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ree Mn-based layered oxide
cathode based on an orbital hybridization
modulation strategy for high energy density
sodium-ion batteries

Zhuozheng Hong,†ab Xin-Yu Zhang,†b Minwen Yang,†c Yan-Fang Zhu,b
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Conventional nickel–manganese-based layered oxides, due to their high energy density, are promising cathode

materials for sodium-ion batteries (SIBs). However, the relatively high cost of elements such as nickel and cobalt

poses a challenge to the development of cost-effective SIBs for large-scale energy storage. To address this issue,

we designed aCo/Ni-free cathode via a rational orbital hybridizationmodulation strategy, inwhichMg is selected

as the modulator to replace Ni. The substitution of nickel with magnesium not only reduces material cost but

also, more importantly, enables magnesium to act as an electronic structure regulator. Guided by this design

principle, combined theoretical and experimental analyses reveal that Mg2+ eliminates the strong and unstable

hybridization present in the counterpart material Na0.55Ni0.1Fe0.1Mn0.8O2 (NFM118). This effect broadens and

improves the O 2p band, thereby lowering the energy barrier for electron transfer between Mn 3d and O 2p

orbitals. This unique charge compensation mechanism, effectively suppresses the Jahn–Teller distortion and

irreversible oxygen evolution. Consequently, the MFM118 cathode delivers a high reversible capacity of 180.78

mAh g−1 within 1.5–4.3 V and exhibits superior rate performance and significantly enhanced cycling stability.

This work highlights the advantage of orbital hybridization modulation in developing cost-effective and high-

performance SIB cathodes.
Introduction

Sodium-ion batteries (SIBs) have emerged as a compelling
complementary technology to lithium-ion batteries (LIBs) for
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large-scale energy storage, primarily driven by the natural abun-
dance, even geographical distribution, and low cost of sodium
resources.1–9 The commercial viability and sustainable develop-
ment of SIBs, however, critically depend on cathodematerials that
simultaneously deliver high energy density, long cycle life, and
low cost.10–16 Among various candidates, layered transition metal
(TM) oxides, NaxTMO2, are particularly attractive owing to their
high theoretical capacity and relatively simple synthesis. These
materials are typically classied into P2- and O3-types based on
the coordination geometry of sodium ions (prismatic or octahe-
dral) and the stacking sequence of TM-oxygen layers.17–21 The P2-
type structure, with larger interlayer spacing, oen demonstrates
superior ionic conductivity and rate performance.22–24

Nonetheless, the practical application of these materials
faces a dual, intertwined challenge. First, the ever-growing
demand for costly and scarce nickel (and cobalt) poses
a signicant economic hurdle for cost-effective, large-scale
application.25–27 Second, and more fundamentally, the electro-
chemical instability stemming from structural degradation and
irreversible oxygen redox at high voltages severely limits their
cycle life.5 Simply reducing nickel content to address the cost
issue oen exacerbates the stability problem, as the remaining
TM framework becomes more susceptible to detrimental phase
Chem. Sci.
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Fig. 1 Structural characterization from macroscopic to atomic scales.
(a and b) XRD Rietveld refinement results for NFM118 and MFM118. (c)
Ex situ EPR spectra of NFM118 and MFM118. (d and e) Normalized Mn
K-edge XANES and Fe K-edge XANES spectra of MFM118. (f) HR-TEM
images of MFM118. (g) FFT modes and intensity line profile of MFM118.
(h and i) TEM-EDS element distribution mapping of MFM118.
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View Article Online
transitions and irreversible anionic redox, resulting in oxygen
release, TM dissolution, and rapid capacity fade.28–30 Therefore,
developing high-performance cathodes completely free of costly
cobalt and nickel, without compromising structural and inter-
facial stability, is a paramount yet unmet goal for SIBs.
Conventional modication strategies, such as elemental doping
or surface coating, oen provide incremental improvements
but fail to address the root cause of the instability—the elec-
tronic structure and the associated charge compensation
mechanism at high voltages.31–36 These strategies typically focus
on the ionic radius or charge balance, without directly engi-
neering the orbital-level interactions that govern redox activity
and structural evolution.37,38

