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Abstract

P2-type layered manganese-based oxides are promising cathode materials for sodium-ion batteries (SIBs) but suffer from structural
instability and irreversible phase transitions. This study demonstrates that iron doping in P2-Na,sLi;sFe1,6Mn,,30, (NLFM) effectively
reconfigures the structural and redox chemistry. Structural and electrochemical analyses reveal that Fe3+* incorporation expands the Na*
interlayer spacing, enhances reversible cationic (Fe3*/Fe4*) and anionic redox activity, and promotes a dominant surface-controlled charge
storage mechanism. Consequently, the NLFM cathode delivers a high initial capacity of 225 mAh-g-! at 0.1 C, an impressive initial Coulombic
efficiency of 110.21%, and superior cycling stability (73.6% capacity retention after 100 cycles at 1 C). Furthermore, Fe doping effectively
mitigates the Jahn-Teller distortion and the reversible P2 to O2 phase transition at high voltages. This work highlights the multi-functional
role of iron doping in stabilizing the structure and optimizing the redox chemistry of P2-type cathodes, providing an effective strategy for
developing high-energy and durable SIBs cathodes.
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1. Introduction

Lithium-ion batteries (LIBs) have greatly shaped modern energy storage systems, powering everything from portable electronics to
grid-scale renewable energy integration[!3l. However, the increasing concerns over lithium scarcity, cost volatility, and
environmental impact have prompted the research for alternative battery chemistry, particularly for large-scale energy storagel’l. In
this context, sodium-ion batteries (SIBs) have emerged as a promising candidate due to the natural abundance of sodium, low cost,
and comparable intercalation chemistry to LIBsP> 7L

Among the components of SIBs, the cathode material is one of the key determinants of energy density and cost, though the anode
also critically affects cycle life and safety® 1. A variety of cathode materials with good cycling stability, high multiplicity, and
reversible capacity have been developed, which are mainly categorized into the following groups: layered transition metal
oxides!'2], tunneling transition metal oxides!'?], polyanionic compounds!'*!°], Prussian blue analogs!'®l, and organic compounds!'’-!8l,
Among them, layered transition metal oxides are considered to be one of the most superior cathode materials due to their high
theoretical capacity, facile synthesis, and structural diversity. In particular, manganese-based P2-type oxides, Na,,;MnO,, offer
compelling advantages in terms of raw material cost and specific capacity!'l. Nevertheless, their practical implementation is
hindered by severe intrinsic issues: Jahn-Teller distortion associated with Mn3* ions leads to severe structural degradation during
cycling, and charging beyond 4.2 V often triggers irreversible phase transitions (P2-02) accompanied by oxygen loss, resulting in
rapid capacity fading[?°l.

To address these challenges, lithium substitution in the transition metal (TM) layer has been explored as an effective strategy to
activate anionic redox and improve structural stability?!->?l. For instance, Wang et al. designed a P2-type Na,¢[Li,,Mn, 3]0, cathode
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material, which delivered a discharge capacity of only 104.2 mAh-g™*. After obtaining an ordered Li/Mn superstructure through liquid
nitrogen quenching, the discharge capacity increased to 153.7 mAh-g ![>3l. Despite such improvements, the low capacity remains an
urgent issue to address. The low specific capacity is predominantly caused by the detrimental Jahn-Teller distortion of Mn3" ions,
which initiates irreversible phase transitions and particle microcracking, resulting in progressive structural degradation and rapid
capacity decay during cycling. Moreover, when charged above 4.3 V, the material suffers from oxygen loss, which triggers irreversible
anion redox reactions and thereby exacerbates interfacial side reactions, adversely affecting the overall electrochemical
performance. Therefore, developing strategies to reversibly activate anionic redox while suppressing phase transitions is essential for
achieving high-performance SIBs cathodes[?*2],

Introducing inexpensive and readily available TM ions into layered sodium oxide cathodes can enhance the economic viability and
resource efficiency of cathode materials. Among these, Mn and Fe are particularly suitable for TM compositions due to their
affordability and widespread availability!?°l. The large ionic radius of Na* allows stable incorporation of Fe into the TM layer at high
temperatures, while its strong ionization tendency promotes the Fe3'/Fe* redox couple, contributing to additional capacity at high
voltagel?’-?81. Additionally, Fe doping has been shown to suppress the ordered arrangement of sodium ions and vacancies, improve air
stability, and mitigate irreversible oxygen loss!?°-3?l. Therefore, iron-based layered oxide cathode materials represent an important
future direction for achieving low-cost energy storage.

