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Unlocking high performance in a Na—Fe—Mn-0O
cathode through phase-transition-free cycling+t
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Sher Singh Meena, (2 € Moritz Hirsbrunner, ©2¢ S. D. Kaushik,® Tinku Dan,"
Pontus Térnblom,® Laurent Duda, &2 ¢ Anirudha Ghosh,® Conny Sathe,®
Takashi Tokushima,® Subham Ghosh,? Swastika Banerjee (2 ° and
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Fe—Mn-based Na-layered oxide cathodes suffer from severe phase transitions at high states of charge,
accompanied by transition metal migration and large-volume collapse. We propose the incorporation of a
small amount of Li* into the transition metal layer to enable phase-transition-free cycling across a wide
state-of-charge (SOC) range. In contrast to the previously studied undoped or Li/Mg/Ni doped P2-type
Na-Fe-Mn-0O cathodes, our P2-Nag ;Lig 127F€0.127MNg 74602 (NLFM) cathode, which has optimized Li, Fe
and Mn contents and a disordered transition-metal layer, exhibits the remarkable property of complete
suppression of O-type layer formation up to the highest charge voltage of 4.5 V. The cathode demon-
strates reversible high-voltage Fe and O redox reactions without any phase transition. The P to O phase
transition, accompanied by transition-metal-migration and O-O-0O (O = vacancy) formation, is essential
for the activation of O-redox in undoped Fe—Mn cathodes. The highly ionic character of Li-O bonds in
NLFM increases the electron density over the O orbitals, making O-redox feasible in the P2-phase even in
the absence of O-O-0O. By retaining its P2 phase at the highest state of charge, the cathode shows a neg-
ligible volume change of less than 1.8%, thereby yielding high energy density along with excellent reten-
tion. The improved electrochemical performance of the Li-doped cathode arises from dopant-induced
static and dynamic disorder, ensuring structural stability across a wide SOC range.

Na-ion batteries are the technology of choice for applications where cost and sustainability matter. P2-type layered oxides of Na offer the perfect combination

of a dense crystal structure, high electrical conductivity and Na-diffusivity, and therefore high energy density. Of the many known P2-type cathodes, Na-Fe—
Mn-O is the preferred choice due to its optimal balance of properties, including abundant precursor availability, cost-effectiveness, and high energy density.
However, its widespread adoption has been hindered by unsatisfactory long-term cycling due to structural instabilities. This study shows that adding Li" as a
dopant to the Na-Fe-Mn-O cathode stabilizes the P2 phase in both high- and low-Na stoichiometries. Without structural transitions or significant volume
changes, the Li-doped cathode retains its high energy density over many cycles.
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Of the two most studied Na layered oxides, P2 (trigonal pris-
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higher ionic conductance, improved reversible capacities and
more air stability compared to the O3-type (octahedral Na) cath-
odes." 03-Na layered oxides also suffer from rapid capacity
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cathodes, P2-Na-Fe-Mn-O cathodes are clearly the material of
choice for low cost yet high energy density Na-ion batteries.*’
Unfortunately, these cathodes undergo a large volume collapse
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of nearly 10-25% at the highest state of charge when they are
converted to the O2 or OP4 phase, accompanied by transition
metal (TM) migration.® This is exacerbated in the case of Fe-rich
cathodes, where the Fe*'-Og octahedra formed at the end of the
charge are Jahn-Teller distorted and therefore highly susceptible
to TM migration.””® Fe*" migrating to the O-type alkali metal
(AM) layer gets partially trapped, resulting in the voltage hyster-
esis and capacity loss. Truncated cycling regions of 2.0-4.0 V
can reduce the negative effects of the P2 to O2/OP4 transition
and improve cycle life.” However, this improved cycle life comes
at the expense of energy density. It is therefore imperative to
look for ways to utilize the high voltage region without causing P
to O layer gliding. Previous studies on substituting Ni** or Mg>*
with Fe*" proved to be effective in partially reducing Fe®*
migration.*>'® The materials still exhibited a significant P2-02/
OP4 phase transition with large volume changes in the range of
15%, which ultimately led to poor cycling performances.®

In this paper, we demonstrate that a Li dopant in the TM
layer can stabilize the P2 phase for a wide range of Na compo-
sitions while preserving rapid Na-ion (de)intercalation kinetics.
Notably, at a high SOC, i.e., under desodiated conditions, Li*
exhibits greater mobility than Fe**, migrating preferentially
before Fe** or Mn*". As a result, during Na deintercalation, the
dynamic Li" suppresses layer gliding and O-phase formation.
This phenomenon persists up to Na stoichiometries as low as
0.21 moles. In contrast, undoped or Mg/Ni-doped layered cath-
odes favor the P-to-O transition due to the preferential occu-
pation of Mg/Ni/Fe ions in tetrahedral sites within the O-type
AM layer. These ions effectively anchor the O-type structure, pre-
venting its reversion to the P-type during Na reinsertion.*'° The
present study also demonstrates that the same dopant (Li")
stabilizes the P2 phase (as opposed to the O3 phase) under con-
ditions of high Na-stoichiometry, reaching up to 0.79 moles.
Utilization of low-valence Li" ions necessitates an increase in
the valence of Mn from +3 to +4. This leads to an overall
increase in the cationic potential that stabilizes the P2 phase.

