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[ron/manganese-based layered transition metal oxides have emerged as competitive cathode
candidates for sodium-ion batteries (SIBs) due to their high theoretical capacity and naturally
implementation challenges persist due to
irreversible phase transformations and substantial capacity fading during cycling. Herein, we

abundant constituent elements. Nevertheless,
present a novel P2-type Nag73Feq2Mng5,C0g2Mgg osLlio 030, (designated as P2-NFMO-CoMgli)
cathode material characterized by coupled cationic and anionic redox. The rational doping of Li*
into transition metal (TM) sites activates the reversible oxygen redox chemistry and suppresses the
Jahn-Teller distortions. In addition, the doping of Mg?* effectively inhibits Na* vacancy ordering in
low-voltage regimes (<2.5 V), and Co?* incorporation concurrently improves specific capacity and
stabilizes the TM-O bonding networks. Consequently, the P2-NFMO-CoMgLi cathode exhibits

1 at 20 mA g and a 68% capacity retention over 150 cycles at

a high capacity of 178 mA h g~
200 mA gfl. Ex situ XPS characterization reveals that oxygen redox processes occur and provide
extra capacity at high voltage. These findings provide a fundamental understanding of voltage-

induced cation-anion redox in layered oxide cathodes, advancing the rational design of high-

rsc.li/rsc-advances energy-density SIB systems.

1. Introduction

Sodium-ion batteries (SIBs) have emerged as promising candi-
dates for large-scale energy storage systems and low-speed
electric vehicle applications, primarily due to the natural
abundance and economic viability of sodium resources coupled
with their operational mechanisms analogous to lithium-ion
batteries (LIBs)."> However, the practical implementation of
SIBs faces significant challenges associated with the funda-
mental characteristics of Na'.*>* Compared to their Li" coun-
terparts (ionic radius: 1.02 A vs. 0.76 A; atomic mass: 22.99 vs.
6.94 ¢ mol '), the larger ionic radius and heavier atomic mass
of Na" induce sluggish Na* diffusion kinetics and irreversible
structural deformation in conventional electrode materials,
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leading to compromised rate capability and cycling
durability.>” Furthermore, the relatively higher standard redox
potential of sodium (—2.71 V vs. SHE compared to lithium's
—3.02 V) imposes intrinsic limitations on the theoretical energy
density of SIB systems.*"* The electrochemical performance of
SIBs is fundamentally governed by four primary components:
cathode, anode, electrolyte, and separator.">> Among these,
cathode materials represent a critical determinant of overall
battery performance, driving extensive research efforts to
develop high-capacity, cost-effective cathodes with robust Na*
storage capabilities and favorable ionic transport properties.***
Layered transition metal oxides (TMOs) have garnered partic-
ular attention among various cathode candidates due to their
intrinsic two-dimensional diffusion pathways and exceptional
theoretical specific capacities (typically 200-250 mA h g~ ).*1¢
These TMO materials are conventionally classified into P2-type
(prismatic Na" coordination) and O3-type (octahedral coordi-
nation) structures, where the numerical designation indicates
the periodic stacking sequence of transition metal layers within
the unit cell.””* P2-type layered oxides demonstrate superior
electrochemical performance compared to O3-type analogs, due
to their expanded interlayer spacing (typically >5.6 A) that
enables more facile Na" intercalation/deintercalation kinetics
while maintaining structural integrity during prolonged
cycling.>*>
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Iron-manganese-based P2-type layered oxide cathodes have
drawn substantial interests for their cost-efficiency and eco-
friendly merits, yet face inherent challenges, including low-
voltage Na'/vacancy ordering, high-voltage P2-O2 phase trans-
formations, and Mn®'-triggered Jahn-Teller distortions, all
collectively accelerating structural degradation and capacity
fade.?® While transition metal site doping (e.g., Ni*", Cu®*", Zn*")
has been extensively employed to mitigate phase instability and
electronic distortions through crystal field regulation, persis-
tent issues remain—notably TM migration-induced P2-Z tran-
sitions, metastable P2-OP4 phase coexistence, and Na'*/vacancy
superlattice formation—which synergistically compromise
electrochemical  reversibility.”*?®  Concurrent strategies
involving surface engineering and morphological optimization
demonstrate partial efficacy in enhancing cyclability.>””** The
selection of voltage window significantly impacts the electro-
chemical performance of layered cathode materials. Pang et al.
demonstrated that restricting the charging voltage below 4.0 V
effectively suppresses phase transitions in P2-type layered
oxides under high voltages improving capacity retention.
However, this approach concurrently leads to a reduction in
initial capacity.*® The reversible capacity relying solely on
cationic redox has reached its theoretical ceiling, which signif-
icantly impedes further energy density improvements in
sodium-ion batteries (SIBs). In contrast, anionic redox chem-
istry—extensively studied in lithium-ion batteries (LIBs) to
unlock additional capacity through oxygen or sulfur participa-
tion—provides a novel pathway for designing high-energy-
density SIBs.*** This underscores the critical needs for inte-
grated solutions that concurrently address phase transition,
Jahn-Teller effect, and Na'/vacancy disordering—a multifac-
eted challenge demanding coordinated material design and
fundamental investigation.

