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ABSTRACT 

Layered oxide cathodes are promising candidates for sodium-ion batteries due to their high 

theoretical capacity and structural tunability. However, irreversible high-voltage redox 

reactions and structural degradation hinder their practical deployment. In this study, a series of 

Na0.8(Mn–Fe–Ni)O2 cathodes with systematically varied Fe/Mn and Fe/Ni ratios is investigated 

to uncover the role of transition metal composition in governing redox behavior, phase 

transitions, and long-term performance across 2.0–4.0 V and 2.0–4.4 V. Structural analyses 

reveal that increasing Fe/Mn ratio expands Na-O2 layer spacing and strengthens TM–O bonds, 

indicating reduced anionic activity and improved structural stability. Na0.8Mn0.53Fe0.25Ni0.22O2 

delivers the highest specific capacity (153 mAh g-1), specific energy (500.3 Wh kg-1), and 

reversible high-voltage redox activity, retaining 92.6% of its capacity after 100 cycles at 0.2C 

(2.0–4.4 V). Operando Synchrotron X-ray diffraction confirms P3/O3↔P3″/O3 

transformations with minimal lattice strain (∆𝑐 = !!.!#"!$.%#
!!.!#

× 100%	= −1.81% for O3, 

+1.00% for P3), contributing to enhanced high-voltage cyclability in Na0.8Mn0.53Fe0.25Ni0.22O2. 

Meanwhile, Na0.8Mn0.64Fe0.14Ni0.22O2 exhibits exceptional cycling performance (99% 

retention) in the 2.0–4.0 V range, benefiting from a P3↔P3′ transition. These findings highlight 

the critical role of Fe/Mn and Fe/Ni tuning in balancing redox reversibility and structural 

integrity, offering a rational design strategy for high-energy, long-life sodium-ion cathodes. 

Keywords: Sodium-ion batteries, Layered oxides, Biphasic P3/O3, Energy Density, Operando 

Synchrotron XRD 

  



1. INTRODUCTION 

The rapid growth of the renewable energy sector and the increasing demand for sustainable 

energy storage systems have intensified the research into cost-effective and resource-abundant 

battery technologies. Lithium-ion batteries (LIBs) dominate the energy storage market due to 

their high energy density and optimized performance. However, concerns over lithium resource 

scarcity and rising costs have driven interest in alternative systems [1]. Among them, sodium-

ion batteries (SIBs) have emerged as a promising candidate, offering advantages including 

lower cost, abundant sodium resources, and compatibility with existing LIB manufacturing 

infrastructure [2]. 

A key challenge for SIBs is the development of high-performance cathode materials with 

energy density and cycling stability comparable to LIB cathodes [3, 4]. Several classes of 

cathodes for SIBs have been explored, including polyanionic compounds, Prussian blue 

analogs, and layered transition metal (TM) oxides [5]. Among these, layered transition metal 

oxides stand out due to their high theoretical capacities, structural tunability, and relatively 

facile synthesis. These materials, with the general formula NaxTMO2 (0.5 ≤ x ≤ 1) (TM = Mn, 

Ni, Fe, Co, etc.), are analogous to Li-layered oxides and can accommodate a wide range of 

transition metal combinations [6, 7]. 

Layered oxides are classified into P2, P3, and O3-type structures depending on the Na+ 

coordination environment and TM-O2 layer stacking sequence [8]. While P2-type materials 

(e.g., Na2/3Mn2/3Ni1/2O2) offer high rate performance due to larger Na-ion diffusion channels, 

they often suffer from poor structural reversibility above 4.0 V due to irreversible phase 

transitions [9, 10]. In contrast, O3-type structures (e.g., NaMn0.5Ni0.5O2) have high specific 

capacities but are prone to significant volume changes and sluggish kinetics [11]. Recently, P3-

type layered oxides have gained attention for offering a balance between structural stability 

and rate performance [12, 13]. Still, their electrochemical performance, particularly at high 

voltages, is not fully optimized. 

Compositional tuning has been widely employed to improve the performance of layered 

transition metal cathodes, enabling control over redox activity, structural reversibility, and 

long-term cyclability [6, 14, 15]. In particular, Mn–Ni–Fe pseudo-ternary systems are 

promising due to the complementary roles of each element. Mn provides structural stability, Ni 

contributes to higher capacity via Ni2+/Ni4+ redox, and Fe offers cost effectiveness and high-

voltage redox activity (~ 4 V). Numerous studies have reported promising results from Fe-



substituted compositions such as NaMn0.625Fe0.125Ni0.250O2, Na2/3Ni1/3Mn7/12Fe1/12O2, 

NaNi1/3Fe1/3Mn1/3O2, and Na2/3[Ni1/4Mn7/12Fe1/6]O2, showing improved voltage profiles, phase 

stability, and moderate to high capacities [16-18].  

Beyond enhancing structural stability, Fe substitution has also been linked to the modulation 

of redox pathways. Fe3+/Fe4+ redox, around 4.0 V, has been shown to delay or suppress the 

onset of anionic (oxygen) redox, a mechanism often activated above 4.1 V and known to 

contribute extra capacity [19]. While anionic redox has been reported in several Na-layered 

systems such as Na0.67Fe0.5Mn0.5O2, Na0.67Mn0.72Mg0.28O2, and Na0.67Ni0.33Mn0.67O2, [20-23] it 

is typically accompanied by O₂ gas evolution, irreversible phase transitions (e.g., P2 to Z/O2 

or OP4), large voltage hysteresis, and rapid capacity fading due to structural collapse [22, 24-

26]. Therefore, tuning TM ratios to promote controlled redox behavior, particularly involving 

Fe, offers a promising strategy for stabilizing high-voltage performance. 

Although ternary Na(Mn-Fe-Ni)O2 compositions have been widely investigated, most studies 

have limited their scope to a single compositional axis, typically varying Fe or Ni content while 

keeping the others constant. For instance, Hwang et al. prepared a series of O3-type layered 

Na[Ni0.75−xFexMn0.25]O2 (x = 0.4, 0.45, 0.5, and 0.55) oxides with fixed Mn (25%). Ni/Fe ratio 

of 0.5 was identified as optimal for achieving improved cyclability and rate performance in the 

1.5 – 3.9 V range [27]. Similarly, Liang et al. investigated a series of P2-type Na0.67NixFe0.52-

xMn0.48O2 materials with varying Ni/Fe ratios, identifying Na0.67Ni0.22Fe0.30Mn0.48O2 as the 

most promising composition, which delivered an initial discharge capacity of 174.2 mAh g-1 

and a 72.7 % capacity retention after 300 cycles [28]. However, to our knowledge, the 

simultaneous effects of varying Fe/Mn and Fe/Ni ratios, particularly in P3-type frameworks, 

have not been systematically explored.  

A recent study on the Na0.8(Mn-Fe-Ni)O2 pseudo-ternary system presented detailed structural 

and electrochemical characterization of compositions synthesized at 700 °C, 800 °C, 900 °C, 

and 1000 °C with a focus on evaluating the effect of Mn/Ni ratio variation while maintaining a 

fixed Fe content [29]. Among the reported compositions, P2-type Na0.8Mn0.64Fe0.14Ni0.22O2, 

synthesized at 800 °C, demonstrates a balance between capacity, cyclability, and rate 

performance. In this work, the influence of Fe/Mn and Fe/Ni ratios is examined on the 

structural and electrochemical behavior of P3-type layered oxides. Five compositions, centered 

around Na0.8Mn0.64Fe0.14Ni0.22O2, are selected strategically so as to represent variations along 

Fe/Mn and Fe/Ni ratio lines (Fig. S1 (Supplementary Material)). The compositions are as 



follows: MFN-1 – Na0.8Mn0.75Fe0.03Ni0.22O2, MFN-2 – Na0.8Mn0.64Fe0.03Ni0.33O2, MFN-3 – 

Na0.8Mn0.64Fe0.14Ni0.22O2, MFN-4 – Na0.8Mn0.64Fe0.25Ni0.11O2, and MFN-5 – 

Na0.8Mn0.53Fe0.25Ni0.22O2. Among these, compositions MFN-1, 3, and 5 are located along a 

constant Ni line with varying Fe/Mn ratios, while MFN-2, 3, and 4 lie along a constant Mn line 

with varying Fe/Ni ratios. All samples crystallize predominantly in a layered P3-type structure. 

Structural analysis indicates that increasing the Fe/Mn and Fe/Ni ratios leads to a systematic 

expansion of the Na-layer spacing and a concurrent contraction of the TM layer. Additionally, 

Mn–O bond is shortened with increasing Fe/Mn ratio, indicative of stronger TM–O 

interactions. Operando synchrotron XRD reveals reversible P3/O3 ↔ P3″/O3 transitions in 

MFN-5 with minimal lattice strain, highlighting its superior structural stability at high voltages. 

Electrochemically, MFN-5 delivers the highest specific discharge capacity of 153 mAh g-1, and 

a specific energy of ~ 500 Wh kg-1 in the 2.0 – 4.4 V range. Differential capacity profiles of 

MFN-5 reveal two distinct and reversible high-voltage redox peaks at 4.16 V and 4.23 V. In 

contrast, MFN-3 excels in the narrow voltage range, retaining 99% of its capacity after 100 

cycles. This superior stability is attributed to a reversible P3 → P3′ phase transition and a 

delayed onset of oxygen redox, resulting in reduced structural strain and highly reversible 

Ni/Fe redox behavior. Together, these findings demonstrate that rational tuning of Fe/Mn and 

Fe/Ni ratios enables precise control over redox mechanisms and structural evolution, providing 

a robust framework for the design of high-energy, long-life sodium-ion cathodes. 