Lavela et al. studied compositions of Nag ¢7[Lig07F€03.xMNg 63410, (X = 0, 0.15, 0.25) with low Li content (Li = 0.07)13], which delivered a
reversible capacity of 40 mAh g at 1 C at -15 °C. In Lavela’s system, the high Fe content induces the formation of P3/03 impurity
phases, which deteriorate the kinetic performance and structural stability. Yu et al. reported that Li-excess Mn oxides were expected
to induce reversible oxygen redox at high voltages?'l. In this work, we propose a novel cathode material, P2-Na, ;Li; cFe; (Mn,,;0,
(NLFM), by adjusting the Li/Fe ratio (1:1 substitution of Li in P2-Na,,;Li;,sMn,,;0, (NLM)) to achieve a pure P2 phase, reversible anionic
redox, and superior structural stability. The introduction of Fe3" (d5, high spin) counteracts the Jahn-Teller effect of Mn¥, stabilizes the
crystal structure, and enhances the reversible capacity of anionic redox reactions. As a result, the NLFM cathode exhibits a high
reversible capacity of 225 mAh-g! within 2.0-4.5 V, along with significantly improved cycling performance, with a capacity retention
rate of 73.6% after 100 cycles. This study systematically investigates the role of Fe doping in modulating structural evolution, and
electrochemical behavior, providing valuable insights for the design of advanced SIBs cathode materials.

2. Experimental Section
2.1 Synthesis of NLFM and NLM

The NLM and NLFM were synthesized using a solid-phase sintering method. Stoichiometric amounts of Na,CO; (99.0%), Li,CO3 (99.0%),
Fe,03 (99.0%), and MnO, (99.0%) were used as starting materials, with an additional 5.0 wt.% of sodium and lithium carbonates to
compensate for volatilization losses during high-temperature treatment. The powder mixtures were homogenized by planetary ball
milling at 400 rpm for 8 h in ethanol. After drying and grinding, the precursors were subjected to a two-step calcination process in a
flowing O, atmosphere: pre-sintered at 500 °C for 2 h and then calcined at 950 °C for 10 h. The final products, NLFM, obtained after
natural cooling, were stored in an Ar-filled glove box to prevent moisture adsorption. The NLM sample was synthesized following the
same procedure, without the addition of Fe,0; and with the Li,CO; amount adjusted accordingly to maintain the Li/Mn ratio. While
the starting materials were of 99.0% purity with trace impurities (e.g., chlorides, sulfates, SiO,, Al,0;, etc.), these impurities are not
expected to affect the main structural or electrochemical conclusions because no secondary phases were detected by X-ray
diffraction (XRD).

2. 2. Electrochemical measurements

A cathode slurry was formulated by thoroughly mixing the active material, Super P, and poly(vinylidene fluoride) (PVDF) in a weight
ratio of 7:2:1, using N-methyl-2-pyrrolidone (NMP) as the solvent. The homogeneous slurry was coated onto an aluminum foil current
collector. The electrode was dried at 110 °C in a vacuum oven for 12 h and then punched into 10 mm diameter discs. Electrochemical
cells (CR2025 coin-type) were assembled in an Ar-filled glove box. Sodium metal served as the counter electrode, glass fiber was used
as the separator, and the electrolyte was 1 M NaClO, dissolved in a solvent mixture of n-propyl carbonate (n-PC) and 5.0 wt.%
fluoroethylene carbonate (FEC) additive. The as-prepared electrode discs (10 mm diameter) had an active material (NLFM or NLM)
mass loading of approximately 2.5-3.0 mg cm2. For half-cell tests, the loading was typically 2.8:0.2 mg cm 2. For full-cell tests
(NLFMlIhard carbon), the NLFM loading was adjusted to 3.2+0.2mg cm? to balance the anode capacity.

Galvanostatic charging-discharging tests were conducted within a voltage range of 2.0-4.5 V (vs. Na’/Na) using a Neware battery test
system. All electrochemical measurements were performed on at least three independently fabricated coin cells. The reported
capacities and efficiency values are averages, with standard deviations typically < 2.0 % for capacity and < 0.5 % for Coulombic
efficiency. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed using a CHI660E
electrochemical workstation. The impedance spectra were fitted with equivalent circuits using ZSimpWin software. Furthermore, the
galvanostatic intermittent titration technique (GITT) was employed to determine the sodium-ion diffusion coefficient. The GITT
protocol consisted of a galvanostatic pulse at a current density of 0.1 C for 10 minutes, followed by a relaxation interval of 1 h to allow
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the potential to equilibrate.

