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Efforts to improve the specific capacity and energy density of lithium nickel-cobalt—manganese oxide
(NCM) cathodes focus on operating at high voltages or increasing nickel content. However, both
approaches necessitate a thorough understanding of the charge compensation mechanism. Traditional
ionic-bonding models which separate transition metal (TM) and oxygen redox processes prove
inadequate as anionic redox becomes significant, ignoring crucial metal-oxygen interactions. In this
study, we systematically investigate the charge compensation process in low-nickel and high-nickel
NCMs under high-voltage conditions. Here, the involvement of oxygen is critical in redox, as it shares
electrons with TM to form a strong TM-O covalent bond. Compared to low-Ni NCMs, high-Ni NCMs
exhibit an oxygen dimerization stage with trapped O,, which leads to the aggregation of vacancies in the
transition metal layer, thereby accelerating structural destabilization. This variation in oxygen
dimerization behavior among NCMs is closely correlated with differences in elemental composition, spin
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and oxygen, particularly highlighting oxygen behavior at each delithiation state, helping to optimize the
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Introduction

Lithium nickel cobalt manganese oxide (LiNi,Co,Mn,0,, NCM)
holds a competitive advantage in the high-end power battery
market due to its high specific capacity, high energy density,
and progressively optimized cost and safety.’® Generally, Ni
serves as the active component, enhancing the specific capacity;
Co maintains the stability of the layered cathode, thereby
improving the rate capability; and Mn acts as an electrochem-
ically inactive component, providing backbone support to
preserve the crystal structure during lithium-ion (de)
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utilization of oxygen redox reactions in commercial NCM compounds for high-capacity and high-
energy-density lithium-ion batteries.

intercalation processes.” Efforts to fully realize the benefits of
NCM compounds for high-capacity, high-power batteries while
reducing costs are focused on widening the operational voltage
windows for low- to medium-Ni layered oxide electrodes and
increasing the Ni content." However, these strategies are not
straightforward, as increasing either the charging voltage or the
nickel content can lead to degradation of the cathode material
structure.™* This structural degradation is associated with the
charge compensation process during delithiation, particularly
at high levels of delithiation. Therefore, it is essential to accu-
rately describe the charge compensation mechanism, to inform
strategies that enhance electrochemical performance while
maintaining stability.

Operating the NCM cathodes at high voltage leads to oxygen
involvement in the redox process, contributing to the increased
instability of NCMs.” Therefore, controlling the involvement of
oxygen is a critical factor for achieving high voltage cycling
while maintaining stability. Anion redox reactions have been
extensively studied in lithium-rich layered oxide compounds, as
they exhibit extra capacity beyond the cation redox reactions
due to the ability to extract electrons from the non-bonding O
2p states along the Li-O-Li configuration.® However, these
compounds suffer from voltage hysteresis and significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stability issues, which remain unavoidable to date.>'® There-
fore, extending the concept of oxygen redox reactions to NCM
cathodes presents a critical challenge and gives rise to several
issues, such as the significance of anionic redox in NCM, its
impact on the layered structure, and how to effectively regulate
anionic redox, all of which remain ambiguous.

Generally, the charge compensation mechanism in layered
oxide cathodes is typically described using a simple ionic-
bonding model, which provides a straightforward description
of the redox sequence.' In this model, TM cations and O anions
are considered separate from each other, each possessing
discrete electronic bands. The energy of the TM 3d orbitals is
higher than that of the O 2p orbitals, and thus, the redox bands
are assumed to originate solely from the TM 3d states. However,
due to the interaction between TM and O, particularly in
compounds containing late-transition metals (e.g., Co, Ni), the
activity of oxygen becomes strongly pronounced. This interac-
tion is often overlooked when describing the charge compen-
sation process in NCMs. Considering the electron interactions
and charge-transfer effects, the ionic model can be improved
using the Mott-Hubbard model, which incorporates the ligand-
to-metal charge transfer (LMCT) effect, providing a more accu-
rate representation of the interactions in correlated metal-oxide
compounds.*** Charge fluctuations between TM 3d states can
be suppressed due to the Coulomb interaction of the TM 3d
electrons Ugq, which describes the energy required to place two
electrons into the same d site, thus introducing a band gap
between unoccupied (upper Hubbard, UHB) and occupied
(lower Hubbard, LHB) states."* The ligand-to-metal charge
transfer describes the process where the ligand shares electrons
with the metal, creating electron holes on the ligand.’> The
interactions between TM and O vary due to differences in the d-
electron count, coordination environment, point group
symmetries, and the effective charge of the central metal
cation.” The late transition metals exhibit negative charge
transfer energy, causing the lower Hubbard band to merge with
the anionic O 2p band, leading to the O sharing electron with
metal.” This implies that metal and oxygen form a correlated
electronic system. As a result, the correlated electronic system
complicates the assignment of oxidation states for both the TM
and O. This complexity obscures the nature of the TM and O
redox processes, underscoring the importance of using accurate
and appropriate models when investigating charge compensa-
tion mechanisms. Furthermore, the precise mechanisms by
which oxygen participates in charge compensation remain
unclear, as does the connection to the O-O dimerization and
oxygen evolution.

