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A B S T R A C T   

Anionic-redox-based layered oxide materials are considered promising cathodes for Na-ion batteries because of 
their high energy densities. However, the anionic redox reaction at high voltage results in structural instability of 
the layered oxides, leading to not only poor electrochemical properties but also structural degradation after 
prolonged cycling. Herein, through combined studies using first-principles calculation and various experimental 
techniques, we investigate the role of the combination of earth-abundant Mn, Fe, and Mg in enabling a stable and 
gradational anionic redox reaction in a P2-type Na-layered oxide cathode during charge/discharge, resulting in 
outstanding electrochemical performance. At 10 mA g− 1, P2-type Na0.67[Mg0.22Mn0.55Fe0.23]O2 delivers a large 
specific capacity of ~207 mAh g− 1, corresponding to ~0.8 mol Na+ de/intercalation via both cationic and 
anionic redox reactions. The outstanding cycle performance, well-retained crystal structure, and morphology 
after prolonged cycling indicate that the anionic redox reaction of O2− /O− stably occurred in the P2-type 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 structure despite the charging process in the high-voltage region. Furthermore, 
the use of earth-abundant Mn, Fe, and Mg is beneficial in terms of the economic feasibility for low-cost and high- 
energy Na-ion batteries. These intensive investigations provide key knowledge for understanding anionic-redox- 
based cathode materials with high structural stability for Na-ion batteries.   

1. Introduction 

The importance of sustainable energy storage systems is ever- 
increasing in an effort to reduce environmental impacts and address 
the exhaustion of limited energy resources [1–3]. Li-ion batteries (LIBs) 
have been widely used in portable electronic devices, electric vehicles 
(EVs), and large-scale energy storage systems (ESSs) owing to their high 
energy density and long cycle life [4–6]. However, conventional cathode 
materials, such as LiCoO2 and Li[Ni1–x–yCoxMny]O2, are greatly reliant 
on certain transition-metal resources, such as Co and Ni, causing the 
price of LIBs to be affected by the current political climate [7]. In 
addition, given the recent rise in lithium prices, concerns about the 
economic feasibility of LIBs are growing. To prepare for these inevitable 

factors, researchers have aimed to develop alternative energy sources 
with low production costs and high energy densities as replacements for 
LIBs. 

Recently, Na-ion batteries (NIBs) have received extensive attention 
as one of the most promising alternatives to LIBs, owing to their use of 
earth-abundant Na resources and a monovalent-ion-based reaction 
chemistry similar to that of LIBs [8]. Various promising cathode active 
materials for NIBs have been introduced, including layered-type tran-
sition-metal oxides (Nax[TM]O2) ([TM]: transition metal) [9,10], 
polyanion-type compounds [11,12], and Prussian blue analogues 
[13,14]. The layered-type Nax[TM]O2 cathode group has been espe-
cially highlighted because of the high reversible specific capacity and 
power capability based on the fast two-dimensional guest-ion diffusion 
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pathways. Unlike LIBs, the layered oxide cathodes of NIBs can drive a 
battery reaction reversibly using inexpensive 3d transition metals, 
which is incomparably advantageous in terms of production cost. More 
specifically, P2-type Nay[MnxFe1-x]O2 (P2-Nay[MnxFe1–x]O2) cathode 
materials composed of earth-abundant elements have been introduced 
as a superior low-cost and non-toxic cathode. However, most researches 
on P2-Nay[MnxFe1–x]O2 cathode materials have reported their poor 
electrochemical performance stemming from structural and chemical 
instability [15]. For example, Tang and co-workers reported on the poor 
cycle retention of a P2-Na0.67[Mn0.5Fe0.5]O2 cathode, which exhibited a 
capacity retention of ~56.9 % after 50 cycles even at a low current 
density of 20 mA g− 1 [16]. This undesirable cycle performance was 
associated with the large volume change from the large Na+ ionic size 
(1.02 Å) and Jahn–Teller distortion from the Mn3+/Mn4+ redox reaction 
[17,18]. Moreover, to increase the practical gravimetric capacities of the 
layered oxide group, several studies on the development of novel cath-
odes based on an anionic redox reaction (O2− /O− ) were recently re-
ported [19–21]. However, the anionic redox reaction is accompanied by 
structural instability, disordering, and sluggish kinetics, resulting in 
poor electrochemical performance as well as structural and morpho-
logical degradation after prolonged cycling [19,20]. Therefore, to ach-
ieve outstanding power capability and cycle performance of anionic- 
redox-based P2-Nay[MnxFe1–x]O2 cathode materials, enhancement of 
the structural stability is needed. Various researches on doping of other 
TM cations in P2-Nay[MnxFe1–x]O2 were reported to improve the elec-
trochemical properties [22–27]. However, it was known that anionic 
redox reaction of O2− /O− in Mn-based layered oxide cathode can be 
occurred when the following conditions are satisfied [28,29]; (1) 
oxidation state of Mn4+, (2) existence of Na+ in the structure even after 
oxidation to Mn4+. In terms of the doped TM cations in P2- 
Nay[MnxFe1–x]O2, they can be oxidized during charge and provide the 
electrons for Na+ deintercalation, like the Mn and Fe cations. Thus, it is 
difficult to prepare the anionic-redox-based P2-Nay[MnxFe1–x]O2 
through the simple doping of TM cations. 

Since the redox inactive Mg ion maintains redox state as +2 
regardless of Na+ de/intercalation process, thus the bonding interaction 
between Mg cation and O anion is less varied during Na+ de/interca-
lation than that of between transition metal (TM) cation and O anion, 
which implies that existence of Mg cations is capable of suppressing 
Jahn-Teller distortion of Mn based active materials. Thus, we speculated 
that the structural and electrochemical stabilities of anionic-redox-based 
P2-Nay[MnxFe1-x]O2 could be successfully enhanced by substitution of a 
considerably large amount of the Mg2+ ions instead of Fe and Mn in 
[TM] sites. Herein, a novel anionic-redox-based P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 cathode is shown to exhibit a large spe-
cific capacity of ~207 mAh g− 1 in the voltage range of 1.5–4.4 V (vs 
Na+/Na) and a stable O2− /O− redox reaction during prolonged cycling. 
For 150 cycles at 100 mA g− 1, up to ~73 % of the initial capacity was 
retained with a high coulombic efficiency of > 99 %. Furthermore, after 
prolonged cycling, the crystal structure and morphologies of P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 were also well maintained without severe 
degradation, despite the anionic redox reaction in the high-voltage re-
gion. Through combined first-principles calculation and various struc-
tural analyses, we revealed that the presence of ~0.22 mol Mg2+ ions in 
[TM] sites can result in the high structural stability of P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 such as slightly changed local environ-
ments of [Mg, Fe, Mn]O6 octahedra before and after anionic redox re-
action by gradationally and selectively oxidizing oxygen anions. 