A substantial body of research has previously examined the
efficacy of doping strategies in hindering the P2 to O2 phase
transition but has failed to suppress the transition to an O and
P stacked phase (also called the Z phase or the OP4 phase).®
The novelty of the current work lies in the complete suppression
of O-type layer formation. The work is also distinguished by the
utilization of a sole dopant, Li', to extend the operational Na
window in both the high- and low-Na stoichiometry directions
while impeding structural phase transitions. The ionic Li-O-Na
bond (compared to the TM-O-Na bond) in Li-doped cathodes
promotes electron localization on the O, ensuring O-redox
activity in the absence of the P-to-O phase transition. Reversible
high-voltage O-redox in the P2 phase ensures high energy
density, as well as high stability and efficiency.

Results and discussion

The P2 phase is known to be stable within the stoichiometric
region of Na between 1/3 < x < 2/3, particularly for Na-Fe-Mn-
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O cathodes, where x represents the number of moles of Na in
one formula unit. We demonstrate that utilization of Li as a
dopant extends the stability window of the P2 phase to at least
0.21 < x < 0.79. Avoiding structural phase transitions over
many charge-discharge cycles improves cyclic stability and
minimizes volume change. First, we discuss the Li-doping
approach to stabilize the P2 phase in the high-Na limit. Then,
in later sections, we discuss how Li-doping also stabilizes the
P2 phase in the low-Na limit.

Stabilizing high Na in P2-type Na-Li-Fe-Mn-O

The P2/03 ratio in materials is determined by the interlayer
distance of the O-Na-O layer in relation to its O-TM-O layer.
According to the “cationic potential” theory developed by Zhao
et al., when the &y (defined as the weighted average of ionic
potentials of all TMs) falls above the P2-O3 barrier line, the
material undergoes a transition from P2 to 03."' Higher &y
indicates better electron cloud delocalization and an increase
in the interlayer repulsion, thereby favouring the P2-type struc-
ture. Conversely, at higher levels of Na (high ®y,) the presence
of Na ions serves to mitigate the O-O repulsions within the O-
Na-O layer, thereby promoting the O3 structure. As demon-
strated in Fig. Sla,f for Nage,FeqsMng50,, @Pna and dpy are
related such that they lie in the P2-region but at a close proxi-
mity to the P2-O3 phase transition barrier line of the Rouxel
diagram. Experimental observations indicate that minute
alterations to the synthesis conditions result in materials with
a P2-03 mixed phase.'*'® According to this theory, a greater
amount of Na can only be stabilized in the P2 structure by
increasing the &y, which in turn requires an increase in the
Mn*" content and a decrease in the Fe** content. The incorpor-
ation of Li" facilitates this process. Employing this strategy, we
have successfully stabilized the P2 structure with up to
0.8 moles of Na in the Na-Li-Fe-Mn-O system. Consequently,
the cathode Nag g[Lig22Feq.14MnNg 4]0, (designated as NLFM1)
was positioned just below the P2-O3 barrier line in the Rouxel
diagram (Fig. S1at). To the best of our knowledge, this is the
highest Na-containing composition reported for the Na-Li-Fe-
Mn-O system in the pure P2 phase, as shown in Fig. 1a, upper
panel. Rietveld refinement of NLFM1 was carried out using the
P6;/mmc space group (Table S1f) and showed no detectable
impurities. In a previous study, Yang et al. synthesized
Nays[LiysFe;sMnz 5]0, with a high Na content and compar-
able Li content, aiming for a pure P2 material.'* However,
their material consisted of mixed P2 and O3 phases since the
cathode lies on the P2-O3 borderline in the Rouxel diagram
(Fig. S1af).

NLFM1 demonstrates charge and discharge capacities of
179/122 mAh g™, respectively, within the voltage range of 2.0
to 4.5 V at the C/10 rate, exhibiting a capacity retention of 76%
after 50 cycles (Fig. S2¢ and S2d+). It is worth mentioning that
the cationic potential of NLFM1 still lies in a close proximity
to the P2-0O3 barrier line in the Rouxel diagram. Therefore, it
is imperative to exercise extreme caution during the synthesis
process to ensure that the material is produced in its pure P2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Rietveld refinements of the pristine NLFM1 and NLFM (top and bottom, respectively) with the inset in each showing the 26 region of 18° to

31° for superstructure order in the TM layer, (b) comparison of the structural stability of P2 and O3 phases: the upper panel for

(comparable to NLFM1), which has

Nag 79Lio.210F€0.125MNo 66702

increased Li

and Na contents, while the lower panel presents

Nag.625Lio.125F€0.125MNg 750, (comparable to NLFM). The respective relative energies are provided, indicating the thermodynamic phase stability of

each configuration.

phase (Fig. Sib,f shows NLFM1 in the P2-O3 mixed phase
when the synthesis temperature is altered).

