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Activating anionic redox activity in P2-type layered oxide cathodes is a promising pathway to enhance the
specific capacity for sodium-ion batteries (SIBs). However, the highly active anionic redox process arising
from the non-bonding O 2p orbitals frequently leads to irreversible oxygen release and surface
degradation, which severely limit the long-term cycling stability. Herein, we propose a strategy of
strengthening transition metal-oxygen (TM-O) m-type interaction with a regulated local oxygen
coordination environment by incorporating the Ru**/Ru®* redox couple into P2-type Nagglip2Mng g0,
(NLMO) to achieve a reversible anionic redox reaction. Upon high-voltage charging, the formed Ru>*
state with a half-filled tyq 4d° electronic configuration establishes a strengthened 7t-type interaction with
non-bonding O 2p orbitals within the Na—O-Li configuration compared to the inherently weaker Mn-O
T-type interaction in NLMO. Such a strengthened m-type interaction effectively enhances anionic redox
reversibility, suppresses irreversible oxygen release and realizes a complete solid-solution behavior with
stable TMOg octahedra throughout cycling. This preserved structural integrity also prevents crack

formation and minimizes transition metal dissolution, thereby mitigating surface degradation. The
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Accepted 24th July 2025 resulting Nag gLip 2Mng7Rug 1O, (NLMRO) thus exhibits a reversible anionic redox activity with markedly
improved cycling stability. Our work highlights that dynamically engineering potent m-type interaction

DOI: 10.1039/d55c04609b during electrochemical cycling is a promising avenue for developing high-performance SIBs with

rsc.li/chemical-science cumulative cationic and anionic redox reactions.
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Introduction

The incorporation of an anionic redox reaction into layered
oxide cathodes to provide extra capacity has been recognized as
a viable approach for the development of high-energy-density
sodium-ion batteries (SIBs).' A series of layered oxide cath-
odes, such as Nag gLig ;M1 O,,° Nag 7gNig 23Mng 69 (19,050, ((:
transition metal vacancy),” and Na, ;Mg 7,Mng,50,,° have
demonstrated anionic redox activity during the electrochemical
process of SIBs, which is primarily attributed to the formation
of non-bonding O 2p orbitals resulting from a specific local
configuration like Na-O-A (A stands for Na, Li and other
elements with no covalent interaction with oxygen) or Na-O-[]
configurations.”* Because these non-bonding O 2p orbitals
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usually lie close to the Fermi level, their labile electrons can be
easily removed to provide extra capacity during the electro-
chemical processes. However, this highly active anionic redox
reaction resulting from the non-bonding O 2p orbitals
frequently induces excessive oxygen oxidation and subsequent
irreversible oxygen release, which could lead to irreversible
transition metal (TM) migration due to decreased coordinating
oxygen atoms after O, release."'* Additionally, irreversible
anionic redox occurring at high voltages has been reported to
induce distorted TMOg octahedra with a destabilized oxygen
framework,” which could result in undesirable structural
distortions and phase transitions.'* This is frequently accom-
panied by the formation of surface cracks and detrimental
surface side reactions (e.g., TM dissolution), thereby hindering
further application of the anionic redox reaction in layered
oxide cathodes (Fig. 1a). Therefore, effective regulation of the
anionic redox reaction is indispensable for achieving high-
performance SIBs.

To address aforementioned issues, enhancing the overall
TM-O covalency or employing different dopants to mitigate
oxygen release and structural distortion has been extensively
reported.’'® However, these approaches have inherent limita-
tions. For example, increasing TM-O covalency inadvertently

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Proposed strategy for strengthening w-type interaction. Schematic illustration of structural evolution in (@) NLMO and (b) NLMRO upon
cycling. (c) Molecular orbital energy diagrams of MnOg octahedra in NLMO and RuOg octahedra in NLMRO.