2. EXPERIMENTAL SECTION 

2.1. Materials Preparation 

A series of MFN cathode compositions was synthesized via a wet chemical approach. 

Stoichiometric quantities of Na2CO3 (SRL, 99.9%), manganese(II) acetate tetrahydrate 

(C4H6MnO4·4H2O, Sigma-Aldrich, > 99%), iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, 

Rankem, 98%), and nickel(II) acetate tetrahydrate (C4H6NiO4·4H2O, Sigma-Aldrich, 98%) 

were dissolved in deionized water. This solution was stirred for 8 h, followed by the addition 

of citric acid (C6H8O7) as a chelating agent and ethylene glycol (C2H6O2) to promote gelation. 

The mixture was further stirred until homogenized and subsequently heated to initiate gel 

formation. The obtained gel was dried and subjected to a two-step thermal treatment, an initial 

heat treatment at 550 °C for 12 h and subsequent calcination at 650 °C for 12 h in ambient air 

using a muffle furnace. The calcined powders were naturally cooled to room temperature and 

stored in an argon-filled glove box to avoid moisture-induced degradation. 



2.2. Materials Characterization 

The elemental composition of the synthesized cathode powders was determined by inductively 

coupled plasma optical emission spectrometry (ICP-OES, Agilent 5800). Crystallographic 

phase identification was carried out using X-ray diffraction (XRD) with Cu-Kα radiation on an 

Empyrean diffractometer (Malvern Panalytical). XRD data were collected over a 2θ range of 

10°–70° with a step size of 0.01° and analyzed using Rietveld refinement via Topas academic 

software (version 6) [30]. Mn, Fe, and Ni K-edge extended X-ray absorption fine structure 

(EXAFS) measurements were conducted at the BL-9 scanning EXAFS beamline at the Indus-

2 Synchrotron radiation facility (2.5 GeV, 150 mA), at the Raja Ramanna Centre for Advanced 

Technology (RRCAT), Indore, India. The morphology of the cathode particles was observed 

using field emission scanning electron microscopy (FESEM, JEOL-7610), and elemental 

mapping was performed via energy dispersive X-ray spectroscopy (EDS). Transmission 

electron microscopy (TEM) imaging was carried out using a JEOL-2100 microscope, with 

samples drop-cast onto carbon-coated Cu grids. Elemental oxidation states were analyzed by 

X-ray photoelectron spectroscopy (XPS) using a Thermo Fisher Scientific instrument equipped 

with an Al Kα X-ray source (1486.6 eV). 

2.3. Electrochemical Measurements 

The cathodes were fabricated by preparing a slurry consisting of 75 wt% active material, 

10 wt% Ketjen black, and 15 wt% polyvinylidene fluoride (PVDF) binder dispersed in N-

methyl-2-pyrrolidone (NMP). The slurry was coated onto aluminum foil and dried under 

vacuum. The dried films were punched into 14 mm discs, with an active material loading 

between 3 and 4 mg cm-2. Coin-type (CR2032) cells were assembled in an argon-filled glove 

box, using sodium metal as the counter/reference electrode. For full-cells, hard carbon was 

used as the anode material, prepared by mixing 80 wt% hard carbon, 10 wt% Ketjen black, and 

10 wt% PVDF, followed by coating onto aluminum foil. Before cell assembly, the hard carbon 

electrode was cycled for two cycles in a half-cell configuration with sodium metal. A 1 M 

solution of NaClO₄ in a 1:1 volumetric mixture of ethylene carbonate (EC) and propylene 

carbonate (PC) was used as the electrolyte, with Whatman GF/D glass fiber as the separator. 

Galvanostatic charge–discharge (GCD) profiles at various current densities were recorded 

using a Neware CT-4008T battery testing system. The same system was employed for 

galvanostatic intermittent titration technique (GITT) experiments to estimate Na+ diffusion 

coefficients. Operando Synchrotron XRD measurements were conducted at beamline BL-11 



of the Indus-2 Synchrotron (RRCAT) to monitor structural evolution during cycling, using a 

beam energy of 2.5 GeV (λ = 0.7388 Å). Coin cells for operando studies were modified by 

drilling 5 mm holes in the casing to enable X-ray transmission, which were subsequently sealed 

with Kapton tape to isolate the internal cell environment from ambient air. 

3. RESULTS AND DISCUSSION 

3.1. Structural characterization 

Table S1 (Supplementary Material) lists the elemental ratios of the MFN samples obtained 

from Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis. The 

calculated compositions closely match the nominal values, confirming that the target 

stoichiometry was achieved. Fig. S2 (Supplementary Material) shows the room temperature X-

ray diffraction (XRD) patterns for MFN samples calcined at 650 °C. All diffraction peaks align 

with the Bragg positions of the layered P3 and O3 phases, and no impurity peaks are observed. 

Notably, the patterns reveal a strong preference for the P3 phase across all samples, which is 

expected given that the P3 phase typically forms at lower calcination temperatures [14]. The 

MFN-5 sample with the highest Fe/Mn ratio (Na0.8Mn0.53Fe0.25Ni0.22O2) exhibits a P3/O3 

biphasic structure. This is evident from the intensity ratios of the (104) and (105) peaks, where 

the (104) peak is noticeably more intense than the (105) peak in the O3 phase, while the (105) 

peak is stronger in the P3 phase. These observations are consistent with prior studies [31]. 

Additionally, previous reports suggest that increasing Fe content promotes O3 phase formation 

due to the d5 configuration of Fe3+, which prefers the octahedral coordination [29, 32]. 

Based on peak intensity ratios, the fractions of P3 and O3 phases are estimated to be ~ 75% 

and 25%, respectively [33]. The Rietveld refinement of the XRD data shows that the P3 and 

O3 phases correspond to the R3m, and	𝑅3+𝑚 space groups, respectively (Fig. 1). Phase 

quantification reveals that MFN-5 consists of ~ 76% P3 and ~ 24% O3 phases, which align 

closely with the values estimated by the peak intensity ratio (Fig. 1(f)). The lattice parameters 

obtained from the refinement are presented in Table 1.  



 

Fig. 1. (a-e) Rietveld refinement profile of XRD data for MFN samples, (f) Graph showing 

phase percentage of P3 and O3 phases in MFN samples, and (g) Schematic of P3 and O3 

crystal structures. 

Table 1. Lattice parameters of MFN samples obtained by the Rietveld refinement of XRD data.  

Sample Phase a (Å) c (Å) V (Å3) 
Rwp, Rexp, Rp, 

GOF 

MFN-1 P3: 100 
2.8850 ± 

0.0001 

16.769 ± 

0.001 
120.87 ± 0.02 

2.3986, 2.0133, 

1.8986, 1.1913 



MFN-2 P3: 100 
2.8907 ± 

0.0001 

16.771 ± 

0.001 
121.37 ± 0.01 

2.4848, 2.0793, 

1.9599, 1.1950 

MFN-3 P3: 100 
2.8946 ± 

0.0001 

16.789 ± 

0.001 
121.77 ± 0.03 

2.7843, 2.5042, 

2.2369, 1.1118 

MFN-4 P3: 100 
2.8976 ± 

0.00002 

16.807 ± 

0.001 
122.20 ± 0.01 

2.1635, 1.8497 

1.6856, 1.1696 

MFN-5 

P3: 76 ± 1 
2.9059 ± 

0.0002 

16.804 ± 

0.003 
122.91 ± 0.03 

2.5548, 2.3446, 

2.0155, 1.0896 O3: 24 ± 

1 

2.9573 ± 

0.0005 

16.373 ± 

0.004 
124.01 ± 0.05 

 

Across constant Ni content, a progressive increase in the c parameter is observed with 

increasing Fe/Mn ratios. A similar trend is evident at a fixed Mn content, where increasing the 

Fe/Ni ratio also results in lattice elongation along the c-axis. These observations suggest that 

Fe incorporation expands the unit cell, while higher Ni content exerts a contracting effect. 

Notably, this behavior deviates from the expected trend based on ionic radii, as Ni2+ (0.69 Å) 

is larger than Fe3+ (0.55 Å), Mn3+ (0.58 Å), and Mn4+ (0.53 Å). This implies that factors beyond 

ion size, such as electronic structure, local coordination environment, or bonding 

characteristics, have a more significant role in determining lattice parameters [34]. The 

structural parameters obtained from the refinement are provided in Tables S2-S6 

(Supplementary Material). A visual of the variation in the c parameter is provided by an 

overlaid XRD plot for better comparison of the (003) peak of the P3 in Fig. S3 (Supplementary 

Material). The c parameter of MFN-3 is higher than that of MFN-1 and MFN-2; however, its 

peak position appears slightly shifted due to a minor sample displacement error. A similar 

displacement is observed for MFN-5, resulting in its peak appearing at a higher 2θ value 

compared to MFN-4. 

