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A B S T R A C T

Layered P2-type oxides are promising cathodes for sodium-ion batteries (SIBs); however, in Co-free, Ni-mini
mized Fe–Mn-based systems, their practical energy density is intrinsically limited by insufficient Na+ extraction 
during the initial charge. Because these compositions rely predominantly on transition-metal (TM)-based cationic 
redox, the cyclable Na inventory is fundamentally constrained by the intrinsic TM redox capacity, resulting in 
limited charge capacity and suppressed energy density. Here, we demonstrate threshold-governed structure- 
coupled redox modulation, which overcomes this intrinsic limitation in Co-free, Ni-minimized P2-type Fe–Mn- 
based layered cathodes. Once the substitution level exceeds a critical threshold, the redox mechanism transi
tions from predominantly TM-dominated processes to cooperatively stabilized oxygen-involved redox. This 
transition expands the thermodynamically accessible Na+ extraction window while maintaining structural 
integrity. As a result, the modulated cathode, P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2, delivers an increased charge 
capacity while bringing the initial Coulombic efficiency (ICE) close to unity (from ~124.60% to ~99.95%), along 
with a higher average discharge voltage (~3.304 V) compared with pristine P2-type Na0.6[Ni0.1Fe0.1Mn0.8]O2, 
leading to substantially enhanced reversible capacity and practical energy density in full-cell systems. Operando 
structural characterization combined with first-principles calculations reveals that this performance enhance
ment originates from suppressed high-voltage phase evolution and stabilized lattice-oxygen participation. These 
findings establish threshold-controlled structure-coupled redox modulation as a cost-preserving strategy for 
unlocking high-energy Co-free, Ni-minimized P2-type SIB cathodes.

1. Introduction

Accelerating global environmental pollution necessitates the use of 
eco-friendly energy sources as well as the development of efficient en
ergy storage systems [1–5]. While Li-ion batteries (LIBs) have been 
widely deployed as promising energy storage systems for both portable 
electronics and large-scale applications owing to their high energy 
density and long cycle life, concerns regarding resource concentration 
and long-term cost volatility of Li have intensified under rapidly 
growing global demand [6]. As a result, the cost competitiveness of LIBs 
is expected to become increasingly uncertain. These concerns have 

motivated extensive research into next-generation energy storage tech
nologies with inherently lower material costs [7].

Recently, Na-ion batteries (SIBs) have emerged as strong candidates 
for low-cost and grid-scale energy storage systems because Na resources 
are naturally abundant and SIBs share a similar intercalation chemistry 
with LIBs [8–10]. Among various cathode classes, layered 
transition-metal (TM) oxides (Nax[TM]O2) have been intensively stud
ied due to their high theoretical capacities [11,12]. In particular, to 
further enhance the cost competitiveness of SIBs, it is crucial to mini
mize the use of expensive elements such as Ni and Co in Nax[TM]O2 
(targeting Ni+Co ≤ 0.1 mol) [13,14]. Accordingly, Co-free, 
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Ni-minimized P2-type Nax[NiaFebMnc]O2 (a ≤ 0.1, a+b+c = 1) mate
rials possess strong potential as low-cost SIB cathodes.

Among these compositions, P2-type Nax[Ni0.1Fe0.1Mn0.8]O2 
(x ≈ 0.6) is a representative low-cost candidate [15,16], but it suffers 
from limited initial charging capacity (typically below 120 mAh g− 1) 
despite delivering discharge capacities exceeding 150 mAh g− 1. Such a 
large disparity between the discharge and charge capacities severely 
compromises its practicality as a cathode, because the cyclable Na+

inventory in a full cell is fixed by the Na+ extracted during the first 
charge; therefore, the deliverable energy density is fundamentally 
limited by the initial charging capacity rather than the maximum 
discharge capacity [17–19]. Furthermore, insufficient Na+ intercalation 
in the high-voltage region during discharge leads to a low average 
discharge voltage, making it difficult to realize high energy density in 
full-cell configurations [20]. Therefore, for practical application of 
Co-free, Ni-minimized (≤ 0.1 mol Ni) P2-type Na0.6[Ni0.1Fe0.1Mn0.8]O2 
cathodes, both the initial charging capacity and the average discharge 
voltage must be improved.

A key factor limiting the practical applicability of these P2-type 
layered cathodes is their restricted Na+ deintercalation during the 
initial charge, which directly constrains both the initial charging ca
pacity and the initial Coulombic efficiency (ICE) [21]. Because this 
cathode relies almost exclusively on TM-based cationic redox, the 
amount of Na+ that can be extracted during the first charge is inherently 
limited. Activation of oxygen redox provides an effective strategy to 
overcome this limitation by enabling additional Na+extraction beyond 
the intrinsic TM redox capacity. This increases the initial charge ca
pacity and mitigates the gap between charge and discharge capacities, 
thereby enabling a near-unity ICE [22–24].

In addition to enhancing Na+ deintercalation, oxygen-redox activa
tion also offers the potential to raise the operating voltage once the TM- 
based redox becomes saturated [25,26]. However, the oxidized oxygen 
species generated in the high-voltage region are highly reactive and tend 
to induce undesirable side reactions and substantial structural changes, 
including lattice destabilization and multiple phase transitions [27–29]. 
These adverse effects suppress the discharge voltage and deteriorate the 
rate capability, ultimately negating the benefits of accessing oxygen 
redox [30,31].

Therefore, achieving stable and reversible oxygen-redox activity 
during high-voltage cycling while simultaneously minimizing structural 
degradation is essential for overcoming the intrinsic voltage limitation 
and enabling practically meaningful energy density in Co-free, Ni- 
minimized P2-type Fe–Mn-based layered cathodes for low-cost and 
high-energy SIBs.

To meet the dual requirements of increasing the initial Na+ extrac
tion and raising the operating voltage, a practical cathode design for Co- 
free, Ni-minimized P2-type Fe–Mn-based layered cathodes must incor
porate a structure-coupled redox modulator capable of (i) suppressing 
high-voltage structural degradation such as lattice distortion and phase 
evolution, (ii) stabilizing oxidized oxygen species to enable reversible 
oxygen-redox activity, and (iii) preserving the inherent low-cost 
advantage of Fe–Mn-based compositions. Such a modulator must 
simultaneously reinforce the lattice framework while redistributing the 
redox contribution beyond the intrinsic TM limit [32–35].

In this work, we show that incorporation of a redox-inactive Mg2+

into the P2-type Fe–Mn-based layered framework triggers threshold- 
governed structural coupling, leading to a reconfiguration of the redox 
chemistry. Specifically, once the Mg content exceeds a critical threshold, 
the local electronic structure and Na–O bonding environment are reor
ganized, inducing a transition from predominantly TM-dominated redox 
to cooperatively stabilized oxygen-involved redox. This transition en
ables Na+ extraction beyond the intrinsic TM redox limit, thereby alle
viating the inherent constraint on ICEs in P2-type Fe–Mn layered 
cathodes. Importantly, this strategy does not rely on increasing expen
sive redox-active transition metals such as Co or Ni, but instead operates 
via structure-coupled redox modulation triggered at a critical 

substitution threshold to unlock additional reversible capacity while 
preserving the intrinsic cost advantage of Fe–Mn-based compositions.