In this study, we systematically investigate the evolution of
the electronic and geometric structures of two representative
NCM cathodes, low-Ni and high-Ni, during high-voltage
charging using various synchrotron X-ray spectroscopy tech-
niques. As discussed in detail later, we refute the one-electron
ionic approximation for describing the multi-electron system,
as it fails to accurately interpret the redox reactions, particularly
those involving oxygen. With the aid of various X-ray spectros-
copy techniques, we have elucidated a comprehensive picture of
the charge compensation process in NCM materials. We found

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that TM ionic redox reactions only occur at relatively low
potentials. At a certain level of delithiation, the covalency of the
system becomes strong enough to create electron holes in the
oxygen, in other words, oxygen begins to participate in redox
reactions through hybridization with TM before reaching the
formal anion redox reaction region. In addition, pure oxygen
oxidation occurs at a high delithiation state, providing extra
capacity. This is achieved through cation disorder, resulting
from Li/Ni mixing during synthesis or TM migration during the
charging. Additionally, we further investigate the oxygen elec-
tronic structure, particularly the potential for dimerization,
using high-resolution X-ray spectroscopy. The result elucidates
the effects of elemental compositions on dimerization and how
the oxygen redox reaction contributes to structural degradation.
Our findings provide a more accurate description of the charge
compensation mechanisms in NCMs, aligning more closely to
the actual situations. This understanding enables more
informed regulation of anion redox in NCMs, which will
significantly contribute to the development of next-generation
lithium-ion battery cathodes with enhanced capacity and
stability.

Results and discussion

NCM structural information extracted from XAS
characterization

LiNi,CoyMn,0, are conventional cathode materials that crys-
tallize in a layer structure characterized by a hexagonal o-
NaFeO, structure with the R3m space group (Fig. 1a). Operating
these conventional compounds at high cut-off voltages,
approaching their theoretical capacities, has emerged as
a pivotal strategy to fully exploit the benefits of layered materials
for high-capacity battery electrodes.™* Moreover, increasing the
energy density of Li-ion battery cathodes through high-voltage
operation necessitates a comprehensive understanding of the
roles of transition metals and oxygen in the charge compensa-
tion process. The charge compensation mechanisms in these
materials are determined by the characteristic features of
valence electron states (VES)." Consequently, investigating the
VES is the main object of understanding the charge compen-
sation mechanisms. X-ray absorption and emission spectros-
copies serve as potent techniques to examine the VES, where
a core-level electron is excited by the incident X-ray, and the VES
are detected with the core electron state or core hole state as
a probe.'*" In this study, the roles of TMs and oxygen in the
charge compensation process during delithiation were investi-
gated using various X-ray spectroscopies (Fig. 1b). Typically,
hard X-ray absorption spectroscopy, also known in nomencla-
ture as X-ray Absorption Fine-Structure (XAFS) and beneficial
for the TM K-edge, encompasses the X-ray Absorption Near-
Edge Structure (XANES) region and the Extended X-ray
Absorption Fine-Structure (EXAFS) region. The former is sensi-
tive to the oxidation state of the absorber, and the shape of such
spectra can be modulated by the average local coordination
environment around the absorber.'® Meanwhile, the latter
provides fine details of the partial pair distribution function of
atoms surrounding the absorber, including distances,
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Fig.1 O3-type cathode and synchrotron spectroscopy methods. (a) First charge curves of NCM333 and NCM811 cathodes. The inset illustrates
the O3-type structure, where dark cyan octahedrons represent TMOg units, red spheres denote oxygen ions and green spheres indicate lithium
ions. (b) Schematics of synchrotron-based X-ray absorption fine structure (XAFS), near-edge X-ray absorption fine structure (NEXAFS), and
resonant inelastic X-ray scattering (RIXS) spectroscopy techniques, highlighting their application areas in characterizing cathode materials.

coordination numbers, and the Debye-Waller factor." Soft X-
ray absorption spectroscopy, known as Near-Edge X-ray
Absorption Fine Structure (NEXAFS), is particularly beneficial
for the TM L-edge and 2p K-edge. This powerful and well-
established technique provides crucial insights into the elec-
tronic structures of unoccupied states at the VES.? In NEXAFS,
the analysis of TM L-edges focuses on the spectral shifts, inte-
grated intensity, branching ratio, and the crystal-field multiplet
and charge-transfer multiplet calculations, which help deter-
mine the oxidation and spin states of TMs.'®*° By combining the
soft X-ray TM L-edge and the hard X-ray TM K-edge, the TM 3d
and 4p valence states can be probed, respectively. Resonant
inelastic X-ray scattering (RIXS) is a powerful technique that
combines X-ray absorption and X-ray emission to probe the
electronic structure of materials.”” RIXS has recently been
demonstrated to be an effective technique for fingerprinting the
oxygen redox chemistry in TM oxide electrodes.”*' In summary,
the integrated application of XAS and RIXS to investigate the
valence electron states of the TMs and oxygen affords a relatively
comprehensive understanding of the charge compensation
mechanism of NCM cathode materials during the Li-ion dein-
tercalated process. Fig. 1a illustrates the first charge curves for
LiNi;;3C04/3Mn,,30, (NCM333) and  LiNipgCop1Mng 10,
(NCM811), with each material charged to 4.8 V (vs. Li/Li"),
respectively. To investigate the charge compensation mecha-
nisms, X-ray spectroscopy measurements were conducted on
a series of ex situ samples at different states of charge, as
highlighted by the dot mark.