The crystal structures of the P3 and O3 phases were modeled based on Rietveld-refined 

parameters and visualized using VESTA, as presented in Fig. 1(g). The transition metal layer 

spacing (𝑆#$%$) and the sodium layer spacing (𝑆&'%$) in the P3 and O3 phases were calculated 

using the following equations: 

𝑆#$%$(P3) = 	
2𝑐
3
(2𝑧%( − 𝑧%))																																(1) 



𝑆&'%$(P3) = 	𝑐(𝑧%) − 𝑧%()																																						(2) 

𝑆#$%$(O3) = 	2𝑐 5
1
3 − 𝑧6																																									(3) 

𝑆&'%$(O3) = 	
𝑐
3 − 𝑆#$%$

(O3)																																	(4) 

Here, z and c denote the fractional coordinate z of the oxygen ions and the c parameter, 

respectively. The calculated interlayer spacings are summarized in Table S7 (Supplementary 

Material). The Na layer spacing of the P3 phase increases from 3.3203 Å for MFN-1 to 3.4280 

Å for MFN-5, and the TM layer spacing decreases from 2.2694 Å to 2.1713 Å. Therefore, 

increasing the Fe/Mn ratio results in an expanded Na layer. Similarly, increasing the Fe/Ni ratio 

(at constant Mn) also enlarges the Na layer spacing, though the change is more subtle between 

MFN-3 and MFN-4. 

The reduction in TM layer spacing correlates with shortened TM-O2 bond lengths, indicating 

stronger TM-O2 interactions. This contraction of the TM–O layers with increasing Fe/Mn and 

Fe/Ni ratios was further supported by the fitting of Extended X-ray absorption fine structure 

(EXAFS) data obtained at the Mn K-edge (Fig. S4 (Supplementary Material)). The 

corresponding Fourier transforms display two prominent peaks, representing the average 

length of the Mn-O bond of the first shell and the average length of the Mn-TM bond of the 

second shell, respectively. Along the increasing Fe/Ni ratio, Mn–O distances decrease from 

1.94 Å in MFN-2 to 1.90 Å in MFN-4, while a similar contraction is observed from 1.96 Å in 

MFN-1 to 1.91 Å in MFN-3 along the increasing Fe/Mn ratio. This enhanced bonding can 

suppress oxygen redox activity at high voltages. In this regard, MFN-5 with the shortest 𝑆#$%$ 

of 2.17 Å is expected to have suppressed anionic redox activity and relatively stable 

performance when cycled beyond 4 V. Moreover, the broader Na layer spacing weakens the 

Na-O2 electrostatic interaction and facilitates wider diffusion channels, thereby promoting 

faster Na+ transport during charge/discharge.  

The morphology of the MFN series was examined via field emission scanning electron 

microscopy (FESEM) (Fig. 2), revealing a dominant presence of spheroidal particles in the 

nanometer size range. The spheroid morphology of the particles at lower calcination 

temperatures is primarily driven by the system's tendency to minimize surface energy. The 

{001} surfaces of layered oxides, which have lower surface energies compared to the (h00), 

(0k0), and (hk0) planes, are exposed during crystal growth [35]. The smaller particle size at 



lower calcination temperatures restricts the growth of anisotropic features, suppressing the 

formation of sharp edges or elongated facets. Instead, the system favors a more isotropic 

growth, resulting in the formation of rounded particles that minimize the total surface area and, 

consequently, the overall surface energy of the system. 

 

Fig. 2. (a-e) SEM micrographs of MFN samples calcined at 650 ℃, (f) Average particle sizes 

of the samples, and (g) EDS map of MFN-4 showing uniform distribution of all the elements.  



 A cathode material composed of smaller, well-dispersed particles offers shorter Na+ diffusion 

paths, which enhances the performance, particularly at high discharge rates. While the 

influence of particle size may be negligible at low C-rates (~ 0.1 C), it becomes a critical factor 

at elevated rates where Na-ion diffusion in the solid phase is the rate-limiting step. Along the 

constant Mn line, MFN-2, with the lowest Fe/Ni ratio, shows small, partially joined spheroids, 

likely due to high Ni content, where the slower diffusion of Ni may the formation of defined 

features within the given synthesis time. Increasing Fe and reducing Ni in MFN-3 produces 

relatively larger spheroids, while MFN-4, with the highest Fe and lowest Ni, displays a mixed 

morphology of spheroids and plate-like particles. The higher Fe content could modify the 

surface energy, favoring anisotropic growth and thereby promoting preferential growth of the 

{001} surfaces, leading to plate-like features. Along the constant Ni line, a lower Fe/Mn ratio 

in MFN-1 again yields partially evolved spheroids, while increasing the Fe/Mn ratio in MFN-

3 and MFN-5 leads to larger average particle sizes. Spheroidal particles with isotropic 

orientations allow Na-ion transport in multiple directions, supporting efficient ion movement 

across the particle. As morphology shifts to plate-like structures, limited lateral surface area 

and dominance of {001} surfaces limit Na-ion diffusion, which increases polarization and 

reduces rate capability. 

The average particle sizes of the spheroids in MFN-1 (343 ± 26 nm), MFN-2 (312 ± 13 nm), 

MFN-3 (321 ± 16 nm), MFN-4 (355 ± 21 nm), and MFN-5 (347 ± 19 nm) were determined 

from the SEM images. MFN-4 exhibits a broader particle size distribution and a mixed 

morphology, consisting of spheroidal particles together with thin plate-like structures of 

average lateral size 1.9 ± 0.2 µm and thickness ~230 ± 6 nm. Elemental mappings (Fig. 2 (f)) 

confirm that all elements in MFN-4 are evenly distributed throughout the sample, indicating 

that the observed morphological variation arises from the material composition itself, rather 

than from phase or elemental segregation. The broad size distribution observed in MFN-4, 

including both spheroid and plate-like structures, can complicate the electrode fabrication 

process and can result in uneven electrochemical activity and reduced overall cell performance. 

The local structure of the samples was further investigated using transmission electron 

microscopy (TEM). Fig. 3(a-e) displays the bright-field images, high-resolution TEM 

(HRTEM) micrographs, and SAED patterns for MFN-2, while Fig. 3(f-h) presents 

corresponding results for MFN-5. The HRTEM image reveals well-defined lattice fringes with 

an interlayer spacing of 5.59 Å, corresponding to the (003) planes of the P3-type layered 

framework in MFN-2, in agreement with the results of XRD refinement. 



The SAED patterns acquired along the [211] zone axis (Fig. 3 (d, g)) show distinct diffraction 

spots indexed to the (011+), (102+), and (11+1+) planes of the P3-phase, confirming the layered 

structure with R3m symmetry. Additionally, faint reflections appear between the main 

diffraction spots in both MFN-2 and MFN-5, indicative of a superlattice structure associated 

with cation ordering [36]. In MFN-2, the superstructure adopts a (2√3 × 2√3)-R30° 

arrangement, while MFN-5 shows a (√3 × √3)-R30° ordering configuration [9, 37]. The 

differences in the superstructure types between the two samples are likely linked to variations 

in Fe concentration. The incorporation of Fe3+ can influence the local cation arrangement, 

stabilizing different ordering configurations.  

 

Fig. 3. (a,b) Bright-field HRTEM images of MFN-2, (c) Atomic resolution image of MFN-2, 

(d) SAED pattern of MFN-2 captured along the [211] zone-axis, (e) A magnified image 

showing the superlattice ordering peaks in MFN-2, (f) Bright-field HRTEM image of MFN-5, 



(g) SAED pattern of MFN-5 captured along the [211] zone-axis, and (h) A magnified image 

showing the superlattice spots in MFN-5. 

The oxidation states of Mn, Fe, and Ni in the MFN series were elucidated using a combination 

of X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS). XPS 

was first employed to determine the surface oxidation states of Mn, Fe, and Ni, and the 

corresponding high-resolution XPS spectra of Mn2p, Fe2p, and Ni2p are shown in Fig. 4 (a-

c). The Mn 2p spectrum exhibits two doublets corresponding to Mn3+ (2p3/2 ~ 641.2 eV; 2p1/2 

~ 651.9 eV) and Mn4+ (2p3/2 ~ 642.6 eV; 2p1/2 ~ 653.7 eV) [38, 39]. The estimated Mn3+/Mn4+ 

ratios for all samples are provided in Table S8 (Supplementary Material). A progressive 

decrease in the Mn3+/Mn4+ ratio is observed from MFN-1 to MFN-5 along the increasing Fe/Mn 

ratio, and increases from MFN-2 to MFN-4 with increasing Fe/Ni ratio. Activation of the Jahn–

Teller active Mn3+/Mn4+ redox is known to induce significant unit cell volume changes during 

cycling, which can lead to poor cyclability in such materials [9, 40]. The Fe 2p spectrum 

displays well-defined peaks at 710.7 and 724.2 eV, characteristic of Fe3+[38, 39]. The Fe 2p 

spectrum for MFN-1 and MFN-2, which contain only 3 % Fe, exhibits broadened peaks (Fig. 

4b). This broadening is attributed to the weak Fe signal due to its low concentration, which 

results in a poor signal-to-noise ratio . Similarly, the Ni 2p region exhibits peaks at 854.4 eV 

(2p3/2) and 872.1 eV (2p1/2), along with distinct shake-up satellites, indicative of Ni2+ oxidation 

state across all samples [38, 39]. 



 

Fig. 4. (a) Mn 2p spectra, (b) Fe 2p spectra, and (c) Ni 2p spectra of the MFN samples 

calcined at 650 ℃ (♦ represents the shake-up satellite peaks in the Fe 2p and Ni 2p spectra). 