sacrifices certain anionic redox activity by lowering the energy of
O 2p states,” while doping with electrochemically inactive
elements (e.g., Mg and Zn) inevitably reduces the specific
capacity of cathode materials.”® On the other hand, these
approaches largely overlooked the specific nature and orbital
symmetry requirements of the underlying TM-O electronic
interactions that govern the oxygen redox stability. Intriguingly,
recent investigations emphasized that the anionic redox
behavior is acutely sensitive to the local oxygen environment,
and more specifically the precise character of these TM-O
interactions. For example, Kang et al. highlighted that the local
environment of oxygen undergoes different changes through o-
or w-type interaction.” Fundamentally, the O 2p orbitals
directly hybridize with the d orbitals of adjacent TM atoms in o-
type interaction. However, the O 2p orbitals along the Na-O-Li/
[0 axis exhibit a penchant for hybridizing with TM t,, orbitals in
a shoulder-to-shoulder manner, especially in the case of TM
atoms with a d’® (t3y) or d® (t,) electronic configuration,®
resulting in the formation of m-type interaction.** Such 7-type
interaction could induce the TM-O hybridization orbitals to
split into m-type bonding and anti-bonding orbitals. During the
anionic redox process, electrons are preferentially removed

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

from the higher-energy anti-bonding orbitals, which further
enhances the orbital splitting and stabilizes the oxidized oxygen
with enhanced reversibility.>»** However, it is worth mentioning
that it has been mainly focused on the construction/regulation
of m-type interaction for the pristine materials,>* but the
electronic configuration of TM atoms and thus the interaction
with oxygen for constructing m-type interaction is not static
during battery operation. Therefore, instead of relying on a fixed
pristine state, alternative strategies that dynamically construct
or considerably enhance the m-type interaction during the
cycling process are critical for achieving reversible anionic
redox reactions in layered oxide cathodes.

Herein, we propose a strategy of strengthening m-type
interaction over cycling by introducing a reversible Ru**/Ru’*
redox couple into P2-type Nag ¢Liy ,Mn, 3O, (NLMO) to achieve
Naj LipoMng;RUy 10, (NLMRO) with enhanced structural
stability and anionic redox reversibility. The Ru®" state with
a 4d’ configuration of t,, orbitals formed before the onset of
anionic redox results in strengthened m-type interaction with
non-bonding O 2p orbitals within the Na-O-Li configuration
compared to the Mn-O 7-type interaction in NLMO considering
the TM electronegativity and energy level of the t,, orbital
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relative to the O 2p energy level (Fig. 1c).”* The enhanced Ru-O
T-type interaction could not only effectively enhance the
anionic redox reversibility with suppressed irreversible oxygen
release but also alleviate the interlayer slipping induced by
anionic redox and reinforce the TM-O framework with inhibi-
ted undesired P2-Z phase transition at high voltages. This
effectively preserves the robust Na' diffusion channels and
prevents the formation of microcracks caused by excessive
interlayer slipping, thereby minimizing the surface side reac-
tions (Fig. 1b). Because of these advantages, NLMRO delivers
improved electrochemical performance with a reversible
anionic redox reaction and superior long-term cycling stability.
This work provides a facile avenue to strengthen m-type inter-
action for developing high-performance layered oxide cathodes
for SIBs.

Results and discussion

Stabilizing the anionic redox reaction critically depends on the
strength of the m-type interaction between TM and oxygen
atoms, as this dictates the extent of the stabilizing splitting
between tt/m* orbitals. According to ligand field theory, the
strength of this 7-type interaction is largely determined by the
energy level alignment between the TM t,, orbitals and O 2p
orbitals.”* Among various TM elements, Ru emerges as a prom-
ising candidate to enhance the m-type interaction with oxygen
because its 4d orbitals are inherently more delocalized
compared with the 3d orbitals of first-row TMs (e.g., Mn),”
promoting better orbital overlap with oxygen. Additionally, the
electronegativity of Ru (2.20) is larger than that of Mn (1.55),
which suggests a stronger electronic interaction with oxygen.
Furthermore, the shorter Ru-O bond length (1.882 A) compared
to the Mn-O bond (1.894 A) contributes to a larger crystal field
splitting (A,). This results in a lower-lying t,, energy level for Ru,
which in turn promotes the formation of * orbitals with more
dominant oxygen character, thereby leading to stronger 7-type
interaction stabilizing the anionic redox process (Fig. S1 and
Table S1f). Therefore, Ru was chosen to substitute Mn in
NLMO, specifically to strengthen the inherently weak m-type
interaction, aiming to enhance the anionic redox reversibility
and stability (Fig. 1c and S2+).