Charge compensation from the aspects of TM

The normalized Ni, Co, and Mn K-edge transmission X-ray
Absorption Fine Structure (XAFS) data for LiNi;;3C04/3Mny,30,
(NCM333) and LiNijgC0y1Mny,0, (NCM811), specifically
focusing on the X-ray Absorption Near-Edge Structure (XANES)
region, are presented in Fig. 2a, respectively. In general, the
threshold energy position of the absorption edge provides
information about the state of the absorbing element while the
line shape of the K-edge XANES offers unique insights into the

8270 | Chem. Sci,, 2025, 16, 8268-8281

coordination environment and site symmetry.*»** For the fresh
NCM333 cathode, XANES data indicate that the absorption
edges for Ni, Co, and Mn closely align with those of NiO,
LiCoO,, and MnO,, respectively, suggesting that the initial
oxidation states are +2 for Ni, +3 for Co, and +4 for Mn.
Meanwhile, the pristine NCM811 cathode displays initial
oxidation states of +3 for Co, +4 for Mn, and Ni with a mixed
state of Ni** and Ni** for Ni. As lithium ions are deintercalated,
the Ni spectra of both NCM333 and NCM811 reveal that the
entire absorption edge shifts to a higher energy region. Simul-
taneously, the line shape exhibits only a small shoulder peak at
the edge that gradually washes out, which may correspond to
the increasing hybridization between Ni and O. In contrast,
none of the Co and Mn K-edge spectra show a systematic shift;
instead, they exhibit complicated changes in the overall shape.
It is well known that small changes in the coordination envi-
ronment, including bond length, bond covalency, geometry,
and site symmetry, resulting from delithiation, can significantly
alter the XANES spectra.>»** In the case of Co and Mn K-edge
XANES results, the evolution of the spectral shape can be
attributed to changes in bond length and covalency.”® Conse-
quently, the influence of structural factors on the spectral shape
complicates the interpretation of oxidation states via XANES. It
is not feasible to ascertain changes in the oxidation state solely
based on edge features, such as the half-height of the edge jump
or peak position. In the face of such difficulties, we utilized an
integration method to derive the average edge energy from each
spectrum, which can assist in determining the formal oxidation
states of each element (Fig. S1t). This integration method is
reported to be insensitive to variations in the shape of the
spectrum that occur without an overall shift of the edge posi-
tion, thereby allowing for a more accurate determination of
average edge energy.” The edge energies derived from the
integration of the Ni, Co, and Mn for the NCM333 and NCM811
cathodes are displayed in Fig. 2b and c, respectively. Co and Mn
exhibit only minor changes in both NCM333 and NCMS811,
indicating their minimal involvement in charge compensation.
Therefore, during the first charging process of NCMs, charge
compensation at the metal sites is primarily achieved through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Charge compensation from the perspective of transition metal
XANES spectra of pristine and charged NCM333 and NCM811 cathodes
Co, and Mn K-edges for NCM333 (b) and NCM811 (c) cathodes at the

the oxidation of Ni ions. Furthermore, the edge energy of Ni in
NCM333 continues to increase up to 4.5V (vs. Li/Li") after which
the edge position exhibits negligible changes. In contrast, for
the NCM811 cathode, spectral changes in Ni become subtle
after being charged to 4.2 V (vs. Li/Li"). Under high-voltage
conditions, the TM K-edge spectra of all transition metals in
NCMs converge to plateau-like features. Thus, an additional
process must occur during the final stages of charging.

Hard X-ray extended absorption fine structure quantitative
analysis provides insights into the local environment changes of
TMOs, particularly TM-O bond lengths. EXAFS parameters were
extracted from the data of samples at various states of charge.
The Fourier transform magnitudes of the EXAFS spectra are
shown in Fig. S5-S7,1 and their fits are displayed in Fig. 3a, S8
and S9.1 Bond distances for each element in NCMs are plotted
in Fig. 3b with detailed analyses presented in Tables S1-S6.f
The most significant change during charging is observed in the
Ni-O coordination shell of both NCM333 and NCM811, indi-
cating that charge compensation mainly occurs at Ni sites. In
contrast, Co-O and Mn-O bond lengths decrease only slightly,
suggesting their minor contributions to electrochemical reac-
tions. Moreover, changes in Ni-TM, Co-TM, and Mn-TM bond
lengths are attributed to variations in TM-O bonding during the
delithiation due to the edge-shared octahedral layered struc-
ture. Therefore, XAFS analysis of the TM K-edge indicates that
the oxidation states of TMs remain nearly constant beyond
a certain degree of delithiation (4.5 V for NCM333 and 4.2 V for
NCM811), where the evolution of the TM K-edge ceases and the
TM-O bond lengths plateau. Interestingly, we find that the Ni-O
bond length is larger than the Co-O and Mn-O bond lengths in
the pristine state, resulting in the NiOg octahedron being larger

