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Regulation of Local Chemistry in O3-type Layered Oxide Cathodes
for Practical Sodium-lon Batteries

Tongtong Huo,? Qian Yang,? Genliang Yu,? Mingyue Li,? Xuejie Bai,? Ting Lv,? Xiaobo Zhang,? Jie Xu,?
Kai Liu,2 Xunzhu Zhou,® Xin Tan, ¢ Lin Li,*< Kaixiang Lei,*2 and Shijian Zheng, *2

0O3-type layered oxide cathodes have emerged as promising candidates for advanced sodium-ion batteries (SIBs) due to their
high theoretical specific capacity. However, undesirable phase transitions, irreversible O, release, and transition metal (TM)
ions dissolution severely deteriorate their long-cycle stability. Herein, a cation-anion dual-site high-entropy doping strategy
is proposed to modulate the local chemistry of O3-type layered oxide cathodes, aiming to enhance the covalency of TM-O
bonds. The robust covalent TM-O bonds can effectively suppress adverse phase transitions, inhibit irreversible oxygen redox
reactions, and reduce TM™ dissolution. Consequently, NaNig.sFeg.14Mno sLio.1Tio.1sCU0.03ZN0.0301.04F0.06 (HEO) delivers a high
specific capacity of 152.27 mAh g and a capacity retention of 73.69% after 500 cycles. More importantly, HEO exhibits
impressive temperature tolerance, superior air stability and acceptable full-cell performance, demonstrating its huge
potential for practical SIBs application. This work develops a versatile cation-anion dual-site high-entropy doping strategy to
modulate the local chemistry of O3-type layered oxide cathodes, furnishing a robust foundation for advancing cathode

materials for practical SIBs.

Introduction Experimental

Sodium-ion batteries (SIBs) hold great promise as a pivotal
technology for large-scale energy storage systems due to their
abundant resource reserves and low production costs.>? As a core
component of SIBs, cathode materials have a critical impact on their
electrochemical performance, technological development potential,
and practical application prospects.* Among the discovered cathode
materials, O3-type layered oxide cathodes (NaxTMO;, where x > 0.7,
TM represents transition metal) demonstrate broad application
prospects due to their high theoretical specific capacity.>® However,
during the charge/discharge process of the O3-NFM (O3-
NaNio4Feo2Mno402) cathode, the deintercalation of Na* and the
oxidation of TM™ induce continuous variations in the unit cell
parameters. Particularly under high-voltage conditions exceeding 4.0
V, this triggers an unfavorable P3->03' phase transition, thereby
resulting in severe volume changes.”® Furthermore, the excessive
oxidative participation of lattice oxygen exposes the inherently weak
TM-0 bonds to a higher risk of disruption: It not only readily forms
0-0 dimers, ultimately resulting in the irreversible release of lattice
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oxygen in the form of O,, but the cleavage of TM-O bonds also
creates conditions for the additional irreversible dissolution of
TM" 911 This leads to a reduction in the number of active TM sites,
exacerbates interfacial side reactions, and triggers the initiation of
intragranular cracks.1213 Collectively, these complex detrimental
effects ultimately induce an irreversible phase transition of the
cathode material from a layered structure to a rock-salt phase,
resulting in permanent structural damage with fast capacity
degradation. 1415

In general, the TM-O bonds serve as the core structural framework
of layered oxide cathode materials, and the insufficiency of its
covalency is the intrinsic cause triggering the aforementioned
performance degradation issues.'®18 Therefore, regulating the
covalency of TM-O bonds is regarded as an effective strategy to
boost the sodium storage performance of O3-type layered oxide
cathodes.1®22 To date, element doping, as a facile and efficient
modification strategy, has been extensively adopted to optimize the
local chemistry of O3-type layered oxide cathode materials.23-2%
Nevertheless, conventional single/double-element doping strategies
exhibit certain limitations, failing to simultaneously address multiple
issues including phase structure distortion, lattice oxygen release,
and transition metal ions dissolution.”2® In recent years, the high-
entropy doping strategy, relying on the synergistic effect of multiple
elements, has demonstrated unique advantages in precisely
regulating the local chemistry of layered oxide cathode materials and
stabilizing the lattice framework, thereby providing a novel paradigm
for the performance breakthrough of electrode materials.27-28
However, most existing studies on high-entropy doping are confined
to the modification of cation sites, failing to give full play to the
synergistic regulation effect of both anions and cations.2*32 Its
modaulation effect on the covalency of TM-0 bonds is limited, making
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it difficult to fundamentally overcome the performance degradation
bottleneck of O3-type layered oxide cathodes.33-34

