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ABSTRACT

This study systematically investigates an Mn-Fe-Ni pseudo-ternary system for Na(Mn-Fe-Ni)O>
cathodes, focusing on the effects of varying transition metal fractions on structural and
electrochemical properties. X-ray diffraction reveals that increasing Mn content induces biphasic
behavior. A higher Ni content reduces the ¢ parameter, while higher Mn and Fe concentrations
expand the lattice. Average particle size increases with an increase in Mn content and Fe/Ni ratio.
NaMno so0F€0.125Ni0.37502 delivers a high specific capacity of ~149 mAh g! in the 2.0 — 4.0 V
range. Galvanostatic charge-discharge and dQ/dV vs. V curves suggest that a Ni/Fe ratio > 1
enhances specific capacity and lowers voltage polarization in the materials.
NaMno so0Fe0.250N10.25002 demonstrated the best rate performance, exhibiting 85.7% capacity at
1C and 69.7% at 3C, compared to 0.1C, while biphasic NaMng s25F€o.125Nio 25002 (MFN-512)
excelled in cyclic stability, retaining 93% of capacity after 100 cycles. The performance of MFN-
512 in a full cell configuration was studied with hard carbon as the anode, resulting in a specific
capacity of ~92 mAh g and a nominal voltage of ~2.9 V at a 0.1C rate, demonstrating its
potential in practical applications. Transmission electron microscopy confirmed the biphasic
nature of MFN-512, with columnar growth of P2 and O3 phases. Electrochemical impedance
spectroscopy revealed that better-performing samples have lower charge transfer resistance.
Operando Synchrotron XRD reveals reversible phase transformations in MFN-512, driven by its
optimized transition metal ratios and phase fraction. This work outlines a systematic approach to

optimizing low-cost, high-performance Mn-Fe-Ni layered oxides.

KEYWORDS: layered oxides, biphasic structure, Mn-Fe-Ni system, Na-ion batteries,

electrochemical performance
1. INTRODUCTION

The rising demand for energy storage systems (ESSs) and the depletion of lithium resources have
intensified the search for alternative battery technologies. With nearly a quarter of global lithium
reserves projected to be depleted by EV applications by 2050, sodium-ion batteries (SIBs) have
emerged as a promising alternative due to their cost-effectiveness and sustainability. However,
their widespread adoption is hindered by lower energy density and shorter cycling life compared
to lithium-ion batteries, primarily due to the larger size and higher redox potential of sodium
ions.*®1 Enhancing the performance of SIBs depends on developing energy-dense cathode
materials that ensure stable sodium-ion storage, as cathodes play a crucial role in determining

battery capacity and voltage.*!
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Their key components, including sodium (Na), manganese (Mn), and iron (Fe), are abundantly
available in the Earth's crust, making SIBs a more affordable option for large-scale energy

storage.

Various cathode materials are being explored for SIBs, with layered transition metal oxides
showing promise. They have the basic formula NaxTMO2 (where x typically ranges from 0.5 to
1.0, and TM represents transition metals like Mn, Fe, Ni, Cu, etc.). Their key components,
including Na, Mn, and Fe, are abundantly available in the Earth's crust, making them a cost-
effective option for large-scale energy storage.®! These materials exhibit decent specific
capacities (~130-140 mAh g) and are relatively easier to synthesize, giving them an edge over
other cathode materials.”-8] Their crystal structures are categorized into polymorphs such as P2,
P3, and O3, defined by the environment of sodium ions (prismatic or octahedral) and the number
of oxygen layers.>1% O3-type materials have a higher Na content (> 0.85 — 1) and, therefore,
can deliver higher specific capacity. However, these materials face greater migration bottlenecks,
as sodium ions must traverse intermediate tetrahedral sites during migration. Additionally, they
undergo continuous phase transitions during charge and discharge, driven by the gliding of
adjacent TMO: layers to mitigate O-O repulsions.[**31 To address these challenges and enhance
electrochemical performance various strategies have been developed, including, modulating the
crystal structure through various approaches, such as preparing multi-transition metal systems

[14-16] 'creating multiphasic systems 72°1 and surface modification. 2924

The representative O3-type layered oxide cathode, a-NaFeO., found in the Earth's crust, was
first explored as a potential cathode material for SIBs by Komaba et al.[??l The material exhibited
a specific capacity of 80 mAh g and a nominal voltage of ~3.3 V within the 2.5 to 3.5 V range.
Subsequent studies on a-NaFeO> revealed that increasing the upper cut-off voltage resulted in
high polarization and severe capacity degradation. This degradation is mainly attributed to the
migration of Fe from the FeOg layer to the NaOe layer, hindering the re-insertion of Na into the
cathode.?*-241 This phenomenon was also confirmed by Mossbauer studies and DFT calculations
on the a-NaFeO; cathode. Despite several strategies to improve the performance of a-NaFeO,

the cyclability of this material remains unsatisfactory.[26-2]

A monoclinic a-NaMnO- cathode material delivers a reversible capacity of 185 mAh g at 0.1C
within the 2.0 — 3.8 V range. The galvanostatic charge-discharge curves exhibit multiple
plateaus, indicating various phase transformations during cycling, with the material retaining

only 70% capacity after 20 cycles.% This capacity loss is mainly attributed to the Jahn-Teller
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distortion of Mn®*, often accompanied by multiple transformations in the material.*! Various
strategies have been reported to regulate the Jahn-Teller effect, but improving the cyclability of

the cathode remains crucial 223

Even though layered oxides based on Mn and Fe have high potential for commercial battery
applications, their practical application is limited by insufficient capacity and cyclability. Single-
transition metal-based layered oxides often undergo several phase transitions during Na-ion
intercalation and de-intercalation, resulting in degraded cycle life.[** 2 Binary transition metal
layered oxides based on Fe and Mn are promising candidates, offering excellent electrochemical
performance and structural flexibility. P2-NazsFe12Mn120- delivers a discharge capacity of 190
mAh gt in the 1.5 — 4.3 V range. However, it undergoes a phase transition to OP4 above 4.2 V
due to the TM layer sliding, which affects the cycling stability of the material. While Mn®*/Mn**
and Fe**/Fe** redox couples contribute to high capacity, challenges such as air sensitivity and
phase instability remain. 5371 Cathode materials containing Ni have shown great potential for
commercial applications based on the Ni?*"** redox couple, which leads to high capacity.*8-*1 A
typical O3-type NaNiosMnos02 has been widely studied, delivering a reversible capacity of 125
mAnh gt within the 2.2 — 3.8 V range.*? Although this binary transition metal oxide shows better
electrochemical properties, certain shortcomings, such as multiple steps in the galvanostatic

charge-discharge (GCD) profile causing poor cyclability, need to be addressed.**]