This study develops a novel P2-type Na, ,3Feq,Mng 5,C0g .-
Mg.05Li0.030, (P2-NFMO-CoMgLi) cathode demonstrating
coupled cationic and anionic redox. The material is able to
sustain a complete solid-solution reaction even at elevated
voltages up to 4.3 V. The strategic Li* doping in transition metal
(TM) layers enables capacity contributions from lattice oxygen
redox while suppressing Jahn-Teller distortions. Meanwhile,
the lower valence state of Li" promotes the incorporation of
a higher Na" content (0.73) to maintain charge neutrality, which
exceeds that of most reported P2-type materials and is advan-
tageous for practical applications in full-cell configurations.**-**
In addition, Mg>" incorporation disrupts low-voltage Na‘/
vacancy ordering, and Co>" introduction enhances capacity
retention through TM dissolution suppression. This synergistic
multi-doping approach yields exceptional electrochemical
performance, achieving a high capacity of 178 mA h g " at
20 mA g~ ' and a high capacity retention of 68% after 150 cycles
at 200 mA g~ within 1.5-4.3 V. Systematic investigation of the
Na' storage mechanisms at various voltage windows reveals
voltage-dependent performance variations (enhancing capacity
via oxygen redox), providing fundamental insights for designing
high-energy layered oxide SIBs through balancing anionic/
cationic co-redox.
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2. Experimental section

2.1. Materials

Analytical grade LiNO; and Mn(CH;COO),-4H,0 were obtained
from Macklin Reagent Company, whereas NaNO;, Fe(NO;);-
-9H,0, Mg(CH;COO0),-4H,0, and Co(CH;COO),-4H,0 were
sourced from Aladdin Reagent Company. Polyvinylidene fluo-
ride (PVDF) was supplied by Solvay. N-Methyl-2-pyrrolidone
(NMP, 99% purity) was sourced from Aladdin Reagent
Company, while acetylene black was obtained from SCM Chem,
Shanghai, China. Hard carbon, provided by XINWEI Tech-
nology Co., Ltd, was used in combination with a carbonate
electrolyte solution containing 5 vol% fluoroethylene carbonate
(FEC) from Duoduo Reagents Technology Co., Ltd.

2.2. Synthesis of the cathode lithium replenishment
material and electrodes

Stoichiometric molar equivalents of NaNO; (Aladdin, AR),
Fe(NO3);-9H,0 (Aladdin, AR), LiNO; (Macklin, AR), Mn(CHj;-
COO0),-4H,0 (Macklin, AR), Mg(CH;COO),-4H,0 (Aladdin, AR),
and Co(CH;COO),-4H,0 (Aladdin, AR) were dissolved in a PVP
aqueous solution, with 5% excess Na and Li precursors added to
compensate for high-temperature volatilization losses. After
12 h of stirring, the homogeneous solution was dried at 110 °C
for 12 h. The resultant precursor was calcined in ambient
atmosphere at 450 °C for 5 h, followed by sintering at 900 °C for
12 h to yield the final product.