XANES spectra of MFN samples taken at (d) Mn K-edge, (e) Fe K-edge, and (f) Ni K-edge 

with relevant standard compounds. 

To assess the bulk electronic environment, XAS measurements were carried out, and the Mn, 

Fe, and Ni K-edge X-ray absorption near edge structure (XANES) spectra are shown in Fig. 4 

(d-f). The Mn K-edge positions lie between those of Mn2O3 and MnO2 standards, confirming 

a mixed Mn3+/Mn4+ valence state. The Ni K-edge profiles closely match that of NiO, affirming 

the presence of Ni2+, while the Fe K-edge aligns with Fe2O3, consistent with the presence of Fe 

in the +3 state. These XANES results are consistent with the surface-sensitive XPS analysis. 

3.2. Electrochemical properties 



The electrochemical performance of the MFN samples was evaluated in the voltage ranges of 

2.0 – 4.0 V and 2.0 – 4.4 V, with the corresponding galvanostatic charge-discharge (GCD) and 

differential capacity (dQ/dV vs. V) profiles at 0.1C presented in Fig. 5. These two voltage 

windows were selected to investigate the influence of varying Fe/Ni and Fe/Mn ratios on the 

high-voltage redox processes associated with Ni and Fe. 

In the 2.0 – 4.0 V range, the specific discharge capacities of MFN-1, MFN-2, MFN-3, MFN-

4, and MFN-5 are ~ 102, 94, 103, 88, and 108 mAh g-1, respectively. When cycled in the 

broader 2.0 – 4.4 V range, the corresponding capacities increase to 109, 150, 134, 114, and 153 

mAh g-1. 

At lower Fe/Mn and Fe/Ni ratios, the GCD curves exhibit more pronounced plateau features, 

whereas a higher Fe content results in more sloped profiles, indicative of a solid-solution-type 

reaction. This trend is also reflected in the dQ/dV curves, where sharper and well-defined redox 

peaks for compositions with lower Fe/Mn and Fe/Ni ratios become increasingly broadened and 

merged as Fe content rises. This suggests the suppression of Na⁺/vacancy ordering during 

sodiation/desodiation with increasing Fe concentration. 

Across all samples cycled in the 2.0 – 4.0 V range, redox peaks at ~ 3.19/3.15 V, 3.30/3.25 V, 

and 3.63/3.59 V are observed, corresponding to the Ni2+/3+/4+ redox reaction [17, 18, 41]. 

Notably, MFN-1 and MFN-2 have an additional oxidation peak at 3.7 V and a plateau in the 

GCD curve without any corresponding reduction peak. This behavior is likely due to structural 

changes that may involve oxygen redox processes rather than further Ni redox activity, 

consistent with observations in other anionic redox-active materials [19, 42]. The capacity 

contribution from this is ~ 37 mAh g-1 for MFN-1 and ~ 34 mAh g-1 for MFN-2. The onset 

potential for these changes systematically shifts to higher voltages with increasing Fe/Mn and 

Fe/Ni ratios. 

The initial coulombic efficiency (ICE) improves from 77.7% for MFN-2 to 98.5% for MFN-3 

with increasing Fe/Ni ratios in the 2.0–4.0 V range. However, when cycled in the broader 

voltage range of 2.0 – 4.4 V, the ICE decreases for all samples. For instance, it drops from 

98.5% to 89.8% for MFN-3 and from 95.3% to 79.3% for MFN-1, primarily due to partially 

irreversible redox reactions occurring above 4.0 V, as evidenced by the GCD and dQ/dV 

profiles shown in Fig. 5 (c) and (d) [24]. Above 4.0 V, the dQ/dV profiles reveal two distinct 

oxidation peaks, 4.02 and 4.23 V in MFN-1; 4.09 and 4.23 V in MFN-2; 4.03 and 4.23 V in 

MFN-3; 4.16 and 4.23 V in MFN-4; and 4.14 and 4.23 V in MFN-5. While the peak at ~ 4.23 



V is common to all compositions and associated with high-voltage redox activity, the lower-

voltage peaks (~ 4.02 – 4.16 V) vary with composition and are most prominent in MFN-1 and 

MFN-2. Given the low Fe content (~ 3%) in these two samples, the pronounced oxidation 

features at ~ 4.02 and 4.09 V cannot be solely attributed to Fe redox [19, 43]. Instead, these 

peaks can be assigned to several processes, such as a phase transition from P to O type, [44, 

45] the formation of new phases (OP4 and/or Z phase) [26, 46, 47], or contributions from 

anionic redox of lattice oxygen, likely involving oxygen oxidation and possible O2 evolution 

(O2−/O2n−/O2). This is further supported by the presence of a flat charge plateau at high voltage 

and a sloping, less pronounced plateau during discharge (a typical feature of irreversible 

anionic redox) [48]. For MFN-1 and MFN-2, the high-voltage redox processes contribute 

capacities of ~ 46 and 84 mAh g-1, respectively, during the first charging. The corresponding 

discharge capacities from these plateaus are significantly lower, contributing only ~ 8 and 

20 mAh g-1 for MFN-1 and MFN-2, respectively. 

In MFN-3, the initial charge process exhibits two distinct high-voltage oxidation peaks at 4.03 

and 4.23 V. During discharge, however, the two expected reduction peaks merge into a single 

broad feature. In subsequent cycles, the first oxidation peak, originally observed at 4.03 V, 

shifts to a higher potential around 4.15 V, and both oxidation peaks coalesce into a broad peak 

centered at ~ 4.19 V. The corresponding reduction process also manifests as a broad peak near 

3.99 V, indicating a less reversible and more diffuse redox process compared to the first cycle. 

MFN-5 displays two well-resolved reduction peaks at 4.04 and 3.95 V in the first cycle. Upon 

further cycling, the first oxidation peak shifts slightly to ~ 4.16 V but remains distinguishable, 

appearing as a shoulder before the second oxidation peak. The reduction peaks also remain 

separate, observed at 4.01 and 3.92 V in subsequent cycles. During charging, the high-voltage 

redox processes contribute 39 mAh g-1 for MFN-3 and 49 mAh g-1 for MFN-5, while discharge 

capacities are 23 mAh g-1 and 32 mAh g-1, respectively. This behavior suggests a more 

reversible and stabilized redox process in MFN-5 compared to MFN-3. Ex situ XPS analysis 

was conducted to correlate these voltage-dependent redox features with Fe redox activity (Fig. 

S5 (Supplementary  Material)). In MFN-3, the Fe redox contribution is negligible in the 2.0 – 

4.0 V range and increases to ~ 0.07 Fe (~ 17.7 mAh g-1) in the 2.0 – 4.4 V range. In contrast,  

MFN-5 exhibits a Fe redox activity of ~ 0.07 Fe (~ 17.7 mAh g-1) in the 2.0 – 4.0 V and ~ 0.16 

Fe (~ 40.3 mAh g-1) in the 2.0 – 4.4 V range. These observations collectively indicate that 

increasing Fe content contributes to the stabilization of anionic redox activity. This stabilization 

may arise from competitive interactions between Fe and O redox processes. In Fe-containing 



layered oxides, it has been reported that the charge compensation sequence during charging is 

altered, with Fe4+ reduction occurring first, followed by redox activity from oxygen and Ni at 

higher sodium contents [19, 20].  

 

Fig. 5. (a,c) GCD curves and (b,d) dQ/dV profiles of the 1st, 2nd, and 5th cycles for MFN 

samples in the 2.0 – 4.0 V and 2.0 – 4.4 V ranges. 

Another notable observation concerns the activation of Mn redox under different voltage 

windows. When cycled within the 2.0 – 4.0 V range, Mn4+ is reduced to Mn3+ after the initial 

charge, leading to the activation of the Mn redox couple in subsequent cycles. The activation 

of Mn is not desirable for long-term cycling, where the involvement of Jahn-Teller active Mn3+ 

ions is detrimental for cyclability [9, 40]. Cycling within the broader 2.0 – 4.4 V range 

significantly suppresses Mn redox activity. This is evident from the diminished Mn-related 

plateaus in the GCD curves and the weak corresponding features in the dQ/dV profiles. 

Interestingly, MFN-4, with the highest Fe/Ni ratio, exhibits a distinct behavior. Regardless of 

the voltage window, Mn4+ is reduced to Mn3+ during the first discharge, leading to Mn redox 

activation in the following cycles. The capacity obtained from Mn4+ reduction is ~ 40 mAh g-

1 and corresponds to ~ 0.15 extra Na insertion in the material. Decreasing Ni content shifts the 

redox voltage for Mn activation to higher values. Additionally, MFN-4 displays only a subtle 

oxidation peak at ~ 4.16 V and a merged reduction peak at ~ 3.9 V. These results suggest that 



the activation of Mn redox may suppress high-voltage redox activity, potentially due to the 

preferential involvement of Mn in the redox compensation mechanism [25]. 

The average potential is a key parameter influencing the overall energy density of the cathode 

material. For layered oxide cathodes, the average discharge voltage generally ranges from 2.3 

to 3.4 V. Cathodes containing high-voltage redox-active transition metals, such as Ni and Fe, 

tend to exhibit higher average voltages [49]. The average voltage values and the corresponding 

specific energies (at the cathode level) of the MFN samples are given in Table 2. The lower 

average voltage of MFN-4 is attributed to the activation of the Mn4+/Mn3+ redox couple, which 

occurs during the first discharge and contributes to sustained capacity in subsequent cycles. 