Ternary transition metal systems are known to form a solid solution zone through the appropriate
addition of elements, which can alleviate the aforementioned issues and improve performance.
Layered oxides based on Mn, Fe, and Ni such as NaFe13NiysMn1302 are the most widely studied
material in the Na(Mn-Fe-Ni)O, family. It shows a capacity of ~130 mAh g* and decent cyclic
performance.’?431 Moreover, biphasic Na(Mn-Fe-Ni)O2 systems with P2/03, P2/P3, and ternary

phase combinations promise high-voltage stability and prolonged cycle life.[*44]

Many studies have explored the role of transition metal variations and redox inactive dopants in
tuning, the charge storage mechanisms, and cycling stability of Fe/Ni/Mn, Fe/Mn, and Mn/Ni
based systems. While prior studies often focus on specific compositions, this work systematically
varies Mn, Fe, and Ni ratios to examine their effects on phase formation, structural evolution,
and electrochemical behavior.[*661 Addressing this gap, it explores seven compositions from a
pseudo-ternary diagram (Figure 1) based on the formula Na(Mn-Fe-Ni)O., with Mn, Fe, and Ni
plotted on the axes. By varying these ratios across a wider compositional range, the study
establishes detailed composition—structure—property relationships, providing deeper insights into
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phase formation, structural evolution, and electrochemical performance. This broader approach
advances the understanding of how individual transition metals influence phase stability and

electrochemical behavior, distinguishing this work from previous studies.

Although the Ni-rich region offers high specific capacity, it necessitates a high-pressure
synthesis procedure to ensure proper Ni diffusion and prevent Ni-rich impurities. Consequently,
this region of the phase diagram is excluded from the current study. To minimize the influence
of sodium content on phases and resulting properties, all compositions maintain a fixed Na
content of 1. Further, to standardize the calcination process, known to affect phase formation (P3
at lower temperatures, P2 and O3 at higher temperatures)[®2-%1 all samples are calcined only at
900 °C. This approach ensures that temperature variations do not introduce additional variables

into the study.
: MFN-332 — NaMn, ;,.Fe ;-.Ni; ,5,0,
: MFN-431 — NaMn, 5y Fe, 375Niy 1,50,
: MFN-512 — NaMn, 5,5Feg 155Niy 5500,
: MFN-422 — NaMny 500F€) 259Nig 500,
/ 7 7 7 > 0.00
0.00 0.25 0.50 0.75 1.00

Mn

Figure 1. (a) Compositions in the Na(Mn-Fe-Ni)O2 pseudo-ternary system studied in this

manuscript and their abbreviations.

X-ray diffraction (XRD) results reveal that although the materials exhibit a preference for the
03 phase due to the Na content being 1, materials with higher Mn content tend to form prismatic
sites, leading to the creation of P2/0O3 and P2/P3 biphasic compounds. This biphasic intergrowth
is confirmed by Transmission electron microscopy (TEM) analysis. The smooth GCD curves of
the samples suggest a solid solution reaction and enhanced cyclability in these materials. The
main objective of this work is to identify compositions in the Na(Mn-Fe-Ni)O2 system that

exhibit a stable structure, high nominal voltage to enhance energy density, and reduced capacity
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fading with cycling. A systematic investigation into the effects of Mn, Fe, and Ni concentrations
on structural and electrochemical properties led to the identification of MFN-512 as an optimal
composition, showing potential for commercialization. MFN-512, characterized by a P2/03
biphasic structure, can retain 93% of its capacity after 100 cycles at 1C. The material shows a
specific capacity of ~92 mAh g in a full-cell configuration with hard carbon as the anode. This
study provides a roadmap for systematically optimizing low-cost, energy-dense layered oxides
based on Mn, Fe, and Ni.

2. EXPERIMENTAL SECTION

All pseudo-ternary Na(Mn-Fe-Ni)O> diagram compositions were synthesized using a sol-gel
method. Precursors including Na.COs (SRL, 99.9%), CaHsMnOa4-4H20 (Sigma-Aldrich, >99%),
Fe(NOs);*9H20 (Rankem. 98%), and C4HesNiO4-4H-O (Sigma-Aldrich, 98%) were measured in
stoichiometric amounts and mixed in deionized water. This mixture was stirred for 8 hours before
adding citric acid (CsHzO>~) as a chelating agent and ethylene glycol (C2HsO-) as a gelling agent.
The resulting solution was continuously stirred to form a homogeneous mixture and then heated
to form a gel. The gel was dried and, subsequently, heated at 550 °C, followed by calcination at
900 °C in a muffle furnace under ambient air. After calcination, the products were allowed to
cool naturally and then transferred to an argon-filled glove box to prevent moisture exposure

from the air.

Phase identification was performed by XRD using an Empyrean instrument from Malvern
Panalytical with Cu-Ka radiation. The XRD data were collected over a 20 range of 10-70° with
a step size of 0.01° and analyzed using Rietveld refinement with Topas academic software
(version 6).561 Morphological studies of the samples were conducted using field emission
scanning electron microscopy (FESEM) with a JEOL-7610 model. Energy dispersive X-ray
spectroscopy (EDS) was employed to investigate the elemental distribution within the samples.
Transmission electron microscopy (TEM) studies were performed using a JEOL-2100 TEM. For
these studies, powder samples were drop-cast on the carbon-coated Cu grids. X-ray
photoelectron spectroscopy (XPS) using a Thermo Fisher Scientific instrument with a 1486.6 eV
(Al Ka) X-ray source was utilized to determine the oxidation states of elements in the cathode

materials.

The positive electrodes were prepared by coating a slurry composed of 75% active material, 10%
Ketjen black, and 15% polyvinylidene fluoride (PVDF) binder, all by weight, in N-methyl-2-

pyrrolidone (NMP) solvent. This slurry was coated to an aluminum (Al) current collector, dried
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under vacuum, and punched into 16 mm discs to achieve an active material loading between 3-
4 mg cm2, CR2032 coin cells were assembled in an argon-filled glove box, using the prepared
electrodes and sodium metal as the negative electrode. To fabricate the full cell, hard carbon was
employed as the anode material, coated onto the aluminum foil with a mixture containing 80
wt% hard carbon, 10 wt% Ketjen black, and 10 wt% PVDF as the binder. Prior to its
incorporation as the negative electrode in the MFN-512 — hard carbon full cell, the hard carbon
electrode was presodiated through electrochemical sodiation and de-sodiation in a sodium metal
half-cell setup. The electrolyte used was 1M NaClOa in a 1:1 mixture of ethylene carbonate (EC)
and propylene carbonate (PC), with Whatman GF/D as the separator.