2. Experimental 

2.1. Synthesis process of P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 

Na0.67[MgxMn0.55Fe0.45− x]O2 (x = 0.11 and 0.22) powder was pre-
pared using the conventional solid-state method. Na2CO3 (Sigma 
Aldrich, 99.5 %), MgO (Sigma Aldrich, 99 %), Mn2O3 (Sigma Aldrich, 

99 %), and Fe2O3 (Samchun, 95 %) were used as precursors. An excess 
amount of Na2CO3 (approximately 5 mol %) was added to compensate 
for the loss of sodium at high temperatures. Stoichiometric amounts of 
precursors were mixed using a high-energy ball miller at 400 rpm for 12 
h with a mass ratio of 0.9:9.1 of the precursors and silicon–nitride balls. 
Then, the ball miller was sealed in an Ar-filled glove box to prevent 
oxygen and water contamination. The homogenous mixed powder was 
pre-calcined at 450 ℃ for 6 h (heating rate of 2.5 ℃ min− 1) under an air 
atmosphere. The obtained powder was pelletized using a pressure ma-
chine under a pressure of 200 kg cm¡2 and calcined at 900 ℃ for 10 h 
(heating rate of 2.5 ℃ min− 1) under an air atmosphere. After calcina-
tion, the sample was cooled to 200 ℃ in the furnace without controlling 
the cooling rate. And then, the produced sample was rapidly moved into 
an Ar-filled glove box to avoid contamination by moisture. 

2.2. Materials characterization 

The crystal structure of Na0.67[MgxMn0.55Fe0.45− x]O2 (x = 0.11 and 
0.22) was analyzed using XRD (Rigaku, SmartLab) with Cu Kα radiation 
(λ = 1.54178 Å) in the 2θ range of 10◦ to 80◦ with a step size of 0.02◦. 
FullProf software was used to conduct Rietveld refinement [30]. The 
particle morphology and microstructure of Na0.67[Mg0.22Mn0.55Fe0.23] 
O2 were observed using field-emission scanning electron microscopy 
(FE-SEM, HITACH S4700) at the Cooperative Center for Research Fa-
cilities (CCRF) at Sungkyunkwan University and field-emission trans-
mission electron microscopy (FE-TEM; JEM-F200) at the National 
Center for Inter-University Research Facilities (NCIRF) at Seoul National 
University. The atomic ratio of Na, Mg, Mn, and Fe was determined 
using inductively coupled plasma atomic emission spectrometry (ICP- 
AES). The operando synchrotron XRD (o-SXRD) patterns of 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 were measured to monitor the structural 
evolution during charge/discharge at a current density of 30 mA g− 1 in 
the voltage range of 1.5–4.4 V (vs Na+/Na). The operando SXRD patterns 
of Na0.67[Mg0.22Mn0.55Fe0.23]O2 were obtained at the 3D XRS beamline 
at Pohang Accelerator Laboratory (PAL), Pohang, South Korea, using 
synchrotron radiation (λ = 0.688725 Å) in the 2θ range of 13◦ to 60◦

with a Mar345 image plate detector in transmission mode and an X-ray 
exposure time of 5 s. After the measurement, the 2θ angles of all the (o- 
SXRD) patterns were converted into the corresponding angles for λ =
1.54178 Å (the wavelength of a conventional X-ray tube source with Cu 
Kα radiation) for ease of comparison with other studies. The valence 
states of Mn and Fe elements in the Na0.67[Mg0.22Mn0.55Fe0.23]O2 
structure were measured using the ex-situ X-ray absorption spectroscopy 
(XAS) spectra at the 10C beam line at Pohang Accelerator Laboratory 
(PAL), Mn and Fe metal foil were used as reference spectra. Mn K-edge 
spectra and Fe K-edge spectra were collected in transmission mode using 
high electron energy (2.5 GeV) with a 200-mA current condition 
including the X-ray absorption near edge structure (XANES) and 
extended X-ray absorption fine structure (EXAFS) regions. Mn and Fe 
metal foils were placed in front of the third ionization chamber as an 
internal reference for energy calibration. The normalized XAS spectra 
was calibrated using linear regression to fit the pre-edge region and a 
quadratic polynomial to the post-edge region in the Athena program 
using metal foil spectra. The valence state of the O element was also 
measured in total fluorescence yield (TFY) mode using soft X-ray ab-
sorption spectroscopy (sXAS) spectra with high-energy grating (HEG) at 
the 4D PES beamline at Pohang Accelerator Laboratory (PAL). These 
measured Mn, Fe K-edge XANES, EXAFS, and O K-edge sXAS spectra 
were analyzed using Athena and Artemis software [31]. For Fourier 
transform ex-situ extended X-ray absorption fine structure (FT-EXAFS) 
analysis, a radial distribution function with k3-weight conditions in the 
fitting range of 1.0–2.0 Å for the first shell corresponding to the TM–O 
bond was used. At this time, the amplitude reduction factor (S0

2) is 1.0. 
These electrode samples were obtained in an Ar-filled glove box with 
different charge/discharge states (OCV, 4.2 V, 4.4 V, 2.6 V, and 1.5 V) 
and sealed with Kapton tape. To analyze the chemical bonding, X-ray 
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photoelectron spectroscopy (XPS) measurements were performed using 
an AXIS SUPRA (Kratos Analytical) spectrometer with a monochromatic 
Al Kα (1486.7 eV). For XPS fitting, we used the XPSPEAK41 software and 
all the XPS spectra were calibrated to the C1s peak at a binding energy 
(BE) of 284.6 eV. The XPS peak deconvoluted into four, which are M− O 
crystalline network (529.8 eV), (CO3)2− , C––O (531.5 eV), C–O (533 
eV), and O− (530.5 eV). 