This redox activity takes place at lower potentials and dominates over high-voltage processes, 

effectively lowering the average voltage. The values of specific energies are higher in the wider 

voltage range due to the higher specific capacities and the elevated average voltages in the 2.0 

– 4.4 V range. The highest specific energy approaches ~ 500 Wh kg-1 for MFN-5.  

Table 2. A comparison of the electrochemical performance of MFN samples. 

Sample ICE (%) 

Average 

voltage 

(V) 

Specific 

energy 

(Wh kg-1) 

Capacity 

retention at 

0.2C (of the 

capacity at 

0.1C) (%) 

Capacity 

retention at 

1C (of the 

capacity at 

0.1C) (%) 

Capacity 

retention 

(%) after 

100 cycles 

2.0 – 4.0 V 

MFN-1 95.3 3.02 308.0 83.00 28.32 76.47 

MFN-2 77.7 3.26 306.0 84.95 38.71 77.50 

MFN-3 98.5 3.17 326.5 90.90 62.56 99.0 

MFN-4 166.0 2.28 200.6 89.28 53.57 62.16 

MFN-5 95.6 3.10 334.8 88.23 62.75 88.89 

2.0 – 4.4 V 

MFN-1 79.3 3.02 329.2 68.62 21.16 52.17 



MFN-2 75.4 3.28 492.0 75.18 6.98 58.31 

MFN-3 89.8 3.19 427.5 90.40 44.72 88.69 

MFN-4 215.1 2.64 300.9 79.09 30.00 63.21 

MFN-5 91.8 3.27 500.3 90.00 41.33 92.59 

 

The rate capability of MFN cathodes was systematically investigated at varying C-rates within 

the 2.0 – 4.0 V and 2.0 – 4.4 V windows. The specific capacities obtained at different C-rates 

are presented in Fig. 6 (a, b), with corresponding capacity retentions summarized in Table 2. A 

progressive decrease in discharge capacity is observed with increasing C-rate for all 

compositions. Notably, upon returning to lower rates, the initial discharge capacities are 

recovered, indicating that the capacity losses are predominantly reversible. As expected, the 

broader voltage window (2.0 – 4.4 V) yields higher specific capacities. Among the 

compositions, MFN-3 and MFN-5, with elevated Fe/Mn ratios, demonstrate superior rate 

performance, retaining ~ 62% of the specific capacity at 1C compared to the capacity at 0.1C. 

The superior rate performance of MFN-3 and MFN-5 correlates strongly with structural 

characteristics, where enhanced Na+ diffusion kinetics are associated with wider Na-O2 layer 

spacings resulting from increased Fe/Mn content. Additionally, SEM images reveal that MFN-

3 and MFN-5 consist of well-defined particles with reduced agglomeration, which likely 

contributes to more efficient electrolyte wetting and shorter diffusion pathways. Although 

MFN-4 exhibits expanded Na-O2 layer spacing, its rate performance is notably poor. This is 

attributed to its distinct morphology, characterized by thin, hexagonal plate-like particles with 

high aspect ratios. Such morphology can impede Na+ transport, offsetting the potential 

advantages of increased interlayer distance.  

The effect of varying Fe/Mn and Fe/Ni ratios on the cyclic stability of MFN cathodes was 

evaluated in the 2.0 – 4.0 V and 2.0 – 4.4 V windows. Fig. 6 (c, d) shows the specific capacities 

measured at 0.2C, while Fig. S6 (Supplementary Material) provides the GCD profiles for the 

1st, 5th, 50th, and 100th cycles. Table 2 summarizes the corresponding capacity retentions after 

100 cycles. In the 2.0 – 4.0 V range, the capacity retention ranges from ~ 76% to ~ 99%. Along 

the constant Ni line, increasing the Fe/Mn ratio initially improves capacity retention from 

76.47% in MFN-1 to 99% in MFN-3, before slightly decreasing to ~ 88.9% in MFN-5. Along 



the constant Mn line, a similar trend is observed where the capacity retention first improves 

from MFN-2 to MFN-3, but drops sharply to ~ 62.6% for MFN-4. This decline is attributed to 

the activation of Jahn–Teller active Mn3+ ions, as evidenced by the GCD results showing Mn4+ 

reduction in MFN-4 after the initial charge. This reduction triggers Mn redox in subsequent 

cycles, a process known to cause structural distortion and capacity fading. 

When cycled in the broader 2.0 – 4.4 V window, the MFN samples exhibit varied cyclic 

stabilities. The cyclic performance curves for MFN-1 and MFN-2 show a rapid decay in 

specific capacity after only a few cycles of steady performance, consistent with rapid structural 

degradation due to the high voltage redox reactions and potential anionic redox in these 

cathodes with cycling. MFN-3, which showed nearly full retention when cycled in the 2.0 – 

4.0 V range, maintains 88.69% retention in the broader voltage range. This is attributed to the 

structural transformations occurring at higher voltages, which will be discussed later. 

 

Fig. 6. Rate performance of MFN samples in (a) 2.0 – 4.0 V and (b) 2.0 – 4.4 V. Cyclability 

of MFN samples in (c) 2.0 – 4.0 V and (d) 2.0 – 4.4 V ranges. 

Notably, MFN-5 shows improved cycling performance in the wider voltage range, retaining 

92.6% of its capacity, higher than in the 2.0 – 4.0 V range. This result aligns with GCD and 

dQ/dV profiles, which reflect minimal voltage hysteresis and sustained electrochemical activity 

upon cycling. The enhanced long-term stability of MFN-5 is likely driven by its reversible and 

well-stabilized high-voltage redox processes. These findings are further supported by operando 

Synchrotron XRD (discussed later), which confirms structural stability during cycling. 



Interestingly, the capacity retention of MFN-4 in the wider voltage window is similar to that in 

the 2.0 – 4.0 V. Previous reports suggest that the activation of the Mn3+/Mn4+ redox couple at 

lower voltages is less detrimental to capacity retention than the high-voltage activation of Ni 

and anionic redox processes [25]. In this case, the similar retention across both voltage 

windows may arise from the suppression of high-voltage redox by activated Mn redox, as 

supported by the GCD results. Additionally, Fe redox may contribute to stabilizing Ni and 

anionic redox processes at high voltages, consistent with earlier studies [19, 41]. 

The Na-ion diffusion coefficient (DNa⁺) for the MFN cathodes was determined using the 

galvanostatic intermittent titration technique (GITT) in the 2.0 – 4.0 and 2.0 – 4.4 V ranges 

(Fig. S7). Prior to measurement, the cells underwent a formation cycle. During the GITT 

procedure, a constant current pulse at 0.1C was applied for 10 minutes, followed by a 30-

minute rest period to allow the system to reach a near-equilibrium state. The diffusion behavior 

was analyzed based on Fick’s first law, and DNa⁺ values were calculated using the equation 5. 

[50] 
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where: 

τ is the duration of the constant current pulse, 

mB is the active material loading on the cathode, 

Vm is the molar volume of the material, 

MB is the molecular weight of the material, 

S is the surface area of the cathode, 

ΔEτ is the voltage change during the current pulse, 

ΔES is the voltage change when the material reaches equilibrium. 

The calculated DNa+ values for all samples in 2.0 – 4.0 V and the 2.0 – 4.4 V ranges are given 

in Table S9 (Supplementary Material). In the 2.0 – 4.0 V range, MFN-3 exhibits the highest 

diffusion coefficients, ranging from 3.59 × 10-10 to 2.97 × 10-9 cm2 s-1, consistent with its 

outstanding rate capability and cycling stability. Upon extending the voltage window to 4.4 V, 

a general decrease in diffusion coefficients is observed across all samples due to the slower 



kinetics in this region. Notably, MFN-5 maintains relatively high diffusion coefficients (2.46 × 

10-11 to 1.19 × 10-9 cm2 s-1) even in the wider voltage range, aligning with its superior high-

voltage cyclability. In contrast, MFN-2 exhibits severely reduced diffusion kinetics (5.16 × 10-

13 to 1.88 × 10-10 cm2 s-1), consistent with its poor structural stability and rapid capacity fade 

during cycling. 

3.3. Operando Synchrotron XRD 

The enhanced structural stability of MFN-5 and the detrimental influence of high-voltage redox 

activity on layered oxide structure were elucidated through operando Synchrotron XRD. The 

Synchrotron XRD patterns were recorded for MFN-2, MFN-3, and MFN-5 cells while cycling 

at a charge/discharge rate of 0.2 C between 2.0 and 4.4 V. Synchrotron XRD profiles for MFN-

5 are shown in Fig. 7, with corresponding data for MFN-2 and MFN-3 presented in Figs. S6-

S7 (Supplementary Material). These cathodes undergo a range of phase transitions, which vary 

across compositions depending on their transition metal ratios and initial phase fractions. 

MFN-5, which exhibits a biphasic P2/O3 structure in the pristine state, displays sequential 

transformations in both phases at different states of charge and discharge. During charging, the 

(003) and (006) reflections of the O3 phase shift to higher angles, indicating increased 

electrostatic repulsion between oxygen layers upon Na+ extraction, a characteristic feature of 

layered oxides. The O3 phase subsequently transforms into a monoclinic O3′ phase, as 

confirmed by the splitting of the (104)hex peak of the O3 phase into (202+)mon and (111)mon 

reflections of the O3′ phase (Fig. S8 (Supplementary Material)) [51]. This intermediate O3′ 

phase further evolves into a P3 phase. Concurrently, the P3 phase begins transforming into a 

P3′ phase, evidenced by the splitting of the (105)hex peak of the P3 phase into (201)mon and 

(112+)mon peaks in the P3' phase, and a decrease in the (104)/(015) intensity ratio to ˂ 1 (Fig. 