Herein, we propose and demonstrate a strategy rooted in
orbital hybridization modulation to fundamentally overcome
the above limitations. Instead of a mere elemental substitution
for cost reduction, we rationally engineer the local electronic
structure. We designed a low-cost, cobalt/nickel-free cathode,
Na0.55Mg0.1Fe0.1Mn0.8O2 (MFM118), by deliberately substituting
nickel with electrochemically inert magnesium.39–44 Specically,
spectroscopic analyses and structural renements conrm that
Mg substitution effectively suppresses Jahn–Teller distortion by
elevating the average Mn valence state. More importantly, this
substitution reconstructs the charge compensation, as directly
evidenced by ex situ X-ray absorption spectroscopy, which
captures an anomalous reduction of Mn during high-voltage
charging. In situ XRD reveals that this electronic regulation
translates into exceptional structural stability, manifested as
a P2/OP4 phase coexistence which alleviates strain. At the
interface, electrochemical impedance spectroscopy (EIS)
combined with distribution of relaxation times (DRT) analysis,
alongside time-of-ight secondary ion mass spectrometry (TOF-
SIMS) and transmission electron microscopy (TEM), demon-
strates that Mg substitution drastically suppresses TM migra-
tion and promotes the formation of a thin, uniform cathode–
electrolyte interphase, leading to superior interfacial kinetics
and stability. Consequently, this integrated stabilization from
the atomic to the micron scale culminates in outstanding
electrochemical performance, with MFM118 delivering a high
reversible capacity of 180.78 mAh g−1, remarkable rate capa-
bility, and enhanced cycling stability. The advantage of this
work lies in elucidating how orbital hybridization engineering
unlocks a stable and efficient charge compensation mecha-
nism, laying the foundation for developing green, low-cost, and
high-energy-density cathode materials.

Results and discussion

In this work, NFM118 was successfully prepared by the solid-
state method, and the pure phase MFM118 was obtained by
replacing Ni with Mg. The Rietveld renement of XRD patterns
conrms that both NFM118 and MFM118 crystallize in a P2-
type layered structure with the P63/mmc space group (Fig. 1a
and b). A critical observation is the reduction of the c-axis lattice
parameter from 5.6437 Å in NFM118 to 5.6315 Å in MFM118.
This contraction is a primary indicator of suppressed Jahn–
Teller distortion and enhanced electrostatic shielding between
Chem. Sci.
adjacent oxygen layers induced by the higher charge density of
Mg2+, which reduces O–O repulsion and more than compen-
sates for the minor difference in ionic radii. Electron para-
magnetic resonance (EPR) spectra reveal distinct electronic
states (Fig. 1c). MFM118 exhibits a signal at g z 2.0389, char-
acteristic of stabilized hole states on oxygen (e.g. peroxo-like
species, (O2)

n−) and the presence of Jahn–Teller-inactive Mn4+

ions. In stark contrast, NFM118 shows a broad signal at g z
2.3363, a signature of strong Jahn–Teller activity associated with
Mn3+ and Ni3+ ions, which cause signicant local lattice
distortion and electron localization. This interpretation is
corroborated by X-ray photoelectron spectroscopy (XPS) and X-
ray absorption near-edge structure (XANES) spectra at the Mn
K-edge (Fig. 1d, e and S3).45 The average Mn oxidation state in
NFM118 is approximately +3.5, indicating a substantial pop-
ulation of Jahn–Teller active Mn3+ ions, while in MFM118, the
average Mn oxidation state is calculated to be approximately
+3.7, which is signicantly elevated relative to NFM118 and
corresponds to a markedly reduced proportion of Jahn–Teller-
active Mn3+, consistent with a dominantly Jahn–Teller inactive
electronic conguration. The Ni K-edge XANES conrms that Ni
remains in the +2 oxidation state in NFM118. Collectively, these
data demonstrate that Mg substitution effectively suppresses
the Jahn–Teller effect by elevating the average Mn valence and
eliminating Ni3+, thereby creating a more stable local electronic
environment. This stabilized local electronic environment
suggests a modication in the fundamental charge compensa-
tion pathway, which will be discussed later.46 Scanning electron
© 2026 The Author(s). Published by the Royal Society of Chemistry
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microscopy (SEM) and TEM characterization showed that both
samples exhibit a similar irregular brick-like morphology with
particle sizes ranging from 6 to 8 micrometers (Fig. S4). High-
resolution transmission electron microscopy (HRTEM), fast
Fourier transform (FFT), and selected area electron diffraction
(SAED) images revealed that the d-value spacing of MFM118 was
2.084 Å, which was consistent with the (103) crystal plane
spacing of the P2 phase, and the d-value spacing of NFM118 was
5.64 Å, which was in agreement with the (002) crystal plane
spacing of the P2 phase. This conrmed the P2-type structure of
both materials (Fig. 1f, g, S5 and 6).47 Finally, high-angle
annular dark-eld scanning TEM combined with energy-
dispersive X-ray spectroscopy (EDS) mapping conrmed the
uniform distribution of all elements in both cathode materials,
indicating successful Mg incorporation without secondary
phase formation (Fig. 1h, i and S7).
Electrochemical performance and kinetics behavior