Galvanostatic charge-discharge experiments were conducted at various current densities using a
Neware battery tester (Model CT-4008T). The same equipment was used to perform the
galvanostatic intermittent titration technique and calculate the diffusion coefficient of Na-ions in
the cathode material. Electrochemical impedance spectroscopy was carried out on the coin cells
using an NF Corp. LCR meter (Model ZM 2376) by applying a perturbation voltage of 10 mV
over a frequency range of 100 mHz to 1 MHz. The phase transformations that occurred during
electrochemical cycling were investigated by operando studies carried out using extreme
conditions-angle dispersive/energy dispersive synchrotron X-ray diffraction (BL11) at Indus-2
beamline (RRCAT) with a beam wavelength of 0.7388 A and beam energy of 2.5 GeV. The coin
cells for the operando studies were prepared by drilling 5 mm holes in the CR2032 coin-cell
casing to allow the beam to pass through the cell. A Kapton tape was used to cover the drilled

holes in coin cell casings to prevent environmental exposure.
3. RESULTS AND DISCUSSION

Phase identification and purity of the samples were confirmed using XRD. Figure S1 presents
the XRD patterns of the MFN samples. The analysis of the XRD data indicates that all peaks
correspond to the Bragg positions of the O3, P3, and P2 phases, and no impurity peaks were
observed. The patterns demonstrate a clear preference for the O3 phase across all samples, which
is expected due to full Na occupancy. As the Mn content increases (in MFN-512 and MFN-521),
the compounds exhibit biphasic behavior, incorporating P2 and P3 phases. Given that Mn has
lower electronegativity (1.55 on the Pauling scale) than Fe (1.83) and Ni (1.91), the repulsion
between oxygen ions increases, favoring the formation of prismatic sites over octahedral sites.
Specifically, MFN-512 exhibits (002), (102), and (103) peaks, which can be indexed to the P2
phase, in addition to peaks of the O3 phase, making MFN-512 a biphasic compound with P2/03
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phases. Similarly, MFN-521 is identified as a biphasic compound comprising P2/P3 phases
(Figure S1). The low-intensity peaks at ~20° (marked by * in Figure S1) are attributed to
transition metal (TM) ordering. The TM ordering in layered oxides arises from dissimilar

oxidation states and ionic radii of the constituent transition metals.[]

The Rietveld refinement of the XRD data shows that the P2, P3, and O3 phases correspond to
the P6s/mmc, R3m, and R3m space groups, respectively (Figure 2). Phase quantification reveals
that MFN-512 consists of 65% P2 and 35% O3 phases, while MFN-521 has a P2:P3 ratio of
17:83. The lattice parameters obtained from the refinement are presented in Table 1. With an
increase in Ni content, there is an overall decrease in the ¢ parameter. This is contrary to the
expected increase in the ¢ parameter with increasing Ni, as the ionic radius of Ni%* in six-
coordination (0.69 A) is larger than that of Mn** (0.58 A), Mn** (0.53 A), and Fe** (0.55 A). For
samples on constant Ni lines, the ¢ parameter increases with an increasing Mn/Fe ratio. This
suggests that the effects of the higher electronegativity of transition metal ions on the lattice
parameters are more significant than the effects of larger ionic radii in these samples. With
increasing Mn content, there is an overall increase in the ¢ parameter, and for the samples on
constant Mn lines, the ¢ parameter increases with an increasing Fe/Ni ratio. These observations
suggest a complex interplay between the transition metals in layered oxides, where increased Ni
content contracts the lattice, while, an increase in Mn and Fe content has a relatively expanding
effect on the c parameter, depending on their ratios. The refinement parameters of all the samples

are presented in Tables S1-S7 (supporting information).
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297789+ | 159883+ | 122.788+ | 3.32, 2.33,2.42,
MEN-323 03
0.00004 0.0004 0.005 1.42
205129+ | 16.0974+ | 121427+ | 3.34.2.41, 252,
MEN-413 03
0.00006 0.0005 0.007 1.39
207030+ | 161269+ | 123.221+ | 2.97. 2.63,2.36,
MEN-332 03
0.00007 0.0007 0.008 1.13
204432+ | 163046+ | 122.409+ | 3.34. 2.63,2.57,
MEN-422 03
0.00005 0.0006 0.006 1.27
202553+ | 164141+ | 121.663 +
0335+1
0.00007 0.0006 0008 | 506 207 232
MEN-512
200065+ | 11.1194+ | 81.023+ 143
P2 65+ 1
0.00004 0.0003 0.004
20373 + 16.497 + | 12327+ | 2.97 2.24,2.23,
MEN-431 03
0.0002 0.001 0.02 1.32
2.9099 + 16820+ | 12334+
P383+2
0.0001 0.002 0.02 3.26, 3.01 250
MEN-521
2.9054 + 11.166 + 81.63 + 1.08
P217 +2
0.0009 0.006 0.07

Further, the transition metal layer spacing (Stmo2) and the sodium layer spacing (Snao2) in the O3

phase can be calculated using the following equations (1) and (2), respectively:

1
STM02 = (E - Zox) 2Cpex

Chex

SNaOZ -3 STMOZ

Here, zox and cnex denote the fractional coordination z of the oxygen ions and the ¢ parameter,
respectively. The results are summarized in Table S8. Samples with higher Mn content and a

Ni/Fe ratio > 1 have higher Snao2, indicating a larger sodium layer spacing compared to others.

(1)

()
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It is important to note that the rate performance of layered oxides largely depends on the facile
conduction of Na* in the sodium layer. A larger Na layer spacing would facilitate the migration
of Na-ions through the material, allowing it to perform better at higher C rates. Accordingly, it
is expected that MFN-431, MFN-512, and MFN-422 will exhibit better rate performance

compared to the other materials considered in this study.