As a result, P2-type Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 (P2-NFM- 
Mg0.15) exhibits substantially enhanced electrochemical characteris
tics compared to the pristine Na0.6[Ni0.1Fe0.1Mn0.8]O2 (P2-NFM-Mg0). 
The structure-coupled redox-modulated composition increases the 
charge capacity, minimizes the difference between charge and discharge 
capacities, and elevates the average discharge voltage, indicative of 
stabilized high-voltage oxygen-redox participation within the P2-type 
layered framework. These concurrent enhancements enable more 
effective Na+ inventory utilization and translate into significantly 
improved practical full-cell energy output.

Collectively, these findings demonstrate that structure-coupled 
redox modulation rather than simply increasing redox-active TM con
tent provides a cost-preserving and mechanistically distinct pathway to 
maximize practical energy density in Co-free, Ni-minimized P2-type 
Fe–Mn-based Na-layered cathodes.

2. Material and methods

2.1. Synthesis of P2-Na0.6[Ni0.1Fe0.1Mn0.8− xMgx]O2

P2-Na0.6[Ni0.1Fe0.1Mn0.8− xMgx]O2 (x = 0, 0.05, 0.1, 0.113, 0.137, 
0.15, 0.163, and 0.2) compounds were prepared using a solid-state 
method. Na2CO3 (Sigma-Aldrich, 99.95%), Ni(OH)2 (Alfa Aesar, 96%), 
Fe2O3 (Samchun Chemical, 95%), Mn2O3 (Sigma-Aldrich, 99.9%), and 
MgO (Alfa Aesar, 99%) were used as precursors. The precursors were 
carefully blended at stoichiometric ratios using a high-energy ball- 
milling apparatus operated at 400 rpm for 12 h with silicon-nitride balls. 
After thorough mixing, the resulting homogeneous powder was shaped 
into pellets using a hydraulic press and then calcined in an O2 atmo
sphere at 900 ◦C for 12 h with a heating rate of 2.5 ◦C min− 1.

2.2. Materials characterization

The crystal structures of P2-Na0.6[Ni0.1Fe0.1Mn0.8− xMgx]O2 (x = 0, 
0.1, 0.15, and 0.2) were examined by X-ray diffraction (XRD) using a 
PANalytical instrument with Mo Kα radiation (wavelength = 0.70932 
Å). The data were collected in the 2θ range of 4.61◦ to 34.32◦ with a 
0.013◦ step size. Subsequently, the XRD patterns were reevaluated by 
converting the angles to Cu Kα radiation (wavelength = 1.54178 Å) for 
comparison with prior reports. The XRD refinement data were analyzed 
using the FullProf Rietveld program. Operando XRD patterns were ac
quired to monitor structural changes during charge/discharge at a cur
rent density of 20 mA g− 1 within the voltage range of 2.2–4.4 V (vs. Na+/ 
Na). These operando XRD patterns were collected using an X-ray 
diffractometer (PANalytical Empyrean) equipped with Mo Kα radiation 
(wavelength = 0.70932 Å). The data were collected in the 2θ range of 
4.0◦ to 35.0◦ with a step size of 0.013◦ and reevaluated by converting the 
angles to Cu Kα radiation (wavelength = 1.54178 Å). The elemental 
compositions of Na, Ni, Fe, Mn, and Mg were analyzed using inductively 
coupled plasma atomic emission spectroscopy (ICP-AES; OPTIMA 8300, 
PerkinElmer). The morphology of the materials was examined by field- 
emission scanning electron microscopy (FE-SEM; Gemini SEM 560, 
ZEISS) at 2 keV at the National Center for Inter-University Research 
Facilities (NCIRF), Seoul National University. Additionally, high- 
resolution transmission electron microscopy (HR-TEM) images and 
energy-dispersive X-ray spectroscopy (EDS) mappings were measured 
using a 200 kV scanning transmission electron microscope (JEM- 
ARM300F, JEOL) at the Advanced Facility Center for Quantum Tech
nology, Sungkyunkwan University. Before the measurements, the sam
ples were dispersed in ethanol using ultrasonication. A droplet of the 
suspension was then placed onto a carbon-coated copper TEM grid, and 
the grid was air-dried at room temperature overnight to evaporate the 
ethanol.
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2.3. Electrochemical characterization

P2-Na0.6[Ni0.1Fe0.1Mn0.8− xMgx]O2 (x = 0, 0.05, 0.1, 0.113, 0.137, 
0.15, 0.163, and 0.2) electrodes were prepared by blending 80 wt% 
active material, 10 wt% Super P carbon black, and 10 wt% poly
vinylidene fluoride (PVDF) with N-methyl-2-pyrrolidone (NMP) as the 
solvent. The resulting mixture was then coated onto aluminum foil and 
dried under vacuum conditions at 100 ◦C overnight. After drying, the 
electrodes were punched into disks 10 mm in diameter, and each elec
trode had a mass loading of approximately 3 mg cm− 2. For the assembly 
of half-cells, CR2032-type coin cells were employed. These cells 
included Na metal as the counter electrode, a Whatman GF/F glass-fiber 
separator, and an electrolyte composed of 1 M NaPF6 in a solvent 
mixture of propylene carbonate (PC) and fluoroethylene carbonate 
(FEC) at a volume ratio of 98:2. The coin cells were assembled in an Ar- 
filled glove box. Galvanostatic charge/discharge tests were conducted at 
various current densities ranging from 10 to 500 mA g− 1 in the voltage 
window of 2.2–4.4 V (vs. Na+/Na). Battery cycling tests were performed 
using an automated battery charge/discharge test system (WBCS 3000, 
WonATech). After the initial charge/discharge cycle, cycling perfor
mance was assessed at a current density of 100 mA g− 1. For full-cell 
measurements, P2-Na0.6[Ni0.1Fe0.1Mn0.8− xMgx]O2 cathodes were 
paired with hard-carbon anodes in CR2032-type coin cells. The same 
cathode electrodes with a mass loading of approximately 3 mg cm− 2 

were used for both half-cell and full-cell measurements. The hard-carbon 
anode loading was adjusted for each cathode composition to achieve an 
N/P ratio of 1.2 based on the half-cell capacities of the cathode and hard- 
carbon anode. The hard-carbon anode mass loadings were adjusted to 
approximately 1.5 and 1.9 mg cm− 2 for P2-NFM-Mg0 and P2-NFM- 
Mg0.15 full cells, respectively. The cathode areal capacities used for 
electrode balancing were calculated to be 0.35 and 0.44 mAh cm− 2 for 
P2-NFM-Mg0 and P2-NFM-Mg0.15, respectively, corresponding to hard- 
carbon anode areal capacities of 0.42 and 0.53 mAh cm− 2, respectively. 
No separate presodiation of the hard-carbon anode was performed prior 
to cell assembly. After assembly, the full cells were subjected to two 
formation cycles at a current density of 10 mA g− 1 based on the cathode 
active material before subsequent electrochemical evaluation. The full 
cells were tested in the voltage range of 1.2–4.2 V. All full-cell capacities 
were calculated based on the mass of the cathode active material. P2- 
Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 and P2-Na0.6[Ni0.1Fe0.1Mn0.8]O2 were 
analyzed by ex situ X-ray absorption spectroscopy (XAS) at the Ni K- 
edge, Fe K-edge, and Mn K-edge. These analyses were conducted at the 
8C XAFS and 7D XAFS beamlines of the Pohang Accelerator Laboratory 
(PAL), using Ni, Fe, and Mn metal foils as reference spectra. The XAS 
spectra were collected in transmission mode under high-electron-energy 
conditions (2.5 GeV) with a current of 200 mA, covering both the X-ray 
absorption near-edge structure (XANES) and extended X-ray absorption 
fine structure (EXAFS) regions. To investigate the valence states of O, 
soft X-ray absorption spectroscopy (sXAS) spectra were collected in total 
fluorescence yield (TFY) mode at the 4D PES beamline of PAL. The XAS 
data were analyzed using Athena software. The samples were prepared 
in the form of electrodes.