S8 (Supplementary Material)).[31, 51] This P3 → P3′ transition is also observed in the 

monophasic P3 systems MFN-2 and MFN-3 at voltages < 4 V. Such transformations (O3 → 

O3′ → P3 and P3 → P3′), and their reversibility, have been widely reported for O3 and P3-type 

sodium layered oxides [6, 52, 53].  



 

Fig. 7. (a) Operando Synchrotron XRD of MFN-5. Magnified view of (b) (003)P3 & 

(003)O3, (c) (104)O3 & (015)P3 peaks of MFN-5 showing various phase transformations in 

the material. (d) The corresponding GCD curve. 

Accordingly, the focus of this study is on the phase transformations occurring above 4 V and 

their implications on the electrochemical properties of the materials. In MFN-2, an increase in 

(104) peak intensity (I104) and the simultaneous decrease in I015 results in a (104)/(015) ratio > 

1, indicating the re-emergence of the O3 phase [45, 54, 55]. A complete transformation to the 

O3 phase is observed above 4.2 V (Fig. S9 (b)). Upon discharge, the material reverts to the P3 

phase via a P3′ intermediate, suggesting a reversible P3 ↔ P3′ ↔ O3 transformation. MFN-3 

displays a high-voltage transition to a P3″ phase beyond 4.1 V, characterized by broadening of 

the (003) peak as indicated in Fig. S10 (b) [51]. The P3″ phase subsequently reverts to the P3 

phase through P3′ during discharge, indicative of a reversible P3 ↔ P3′ ↔ P3″ transformation. 

In MFN-5, both O3 and P3″ phases are present at high voltage, as evidenced by the emergence 

of the (104)O3 reflection. Concomitantly, the (003) peak also shifts to higher angles, indicating 

a reduction in the c parameter (Fig. 7 (a)). Upon discharge, MFN-5 undergoes a reversible 

transformation back to the original biphasic P3/O3 structure. 

Quantitative analysis of the variations in the lattice parameters of MFN cathodes was 

performed via Le Bail refinement of operando Synchrotron XRD data at different states of 

charge and discharge. The variations of the lattice parameters during charging/discharging are 

presented in Tables S10-S12 (Supplementary Material). The change in the c parameter (∆𝑐 =



!!.!#"!$.%#
!!.!#

× 100%) of the is ~ 1.47% for MFN-2, ~1.18% for MFN-3 (both in the P3 phase), 

and −1.81% (O3) and +1.00% (P3) for MFN-5 during discharge from 4.4 V to 2.0 V. 

3.4. Discussion 

The electrochemical, structural, and redox analyses collectively reveal the critical role of phase 

evolution and compositional tuning in dictating the cycling stability of the MFN cathodes. 

Operando Synchrotron XRD demonstrates a clear P3 → P3′ phase transition for MFN-2 and 

MFN-3 within the 2.0 – 4.0 V range. In the P3′ phase, all Na ions occupy one prismatic site, 

which is surrounded by TM-O6 octahedra sharing a face on one side and edges on the other 

[56]. The relatively modest in-plane distortion associated with the P3′ structure, compared to 

the monoclinic distortions in O3′ and P3″ phases, confers MFN-3 with superior structural 

stability [51]. This stabilization accounts for the remarkable cycling performance of MFN-3 in 

the 2.0 – 4.0 V range, outperforming all other samples. Although MFN-2 also undergoes a P3 

→ P3′ transition, its minimal Fe content triggers additional redox activity at potentials below 

4.0 V, as evidenced by GCD and dQ/dV analyses. This leads to structural destabilization, 

contributing to the inferior cyclability of MFN-2 relative to MFN-3. 

Beyond 4.0 V, MFN-3 undergoes a transformation from the stable P3′ phase to a less stable P3ʺ 

phase, which induces lattice strain, contributing to structural instability. MFN-5, in contrast, 

demonstrates outstanding cycling stability over an extended 2.0 – 4.4 V window, attributed to 

the synergistic interplay between its biphasic P3/O3 structure and Fe-mediated redox 

stabilization. The coexisting phases induce the interlocking effect, which buffers the internal 

strain generated during cycling and prevents excessive strain accumulation and lattice collapse. 

Simultaneously, the increased Fe content in MFN-5 appears to contribute significantly to 

chemical stabilization. Fe4+ formation during charge effectively competes with the oxygen 

redox, delaying or even suppressing irreversible oxygen loss that often triggers structural 

degradation. During discharge, Fe redox precedes the O-redox and ensures that any oxygen 

redox activity occurs in a more controlled and reversible manner [19, 57, 58]. These findings 

are further supported by ex situ XPS analysis, which confirms greater Fe redox participation in 

MFN-5, particularly above 4.0 V. This earlier onset of Fe4+ formation in MFN-5 supports a 

redox sequence that stabilizes high-voltage processes by reducing anionic redox. In contrast, 

MFN-3 shows a higher oxygen participation at elevated voltages, which contributes to lattice 

strain and poorer reversibility. The enhanced Fe activity in MFN-5 promotes a redox 

environment that suppresses anionic redox activity and supports structural stability, 



complementing the strain-buffering effect of the biphasic P3/O3 framework. Thus, MFN-5 

benefits from a dual-stabilization mechanism: lattice strain mitigation via structural 

interlocking and chemical stabilization through Fe redox. This synergistic approach enhances 

the structural integrity of the cathode and significantly improves its high voltage cycling 

performance. 

3.5. Full cell 

Full cells were assembled using MFN-5 as the cathode and hard carbon as the anode material. 

Before integration, the hard carbon anode was cycled twice in a half-cell configuration with 

sodium metal as the counter electrode. The cycled hard carbon was then recovered by 

decrimping the cell and employed in the full-cell assembly. The anode-to-cathode capacity ratio 

(N/P ratio) was optimized to 0.9, based on prior studies and the half-cell performance of both 

electrodes [59]. The hard carbon anode delivered a specific capacity of ~ 259 mAh g-1 in the 

second cycle Fig. 8(a)).  

The full cell was cycled at 0.1C in a voltage window of 1.0 to 4.0 V, achieving a specific 

capacity of ~ 86 mAh g−1 (based on the active mass of the cathode) with an average discharge 

voltage of ~ 3.2 V (Fig. 8 (b)). The system exhibited a notable rate capability, retaining ~ 75% 

discharge capacity at 0.5C of the capacity at 0.1C (Fig. 8(c)). At 0.2C, the full cell delivered an 

initial discharge capacity of 77.4 mAh g-1, with 64.6 mAh g-1 remaining after 100 cycles, 

corresponding to 83.1% capacity retention (Fig. 8(d)). To further investigate the high-voltage 

behavior of MFN-5 in a full-cell configuration, additional tests were conducted in the 1.0 – 4.2 

V range (Fig. S11, Supplementary Material). The cell delivered a specific capacity of ~94.1 

mAh g-1 with 79.7% capacity retention after 50 cycles. These results demonstrate that MFN-5 

based full cells, with a high operating voltage and stable cyclic performance, are promising for 

practical Na-ion battery applications. 



 

Fig. 8. (a) Charge-discharge curve of hard carbon versus Na metal, (b) The 1st, 2nd, and 5th 

cycle GCD curves of full cell with MFN-5 cathode and HC anode at 0.1C, (c) Rate 

performance of MFN-5||HC full cell at various C-rates, and (d) Cyclic performance of MFN-

5||HC full cell at 0.2C for 100 cycles. 

4. CONCLUSIONS 

This work presents a detailed investigation into the structural and electrochemical behavior of 

various compositions in Na0.8(Mn–Fe–Ni)O2 system with varying Fe/Mn and Fe/Ni ratios in 

the 2.0 – 4.0 V and 2.0 – 4.4 V ranges. Structural analysis confirms a dominant P3-type layered 

structure in all samples, with MFN-5 having the highest Fe/Mn ratio, exhibiting a biphasic 

P3/O3 configuration (~ 24% O3). Rietveld refinement shows a systematic expansion of the c 

parameter and Na layer spacing with increasing Fe/Mn and Fe/Ni ratio, while EXAFS at the 

Mn K-edge indicates Mn–O bond shortening, indicating stronger TM–O interactions. FESEM 



images reveal spheroidal particles, with increasing Fe/Ni ratio leading to larger average particle 

sizes, and MFN-4 uniquely displaying coexisting plate-like particles. HRTEM and SAED 

further confirm well-ordered P3-type frameworks and reveal distinct superlattice 

configurations (2√3 × 2√3)-R30° and (√3 × √3)-R30°) dependent on Fe content, 

highlighting the influence of transition metal composition on local ordering. 