© 2025 The Author(s). Published by the Royal Society of Chemistry

s revealed by TM K-edge XANES. (a) Normalized Mn, Co, and Ni K-edge
chargedto 4.2,4.5,and 4.8 V (vs. Li/Li*). (b and ¢) Edge positions of the Ni,
pristine state and various states of charge.

than the CoOg and MnOg (Fig. 3¢). Consequently, in the layered
structure, the different-sized octahedra must share edges to
form continuous TMO, slabs. This edge-sharing forces the ideal
layered structure to distort, ultimately resulting in a “zigzag”-
like structure. However, with delithiation, the Ni-O, Co-O, and
Mn-O bond lengths become more uniform, resulting in
a “ruler”-like oxygen layer. We hypothesize that this “zigzag”-
like structure hinders slab gliding, as the uneven distribution of
bond lengths creates structural hindrance. In contrast, the
smooth “ruler”-like structure, with more uniform bond lengths,
facilitates slab gliding, as it allows for easier movement.

Charge compensation achieved by TM-O hybridization and O-
holes

As mentioned above, the L-edge NEXAFS of TMs is particularly
useful in correlated electronic systems and provides insightful
information about the electronic structure, including oxidation
states, spin states, and bond covalency.'® Ni, Co, and Mn L, ;-
edge NEXAFS data were collected in total electron yield mode
from pristine and charged NCM333 and NCM811 cathodes
(Fig. 4a, b and S107). Due to splitting by the TM 2p spin-orbit
interaction, the feature in the lower energy region, referred to as
the L; edge, corresponds to the transition from 2p;/, to unoc-
cupied d-character states, while the higher energy feature, the
L, edge, corresponds to the transition from 2p,,. The Ni L;-
edge was observed to have a dominant peak at approximately
853 eV (peak A), typically indicative of the Ni*" state, while the
feature around 855 eV (peak B) can be attributed to a Ni**
state.”®* As lithium ions are deintercalated from NCM333 and
NCMS811 cathodes, the higher energy peak increases at the
expense of the lower energy peak, indicating a change in the

Chem. Sci., 2025, 16, 8268-8281 | 8271
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edge shift and broaden toward the higher energy region, with an
increase in peak intensity observed before reaching 4.5 V
(Fig. 4b). Subsequently, the spectra show only subtle changes.

effective nuclear charge of Ni ions, which is formally manifested
as the oxidation of Ni (Fig. 4c). During the deintercalation of
lithium ions from the NCM333 cathode, the peaks of Co L, ;-
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Fig.4 Oxidation-state changes of transition metals upon delithiation revealed by TM L-edge NEXAFS. (a) Ni L, 3-edge NEXAFS spectra of pristine
and charged NCM333 and NCM811 cathodes charged to 4.2, 4.5, and 4.8 V (vs. Li/Li*). (b) Co L, 3-edge NEXAFS spectra of pristine and charged
NCM333 and NCM811 cathodes at various states. Reference spectra: Ni2*O, Ni,>* O3, Co?*O, and Co,>"Osz. NEXAFS data were collected in total
electron yield (TEY) mode. (c) Differential Ni L, 3-edge spectra of NCM333 and NCM811 cathodes at various states. (d) Differential Co L, 3-edge
spectra of NCM333 and NCM811 cathodes at various states. (e) Quantification of the oxidation states from Ni and Co L, 3-edge NEXAFS of the
NCM333 at various states. (f) Quantification of the oxidation states from Ni and Co L, 3-edge NEXAFS of the NCM811 at various states.
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as interpreted by each model.

These phenomena are attributed to an increase in Co-O bond
covalency resulting from local structure distortions of CoOg
octahedra as well as a partial increase in the effective nuclear
charge of the Co ion.** Therefore, the evolution of these spectral
features suggests that Co in the NCM333 may participates to
some extent in the charge compensation process. In contrast,
the Co L, ;-edge of NCM811 remains largely unchanged with
lithium-ion removal, indicating that Co ions remain mostly
unchanged during charging (Fig. 4d). The difference in Co
behavior between NCM333 and NCM811 may be attributed to
the difficulty in detecting a small amount of oxidation in Co
within NCM811 during charging. Nevertheless, the oxidation of
Co in NCM333 is evidenced by changes in peak position and
peak intensities. On the other hand, the Mn L, ;-edge spectra of
NCM333 and NCM811 do not reveal differences in shape or
energy position during charging, implying that Mn contributes
minimally to the charge compensation (Fig. S107). Fig. 4e and f
illustrate the relationship between the states of charge and the
peak ratio of peak B to peak A in the Ni L;-edge, as well as the
peak position of the Co L;-edge. Overall, results from the TM L-
edge NEXAFS also indicate that Ni is the primary oxidized metal
element in NCM cathodes.