2.3. Electrochemical characterization 

A Na0.67[Mg0.22Mn0.55Fe0.23]O2 electrode was fabricated by mixing 
active materials (70 wt%), Super P (20 wt% carbon black), and poly 
(vinylidene fluoride) (10 wt%, PVDF) binder using N-methyl-2-pyrroli-
done (NMP) as a solvent. The obtained slurry was cast on Al foil using a 
doctor blade and dried in a vacuum oven at 100 ℃ for 12 h. The final 
active mass loading of the electrode was ~2 mg cm− 2. The 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 electrode was electrochemically tested 
using CR2032-type coin cells that were assembled as half-cells using Na 
metal as a reference/counter electrode, a separator (Whatman GF/F 
glass fiber), and an electrolyte (1 M NaPF6 in propylene carbonate (PC) 
and fluoroethylene carbonate (FEC) in a volume ratio of 98:2) in an Ar- 
filled glove box in the NIB system. Galvanostatic charge/discharge tests 
were performed at various current densities (10, 15, 30, 60, 100, and 
200 mA g− 1 in the voltage range of 1.5–4.4 V (vs Na+/Na)) using a 
battery charge/discharge test system (WBCS 3000, WonATech). Full 
cells were fabricated using commercially available hard carbon (Kur-
eha) as the anode material. The hard carbon was heated at 1000 ◦C for 2 
h (heating rate of 2.5 ◦C min− 1) under an Ar atmosphere to remove 
residual water contamination and the air oxides on the surface of the 
hard carbon particles. After calcination, the sample was cooled to 200 ℃ 
in the furnace without controlling the cooling rate. And then, the pro-
duced sample was rapidly moved into an Ar-filled glove box to avoid 
contamination by moisture. The hard carbon electrode was assembled in 
the same way as the Na0.67[Mg0.22Mn0.55Fe0.23]O2 electrode, except that 
Cu foil was used. To minimize the irreversibility of the hard carbon, the 
hard carbon electrode was pre-cycled into the half-cell through direct 
contact with Na metal in the range of 0.01–2.0 V (vs Na+/Na) at 10 mA 
g− 1. Finally, CR2032-type full-cells were assembled with the 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 cathode and the pre-cycled hard carbon 
anode (capacity ratio of negative and positive electrodes of ~1.2) in an 
Ar-filled glove box and galvanostatic charge/discharge tests were per-
formed in the voltage range of 1.5–4.4 V (vs Na+/Na) at 10 and 100 mA 
g− 1. 

2.4. Computational details 

All the DFT calculations were performed using the Vienna Ab initio 
Simulation Package (VASP) [32]. The projector-augmented wave (PAW) 
pseudopotential was used with a plane-wave basis set, as implanted in 
VASP [33]. Perdew–Burke–Ernzerhof (PBE) parametrization of the 
generalized gradient approximation (GGA) was used for the exchan-
ge–correlation functional [34]. For the DFT calculations, a 5 × 4 × 3 k- 
point grid was used to calculate a 2 × 3 × 1 supercell structure of 
Na0.67[Mg0.22Mn0.55Fe0.23]O2. Thus, total 12 elements exist in the 
transition metal sites in the supercell. In order to match the element 
ratio of Na0.67[Mg0.22Mn0.55Fe0.23]O2 closely, the numbers of Mg, Mn 
and Fe in the supercell were determined 3, 6 and 3, respectively, which 
implies high reliability of the computational results based on the real 
atomic composition. The supercell is composed of the 1st transition 
metal (TM) layer of the supercell with 2 Mg, 3 Mn and 1 Fe and the 2nd 
TM layer with 1 Mg, 3 Mn and 2 Fe. The GGA + U method was adopted 
to address the localization of the d-orbital in Mn and Fe ions, with U 
values of 4.2 and 3.9 eV, respectively, as used in previous studies 
[35,36]. The Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional was 
used to calculate the projected density of states (pDOS) of Mn, Fe, and O 
[37]. An appropriate number of k-points and a kinetic energy cutoff of 

500 eV were used in all the calculations. All the structures were opti-
mized until the force in the unit cell converged to within 0.03 eV Å− 1. 
Cluster-assisted statistical mechanics (CASM) software was used to 
generate all the Na+/vacancy configurations for each composition, fol-
lowed by full DFT calculations on a maximum of x configurations with 
the lowest electrostatic energy for each composition used to constitute 
the convex-hull plot of Na0.67[Mg0.22Mn0.55Fe0.23]O2 [38]. Nudged 
elastic band (NEB) calculations were performed to determine the acti-
vation barrier for Na+ diffusion in the Na0.67[Mg0.22Mn0.55Fe0.23]O2 
structure. To perform the calculations, five intermediate images were 
generated between each Na site [39]. These structures were then 
calculated using the NEB algorithm with fixed lattice parameters and 
free internal atomic positions [40]. 

3. Results and discussion 

3.1. Preparation and characterization of P2-Na0.67[Mg0.22Mn0.55Fe0.23] 
O2 

P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 powder was synthesized via a 
conventional solid-state reaction method. The transmission electron 
microscopy (TEM, Fig. 1a) and field-emission scanning electron micro-
scopy (FE-SEM, Fig. S1) images reveal the typical plate particle 
morphology with ~0.8 μm size on average. Further compositional 
analysis using energy-dispersive X-ray spectroscopy (EDS) elemental 
mapping verifies that Na, Mg, Mn, Fe, and O elements were homoge-
neously distributed in the particle (Fig. 1a) and that the corresponding 
atomic ratio of Na, Mg, Mn, and Fe elements was 
0.670:0.212:0.538:0.242, which well-matched with the inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) result 
(Table S1). 

The P2-type layered oxide has two distinguishable layers for Na ions 
(with 2b and 2d positions) and transition-metal ions (with 2a position). 
We determined the occupied crystal site of Mg ions by simultaneously 
applying a theoretical and experimental approach. Fig. 1b shows the 
relative site energies of the Mg2+ cation in each transition-metal and 
sodium layer using a supercell structure of P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2. In this relatively heavy Mg composition 
(>20 %), the site energy of the Mg2+ cation in the transition-metal layer 
at the 2a position was much lower (by 300 meV) than that of the sodium 
layer, suggesting that the Mg2+ cation is majorly substituted in 
transition-metal layers. This result differs from the previous reports of 
low-Mg2+-concentration doping studies that indicated the Mg substitu-
tion at the Na site [41,42]. The amount of substitution is highly affected 
by the thermodynamic stability with respect to host crystal structure 
characteristics. There is large difference of ionic radii between Mg2+

(0.72 Å) and Na+ (1.02 Å), thus existence of considerable amounts of Mg 
cations in the Na layers of the layered-type oxide is thermodynamically 
unfavorable. Through DFT calculation, moreover, we confirmed that 
existence of Mg cation in the transition metal (TM) layers is more stable 
than that in the Na layer. Thus, we speculate that this distinct result is 
most likely due to the relatively high Mg content in our materials, which 
is also well matched with the previous research [43,44]. In addition, it 
was reported that the two superlattice peaks located at 27.2◦ and 28.3◦