The charge–discharge curves and cyclic voltammetry (CV)
curves reveal the fundamental differences in the electro-
chemical behavior of these two materials (Fig. 2a–d). This
indicates a complex and interrelated redox process involving
Ni2+/Ni4+ and irreversible lattice oxygen oxidation, which leads
to structural rearrangement. In contrast, MFM118, where the
electrochemically inert Mg2+ is present, shows a lower initial
capacity (about 90 mAh g−1), but its charging curve is very
smooth. The reduced initial charge capacity of MFM118
Fig. 2 The electrochemical performance of NFM118 and MFM118. (a an
and d) First-cycle CV curves at 0.1 mV s−1. (e) Rate performance from 0.1
curves from 0.1 mV s−1 to 1 mV s−1. (j) Linear fit of the peak current of the O
of voltage capacity charge with different from 3 to 4.3 V. (l) Cycling perfo
after rate performance tests. (m) Electrochemical comprehensive perfor

© 2026 The Author(s). Published by the Royal Society of Chemistry
compared to NFM118 is attributed to both the elimination of Ni
redox contribution (due to the electrochemically inert nature of
Mg2+) and a brief kinetic activation process required for the
newly congured O 2p band to fully engage in reversible anionic
redox, aer which the material delivers stable high capacity. Its
CV curve presents a single and sharp oxidation peak above
4.0 V, which is a signature of the highly reversible anionic redox
process enabled by our orbital hybridization modulation.
Meanwhile, the more distinct redox peaks in the low-voltage
range of the CV curve are believed to be caused by the valence
state change of Mn. This is the rst electrochemical feature of
the reconstructed charge compensation. This reconstruction
mechanism directly translates into superior electrochemical
kinetics and stability. MFM118 exhibits exceptional rate capa-
bility (Fig. 2e), signicantly outperforming NFM118 at high
current densities. This is attributed to the stable framework and
reversible surface reactions minimizing impedance growth.
This can also be seen in the specic energy at different rates in
Fig. S8, where MFM118 shows superior rate performance.
Meanwhile, the comparison of the charge–discharge curves of
the two materials at different rates as shown in Fig. 2f, g and S9
indicates that MFM118 has a smaller capacity and energy decay
at high rates compared to NFM118, further verifying that the
substitution of Mg can greatly improve stability.

Considering the excellent rate performance of MFM118, CV
and galvanostatic intermittent titration technique (GITT) tests
were conducted at different scan rates to quantitatively
d b) Charge–discharge curves for the second to fifth cycles at 0.1C. (c
to 5C. (f and g) Charge–discharge profile from 0.2 to 5C. (h and i) CV
2 peak to the square root of the scan rate. (k) The dQ/dV contour plots
rmance over 100 cycles at 0.2C within the voltage range of 1.5–4.3 V
mance radar comparison chart.