Through the XAFS and NEXAFS analyses described above,
the role of Ni in NCM cathodes has been identified as crucial in
the charge compensation process. Moreover, the appearance of
a plateau was observed in both metal-related spectroscopic
techniques. In general, this plateau-like phenomenon is regar-
ded as the endpoint of TM participation in charge compensa-
tion and the beginning of oxygen ion oxidation.**** This
hypothesis posits that TMs oxidize independently of lattice
oxygen; in other words, it suggests the separate oxidation of TM
and O. The ionic-bonding model, incorporating the crystal field
theory suggests that TM ions and oxygen ions possess discrete
electronic bands, and an element becomes the redox center only

© 2025 The Author(s). Published by the Royal Society of Chemistry

when the higher-lying valence bands are empty (Fig. 5a).
However, such an ionic model often downplays the role of
covalency and the interactions between TM 3d and O 2p states
are neglected in the data analysis. XAFS results reveal that it is
difficult to oxidize Co and Mn in the presence of Ni, which
contradicts predictions from the ionic-bonding model. Addi-
tionally, before Co and Mn contributed to the electrochemical
reactions in NCM cathodes, electrolyte decomposition reac-
tions, transition metal dissolution, oxygen release, and other
side reactions had already occurred.®*>** Therefore, such an
ionic description does not accurately represent the electronic
structure in NCM cathodes. Pioneering work has demonstrated
that the electronic structure of layered transition metal oxides
can be interpreted using the qualitative Zaanen-Sawatzky-Allen
picture of charge-transfer insulators.'>** The band structure of
insertion compounds can be inferred from the relative values of
U and 4, where U represents the Coulomb interactions in TM 3d
states, and 4 is the ligand-to-metal charge transfer (LMCT)
parameter (Fig. 5b).** In such charge transfer model, U >> 4
indicates that the electron density is shifted from O 2p states to
TM 3d states, forming covalent bonds with strong hybridiza-
tion. Consequently, the oxidation of TMs and oxygen cannot be
regarded as independent.

Thus, to further interpret the experimental data, Ni L, ;-edge
NEXAFS spectra were simulated using a charge-transfer multi-
plet (CTM) approach combined with crystal field effects,
employing a NiOg octahedron cluster model, based on the
number of electrons in the 3d state (Fig. 6a). The simulation can
help us interpret the fine structure in the Ni L, ;-edge more
comprehensively, including ligand field effects, charge transfer,
spin state, Coulomb interactions, Jahn-Teller distortion, and
other electronic-structure-related information.>****® The simu-
lations utilized the software package CTM4XAS, developed by de
Groot et al.,’” which has been proven to successfully describe
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the TM 2p spectra in such correlated electronic systems of
NCMs.2** The simulated 3d®, 3d®L, 3d” and 3d’L spectra do not
align with experimental data. However, a convolution of
multiple configurations, including those with oxygen holes, is
required to accurately reproduce the experimental spectrum
(Fig. 6a and b). No characteristic features of 3d° are observed in
these spectra. This absence is ascribed to the stabilization of
3d” through LMCT with a negative charge transfer character,
(resulting in the formation of 3d’L) thereby making the
formation of 3d® practically impossible. Kleiner et al. have also
observed this absence of 3d%related features in NCM and NCA
cathodes using NEXAFS.***®* However, the CTM simulation,
while providing an estimate of the number of d-electrons,
cannot quantify the holes in the O 2p band. Nonetheless,
these results demonstrate that during the charging process,
electron density shifts from the oxygen 2p band to the nickel 3d
band, leading to a transition of the Ni-O bond from ionic to
covalent. Notably, O holes are already present in pristine
NCMS811, a finding comparable to previous studies of high-Ni
layered cathodes and LiNiO,,***® which outlines the ligand-
dominant ground state with increasing nickel content in NCM
cathodes. Compared with NCM333, increasing the Ni content
leads to a rise in the 3d” (Ni*") configuration, thereby allowing
us to infer that the Ni** configuration is the driving force behind
hole formation in the O 2p band. Additionally, it should be
recognized that the TM 2p spectra collected in total electron
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yield (TEY) mode are subject to substantial surface signal
contributions. As a result, the TEY data show a more reduced
surface, indicating the inherent thermodynamic instability of
the NiOg octahedra with ligand holes. Overall, it can be
concluded that oxygen contributes to the charge compensation
through the formation of O 2p band holes by hybridizing with
metals in NCM cathodes before the plateau in TM oxidation
state evolution.