2.3 Material characterizations

A comprehensive suite of characterization techniques was employed to analyze the structural and chemical properties. Phase
identification and structural analysis were performed using XRD on a SmartLab 9 kW instrument equipped with Cu Ka radiation
source (A, = 1.5406 A, A, = 1.5444 A). Scans were recorded in the 20 range of 10-80° with an increment step of 0.02°. Subsequently, the
XRD data were subjected to Rietveld refinement using the Rirtica software to precisely determine structural information, including
Na* occupancy and lattice parameters. These parameters were then correlated with key electrochemical properties, namely specific
capacity and ionic conductivity.

To investigate structural evolution upon cycling, ex situ XRD was conducted on electrodes retrieved from disassembled cells, using
aluminum foil as the X-ray window and current collector. Morphological characterization and elemental mapping were further
investigated using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) on a Hitachi S4800 model
with a 5 keV electron beam. Surface chemical composition and valence states were analyzed using X-ray photoelectron spectroscopy
(XPS). Additionally, atomic-resolution images were achieved using a JEM-ARM300F to reveal the morphology, lattice fringes, and
atomic structure.

3. Results and Discussion

3.1 Materials structure analyses

NLFM and NLM were synthesized using a solid-phase method and characterized by XRD. Both materials exhibit highly similar
structures and can be indexed to the P2 phase with space group P6;/mmc. As shown in Figure 1a, a comparison of the XRD patterns
reveals subtle structural differences between the two materials. The inset on the right shows the Bragg peaks corresponding to the
002 reflection. In comparison with NLM, the diffraction peaks of NLFM shift toward lower angles, indicating an expansion of the Na
interlayer spacing. This shift can be attributed to the partial substitution of Mn* sites by Fe%, which has a larger ionic radius, leading
to a slight expansion of the transition metal (TM) layer. The resulting elongation of Fe-O bonds propagates through the edge- and
corner-sharing MOy octahedral network to the Na layers, indirectly pushing apart adjacent Na layers. This results in an expansion
along the c-axis and an increase in interlayer spacing. Figure 1b and Figure S1 present the Rietveld refinement results, with detailed
results summarized inTables S1, S2. Through structural optimization, the unit cell parameters of NLFM were determined as
a=b=28825A and ¢ = 11.1361 A. Compared with NLM, the diffraction peaks of NLFM are narrower and more symmetric.
Quantitative Williamson-Hall analysis (Table S3) reveals that Fe doping increases the average crystallite size from 78 to 96 nm and
reduces microstrain from 0.21% to 0.12%. The reduced microstrain likely originates from the alleviation of local lattice distortions
caused by size mismatches among Li* and Mn#, as Fe® provides a more uniform bond length environment. Collectively, the improved
peak shape reflects a more ordered and less strained crystalline microstructure induced by Fe doping.
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Figure 1. Crystal structure characterization of NLFM. (a) XRD patterns of NLM and NLFM; (b) XRD Rietveld refinement; (c, d) SEM images at different magnifications; (e) TEM
image; (f, g) HAADF-STEM and ABF-STEM images; (h) Schematic diagram of the crystal structure. NLFM: P2-Na,Li, sFe, sMn,,;0,; XRD: X-ray diffraction;
NLM: P2-Na,sLi; sMn,,;0,; SEM: scanning electron microscopy; TEM: transmission electron microscopy; HAADF-STEM: high-angle annular dark-field scanning transmission

electron microscopy; ABF-STEM: annular bright-field scanning transmission electron microscopy.
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As shown in Figure 1c,d,e, the as-synthesized NLFM exhibits a typical hexagonal plate-like morphology, characteristic of P-type
sodium layered oxide cathode materials. In contrast, the SEM images of NLM (Figure S2) reveal significant particle agglomeration with
noticeable microcracks. The NLM particles are relatively smaller and exhibit mild agglomeration with sharp edges. The stable valence
state of Fe3" reduces surface defects, contributing to well-defined particle boundaries. EDS analysis was conducted to further
investigate elemental composition and distribution, revealing an average Mn/Fe atomic ratio of approximately 4.1:1.0 (Table S4),
consistent with the target. Although EDS is semi-quantitative for light elements, it is reliable for transition metal ratios. The results
confirm a uniform distribution of all elements, verifying the success of the synthesis process and the structural stability of the
material structure (Figure S3). Overall, the morphology, particle size, and elemental distribution of the synthesized material meet the
expected performance criteria, demonstrating excellent uniformity and stability. Atomic-scale structure studies of NLFM were further
conducted using high-angle annular dark-field (HAADF) and annular bright-field (ABF) scanning transmission electron microscopy
(STEM) images (Figure 1f,g), further confirming the P2 structure of NLFM. A schematic of the NLFM crystal structure is presented in
Figure 1h. The structure stacks along the c-axis in an ABBA sequence, where Na' occupies prismatic positions to form the Na layer,
while Mn, Li, and Fe occupy MO, octahedral sites to form the TM layer.