By reducing the Na content and slightly increasing the Mn
content, we were able to prepare the compound
Nay ;Lig.127F€0.127MnNg 7460, (NLFM), which lies well below the
P2-03 barrier line. Consequently, this compound is stable in
the P2-phase (Fig. 1a, lower panel). The refined lattice para-
meters for the NLFM material are @ = b = 2.9017(2) A and ¢ =
11.1295(3) A, with a unit cell volume (V) = 81.15(6) A®
(Table S2at). With 0.127 moles of Fe**, the material uses high
voltage Fe**** and anionic redox, yielding high energy density,
as will be discussed in the following sections. In order to
examine how the optimal Li and Fe stoichiometry affects the
structural preference between the P2 and O3 phases, a compre-
hensive analysis based on DFT calculations was carried out. To
the phase stability of two target materials,
Nay 625L10.125F€0.125MNg 125(11)Mng 655(1v)O,  (comparable  to
NLFM) and Nag;oLigz10F€0.125MNg 6670, (With a high Na
content comparable to NLFM1), we compare the relative stabi-
lity of their P2 and O3 phases. As shown in Fig. 1b, the O3
phase exhibits a higher relative energy than the P2 phase for
both NLFM and NLFM1, indicating that in the presence of Li as
a dopant the P2 phase is thermodynamically more favourable
even in the presence of relatively higher Na in the material.

assess

© 2025 The Author(s). Published by the Royal Society of Chemistry

Stabilizing P2-type Na-Li-Fe-Mn-O in the low-Na limit during
desodiation

Considering the higher reproducibility of synthesis of NLFM
in the P2 phase we used this composition to further study the
effect of Li" doping in the low-Na limit during desodiation.

NLFM structure and electrochemistry

Rietveld refinement results of neutron powder diffraction
(NPD) of NLFM best fit to the space group P6;/mmc with a
small amount (~3%) of Na,CO; impurities (Fig. 2a and
Table S2bt). Na,CO; impurities probably arise due to the
exposure of the sample to ambient air during sample prepa-
ration for NPD measurements.'”'® Here, Na and Li/Mn/Fe
atoms are alternately arranged within an oxygen framework,
forming an ABBA-type hexagonal close-packed structure. The
Na' ions occupy two types of prismatic coordination sites: Nag
(sharing faces with MOy octahedra) and Na. (sharing edges
with MOg). Li" ions are found to reside in octahedral sites
alongside Fe/Mn in adjacent transition metal (TM) layers. Both
XRD and NPD refinements (Fig. 1a and 2a) clearly indicate
the absence of any superstructure ordering of Li:TM in
the TM layer. SEM images (Fig. S3at) indicate that the particle
size of the prepared samples ranges from 2 to 5 pm.

EES Batteries
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Fig. 2 (a) Neutron diffraction pattern of NLFM and its Rietveld refinement, (b) configurational stability of Li* in the alkali metal (AM) (red hexagons)

and transition metal (TM) layers (black stars) for Nag e25Lio 125F€0.125MnNg 125(1/MnNg 625(v)O,. The most stable configuration is with Li* in the TM layer
as highlighted in blue (Sq in Fig. S4t). For NLFM: (c) typical charge—discharge profiles during the first cycle plotted with respect to the amount of Na
retained in the structure at the C/10 rate, (d) capacity retention as a function of cycle number at the C/10 rate in the voltage range of 2.0-4.5V, (e)
rate capability with charge at the C/10 rate and discharge at 0.1C-5C, (f) GITT profiles and the corresponding diffusion coefficients (circles) during
initial charging and discharging, (g) average energy density and coulombic efficiency as a function of cycle number at the C/10 rate in the voltage

range of 2.0-4.5V, and (h) average voltage vs. cycle number.

Thermogravimetric analysis (TGA) shows that the material is
thermally stable, with only less than 6% mass loss up to
800 °C (Fig. S3bt). The loss can be accounted for by the
absorbed moisture or Na,CO; formation due to the exposure
to ambient air.

The optimized P2-type structural arrangement of
Nag e25L10.125F€0.125MNg 750, by DFT shows that Na ions
occupy the trigonal prismatic coordination sites, while Li-ions
occupy the octahedral coordination sites in the transition
metal (TM) layer as shown in Fig. S3c.T To further identify the
local structural and Li-TM ordering in
shown in Fig. S4 and
Table S3,1 we analyzed various structural configurations with

arrangement
Nag.e25L10.125F€0.12sMNg 750,  as

EES Batteries

different Li orderings with respect to Fe and Mn. Our findings
indicate that many of these configurations have very similar
energies, within approximately 25 meV per atom, comparable
to the thermal energy (kgT = 25.7 meV). This suggests that the
Li-substituted framework does not adopt a single, well-defined
ordering but instead exhibits a degree of configurational dis-
order, reinforcing the absence of a specific ordered framework.
To assess the comparative suitability of Li occupying either the
TM layer or the AM layer within the P2 framework, we analyze
the relative energies of various configurations, as shown in
Fig. S4 and S5.1 As illustrated in Fig. 2b, most configurations
with Li in the TM layer exhibit relative energies below 25 meV
per atom, whereas configurations with Li in the AM layer have

© 2025 The Author(s). Published by the Royal Society of Chemistry
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relative energies exceeding this threshold. This pronounced
energy difference indicates a stronger thermodynamic prefer-
ence for Li to reside in the TM layer rather than the AM layer.