A study of the morphological and microstructural characteristics of MFN samples was conducted
using FESEM, and the SEM micrographs are presented in Figure 3. These images reveal that the
particles are disc-shaped, which can be attributed to the highly anisotropic crystal structure of
layered oxides. A comparison of the average particle size indicates that, generally, increasing the
fractions of Fe and Mn results in larger, less agglomerated particles. Conversely, a higher Ni
content tends to produce smaller, more agglomerated particles. Smaller particles in cathode
materials are generally less prone to cracking, leading to better cyclability. Additionally, a lower
degree of agglomeration enhances performance at higher discharge rates. Therefore, an optimal
balance between particle size and degree of agglomeration must be achieved for improved
performance. The EDS mappings of MFN-413 and MFN-512 in Figure S2 confirm that all
elements are homogeneously distributed throughout the samples.
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Figure 3. (a-g) SEM micrographs of MFN samples. (h) Variation in the average particle sizes
of the materials.

The local structure of the MFN samples was further examined using TEM. The bright field
images, high resolution (HRTEM) images, and selected area electron diffraction (SAED)
patterns of MFN-422 and MFN-512 samples are shown in Figure 4. The lattice fringes in Figure
4(a3) for the sample MFN-422 display an interplanar spacing of ~5.42 A, attributed to the (003)
plane of the O3 phase. Figure 4(a4) shows the SAED pattern captured along the [121] zone-axis
shows the diffraction spots that can be indexed to the (101), (012), and (111) planes of O3

NaMno sFeo 2sNio.2502, aligning well with the atomic arrangement of the R3m space group.



* #2110
®010
* ® 00

254

255  Figure 4. (al), (a2) Bright-field HRTEM images of MFN-422, (a3) atomic resolution image of
256 MFN-422, and (a4) SAED pattern of MFN-422 captured along the [121] zone-axis. (b1), (b2)
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HRTEM images of MFN-512 (inset (b1) shows intergrowth of P2 and O3 phases, (b3) atomic
resolution image of MFN-512 (inset is a magnified image showing the hexagonal arrangement
of atoms), and (b4) SAED pattern of MFN-512 captured along the [001] zone-axis.

The low-magnification TEM image of MFN-512 in Figure 4(b1) inset reveals the presence of
two intergrown distinct phases. A high-resolution image shows the lattice fringes with different
interplanar spacings. One set of fringes shows an interplanar spacing of 5.60 A, corresponding
to the (002) plane of the P2 phase, while another set exhibits an interplanar spacing of ~2.55 A,
corresponding to the (100) plane of the O3 phase. The crystal structures of the P2 and O3 phases,
generated using VESTA, are overlaid on the magnified image to better visualize the arrangement
of NaO, and TMO: layers in the different phases. An atomic resolution image in Figure 4(b3)
displays an interlayer spacing of ~2.54 A, corresponding to the (100) plane of the O3 phase. The
SAED pattern in Figure 4(b4) shows hexagonally arranged diffraction spots, indexed to the
(010), (110), and (100) planes of the P2 phase of the NaMnoezsFeo12sNio2502. The faint
superlattice spots in the SAED pattern (Figure 4(b4)) correspond to the TM honeycomb ordering,

as reported in previous studies.®]

The oxidation states of Mn, Fe, and Ni in the MFN samples were verified using XPS (Figure 5).
The Mn 2p spectrum of MFN-323 displays two peaks at approximately 642.6 eV and 653.7 eV,
corresponding to Mn 2ps2 and Mn 2p12, respectively. These binding energy values indicate the
presence of tetravalent Mn, confirming Mn** in MFN-323. Moving towards the right side of the
triangle in Figure 5, the Mn spectra of the samples can be deconvoluted into four peaks: two for
Mn3* (Mn 2ps2 at ~641.2 eV and Mn 2p12 at ~651.9 eV) and two for Mn*" (Mn 2ps, at ~642.6
and Mn 2pu2 at ~653.7 eV).6 69701 Additionally, the ratio of Mn®* to Mn** increases towards
the right of the triangle. The broad peak at ~636 eV can be attributed to the Auger peak in the
Mn 2p spectrum (marked by & in the Mn 2p spectra in Figure 5).["Y The Fe 2p spectrum shows
two coupled peaks at 710.7 eV and 724.2 eV, suggesting the presence of Fe3* ions in all MFN
samples.[® 670 The Ni spectrum shows peaks belonging to Ni 2ps;2 and Ni 2p12 at 854.4 and
872.1 eV, respectively, along with their shake-up satellites (marked by ¢ in the Ni 2p spectra in
Figure 5), confirming the presence of Ni in the 2+ oxidation state in all MFN samples.[6: 6970l
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Figure 5. Mn 2p spectra, Ni 2p spectra, and Fe 2p spectra of the MFN samples. # represents
the Auger peaks in the Mn 2p spectra, and ¢ represents the shake-up satellite peaks in the Fe 2p
and Ni 2p spectra.

The effects of the phases and structural parameters on the electrochemical properties of MFN
samples were studied, and the results in the subsequent discussion are summarized in Table 2.
The GCD profiles at different C-rates are shown in Figure 6(a), and the corresponding dQ/dV
vs. V curves at 0.1C are presented in Figure 6(b). The first discharge specific capacities of the
MFN cathodes are tabulated in Table 2. As the Ni content decreases, the specific capacity at 0.1C
decreases. Furthermore, with increasing Fe content, the GCD curves become more sloping, with
the plateaus above 3.2 VV merging together. In the dQ/dV vs. V curves for MFN-413 and MFN-
512, in addition to the broad peaks at ~3.1/2.9 V, peaks corresponding to Na-ion/vacancy
ordering rearrangements that occur during cycling also appear at ~3.6/3.5 V, whereas the Na-
ion/vacancy ordering peaks are absent in other compositions. This indicates that an increase in

Fe content results in a solid solution reaction and the absence of Na*/vacancy ordering upon
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sodiation/desodiation.[*® 581 |t is generally believed that Na-ion/vacancy ordering negatively
impacts the cathode’s structure and Na-ion diffusion kinetics. However, a recent study by Wang
et al. established that a dual-ordered structure with both Na-ion vacancy and TM ordering
enhances the cathode's working voltage and structural stability.[%® The average voltage values of
the MFN samples are given in Table 2. These values are in accordance with the above discussion,
where MFN-512 has a higher average voltage compared to others. The specific discharge
capacities of MFN-413, MFN-323, MFN-332, MFN-422, MFN-512, MFN-431, and MFN-521
at 0.1C in second cycle are approximately 149, 142, 120, 119, 120, 58, and 57 mAh g?,

respectively.
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Figure 6. (a) Galvanostatic charge-discharge curves at different C-rates, (b) dQ/dV vs. V

profiles, and (c) Energy efficiency curves of MFN samples.