Chem. Sci.
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determine the Na+ diffusion coefficient of MFM118, as shown in
Fig. 2h–j and Tables 1 and 2. Compared with NFM118, MFM118
exhibited a higher current response with distinct redox peaks.
The diffusion coefficient was quantitatively calculated by tting
the linear relationship between the peak current (Ip) and the
square root of the scan rate (v1/2) (Fig. 2j). According to the
Randles–Sevcik equation, MFM118 demonstrated a stable
apparent Na+ diffusion coefficient, indicating a faster kinetic
behavior. To better understand the diffusion of sodium ions
during the charge and discharge process, GITT measurements
were used to calculate the diffusion coefficient. Throughout the
process, MFM118 exhibited a superior Na+ diffusion coefficient
(Fig. S10 and 11). This is attributed to the more stable crystal
structure constructed by Mg substitution, which not only
suppresses irreversible phase transitions that could block
diffusion pathways but also facilitates a more reversible surface
reaction, leading to a thinner and more uniform cathode–
electrolyte interphase (CEI). This combination signicantly
enhances the pseudocapacitive contribution and the sodium
ion diffusion rate. Consequently, the material achieves faster
charge storage at high scan rates, thereby demonstrating its
superior rate performance and fast charge–discharge capability.
To facilitate the comparison of the trends in electrochemical
performance, the peaks of the dQ/dV curves at different cycles
were analyzed through line graphs and corresponding contour
plots (as shown in Fig. 2k, S12 and 13). Aer multiple cycles, the
peaks all showed regular changes. From the rst cycle to the
100th cycle, the characteristic peaks of MFM118 shied slightly
during repeated charge and discharge processes. However, the
characteristic peaks of NFM118 gradually showed non-vertical
shis. This potential shi is related to the overpotential shi
caused by battery polarization. This polarization may be related
to the inherent loss of active sodium ions. At the same time, the
analysis of the dQ/dV curves from the 1st to the 20th cycle shows
that the curves of MFM118 are highly overlapping, indicating
that the substitution of Mg can reduce the impact of battery
polarization. In addition, a long cycle experiment at 0.2C
between 1.5 and 4.3 V was conducted to examine the high-rate
stability of capacity and structure. As shown in Fig. 2i,
MFM118 retained 77.1% of its capacity aer 100 cycles, signif-
icantly higher than the 56.5% of NFM118. This indicates that
MFM118 has a higher capacity and better cycling stability,
further verifying the inhibitory effect of Mg substitution on
phase transformation and ion migration in the material.
Meanwhile, to more intuitively compare the comprehensive
electrochemical performance of MFM118 and NFM118, a radar
comparison chart wasmade (Fig. 2m). The research results once
again conrmed the signicance of Mg in enhancing the
performance of SIBs, as MFM118 exhibited the best overall
electrochemical performance.48
Dynamic structural evolution

To precisely track the structural evolution of the MFM118
cathode material during sodium ion (de)insertion, in situ XRD
measurements were conducted at a current density of 0.2C
(Fig. 3a, b and S14). For MFM118, the original P2 phase shied
Chem. Sci.
slightly towards a lower angle at low voltages (the (002) peak),
indicating a c-axis expansion due to Na+ extraction. At high
voltages, the intensity of the P2 peak decreased, while a new
diffraction peak emerged at a 2q value of approximately 16.1°,
conrming the formation of an OP4 phase. During the
discharge process, this mixed phase reverted to the P2 phase,
dening the phase transformation path of MFM118 as P2/ P2/
OP4 / P2. The persistence of the main P2 peak suggests that
the phase transformation requires overcoming an energy
barrier, which may not be fully surmounted within the limited
charging/discharging time.49 This results in a partially trans-
formed structure where some regions transition to the OP4
phase, while others remain metastable in the P2 conguration
due to local energy barriers or Na+ concentration gradients,
leading to a coexistence of the two phases. Mg2+, acting as an
inert and robust locking ion randomly distributed in the TM
layer, locally anchors the surrounding crystal structure, effec-
tively inhibiting slab gliding and phase transformation.
Consequently, in regions with a high concentration of Mg2+, the
structure is pinned and remains in the P2 phase, whereas in
regions with low or no Mg2+, the structure is more prone to slip
and transform into the OP4 phase. According to FAULTS
simulations (Fig. 3c–e and S15), the intensity of the main P2
peak decreases but remains observable, strongly indicating
a widespread coexistence of P2 and OP4 phases within the bulk
material. This represents a non-equilibrium state governed by
both kinetics and thermodynamics. During charging, as Na+ is
continuously extracted beyond the stability limit of the P2
phase, the transformation begins. However, the random
distribution of Mg2+ and its locking effect prevent a uniform
transformation, leading to a mosaic-like nano-domain structure
within the material: some areas transform into the OP4 phase,
while regions stabilized by Mg2+ tenaciously retain the P2
phase. This nano-scale phase coexistence alleviates the
immense internal strain associated with a complete single-
phase transformation, thereby enhancing the structural
reversibility and cycling stability.
Interface stability mechanism