All MFN samples exhibited increased specific capacity in the 2.0 – 4.4 V range. MFN-5 

achieved the highest capacity of 153 mAh g-1 in the 2.0 – 4.4 V range, yielding a cathode-level 

specific energy of ~ 500 Wh kg-1 and an average voltage of 3.27 V. Importantly, MFN-5 also 

exhibits superior long-term cyclability in this extended range, retaining 92.6% capacity after 

100 cycles. This is attributed to a favorable redox sequence in which more Fe3+/4+ activate prior 

to oxygen during charging, delaying anionic redox and structural degradation. MFN-3 stands 

out as the most stable composition in the narrower 2.0 – 4.0 V range, retaining 99% capacity 

over 100 cycles at 0.2C, the best among all samples. This exceptional stability is linked to a 

reversible P3 → P3′ transition and the suppression of oxygen redox below 4.0 V, enabling 

highly reversible Ni and Fe redox without structural degradation. 

Operando Synchrotron XRD studies provide a structural basis for these electrochemical trends. 

MFN-5 exhibits reversible phase transitions with minimal lattice strain (∆c = −1.81% for O3 

and +1.00% for P3), enabled by the phase interlocking between the P3 and O3 phases. This 

structural synergy stabilizes the cathode during extended cycling and correlates directly with 

preserved redox features and minimal voltage hysteresis. Full-cell testing with MFN-5 as the 

cathode and hard carbon anode validates its practical potential, achieving 86 mAh g-1 at 0.1C, 

a median discharge voltage of 3.2 V, and 83.1% retention over 100 cycles at 0.2C. In summary, 

this study demonstrates that careful tuning of Fe/Mn and Fe/Ni ratios enables control over 

redox behavior and structural transformations in MFN cathodes. MFN-5, with its superior high-

voltage redox performance and dual stabilization mechanisms, namely Fe-mediated redox 

buffering and P3/O3 phase interlocking, provides a way forward for designing durable, energy-

dense sodium-ion batteries. 
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Fig. S1. Compositions selected to represent variations along Fe/Mn and Fe/Ni ratio lines and 

their abbreviations. 

  



 
 

 

Fig. S2. (a) XRD patterns of the MFN samples calcined at 650 ℃, (b) Magnified view of 

P3(003) & O3(003) peaks, and (c) O3(104) & P3(015) peaks. 

  



 
 

 

Fig. S3. Comparison of the (003) peak positions of different MFN samples. 

  



 
 

 

Fig. S4. Fourier transformation of the EXAFS spectra along with the fitting profiles (fitting 

range of 1–3.8 Å) of (a) MFN-1, (b) MFN-2, (c) MFN-3, and (d) MFN-4 at the Mn K-edge. 

  



 
 

 

Fig. S5. Ex situ XPS Fe 2p spectra of (a) MFN-3 charged to 4.0 V (MFN-3-Ch-4.0) and 

discharged to 2.0 V (MFN-3-Dis-2.0), (b) MFN-3 charged to 4.4 V (MFN-3-Ch-4.4) and 

discharged to 2.0 V (MFN-3-Dis-2.0), (c) MFN-5 charged to 4.0 V (MFN-5-Ch-4.0) and 

discharged to 2.0 V, (MFN-5-Dis-2.0), and (d) MFN-5 charged to 4.4 V (MFN-5-Ch-4.4) and 

discharged to 2.0 V (MFN-5-Dis-2.0).  



 
 

 

Fig. S6. GCD curves of the 1st, 5th, 50th, and 100th cycles for MFN samples in the (a) 2.0 – 4.0 

V and (b) 2.0 – 4.4 V ranges. 

  



 
 

 

Fig. S7. GITT profiles of MFN samples at 0.1C along with the variations in diffusion 

coefficients during charge-discharge in the (a-e) 2.0 – 4.0 V and (f-g) 2.0 – 4.4 V ranges.  



 
 

 

Fig. S8. Monoclinic distortions of the O3 (O3') and P3 (P3') phases. 

  



 
 

 

 

Fig. S9. (a) Operando Synchrotron XRD of MFN-2. Magnified view of (b) (104)O3 & (015)P3 

peaks of MFN-2 showing various phase transformations in the material. (c) Corresponding 

GCD curve showing various states of charge/discharge. 

  



 
 

 

Fig. S10. (a) Operando Synchrotron XRD of MFN-3. Magnified view of (b) (003)P3 peak of 

MFN-3 showing various phase transformations in the material. (c) Corresponding GCD curve 

showing various states of charge/discharge. 

  



 
 

 

Fig. S11. Full-cell cycling performance of MFN-5 in the 1.0 – 4.2 V range. 

  



 
 

Table S1. The chemical compositions of the as-prepared samples estimated by inductively 

coupled plasma optical emission spectroscopy (ICP-OES).  

Sample 
Nominal composition Estimated compositions 

Na/ Mn/ Fe/ Ni Na/ Mn/ Fe/ Ni 

MFN-1 0.8/0.75/0.03/0.22 0.805/0.746/0.028/0.219 

MFN-2 0.8/0.64/0.03/0.33 0.798/0.642/0.026/0.331 

MFN-3 0.8/0.64/0.14/0.22 0.799/0.639/0.145/0.223 

MFN-4 0.8/0.64/0.25/0.11 0.803/0.637/0.248/0.109 

MFN-5 0.8/0.53/0.25/0.22 0.802/0.526/0.252/0.217 

 

  



 
 

Tables S2-S6. Crystallographic parameters of MFN samples obtained from Rietveld refinement 

of room temperature XRD data. 

S2: MFN-1 

P3 (Space Group: R3m) 

Atom x y z Occupancy Site 

Na 0 0 0.171 ± 0.005 0.80 3a 

Mn/Fe/Ni 0 0 0 0.75/0.22/0.03 3a 

O1 0 0 0.401 ± 0.003 1 3a 

O2 0 0 0.599 ± 0.003 1 3a 

S3: MFN-2 

P3 (Space Group: R3m) 

Atom x y z Occupancy Site 

Na 0 0 0.170 ± 0.005 0.80 3a 

Mn/Fe/Ni 0 0 0 0.64/0.33/0.03 3a 

O1 0 0 0.401 ± 0.002 1 3a 

O2 0 0 0.599 ± 0.002 1 3a 

S4: MFN-3 

P3 (Space Group: R3m) 

Atom x y z Occupancy Site 

Na 0 0 0.170 ± 0.007 0.80 3a 

Mn/Fe/Ni 0 0 0 0.64/0.22/0.14 3a 

O1 0 0 0.399 ± 0.002 1 3a 

O2 0 0 0.601 ± 0.002 1 3a 

S5: MFN-4 

P3 (Space Group: R3m) 

Atom x y z Occupancy Site 

Na 0 0 0.171 ± 0.006 0.80 3a 

Mn/Fe/Ni 0 0 0 0.64/0.11/0.25 3a 

O1 0 0 0.399 ± 0.002 1 3a 

O2 0 0 0.601 ± 0.002 1 3a 



 
 

S6: MFN-5 

P3 (Space Group: R3m) 

Atom x y z Occupancy Site 

Na 0 0 0.172 ± 0.004 0.80 3a 

Mn/Fe/Ni 0 0 0 0.53/0.22/0.25 3a 

O1 0 0 0.398 ± 0.003 1 3a 

O2 0 0 0.602 ± 0.003 1 3a 

O3 (Space Group: R𝟑"m) 

Atom x y z Occupancy Site 

Na1 0 0 ½ 0.80 3b 

Mn/Fe/Ni 0 0 0 0.53/0.22/0.25 3a 

O 0 0 0.26 ± 0.01 1 6c 

 

  



 
 

Table S7. Transition metal layer and sodium layer spacings in the P3 and O3 phases calculated 

from the refinement data 

Sample Phase STM-O2 (Å) SNa-O2 (Å) 

MFN-1 P3 2.2694 3.3203 

MFN-2 P3 2.2696 3.3206 

MFN-3 P3 2.2049 3.3914 

MFN-4 P3 2.2073 3.3950 

MFN-5 
P3 2.1713 3.4280 

O3 2.1068 3.3512 

  



 
 

Table S8. Mn³⁺/Mn⁴⁺ ratios for the MFN samples, obtained by fitting of the Mn 2p XPS 

spectra  

Sample Mn3+: Mn4+ 

MFN-1 45:55 

MFN-2 17:83 

MFN-3 34:66 

MFN-4 52:48 

MFN-5 21:79 

 

  



 
 

Table S9. The range of diffusion coefficients of MFN samples. 

Sample 

Diffusion coefficient 
(DNa+) 

(cm2 s-1) 

2.0 – 4.0 V range 

Diffusion coefficient 
(DNa+) 

(cm2 s-1) 

2.0 – 4.4 V range 

MFN-1 7.99 × 10-11 – 1.28 × 10-9 2.63 × 10-12 – 5.79 10-10 

MFN-2 5.85 × 10-12 – 8.45 × 10-10 5.16 × 10-13 – 1.88 10-10 

MFN-3 3.59 × 10-10 – 2.97 10-9 1.72 × 10-11 – 1.04 10-9 

MFN-4 5.99 × 10-12 – 5.07 × 10-9 9.85 × 10-12 – 2.14 × 10-9 

MFN-5 4.02 × 10-12 – 4.07 × 10-10 2.46 × 10-11 – 1.19 × 10-9 

 

  



 
 

Table S10. The lattice parameters of various phases in MFN-5 during charge-discharge. 