MFN-521 and MFN-431, with Ni/Fe ratio < 1, exhibit relatively higher polarization, which
further increases at higher C-rates. High polarization implies slower Na-ion kinetics, which can
negatively impact the long-term cyclability of the material. This higher polarization could be due
to several factors, including larger particle sizes and a Ni/Fe ratio being < 1.[?l Several cathodes

containing Ni and Fe have shown suppressed polarization with increasing Ni/Fe ratio, a trend



317
318
319
320

321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338

339
340
341
342
343

that is also observed in this study.®! The energy efficiency of MFN cathodes at 0.1C is shown in
Figure 6(c), with values given in Table 2. The shaded area under the curve represents the amount
of energy recovered during discharge compared to the total energy input during charging. MFN-
512 sample also shows a remarkable energy efficiency of ~91.3%.

Figure 7(a) displays the rate performance of MFN samples at various C-rates in the 0.1C to 3C
range. All samples nearly recover their original discharge capacities when charged from higher
to lower C-rates, indicating no irreversible loss of capacity with C-rate. The percentage capacity
retention at 1C and 3C compared to 0.1C is summarized in Table 2. There are substantial
variations in rate performance due to the different local environments created by varying
transition metal ratios in the samples. Although materials with the O3 phase are reported to have
poor rate performance due to slower Na-ion Kinetics through the tetrahedral sites, MFN-422 and
MFN-413 with pure O3 phase show excellent rate performance. MFN-422
(NaMno s00Fe0.250Ni0.25002) demonstrated the best rate performance, exhibiting 85.7% capacity
at 1C and 69.7% at 3C, compared to 0.1C. Also, MFN-512, a biphasic compound with both P2
and O3 phases, delivered an excellent capacity retention of ~83% at 1C of the capacity at 0.1C.
The exceptional rate performance in MFN-422, MFN-413, and MFN-512 is attributed to the
larger Na-layer spacing in these materials, which facilitates efficient Na-ion conduction. Apart
from the Na* diffusion inside the crystal structure, the rate performance of a cathode material is
also determined by the particle size and degree of agglomeration. In this regard, MFN-413,
MFN-422, and MFN-521, with smaller average particle sizes, perform better than MFN-431 and
MFN-521. The rate performance of MFN-512 is further complemented by its biphasic nature, as
P2 phases are known to facilitate faster Na-ion diffusion.

The cyclability of MFN samples at 1C is shown in Figure 7(b) and listed in Table 2. MFN-512,
MFN-422, and MFN-413 retain nearly > 80% of their initial capacity after 100 cycles.
Cyclability data shows that when Mn content is high, and the Ni/Fe ratio is > 1, such materials
have better cyclability. Higher capacity retention in these materials can be attributed to lesser

agglomeration and optimal particle sizes, which maintain structural integrity.
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Figure 7. (a) Rate performance and (b) cyclic stability of MFN samples

The exceptional cyclability of MFN-512 is also attributed to the widely reported interlocking
effect in biphasic oxides, which stabilizes the structure during cycling.[*+4% 73741 TEM analysis
confirms the presence of intergrown P2 and O3 phases in MFN-512. Such biphasic structures
are known to strengthen structural integrity by preventing layers from gliding over one another
and, thus, improving the cyclic stability of cathodes. The properties of various cathode materials
in the Na(Mn-Fe-Ni)O> system are compared in Table S9. This table highlights the competitive
performance of MFN-512 and demonstrates its potential for practical applications. Although
MFN-521 also shows decent capacity retention, its low specific capacity limits its practical

applications.

Overall, a decreasing Ni content results in lower specific capacity, while an increasing Fe content
leads to more sloped GCD curves and suppresses Na-ion/vacancy ordering. Smaller particle sizes
in MFN-413, MFN-422, and MFN-521 improve rate performance. Additionally, the biphasic
structure of MFN-512 enhances cyclability, providing superior cyclability. These findings
underscore the pivotal role of phase composition and transition metal ratios in optimizing the
electrochemical performance of sodium-ion battery cathodes, leading to enhanced rate

capability, higher specific capacity, and improved long-term stability.
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Table 2. A comparison of the electrochemical performance of MFN samples.

First Energy Capacity Capacity )
) o ) ] Capacity
discharge | Average | Efficiency | retentionat | retention at )
- retention
Sample specific voltage at0.1C 1C (of the 3C (of the
_ ] _ (%) after
capacity V) (%) capacity at | capacity at
100 cycles
(mAh g?) 0.1C) (%) 0.1C) (%)
MFN-413 160.6 3.07 91.48 81.1 64.8 77
MFN-323 156 3.02 91.81 73.9 47.8 50
MFN-332 120.5 3.00 86.46 75.6 52.9 67
MFN-422 121.8 3.12 89.83 85.7 69.7 80
MFN-512 120.1 3.22 91.35 83.0 59.3 93
MFN-431 60.1 3.04 85.02 66.1 23.2 65
MFN-521 60.2 291 86.59 58.8 40.9 75

The diffusion coefficient of Na-ions (Dna+) in the MFN cathodes was determined using the

galvanostatic intermittent titration technique (GITT). The GITT curves and corresponding

diffusion coefficient values are presented in Figure 8. Prior to conducting GITT, the cells

underwent a first formation cycle. For the GITT measurements, cells were subjected to a constant

current pulse at 0.1C for 10 minutes, followed by a 30-minute relaxation period to allow the

cathodes to reach a pseudo-equilibrium state. The diffusion process is assumed to follow Fick’s

first law of diffusion. The Dna+ values are calculated using the following equation (3)[":

Do+ = i(

T

where;

e 1 is the duration of the constant current pulse,

mBVm)Z (AES
MpS

AE,

(t < L?> /D)

e mg is the active material loading on the cathode,

e Vs the molar volume of the material,

©)
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e MB is the molecular weight of the material,
e Sis the surface area of the cathode,
e AE: is the voltage change during the current pulse,
e AEs is the voltage change when the material reaches equilibrium.
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Figure 8. (a, b, c, d, e, f, g) GITT profiles of MFN samples at 0.1C along with the variations in

diffusion coefficients during charge-discharge. (h) A single titration unit of the GITT curve of

MFN-512 during charging shows the variables considered in Equation 1.

The calculated Dna+ Values for all samples are tabulated in Table S10. Analysis reveals that the

diffusion coefficients are higher in the better-performing MFN-512 and MFN-422 samples.