To investigate the electrochemical processes at the electrode–
electrolyte interface aer cycling, in situ and ex situ EIS were
performed on the half-cells (Fig. 4a–d and S16). It was found
that during charging up to 4.3 V, the second semicircle (asso-
ciated with the interface resistance, Rct/Rlm) of MFM118 was
smaller and remained relatively stable compared to that of
NFM118, showing only a brief increase near 4 V, potentially
related to the onset of the reversible oxygen redox reaction. A
consistent trend was observed during discharge, indicating that
Mg substitution improves the interfacial kinetics. This result
was further veried by ex situ EIS. To gain deeper insight into
the interfacial kinetics, the DRT was analyzed from the
impedance data (Fig. 4e–h and S17).50,51 The T1 peak, which is
typically associated with charge transfer and interfacial
processes at the electrode surface, exhibited a smaller width
and a decreasing intensity during both charging and di-
scharging for MFM118 compared to NFM118. The smaller peak
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Crystal structural evolution of MFM118 during Na+ extraction/insertion. (a) In situ XRD patterns collected during the charge/discharge in
the voltage range of 1.5–4.3 V. (b) The 3D counter graphs of the main characteristic diffraction peaks. (c) In situ XRD patterns for the P2 to OP4
phase evolution. (d) FAULTS simulations of the P2/OP4 intergrowth phase. (e) Proportion of P2 and OP4 phase stacks in the MFM118 electrode
during the desodiation process.
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width suggests a more homogeneous time constant distribu-
tion, indicative of a more uniform and stable interface. The
decrease in peak intensity as the reaction progresses implies
a reduction in the resistance associated with that specic
process. In contrast, the T= 1 peak for NFM118 showed broader
distribution and less regular changes, suggesting more
heterogeneous and irreversible interfacial reactions, likely due
to severe side reactions like irreversible oxygen oxidation and
TM dissolution. This DRT analysis is consistent with the EIS
results, demonstrating that Mg substitution leads to signi-
cantly improved interfacial kinetics and stability, which is
a direct consequence of the more reversible charge compensa-
tion mechanism and the suppression of detrimental side
reactions.

Aer subjecting the NFM118 and MFM118 half-cells to 200
cycles, the cells were disassembled for TOF-SIMS characteriza-
tion of the electrodes (Fig. 4i–m). For NFM118, the intensity of
the MnF3

− signal decreased uniformly from the interface
© 2026 The Author(s). Published by the Royal Society of Chemistry
towards the bulk phase, indicating that the Mn undergoes
severe migration and dissolution during the cycling process.52

In contrast, the interface intensities of MnF3
−, MgF3

−, and
FeF2

− signals were very low in MFM118, verifying that Mg
substitution effectively suppresses TM migration. Furthermore,
the intensity of the NaF2

− signal remained almost unchanged in
MFM118, suggesting a more uniform distribution of the CEI,
whereas its intensity varied signicantly in NFM118, indicating
an uneven CEI layer. This difference is further corroborated by
the less uniform distribution of C2HO− fragments in NFM118
compared to MFM118 (Fig. S18 and 19). The uniformity of the
distribution of this group is related to the decomposition
products of the electrolyte. Its uneven distribution will affect the
uniformity of the CEI layer. TEM imaging of the cycled elec-
trodes (Fig. S20 and 21) visually conrmed these ndings: the
CEI layer of NFM118 was thick and uneven (up to ∼305 nm in
some areas), while the CEI layer on MFM118 was uniformly thin
(∼9 nm). This indicates that Mg doping effectively suppresses
Chem. Sci.
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Fig. 4 Interface variation capability evaluation. (a–d) In situ EIS plots of the NFM118 and MFM118 electrodes at 1.5–4.3 V. (e–h) DRT analysis
based on impedance spectra. (b) The 3D counter graphs of the main characteristic diffraction peaks. (i and j) Normalized TOF-SIMS depth
profiles. (k–m) Overlapping 3D and 2D renderings of TOF-SIMS fragments for NFM118 and MFM118 electrode surfaces after cycling.
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the side reactions between the electrode and the electrolyte,
which is conducive to the ordered migration of sodium ions.