Herein, we propose a cation-anion dual-site high-entropy
doping strategy, which is designed to regulate the local
chemical environment of O3-type layered oxide cathodes and
enhance the covalency of TM-O bonds via the synergistic doping
effects of multi-elements at cation sites (Li, Ti, Cu, Zn) and anion
sites (F). The enhanced covalency of TM-O bonds can effectively
simplify the phase transition process of O3-type layered oxide
cathodes during the charge/discharge process and suppress the
occurrence of irreversible phase transitions, thereby
significantly improving the structural integrity of electrode
materials. Furthermore, it can effectively inhibit the irreversible
oxygen redox reactions and the dissolution of transition metal
ions under high-voltage operating conditions. Benefiting from
the aforementioned advantages, the designed O3-type
NaNio.2s5Feo.14Mno.3Lio.1Tio.15CU0.03ZN0.0301.9aF0.06 (HEO) materials
exhibit excellent cycling stability, favorable temperature
tolerance, outstanding air stability, as well as superior full-cell
performance, which fully verifies their potential for practical
applications. The cation-anion dual-site high-entropy doping
strategy proposed in this study provides a novel and universal
paradigm for regulating the local chemical environment of O3-
type layered oxide cathodes.

Results and discussion

Conventional O3-type layered oxide cathodes suffer from
adverse phase transitions, irreversible oxygen release, and
transition metal ions dissolution during cycling (Fig. 1a). These
issues further induce the formation of microcracks inside the

a

material, impair its structural integrity, and ultimatgly,lead te
the degradation of electrochemical perfoiafic@3s/ b geeral,
the covalency of TM-O bonds is closely correlated with the
structural stability of the O3-type layered oxide cathodes.
Herein, a cation-anion dual-site high-entropy doping strategy is
proposed to modulate the local chemical environment of O3-
type layered oxide cathodes, thereby enhancing the covalency
of TM-O bonds and ultimately achieving a breakthrough
improvement in sodium storage performance. As shown in Fig.
1b, Li* with the 1s? electron configuration and Zn?* with the 3d*°
electron configuration are selected to enhance the local
covalent bonding between Ni/Fe/Mn and 0.3 This
enhancement is achieved through their weak hybridization with
O 2p orbitals and the formation of Li/Zn-O-TM bridge-type
structures.3® Ti** and Cu?* are selected due to their strong-bond-
forming characteristics when bonding with O, which create non-
positioned “rivets” within the structure and significantly
enhance the local covalency of the bonding network.1%37-38
Additionally, F~ with a smaller ionic radius and higher
electronegativity is doped into lattice oxygen sites. The
formation of strong and short TM-F bonds leads to an overall
contraction of the TM layer, thereby enhancing the orbital
overlap between TM 3d and O 2p (Fig. S1, Supporting
Information).3°4* The strong TM-F bonds not only enhance
structural stability but also, to some extent, influence the Na
layer through the TM-F-Na bonding network (Fig. S2 and Table
S1, Supporting Information).*? This synergistic enhancement of
TM-O covalency is expected to inhibit adverse phase transition
processes, suppress irreversible O, release, restrain transition
metal ions dissolution, and enhance structural stability under
multiple application conditions.
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Fig. 1. (a) Challenges of O3-type layered oxide cathodes. (b) Schematic diagrams of cation-anion dual-site high-entropy doping

strategy.
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Fig. 2. (a) XRD patterns of NFM and HEO. Rietveld refinement results of (b) NFM and (c) HEO. Schematic diagrams of (d) crystal
structure and (e) configurational entropy of NFM and HEO. (f) AC-HAADF-STEM images of NFM and HEO. (g) The density of states
and (h) schematic diagrams of band structure of NFM and HEO. (i) COHP results of Ni-O bonds in NFM and HEO. (j) ELF of the

valence electron in TM-layer viewed along the [001] direction.