originated from the in-plane Na+/vacancy ordering in the crystal 
structures of Mn-based layered oxide cathodes, which can lower Na-ion 
diffusion during redox reaction [45,46]. On the other hand, these 
superlattice were not observed in the XRD pattern of P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2, which implies that the in-plane Na+/va-
cancy ordering was suppressed by mixing of Mg, Mn and Fe cations in 
the TM site. Thus, we supposed that the P2-Na0.67[Mg0.22Mn0.55Fe0.23] 
O2 structure without the Na+/vacancy ordering can deliver thermody-
namic stability and facile Na+ diffusion, which results in the stable 
electrochemical performances of P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 dur-
ing Na+ de/intercalation. The crystal structural analysis based on X-ray 
diffraction (XRD) pattern and Rietveld refinement was also supportive of 
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the P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 structure. As shown in Fig. 1c, the 
XRD pattern is well-indexed to the hexagonal structure with P 63/mmc 
space group with Mg cation at the 2a site. The obtained lattice param-
eters were a = b = 2.91551(8) Å and c = 11.2150(6) Å. The detailed 
structural information of P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2, such as the 
atomic positions, thermal factor (Biso), and occupancy, is summarized in 
Table S2. Especially, it was confirmed through the refinement that all of 
Mg cations exist in the TM sites, not the Na sites. The low values of 
reliability factors indicate the high accuracy of our Rietveld refinement 
work (RP = 6.66 %, RI = 8.43 %, RF = 6.79 %, χ2 = 1.09 %). Based on 
these observations, we would like to claim that the heavy Mg cation 
substitution happens within the TM layers rather than the Na layers. The 
crystal structure of P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 consists of edge- 
shared [Mg, Mn, Fe]O6 octahedra and Na layers forming an ABBA ox-
ygen stacking sequence (see Fig. 1d). The average oxidation states of Mn 
and Fe were confirmed to be Fe3+ and Mn4+ in the P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 structure. The Mn K-edge spectra indi-
cated that the average oxidation state of Mn was close to that of MnO2 
(Mn4+) and that the oxidation state of Fe was identical to that of the 
Fe2O3 (Fe3+) reference (Fig. 1e and f) according to X-ray absorption 
near edge structure (XANES) analyses. 

3.2. Detailed reaction mechanism in P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 
during Na+ de/intercalation 

The redox-active mechanism of P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 
was investigated using combined theoretical and experimental ap-
proaches during Na+ de/intercalation. The various Na+/vacancies 
configurations of Na1–x[Mg0.22Mn0.55Fe0.23]O2 phases (0 ≤ x ≤ 1) was 
prepared using cluster-assisted statistical mechanisms (CASM) software 
[38]. Fig. 2a shows the convex-hull plot on the relative formation en-
ergies of various Nax[Mg0.22Mn0.55Fe0.23]O2 phases using the real for-
mation energies of Na0[Mg0.22Mn0.55Fe0.23]O2 and 
Na1[Mg0.22Mn0.55Fe0.23]O2 compositions as reference. Fig. S2 shows the 
real formation energies of Na1–x[Mg0.22Mn0.55Fe0.23]O2 (0 ≤ x ≤ 1). The 
convex-hull plot shows not only existence of stable intermittent phases 
between end compositions but also energy difference between two 
phases relating to redox potentials, compared to the original plot based 
on the real formation energies. Thus, the convex hull plot was applied 
for arranging the formation energies on various compositions of cathode 
materials with different Na contents and calculating theoretical redox 
potentials. The relative formation energy was derived using the 
following equation (1): 

Fig. 1. (a) TEM image and EDS mapping of Na, Mn, Mg, Fe, and O elements of synthesized Na0.67[Mg0.22Mn0.55Fe0.23]O2. (b) Relative site energy of Mg in transition- 
metal and sodium sites. (c) Rietveld refinement of XRD pattern and (d) corresponding crystal structure of Na0.67[Mg0.22Mn0.55Fe0.23]O2. (e) Mn and (f) Fe K-edge of 
P2-type Na0.67[Mg0.22Mn0.55Fe0.23]O2 pristine electrode. 
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where Efor is the formation energy for the most stable configuration 
of each component. These calculation results indicate that the P2-phase 
is stably retained at compositional range between 
Na1[Mg0.22Mn0.55Fe0.23]O2 and Na0.25[Mg0.22Mn0.55Fe0.23]O2. In case 
of Na0[Mg0.22Mn0.55Fe0.23]O2 composition, difference of the formation 

energies between the P2- and OP4-phases is just ~4.6 meV f.u.–1, which 
implies the possibility of coexistence of OP4 and P2 phases even after 
full Na+ deintercalation from the structure. The theoretical redox po-
tentials of Na1–x[Mg0.22Mn0.55Fe0.23]O2 during Na+ de/intercalation 
were calculated using the following equation (2):   

Fig. 2. (a) Convex-hull plot for formation energy of Na1–x[Mg0.22Mn0.55Fe0.23]O2 configurations (0 ≤ x ≤ 1) with theoretical voltage. (b) Comparison of theoretical 
voltage prediction of Na0.67[Mg0.22Mn0.55Fe0.23]O2 and its experimentally measured charge/discharge profiles. Ex-situ (c) Mn and (d) Fe K-edge XANES spectra of 
various charge/discharge state of Na0.67[Mg0.22Mn0.55Fe0.23]O2. (e) O K-edge sXAS spectra of Nax[Mg0.22Mn0.55Fe0.23]O2 using total fluorescence yield (TFY) mode. 
(f) O K-edge difference spectra obtained by subtracting ex-situ O K-edge spectra. 

Efor = E(Nax[Mg0.22Mn0.55Fe0.23]O2) −
(1 − x)E(Na0[Mg0.22Mn0.55Fe0.23]O2) + xE(Na1[Mg0.22Mn0.55Fe0.23]O2)

2
(1)   

V = −
E[Nax2 Mg0.22Mn0.55Fe0.23O2] − E[Nax1 Mg0.22Mn0.55Fe0.23O2] − (x2 − x1)E[Na]

(x2 − x1)F
(2)   
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where V means the average redox potential depending on the Na–ion 
content in Na1–x[Mg0.22Mn0.55Fe0.23]O2 (x1 ≤ x ≤ x2), E[Na] is the Na 
metal energy, and F is the Faraday constant. Fig. 2b compares the pre-
dicted equilibrium potential upon desodiation obtained by the cluster 
expansion and experimentally measured charge/discharge profile. The 
corresponding predicted operating voltage was consistent with the 
actual experimental results, as shown in Fig. 2b. Moreover, the initial 
charge capacity from Na0.67[Mg0.22Mn0.55Fe0.23]O2 resulted in a specific 
capacity of ~161 mAh g− 1 at 10 mA g− 1. Subsequence discharge down 
to 1.5 V delivered a larger specific capacity of ~207 mAh g− 1, corre-
sponding to intercalation of ~0.8 mol Na+. In subsequent cycles, ~0.8 
mol Na+ are reversibly deintercalated and intercalated at the structure. 
As presented in Fig. S3, we implemented the differential capacity (dQ/ 
dV) analyses to support the redox reaction mechanism and the stability 
of oxygen anionic redox reaction during electrochemical cycling with a 
current density of 100 mA g¡1. During initial charge, the dQ/dV was 
affected by Fe3+/Fe4+-based redox reaction. Then, the anionic redox 
reaction of O2–/O– was clearly detected during further charging to 4.4 V 
(vs Na+/Na). Moreover, three peaks are observed in the dQ/dV curve 
during discharging to 1.5 V (vs Na+/Na), which indicates the sequential 
occurrence of O2–/O–, Fe3+/Fe4+, and Mn3+/Mn4+ redox reactions 
during Na+ intercalation to Nax[Mg0.22Mn0.55Fe0.23]O2. After the first 
cycle, a new peak located at ~2.26 V was observed in the dQ/dV curves, 
corresponds to the cationic redox reaction of Mn3+/Mn4+. Furthermore, 
we confirmed that the redox potential on the anionic redox reaction of 
O2–/O– was well retained without severe voltage decay during pro-
longed cycling, which implies the stable occurrence of the anionic redox 
reaction in Nax[Mg0.22Mn0.55Fe0.23]O2. 