2.4. Computational details

All DFT calculations were performed using the Vienna Ab initio 
Simulation Package (VASP) [36]. Projector-augmented wave (PAW) 
pseudopotentials were used with a plane-wave basis set, as implemented 
in VASP [37]. The Perdew-Burke-Ernzerhof (PBE) parameterization of 
the generalized gradient approximation (GGA) was used for the 
exchange-correlation functional [38]. The GGA+U method was adopted 
to address d-orbital localization in Ni, Fe, and Mn ions, with U values of 
6.0, 4.3, and 3.9 eV, respectively, as determined in a previous study 
[39]. In the DFT calculations, a 5 × 4 × 3 k-point grid was used for the 2 
× 3 × 1 supercell structures of P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 and 
P2-Na0.6[Ni0.1Fe0.1Mn0.8]O2. The Heyd-Scuseria-Ernzerhof (HSE06) 

hybrid functional was applied to accurately calculate the pDOS of Ni, Fe, 
Mn, and O ions [40]. For all calculations, the kinetic energy cutoff was 
set to 500 eV, and all structures were optimized until the force in the unit 
cell converged to within 0.03 eV Å− 1. The cluster-assisted statistical 
mechanics (CASM) software was used to generate Na/vacancy config
urations for each composition. DFT calculations were then performed on 
up to 20 configurations with the lowest electrostatic energies for each 
composition to obtain the convex hulls of P2-Na0.6[Ni0.1

Fe0.1Mn0.65Mg0.15]O2 and P2-Na0.6[Ni0.1Fe0.1Mn0.8]O2 [41].

3. Results and discussion

3.1. Structural verification and initial electrochemical activation of 
fe–mn-dominant P2-Type na-layered cathodes enabling structure-coupled 
redox modulation

To investigate how structure-coupled redox modulation enables 
reversible and structurally stabilized oxygen participation in Co-free and 
Ni-minimized P2-type Fe–Mn-based layered cathodes, we prepared a 
series of compositionally controlled P2-type samples. As shown in 
Fig. S1 (Supporting Information), we successfully synthesized P2- 
Na0.6[Ni0.1Fe0.1Mn0.8− xMgx]O2 (P2-NFM-Mgx, x = 0, 0.1, 0.15, and 0.2) 
via a conventional solid-state method, all of which exhibited a pure P2- 
type layered structure with the P63/mmc space group without any 
detectable impurities. The particle morphologies of the samples were 
examined using scanning electron microscopy (SEM), which revealed 
that all compositions exhibited similar particle shapes with particle sizes 
of approximately 1–2 μm (Fig. S2, Supporting Information).

For P2-NFM-Mg0.15, Rietveld refinement of the XRD pattern 
confirmed lattice parameters of a (= b) = 2.8953 Å and c = 11.2004 Å 
(Fig. 1a). As illustrated in Fig. 1b, P2-NFM-Mg0.15 crystallizes in a 
typical P2-type layered structure with an ABBA oxygen stacking 
sequence and a hexagonal framework belonging to the P63/mmc space 
group. The detailed crystallographic parameters, including Bisovalues, 
site occupancies, and atomic coordinates, are summarized in Table S1 
(Supporting Information). To examine the elemental homogeneity, 
TEM-EDS mapping was conducted. As shown in Fig. 1c, all constituent 
elements (Na, Ni, Fe, Mn, and Mg) were uniformly distributed across the 
particle domains, confirming the successful incorporation of each 
element into the layered framework. Furthermore, the elemental ratios 
obtained from TEM-EDS for P2-NFM-Mg0.15 (Na: Ni: Fe: Mn: Mg = 0.6: 
0.1: 0.1: 0.65: 0.15) were consistent with inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) analysis (Fig. S3 and Table S2, 
Supporting Information). The P2-type layered structure was further 
confirmed by high-resolution transmission electron microscopy (HR- 
TEM), which clearly revealed well-resolved lattice fringes corresponding 
to the (002) planes (Fig. 1d). In addition, the selected-area electron 
diffraction (SAED) pattern exhibited distinct diffraction spots indexed to 
the P2 phase along the [001] zone axis (Fig. 1e), further verifying the 
well-ordered layered structure.

Fig. 1f–i present the first charge–discharge profiles of the represen
tative compositions measured in half-cells. The most pronounced dif
ference among the samples is the initial charging capacity, which 
increases from 117.40 mAh g− 1 to 146.02 mAh g− 1 as the Mg2+ content 
increases up to 0.15 mol, indicating activation of structure-coupled 
redox modulation, which expands Na+ extraction beyond the intrinsic 
TM redox limit. A major limitation of typical P2-type Ni-minimized and 
Fe–Mn-based layered oxides as practical cathodes lies in their low initial 
charging capacity relative to the discharge capacity. In this context, the 
initial charge capacity and ICE should be considered together because 
practical cathode operation requires both sufficient Na+ extraction 
during the first charge and balanced charge/discharge capacity in the 
first cycle. A high initial charge capacity is necessary to provide enough 
cyclable Na+, while a near-unity ICE indicates that this extracted Na+

can be effectively utilized during the subsequent discharge without a 
large charge/discharge mismatch. Therefore, achieving a high initial 
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Fig. 1. (a) XRD pattern and Rietveld refinement results of P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 (Rp = 9.46%, Rwp = 11.8%, χ2 = 4.40). (b) Crystal structure of P2- 
Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2. (c) TEM-EDS image of P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2. (d) HR-TEM image of P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2. (e) SAED 
pattern of P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2. Initial charge–discharge voltage profiles of P2-Na0.6[Ni0.1Fe0.1Mn0.8− xMgx]O2, (f) x = 0, (g) x = 0.1, (h) x = 0.15, and 
(i) x = 0.2.
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charge capacity together with a near-unity ICE is essential for practical 
Na utilization. Based on this criterion, P2-NFM-Mg0 exhibits a limited 
initial charging capacity of 117.40 mAh g− 1 and an ICE exceeding unity 
(~124.60%). This above-unity ICE does not indicate superior Na utili
zation; rather, it reflects a mismatch between the limited Na+ extracted 
from the cathode during the first charge and the larger discharge ca
pacity observed in the Na-metal half-cell. Because the Na-metal counter 
electrode can serve as an excess Na reservoir, the first discharge capacity 
in a half-cell does not directly represent the cyclable Na inventory 
available in a practical full cell. In contrast, P2-NFM-Mg0.15 delivers a 
higher initial charge capacity together with near-unity ICE, indicating 
that sufficient Na+ can be extracted from the cathode and reversibly 
utilized during the subsequent discharge. This balanced first-cycle 
behavior provides a more practical Na inventory for full-cell opera
tion. Notably, the average discharge voltage of P2-NFM-Mg0.15 reaches 
3.304 V (vs. Na+/Na), which is higher than that of P2-NFM-Mg0 (3.156 
V), further contributing to its improved practical energy density.

