLNO does not exist in its formal oxidation
state (of +4 i.e., d° configuration). We demonstrate that Ni shows
a 3d®L* ligand hole state, and contrary to what is suggested in
existing literature, participates in the redox mechanism along
with O. This participation explains the extra capacity observed in
experimental studies. O redox dominates at the beginning of
charge, with some participation from Ni, while Ni redox domi-
nates at the end of charge. Our calculated Ni K edge and O K edge
show an excellent match with experimental XANES spectra, and
demonstrate that the O K edge XANES feature of O dimers arises
due to O p states only. O dimerization is convincingly demon-
strated using ELF plots. The dimerization can be attributed to the
higher oxidation state of O at the end of the charge and the
absence of Li in the interlayer space. Although the origin of O
dimerization albeit for a different Ni-rich material LiNiO, was
previously thought to be defect driven,” we show here that at
least for Li,NiOz;, O dimerization occurs in the pristine lattice
without defects, purely arising from the electronic instability
associated with the higher oxidation state of O. This also has
significant impact in the formation of molecular O, observed
experimentally in Li-rich materials”*”*® arising again potentially
from electronic instability rather than beam damage.*® Finally,
we show using NVT ensemble AIMD that the likelihood of Li
migration from octahedral-intralayer sites to tetrahedral-
interlayer sites is very low. This is caused by the higher energy
of the final structure, since the initial structure is stabilized by O
dimerization. This conclusion is also supported by the absence
of the O-dimer peak in the Li-migrated structure. Our study
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provides valuable insights regarding the open questions in the
field about the charge-compensation mechanisms and the origin
of O-dimerization in Li-rich high Ni-content materials. The
microscopic understanding of the origin of O dimerization-
based degradation, as well as the origin of the extra capacity in
Li-rich high Ni-content cathodes, will help design optimal
batteries with high energy density and minimal degradation.
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