2.3. Electrode preparation

P2-NFMO-CoMgLi powder, acetylene black, and PVDF were
mixed in NMP at a 7:2:1 mass ratio to form a uniform slurry.
The slurry was then cast onto aluminum foil and dried at 80 °C
for 12 hours. The electrode was pressed into circular discs
(10 mm diameter) and stamped, with a mass loading density of
approximately 1.2-1.8 mg cm ™ relative to P2-NFMO-CoMgLi.
Before button cell assembly, the cathode sheet was dried at
100 °C for 2 hours.

The full-cell anode was made using hard carbon as the active
material, Super P as the electronic conductor, and PVDF as the
binder in an 8:1: 1 mass ratio. A slurry of hard carbon, Super P,
and PVDF was prepared and cast onto copper foil to form the
electrode. The electrode was dried at 100 °C for 12 hours, then
stamped into circular discs (10 mm diameter). The mass
loading density of the electrode was maintained at approxi-
mately 1 mg cm ™ relative to the hard carbon.

2.4. Materials characterization

The morphology and microstructure of P2-NFMO-CoMgLi
materials and electrodes were analyzed using scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM). Elemental analysis was performed using scanning elec-
tron microscopy (SEM) with energy dispersive X-ray spectros-
copy (EDS), transmission electron microscopy (TEM) with EDS,
and inductively coupled plasma (ICP). The crystal structure of
the samples was analyzed using X-ray diffraction (XRD, D8

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Bruker). The surface elemental composition of the cycled
cathode was characterized using X-ray photoelectron spectros-
copy (XPS, Kratos AXIS Supra, Shimadzu). The working elec-
trode was cleaned with dimethyl carbonate (DMC) to remove
residual electrolyte from the surface and dried overnight in
a glove box before measurements.

2.5. Electrochemical characterization

The battery assembly process was conducted in a glove box fil-
led with argon. The oxygen and moisture concentrations inside
the glove box were maintained below 0.01 and 0.01 ppm,
respectively. A half-cell was fabricated using a sodium metal as
the counter electrode, GF/D as the separator, and P2-NFMO-
CoMgLi as the positive electrode. 80 pL of electrolyte was
injected into the half-cell, which consisted of a propylene
carbonate (PC) solution with 5 vol% fluoroethylene carbonate
(FEC). A full cell with an N/P ratio of approximately 1.1 was
constructed using a P2-NFMO-CoMgLi cathode and hard
carbon (denoted as HC) anode. Electrochemical performance
was tested at 28 °C using a Land testing system. Cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy
(EIS) measurements were performed on an electrochemical
workstation (Solartron Analytical).