To further resolve the compositional evolution near the proposed 
threshold region, the comparison was expanded by evaluating addi
tional Mg-substituted compositions (x = 0.05, 0.113, 0.137, and 0.163), 
and their initial charge/discharge profiles are provided in Fig. S4 
(Supporting Information). The Mg-content-dependent initial charge 
capacity and average discharge voltage are summarized in Fig. S5 
(Supporting Information), where both descriptors increase at lower Mg 
contents and show a noticeable transition near x = 0.15. The near- 
threshold interval around x = 0.15 shows a more pronounced change 
than the lower-Mg region, supporting a threshold-like transition rather 
than a purely gradual compositional evolution. When the redox-inactive 
Mg content is further increased to 0.2 mol, both the accessible capacity 
and average discharge voltage begin to decline. This degradation is 
attributed to excessive Mg incorporation, which reduces the effective 
redox-active transition-metal reservoir available for charge compensa
tion during Na+ extraction. In addition, the first-cycle dQ/dV compari
son between P2-NFM-Mg0.15 and P2-NFM-Mg0.2 (Fig. S6, Supporting 
Information) shows a larger voltage separation and a broader cathodic 
response for P2-NFM-Mg0.2, indicating increased polarization and 
reduced redox reversibility during Na+ reinsertion.

These findings indicate that P2-NFM-Mg0.15 corresponds to the 
onset composition at which sufficient Mg substitution triggers structure- 
coupled redox modulation, whereas further Mg incorporation in
troduces an excessive-substitution effect by diluting the redox-active 
transition-metal reservoir and increasing discharge polarization.

3.2. Electronic-Structure and spectroscopic evidence for oxygen-redox 
activation via structure-coupled redox modulation

The electrochemical differences between P2-NFM-Mg0 and P2-NFM- 
Mg0.15 were further clarified through first-principles calculations. As 
shown in Fig. 2a-b, the calculated average voltage for the Na0–Na8/12 
composition range is 3.24 V (vs. Na+/Na) for P2-NFM-Mg0, whereas P2- 
NFM-Mg0.15 exhibits a higher calculated average voltage of 3.43 V. 
This calculated trend is consistent with the experimentally observed 
increase in average discharge voltage and supports the role of Mg sub
stitution in modulating the redox process through structural stabiliza
tion. We attribute this voltage difference to the structure-coupled redox 
transition induced once the critical substitution threshold is exceeded, 
wherein reversible and stabilized oxygen-redox activity emerges in P2- 
NFM-Mg0.15, in contrast to P2-NFM-Mg0, where only TM-based 
cationic redox contributes to the electrochemical reaction.

To further elucidate the origin of this behavior, we analyzed the 
evolution of the projected density of states (pDOS) during Na+ dein
tercalation in P2-NFM-Mg0.15. The full pDOS profiles of Ni, Fe, Mn, and 
O are provided in Fig. S7 (Supporting Information). Fig. 2c-d highlights 
the evolution of the O 2p states for the Nax[Ni0.1Fe0.1Mn0.65Mg0.15]O2 
(NaxNFM-Mg0.15), focusing on the changes in oxygen electronic 
structure near the Fermi level (EF).

As Na+ is deintercalated from Na7/12NFM-Mg0.15 to Na4/12NFM- 
Mg0.15, the redox activity of Ni and Fe cations is clearly observed. 
Notably, at the Na4/12NFM-Mg0.15 state, a pronounced electron density 
appears in the O 2p orbital near the EF. Upon further Na+ deintercalation 
from Na4/12NFM-Mg0.15, these electrons are depleted, and a strong O 
2p signal emerges near EF in the hole-density distribution of Na0NFM- 
Mg0.15. This demonstrates that oxygen anions actively participate in 
the redox reactions at high states of charge, which contributes to the 
elevated average voltage of the cathode. The occurrence of these redox 
events was further supported by visualizing the electron and hole den
sities for the NaxNFM-Mg0.15 compositions. The complete electron and 
hole density distributions are provided in Fig. S8 (Supporting Informa
tion). Fig. 2e focuses on the oxygen-related density evolution, high
lighting the spatial localization associated with oxygen redox. These 
results confirm that Ni and Fe undergo redox first, followed by the 
activation of oxygen redox in the Na4/12NFM-Mg0.15 to Na0NFM- 
Mg0.15 range.

In contrast, no such oxygen-redox activity is observed in the pDOS of 
Nax[Ni0.1Fe0.1Mn0.8]O2 (NaxNFM-Mg0), as shown in Fig. S9 (Supporting 
Information). Across the entire Na+ deintercalation process, P2-NFM- 
Mg0 exhibits only TM-based redox involving Ni, Fe, and Mn, with no 
contribution from O anions. This distinction indicates that once Mg 
substitution exceeds the critical threshold, the lattice becomes capable 
of stabilizing oxidized oxygen species and activating oxygen redox, 
thereby entering a modulated redox regime in P2-NFM-Mg0.15.

To further clarify how these local structural modifications govern 
anionic-redox behavior in P2-type Ni-minimized and Fe–Mn-based 
layered cathodes, we analyzed the redox response of oxygen anions as 
a function of their surrounding transition-metal coordination. Fig. S10 
(Supporting Information) compares the pDOS of oxygen sites in 
NaxNFM-Mg0.15 (x = 0 and 4/12) that exhibit distinct local bonding 
geometries. Oxygen atoms coordinated exclusively by Mn (e.g., O10, 
bonded to three Mn atoms) show negligible O 2p intensity near EF even 
at the fully charged state (Na0), confirming minimal redox involvement. 
In contrast, oxygen atoms adjacent to two Mn and one heterovalent 
substituent (O4) exhibit a pronounced O 2p contribution near the EF, 
indicating that the modified local environment enables active oxygen- 
redox participation.

These observations collectively indicate that Mg promotes oxygen- 
redox activity only when its substitution level exceeds the effective 
threshold required to reconfigure the local bonding network, confirming 
that structure-coupled redox modulation is a threshold-governed phe
nomenon rather than a linear compositional effect. While oxygen atoms 
coordinated only by Ni or Fe show little anionic-redox participation, 
those located within the reconstructed M–O–Na coordination environ
ment formed at higher substitution levels show a marked increase in O 
2p intensity near the Fermi level. This reinforces that the oxygen-redox 
activity observed in P2-NFM-Mg0.15 originates from a threshold- 
induced local structural coupling that does not arise at lower Mg 
contents.