Figure 8 shows that Na-ion diffusion slows down at higher and lower voltages when the cathode

becomes either deficient or saturated with Na-ions, indicating slower kinetics in these regions
[71,76-77] 'Notably, the biphasic MFN-512 exhibits a higher Dna+ value of 4.0 V compared to the
other samples. This highlights the advantage of the biphasic material with optimal Mn/Fe/Ni

ratios in enhancing electrochemical performance.
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The cells with MFN cathodes were analyzed using electrochemical impedance spectroscopy
(EIS) both before and after 100 charge/discharge cycles to investigate the superior
electrochemical properties of MFN-413, MFN-422, and MFN-512. EIS data, measured over a
frequency range from 1 MHz to 100 mHz with a perturbation voltage of 0.01 V, are illustrated
in Figure 9(a-g) in the form of Nyquist plots for all samples. The corresponding equivalent circuit
model used for fitting is shown in Figure 9(h). The Nyquist plots feature an intercept on the Z'-
axis at high frequencies, representing the electrolyte resistance (Re). Two overlapping semi-
circular arcs are observed, corresponding to the resistance of the CEI layers formed on the
electrode surfaces (Rcei) and the charge-transfer resistance (Rct). The tail observed in the low-
frequency region reflects impedance associated with ion diffusion in the cathodes. A close match
between the experimental and fitted curves is observed for all samples with associated errors of
<1% in observed values of resistances. The fitted resistance values for the MFN samples are
summarized in Table S11.
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Figure 9. (a-g) Nyquist plots of MFN samples before and after cycling along with their fitted

curves. (h) Circuit model for fitting.
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The resistance values reveal that all samples have an electrolyte resistance ranging from 3.5 to
4.1 Q, which remains relatively stable even after cycling. This stability suggests that there are no
parasitic reactions between the electrodes and the electrolyte, and the electrolyte's homogeneity
is preserved. Samples with smaller particle sizes exhibit higher Rcgi values due to the increased
surface area, which leads to more CEI formation. The CEI resistance shows only a marginal
increase after cycling, indicating no significant particle cracking or new surface formation that
would enhance CEI growth. The charge transfer resistance for samples with lower cyclability,
particularly MFN-323, increases significantly, causing a prominent second semicircular arc and
a ~109% increase in total resistance. In contrast, MFN-413, MFN-422, and MFN-512 samples
demonstrate relatively lower charge transfer resistances, which show relatively small changes
with cycling, facilitating easier Na-ion diffusion within the material as indicated by the higher
Dna+ values calculated from GITT. This results in reduced polarization and better cyclability for
these samples. Moreover, MFN-512, with its P2/O3 biphasic structure, enables more efficient

sodiation and desodiation, exhibiting a minimal change (~ 6.6%) in total resistance.

Operando synchrotron x-ray diffraction (SXRD) was employed to elucidate the structural
evolution of MFN-512 during charging/discharging. Figure 10(a) presents SXRD patterns
recorded at a charge/discharge rate of 0.2C in the 2.0 — 4.0 V range, while the corresponding
GCD profile is shown in Figure 10(b). During charging, the (003) and (006) reflections of the
03 phase systematically shift to lower angles, indicative of the expansion of the ¢ parameter
driven by the glide of TMO- layers to mitigate electrostatic repulsion (Figure 10(c)). At ~3.3 V,
the O3 phase transitions to the monoclinic O3" phase, as evidenced by the emergence of (001)
and (002) reflections. On further charging, a monoclinic P3" phase emerges at ~3.6 V, confirmed
by the (201) and (112 reflections in Figure 10(f). This phase subsequently transforms into the
hexagonal P3 phase, as indicated by a marked decrease in the (104) peak intensity and the
increased intensity of the (105) reflection (Figure 10(e)). Concurrently, the P2 (002) reflection
also shifts to lower 20, confirming the expansion of the ¢ parameter (Figure 10(a)). In contrast,
the P2 (100) and (102) reflections at 20 = 16.9° and 18.6°, along with the O3 (101) and (012)
reflections at 20 = 16.7° and 17.5°, shift toward higher angles, signifying a contraction of a
parameter across all phases (Figure 10(a,d)). Additionally, the reversible emergence of (110) and
(201) reflections associated with the O3  phase, along with (200) and (111) reflections
characteristic of the P3" phase, confirms the presence of monoclinic distortions in both O3 and
P3 phases. These structural changes are consistent with prior reports.[’®-81 Upon discharge, the

(00I) reflections characteristic of the O3 phase progressively reappear, verifying the reversible



440  P3 to O3 phase transition via the monoclinic P3" and O3" intermediates. Simultaneously, the P2
441  (100) and (102) peaks revert to their initial positions, with no additional reflections emerging,

442  highlighting the structural reversibility of MFN-512 throughout charge/discharge in the 2.0 — 4.0
443  V range.
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various phase transformations in the O3 phase.

Post-mortem SEM analysis was performed on MFN-323 and MFN-512 cathodes following
cyclability studies to assess morphological changes after 100 cycles at 1C rate. The post-cycled
MFN-323 electrode reveals a stepped surface morphology with evident particle cracking and
breaking due to repeated Na* insertion/extraction cycles, as highlighted by red dotted areas and
arrow in Figure S3(a). In contrast, MFN-512 particles maintained their structural integrity and
morphology after cycling (Figure S3(b)). This observed stability in MFN-512 is attributed to the
intergrown P2 and O3 phases, which enhance structural robustness and improve the cycling

performance of the cathode.
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Figure 11. Charge-discharge curves of (a) MFN-512 vs. Na metal, (b) hard carbon vs. Na
metal, and (c) The 1%, 10", 20", and 50" cycle GCD curves of full cell with MFN-512 cathode
and HC anode at 0.1C. (d) Cyclic performance of MFN-512 — HC full cell at 0.1C for 50

cycles.

To illustrate the practical application of MFN cathodes, a full cell was assembled with MFN-512
as the cathode and hard carbon (HC) as the anode. The hard carbon anode was pre-sodiated in a
half-cell setup with sodium metal as the counter electrode. Following this, the sodiated HC was
retrieved after de-crimping the coin cell and subsequently integrated into the full cell. The
specific capacity of the hard carbon in the second cycle was ~257 mAh g (Figure 11(b)). The

full cell was cycled at 0.1 C within a voltage window of 1 — 4 V, achieving a specific capacity
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of around 92 mAh g (calculated based on the active mass of the cathode) with a nominal
discharge voltage of ~2.9 V (Figure 11(c)). After 50 cycles, the full cell retained ~80% of its
initial capacity (Figure 11(d)). It is important to note that the electrochemical performance of the
full cell depends on both the cathode and carbon materials. Enhancements in anode stability and
kinetics, balancing the active material loadings, and stabilizing the solid electrolyte interphase
(SEI) with electrolyte additives could further improve the electrochemical performance of full

cells.