Now, we can explore the contradiction that after a certain
amount of delithiation, the TMs should continue to oxidize to
maintain charge neutrality; yet, XANES analysis reveals the
relative silence of TMs, or in other words, no formal T™M
oxidation will be observed. As discussed in previous sections,
the Ni ions are the primary contributor to the charge compen-
sation process. Upon charging, the Ni in the NCM is oxidized
from the original ionic Ni-O bond to the covalent Ni-O bond
with ligand holes, accompanied by hybridization of the Ni 3d
and O 2p orbitals, which leads to the formation of covalent
bonds. We emphasize a progressive shift from ionic-dominant
to covalent-dominant interactions, without a specific turning
point in this transition. High valence nickel ions, characterized
by negative LMCT, are stabilized by electrons shared from
oxygen, leading to hole formation in the oxygen.">** This ligand-
hole stabilized configuration may prevent an increase in the
effective nuclear charge of Ni. Thus, the K-edge XANES no
longer shows blue shifts after the ionic Ni-O bond completely
vanishes in the bulk, indicating that the predominant Ni-O
bond is now covalent. Moreover, in the presence of Ni ions, it is
difficult to observe a substantial O contribution through Co
hybridization with O.*® This is because owing to the Co cation
with a lower effective nuclear charge, the LMCT for the Co-O
bond is weaker than that for the Ni cation. Although Co can also
act as an electron transfer bridge in oxygen redox, its contri-
bution is overshadowed by the stronger Ni-O covalency in Ni-
rich systems. If only Co is present in a layered material, such
as LiCoO,, electron-hole formation on O occurs through
hybridizing with Co to respond to charge compensation.*!
Ceder et al.*> and Tarascon et al.** also emphasized that in late-
transition-metal oxides (e.g., Co, Ni), it is the oxygen that is in
large part responsible for the electron exchange, which can be
explained based on the elegant electron-hole chemistry.
Therefore, in NCM cathodes, oxygen is involved in charge
compensation primarily through Ni-O hybridization, with
minimal contribution from Co-O hybridization, across the
entire electrochemical range. This involvement leaves no doubt
about its substantial contribution to capacity throughout the
entire delithiation process. However, this raises the question of
whether oxygen redox, stimulated by interaction with transition
metals, is necessary, and whether such oxygen redox would
contribute to extra capacity, as observed in Li-rich cathodes.

In the field of charge compensation mechanisms, it is widely
recognized that redox mechanisms are categorized into TM
redox and O redox.** The former refers to any redox process
involving TM 3d orbitals, classified as TM redox regardless of
potential contributions from hybridized anion ligands, while
the latter describes a redox process that only involves O 2p
orbitals, termed intrinsic anion redox.**** This concept of redox

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mechanism, with an ionic charge compensation perspective, is
simple yet powerful, as it reveals the electron count, and the
contribution from component atoms and provides insights into
or predictions of structural or chemical properties, such as the
anomalous first charge capacity of layered Li-rich oxide cath-
odes.*®*” Nevertheless, it is worthwhile to reconsider the
appropriateness of depicting the redox process as two separate
events, TM and O oxidation, in terms of formal oxidation states
or valence, rather than focusing on changes in charge density,
which refers to the distribution of electrons in chemical
systems. In addition, higher oxidation states of oxygen can be
observed before the anion redox regime, a phenomenon that
raises the conclusion that the lattice oxygen oxidation occurs in
the so-called TM oxidation regime.*® Thus, because the formal
oxidation starts to blur in correlated systems and ploy-ion
compounds, it is not quite wise to utilize the formal oxidation
state from an ionic perspective to divide the charge compen-
sation process into separated entities and ignore the interac-
tions between ions, particularly the strong interplay between
metal ions and ligand ions. There are certain ambiguities and
uncertainties regarding the oxidation state, ionicity, covalency,
and charge distributions, along with their interrelationships.
Although there is a lack of advanced theoretical methods to
detail the electronic structure in solids, we stress here that
a complete understanding of the involvement of oxygen is
critical in the battery process. During the conventional
nomenclature TM oxidation regime, oxygen plays a role as
important as TMs in charge compensation, facilitated by strong
TM-O hybridization. Moreover, the formation of oxygen holes,
accompanied by an increase in TM-O hybridization, signifi-
cantly affects electrochemical properties and structural

© 2025 The Author(s). Published by the Royal Society of Chemistry

degeneration. The formation of the rock-salt phase and surface
reduction can be attributed to reactions involving these oxygen
holes.”* Oxygen participation in the charge compensation
process through electron sharing with the metal does not
contribute to extra capacity (Fig. 7a). Even if the metal does not
induce oxygen electron sharing, it must still be oxidized to
a high oxidation state to achieve such capacity. Furthermore,
this oxygen oxidation process complicates electron donation, as
the overlap between the metal and oxygen bands increases with
greater delithiation. Oxygen can be involved in redox reactions
independently of hybridization with TMs, a process denoted as
intrinsic oxygen redox. This process occurs in the O 2p non-
bonding states, where electrons are removed directly from
this unhybridized state.® This process is independent of the
transition metal in terms of the redox process and has the
potential to contribute extra capacity (Fig. 7b). In NCM cath-
odes, this unhybridized oxygen 2p state is formed by Li/Ni
mixing*>*® and TM migration.” Accordingly, we identify two
pathways through which oxygen contributes to charge
compensation: hybridization with transition metals and
involvement in non-bonding O 2p states.