3.2 Electrochemical performance

The electrochemical properties of the as-synthesized materials were evaluated using half-cells assembled with Na metal as the anode
under constant temperature conditions of 30 °C. All tests were conducted within a voltage range of 2.0-4.5 V, with a nominal specific
capacity set as 1 C = 120 mA-g L. Figure 2a displays the first and second charge/discharge curves of NLFM and NLM electrodes at 0.1 C.
While both samples exhibit similar voltage characteristics, NLFM shows a more extended voltage plateau, contributing to its
enhanced specific capacity. Notably, NLFM demonstrates higher capacities than NLM in both charging and discharging processes,
achieving a first-cycle discharge capacity of 225.0 mAh-g™! and an initial coulombic efficiency of 110.2%. A distinct, prolonged voltage
plateau above 4.2 V is observed for NLFM, which can be attributed to the activation of the oxygen ion redox reaction?'l. These results
collectively demonstrate that NLFM outperforms the undoped NLM in terms of initial coulombic efficiency and capacity. Figure 2b
and Figure S4 illustrate the cycling tests under different rates. At 0.5 C, NLFM retained 71.8% of its capacity after 100 cycles. When
cycled at 1 C, it exhibited significantly improved reversibility with a capacity retention of 73.6% after 100 cycles, outperforming NLM’s
of 67.2%, thus highlighting the superior structural stability of NLFM. Also, the additional cycling tests on the NLFM electrode with the
upper cutoff voltage limited to 4.3 V (below the activation of the anionic redox peak) were performed. The results (Figure S5) show
that the NLFM electrode delivered a lower initial capacity of 124.6 mAh-g! (due to the exclusion of anionic redox) but exhibited
superior cycling stability with 84.1% capacity retention after 100 cycles at 1 C. This indicates that while oxygen redox provides a
substantial capacity boost, it comes at the cost of slightly accelerated capacity decay, likely due to irreversible lattice oxygen loss or
surface reconstruction. The Fe-doping partially mitigates these detrimental effects, as evidenced by the still-respectable 73.6%
retention even when cycling up to 4.5 V. Rate performance was further investigated, as demonstrated in Figure 2c and Figure S6. The
cells were cycled at progressively increasing rates from 0.1 C to 5 C for five cycles each. At 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 C, the
reversible capacities of NLFM were 200.1, 159.1, 136.0, 124.8, 104.5, and 69.2 mAh-g™!, respectively, indicating relatively good rate
performance. Additionally, when the current density was reset from 5.0 C to 0.1 C, NLFM recovered 94% of its initial capacity,
demonstrating good reversibility across a broad current range. In contrast, NLM exhibited inferior rate performance. To benchmark
the electrochemical performance of NLFM against recently reported layered oxide cathodes for SIBs, we compiled a comparison table
(Table S5). NLFM exhibits a superior combination of high initial capacity (225.0 mAh-g™!), competitive cycling stability (73.6% retention
at 1 C after 100 cycles), and good rate capability (69.0 mAh-g* at 5.0 C). This performance surpasses most Fe- and Li-substituted
P2-type cathodes, highlighting the synergistic effect of Fe doping and anionic redox activation. Full cells (CR2032 coin-type) were also
assembled using NLFM as the cathode, hard carbon (commercial hard carbon (HC), pre-sodiated electrochemically at 0.05 C for one
cycle) as the anode, and 1 M NaClO, in propylene carbonate (PC) with 5 vol% FEC as the electrolyte (Figure S7a). The anode capacity
was adjusted to a N/P ratio of approximately 1.15. The cells were cycled at 0.1 and 1.0 C (based on cathode mass, 1 C = 120 mA g!) for
100 cycles. The half-cell electrochemical curves for hard carbon and NLFM are shown in Figure S7b. The selected hard carbon anode
exhibited a reversible capacity of 306.7 mAh-g™* with an initial coulombic efficiency of 77.3%. As given in Figure S7c, this full cell
achieved a reversible capacity of 181.8 mAh-g™! at 0.1 C, with an initial coulombic efficiency of 81.3%. After 100 cycles at 1 C, the
capacity retention was 60.8%, relative to the first cycle at 1 C (Figure S7d), confirming that the Fe-doped cathode maintains its
structural stability even when paired with a practical anode.