3. Results and discussion

3.1. Structural and morphological characterizations of P2-
NFMO-CoMgLi

Fig. 1a outlines the synthesis protocol for the P2-Na, ;3Feq -
Mny 5,C00 Mg 05Lip.030, compound, prepared via
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Fig. 1 Structural and morphological characterizations: (a) schematic
illustration of the fabrication process for P2-NFMO-CoMgLi. (b) Riet-
veld refined XRD pattern with corresponding cell parameters of the as-
synthesized P2-NFMO-CoMgLi material. (c) SEM image. (d and e)
HRTEM images. (f) SAED pattern of P2-NFMO-CoMgLi. (g—m) EDS
mapping images of P2-NFMO-CoMglLi.
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a polyvinylpyrrolidone (PVP)-assisted sol-gel method. X-ray
diffraction (XRD) analysis confirms the typical P2-type layered
structure with high purity. Rietveld refinement (R,,, = 1.69%) of
the XRD pattern (Fig. 1b) validates the hexagonal P2 structure
(space group: P6;/mmc). The ionic radii compatibility of Co**
(0.65 A), Mg>* (0.72 A), and Li* (0.76 A) with Fe*" (0.645 A) and
Mn*" (0.53 A) facilitates their preferential occupancy at transi-
tion metal (TM) sites.>® Refined lattice parameters (@ = b =
2.8734 A, ¢ = 11.1989 A, V = 80.074 A®) and detailed crystallo-
graphic data (thermal factors, atomic coordinates, site occu-
pancies) are tabulated in Table S1.} Morphological analysis
reveals a platelet-like morphology with uniform particle sizes of
2-3 pm (Fig. 1c). High-resolution transmission electron micro-
scope (HRTEM) images (Fig. 1d and e) demonstrate distinct
lattice fringes corresponding to the (002) (d = 0.56 nm) and
(102) (d = 0.23 nm) crystallographic planes, while the selected-
area electron diffraction (SAED) pattern (Fig. 1f) along the [001]
zone axis confirms monocrystalline characteristics of the
hexagonal lattice. Energy-dispersive spectroscopy (EDS)
elemental maps (Fig. 1g-m) demonstrate homogeneous distri-
bution of Na, Mn, Fe, Co, Mg, Li, and O throughout the mate-
rial. Inductively coupled plasma (ICP) analysis (Table S27)
confirms the stoichiometric consistency of the synthesized
compound with theoretical values. X-ray photoelectron spec-
troscopy (XPS) further corroborates chemical purity, with survey
spectra (Fig. S1t) exclusively containing peaks attributed to Na,
Co, Mg, Li, Fe, Mn, and O.

3.2. Electrochemical properties of P2-NFMO-CoMgLi

The electrochemical performance of P2-NFMO-CoMgLi was
systematically evaluated at various voltage windows. Cyclic
voltammetry (CV) analysis (0.1 mV s, Fig. 2a—c) in the ranges
of 1.5-4.0 V, 1.5-4.2 V, and 1.5-4.3 V vs. Na'/Na reveals revers-
ible redox activity: peaks at 2.0/1.8 V and 2.2/2.3 V correspond to
Mn**/Mn*" and Co®"/Co®" transitions, respectively, while peaks
at 3.5-3.8 V originate from Fe**/Fe"* redox. The weak intensity
of Fe- and Co-related peaks reflects their low stoichiometric
concentrations. Peak intensity of the CV curves shows gradual
decrease, especially at 1.5-4.3 V. At elevated cutoff voltages
(>4.0 V), emerging redox pairs at 3.9/4.0 V, 4.1/4.2 V, and
4.2/4.3 V are attributed to oxygen redox (O, /(0,)"") and show
progressive intensification, which corresponds well with the O
1s XPS spectra presented later in the manuscript, as well as with
the evolution of the high-voltage plateau observed in the charge/
discharge profiles, indicating enhanced participation of the
oxygen redox at higher potentials. Galvanostatic charge/
discharge profiles (20 mA g~', Fig. 2d) demonstrate voltage-
dependent capacity, and the initial charge capacities are
60.1 mA h g~' (1.5-4.0 V), 92.8 mA h ¢g™' (1.5-4.2 V), and
109.6 mA h ¢ (1.5-4.3 V). Corresponding discharge capacities
are 130.8 mA h g *, 163.1 mA h g%, and 178.2 mA h g%,
respectively. Second-cycle profiles (Fig. 2e) exhibit rising average
voltages and intensified high-voltage plateaus with expanded
windows, further confirming the engagement of oxygen redox.
To elucidate the superior rate capability of the P2-NFMO-

CoMgLi cathode, kinetic analyses were conducted via
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Fig. 2 Electrochemical properties: (a—c) CV profiles at a scan rate of