NLMO and NLMRO were synthesized using a conventional
solid-solution method. X-ray diffraction (XRD) was utilized to
characterize the crystal structure. As shown in Fig. S3, both
NLMO and NLMRO exhibit a pure P2-type phase with all
diffraction peaks indexed to the P6;/mmc space group. For
NLMO, however, several weak diffraction peaks are observed in
the 20-30° range (Fig. S41), which are characteristic of a ribbon-
like superstructure arising from the in-plane ordering of Li* and
Mn™". It is worth noting that the (002) peak of NLMRO shifts to
lower angles compared to that of NLMO, indicating an expan-
sion of the ¢ axis. Rietveld refinement results (Fig. 2a, b and
Tables S2 and S3) show that the ¢ axis increases from 11.11 A
for NLMO to 11.16 A for NLMRO. Additionally, it is very likely
that the strong covalent interaction between Ru and O
compresses the RuOg octahedra within the TMO, layers,
resulting in increased Na-layer spacing in NLMRO (3.87 A)
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compared to NLMO (3.71 A). This expanded interlayer spacing is
expected to enhance the Na" diffusion kinetics during electro-
chemical cycling.

The oxidation states of TM elements in NLMO and NLMRO
were investigated using synchrotron-based X-ray absorption
near-edge structure (XANES) spectroscopy. The Mn K-edge
XANES spectra of NLMO and NLMRO show an average Mn
valence state of approximately +4 (Fig. 2c), suggesting that the
introduction of Ru has negligible influence on the electronic
structure of Mn. In contrast, the position of Ru K-edge XANES
absorption edge of NLMRO is very close to that of RuO,, sug-
gesting that Ru exists predominantly in the +4 oxidation state
(Fig. 2d).>®** To quantitatively analyze the local atomic struc-
tures of NLMRO, Fourier transform of extended X-ray absorp-
tion fine structure (FT-EXAFS) spectra of Mn and Ru in R-space
were fitted using the least-squares method. The results (Fig. 2e
and f) demonstrate that both Mn and Ru in NLMRO have a first-
shell coordination number of 6, confirming that the introduced
Ru atoms mainly occupy the octahedral sites within the TMOg
framework (Fig. 2g).

Scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HRTEM) were further
employed to examine the morphological and crystallographic
characteristics of NLMO and NLMRO. As shown in Fig. S5,1
both samples possess regular hexagonal plate-like morphol-
ogies with a particle size ranging from 2.0 to 3.0 pm. Notably,
the (002) lattice fringe distance slightly increases from 0.539 nm
for NLMO to 0.567 nm for NLMRO (Fig. 2h and S6%), which is in
good agreement with the expansion of the ¢ axis observed in
XRD results. Moreover, energy dispersive spectroscopy (EDS)
mappings reveal the uniform distribution of all elements
throughout NLMRO (Fig. 2i). Collectively, these results provide
unequivocal evidence of the successful incorporation of Ru into
NLMRO, resulting in expanded interlayer spacing and
enhanced m-type interaction within the crystal structure.

The electrochemical properties of NLMO and NLMRO were
systematically evaluated using Na half cells within a voltage
range of 2.0-4.5 V to explore the impact of enhanced m-type
interaction. The galvanostatic charge/discharge profiles of
NLMO and NLMRO at a current rate of 0.2 C (1.0 C = 170.0 mAh
g~ ') are shown in Fig. 3a. NLMO exhibits a distinct charge
plateau in the high-voltage region, which corresponds to the
anionic redox reaction. In contrast, NLMRO displays a sloping
region below 4.0 V followed by the anionic redox plateau, which
should be related to the oxidation of Ru*" to Ru®*.>® During
discharge, NLMRO exhibits a smooth slope, which corresponds
to the reduction of O, Ru, and Mn, delivering a higher discharge
capacity of 153.4 mAh g~ compared to that of NLMO (97.7 mAh
¢~ "). The enhanced capacity can be attributed to the combina-
tion of extra contribution from Ru**/Ru®>" redox and stabilized
anionic redox.

Cyclic voltammetry (CV) characterization further reveals that
the oxidation peak for NLMRO above 4.0 V is considerably
broadened with strengthened 7-type interaction (Fig. 3b). To
scrutinize the specific redox processes contributing to this
widened oxidation peak, dQ/dV plots at varying cut-off voltage
windows were constructed (Fig. 3c). The dQ/dV plot at the cut-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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images of NLMRO. (i) Elemental mappings of NLMRO.

off voltage of 4.3 V demonstrates one peak at 4.1 V corre-
sponding to Ru redox activity,”” while the additional peak at
4.45V is observed when the cut-off voltage is increased to 4.5 V,
which can be attributed to the oxidation of oxygen.?® Benefiting
synergistically from the introduced Ru**/Ru** redox couple and
more stabilized anionic redox facilitated by strengthened 7t-type
interaction, NLMRO exhibits a drastically increased specific
capacity with remarkable capacity retention after 100 cycles
compared to NLMO (Fig. 3d).