NLFM cathodes demonstrate an initial charge capacity of
128 mAh g~ in the voltage range of 2.0-4.5 V, with a high cou-
lombic efficiency of ~99.99% during galvanostatic charge/dis-
charge cycling at C/10 current in the half-cell configuration
(Fig. S2a and S2bft). Notably, the high initial charge capacity
cannot be explained by TM redox reactions alone. Considering
0.127 moles of Fe*”®" and 0.194 moles of Mn*"*" each,
approximately 88 mAh g~ of the capacity arises from TM
redox, while 40 mAh g™' needs to be contributed by oxygen
redox. This is also clearly evident in the cyclic voltammograms
of NLFM (Fig. S7f). In contrast, the undoped
Na,;3Feg sMng 50, (NFM) cathode shows a capacity of only
105 mAh g~' with poorer coulombic efficiency and larger
voltage hysteresis as compared to NLFM (Fig. 2c). While the
NFM cathode retains only 14.9% of its initial capacity, NLFM
retains >78% of its 1% cycling capacity after 100 cycles
(Fig. 2d). In fact, beyond the first 2 cycles, the NLFM cathode
retains >93% of its capacity. NLFM also shows lower voltage
hysteresis as compared to the NFM cathode (Fig. 2c). To our
surprise we find that the NLFM1 material, which had an initial
high Na content of 0.80 moles, shows a poor capacity retention
of only 38% after 100 cycles (Fig. S2df). This aspect of the
NLFM1 cathode is being studied in detail and is beyond the
scope of this manuscript.

In the slow-charge-fast-discharge mode, the NLFM elec-
trode exhibits excellent rate capability, showing an initial fall
in capacity when discharged at C/10 but showing minimal
capacity loss at higher rates (Fig. 2e). When the current rate
returns to C/10, the NLFM electrode continues to deliver a
reversible capacity of approximately 118 mAh g™, indicating
good reversibility. Under fast-charge-fast-discharge conditions
of 1C and 5C, the cathode retains close to 60% of the capacity
after 200 cycles (Fig. S9). Conversely, the NFM cathode shows
a very fast decline of capacity with even a moderate current
rate of C/2. The Na diffusion coefficient, Dy,+, for NLFM lies in
the range of 107*° to 107" cm® s™* during charge (Fig. 2f) and
is sustained at 107" to 10~ ecm? s™" during discharge. In con-
trast, the Dy, value of NFM and Na,[Li, ;Fe, 3,Mn, 53]O, cath-
odes was found to decrease to 107" cm® s™" at a voltage above
4.3 V.28 For these cathodes, the drastic reduction of Dy,
commences concurrently with the formation of an O-type
phase.”'® This drastic reduction of Dy, is not observed for the
NLFM cathode. NLFM also shows superior performance under
higher cathode mass loading conditions (>15 mg ecm™?), main-
taining an average cathode level energy density of about 350
Wh kg™ (Fig. 2g), and an average voltage of 3.1 V (shown in
Fig. 2h).

Absence of the O-phase in NLFM at the low-Na limit

Like most P2-type cathodes, NFM is known to exhibit phase
transition from the hexagonal P2 phase to the O2 phase upon
Na extraction above 4.2 V,'”'® accompanied by a volume con-
traction of at least 12.6%. At critical Na concentrations of less

© 2025 The Author(s). Published by the Royal Society of Chemistry
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than ~0.33 moles within the structure, the larger prismatic Na
layers become unstable and the TMO, sheets slide to shrink
the Na-layer to a smaller octahedral layer. This transition
results in an 8.5% decrease in the lattice parameter in the
c-direction (Fig. 3a and Table S8f). This phenomenon has
been documented in the literature, with Nazar and group
reporting the initial appearance of the “Z-phase” in NFM at
approximately x = 0.3 (for Na,Fe, sMn, 50,).° In the case of P2-
Nay ¢, Lig 1Feg 37Mng 530,,° the OP4 phase first emerges from x
=0.27 (O type peak starts emerging at 26 = 17.5°) and the final
charged phase at 4.5 V with x = 0.22 at 20 = 17.7° corres-
ponding to a large volume change. Similar phase transitions
have been reported for Mg doped and Ni doped cathodes as
well.*'° In contrast, NLFM does not exhibit P2-OP4/02 phase
transition up to 4.5 V corresponding to the retention of about
0.25 moles of Na in the material (Fig. 3a). We observe gradual
expansion of the c-axis during Na-deintercalation due to the
electrostatic repulsion between the TMO, layers (Fig. S117). At
the end of the charging cycle, a negligible volume change of
1.8% is observed compared to the pristine sample. A more
notable observation is that the sample collected at the end of
the 1% and 100™ discharge has only a marginal increase of
0.5-0.6% in volume compared to the pristine material, indicat-
ing high structural stability (Fig. S11t). On comparing the
stability of Nag »5Lig 125F€0.125Mng 750, (the high SOC state) in
P2 and O3 phases we find that the P2 phase is thermo-
dynamically more stable than the O3 phase (based on DFT
studies, Fig. 3b). Moreover, the c-lattice parameter expands by
~1% (as detailed in Table S97), consistent with experimental
ex situ XRD observations.