The theoretical calculation suggests the distinguishable cationic and 
subsequent stable anionic redox reaction. Fig. S4 shows the integrated 
spin moments of the Mn, Fe, and O ions as a function of Na content in 
Nax[Mg0.22Mn0.55Fe0.23]O2 (x = 0, 0.25, 0.5, 0.75, and 1). To clarify the 
reaction mechanism on Mn3+/Mn4+, Fe3+/Fe4+, and O2–/O– redox re-
actions in detail, we compared the integrated spin moments of Mn, Fe, 
and O in Nax[Mg0.22Mn0.55Fe0.23]O2 (x = 0, 0.25, 0.5, 0.75, and 1). As 
shown in Fig. S4a, it was verified that the net magnetic moment of Mn 
cation is decreased from 4 to 3 during Na+ deintercalation from 
Na1[Mg0.22Mn0.55Fe0.23]O2 phase to Na0.75[Mg0.22Mn0.55Fe0.23]O2 
phase and then it is retained during further Na+ deintercalation from 
Na0.75[Mg0.22Mn0.55Fe0.23]O2 phase. In terms of the net magnetic 
moment of Fe cation, it is changed from 5 to 4 at the range of 
Na0.75[Mg0.22Mn0.55Fe0.23]O2 and Na0.5[Mg0.22Mn0.55Fe0.23]O2 phases 
and there is no change at the other ranges (Fig. S4b), which implies that 
Fe3+/Fe4+ redox reaction in Nax[Mg0.22Mn0.55Fe0.23]O2 is occurred after 
Mn3+/Mn4+ redox reaction. Moreover, it was verified that the net 
magnetic moment of O anion is gradually increased during Na+ dein-
tercalation from Na0.5[Mg0.22Mn0.55Fe0.23]O2 phase to 
Na0[Mg0.22Mn0.55Fe0.23]O2 phase, meaning the gradational and 
sequential anionic redox reaction of O2–/O– (Fig. S4c). These first- 
principles calculation results indicated the sequential occurrence of 
Mn3+/Mn4+, Fe3+/Fe4+, and O2–/O– redox reactions. XANES analysis 
was used to determine the change of the oxidation states of the Mn and 
Fe elements. Fig. 2c and d display the Mn and Fe K-edge XANES spectra 
changes, respectively, during cycling. During the initial charging from 
the Na0.67[Mg0.22Mn0.55Fe0.23]O2 phase, the Mn K-edge XANES spectra 
negligibly shifted until a full charging state of 4.4 V (vs Na+/Na), which 
indicates that Mn4+ cations in the Na0.67[Mg0.22Mn0.55Fe0.23]O2 phase 
wasn’t further oxidized during charging to 4.4 V. On the other hand, it 
was observed that the pre-edge intensity is increased upon charging to 
4.4 V and shifted toward higher energy for edge-crest at the same time. It 
was known that XANES is highly affected by the electronic and crystal 
structural information on the local environments neighboring target 
elements. The change of Mn edge-crest is the typical observation for 
anionic redox activity from the local Mn4+–O bonding, which results 
from the localized holes and distortion in MnO6 octahedra [47,48]. 
Thus, changes of the pre-edge after charging to 4.4 V imply the changed 

local environments neighboring Mn4+ ions by oxidized oxygen anions 
and the occurrence of anionic redox reaction of O2–/O– in P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2. However, the oxidation state of Mn 
shifted to 3 + after full discharging (1.5 V, to Na1[Mg0.22Mn0.55Fe0.23]O2 
phase). For the Fe K-edge XANES spectra, the oxidation state of the Fe 
element upon charging to 4.4 V (vs Na+/Na) showed an obvious change 
toward higher energy level with the growth of the pre-edge peak in-
tensity, indicating the oxidation reaction of Fe3+/Fe4+. The oxidation 
state returned to the original 3 + state after full discharge to 1.5 V. 

Further oxidation of oxygen during Na+ deintercalation can be 
identified in the O K-edge spectra and the differences depending on the 
different charge states. For investigating the bulk sensitivity on the 
oxidation of TM (Mn, Fe) and O during Na+ de/intercalation, we per-
formed the ex-situ O K-edge soft X-ray absorption spectroscopy (sXAS) 
analyses using total fluorescence yield (TFY) mode. As shown in Fig. 2e 
and f, it was verified that the intensity at ~530.4 eV in the pre-edge of O 
K-edge sXAS spectra is increased after charging to 4.2 V, corresponding 
to the preferential oxidation of the partial oxygen anions during initial 
Na+ deintercalation [19,20,49–51]. Moreover, the intensity at ~530.4 
eV after further charging to 4.4 V is larger than that measured at the 4.2 
V-charged sample, which is attributed to oxidation of the other oxygen 
anions during further Na+ deintercalation. These results indicate 
occurrence of gradational anionic redox reaction in P2- 
Nax[Mg0.22Mn0.55Fe0.23]O2 during Na+ de/intercalation. The gradual 
increase of the intensity at ~530.4 eV also implies occurrence of the 
gradational and sequential anionic redox reaction in 
Nax[Mg0.22Mn0.55Fe0.23]O2, which is consistent with the computational 
results. The gradational anionic redox reaction in P2- 
Nax[Mg0.22Mn0.55Fe0.23]O2 was also confirmed through ex-situ XPS an-
alyses. Fig. S5 shows that the peak intensity at ~530.5 eV related to the 
peroxo-like (O–) species in O 1s XPS spectra was observed after initially 
charging to 4.2 V, and then the peak intensity was more increased after 
further charging to 4.4 V by gradationally occurred O2–/O– redox re-
action. After discharging to 1.5 V, the peak of the peroxo-like species 
was disappeared [52–54]. In addition, the anionic redox reaction of 
oxygen anion in various previous studies was expressed to O2− /O− or 
O2− /(O2)n− (n ≥ 2). [28,29,45,55,56] When the oxygen anions (O2− ) 
are oxidized during charge, the O− species are produced. Owing to 
instability of O− , moreover, two O− species can be transformed to O2−

and O0 (2O− → O2− + O0). Since O2− ions attempt to be stabilized by 
covalent bonds, they form peroxo-like O–O dimers, (O2)n− (n ≥ 2) 
[57,58]. Thus, it was known that peroxo-like dimer species can be 
formed at the transition metal layers of the layered oxide cathodes for 
SIB and LIB, as oxidation of O2− can provide the driving force for oxygen 
dimerization [59]. Although the final product after oxidation of oxygen 
anion is (O2)n− , we used expression of the anionic redox reaction as O2− / 
O− to focus the direct oxidation and reduction of oxygen anions 
occurred during charge/discharge. 