0.1 mV s7* over the voltage window of 1.5-4.0 V, 1.5-4.2 V and 1.5—
4.3V (vs. Na*/Na) of the P2-NFMO-CoMgLi cathode. (d and e) Gal-
vanostatic charge/discharge curves for the first and second cycles at
20 mA g~ over the voltage window of 1.5-4.2 V (vs. Na*/Na) of the
P2-NFMO-CoMgLi cathode in comparison with 1.5-4.0 V and 1.5-
4.3 V. (f) Cycling performance at 20 mA g~ and (g) rate capability and
(h) long-term cycling life of the P2-NFMO-CoMgLi cathode at
200 mA g~* over the voltage window of 1.5-4.2 V (vs. Na*/Na) of the
P2-NFMO-CoMgLi cathode in comparison with 1.5-4.0 V and 1.5-
43 V.

galvanostatic intermittent titration technique (GITT) and cyclic
voltammetry (CV). GITT-derived sodium diffusion coefficients
(Dna), predominantly reside within 107'°-107"* cm?* s7'
(Fig. S7t). Multi-sweep CV profiles (0.1-1.0 mV s, Fig. S8t)
demonstrate low polarization and preserve well the curve shape
with increasing scan rates, indicative of fast reaction kinetics.
These findings collectively confirm the material's exceptional
Na" diffusivity, and thus high-rate performance is expected.
The cycling test at 20 mA g~ (Fig. 2f) shows that P2-NFMO-
CoMgLi can achieve the highest specific capacity
(178.2 mA h g™') within the voltage window of 1.5-4.3 V,
compared to 1.5-4.0 V (130.8 mA h g ') and 1.5-4.2 V
(163.1 mA h g "). After 50 cycles, the capacity retentions are 85%
(1.5-4.0 V), 81% (1.5-4.2 V), and 83% (1.5-4.3 V), with the
coulombic efficiency exceeding 99.5%. Fig. 2¢g displays the rate
capability of the P2-NFMO-CoMgLi cathode at different voltage
windows. Operating within the 1.5-4.3 V, the cathode delivers
reversible capacities of 182.7, 174.7, 156.0, 140.7, 119.8, 88.9,
and 57.8 mA h g~ at various current densities (from 20 to
2000 mA g~ ), retaining 49% of its initial capacity (20 mA g~ ') at
1000 mA g~ '. Narrowing the operational window to 1.5-4.2 V
reduces the initial capacity to 169.8 mA h ¢~ (20 mA g™ ), and
88.3 mA h g " (52% retention) is delivered at 1000 mA g~ ', At
the operational window of 1.5-4.0 V, a much lower initial
capacity of 127.6 mA h g ' at 20 mA g~ is obtained, of which
59% is maintained at 1000 mA g~ '. When upper cutoff voltage
augments, more oxygen redox participates. It concomitantly
compromises rate capability under high-current-density opera-
tion through accelerated structural degradation. Electro-
chemical impedance spectra of P2-NFMO-CoMgLi (Fig. S27)
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corroborate this trend, showing progressive conductivity loss at
higher cutoff voltages (from 4.0 V to 4.3 V). Long-term cycling at
200 mA g~ (Fig. 2h) yields 150 mA h g~ initial capacity with
68% retention (1.5-4.3 V), versus 83% (1.5-4.0 V) and 78% (1.5-
4.2 V) after 150 cycles, confirming that oxygen redox-enhanced
capacity inversely impacts structural stability.