Intrinsic oxygen redox reaction induced by structure
degeneration

O K-edge RIXS measurements were conducted to further
investigate the oxygen redox process.”> The O K-edge RIXS
spectrum of these layered cathode materials reveals three
primary features (Fig. 8a). There is a peak with a broad energy
loss width ranging from —5 eV to —10 eV, attributed to TM-O
hybridization.*® The peak centered around —8 eV is regarded as
the main peak of the oxidized oxygen state, indicating the
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intrinsic oxygen redox.”** Additionally, RIXS has been proven to
be the most reliable tool to detect oxygen dimerization, through
a fingerprint feature characterized by a progression of energy-
loss peaks at —2-0 eV, associated with vibrations of the O-O
bond and a fundamental vibrational frequency of about
1600 cm ', which is the vibrational frequency of molecular O,.*
The spectral feature at —5 eV, also observed in LiNiO, and other
Ni-rich cathodes, has not yet been fully understood but is
believed to be linked to an increase in Ni-O hybridization.*
NCM cathodes demonstrate different behaviors of intrinsic
oxygen redox spectral features in the RIXS data, depending on
the Ni content and the state of charge. Intrinsic oxygen redox is
observed only at 4.8 Vin NCM333, with no trapped O, features,
while both are present in NCM811 at 4.5 V (Fig. 8b). The
formation mechanism of these trapped O, molecules, widely
discussed in the literature, is acknowledged to be related to the
interlayer migration of TM ions from the TM layer to the Li
layer, which is accompanied by intralayer migration of TMs to
form the TM vacancy clusters where molecular O, can reside
within the lattice (Fig. 8c¢).**** TM migration induces the reor-
ganization of the electronic structure and shifts the O 2p states
to higher energy relative to the hybridized TM-O state, thus
prioritizing the depopulation of the unhybridized O 2p state.*
In the early stages of charging, oxygen primarily participates in
redox through the LMCT process, resulting in the formation of
oxygen holes (Fig. 8d). The accumulation of oxygen holes may
promote the formation of oxygen dimers (O,). Li/Ni mixing in

8276 | Chem. Sci, 2025, 16, 8268-8281

NCM333 primarily contributes oxygen with the non-bonded
states, followed by oxygen loss associated with TM migration.”
The presence of trapped O, in NCMS811 suggests more
pronounced TM migration, including interlayer migration that
induces cation disorder and intralayer migration leading to
vacancy clusters. TM migration in NCM811 is one of the sources
of O non-bond states.”* With further delithiation, the intensi-
fied TM migration brings about oxygen loss, while the trapped
0, also escapes from the lattice. Accordingly, the oxygen redox
behavior in NCM is governed by TM migration and cation
disorder. Consequently, it is essential to understand how elec-
tronic and geometric structures, as well as the elemental
composition, influence these factors to clarify the underlying
differences in oxygen redox behaviors.

From an electronic structure perspective, the tendency of TM
migration is influenced by the number of valence electrons (3d
electrons) and the spin state. Based on octahedral site stabili-
zation energy, TMs in high-spin states exhibit a greater
tendency to migrate, whereas those in low-spin states show
a reduced tendency to migrate (Fig. 9a).°® Ni** exists in a high-
spin state and possesses a radius like that of Li', facilitating
migration and Li/Ni mixing. In contrast, neither Ni** nor Ni*" is
prone to Li/Ni mixing. Furthermore, high-spin Ni** is more
susceptible to migration, while Ni*" is likely to adopt a low-spin
state. The branching ratio, defined as the ratio of integrated L;
intensity to the overall L, ;-edge intensity, is higher for high-
spin states than for low-spin states (Fig. 9b).” Therefore, it

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can be used as a diagnostic tool for the metal spin state. From
the branching ratio at the TM L, ;-edge, it is observed that Ni
adopts a low-spin configuration during the charging process in
both NCM333 and NCM811 cathodes. Therefore, the low-spin
electronic configuration renders Ni migration in these cath-
odes electronically structurally unfavorable. NCM811, however,
exhibits a RIXS feature corresponding to trapped O,, suggesting
that other factors enhance the probability of TM migration.
Therefore, we present an in situ X-ray powder diffraction anal-
ysis conducted on NCM333 and NCM811 (Fig. S12 and S137), to
examine the phase transitions of NCM333 and NCM811 cath-
odes during the charging process. As indicated in Fig. S12,f
NCM333 undergoes a series of phase transitions during Li
extraction, transitioning from the original layered structure
(H1) to the monoclinic phase (M).”® In contrast, NCM811
exhibits two additional hexagonal phases (H2 and H3), under-
going an H2-H3 phase transition at excessive delithiation.*® Yu
et al. discussed that the structural essence of the H3 phase is an
03-01 intergrowth structure, in which the O1 slabs originate
from the gliding of original O3 slabs in high-nickel layered
oxide cathodes.* During the transformation from the O3 phase
to the O1 phase, the oxygen stacking sequence changes from
cubic close packing (ABCABC) in the O3 phase to hexagonal
close packing (ABAB) in the O1 phase, accompanied by
pronounced TM migration.”>® This is due to the different
migration pathways in the O1 and O3 phases, resulting in
a lower energy barrier for Ni ion migration into the Li layer in