3.3. Gradational and selective redox reaction of oxygen anions in P2- 
Nax[Mg0.22Mn0.55Fe0.23]O2 

The predicted projected density of states (pDOS) of Mn, Fe, and O 
was calculated through density functional theory (DFT) calculations to 
further investigate the details of the oxygen-redox process in 
Nax[Mg0.22Mn0.55Fe0.23]O2 (0 ≤ x ≤ 1). Fig. 3a shows the pDOS of 
Na1[Mg0.22Mn0.55Fe0.23]O2 (fully discharged state). In this state, the 
electron density of Mn 3d orbitals is closest to the Fermi level (EF). 
During Na+ deintercalation from Na0.75[Mg0.22Mn0.55Fe0.23]O2, the 
occupied Mn 3d density is reduced and the hole density above the Fermi 
level is increased, confirming the Mn3+/Mn4+ redox reaction (Fig. 3b). 
Then, the electron densities occupied in the Fe 3d and O 2p states were 
simultaneously active near the Fermi level, and the hole densities in 
pDOS of Fe and O were created when going from 
Na0.75[Mg0.22Mn0.55Fe0.23]O2 (Fig. 3b) to Na0.5[Mg0.22Mn0.55Fe0.23]O2 
(Fig. 3c), indicating the presence of anionic-redox-preferred Fe 3d–O 2p 
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hybridized orbital states. Upon further charging to 
Na0.25[Mg0.22Mn0.55Fe0.23]O2 (Fig. 3d), the electron density change of 
the O 2p orbitals was dominant, and hole density in O 2p above the 
Fermi level was created. After further extraction to 
Na0[Mg0.22Mn0.55Fe0.23]O2 (Fig. 3e), the hole density gradually 
increased in the O 2p orbitals, resulting from gradational occurrence of 
oxygen oxidation. Changes of the pDOS and the visualization of charge 
densities in Nax[Mg0.22Mn0.55Fe0.23]O2 with different Na contents were 
well matched with variation in integrated spin moments of Mn, Fe, and 

O depending on the Na contents in the structure. 
The visualized electron and hole densities indicated a series of 

gradational and sequential oxidation of oxygen anions in 
Nax[Mg0.22Mn0.55Fe0.23]O2 during desodiation (0 ≤ x ≤ 1) (Fig. 3f). 
During Na+ deintercalation from Na1[Mg0.22Mn0.55Fe0.23]O2 to 
Na0.75[Mg0.22Mn0.55Fe0.23]O2, it was confirmed that the Mn3+/Mn4+

redox reaction was mainly performed through a change from electron 
densities to hole densities of Mn 3d orbitals. In the case of 
Na0.75[Mg0.22Mn0.55Fe0.23]O2, electron densities co-existed in Fe 3d and 

Fig. 3. pDOS TM (Mn, Fe) 3d and O 2p orbitals of (a) Na1[Mg0.22Mn0.55Fe0.23]O2, (b) Na0.75[Mg0.22Mn0.55Fe0.23]O2, (c) Na0.5[Mg0.22Mn0.55Fe0.23]O2, (d) 
Na0.25[Mg0.22Mn0.55Fe0.23]O2, and (e) Na0[Mg0.22Mn0.55Fe0.23]O2. (f) Visualized pDOS TM (Mn, Fe) 3d and O 2p orbitals between Na0[Mg0.22Mn0.55Fe0.23]O2 and 
Na1[Mg0.22Mn0.55Fe0.23]O2: electron density (yellow) and hole density (blue). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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O 2p orbitals below the Fermi level. It was observed that the electron 
densities of both Fe 3d and O 2p orbitals were transformed to hole 
densities between Na0.75[Mg0.22Mn0.55Fe0.23]O2 and 
Na0.5[Mg0.22Mn0.55Fe0.23]O2, indicating the use of electrons in anionic- 
redox-preferred Fe 3d–O 2p hybridized orbital states. It was also implied 
that the Fe cations and O anions simultaneously contribute to the ca-
pacity in Nax[Mg0.22Mn0.55Fe0.23]O2 through the anionic-redox- 
preferred reaction of hybridized Fe 3d–O 2p orbital states. Notably, as 
the first step, the electron densities of O 2p orbitals neighboring Fe and 
Mn cations mainly participate in the anionic redox reaction, for dein-
tercalation of 0.25 mol Na+ from Na0.5[Mg0.22Mn0.55Fe0.23]O2 to 
Na0.25[Mg0.22Mn0.55Fe0.23]O2. And then, O 2p orbitals neighboring Mg 
cations provide the additional anionic redox reaction from 
Na0.25[Mg0.22Mn0.55Fe0.23]O2 to Na0[Mg0.22Mn0.55Fe0.23]O2 as the sec-
ond step. The oxygen anions adjacent to the Mg cations in dotted circles 
provide holes for localized desodiation forming the various local coor-
dination environments. In terms of the general anion redox reaction of 
O2–/O–, it was reported that all oxygen anions in the structure simul-
taneously undergo the anionic redox reaction, and the oxidized oxygen 
anions exhibit the strong reactivity for attracting electrons from other 
ions [19,57,60,61]. The oxidized oxygen anions are going to be close to 
each other for sharing their electrons. Thus, the large structural distor-
tion by high reactivity of oxidized oxygen anions can be occurred during 
anionic redox reaction, which is regarded as one of the reasons on in 
poor electrochemical performances of anionic-redox-based cathode 

materials [19,20]. However, DFT calculation results indicate that partial 
oxygen anions in P2-Nax[Mg0.22Mn0.55Fe0.23]O2 are preferentially 
oxidized during Na+ deintercalation and the oxidized and non-oxidized 
oxygen anions co-exist even at the charged state. After full oxidation of 
initially oxidized oxygen anionic, the other oxygen anions are grada-
tionally participated in the redox reaction. These phenomena are 
different from the general anionic redox reaction based on simultaneous 
oxidation of all oxygen anions. These results also imply that the direct 
contact of oxidized oxygen anions and the corresponding large struc-
tural distortion can be suppressed in P2-Nax[Mg0.22Mn0.55Fe0.23]O2 
structure by existence of non-oxidized oxygen anions in the charged 
state. Thus, we expected that P2-Nax[Mg0.22Mn0.55Fe0.23]O2 can deliver 
the outstanding electrochemical performances by gradational anionic 
redox reaction. 