Furthermore, galvanostatic intermittent titration technique
(GITT) measurements were conducted to determine the Na*
diffusion coefficients (Dya+). As shown in Fig. S7,1 the Dyas+
values of NLMO experience a substantial decrease at high
voltages due to the sluggish anionic redox, while the Dy, values
of NLMRO remain within the range of 10 °-10""° ¢m? s '
throughout the entire voltage window, suggesting the enhanced
anionic redox kinetics because of strengthened -type

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

interaction.* In addition, electrochemical impedance spec-
troscopy (EIS) results reveal much lower charge transfer resis-
tance for NLMRO (Fig. 3e), indicating that the incorporation of
Ru could reduce the electron transfer resistance. As a conse-
quence, the rate performance of NLMRO is largely improved,
with the discharge capacities of 150.8, 104.7, 101.6, 86.7, and
68.5 mAh g~ " at the current densities of 0.2, 0.5, 1.0, 2.0, and 5.0
C, respectively, all of which are superior to those of NLMO
(Fig. 3f). Moreover, NLMRO demonstrates largely improved
cycling stability at a high current density of 1.0 C with a capacity
retention of 81.2% after 200 cycles, while a capacity retention of
mere 45.5% is achieved for NLMO (Fig. 3g), suggesting the
improved structural stability over cycling for the former.
Therefore, in situ XRD experiments were conducted to
investigate the structural evolution over cycling. For NLMO, the
intensity of the (002) peak undergoes significant fluctuations in
the high-voltage region accompanied by the appearance of

Chem. Sci., 2025, 16, 15404-15416 | 15407
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a new diffraction peak at 16.7° (Fig. 4a and c), corresponding to
the formation of the Z phase that is an O/P intergrowth struc-
ture positioned between pure P and O phases.'?*' The formation
of this O-type stacking component, along with the degradation
of P2-type slab integrity, implies severe interlayer slippage
caused by variations in the TM-O bonds during the aggressive
anionic redox reaction. Moreover, the P2-Z phase transition is
invariably accompanied by significant lattice distortion and
substantial volume change, which lead to inferior electro-
chemical kinetics and diminished performance over extended
cycles.* In contrast, for NLMRO, the intensity of the (002) peak
only exhibits slight changes without the appearance of new
peaks (Fig. 4b and c), implying a pure solid-solution reaction
throughout the entire electrochemical process. This suppressed
phase transition should be closely related to the enhanced -
type interaction, which could suppress the drastic TM—-O bond
variations that is typically caused by oxygen oxidation/release at
high voltage,* leading to enhanced structural integrity over
cycling.

To quantitatively understand the evolution of lattice
parameters, in situ XRD patterns of NLMRO were refined
(Fig. 4d). Upon charging, the a/b lattice parameters decrease as
a result of Ru oxidation. Concurrently, the ¢ lattice parameter
exhibits a two-stage behavior: it initially increases in the low
voltage region owing to Na' extraction, which enhances the

15408 | Chem. Sci., 2025, 16, 15404-15416

0° -0’ electrostatic repulsion and expands the interlayer
spacing; in the high voltage region, it unexpectedly decreases,
reflecting a negative lattice expansion tendency.** This unusual
phenomenon could be attributed to the sequential TM and O
oxidation processes: the oxidation of high-electronegativity Ru
in the initial stage leads to the increase of interlayer electro-
static repulsion and thus expanded interlayer spacing, while the
further anionic redox reaction within the 7-type network in the
high voltage region lowers the electron density around O atoms,
ultimately affecting the interlayer interactions and contributing
to the observed lattice parameter contraction. Therefore,
NLMRO exhibits a remarkably small volume change of only
1.0% over the entire charge/discharge process. Overall, NLMRO
undergoes a complete solid-solution reaction with minimal
volume change, providing robust structural integrity for
enhanced charge transfer kinetics and cycling stability upon
cycling (Fig. 4e).*