EIS was employed to investigate the influence of Fe doping on sodium ion diffusion kinetics. In Figure 2d, the high-frequency region
corresponds to charge transfer resistance, while the low-frequency region reflects Na* diffusion behavior. A comparison between the
two materials reveals that without doping, the sole reliance on the Mn3/Mn*" redox couple, combined with Jahn-Teller distortion,
leads to increased polarization and capacity degradation. In contrast, Fe incorporation reduces the semicircle diameter in the
high-frequency region, indicating lower charge transfer resistance (Rct). This can be attributed to the faster redox kinetics of the
Fe3'/Fe* couple, which enhances electronic conduction and facilitates surface reactions. In the low-frequency region, the blocking
effect of Li* occupying Na* sites is mitigated in NLFM due to the stabilized layered structure and expanded Na* transport channels,
thereby improving ion diffusion efficiency.
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Figure 2. Electrochemical performance of NLM and NLFM electrodes. (a) The first two cycles of NLFM and NLM at 0.1 C; (b) Cycling performance over the first 100 cycles at
1 G (c) Rate capability at 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 C; (d) EIS plots; (e) CV curves of NLFM at a scan rate of 0.1 mV s over the first two cycles; (f) GITT curves of NLFM.
NLM: P2-Na,sLi;,sMn,,;0,; NLFM: P2-Na,sLi; cFe; sMn,;0,; EIS: electrochemical impedance spectroscopy; CV: cyclic voltammetry.

CV was also conducted within the voltage range of 2.0-4.5 V at a scan rate of 0.1 mV s'%. Figure 2e shows the first two cycles of NLFM.
The redox pair P,;/P.; corresponds to the redox reaction of the Mn3/Mn** couple, with the oxidation peak near 2.8 V attributed to the
partial oxidation of Mn3" to Mn**. The pair P,,/P,, is assigned to the Fe3'/Fe*" redox reaction. Slight polarization leads to a minor
negative shift in peak positions, while the symmetric shape of the peaks indicates good reversibility. The irreversible oxidation peak
P,; is associated with lattice oxygen redox!**l. The position and intensity of these peaks align well with the galvanostatic
charge/discharge profiles. The majority of the capacity originates from oxygen redox reactivity, and the small potential separation
between oxidation and reduction peaks suggests low polarization and favorable reaction kinetics. Compared to NLM (Figure S8),
NLFM exhibits higher redox peak currents, implying enhanced anion redox reactivity and improved electrochemical activity, which
facilitates greater capacity contribution. The stronger reduction peak further confirms superior reaction reversibility in NLFM.

The sodium ions diffusion coefficient is a critical parameter governing ion migration within the host structure during charging and
discharging, significantly influencing the electrochemical kinetics and energy density of the material. To gain further insight, the Na*
diffusion coefficient during discharge was calculated using the GITT test!*], according to the following equation:

_i mBVM 2 AES 2 2
Dye =2 (525 (T(dE/M)> (t < I*/Dy.) @

Where V,, is the molar volume of the active substance (cm3-mol?!), m; is the mass of the active substance (g), Mj is its molar mass
(g'mol?), S is the electrode/electrolyte contact area (cm?), and 7 is the current pulse duration (s). For a sufficiently small current
applied over a short time interval, Equation 1 can be simplified to Equation 2:

4 ([ mpVa\’[ AEs\’
Dypr = — | o228 ) (552 )
nr \ MpS AE;
Here, AE; represents the steady-state voltage change in a single GITT step, and AE; is the total voltage change during the current
pulse. Figure 2f shows the GITT curve of NLFM, and Figure S9 shows the corresponding sodium ion diffusion coefficient of NLFM. The
calculated diffusion coefficient of the material ranges from 8.40 x 1070 to 1.01 x 10”5 cm?s™!, indicating favorable Na* diffusion kinetics.

This improvement suggests that appropriate Fe doping effectively enhances the sodium ion diffusion rate, which can be attributed to
the enlarged Na interlayer spacing in NLFM.

To further investigate the kinetic advantages conferred by Fe doping, CV measurements were conducted at different scan rates
(Figure 3a). At low scan rates (e.g., as shown earlier in Figure 2e), where ion diffusion is sufficient, well-defined redox peaks
corresponding primarily to the Fe3'/Fe* reaction were observed. As the scan rate increased, the peaks progressively broadened and
the contribution from anion redox weakened. To distinguish the charge storage mechanisms in the obtained electrode materials, the
relative contributions of surface-controlled and diffusion-controlled processes were quantitatively analyzed. The kinetic parameter b
was first determined from the power-law relationship i = avPl*°l, where i is the peak current and v represents the scan rate of the CV
curve. As illustrated in Figure 3b, the calculated b values for the anodic and cathodic processes in NLFM are 0.768 and 0.758,
respectively, indicating that NLFM exhibits typical pseudocapacitive electrode behaviorf*7l,
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To further quantify the contribution ratios, the current response i(V) at a given potential was separated using the following equations
3 and 4:

i(V) = kyv + kyv'/? €

i(V) /0% = ko2 + ky 4

Here, k,v represents the current from surface-controlled processes and k,v!/? corresponds to the diffusion-controlled contribution.
Figure 3c shows the calculated contribution ratios of the two charge storage mechanisms at different scan rates. At low scan rates
(0.1 mV s1), the capacity is dominated by diffusion-controlled processes (72.0%), with surface-controlled processes accounting for only
28.0%, which is consistent with the distinct redox peaks observed at low scan rates. As the scan rate increases, the pseudocapacitive
contribution rises significantly, reaching 70.0% at 5 mV sL. Since surface-controlled processes are not limited by solid-state diffusion,
the material maintains satisfactory capacity even at high scan rates, in agreement with the favorable rate performance shown in
Figure 2c. The Fe3*/Fe* redox couple contributes substantially to pseudocapacitance via fast near-surface reactions. Fe active sites in
the subsurface region allow shallow and rapid (de)intercalation of Na* without requiring long-range ion diffusion. Additionally, the
pseudocapacitive charge storage mechanism helps alleviate structural collapse induced by Jahn-Teller distortion, thereby
contributing to the improved cycling performance of the material.
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Figure 3. Electrochemical kinetic behavior of the NLFM cathode in the voltage range of 2.0-4.5 V. (a) CV curves at different scan rates; (b) Fitted Logi vs. logv plots at different

scan rates; (c) Contribution ratios of capacitive-controlled and diffusion-controlled capacities at different scan rates. NLFM: P2-Na,;Li;cFe;,sMn,;0,; CV: cyclic voltammetry.

3.3 Charge compensation

To elucidate the evolution of transition metal oxidation states during charging, XPS analysis was performed on the cathode material,
with the results presented in Figure 4. All binding energies of the samples were calibrated using the C 1s peak at 284.6 eV. The survey
spectra (Figure 4a) confirm the presence of C 1s, O 1s, Na 1s, Mn 2p, and Fe 2p core levelst®®. The Fe 2p XPS spectrum (Figure 4b)
displays two main peaks at 710.5 and 754.2 eV, attributed to Fe 2p;,, and Fe 2p,,,, respectively, which are characteristic of Fe3'3°. The
presence of distinct satellite peaks at 722.2 and 731.6 eV further confirms the +3 oxidation state of iron. The Mn 2p spectrum
(Figure 4c,d) was deconvoluted into two contributions for each spin-orbit component. The peaks at 642.1 and 653.7 eV are assigned to
Mn#* in the Mn 2p;,, and Mn 2p,,, states, respectively, while those at 641.6 and 652.6 eV correspond to Mn3'. A comparative analysis
with the NLM sample reveals a significant compositional change induced by Fe doping. In the undoped NLM, the Mn3 and Mn**
fractions are 61.3% * 0.5% and 38.7% = 0.5%, respectively. In contrast, Mn in NLFM exists predominantly as Mn** (68.8% * 0.5%), and the
Mn3 presence is 31.2% * 0.5%. This shift can be attributed to the substitution of Li* sites by Fe3*, which introduces additional Fe3'/Fe*'
redox activity. This pair participates preferentially in charge compensation during (de)sodiation, thereby suppressing the oxidation of
Mn?* to Mn* and mitigating the Jahn-Teller distortion associated with a high Mn?3" content, which is known to cause severe lattice
distortion and capacity fading.

Further insights were gained by comparing the XPS spectra of the pristine material and the electrode charged to 4.5 V (Figure 4c,d).
Upon charging, the main Fe 2p;,, peak shifts by approximately 1.0 eV to a higher binding energy of 711.5 eV (Figure S10), consistent
with the oxidation of Fe3' to Fe*. This shift reflects the involvement of the Fe3'/Fe*" redox couple in charge compensation as Na* is
extracted from the structure. In contrast, the Mn 2p spectrum (Figure 4d) shows no significant shift in the main peak position after
charging, though peak broadening is observed, indicating a partial reduction of a small fraction of Mn** to Mn¥, possibly due to
surface side reactions with the electrode. To directly elucidate the effect of Fe doping on the Mn oxidation state and anionic redox
behavior, we performed comparative XPS analysis on NLM and NLFM (Table S6). The Mn 2p spectrum of NLM reveals a high Mn3*
fraction of 61.3%, indicative of significant Jahn-Teller distortion. In sharp contrast, NLFM exhibits a much lower Mn?®" fraction of only
31.2%, confirming that Fe3 incorporation effectively suppresses Mn® formation and thus mitigates structural degradation.
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Figure 4. High-resolution XPS spectra of NLFM. (a) Full XPS measurement spectrum; (b) Fe 2p of NLFM, Mn 2p of NLM; (c) Mn 2p spectrum of NLM before and after charging
to 4.5V; (d) Mn 2p spectrum of NLFM before and after charging to 4.5 V. NLM: P2-Na,;Li; sMn,50,; NLFM: P2-Na, sLi, sFe, sMn,;0,; XPS: X-ray photoelectron spectroscopy.