Further theoretical and experimental works reveal that the local 
structural environment in Nax[Mg0.22Mn0.55Fe0.23]O2, such as the 
change of [TM]O6 octahedra, is stably retained without severe changes 
even after anionic redox reaction. Through DFT calculation, we 
compared the Mn–O and Fe–O bonding distance between 
Na0[Mg0.22Mn0.55Fe0.23]O2 and Na0.5[Mg0.22Mn0.55Fe0.23]O2. As tabu-
lated in Fig. 4a, the average local bonding distance of Mn–O and Fe–O 
decreased from ≈2.02 to ≈ 1.94 Å and from ≈2.00 to ≈1.91 Å, 
respectively, during Na+ deintercalation by the oxidation of oxygen 
anions. Furthermore, Fig. 4b and c show the Mn–O and Fe–O bonding 
distances, respectively, in Nax[Mg0.22Mn0.55Fe0.23]O2 (0 ≤ x ≤ 1) 

Fig. 4. (a) Comparison of predicted Fe–O and Mn–O bonding distances of [Mg, Mn, Fe]O6 octahedra Na0[Mg0.22Mn0.55Fe0.23]O2 and Na0.5[Mg0.22Mn0.55Fe0.23]O2. 
Ex-situ EXAFS analyses of various charge/discharge state of Na0.67[Mg0.22Mn0.55Fe0.23]O2 with (b) Mn–O and Mn–Mn bonding distances and (c) Fe–O and Fe–Fe 
bonding distances. 
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obtained by Fourier-transform ex-situ extended X-ray absorption fine 
structure (FT-EXAFS) analyses. The bonding distances of Mn–O or Fe–O 
during charge/discharge monotonously changed. Moreover, the peak 
shape of FT-EXAFS was well retained during charge/discharge, which 
implies that there is no severe distortion on local environment of the 
TM–O octahedral in Nax[Mg0.22Mn0.55Fe0.23]O2 during the redox re-
actions. To verify the change of local environments in 
Nax[Mg0.22Mn0.55Fe0.23]O2 during charge/discharge more accurately, 
we further performed the fitting on the ex-situ FT-EXAFS data of 
Nax[Mg0.22Mn0.55Fe0.23]O2. Here, we used the radial distribution func-
tions of k3-weight conditions in the fitting range of 1.0–2.0 Å for the first 
shell, corresponding to the TM–O bonds. The amplitude reduction factor 
(S0

2) is 1.0. As shown in Fig. S6 and S7, it was verified that the total 
maximum changes of average bonding distances on Mn–O and Fe–O 
during charge/discharge are just ~1.80 %, which indicates the small 
structural change of Nax[Mg0.22Mn0.55Fe0.23]O2 during the redox re-
actions. These EXAFS results are well matched with the first-principles 
calculations results showing the change of TM–O bonding distances 
during Na+ de/intercalation. 

3.4. Outstanding electrochemical performance of P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 stemming from high structural stability 

Fig. 5a and b present the charge/discharge profiles and discharge 
capacities of Na0.67[Mg0.22Mn0.55Fe0.23]O2, respectively, measured at 
various current densities in the voltage range of 1.5–4.4 V (vs Na+/Na). 
Even at 200 mA g− 1, the specific capacity of Na0.67[Mg0.22Mn0.55Fe0.23] 
O2 was ~134.6 mAh g− 1, which is ~65 % of that measured at 10 mA g− 1 

with the average redox potential of ~2.81 V (vs Na+/Na). The practical 
capacity was well recovered when returning to a low current density of 
10 mA g− 1. This outstanding power capability is associated with a low 
activation barrier of Na hopping. The theoretical calculation of the 
activation barrier energy for Na+ diffusion pathways using the nudged 
elastic band (NEB) method is shown in Fig. 5c. For 
Na0.67[Mg0.22Mn0.55Fe0.23]O2, Na+ ions located in the prismatic site 
diffuse to the adjacent prismatic site to retain a stable structure (Fig. 5c). 
The predicted activation energy required along Na1–Na2 was calculated 
to be 395.95 meV, as shown in Fig. 5d, which is considered sufficiently 
low energy for facile Na+ diffusion in the Na0.67[Mg0.22Mn0.55Fe0.23]O2 
structure. Na0.67[Mg0.22Mn0.55Fe0.23]O2 retained ~73 % of the initial 
capacity after 150 cycles at the identical charge/discharge current 
density of 100 mA g− 1, with a high coulombic efficiency of > ~99 % 
(Fig. 5e), indicating the excellent cycle life. Moreover, we performed 

Fig. 5. (a) Charge/Discharge profiles of Nax[Mg0.22Mn0.55Fe0.23]O2 in the voltage range of 1.5–4.4 V at various current densities. (b) Power capability of 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 at various current densities. (c) Predicted diffusion pathway for Na+ and (d) activation barrier energy for Na+ diffusion using the NEB 
method in Na0.67[Mg0.22Mn0.55Fe0.23]O2. (e) Cycle performance of Na0.67[Mg0.22Mn0.55Fe0.23]O2 in the voltage of 1.5–4.4 V during 150 cycles at 100 mA g− 1. 
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full-cell tests of P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 using hard carbon 
anode with the N/P capacity ratio of 1.2. Fig. S8a shows that the 
Na0.67[Mg0.22Mn0.55Fe0.23]O2‖hard carbon full-cell delivered a specific 
capacity of ~203 mAh g− 1 at 10 mA g− 1 in the range of 1.4–4.3 V (vs 
Na+/Na). Especially, it was verified that the capacity retention of the 
full-cell for 150 cycles at 100 mA g− 1 was ~71.8 % with a high 
coulombic efficiency of above ~99 % (Fig. S8b), which indicates the 
outstanding cycle performance of Na0.67[Mg0.22Mn0.55Fe0.23]O2 under 
the full cell system. 

To demonstrate the effect on the substitution degree of Mg2+ cations, 
we prepared P2-Na0.67[MgxMn0.55Fe0.45− x]O2 (x = 0.11) with different 
Mg2+ contents. As shown in Fig. S9 and Table S3 below, it was verified 
that the Na0.67[MgxMn0.55Fe0.45− x]O2 (x = 0.11) samples exhibited the 
P2-type layered structure without impurities. In addition, we compare 
the cycle-performances of P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 and P2- 
Na0.67[Mg0.11Mn0.55Fe0.34]O2. As shown in Fig. S10 below, it was 
verified that P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 delivered better cycle 
performance at the same conditions than P2-Na0.67[Mg0.11Mn0.55Fe0.34] 
O2. These results indicate that the Mg contents of 0.22 mol is required 
for stable anionic redox reaction in P2-type Na-Fe-Mn-O cathode ma-
terials. Most sodium layered oxide cathodes suffer from poor cycle 
retention, which stems from the severe oxygen framework change due to 
the Na de/sodiation chemistry [62]. Nonetheless, P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 exhibits remarkable cycle retention. To 
monitor the structural evolution during Na+ de/intercalation, we per-
formed operando XRD (o-XRD) analyses in the voltage range of 1.5–4.4 V 
(vs Na+/Na) (Fig. 6a). As shown in Fig. 6a, the XRD peaks corresponding 
to the (002) plane of the P2 phase monotonically shifted toward lower 
2θ angles during the initial charging. This is due to the enlarged elec-
trostatic repulsion between adjacent transition-metal layers, resulting in 
expansion of the c-axis lattice parameter [63]. The (002) peak was split 