3.3. Na-storage mechanisms of P2-NFMO-CoMgLi

In situ XRD characterization (1.5-4.3 V vs. Na*/Na, Fig. 3a and
S31) reveals the structural evolution of P2-NFMO-CoMgLi
during sodiation/desodiation. Fig. 3a illustrates continuous
migration of (002) and (004) reflections toward lower angles
during charging, accompanied by (100) and (102) peak shifting
to higher angles, indicative of c-axis expansion (Ac = +0.18 A,
Fig. 3b) and ag-axis contraction (Aa = —0.04 A, Fig. 3b). This
anisotropic lattice deformation stems from enhanced interlayer
oxygen repulsion following Na' extraction. Upon discharge
processes, (002) and (004) reflections shift back to higher angles
while (100) and (102) peaks shift back to lower angles, and all of
them surpass their initial positions because of the quantities of
Na' reinsertion exceeding initial extraction. Meanwhile, the a =
b axis expands from 2.84 A to 2.94 A, and c-axis shrinks from
11.32 A to 10.90 A, corresponding to a small volume expansion
of only 3% (Fig. 3b). Additionally, the absence of phase transi-
tion and Na'/vacancy ordering throughout cycling confirms the
solid-solution ion storage mechanism. Solid-solution mecha-
nisms are also observed in reduced voltage windows (1.5-4.0 V
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Fig. 3 Na-storage mechanisms: (a) contour plots of in situ XRD
patterns for the P2-NFMO-CoMgLi electrode during the first two
charge/discharge cycles. (b) The evolution of lattice parameters and
unit-cell volume upon charge/discharge during the first two cycles for
P2-NFMO-CoMgLi. (c-e) HRTEM images, and (f-h) SAED pattern at
different charged states of the P2-NFMO-CoMgLi cathode. (i) Mn 2p,
(j) Co 2p, (k) Fe 2p, and () O 1s spectra at different charged and dis-
charged states of P2-NFMO-CoMglLi.

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01409c

Open Access Article. Published on 22 April 2025. Downloaded on 11/9/2025 9:48:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and 1.5-4.2 V; Fig. S47). Ex situ TEM analysis elucidates voltage-
dependent structural distortions, demonstrating progressive
contraction of the (102) interplanar spacing from 0.23 nm to
0.19 and 0.16 nm as the charge voltage increases from 4.0 V to
4.2 'V and 4.3 V, respectively (Fig. 3c-€). Simultaneously, SAED
patterns (Fig. 3f-h) illustrate more severe distortion of the
intensified [001]-axis spot matrix, correlating with accumulated
lattice strain that compromises cycling durability. TEM-EDS
quantification (Fig. S5 and Table S31) and ICP verification
(Tables S4-S67) confirm the voltage-proportional Na' depletion.
Elemental homogeneity persists across all charge states (EDS
mapping: Fig. S671), excluding compositional heterogeneity as
a degradation factor.

Ex situ XPS analysis was conducted to unravel the charge
compensation mechanism in P2-NFMO-CoMgLi. Fig. 3i pres-
ents Mn 2p spectra at various charged states: the pristine elec-
trode exhibits characteristic Mn 2p,, and Mn 2p3, peaks at
654.0 eV and 642.5 eV, respectively, indicating the initial state of
Mn is at the valence of +4.>* The signatures of Co 2pz, at
780.6 eV and Co 2p,, at 795.6 eV confirms the presence of Co*"
in the initial electrode (Fig. 3j).>* Fe 2p spectra (Fig. 3k) reveal
a pristine Fe 2p3/, peak at 711.3 eV (Fe**). O 1s spectra (Fig. 31)
exhibit lattice (529.5 eV) and surface oxygen species (533.0 eV,
carbonates/C-0O) at the initial state.>® When charged to 4.0 V, the
Mn and Co 2p spectra remain almost unchanged. While, the
peak at 711.3 eV shifts to 712.1 eV in Fe 2p spectra, revealing the
oxidation of Fe*" to Fe**, and a new featured peak at 530.5 eV is
generated, which is attributed to oxidized oxygen species (0,"")
in the O 1s spectra.’”*® This oxygen activity, facilitated by Li-
induced Na-O-Li configurations and vacancy-stabilized Na-
O-[0] motifs, generates lone-pair oxygen states that drive
reversible O® /(0,)" transitions, rationalizing the capacity
enhancement at elevated voltages. Upon charging to 4.2 and
4.3V, Mn, Co, and Fe 2p spectra show negligible changes, while
the 0,"~ peak intensifies, indicating that the oxidation of O*~
dominates the charge compensation. After discharging to 3.0V,
partial reduction of Mn** and Co®" to Mn** and Co**, respec-
tively happens, and the reduction of Fe** and O," to Fe’" and
0" is nearly complete. When further discharged to 1.5 V, most
of the Mn*" and Co*" undergo the reduction process. The
aforementioned outcomes reveal that Mn**/Mn*', Fe*'/Fe*",
and Co**/Co®" couples are mainly involved below 4.0 V while
0,"7/0*>" dominates above 4.0 V during the electrochemical
processes.