To move beyond the surface-sensitive limitation of XPS and provide bulk and spatially resolved evidence for valence state evolution,
we performed electron energy loss spectroscopy (EELS) analysis on pristine, fully charged, and fully discharged NLFM samples
(Figure S11). The bulk Mn valence determined by EELS (Mn* fraction > 90% after cycling) is consistent with the surface-sensitive XPS
results, confirming that the suppression of Mn?* is a genuine bulk effect rather than a surface artifact. The combination of
surface-sensitive XPS and bulk-sensitive EELS provides a comprehensive understanding of valence state evolution and structural
stability in NLFM. The O K-edge pre-peak (~528-532 eV), which corresponds to the unoccupied O 2p states hybridized with T™M 3d
orbitals, provides information on oxygen redox activity. The pristine NLFM exhibits a well-defined pre-peak feature. After cycling, the
pre-peak intensity shows only a slight decrease, suggesting that the oxygen redox process is largely reversible and that Fe doping
contributes to stabilizing the oxygen sublattice. In summary, Fe doping significantly optimizes the electronic structure of the layered
oxides by regulating the active centers and enhancing metal-oxygen covalency. These modifications, as directly evidenced by the XPS
data, underpin the improved electrochemical performance of the materials.

3.4 Structural evolution

To further evaluate the role of Fe doping in suppressing phase transformation and its impact on structural evolution during Na* ion
(del)intercalation in P2-type layered manganese-based cathode materials, ex situ XRD analysis was conducted within a voltage range
of 2.0-4.5 V at a current density of 12 mA-g'!. Based on the galvanostatic charge-discharge curves shown in Figure 2a, specific
electrochemical states were selected, and XRD patterns were collected on both NLM and NLFM (Figure 5 and Figure S12) at the
corresponding charge/discharge cutoff voltages. As shown in Figure 5 and Figure S12, at the pristine state, the 002 peak of NLFM is at
slightly lower 20 (larger d-spacing) than NLM, confirming Fe**-induced interlayer expansion. A new diffraction peak appeared near
17° in the NLM material; this characteristic peak corresponds to the O2 phase, indicating the coexistence of two phases in the
electrode at this point. In contrast, after Fe doping (Figure 5a,b), during charging, in the low-voltage region (< 4.3 V), the 002
diffraction peak shifts toward lower angles, which can be attributed to Na* extraction, leading to reduced interlayer electrostatic
repulsion and consequent contraction along the c-axis. As the voltage increases above 4.3 V, the material begins to undergo a phase
transition from the P2 phase to the 02 phase, characterized by a significant splitting of the 002 diffraction peak. At this stage, the
structure adopts a mixed P2/02 arrangement!‘®-*!l, Notably, Fe doping effectively mitigates the complete transformation to the 02
phase. The strong covalent character of the Fe-O bond promotes continued c-axis contraction and stabilizes the P2 structure at
high-voltage, thereby suppressing irreversible phase transition. During the discharge process, as Na' is re-inserted into the lattice,
the broad 002 peak of the O2 phase gradually shifts to lower angles. With increasing Na" content, interlayer repulsion strengthens,
resulting in c-axis expansion, and the diffraction peak eventually merges back into that of the P2 peak. This indicates a reversible
transition from the mixed P2/02 phase to a pure P2 phase. The presence of Fe3" at Li* sites further contributes to maintaining the
coherence of the 002 diffraction peak, highlighting the structural stabilizing effect of Fe doping.
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Figure 5. The first charge-discharge cycle of the NLFM electrode at 0.1 C, different cut-off voltages were selected, and ex-situ XRD patterns were collected.

NLFM: P2-Na,3Li, sFe;,6Mn,,50,; XRD: X-ray diffraction.