To further substantiate the redox sequence suggested by the pDOS 
analysis, we analyzed the evolution of the integrated spin magnetic 
moments of Ni, Fe, Mn, and O as a function of Na content (x = 7/12, 6/ 
12, 4/12, and 0/12) in NaxNFM-Mg0.15 (Fig. S11, Supporting Infor
mation) [42]. The magnetic moments of Ni and Fe decrease sequentially 
with Na extraction, whereas the Mn moment remains nearly unchanged 
across the entire composition range, confirming that Mn does not 
participate meaningfully in the redox process. Importantly, a direct 
comparison of the integrated magnetic moments of oxygen anions 
among P2-NFM-Mg0 and P2-NFM-Mg0.15 (Fig. S12, Supporting Infor
mation) reveals a distinct increase only in P2-NFM-Mg0.15 as Na is 
removed from 7/12 mol to 0 mol. This pronounced rise in the O mag
netic moment provides definitive evidence that oxygen redox is acti
vated in P2-NFM-Mg0.15 during high-voltage Na+ deintercalation, 
whereas P2-NFM-Mg0 shows no noticeable anionic-redox participation. 
The combined contributions from cationic and anionic redox processes 
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Fig. 2. Convex-hull plots of the formation energies for (a) P2-Nax[Ni0.1Fe0.1Mn0.65Mg0.15]O2 configurations (0 ≤ x ≤ 8/12) and (b) P2-Nax[Ni0.1Fe0.1Mn0.8]O2 with 
the corresponding theoretical voltage profiles. Projected density of states (pDOS) of O 2p states in Nax[Ni0.1Fe0.1Mn0.65Mg0.15]O2: (c) x = 4/12 and (d) x = 0. (e) 
Visualized partial charge densities of O 2p states in Nax[Ni0.1Fe0.1Mn0.65Mg0.15]O2 (x = 4/12 and x = 0). (f) O K-edge sXAS spectra and (g) O K-edge difference 
spectra of P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2.
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thus account for the significantly higher average discharge voltage 
achieved by P2-NFM-Mg0.15, consistent with the structure-coupled 
redox modulation framework described above.

To provide experimental evidence for the anionic redox behavior 
suggested by the electronic-structure analysis, O K-edge soft X-ray ab
sorption spectroscopy (sXAS) was performed (Fig. 2f-g). The oxygen- 
hole-related feature became more pronounced at the charged state 

and was largely recovered after discharge, supporting reversible oxygen- 
redox activity in P2-NFM-Mg0.15. The pre-edge feature at approxi
mately 529 eV originates from the unoccupied TM 3d–O 2p t2g hybrid
ized states, while the eg-related states appear near 531.4 eV. Notably, in 
P2-NFM-Mg0.15, a pronounced increase in spectral intensity emerges 
around 530.4 eV at the fully charged state. This feature is commonly 
associated with the formation of oxygen hole states within the O 2p 

Fig. 3. Stable structures of (a) P2-Nax[Ni0.1Fe0.1Mn0.65Mg0.15]O2 and (b) P2-Nax[Ni0.1Fe0.1Mn0.8]O2 at x = 0 and 1/12. (c) Operando XRD patterns and (d) voltage 
profile with magnified operando XRD patterns of P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 during charge/discharge. (e) Operando XRD patterns and (f) voltage profile with 
magnified operando XRD patterns of P2-Na0.6[Ni0.1Fe0.1Mn0.8]O2 during charge/discharge. Changes in c-axis lattice parameters of (g) Nax[Ni0.1Fe0.1Mn0.65Mg0.15]O2 
and (h) Nax[Ni0.1Fe0.1Mn0.8]O2 during charge/discharge.
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band, indicating the involvement of lattice oxygen in the charge 
compensation process. Differential electrochemical mass spectrometry 
(DEMS) during the initial charge further showed no noticeable O₂ or CO₂ 
evolution up to 4.4 V (Fig. S13, Supporting Information), excluding 
measurable gas-generating side reactions and supporting reversible 
lattice oxygen redox as the main origin of the high-voltage capacity. 
These combined sXAS and DEMS results provide direct experimental 
evidence for oxygen-redox participation at high states of charge without 
noticeable oxygen release or severe electrolyte decomposition.

These computational and experimental results establish a coherent 
mechanistic picture of the redox chemistry in Fe–Mn-dominant P2-type 
cathodes. When the Mg content remains below the critical threshold, 
charge compensation proceeds primarily through conventional TM- 
based cationic redox. Once the substitution level exceeds the threshold 
required to modify the local bonding environment, however, a structure- 
coupled redox transition emerges. This transition stabilizes oxidized 
oxygen species and enables the participation of lattice oxygen in the 
charge-compensation process. As a result, the redox chemistry evolves 
from a purely TM-dominated regime to a cooperative cationic-anionic 
redox mechanism. The threshold-enabled oxygen-redox contribution, 
together with the stabilized structural framework, increases the acces
sible Na+ extraction and raises the average operating voltage, thereby 
providing a mechanistic basis for the enhanced electrochemical per
formance of P2-NFM-Mg0.15.

3.3. Suppressed high-voltage phase evolution enabled by structure-coupled 
redox modulation

Beyond the voltage enhancement discussed above, first-principles 
calculations further clarify why P2-NFM-Mg0.15 is able to extract a 
larger amount of Na during the initial charge than P2-NFM-Mg0 [43,
44]. In P2-type layered cathodes, high-voltage charging typically trig
gers a sequence of structural transitions—from P2 to OP4 to O2—each 
accompanied by substantial lattice distortion. Such structural transitions 
impose a significant energetic penalty that limits the accessible Na 
extraction and leads to large overpotentials [45,46].

As shown in Fig. 3a-b, the predicted stable structures at highly des
odiated states indicate that structure-coupled redox modulation stabi
lizes the P2 framework and suppresses detrimental high-voltage phase 
evolution. This structural stabilization explains why P2-NFM-Mg0.15 is 
capable of extracting a larger amount of Na during the initial charge 
compared with P2-NFM-Mg0.

To experimentally verify these predictions, operando X-ray diffrac
tion measurements were performed during electrochemical cycling. In 
P2-NFM-Mg0.15 (Fig. 3c-d), the P2 phase is retained up to 4.2 V and 
then evolves smoothly into the OP4 phase. Notably, the discharge pro
cess involves a direct OP4 → P2 transition without any discernible phase 
separation, as evidenced by the continuous peak shift, which is char
acteristic of solid-solution-like structural evolution. By contrast, P2- 
NFM-Mg0 (Fig. 3e-f) exhibits a well-defined P2 → OP4 transition 
around 4.0 V, followed by the emergence of an O2 phase above 4.2 V. 
Clear phase separation is observed, as shown by the appearance of a 
distinct diffraction peak near 17◦ To clarify whether this stabilized 
structural pathway emerges at a specific Mg-substitution level, Mg- 
content-dependent operando XRD patterns were further compared for 
representative compositions (Fig. S14, Supporting Information). P2- 
NFM-Mg0.1 still exhibits phase-separated high-voltage evolution 
similar to P2-NFM-Mg0, whereas P2-NFM-Mg0.15 and P2-NFM-Mg0.2 
show solid-solution-like structural evolution with suppressed phase 
separation. This comparison indicates that the structural reaction 
pathway changes from phase-separated to solid-solution-like behavior 
near x = 0.15. The retention of the solid-solution-like pathway in P2- 
NFM-Mg0.2, despite its slightly lower capacity, further suggests that x 
= 0.15 corresponds to the onset of the stabilized structural regime rather 
than merely the composition with optimal electrochemical performance.