To understand how the local structure in the material
changes during charging and discharging, we extracted
Extended X-ray Absorption Fine Structure (EXAFS) from hard
X-ray Absorption Spectroscopy (XAS) at the Fe and Mn K-edge
(Fig. S127). The Fe-O bond length exhibits a slight decrease
during charging, attributable to the formation of Fe**-O, octa-
hedra. Notably, there is no substantial decline in the intensity
of the scattering peaks (both TM-O and TM-TM) at either the
Fe or Mn edge (Fig. 3¢ and d). Any migration of Fe or Mn ions
or a distortion of the covalent environment around the Fe or
Mn atoms due to the transition from the P-type to the O-type
phase would be clearly visible as a change in the shape of the
EXAFS features. A sharp decrease in the intensity of the scatter-
ing peaks has been reported for both undoped and Li/Mg
doped Nagg,FeosMngs0, on OP4 phase formation.”'® In
order to further investigate the local electronic structure
around the Fe, the ex situ °’Fe Mossbauer spectra of the NLFM
electrodes were recorded (Fig. 3e and f). The component
shown in red displays an isomer shift (IS) of approximately
0.333 mm s™' and a quadrupolar splitting (QS) of around
0.748 mm s '. These values are consistent with the Fe** in an
octahedral environment. The component displayed in green
exhibits an IS of ~0.007 mm s™* and a QS of ~0.522 mm s},
corresponding to Fe**-Og octahedra (Table $107). Quantitative
analysis reveals a population ratio of Fe**-Og and Fe**-Og to
be 71.8:28.2 for the charged NLFM cathode. No evidence of
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(a) Ex situ XRD patterns of NFM and NLFM in their pristine (P) and charged (4.5 V) states, (b) relative structural stability of P-type and O-type

phases in Nag 2sLig.125F€0.125MNg 750, (based on DFT) is shown with their corresponding relative energies (Er) in meV per atom, (c) Fe K-edge and (d)
Mn K-edge EXAFS data extracted from hard XAS spectra collected at the end of the n" charge (n = 1, 2, 5, and 10), and >’Fe Mé&ssbauer spectra of
NLFM collected on (e) pristine and (f) the highest charge states (4.5 V). The fitted curves assigned to each Fe state and the percentages of each state

are shown.

tetrahedral Fe**-0, or Fe'*-O, is observed in the charged
sample. Fe in NFM cathodes is known to reside at tetrahedral
sites in the AM layer. In the OP4 phases reported earlier, for
example, in fully charged Nag g;Lig1Feg37Mng 530,, clear evi-
dence of two different Fe®" and two different Fe'* phases is
observed upon fitting the hyperfine splitting, indicative of the
migration of Fe*" ions.>*°

Redox processes and their reversibility upon Li-doping

As demonstrated by the >’Fe Mossbauer data, only a small frac-
tion of Fe** converts to Fe*" at the culmination of the charging
process to 4.5 V. XAS studies were conducted at the Fe and Mn
K-edge to investigate the redox mechanism. The pristine
sample exhibited an edge position comparable to the Fe,O;
standard, indicating an initial Fe oxidation state of Fe®"
(Fig. S12at). During the process of Na deintercalation, the Fe
K-edge spectrum underwent a shift in edge energy towards
higher values and subsequently reverted fully upon discharge
over the course of multiple charge-discharge cycles (Fig. S137),
thereby suggesting the reversible return of Fe** to Fe**. Of par-
ticular significance is the absence of any new pre-edge feature
formation throughout the charge-discharge cycle, which con-
firms that there is no significant distortion in the environment
around Fe and no irreversible migration of Fe.>* During the
initial charge, the Mn K-edge energy does not change drasti-
cally but shifts to lower energies upon discharging to 2.0
V. Due to the inherent complexity of the Mn K-edge spectrum,

EES Batteries

it is difficult to directly determine the exact expected change in
edge energy upon Mn oxidation. Nevertheless, the observed
changes in the pre-edge peak intensity serve as a reliable indi-
cator of Mn oxidation during the initial charge cycle.

XAS at the O K-edge displays an enhancement in the pre-
edge intensity when compared to the pristine state (Fig. 4a).
Based on previous studies we assign the 528-530 eV regions to
the formation of delocalized hole states on O 2p orbitals (here,
significantly overlapped with the TM-t,, orbital at 530 eV),
while the increase of intensity around the 531 eV region would
indicate the formation of localized molecular-like O 2p states,
respectively.”’ Upon discharge, the incoming electrons are
redistributed over the entire pre-edge region. It is noteworthy
that the material exhibits reversible O-redox over multiple
cycles, as evidenced by the similarity of the O-K edge spectra
of the samples at the conclusion of the 2™! and 5™ charge
cycles. There is an overall decrease in the hole states in the
pre-edge region when compared to the 1% charge cycle (poss-
ibly because of some O-loss in the 1% charge cycle). We
acknowledge that the high voltage stability of the electrolyte
may be a contributing factor to the observed minimal O-loss
during the initial cycle. Additional electrolyte optimization,
therefore, has the potential to further improve the cathode per-
formance. The resonant inelastic X-ray scattering (RIXS)
spectra were extracted at an excitation energy range of 531.3 eV
from the RIXS maps collected in the O 2p pre-edge region. For
the charged samples, O-O stretching vibrations appear in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(pDOS) was computed using the HSE06 hybrid functional with a screening parameter of @ =