© 2025 The Author(s). Published by the Royal Society of Chemistry

the O1 phase.” For the NCM333 cathode, Ni** in the pristine
state is prone to mixing and migration, while in NCM811, Ni is
also easy to migrate, but both without vacancies within the Li
layer. Upon delithiation, both transition to a low spin state
which inhibits migration; however, the formation of the O1 slab
in NCM811 enhances the migration tendency (Fig. 9d). Addi-
tionally, Co and Mn, acting as “nail” elements, do not migrate.
Thus, vacancies in NCM333 are separated by these immobile
barriers, resulting in dispersed vacancies. In contrast, in
NCMS811, due to its higher Ni content, the TM vacancy clusters
are formed by intralayer migration. Overall, while the electronic
structure discourages TM migration, the geometric structure
encourages it. Furthermore, the elemental composition influ-
ences the aggregation of vacancies.

Conclusions

To improve specific capacity and energy density while main-
taining structural stability during high states of delithiation in
lithium nickel cobalt manganese oxide (NCM) cathodes, we
have investigated the charge compensation process across
a wide voltage range in both low-Ni and high-Ni content NCM
materials using state-of-the-art synchrotron X-ray spectroscopy
to characterize both cation and anion states. The results provide
detailed information about the contributions of TMs and
oxygen to redox processes in NCMs at various states of
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delithiation. Moreover, this study has comprehensively eluci-
dated several related innovative insights and conclusions:

(I) At relatively lower depths of charging, the system exhibits
more ionic electronic structures, and thus the process primarily
involves pure TM redox. Beyond a certain level of delithiation,
the higher TM oxidation states cause electrons around the
oxygen to transfer to TM, creating holes in the oxygen ligand
and forming strong covalent TM-O bonds. In other words,
oxygen participates in redox through strong TM-O hybridiza-
tion and ligand-to-metal electron sharing (regarded as Ligand to
Metal Charge Transfer, LMCT), even before the “formal” pure
anionic redox reaction region. Additionally, in the Ni-rich
material, NCM811, oxygen holes can be observed at any state
of delithiation, including in the pristine state, indicating that
the Ni*" content is crucial for promoting electron holes on
oxygen.

(I) Compared to NCM333, the NCM811 material undergoes
a process involving trapped O, before oxygen loss, which leads
to the formation of vacancy clusters in the transition metal
layer. This process is partially irreversible, and the aggregated
vacancies from repeated cycling eventually destroy the layered
structure. This variation in oxygen dimerization behavior is
closely correlated with elemental composition, spin states, and
the presence of stacking faults. Specifically, in NCM materials,
Co and Mn are “nail” elements that do not migrate; thus, Ni is
the only atom that can migrate within these materials. During
the charging process, Ni is continually oxidized to high oxida-
tion states and low spin states. However, these low-spin states,
due to their stronger interaction with oxygen, are less likely to
migrate. NCM811 is more susceptible to stacking faults in the
O1 layer than NCM333, which geometrically increases the
likelihood of Ni interlayer migration and favors the formation of
vacancies in the TM layer. Compared to NCM333, where
vacancies in the TM layer are distributed in such a way that
intralayer migration to form vacancy clusters (a relatively
aggregative region of vacancies) is challenging, the higher
mobility of the active element Ni in NCM811 increases the
probability of forming these clusters.

(III) Nickel is the metallic element most predominantly
involved in charge compensation, with the Ni-O bond con-
tracting significantly during charging. Notably, in the pristine
state, the unequal metal-oxygen bond lengths (with the Ni-O
bond being longer than others) cause the layered structure to
adopt a “zigzag” configuration. Upon delithiation, the metal-
oxygen bond lengths become more uniform, resulting in
a “ruler” configuration. We hypothesize that the changes in the
layered structure induced by local structural evolution have
significant implications for phase transitions and the formation
of stacking faults.

We have elucidated the charge compensation mechanisms
in low- and high-nickel NCMs during high-voltage charging.
Specifically, our analysis focused on the behavior of oxygen and
the associated structure evolution to enhance our under-
standing of redox chemistry. This insight provides a broader
context for discussions on anion redox reactions and informs
strategies to improve performance. We expect that our findings
will inspire numerous future studies, leading to a deeper
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fundamental understanding of the reaction mechanisms and
material optimization, ultimately maximizing the energy
density of NCM compounds.
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