into (002) and (004) peaks for P2 and OP4 phases, respectively, upon 
further charging. When the voltage increased to close to 4.4 V, the in-
tensity of the (002) peak belonging to the P2 phase decreased slightly. 
The intensity of the (004) peak of the OP4 phase gradually increased; 
however, the electrode still majorly consisted of the P2 phase according 
to the XRD pattern. This observation is identical to a relaxed phase 
transition, as shown in the ex-situ XRD analyses of 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 (Fig. S11). During discharging to 2.6 V, 
the (004) peak of the OP4 phase gradually shifted to low 2θ angle and 
eventually merged with the P2 phase (Fig. 6a). At the end of discharge to 
1.5 V, the (002) peak shifted to higher 2θ angle with formation of the 
P’2 phase [64]. The P2-OP4 phase transition in P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 is also well matched with the previous 
researches showing that the Mg-substitution in P2-type Mn-based 
cathode materials can lead to the P2(ABBA)-OP4(ABBACAAC) phase 
transition during charge/discharge with suppression of P2(ABBA)–O2 
(ABAC) phase transition [42,65,66]. This ex-situ XRD result is the reason 
why we used the formation energies between P2 and OP4 in the struc-
ture of P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 through DFT calculation. 

The oxygen stacking transition from the P2 to OP4 phase occurs by 
slab gliding between transition-metal oxide layers in the high-voltage 
(4.1–4.3 V) range [66,67]. The structure of the intermediate OP4 
phase consists of a stack of mixed octahedral and prismatic structures 
along the c-axis direction [68]. According to previous reports [17,69], 
the OP4 phase appears solely at a charged state, and this is the major 
reason for the structural degradation of P2-type layered-oxide cathodes. 
However, in case of P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2, the OP4 phase 
comes out partially even at a fully charged state, not showing full phase 
transition as shown in Fig. 6a after charging to 4.4 V. Thus, we supposed 
that the phase transition to the OP4 phase is relatively suppressed in P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2. To compare the effect of the redox 

Fig. 6. (a) Ex-situ magnified view of operando XRD pattern of Na0.67[Mg0.22Mn0.55Fe0.23]O2 during charge/discharge. (b) Change in c-axis lattice parameters of 
Nax[Mg0.22Mn0.55Fe0.23]O2 in the structure during charge/discharge. 
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inactive element on suppression of P2-OP4 phase transition, we 
measured the ex-situ XRD patterns of P2-Na0.67[Mg0.11Mn0.55Fe0.34]O2 
with small amount of Mg2+ cation. As shown in Fig. S12, it was verified 
that the P2 phase was clearly disappeared after full charging process of 
P2-Na0.67[Mg0.11Mn0.55Fe0.34]O2 and the OP4 phase was only observed. 
In addition, the maximum c lattice variation in each P2 and OP4 phase 
was ~1.81 % and ~3.19 %, respectively, imposing a low-level internal 
strain on the structure (Fig. 6b). Moreover, we investigated the changes 
in the morphology and crystal structure of P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 after prolonged cycling using ex-situ SEM 
and XRD analyses. All samples are prepared at 100 mA g− 1 during 
charge/discharge. As shown in Fig. S13 and S14, it was verified that the 
morphology and structure of P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 particles 
were well retained without severe degradation after 150 cycles, which is 
connected with the outstanding cyclability of P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2. 

Furthermore, we compared the electrochemical performances 
among P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 and other TM-doped P2- 
Nay[MnxFe1–x]O2[16,22–27] (Fig. 7), which indicates that P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 delivered the outstanding cycle perfor-
mance as the anionic-redox-based cathode for NIBs. (The detailed 
comparison information of Mn and Fe-based layered oxide cathodes for 
Na-ion batteries is summarized in Table S4, Supporting Material). Like 
the existing Mn and Fe cations, the doped TM cations also experience the 
redox reaction during charge/discharge. By the redox reactions of not 
only the existing Mn and Fe cations but also the doped TM cations, the 
bonding interaction between TM cation (doped TM, Mn, and Fe) and O 
anion in TM-doped P2-Nay[MnxFe1–x]O2 is largely changed during Na+

de/intercalation, which implies TM-doping cannot efficiently suppress 
the structural changes in P2-Nay[MnxFe1–x]O2 occurred during Na+ de/ 
intercalation. On the other hand, P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 
structure can be stably retained during charge/discharge since Mg2+

cation with fixed oxidation state cannot be oxidized/reduced during 
charge/discharge, which is confirmed through the fitting on the ex-situ 
FT-EXAFS data (Fig. S6 and S7). Thus, substitution of Mg2+ cations can 
effectively lead to the small change of local structural environments in 
anionic-redox-based P2-Nay[MnxFe1–x]O2 during Na+ de/intercalation, 
which leads to the outstanding electrochemical performances of P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2. These results suggest that P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2, which undergoes small structural and 
morphological variation during Na+ de/intercalation by both cationic 
and anionic redox reactions, exhibits outstanding cycling performance 
as a promising cathode for NIBs. 

4. Conclustion 

In this work, we demonstrated that P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 
can deliver outstanding electrochemical performance via high structural 
stability while the anionic redox reaction of O2− /O− occurs during Na+

de/intercalation. At 10 mA g− 1 in the voltage range of 1.5–4.4 V (vs 

Na+/Na), P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 delivered a large specific 
capacity of ~207 mAh g− 1, corresponding to ~0.8 mol Na+ de/inter-
calation. Most importantly, up to ~73 % of the initial capacity was 
retained with a high coulombic efficiency of > 99 % for 150 cycles at 
100 mA g− 1, indicating the excellent cycle performance with the stable 
O2− /O− redox reaction. Through combined studies using DFT calcula-
tion and various experimental techniques, it was verified that the stable 
electrochemical behaviors of anionic-redox-based P2- 
Na0.67[Mg0.22Mn0.55Fe0.23]O2 are attributed to the small change of the 
local environments by gradational and selective anionic redox reactions, 
which is consistent with the well-retained structure and morphology 
without severe degradation after prolonged cycling. Furthermore, from 
a cost perspective, the composition based on earth-abundant elements 
without expensive elements such as Ni, Co, etc. is one of the most 
attractive merits of the P2-Na0.67[Mg0.22Mn0.55Fe0.23]O2 cathode with 
large practical capacity, enabling low-cost and high-energy Na-ion 
batteries. We believe that this research will provide meaningful insight 
into understanding the stabilization of the anionic redox reaction in 
layered oxide cathode materials for not only Na-ion batteries but also 
other rechargeable batteries. 
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