Voltage Space 
group a (Å) b (Å) c (Å) β (°) 

Ch. – 2.1 V 

R3m 2.8875 ± 
0.0002   

2.8875 ± 
0.0002   

16.810 ± 
0.003 0 

𝑅3%𝑚 2.9461 ± 
0.0003  

2.9461 ± 
0.0003  

16.355 ± 
0.004 0 

Ch. – 3.0 V 

R3m 2.8820 ± 
0.0002 

2.8820 ± 
0.0002 

16.816 ± 
0.003 0 

C2/m 4.997 ± 
0.002 

2.928 ± 
0.002 5.98 ± 0.05 110.5 ± 0.5 

Ch. – 3.5 V 

R3m 2.8690 ± 
0.0002 

2.8690 ± 
0.0002 

16.829 ± 
0.002 0 

C2/m 4.964 ± 
0.001 

2.733 ± 
0.004 6.13 ± 0.01 110.0 ± 0.2 

Ch. – 3.8 V 

C2/m 4.869 ± 
0.003 

2.720 ± 
0.003 6.20 ± 0.01 109.5 ± 0.2 

𝑅3%𝑚 2.8656 ± 
0.0005  

2.8656 ± 
0.0005  

16.843 ± 
0.001 0 

Ch. – 4.1 V 

𝑅3%𝑚 
(P3”) 

2.8489 ± 
0.0004  

2.8489 ± 
0.0004  

16.889 ± 
0.002 0 

𝑅3%𝑚 
(O3) 

2.865 ± 
0.001  

2.865 ± 
0.001  

16.127 ± 
0.004 0 

Ch. – 4.4 V 

𝑅3%𝑚 
(P3”) 

2.8485 ± 
0.0007  

2.8485 ± 
0.0007  

16.934 ± 
0.001 0 

𝑅3%𝑚 
(O3) 

2.857 ± 
0.002  

2.857 ± 
0.002  

15.98 ± 
0.01 0 



 
 

Dis. – 3.6 V 

𝑅3%𝑚 
(P3”) 

2.8492 ± 
0.0006  

2.8492 ± 
0.0006  

16.9310 ± 
0.0006 0 

𝑅3%𝑚 
(O3) 

2.866 ± 
0.002  

2.866 ± 
0.002  

16.06 ± 
0.02 0 

Dis. – 3.3 V 

C2/m 4.890 ± 
0.001 

2.708 ± 
0.002 

6.241 ± 
0.003 108.1 ± 0.1 

R3m 2.875 ± 
0.001 

2.875 ± 
0.001 

16.921 ± 
0.005 0 

Dis. – 2.9 V 

R3m 2.8874 ± 
0.0006 

2.8874 ± 
0.0006 

16.848 ± 
0.003 0 

C2/m 5.012 ± 
0.003 

2.843 ± 
0.004 6.17 ± 0.01 110.6 ± 0.3 

Dis. – 2.3 V 

R3m 2.892 ± 
0.001   

2.892 ± 
0.001   

16.814 ± 
0.001 0 

𝑅3%𝑚 2.889 ± 
0.006  

2.889 ± 
0.006  

16.15 ± 
0.06 0 

Dis. – 2.0 V 

R3m 2.899 ± 
0.001   

2.899 ± 
0.001   

16.76 ± 
0.01 0 

𝑅3%𝑚 2.944 ± 
0.001  

2.944 ± 
0.001  

16.27 ± 
0.01 0 

 

  



 
 

Table S11. The lattice parameters of various phases in MFN-2 during charge-discharge. 

Voltage Space 
group a (Å) b (Å) c (Å) β (°) 

Ch. – 2.1 V R3m 2.8884 ± 
0.0003 

2.8884 ± 
0.0003 

16.775 ± 
0.003 0 

Ch. – 3.5 V R3m 2.8781 ± 
0.0003 

2.8781 ± 
0.0003 

16.794 ± 
0.001 0 

Ch. – 3.7 V 

R3m 2.8560 ± 
0.0001 

2.8560 ± 
0.0001 

16.852 ± 
0.002 0 

C2/m 5.081 ± 
0.003 

2.707 ± 
0.005 6.17 ± 0.01 110.8 ± 0.3 

Ch. – 4.0 V 

R3m 2.8540 ± 
0.0001 

2.8540 ± 
0.0001 

16.885 ± 
0.002 0 

C2/m 5.025 ± 
0.004 

2.700 ± 
0.006 6.18 ± 0.02 108.2 ± 0.4 

Ch. – 4.3 V 

C2/m 5.020 ± 
0.004 

2.688 ± 
0.002 

6.236 ± 
0.003 106.7 ± 0.1 

𝑅3%𝑚 2.8481 ± 
0.0004  

2.8481 ± 
0.0004  

16.982 ± 
0.003 0 

Ch. – 4.4 V 𝑅3%𝑚 2.8466 ± 
0.0003  

2.8466 ± 
0.0003  

17.016 ± 
0.001 0 

Dis. – 3.9 V 𝑅3%𝑚 2.8475 ± 
0.0003  

2.8475 ± 
0.0003  

17.011 ± 
0.001 0 

Dis. – 3.6 V 

𝑅3%𝑚 2.8523 ± 
0.0004  

2.8523 ± 
0.0004  

16.988 ± 
0.004 0 

C2/m 5.0263 ± 
0.0004 

2.692 ± 
0.001 

6.2492 ± 
0.0005 106.9 ± 0.1 



 
 

Dis. – 3.3 V 

C2/m 5.070 ± 
0.005 

2.702 ± 
0.001 6.16 ± 0.03 108.7 ± 0.7 

R3m 2.8560 ± 
0.0002 

2.8560 ± 
0.0002 

16.887 ± 
0.001 0 

Dis. – 3.1 V 

C2/m 5.086 ± 
0.006 

2.703 ± 
0.002 6.15 ± 0.03 110.1 ± 0.8 

R3m 2.8562 ± 
0.0002 

2.8562 ± 
0.0002 

16.881 ± 
0.004 0 

Dis. – 2.9 V 

C2/m 5.104 ± 
0.007 2.71 ± 0.02 6.12 ± 0.03 110.5 ± 0.4 

R3m 2.8595 ± 
0.0002 

2.8595 ± 
0.0002 

16.858 ± 
0.003 0 

Dis. – 2.4 V R3m 2.8702 ± 
0.0001 

2.8702 ± 
0.0001 

16.807 ± 
0.001 0 

Dis. – 2.0 V R3m 2.8879 ± 
0.0001 

2.8879 ± 
0.0001 

16.766 ± 
0.002 0 

 

  



 
 

Table S12. The lattice parameters of various phases in MFN-3 during charge-discharge. 

Voltage Space 
group a (Å) b (Å) c (Å) β (°) 

Ch. – 2.1 V R3m 2.8902 ± 
0.0003   

2.8902 ± 
0.0003   

16.788 ± 
0.004 0 

Ch. – 3.1 V R3m 2.8834 ± 
0.0001   

2.8834 ± 
0.0001   

16.796 ± 
0.001 0 

Ch. – 3.6 V 

R3m 2.8693 ± 
0.0001 

2.8693 ± 
0.0001 

16.839 ± 
0.001 0 

C2/m 5.243 ± 
0.006 2.86 ± 0.06 6.21 ± 0.01 110.6 ± 0.3 

Ch. – 4.0 V 

R3m 2.8619 ± 
0.0001 

2.8619 ± 
0.0001 

16.90 ± 
0.01 0 

C2/m 5.111 ± 
0.001 

2.706 ± 
0.001 6.22 ± 0.03 109.4 ± 0.6 

Ch. – 4.2 V 

C2/m 5.07 ± 0.01 2.657 ± 
0.001 

6.243 ± 
0.003 106.8 ± 0.6 

𝑅3%𝑚 2.8586 ± 
0.0005  

2.8586 ± 
0.0005  

16.929 ± 
0.001 0 

Ch. – 4.4 V 𝑅3%𝑚 2.8549 ± 
0.0007  

2.8549 ± 
0.0007  

16.941 ± 
0.001 0 

Dis. – 3.7 V 𝑅3%𝑚 2.860 ± 
0.001  

2.860 ± 
0.001  

16.925 ± 
0.002 0 

Dis. – 3.5 V 

𝑅3%𝑚 2.8614 ± 
0.0004  

2.8614 ± 
0.0004  

16.910 ± 
0.005 0 

C2/m 5.09 ± 0.02 2.691 ± 
0.005 

6.351 ± 
0.002 107.1 ± 0.1 



 
 

Dis. – 3.3 V 

R3m 2.8676 ± 
0.0002 

2.8676 ± 
0.0002 

16.875 ± 
0.002 0 

C2/m 5.13 ± 0.01 2.709 ± 
0.005 6.24 ± 0.06 107.9 ± 0.8 

Dis. – 3.0 V 
R3m 2.8779 ± 

0.0001 
2.8779 ± 
0.0001 

16.803 ± 
0.002 0 

C2/m 5.15 ± 0.01 2.81 ± 0.06 6.18 ± 0.07 109.3 ± 0.8 

Dis. – 2.5 V 
R3m 2.8875 ± 

0.0001 
2.8875 ± 
0.0001 

16.760 ± 
0.002 0 

C2/m 5.25 ± 0.01 2.85 ± 0.02 6.14 ± 0.06 110.8 ± 0.5 

Dis. – 2.3 V R3m 2.8910 ± 
0.0001 

2.8910 ± 
0.0001 

16.746 ± 
0.002 0 

Dis. – 2.0 V R3m 2.8931 ± 
0.0001 

2.8931 ± 
0.0001 

16.741 ± 
0.002 0 

 