0.11 A~ for Mn-3d, Fe-3d, and O-2p orbitals in P2-

Na,Lip.125F€0.125Mng 125(11)Mng 625(v)O; at (i) x = 0.625, (ii) x = 0.25, and (iii) x = 0. The Fermi energy is set to 0 eV. (d) Electron localization function
(ELF) plots of P2-Nag e25Lio 125F€0.125MNg 750 illustrate the ionic character of Li—-O compared to the transition metal (TM)-O bonds.
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vicinity of the elastic peak and disappear on discharge but
reappear, albeit with a decrease in intensity, on subsequent
charge. The —8 eV energy loss feature, understood to be a hall-
mark of O-redox, appears and disappears during the charge
and discharge cycles, respectively (Fig. 4b and S$141).>* The
intensity of the signature inelastic feature at around —8 eV
after the 5th charge remains comparable to that of the 1%
charge, as clearly evident from the difference spectra derived
from the 531 eV excitation spectrum of the charged samples
(top inset in Fig. 4b). To understand the role of lithium orbital
hybridization in anionic redox reactions at a high SOC, the
projected density of states (pDOS) and Bader charge analysis
were carried out using a hybrid-level DFT approach. The
pDOSs at high SOCs and the corresponding average Bader
charges for oxygen in Na,Lij 125F€q.125Mny 750, are presented
in Fig. 4c and Table S9.7 The valence band maxima for the
composition with x = 0.625 are predominantly contributed by
Mn-3d states, indicating that the initial charge compensation
occurs mainly through Mn redox upon sodium extraction. As
the SOC increases (x = 0.25), a significant increase in O-2p
states is observed near the Fermi level, signalling the contri-
bution from anionic redox activity. At complete sodium
depletion (x = 0), the O-2p states remain dominant at the top
of the valence band, with an even greater presence of unoccu-
pied O-2p states. The average Bader charges on oxygen further
reinforce this charge compensation mechanism during Na*
deintercalation, in agreement with the pDOS analysis. These
findings underscore the crucial role of O-2p electrons in facili-
tating charge compensation under deep states of desodiation.
It is to be stated here that we can clearly see the activation
of O-redox in NLFM even without undergoing any structural
phase transition. To the best of our knowledge this phenom-
enon is hitherto unknown, and O-redox has always been
associated with structural transitions. For example, the highly
covalent nature of TM-O bonds in the NFM cathode would
lead to strong electron sharing between TM and O. Therefore,
O-redox gets activated only upon formation of ionic O-O-O (or
Na-O-0). This happens only when one of the TM ions
migrates from the TM layer to the Na layer, which would
invariably require P to O type phase transition.'® To further
understand the origin of the O-redox phenomenon in NLFM
without the formation of O0-O-0, we plot the electron localiz-
ation function (ELF) along the (001) plane for
Nag e25L10.125F€0.125Mng 750,. Fig. 4d illustrates the distinctly
different ionic characteristics when comparing Li-O and tran-
sition metal (TM)-O bonds. Incorporation of Li into the Fe-
Mn-based framework enhances the ionic character of the Na-
O-Li configuration compared to the Na—-O-TM configuration
(Fig. 4d, bottom panel), significantly modifying the electronic
structure. The electron density distribution on framework
oxygen is influenced by its local coordination environment. In
the Li-O-Na configuration, oxygen exhibits enhanced electron
density, and a distinct spatial orbital distribution compared to
its behavior in the TM-O-Na configuration. This difference
suggests that the presence of Li in the framework possibly
enables tunable O-redox behavior. To probe the ionicity and
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covalency in the Nagg5Li0.125F€0.125MNg 750, structure, the
ELF was computed as shown in Fig. 4d. A two-dimensional
ELF contour plot displayed higher ELF values for TM and
oxygen atoms, revealing the covalent bonding mechanism of
TM-O bonds. In contrast, lower ELF values (blue regions) were
observed around Li in the Li-O bonds, indicating their predo-
minantly ionic character due to significant electron localiz-
ation on oxygen rather than lithium. The Na-O-Li configur-
ation has been reported to enhance anionic redox activity, as
demonstrated by Wang et al.>® In their study, the high ionicity
of the Li-O bond was shown to promote the formation of
unhybridized O 2p states, thereby enabling reversible oxygen
redox processes, corroborating the case studied by us too. It is
therefore evident that the highly ionic character of Li-O bonds
in NLFM increases the electron density over O orbitals,
making O-redox feasible in the P2-phase even in the absence
of O0-O-00.