The lattice evolution during cycling further supports this structural 

transition. Because the OP4 phase has an approximately doubled c-axis 
length compared with the P2 and O2 phases, the OP4 lattice parameters 
were normalized using c/2 and V/2 for comparison of the c-axis and 
unit-cell volume evolution. Based on this normalized comparison, P2- 
NFM-Mg0.15 exhibits a much smaller c-axis variation of 5.24% than 
P2-NFM-Mg0, which shows a c-axis variation of 12.29% (Fig. 3g-h). This 
confirms that the solid-solution-like pathway effectively mitigates the 
interlayer-distance fluctuation during high-voltage Na+ extraction/ 
insertion. Additional analyses of the a-axis variation and unit-cell vol
ume evolution during charge/discharge also show smaller changes in 
P2-NFM-Mg0.15 than in P2-NFM-Mg0 (Fig. S15 and Fig. S16, Support
ing Information). This reduced structural distortion indicates that P2- 
NFM-Mg0.15 maintains far greater structural integrity during high- 
voltage cycling, which contributes to its higher average discharge 
voltage, practical energy density, and enhanced cycling stability.

3.4. Suppressed voltage decay and enhanced practical energy density 
enabled by structure-coupled redox modulation

The enhanced structural stability directly translates into improved 
long-term cycling performance. As shown in Fig. 4a, P2-NFM-Mg0.15 
maintains the high capacity retention of ~71.50% after 200 cycles at 
100 mA g− 1, whereas P2-NFM-Mg0 retains only ~48.08% under the 
same conditions. In addition, long-term half-cell cycling at 500 mA g− 1 

further confirmed the superior high-rate durability of P2-NFM-Mg0.15, 
which retained 70.45% of its initial capacity after 200 cycles compared 
with 41.67% for P2-NFM-Mg0 (Fig. S17, Supporting Information). 
Notably, the disparity becomes even more pronounced when comparing 
the practical energy density (Fig. 4b), which reflects not only the ca
pacity but also the operating voltage. This clearly indicates that the 
higher and more stable average discharge voltage of P2-NFM-Mg0.15 is 
sustained throughout prolonged cycling, unlike in P2-NFM-Mg0.

As shown in Fig. 4c, P2-NFM-Mg0 exhibits an already low initial 
average discharge voltage of 3.08 V in the first cycle, which further 
declines to 2.61 V by the 200th cycle. In stark contrast, P2-NFM-Mg0.15 
begins at a higher value of 3.18 V and maintains 2.94 V even after 200 
cycles. The voltage decay behavior is further elucidated through dQ/dV 
analysis. P2-NFM-Mg0.15 retains both the shape and the positions of its 
major dQ/dV features with only minimal shifts, indicating highly stable 
and reversible redox reactions during extended cycling (Fig. 4d). In 
contrast, P2-NFM-Mg0 exhibits pronounced peak shifts and a substantial 
loss of peak definition after 200 cycles (Fig. 4e), reflecting progressive 
degradation of the reaction pathways despite relying solely on TM-based 
redox reactions.

To further assess whether the oxygen-involved redox remains 
reversible after long-term cycling, post-cycling O K-edge sXAS was 
performed for P2-NFM-Mg0.15 after 200 cycles (Fig. S18, Supporting 
Information). The oxygen-hole-related feature at ~530.4 eV is clearly 
observed at the fully charged state and is largely reduced after full 
discharge, indicating reversible formation and recovery of oxygen-hole 
states even after prolonged cycling. This result confirms that the 
oxygen-redox process remains operative and largely reversible in the 
stabilized P2-NFM-Mg0.15 framework, consistent with the well- 
preserved dQ/dV features and suppressed voltage decay.

Building upon the stabilized redox behavior observed in half-cell 
configurations, we further evaluated the practical applicability of the 
modulated P2-type Fe–Mn-based layered cathode in full-cell systems 
paired with a hard-carbon (HC) anode under capacity-balanced condi
tions. As shown in Fig. 4f, the P2-NFM-Mg0.15‖HC full cell delivers a 
reversible discharge capacity of ~132.87 mAh g− 1, significantly 
exceeding that of the non-modulated counterpart (~111.54 mAh g− 1). 
This enhancement directly reflects improved initial Na extraction and 
more efficient cyclable Na utilization arising from the reconfigured 
redox pathway.

Long-term cycling further highlights the stability of the engineered 
redox regime. The P2-NFM-Mg0.15‖HC full cell retains ~82.25% of its 
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initial capacity after 200 cycles, whereas the non-modulated system 
maintains only ~65.53% under identical conditions (Fig. 4g). Notably, 
the engineered system exhibits minimal polarization growth and sus
tained discharge voltage profiles throughout cycling, while the coun
terpart without structure-coupled redox modulation suffers from 
progressive voltage decay and increased overpotential (Fig. S19, Sup
porting Information). These results confirm that structure-coupled redox 
modulation not only enhances intrinsic cathode electrochemistry but 

also translates directly into superior practical energy density and cycling 
stability at the full-cell level.

The superior cycling stability of P2-NFM-Mg0.15 is further corrob
orated by post-cycling morphological and structural analyses. Ex situ 
SEM observations reveal that P2-NFM-Mg0 particles develop extensive 
intragranular cracks after 100 cycles (Fig. S20, Supporting Information), 
indicative of severe mechanical degradation accumulated through 
repeated lattice mismatch during the P2–OP4–O2 transitions. In 

Fig. 4. Comparison of the (a) discharge capacity, (b) energy density, and (c) average discharge voltage of P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 and P2-Na0.6[Ni0.1

Fe0.1Mn0.8]O2 measured over 200 cycles at a current density of 100 mA g− 1. dQ/dV profiles of (d) P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 and (e) P2-Na0.6[Ni0.1

Fe0.1Mn0.8]O2 during 200 cycles at 100 mA g− 1 in the voltage range of 2.2–4.4 V. (f) Initial charge–discharge voltage profiles of the corresponding full cells measured 
in the voltage range of 1.2–4.2 V. (g) Discharge capacity and Coulombic efficiency of the full cells measured over 200 cycles at 100 mA g− 1 in the voltage range of 
1.2–4.2 V.
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contrast, P2-NFM-Mg0.15 particles retain clean surfaces with no visible 
cracking, suggesting a substantial reduction in mechanical degradation.

Ex situ XRD analysis after cycling provides additional confirmation 
of these structural differences. For P2-NFM-Mg0 (Fig. S21, Supporting 
Information), the characteristic diffraction peaks show clear signs of 
degradation accompanied by a noticeable shift of the (002) reflection to 
higher 2θ, indicative of interlayer contraction and irreversible structural 
distortion. P2-NFM-Mg0.15 (Fig. S22, Supporting Information), 

however, exhibits only minimal peak broadening and virtually no shift 
in the (002) peak, demonstrating excellent structural retention 
throughout prolonged cycling. These results collectively demonstrate 
that structure-coupled redox modulation stabilizes both the redox 
chemistry and the lattice framework of Fe–Mn-dominant P2-type cath
odes. By suppressing high-voltage phase evolution and mitigating lattice 
distortion, the engineered system effectively prevents voltage decay and 
enables sustained high-voltage operation during prolonged cycling.