Charge compensation mechanism

The charge compensationmechanisms in NFM118 andMFM118
were probed using ex situ X-ray absorption spectroscopy (XAS)
(Fig. 5a and b). When charged to 4.0 V, the manganese valence
state in NFM118 changes only slightly from its pristine state
(∼+3.5), indicating minimal participation of Mn in redox reac-
tions within this voltage window. However, upon charging to
4.3 V, the Mn valence shis towards higher energy, signifying the
oxidation of remaining Mn3+ to Mn4+, which contributes to the
capacity above 4.0 V alongside Ni and oxygen oxidation. In stark
contrast, the Mn valence in MFM118 moves towards a lower
energy direction when charged to 4.3 V compared to its state at
4.0 V, clearly indicating a charge redistribution process where
electron density is back from the stabilized O 2p orbitals to the
Mn 3d orbitals.53 This phenomenon of not rising but falling at
high voltage is not simply the reduction ofmanganese, but rather
the result of internal charge rearrangement of the entire material
system under the regulation of Mg2+ substitution, enabling effi-
cient and reversible anionic redox. Compared with NFM118,
Chem. Sci.
when charged to 4.3 V, its Mn K-edge shis towards higher
energy, which is a typical sign of the oxidation of Mn3+ to Mn4+.
The oxygen oxidation behavior couples with the strong oxidiz-
ability of Ni, leading to irreversible oxidation of oxygen, the
formation of oxygen vacancies and the release of oxygen.
However, the Mg substitution in MFM118 realizes a reversible
oxygen-coupled charge compensation mechanism. Oxygen is
reversibly oxidized and reduced, during which electrons transfer
from the 3d orbitals of Mn4+ to the 2p orbitals of O, thus avoiding
irreversible oxygen loss. This phenomenon of not rising but
falling at high voltage is not simply the reduction of manganese,
but the result of internal charge rearrangement of the entire
material system under the regulation of Mg2+ substitution to
achieve efficient and reversible anion redox. The reduction of Mn
is the key evidence and component of this stable and reversible
oxygen redox mechanism. Analysis of the EXAFS spectra in R-
space (Fig. 5c–e) reveals that the Mn–O bond length in MFM118
has a tendency to lengthen during charging, which conrms the
reduction of Mn. The ionic radius of Mn3+ (0.645 Å, high-spin) is
higher than that ofMn4+ (0.53 Å), leading to a longer averageMn–
O bond.54 Concurrently, Mn3+ is a Jahn–Teller ion, causing
further octahedral distortion and elongation, which also
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Mechanism and evaluation of the Mg substitution effect. (a and b) Mn K-edge XANES of NFM118 and MFM118 at various charging states. (c
and d) EXAFS spectra of NFM118 and MFM118 at various charging states. (e) WT-EXAFS spectra of the Mn K-edge for NFM118 and MFM118 at
various charging states. (f and g) O 1s ex situ XPS spectra for NFM118 and MFM118. (h) Schematic diagram of the Mg pillar effect inhibiting the
lattice oxygen escape mechanism.
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increases the bond length. The formation of O–O bonds or
oxygen vacancies upon oxygen oxidation can also contribute to an
increase in the average Mn–O bond length.55

Wavelet transform analysis of the EXAFS data shows that the
intensity of the Mn–O and Mn–TM coordination peaks weakens
signicantly at higher voltages, indicating increased local
structural disorder and bond length distribution, likely associ-
ated with Jahn–Teller distortion.

Ex situ XPS analysis of the O 1s region (Fig. 5f, g and S22–24)
provides further evidence. When NFM118 is charged to 4.3 V,
the lattice oxygen peak shis to higher binding energy and its
intensity decreases, directly proving oxygen oxidation and the
formation of oxygen vacancies. Upon discharge to 1.5 V, the
lattice oxygen signal remains abnormally weak, indicating that
the oxygen released during high-voltage charging cannot be
reversibly reincorporated into the lattice, resulting in perma-
nent oxygen loss and surface degradation.56 In stark contrast,
for MFM118, the lattice oxygen peak shis towards lower
binding energy upon discharge and its intensity recovers almost
completely to that of its pristine state, thereby unequivocally
demonstrating a highly reversible oxygen redox reaction. Fig. 5h
schematically illustrates this contrasting behavior: MFM118
follows a reversible, oxygen-coupled charge compensation
mechanism enabled by Mg substitution, achieving excellent
cycle stability. In contrast, NFM118 undergoes an irreversible
cation–oxygen coupled oxidation path, leading to structural
degradation and capacity fade.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Theoretical calculations