Discussions on the role of Li in stabilizing the P2 phase

It is important to note here that many strategies have been
adopted previously to prevent P2-O2 phase transition in Fe-
Mn based cathodes. One of the most popularly adopted strat-
egies has been to dope with small quantities of Ni** owing to
its higher octahedral site stabilization energy as compared to
Fe.® Fe** ions still migrate to the O-type AM layer and some of
them get trapped, leading to voltage fade. These transitions
occur at deep states of desodiation and for this reason, most
previous studies have limited the operating window of 2.0-4.0
V to avoid the P2-02 transition. Initial studies on doping with
Mg>" proved to be effective at increasing the overall redox;
however, at a high SOC Mg®" migrates and gets trapped in the
O-type layer."®

To investigate the impact of the optimal Li composition on
Na/TM ion migration and TM layer gliding, ab initio molecular
dynamics (AIMD) simulations were performed on
Na,Lig 125F€0.125Mng 750, at varying SOCs (x = 0.625 and 0.25)
and on Nag9Lig210F€0.125MNg6670,, as well as on Li-free
frameworks P2-Na,Fe;;,5Mn, 5750, and (x = 0.25 and 0.67).
Fig. 5a illustrates the fine-tuning of Na" mean square displace-
ment (MSD) at 800 K in Nag g5 Lig.125F€0.125MnNg 750, com-
pared to its Li-free analogue. Higher Na'-MSD in
Nag 625L10.125F€0.125MNg 750, (representing NLFM) compared
to Nag 79Lip210F€0.125MNg 6670, (representing NLFM1) reflects
the superior rate performance of the former, consistent with
experimental observations. To understand the reason for high
Na® diffusion, the van Hove correlation function of Na* in
both compositions is explored (shown in Fig. 5b and c) based
on ionic trajectories from AIMD simulation at 800 K. The red
peak (for NagepsLig.125F€0.125MNg g750,) in the self-part (Gg)
between 0 and 2.0 A corresponds to the shortest Na-Na dis-
tances, as seen in Fig. 5b. This distance increases rapidly after
~10 ps and becomes nearly uncorrelated after 30 ps, indicating
that Na* ions readily migrate from their initial positions to
neighbouring Na' sites. In contrast, for the Na = 0.79 cathode
(NLFM1), the peak in G, between 0 and 2.0 A remains stable
for up to 40 ps, significantly longer than in Na = 0.625

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 lonic diffusion properties. (a) Mean square displacement (MSD) for Na-ions as a function of time at 800 K for Li-free P2-
Nao_525Feo_125Mno_s7502, and Li COntaining P2‘Nao_625Li0_125Feo_125Mno_125(||I)MnQ_625(IV)02 (P2-NLFM), and PZ'Nao_79Lio_21oFeo_lstno_55702 (P2-NLFM1)
frameworks. The self-part of the van Hove correlation function (Gg) for sodium in (b) P2-NLFM and (c) P2-NLFM1 as a function of the average Na—Na
pair distance (r) and time step at 800 K. Species resolved MSD of Na, Li, Mn, Fe, and O as a function of time at 800 K in P2-NLFM for (d) x = 0.625
(discharged state) and (f) x = 0.25 (charged state). Probability density distribution function P(r) of Na* and Li* ions in P2-NLFM for (e) x = 0.625 and
(g) x = 0.25, obtained from an AIMD trajectory of 50 ps at 800 K. The isosurface value is set to 0.0045 bohr~3, where the yellow isosurface represents
Na*-PDA and the green isosurface indicates Li*-PDA, (h) mean squared displacement (MSD) of Na, Mn, Fe, and O as a function of time at 800 K in
P2-Na,Feo sMng 50, for (h) x = 0.67 and (i) x = 0.25 (charged state), and the inset highlights the coupled motion of transition metals and oxygen in
P2-Nag 25Feo.sMng sO,, and (j) probability density distribution function P(r) in P2-Nag >sFeq sMng 505, capturing the in-plane motion of Mn, Fe, and
oxygen.

(NLFM), suggesting that the Na' ions in Na = 0.79 (NLFM1) are
less prone to diffusion to adjacent sites. Note that we clearly
observe peaks in the XRD pattern due to Li:TM superstructure
ordering (Fig. 1la, a 26 region of 18° to 31°) in the
NLFM1 material.>>**** An ordered TM layer will possibly
induce Na to undergo order-disorder transitions (even if at a
local level), thereby reducing the Na-diffusivity.

© 2025 The Author(s). Published by the Royal Society of Chemistry

To assess the dynamic stability of NLFM at different states
of charge (Na = 0.25 and 0.625), the MSD of each ionic species
was carefully analyzed at 800 K, as shown in Fig. 5d and f. At a
high Na concentration (Na = 0.625), both Li and TM ions show
negligible displacement, indicating structural stability. In con-
trast, at a low Na concentration (Na = 0.25), we tracked Li
migration from the TM layers into the AM layers along with
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two-dimensional (2D) in-plane Na diffusion. Notably, the tran-
sition metal ions maintain an MSD of less than 2 A within an
AIMD time scale of 50 ps. A similar phenomenon has been
proposed for a Li-doped O3-type Na-ion cathode, ie., Li'
migrates preferentially to Fe.*® This suggests that at a high
SOC, dynamic and reversible Li migration between TM and
AM layers prevents layer-gliding and stabilizes the P2-type con-
figuration of NLFM. To gain more intuitive insights, the prob-
ability density function P(r) of Na and Li at 800 K, derived
from AIMD simulation for NLFM at different SOCs, is illus-
trated in Fig. 5e and g. It reveals that Na' ions exhibit 2D in-
plane diffusion, with interconnected diffusion channels at
both high and low SOCs (Na = 0.625 and 0.25). In contrast, Li"
ions show mostly localized, static motion in the discharge
state (Na = 0.625), but at a high charge state (Na = 0.25), they
exhibit out-of-plane motion with limited long-range diffusion
in the AM layer. In addition, an analysis of species-resolved
MSD in high Fe containing P2-Na,Fe, sMn 50, (x = 0.25 and
0.67) frameworks was conducted using AIMD trajectories at
800 K, as shown in Fig. 5(h-j) and S15.} The results revealed
that despite high Na-ion diffusion, a significant coupled
motion of TM and oxygen atoms was observed at a high SOC.
The MSD for framework ions (Mn, Fe, and O) exceeded 20 AZ,
and the probability density plot confirms the in-plane move-
ment of TM and oxygen atoms (Fig. 5i and j), indicating TM
layer gliding, which ultimately drives phase transitions.