4. CONCLUSIONS

In summary, a pseudo-ternary Na(Mn-Fe-Ni)O. system with Mn, Fe, and Ni as the axes is
explored for layered transition metal oxides as cathodes. A systematic investigation of the
influence of varying the fractions of the transition metals on the structural and electrochemical
properties is carried out. XRD data revealed that the materials showed a preference for the O3

phase.

e The samples exhibited biphasic behavior in regions with increased Mn content, leading
to repulsion between oxygen ions and promoting the formation of prismatic sites.
Specifically, MFN-512 displayed O3/P2 phases in a ratio of 35:65, and MFN-521 with a
ratio of 17:83 of P2/P3 phases.

e Increasing Ni content causes a decrease in the ¢ parameter, while higher Mn and Fe result

in an expanded ¢ parameter.

e Particle sizes generally increased with Fe and Mn content, whereas a higher Ni fraction

tends to produce smaller, more agglomerated particles.

e TEM confirmed the co-existence of P2 and O3 phases in MFN-512, contributing to its
structural stability and enhanced cyclic performance. Further, superlattice reflections,
consistent with the transition metal ordering, were observed in the SAED pattern for the
MFN-512 sample. Electrochemical measurements demonstrated that higher Ni content

results in greater capacities, with MFN-413 achieving a specific capacity of ~149 mAh

gt

e MFN-422, with a Ni/Fe ratio of 1, demonstrated the best rate performance, with the

capacity at 1C being 85.7% of the capacity at 0.1C and at 3C being 69.7% of the capacity
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at 0.1C. MFN-512 outperformed all samples in terms of cyclic stability, with 93%
capacity retention after 100 cycles, which is attributed to the synergistic effect of P2/03
coexistence. The excellent structural stability of MFN-512 is further confirmed using
operando Synchrotron XRD which reveals a reversible O3 to P3 phase transition via the

monoclinic P3" and O3 intermediates during cycling.

e EIS analysis confirms that materials with a higher Mn content along with a lower Fe/Ni
ratio have lower charge transfer resistance, which was also reflected by the higher Dna:

values of these samples as measured by GITT.

e The practical applicability of MFN-512 was demonstrated in a full cell configuration with
hard carbon as the anode, achieving a specific capacity of ~92 mAh g with a nominal
discharge voltage of ~2.9 V at a 0.1C rate. Overall, MFN-512, with the nominal
composition NaMnoe2sFeo.125Ni0.2502, emerged as the optimal cathode composition
among the studied samples due to its high energy efficiency, excellent rate performance,
and outstanding cyclability, making it a valuable candidate for next-generation sodium-
ion batteries.
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Figure Legend Section

Figure 1. (a) Compositions in the Na(Mn-Fe-Ni)O> pseudo-ternary system studied in this

manuscript and their abbreviations.

Figure 2. (a-g) Rietveld refined patterns of MFN samples. (h) Phase percentage of the various

phases in MFN samples.

Figure 3. (a-g) SEM micrographs of MFN samples. (h) Variation in the average particle sizes of

the materials.

Figure 4. (al), (a2) Bright-field HRTEM images of MFN-422, (a3) atomic resolution image of
MFEN-422, and (a4) SAED pattern of MFN-422 captured along the [121] zone-axis. (b1), (b2)
HRTEM images of MFN-512 (inset (b1) shows intergrowth of P2 and O3 phases, (b3) atomic
resolution image of MFN-512 (inset is a magnified image showing the hexagonal arrangement
of atoms), and (b4) SAED pattern of MFN-512 captured along the [001] zone-axis.

Figure 5. Mn 2p spectra, Ni 2p spectra, and Fe 2p spectra of the MFN samples. & represents the
Auger peaks in the Mn 2p spectra, and ¢ represents the shake-up satellite peaks in the Fe 2p and
Ni 2p spectra.

Figure 6. (a) Galvanostatic charge-discharge curves at different C-rates, (b) dQ/dV vs. V

profiles, and (c) Energy efficiency curves of MFN samples.
Figure 7. (a) Rate performance and (b) cyclic stability of MFN samples

Figure 8. (a, b, ¢, d, e, f, g) GITT profiles of MFN samples at 0.1C along with the variations in
diffusion coefficients during charge-discharge. (h) A single titration unit of the GITT curve of

MFN-512 during charging shows the variables considered in Equation 1.

Figure 9. (a-g) Nyquist plots of MFN samples before and after cycling along with their fitted
curves. (h) Circuit model for fitting.

Figure 10. (a) Operando synchrotron XRD of MFN-512. (b) Corresponding GCD curve
showing various states of charge/discharge. Magnified view of (c) (002)p2 & (003)o03, (d)
(100)p2, (101)os & (012)0s, () (102)r2 & (104)o0s, and (f) (105)03 peaks of MFN-512 showing

various phase transformations in the O3 phase.

Figure 11. Charge-discharge curves of (a) MFN-512 vs. Na metal, (b) hard carbon vs. Na metal,
and (c) The 1%, 10", 20™, and 50" cycle GCD curves of full cell with MFN-512 cathode and HC
anode at 0.1C. (d) Cyclic performance of MFN-512 — HC full cell at 0.1C for 50 cycles.
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Tables S1-S7 Crystallographic parameters of MFN samples obtained from Rietveld refinement
of room temperature XRD data.