To unravel the fundamental mechanism by which Mg substitu-
tion reconstructs charge compensation, we conducted compre-
hensive density functional theory (DFT) calculations. The
analysis of the Electron Localization Function (ELF) provides the
rst crucial insight (Fig. 6a–d).57 For NFM118, signicant electron
localization is observed along the Ni–O bonds, indicative of
strong covalent character and substantial Ni 3d–O 2p orbital
hybridization. This strong hybridization elevates the energy of
the localized O 2p states near the Fermi level, rendering them
highly reactive and prone to irreversible oxidation and oxygen
loss at high voltages, which aligns with the observed severe
structural degradation. In stark contrast, MFM118 exhibits ionic
character in the Mg–O bonds, with electrons localized around
oxygen anions. The absence of such strong covalent hybridization
with the electrochemically inert Mg2+ prevents the formation of
those unstable, high-energy O 2p states.58

The projected density of states (pDOS) analysis offers deeper
electronic structure insights (Fig. 6i and j). For NFM118, the Ni
3d band strongly hybridizes with the O 2p band, creating
a continuous electronic state across the Fermi level. While this
indicates metallic conductivity, the hybridized O 2p states are
highly localized and energetically raised, making them
susceptible to irreversible oxidation.59,60 Crucially, in MFM118,
the substitution of Ni with Mg eliminates this strong covalent
hybridization center. The ionic eld of Mg2+ induces an upward
Chem. Sci.
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Fig. 6 DFT calculations of TMFM118 samples. (a–d) Theoretical calculations of ELF for NFM118 and MFM118. (e and f) The structural configu-
ration of Na15Ni3Fe3Mn21O54 and Na15Mg3Fe3Mn21O54. (g and h) The Bader charge calculation results of two O configurations. (i and j) pDOS
calculations of NFM118 and MFM118.
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shi and enhanced dispersion of the O 2p band. This reduces
the charge-transfer energy between O 2p andMn 3d orbitals and
stabilizes the O 2p states. More signicantly, the dispersed O 2p
states represent more delocalized and stable electronic cong-
urations that can reversibly accommodate holes during oxida-
tion, preventing localized oxidative damage. This electronic
structure reorganization achieved through Mg substitution
reduces the energy barrier between Mn and O. This directly
explains the key experimental observation from XANES
(Fig. 5b): the anomalous reduction of Mn (Mn4+ + e− / Mn3+)
upon charging to 4.3 V. In this mechanism, the hole formed on
the stabilized O 2p states is compensated by an electron from
the Mn 3d orbital, and oxygen escape can be effectively sup-
pressed. These calculations conrm that Mg substitution
actively modulates the orbital energy level alignment by
elevating and dispersing the O 2p band. This orbital-level
engineering reduces the energy barrier for reversible electron
transfer between Mn 3d and O 2p orbitals, thereby guiding the
redox activity along a highly reversible anionic redox pathway
and suppressing irreversible oxygen evolution.
Conclusions

In summary, this work demonstrates a strategy for designing
high-performance, low-cost, and Co/Ni-free cathodes by
modulating charge compensation via orbital hybridization
engineering. In Na0.55Mg0.1Fe0.1Mn0.8O2, Mg substitution ach-
ieves superior performance not merely by structural
Chem. Sci.
stabilization but via active modulation of the local electronic
structure. Specically, the Mg2+ substitution eliminates strong
hybridization and elevates/improves the O 2p band, which
lowers the energy barrier for charge transfer betweenMn 3d and
O 2p orbitals. As a result, the charge compensation proceeds via
reversible electron transfer from Mn4+ to stabilized O 2p states,
effectively suppressing the Jahn–Teller effect, irreversible phase
transitions, and oxygen release. This results in exceptional
structural stability from the bulk to the interface, translating
into high reversible capacity, remarkable rate capability, and
long cycle life. This study establishes orbital hybridization
engineering as a key principle for designing advanced SIB
cathodes.
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