To quantitatively distinguish the relative contributions of cationic and anionic redox to the total reversible capacity, we performed a
detailed electron-counting analysis based on the nominal composition Na,,;Li; sFe;,sMn,,;0, and the valence states determined by
XPS (Table S6). The molar mass of the compound is calculated as M = (23 x 2/3) + (7 x 1/6) + (56 x 1/6) + (55 x 2/3) + (16 x 2)
=~ 94.5 g mol . According to the high-resolution Mn 2p spectra, the pristine NLFM contains 68.8% Mn*" and only 31.2% Mn?3" (Table S6).
Within the operating voltage window of 2.0-4.5 V, the practically accessible cationic redox couples are therefore Fe3'/Fe* and
Mn3'/Mn*. Assuming that all Fe3" (1/6 per formula unit) and Mn® (2/3*31.2% = 0.208 per formula unit) are oxidized to Fe* and Mn*'
upon charging to 4.5 V, the maximum theoretical capacity from cationic redox is calculated using Faraday’s law:
Ceation = N X 26,800/ M, where n = 1/6 + 0.208 = 0.375 mol e” per mol of material. This yields C¢on = 0.375 * 26,800/94.5 = 106.3 mAh g™'.
In contrast, the experimental first-discharge capacity of NLFM reaches 225.0 mAh g !. Subtracting the maximum cationic contribution
leaves approximately 118.7 mAh g !, which must be attributed to anionic (oxygen) redox. This corresponds to an oxygen-redox
contribution of > 53% of the total capacity. This quantitative analysis provides compelling indirect evidence that the exceptionally
high capacity of NLFM is predominantly governed by reversible oxygen redox, while the Fe3'/Fe* couple serves as an important but
minor cationic contributor and also plays a critical role in stabilizing the structure and suppressing the Jahn-Teller effect. The small
surplus of discharge over charge capacity observed in the first cycle (initial Coulombic efficiency > 100%) further supports the
activation of anionic redox, as the formation of oxygen vacancies and localized electron holes during the initial charge permits extra
Na' insertion on discharge, a phenomenon previously documented in Li-rich P2-type oxides!*!l. Figure 6 illustrates the complete
mechanism of Fe3* action in NLFM: (i) expanding the Na® interlayer spacing and reducing microstrain to accelerate Na* diffusion; (ii)
preferentially participating as Fe3/Fe* redox to suppress Mn*" and Jahn-Teller distortion; (iii) inhibiting the irreversible P2—02 phase
transition through strong Fe-O covalency; (iv) enhancing pseudocapacitive kinetics for high-rate performance; and (v) stabilizing
lattice oxygen to enable reversible anionic redox. These synergistic effects collectively endow NLFM with a high reversible capacity
(225.0 mAh-g'!) and superior cycling stability (73.6% retention after 100 cycles at 1.0 C), positioning it as a promising cathode material
for advanced sodium-ion batteries.
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Figure 6. Schematic illustration of the Fe-doping strategy in NLFM. NLFM: P2-Na, Li; cFe;,sMn,,50,.

4. Conclusions

In this work, we have systematically investigated the role of iron doping in enhancing the electrochemical performance of P2-type
Na,,sLiycFeq,sMn,,;0, cathode materials. Successful Fe3* incorporation into the transition metal layer leads to expanded interlayer
spacing along the c-axis. This structural expansion facilitates faster Na* diffusion kinetics, resulting in improved rate performance.
The introduced Fe®/Fe* redox couple participates preferentially in the charge/discharge process, which reduces the involvement of
Mn*/Mn* and effectively mitigates Jahn-Teller distortion. Combined with the activation of reversible oxygen redox, this approach
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delivers a high specific capacity. Furthermore, the strong Fe-O covalent bonding enhances the structural integrity, suppressing the
irreversible P2 to 02 phase transition at high voltages and ensuring excellent cycling stability. In summary, iron doping serves as an
effective strategy to synchronously regulate the crystal structure, stabilize the redox chemistry, and optimize the reaction kinetics of
P2-type layered cathodes. The obtained NLFM demonstrates a high capacity of 225.0 mAh-g™! at 0.1 C with an initial Coulombic
efficiency of 110.2%, and excellent cycling stability after 100 cycles with capacity retention of 73.6%. The synergistic effects of
expanded Na' layers, suppressed phase transition, and enhanced capacitive storage make Fe-doped NLFM a highly competitive
cathode material for advanced sodium-ion batteries. This study provides profound insights into the design of high-energy and
long-life layered oxide cathodes through rational cation doping. Additionally, given the expanded Na' interlayer spacing and
mitigated Jahn-Teller distortion observed in NLFM, evaluating its low-temperature electrochemical performance represents a
valuable future direction to fully exploit its potential in practical sodium-ion batteries across a wider temperature window.
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