It should be mentioned that the Z phase contains neigh-
boring O-type stacking arrangements at high states of charge,
which could induce severe slippage along the a/b axis.** This
slippage usually results in the formation of cracks at the surface
that unfortunately promote detrimental side reactions with the
electrolyte.*® TEM images of both NLMO and NLMRO after 10
cycles were collected (Fig. 5a and b). Noticeable surface cracks
are observed on NLMO, indicating structural collapse due to P2-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Z phase transition. In sharp contrast, NLMRO remains
unchanged throughout the bulk and surface, demonstrating
superior structural stability during cycling. To further under-
stand the surface stability of NLMO and NLMRO, O K-edge
XANES spectra in different states of charge were measured.
For NLMO, an obvious peak at 534.0 eV attributed to CO;>~
species is observed in the fully discharged state (Fig. 5c), indi-
cating severe electrolyte decomposition and detrimental inter-
facial reactions for NLMO.™ In contrast, because of the
suppressed interfacial side reaction, no CO;>~ species can be
observed for NLMRO (Fig. 5d). Furthermore, in situ differential
electrochemical mass spectrometry (DMES) results indicate that
a prominent O, peak appears at high charge voltages for NLMO,
suggesting that the inherently weaker m-type interaction in
NLMO is insufficient to stabilize oxidized oxygen species and
thereby leads to inevitable oxygen release (Fig. 5e). Conversely,
no such oxygen release is observed for NLMRO (Fig. 5f), con-
firming that the introduction of Ru can not only suppress the
harmful phase transition but also strengthen the m-type inter-
action to stabilize oxygen during the anionic redox reaction.
Therefore, the anionic redox reaction was investigated using
the mapping of resonant inelastic X-ray scattering (mRIXS),

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

a powerful tool for scrutinizing the oxidized oxygen states in
battery cathodes.’”*® The broad features at ~525 eV emission
energy observed in all measured samples originate from the
TM-O hybridized states that split into t,, and e, states (Fig. 5g-
i).>% Notably, the oxidized oxygen fingerprint feature at
531.0 eV excitation energy and 523.7 eV emission energy
emerges upon charging and disappears in the following
discharge for NLMRO. A similar phenomenon is also observed
in the second cycle (Fig. 5i), suggesting the reversible anionic
redox reaction.” The intensity change of oxidized oxygen
feature is further highlighted in the individual RIXS spectra
extracted from the mRIXS results at resonant and off-resonant
excitation energies (Fig. 5j-1),"* providing compelling evidence
for the stabilized and reversible anionic redox behavior facili-
tated by the enhanced 7t-type interaction. To further probe the
nature of these oxidized oxygen species and investigate whether
trapped bulk O, is formed, ex situ Raman spectroscopy was
conducted. As shown in Fig. S8, NLMO exhibits a distinct new
peak at ~474 cm™ ' after charging, which can be attributed to
the vibrational mode of Mn—(O-0O) species that is a hallmark of
trapped molecular O, within the lattice.** The intensity of this
peak increases after further cycling, indicating a progressive

Chem. Sci,, 2025, 16, 15404-15416 | 15409
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532.0 eV.

structural degradation that facilitates O, trapping. In stark
contrast, no such peak is observed for NLMRO in the same
states of charge, implying that the formation of trapped bulk O,
is effectively suppressed. Overall, the oxidized oxygen induced
by highly active non-bonding O 2p orbitals has been effectively
stabilized by the strong m-type interaction with Ru in NLMRO,
leading to effective inhibition of oxygen release and remarkable
reversibility of anionic redox during cycling.

To further unravel the charge compensation mechanism of
improved NLMRO electrochemistry, XANES was employed to
investigate the electronic structure evolution of Ru and Mn.
Fig. 6a shows the Ru L;-edge XANES spectra in different states of
charge (Fig. 6b), which directly probe the unoccupied 4d states
via dipole-allowed 2p-4d transitions. Two prominent peaks are
observed for the spectrum of pristine NLMRO, corresponding to
the t,, and e, states, respectively.** Upon charging, the
absorption peaks gradually shift toward higher energy until
4.3 V with the oxidation state to +5, further demonstrating the

15410 | Chem. Sci., 2025, 16, 15404-15416

establishment of a t3, e§ electronic configuration for Ru prior to
oxygen oxidation for the construction of strengthened m-type
interaction. In the following discharge process, the absorption
peaks shift back to the original position, suggesting the high
reversibility of the Ru**/Ru®" redox reaction, as also confirmed
by Ru K-edge XANES results (Fig. 6¢). Furthermore, the high
reversibility is also retained after 10 cycles (Fig. S91), which
ensures continuous stabilization of the oxygen redox reaction
throughout extended cycles.