3.4. Sodium-ion full batteries of P2-NFMO-CoMgLi

A proof-of-concept SIB full cell was constructed by integrating
the P2-NFMO-CoMgLi with a hard carbon anode (P2-NFMO-
CoMgLi//HC, Fig. 4a), employing a 1:1 cathode-to-anode
mass ratio based on the cathode's discharge capacity of
178 mA h g ' (20 mA g *) and the anode's reversible capacity of
185 mA h g ' (50 mA g, Fig. 4b and S9t). A comparative
analysis of the charge-discharge profiles (Fig. 4b) and CV curves
(Fig. 4c) for both electrodes are presented. The discharge
plateau of P2-NFMO-CoMgLi is at ~2.89 V, and the charge
plateau of hard carbon is at ~0.06 V. Thereafter, the operating

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

View Article Online

RSC Advances

Specific Capacity (mAh g*)

T3 3
Voltage (V)

S8
E
100 2
29999033004 055, 299 400
29223350 1000
90308

unit: mAg*

20mAg!

Specific capacity (mAh g*)

D
Specific Capacity (mAh g)

5 10 15 20 25 30

EEIEIES
Cycle Number (n) Cycle Number

Fig. 4 Sodium-ion full batteries: (a) schematic configuration of the
P2-NFMO-CoMgLi cathode//hard carbon anode full battery. (b)
Charge/discharge pro-files and (c) CV curves of the P2-NFMO-
CoMgLi cathode and hard carbon anode. (d) Galvanostatic charge/
discharge profiles and (e) cycling performance at 0.1C in the voltage
window of 1.4-4.1V of the full cell (based on the cathode active mass).
(f) Rate performance of the full battery.

voltage of the full cell is estimated at ~2.83 V, which is
consistent with the constructed full cell (at ~2.75 V, Fig. 4d).
The full cell delivers an initial discharge capacity of
117 mA h g~ " at 20 mA g, corresponding to a high energy
density of 161 W h kg ', based on both the mass of cathode and
anode active materials. After, cycling for 50 times, 70% of the
initial capacity is maintained (Fig. 4e). When tested at different
current densities (Fig. 4f), P2-NFMO-CoMgLi//HC can deliver
capacities of 112, 111, 107, 102, 96, and 82 mA h g~ " at 20, 40,
100, 200, 400, and 1000 mA g ', respectively, with a rate
retention of 73%. And the capacity recovers to 109 mA h g~ ' as
the current reverts to 20 mA g~ ', confirming exceptional elec-
trochemical reversibility and reta capability of the constructed
full cell.

4. Conclusion

In summary, this work demonstrates a multi-ion doping
strategy to engineer the novel P2-Nay ;3Feq ,Mng 5,C00. Mg 05
Lip 030, cathode, achieving high charge compensation through
coupled cationic and anionic redox. Consequently, it delivers
a high capacity of 150.2 mA h g~' at 200 mA g~ " with a capacity
retention of 68% over 150 cycles, and achieves exceptional rate
capability (182.7 mA h g at 20 mA g '; 88.9 mA h g ' at
1000 mA g~ '). XPS analysis validates that the extra capacity
derives from O* /(0,)" redox not the Mn/Fe/Co redox at high
voltages. In situ XRD confirms the voltage-dependent single-
phase solid-solution dynamics, while ex situ TEM unveils
progressive structural distortions at elevated voltages (>4.0 V). A
proof-of-concept full cell with hard carbon anode achieves
a high capacity of 117 mA h ¢! (20 mA g™') and a capacity
retention of 70% after 50 cycles, underscoring practical
viability. This study elucidates the critical trade-off between
voltage window expansion (enhancing capacity via oxygen
redox) and structural degradation, providing foundational
insights for designing high-energy layered oxide cathodes
through balanced anionic/cationic redox optimization.
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