Fig. 5. Comparison of predicted Mn–O bond distances in MnO6 octahedra between (a) P2-Nax[Ni0.1Fe0.1Mn0.65Mg0.15]O2 and (b) P2-Nax[Ni0.1Fe0.1Mn0.8]O2 (x = 7/ 
12). Comparison of transition-metal-oxygen (TM–O) bond-length distributions in (c) P2-Nax[Ni0.1Fe0.1Mn0.65Mg0.15]O2 and (d) P2-Nax[Ni0.1Fe0.1Mn0.8]O2. Mn K- 
edge EXAFS analyses of various charge/discharge states of (e) P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 and (f) P2-Na0.6[Ni0.1Fe0.1Mn0.8]O2.
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3.5. Local lattice stabilization and suppressed Jahn–teller distortion via 
structure-coupled redox modulation

While the suppression of slab gliding and high-voltage phase evo
lution is essential for maintaining global structural integrity, local lattice 
distortions within the TM–O framework can also critically affect cycling 
stability. To clarify the local origin of this stabilization, we examined the 
evolution of MnO6 octahedra and TM–O bond environments, with 
particular focus on the structural-buffering role of redox-inactive Mg2+

within the TM layer. First-principles calculations were performed to 
examine the evolution of MnO6 octahedra in NaxNFM-Mg0.15 and 
NaxNFM-Mg0 at two representative Na contents (x = 7/12 and x = 0) 
(Fig. 5a-b and Fig. S23, Supporting Information). In Na7/12NFM-Mg0, 
the MnO6 octahedra displayed a pronounced Jahn–Teller distortion, 
characterized by significant elongation of specific Mn–O bonds, with 
Mn–O1 and Mn–O4 bond lengths extending to approximately 2.27 Å and 
2.16 Å, respectively. These lengths are considerably longer than the 
other Mn–O bonds, demonstrating an uneven and distorted octahedral 
environment. Upon full Na extraction (x = 0), these elongated bonds 
contracted to ~1.93 Å, approaching the lengths of the remaining Mn–O 
bonds. Although partially reversible, this bond-length evolution in
dicates persistent local instability during cycling.

In contrast, Na7/12NFM-Mg0.15 exhibited no significant distortion in 
the MnO6 octahedra, with Mn–O bond lengths remaining uniform and 
evenly distributed. This uniformity demonstrates that once the Mg2+

content surpasses the effective substitution threshold (≥ 0.15 mol), the 
Jahn–Teller distortion associated with Mn3+ is effectively suppressed. 
Such suppression contributes to enhanced local structural stability and 
greater lattice flexibility during Na+ de/intercalation in P2-NFM- 
Mg0.15, further stabilizing the modulated redox regime across the full 
voltage window.

To further quantify the local structural environment, the overall 
TM–O bond-length distribution was analyzed during Na+ de/intercala
tion (Fig. 5c-d). P2-NFM-Mg0.15 maintains a narrow and well-defined 
bond-length distribution throughout cycling, indicating high configu
rational uniformity and enhanced structural flexibility within the TM–O 
framework. In contrast, P2-NFM-Mg0 exhibits a broader and more 
fluctuating TM–O bond distribution, consistent with the Jahn–Teller 
distortion associated with Mn3+ and the resulting structural instability.

These computational results are strongly supported by synchrotron- 
based X-ray absorption spectroscopy analyses. In the Mn K-edge XANES 
spectra of P2-NFM-Mg0.15, negligible edge shifts are observed during 
charge and discharge (Fig. S24a, Supporting Information), indicating 
that Mn remains predominantly in the Mn4+ state and does not partic
ipate in the electrochemical redox process. By contrast, P2-NFM-Mg0 
exhibits pronounced Mn K-edge shifts during charge with full recovery 
upon discharge (Fig. S24b, Supporting Information), confirming the 
occurrence of Mn3+/Mn4+ redox reactions. Because Mn3+ induces lat
tice distortions due to its electronic configuration, this redox activity 
directly drives the Jahn–Teller distortion observed in P2-NFM-Mg0. In 
addition, ex situ XANES analyses of the Ni and Fe K-edges (Fig. S25, 
Supporting Information) confirm that Ni and Fe ions participate in the 
redox reactions in P2-NFM-Mg0.15, consistent with the first-principles 
predictions.

To further probe the dynamic structural behavior during cycling, ex 
situ EXAFS analyses were performed (Fig. 5e-f). The results reveal that 
in P2-NFM-Mg0, the Mn–O bond length increased during discharge and 
decreased during charge, indicating the presence of Mn3+-induced 
Jahn–Teller distortion. In contrast, P2-NFM-Mg0.15 exhibited nearly 
stable Mn–O bond lengths throughout cycling, demonstrating the 
effective suppression of local lattice distortions, consistent with the 
computational results.

Collectively, these results demonstrate that redox-inactive Mg2+

serves as a structural buffer within the TM layer, stabilizing the MnO6 
octahedral environment and narrowing the TM–O bond-length distri
bution during Na+ de/intercalation. Importantly, this geometric 

buffering acts beyond the conventional Mn-valence effect: in addition to 
reducing the Jahn–Teller-active Mn3+ fraction through the increased 
average Mn valence, the redox-inactive Mg2+ further buffers the resid
ual Mn3+-associated Jahn–Teller distortion through a valence- 
independent, geometric stabilization of the local lattice. Consequently, 
the local lattice distortion in P2-NFM-Mg0.15 is suppressed by these two 
cooperative but mechanistically distinct contributions, rather than 
being explained solely by conventional Mn-valence regulation. Together 
with the previously demonstrated suppression of high-voltage phase 
transitions, this stabilization of both the local and global lattice struc
tures provides a mechanistic basis for the superior structural robustness 
and improved cycling performance of P2-NFM-Mg0.15.

This local lattice stabilization should be distinguished from the high- 
voltage oxygen-redox contribution discussed above. The Mn-valence 
regulation and Mg2+-buffering effects mainly suppress Mn3+-associ
ated Jahn–Teller distortion and stabilize the local TM–O framework, 
whereas the additional high-voltage capacity and voltage enhancement 
are associated with threshold-enabled oxygen-redox participation, 
which is observed in P2-NFM-Mg0.15 but absent in P2-NFM-Mg0. 
Therefore, the enhanced performance of P2-NFM-Mg0.15 arises from 
the coupling of Mn3+-related local distortion suppression, redox- 
inactive Mg2+-buffered lattice stabilization, high-voltage phase-evolu
tion suppression, and threshold-enabled oxygen-redox participation.

3.6. Enhanced Na+diffusion kinetics and rate capability enabled by 
structure-coupled redox modulation

Building on the improved structural durability described above, P2- 
NFM-Mg0.15 also exhibits significantly improved rate capability. As 
shown in Fig. 6a-b, P2-NFM-Mg0.15 and P2-NFM-Mg0 exhibited com
parable discharge capacities of 145.28 mAh g− 1 and 145.59 mAh g− 1, 
respectively, at a low current density of 10 mA g− 1. However, at a higher 
rate of 500 mA g− 1, P2-NFM-Mg0.15 exhibited a significantly higher 
capacity of 118.17 mAh g− 1 compared to 105.20 mAh g− 1 for P2-NFM- 
Mg0.