While the reversible Ru redox is important for dynamically
strengthening 7-type interaction to achieve reversible anionic
redox, the resulting stability of oxygen, in turn, could consid-
erably impact the valence state of TM, especially for the region
near the surface, considering the interfacial side reactions.*
Therefore, Mn L-edge XANES spectra in inverse partial fluores-
cence yield (iPFY) mode were collected for NLMO and NLMRO
in different states of charge to avoid the self-absorption effect
(Fig. 6d and e),” which were also fitted using a linear

© 2025 The Author(s). Published by the Royal Society of Chemistry
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combination of Mn**/Mn?*"/Mn*" reference spectra to quanti-
tatively analyze the evolution of Mn valence states in different
states of charge (Tables S4 and S51).*** The fitting results
(dotted lines) show good agreement with the experimental data
(solid lines), guaranteeing the reliability of the quantitative Mn
valence states. The Mn valence state of NLMRO is similar to that
of NLMO in the pristine state, in good agreement with the Mn K-
edge XANES spectra. Notably, no apparent change is observed
for both samples owing to the dominant Mn*" upon charging
(Fig. 6f). In the fully discharged state, the Mn>" content
increases to 67.13% for NLMO and 77.94% for NLMRO because
of the redox conversion from Mn"*" to Mn*" on the cathode
surface. Notably, the Mn*" content decreases to 79.22% in the
charged state, while the Mn>* content decreases to mere 36.27%
in the discharged state for NLMO after 10 cycles, which are
primarily induced by the irreversible oxygen release and
subsequent surface cracking induced side reactions and Mn
dissolution into the electrolyte.*® In contrast, NLMRO delivers
a remarkable Mn**/Mn** redox reversibility after 10 cycles,
which is a direct consequence of the stabilized oxygen envi-
ronment achieved through the dynamically modulated anionic
redox via enhanced Ru-O m-type interaction. By effectively
preventing irreversible oxygen loss and maintaining structural

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

integrity, the local coordination around Mn is well preserved
and Mn dissolution is minimized.

Additionally, the Mn K-edge XANES spectra reveal that the
absorption edge of NLMRO shifts to a lower energy position
compared to that of NLMO in the fully discharged state (Fig. 7a
and b), indicating a more pronounced reduction of Mn,
consistent with the Mn L-edge iPFY spectra. It is worth
mentioning that the good reversibility and cyclability of TM
redox arising from reversible anionic redox have tremendous
effects on the stability of TMOg octahedra. Notably, the pre-edge
features, which contain the information on TMO, octahedral
symmetry,** also show differences between NLMO and NLMRO
(Fig. 7c). The pre-edge feature of NLMO intensifies in the
charged state, which can be ascribed to serious TMOg octahedra
distortion induced by highly active anionic redox occurring in
the high voltage region, consistent with the P2-Z phase transi-
tion observed in the in situ XRD results. In contrast, the pre-edge
feature intensity of NLMRO remains almost constant between
the pristine and charged states, indicating that the strength-
ened w-type interaction successfully mitigates the TM-O bond
variations associated with anionic redox, thereby preserving the
TMOs octahedral symmetry and preventing severe distortion
during the charge process.

Chem. Sci., 2025, 16, 15404-15416 | 15411
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To further understand the evolution of TMOg octahedra in
both samples, Mn K-edge FT-EXAFS spectra were fitted in R-
space and K-space to obtain quantitative information about the
local coordination environment changes during cycling (Tables
S6 and S77). The fitting curves are in good agreement with the
experimental data (Fig. 7d, e, S10 and S117}), showing that the
achieved quantitative data are reliable. For both NLMO and
NLMRO, the Mn-O bond distance decreases during the
charging process (Fig. 7f). Given that Mn predominantly
maintains a +4 oxidation state in both pristine materials, this
bond length contraction during charge is primarily attributed to
changes associated with anionic redox activity. During the
subsequent discharge process, the Mn-O bond distance
increases as expected because of the reduction of Mn and O
species. For NLMO, it changes from 1.894 A to 1.901 A, while it
increases considerably from 1.885 A to 1.902 A for NLMRO. The
larger reversible change in NLMRO is consistent with the more
complete and reversible Mn reduction observed in the Mn K-
edge XANES results, likely facilitated by the reversible anionic