S1: MFN-323

O3 (Space Group: R3m)

Atom X y z Occupancy Site
Nal 0 0 Ya 1 3b
Mn/Fe/Ni 0 0 0 0.375/0.25/0.375 3a
O 0 0 0.268+0.005 1 6c
S2: MFN-332
03 (Space Group: R3m)
Atom X y z Occupancy Site
Nal 0 0 Ya 1 3b
Mn/Fe/Ni 0 0 0 0.375/0.375/0.25 3a
O 0 0 0.269+0.003 1 6c
S3: MFN-413
O3 (Space Group: R3m)
Atom X y z Occupancy Site
Nal 0 0 Ya 1 3b
Mn/Fe/Ni 0 0 0 0.5/0.125/0.375 3a
0 0 0 0.27040.003 1 6c
S4: MFEN-422
03 (Space Group: R3m)
Atom X y z Occupancy Site
Nal 0 0 Ya 1 3b
Mn/Fe/Ni 0 0 0 0.5/0.25/0.25 3a
0 0 0 0.275+0.001 1 6¢c
S5: MFN-431
O3 (Space Group: R3m)
Atom X y z Occupancy Site




Nal 0 0 Ya 1 3b
Mn/Fe/Ni 0 0 0 0.5/0.375/0.125 3a
O 0 0 0.260+0.001 1 6c
S6: MFN-512
03 (Space Group: R3m)
Atom X y z Occupancy Site
Nal 0 0 Ya 1 3b
Mn/Fe/Ni 0 0 0 0.625/0.125/0.25 3a
O 0 0 0.277+0.003 1 6c
P2 (Space Group : P63/mmc)

Atom X y z Occupancy Site
Nal 2/3 1/3 1/4 2d
Na2 0 0 1/4 2b

Mn/Fe/Ni 0 0 0 0.625/0.125.0.25 2a
O 2/3 1/3  0.091+0.002 1 4f
S7: MFN-512
P2 (Space Group : P63/mmc)

Atom X y z Occupancy Site
Nal 2/3 1/3 1/4 2d
Na2 0 0 1/4 2b

Mn/Fe/Ni 0 0 0 0.625/0.25/0.125 2a
O 2/3 1/3 0.092+0.001 1 Af
P3 (Space Group: R3m)
Atom X y z Occupancy Site
Na 0 0 0.17 1.00 3a
Mn/Fe/Ni 0 0 0 0.625/0.25/0.125 3a
o1 0 0 0.38+0.02 1.00 3a
02 0 0 0.62+0.02 1.00 3a




Table S8. Transition metal layer and sodium layer spacings in the O3 phase calculated from the

refinement data

Sample Stmoz (A) Snao2 (A)
MFN-431 2.42 3.08
MFN-323 2.09 3.24
MFN-332 2.07 3.30
MFN-413 2.04 3.33
MFN-422 1.90 3.53
MFN-512 1.85 3.62




Table S9. Comparison of electrochemical properties for various ternary cathode materials with

Mn-Fe-Ni for sodium-ion batteries.

Capacity
Red | retention
edox couple .
Specific . P atic (of | Cyclability
c " oh c " responsible "
omposition ase | Capaci e % C-
g ( Aph i/) for charge " (%, C-rate,
mAh g _ capacity
compensation Cycles)
at0.1C)
(%)
NaNiysMnysFe130; 03 |124(0.2C) Ni2*/Ni** 77 82%, 1C, 100

_ NiZ*/Ni**,

NaNi1sMnasFe1302 2 03 |134(0.2C) 78 83%, 1C, 100
Fe*3/Fe*
NaNiyzMnysFe130; 3 03 |140(0.10) Ni2*/Ni** 82 75%, 1C, 100

) 150 (0.2 Ni2*/Ni**,

NaNisMnasFe1302 4 03 78 66%, 2C, 100
C) Fe*3/Fe*

_ o 88%, 0.5C,
NaNiysFersMny 30, ° 03 |125(0.1C) Ni2*/Ni** 80 100
NaNiysFe1sMnyz02 © Ni2*/Ni*,

03 92 (10C) 79 84%, 1C, 100
Fe*3/Fe*
_ Ni2/Ni, 40%, 0.5C,
NaNio 25F€0.2sMno502 * 03 |193(0.2C) 83
Fe*3/Fe* 50
) Ni2*/Ni**, 65%, 0.1C,
Na[Mno.4Feo 3Nio3]O2 03 167 (0.1C) 78
Fe*3/Fe* 100

) Ni2*/Ni**, 81.3%, 0.2C,

NaNio.eoFe0.2sMno.1502° 03 [190(0.1C) 75
Fe*3/Fe* 100
Na[NiossMnoasFeo1]02 10 | P2/03 (152 (0.1C)|  Nji2t/Ni 65  |50%, 1C, 100




Fe*3/Fe*4

, 146.2 Ni2*/Ni**,
NaNio.4Mno sFep20; 11 03 0.10) - 75 83%, 1C, 100
. (S (S
NaMno.s2sFe0.125Ni0.25002 ) ) 93%, 1C,
) P2/03 {120 (0.1C) Ni2*/Ni** 83
(This work) 100




Table S10. The range of diffusion coefficients (Dna+) 0f MFN samples.

Sample Dna+ (cm? s
MFN-323 1.09 x 102 —1.83 x 1010
MFN-332 1.55 x 1012 -2.50 x 1010
MFN-413 4.46 x 1012 - 1.27 x 1010
MFN-422 6.17 x 102 - 5.79 x 10710
MFN-431 1.6 x 1012 - 1.89 x 10710
MFN-512 8.79 x 1012 - 4.74 x 1010
MFN-521 9.94 x 102 - 3.65 x 101°




Table S11. The resistance of various components in the MFN cells.

Fresh cell (Q) Cycled cell (2) % Change
Sample

Re | Rcer | Rer | Rrot | Re | Rcel Ret Rrom | N Rrotal

MFEN-323 3.8 | 459 | 1469 | 196.6 | 41 | 58.7 | 348.1 | 4109 109.2

MFN-332 35 | 752 | 165.0 | 243.7 | 39 | 764 | 207.1 | 287.8 18.1

MFN-413 | 40 | 445 | 1539 | 2044 | 39 | 49.2 | 1789 230 12.7

MFN-422 39 | 114 | 1274 | 142.7 | 4.1 13.0 | 141.7 | 158.8 11.2

MFN-431 39 | 120 | 2384 | 2543 | 38 | 126 306 322 26.6

MFN-512 3.7 | 234 | 160.0 | 187.1 | 3.7 | 324 | 163.3 | 1994 6.6

MFN-521 3.8 | 13.6 | 107.2 | 1246 | 3.7 16 128 147.7 18.5




O3 Bragg Position
P2 Bragg Position
P3 Bragg Position

(‘n*e) isudjuj

20 (degree)

Figure S1. (a) XRD patterns of the MFN samples. Magnified view of (al) P2(002), P3(003),

and 03(003) peaks, (a2) P2(102) &P2(103), P3(104) & P3(105), and O3(104) & 0O3(105)

peaks.
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Figure S2. EDS elemental mappings of (a) MFN-422 and (b) MFN-512.
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Figure S3. SEM images of (a) MFN-323 and (b) MFN-512 electrodes after 100 cycles. The red
dotted areas and the arrow indicate the breaking and cracking of MFN-323 particles.
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