We additionally calculated the average discharge voltages at each 
current density. Across all tested rates, P2-NFM-Mg0.15 consistently 
exhibited higher average discharge voltages than P2-NFM-Mg0, indi
cating its superior voltage retention under both low- and high-rate 
conditions (Fig. 6c). To further assess the high-voltage stability under 
rate variation, we compared the discharge voltages measured at 10 mA 
g− 1 and 500 mA g− 1 at a comparable discharge capacity of ~10 mAh g− 1 

(Fig. S26, Supporting Information). P2-NFM-Mg0.15 exhibited a smaller 
voltage difference of 0.56 V, whereas P2-NFM-Mg0 showed a larger 
difference of 0.70 V, confirming the smaller voltage drop in P2-NFM- 
Mg0.15 under high-rate conditions. While oxygen redox activity is 
generally associated with slower kinetics and a pronounced voltage drop 
at high rates, P2-NFM-Mg0.15 demonstrated a relatively suppressed 
voltage drop. This superior performance can be attributed to the 
enhanced structural stability at high voltages, as discussed previously, 
which effectively mitigates the typical voltage decline associated with 
oxygen redox under high-rate conditions. Notably, the Ragone plot 
(Fig. 6d) further highlights the superior power capability of P2-NFM- 
Mg0.15 compared with previously reported P2- and O3-type layered 
oxide cathodes for SIBs [47–53]. To provide a more compositionally and 
mechanistically relevant benchmark, representative Mg-substituted and 
oxygen-redox-based P2/P3 layered cathodes were additionally 
compared in Table S3 (Supporting Information) [54–57].

To further clarify the kinetic origin of this improved rate capability, 
additional GITT, scan-rate-dependent CV, and EIS analyses were con
ducted [58–62]. The GITT results show that P2-NFM-Mg0.15 maintains 
higher apparent Na+ diffusion coefficients than P2-NFM-Mg0 over the 
charge/discharge region (Fig. S27, Supporting Information), indicating 
facilitated Na+ transport during Na+ extraction and insertion. Consis
tently, the scan-rate-dependent CV analysis shows a linear |ip| vs. v1/2 

relationship, indicating a predominantly diffusion-controlled process, 
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with larger slopes for P2-NFM-Mg0.15 than for P2-NFM-Mg0 (Fig. S28, 
Supporting Information), further supporting faster diffusion-controlled 
Na+ storage kinetics. In addition, EIS results show a smaller semicircle 
for P2-NFM-Mg0.15 than for P2-NFM-Mg0 (Fig. S29, Supporting 

Information), corresponding to a lower charge-transfer resistance (Rct) 
and indicating more facile interfacial charge transfer. These experi
mental results collectively demonstrate that P2-NFM-Mg0.15 enables 
more facile Na+ extraction/insertion kinetics than P2-NFM-Mg0.

Fig. 6. Rate-capability of (a) P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 and (b) P2-Na0.6[Ni0.1Fe0.1Mn0.8]O2 half cells at various current densities in the voltage range of 
2.2–4.4 V (vs. Na+/Na). (c) Rate-dependent average discharge voltages of P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 and P2-Na0.6[Ni0.1Fe0.1Mn0.8]O2 half cells. (d) 
Comparison of energy and power densities among P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 and other reported layered oxide cathodes for SIBs. (e) Predicted Na+ diffusion 
pathway in P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 and P2-Na0.6[Ni0.1Fe0.1Mn0.8]O2 and (f) predicted activation barrier energy for Na+ diffusion. Galvanostatic char
ge–discharge profiles of (g) P2-Na0.6[Ni0.1Fe0.1Mn0.65Mg0.15]O2 ‖ Hard carbon and (h) P2-Na0.6[Ni0.1Fe0.1Mn0.8]O2 ‖ Hard carbon full cells at various current 
densities (10, 20, 50, 100, 200, 300, and 500 mA g− 1) in the voltage range of 1.2–4.2 V.
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The enhanced kinetics of P2-NFM-Mg0.15 were also verified through 
a comprehensive theoretical analysis of Na+ diffusion pathways and 
activation barriers in both compositions. Based on nudged elastic band 
(NEB) calculations using first-principles methods (Fig. 6e-f), the Na+

diffusion barrier in P2-NFM-Mg0.15 (~311.99 meV) is significantly 
lower than that in P2-NFM-Mg0 (~412.53 meV), underscoring the 
improved Na+ diffusion kinetics and power capability of P2-NFM- 
Mg0.15.

A similar trend was also observed in practical full-cell configurations. 
As shown in Fig. 6g-h, the P2-NFM-Mg0.15‖HC cell exhibited improved 
rate capability and a smaller voltage drop at high current densities 
compared with the P2-NFM-Mg0‖HC counterpart, consistent with the 
half-cell results. These results further highlight that the Mg-modulated 
structure effectively suppresses rate-induced polarization not only in 
the half-cell measurements but also in practical cell configurations.

Overall, these results confirm that structure-coupled redox modula
tion, once activated beyond the substitution threshold, synergistically 
stabilizes oxygen redox, suppresses high-voltage phase evolution, miti
gates Jahn–Teller distortion, and enhances Na+ diffusion kinetics. This 
integrated stabilization enables a rare combination of high energy 
density, excellent rate capability, and long-term cycling stability in 
Fe–Mn-dominant P2-type cathodes.

4. Conclusion

In this work, we identified the intrinsic TM redox limitation as the 
fundamental bottleneck restricting practical energy density in Co-free, 
Ni-minimized P2-type Fe–Mn-based layered cathodes. By activating 
structure-coupled redox modulation beyond a critical substitution 
threshold (0.15 mol Mg), we reconfigured the redox pathway from 
purely TM-dominated behavior to cooperatively stabilized oxygen- 
involved redox, thereby expanding the accessible Na+ extraction win
dow without compromising structural integrity. As a direct conse
quence, the optimized composition delivered a substantial increase in 
initial charging capacity (117.40 → 146.02 mAh g− 1), a near-unity ICE 
(~124.60% → ~99.95%), and a pronounced elevation in average 
discharge voltage (3.156 → 3.304 V), collectively resulting in signifi
cantly enhanced practical energy density. In full-cell configurations 
paired with hard carbon, the modulated cathode delivered a reversible 
discharge capacity of ~132.87 mAh g− 1 (vs. ~111.54 mAh g− 1 for the 
non-modulated counterpart) and retained ~82.25% of its initial ca
pacity after 200 cycles, markedly outperforming the ~65.53% retention 
of the non-modulated system under identical conditions. Importantly, 
operando structural analysis revealed that the lattice-parameter varia
tion along the c-axis was substantially reduced from 12.29% in P2-NFM- 
Mg0 to 5.24% in P2-NFM-Mg0.15, demonstrating markedly suppressed 
high-voltage structural distortion. This reduced lattice change during 
charge/discharge confirms that structure-coupled redox modulation 
stabilizes both global phase evolution and local octahedral environ
ments during Na+ de/intercalation. Although demonstrated here with 
Mg2+, the threshold-governed, structure-coupled redox modulation may 
provide a broader design concept for using redox-inactive or low-valent 
cations to couple oxygen-redox activation with structural stabilization. 
However, extending this concept to other dopants, such as Zn2+ or Li+, 
would require dopant-specific optimization because the critical 
composition and extent of redox/structural modulation are expected to 
depend on ionic radius, charge, site preference, solubility limit, and 
host-composition-dependent phase stability. Overall, this work estab
lishes structure-coupled redox modulation as a threshold-triggered 
design principle—rather than a linear compositional effect—providing 
a cost-preserving and mechanistically validated pathway to unlock 
low-cost, high-energy Co-free, Ni-minimized P2-type layered cathodes 
for SIBs.
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