15412 | Chem. Sci,, 2025, 16, 15404-15416

redox. Notably, the Mn-TM bond distance exhibits trends
similar to those of the Mn-O bond distance, which is expected
for the edge-shared octahedral structures where the TM-O bond
changes could influence the TM-TM bond. More specifically,
NLMO shows a relatively large and less reversible change for the
Mn-TM bond distance upon discharge. This could be influ-
enced by Mn redox and irreversible structural evolution, such as
Li migration into the Na layers, which might be facilitated by
the P2-Z phase transition.*® In contrast, NLMRO displays a more
moderate and reversible evolution for the Mn-TM bond
distance over cycling. This suggests that the suppressed P2-Z
phase transition in NLMRO owing to strengthened m-type
interaction could maintain a more stable framework to poten-
tially hinder the detrimental Li migration® and contribute to
the preservation of local TM arrangement.

The contour plots of Mn K-edge wavelet-transformed EXAFS
spectra were utilized to get a visualized evolution of TMOg
octahedra during cycling (Fig. S12f). It is evident that the
scattering peak attributed to the Mn-O shell shows inconsistent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intensity between the pristine and fully discharged states in
NLMO, indicating irreversible evolution of the Mn-O coordi-
nation environment. To further quantify this structural evolu-
tion, the Debye-Waller factors (¢%), which are associated with
the structural disorder, were analyzed for both samples
(Fig. 72).*> The ¢ value of Mn-O coordination increases from
5.52 x 10> to 7.38 x 10~ for NLMO, whereas it increases more
moderately from 6.18 x 10> to 7.30 x 10> for NLMRO during
the charging process, demonstrating better preservation of the
local Mn-O coordination environment for the latter, consid-
ering the regulated anionic redox by strengthened m-type
interaction. In contrast, for the Mn—TM coordination of NLMO,
the ¢ value increases from 8.79 x 107 to 9.94 x 10~ during
the charging process but fails to recover to the initial value upon
discharge (9.92 x 10?), which possibly results from permanent
distortion within the bulk structure induced by oxygen loss and
subsequent local TM rearrangement and/or defect forma-
tion."™*> In sharp contrast, NLMRO displays a highly reversible
o> evolution for the Mn-TM coordination as a consequence of
the reversible anionic redox and preserved rigidity of TMOs
octahedra.

Based on the above analysis, we can unambiguously eluci-
date the origin of improved structural stability and anionic
redox behavior for NLMRO, as illustrated in Fig. 7h. The
sequential oxidation of Ru and O ensures that the Ru®" with
a 4d” electronic configuration appears before the anionic redox
begins, resulting in strong m-type interaction between Ru t,,
orbitals and orphaned O 2p states within the Na-O-Li config-
uration. The splitting of m-type bonding/anti-bonding orbitals
could stabilize the oxidized oxygen species after the anionic
redox takes place, effectively inhibiting irreversible oxygen
release and achieving reversible anionic redox reaction.
Concurrently, the stabilized anionic redox reaction could also
suppress the phase transition in the high voltage region and
mitigate the interfacial side reactions with limited TM disso-
lution, leading to stable TMO, octahedra throughout the elec-
trochemical process. As a consequence, remarkable structural
stability from the bulk to surface and superior electrochemical
performance are achieved for NLMRO over extended cycles.

Conclusions

In summary, this work demonstrates an effective strategy of
strengthening TM-O w-type interaction to achieve highly
reversible anionic redox and superior structural stability by
introducing a reversible Ru*'/Ru®" redox couple in P2-type
layered oxide cathodes. We show that the half-filled t,,
orbitals of Ru®" formed before the onset of anionic redox
establish strengthened m-type interaction with non-bonding O
2p orbitals within the Na-O-Li configuration, which effectively
stabilizes oxidized oxygen and suppresses irreversible oxygen
release accompanied by a complete solid-solution behavior with
inhibited P2-Z phase transition over cycling. This robust struc-
tural integrity, from the bulk to surface, in turn prevents Mn
dissolution and preserves TMOg octahedral stability. As
a consequence, the resulting NLMRO exhibits enhanced
specific capacity, rate performance, and long-term cycling

© 2025 The Author(s). Published by the Royal Society of Chemistry
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stability. This study underscores the critical role of the TM-O 7-
type interaction in stabilizing anionic redox and enhancing
structural integrity, offering practical guidance for the rational
design of high-performance layered oxide cathodes for SIBs.
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