The coupled motion of TM and O in MSD plots of NFM
cathodes at x = 0.25 matches well with the experimental obser-
vation of O-phase formation in XRD at x = 0.27 (=4.5 V charge).
It is noteworthy that Li doping as a strategy to counter the P to
O type phase transition has been previously attempted. Our
results indicate that not just the presence of Li but also its pro-
portion in relation to Fe and Mn in the system are critical.
Consequently, the P2 cathode with a composition of P2-
Nay,¢,Lig1Feq3,Mng 530, ° ie., a lower Li content and higher
Fe content than NLFM, undergoes substantial O-phase for-
mation with 0.26 Na present in the structure. For NLFM we do
not observe any O-phase formation, even at x close to
0.21 moles (Fig. S16%). This indicates that the stoichiometry of
both Li and Fe in the structure plays a significant role in deter-
mining the stability of the P2 phase. For example, for
Nay,¢,Lig 1Feq 3,Mng 530, ° with a higher proportion of Fe in
the cathode, Fe migration again becomes feasible (in addition
to Li-migration) at a high SOC (Na < 0.27) and OP4 phase tran-
sition ensues. Our observations suggest that Na-Li-Fe-Mn-O
cathodes with significantly lower proportion of Fe (close to
0.125 moles per f.u.) compared to Mn (0.7 or greater) can
maintain the P2 phase over a broad range of Na compositions.
Furthermore, AIMD trajectories conducted on P2-
Nay »5Li0.125F€0.125MNg 125()Mng 6,5(1v)O, cathodes exhibit a
high propensity of Li to migrate dynamically between TM and
AM layers, while for the same cathode at a low SOC (x = 0.625),
the Li shows static motion and remains mostly localized in the
TM layer. This observation signifies that at a high SOC, a
dynamic species, such as Li, easily migrates between the
O-type TM layer and the P-type AM layer and will therefore be
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more effective in preventing P-O migration than simply limit-
ing the voltage window to retain enough Na in the AM layers.

It is important to acknowledge that earlier studies on Li-
doped Na-Fe-Mn-O cathodes, such as
Nag g6Lip.15F€0.12Mno ,0, >  and  Nag gLig 11Feq 2, M1 620,,”°
have concluded that there is an absence of O2 phase for-
mation. However, these studies have indicated a contraction of
the lattice in the c¢-direction when the material is charged to
4.5 V. These articles do not provide a satisfactory explanation
for the possible origin of lattice contraction in the absence of
O-type phase formation. No such lattice contraction is
observed for NLFM cathodes, which suggests that the P2 phase
is fully retained. In fact, the lattice expands by approximately
0.25% in the c-direction upon charging to 4.5 V, attributable to
0-O repulsions with Na loss from the AM layer.

Conclusions

We show that the incorporation of Li-ions in P2-Na-Fe-Mn-O
cathodes can prevent the O-type phase formation both at
high SOCs i.e., at low-Na-stoichiometry and high-Na-stoichio-
metry. At low Na-stoichiometry, partially mobile Li* can rever-
sibly migrate between octahedral TM layers and prismatic AM
layers, thereby hindering layer gliding. While in the high-Na-
stoichiometry region, the presence of Li" increases the Mn
valence state, thereby increasing the cationic potential of the
TM layer and thus stabilizing the material well below the P2~
O3 transition barrier line. The proportion of Li to Fe and Mn
within the structure is also of significance. Cathodes that
exhibit an optimal Li: Fe: Mn ratio with a low proportion of
Fe compared to Mn (close to 0.125:0.125: 0.75) can maintain
the P2 phase over a broad range of Na compositions. This
enables the utilization of a large voltage window, particularly
in the high voltage range above 4 V, where the majority of the
Fe and O redox reactions occur. In the absence of O-phase
formation, the cathode exhibits a negligible volume change
and facile Na kinetics and, more crucially, ensures high-
capacity retention. By eliminating high-voltage structural
transitions and associated volume changes, a Li-doped Na-
Fe-Mn-O cathode can make the high-voltage redox processes,
such as Fe’”*" and O-redox, reversible. Our study, therefore,
proposes Li-doping as a strategy for harnessing the P2 phase
in the Na-Fe-Mn-O cathode over a large compositional
space, thereby ensuring a large energy density along with
high capacity retention.
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