To validate our design concept, NaNig4Feo2Mno 40, (NFM)
and NaNio.2sFeo.14Mno.sLio.1Tio.15CU0.03ZN0.0301.04F0.06 (HEO) are
synthesized via a simple solid-phase reaction. As shown in Fig.
2a, the sharp and distinct diffraction peaks indicate that both
NFM and HEO can be classified as the O3-type structure (space
group R-3m, PDF #88-0720). Additionally, the presence of NiO
diffraction peaks (space group Fm-3m, PDF #47-1049) is
observed in the XRD patterns of NFM, which is attributed to the
solution limit of nickel in the O3 phase.3° In contrast, HEO is a
single-phase solid solution of O3-type. The detailed structural
information for NFM and HEO is revealed via X-ray diffraction
(XRD) Rietveld refinement (Fig. 2b-c and Table S2-S4).
Compared to NFM, HEO exhibits an expanded d(O-Na-O)
spacing (increased from 3.158 A to 3.170 A) and enlarged
octahedral/tetrahedral volumes, which facilitates rapid Na*

This journal is © The Royal Society of Chemistry 20xx

diffusion (Fig. 2d). Furthermore, the synergistic doping of
multiple heterogeneous ions has led to a noticeable alteration
in the d(O-TM-O) spacing. Subsequently, the elemental
compositions were measured by inductively coupled plasma
optical emission spectroscopy (ICP-OES) and fluoride-ion
selective electrode method (ISE), and the results were in close
accordance with the theoretically designed ratios (Table S5). As
illustrated in Fig. 2e, co-doping with multiple heterogeneous
ions induces a substantial increase in configurational entropy
(from 1.055 R to 1.843 R), a signature that verifies the high-
entropy nature of the HEQ.4143

The morphological and microstructural characterization of
NFM and HEO were investigated by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
As shown in Fig. S3 (Supporting Information), NFM and HEO

J. Name., 2013, 00, 1-3 | 3
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exhibit similar primary particles with clean surfaces and average
particle sizes of about 1 um. High-resolution transmission
electron microscopy (HRTEM) images reveal that both HEO and
NFM exhibit the characteristic (003) lattice fringes of O3 phase,
with HEO displaying a larger interplanar spacing (Fig. S4,
Supporting Information).'* By spherical aberration corrected
scanning transmission electron microscope (AC-STEM)
combined with high-angle annular dark-field (HAADF) imaging
(Fig. 2f and Fig. S5, Supporting Information), an increased
interplanar spacing (5.4 A vs. 5.3 A) is further confirmed in the
HEO, which is consistent with the increase of the lattice
parameter c. Furthermore, energy dispersive spectroscopy
(EDS) elemental mappings confirm the uniform distribution of
each element throughout the bulk phase in NFM and HEO (Fig.
S6 and Fig. S7, Supporting Information).

In general, the stability of the bonds between TM and O are
closely related to the sodium storage performance of O3-type
layered oxide cathode materials. X-ray absorption near-edge
structure (XANES) spectra and Fourier-transformed extended X-
ray absorption fine structure (FT-EXAFS) techniques are first
employed to reveal the electronic structure and coordination
information of transition metal ions in NFM and HEO (Fig. S8
and Fig. S9, Supporting Information).** The initial oxidation
states of Ni, Fe, and Mn in both materials are +2, +3, and +4,
respectively. Noticeably, the Ni-O, Fe-O, and Mn-O bonds in the
HEO all exhibit significant shortening, indicating that higher
bonding energies enhance structural stability. This sufficiently
robust covalent bonding network will significantly improve the
sodium storage performance.?® Subsequently, density
functional theory calculations (DFT) are employed to elucidate
the impact of cation-anion dual-site high-entropy doping
strategy on the electronic structure. The total density of states
(TDOS) in Fig. 2g reveals a markedly narrower band gap near
the Fermi level after modification (as marked by the black
arrow), indicating enhanced electronic conductivity.** As shown
in Fig. 2h, the O 2p band center shifted downward in HEO,
which implies an increase of the stabilization of the oxygen
redox reaction.32%¢ Concurrently, the energy difference
between the TM 3d and O 2p band center was decreased (0.593
eV vs. 0.558 eV), corresponding to strengthened hybridization
of the TM 3d-0 2p orbitals. Collectively, these results confirm
that the cation-anion dual-site high-entropy doping strategy
enhances the covalency of TM-O bonds, thereby fortifying the
structural stability of the cathode material.1%47 Furthermore,
the Li 2s and Zn 3d orbitals exhibit negligible hybridization with
O 2p orbitals near the Fermi level, which is consistent with the
design expectations based on our element selection strategy
(Fig. S10, Supporting Information). The changes in TM-O
bonding energies were further quantified by crystal orbital
Hamilton population (COHP) analyses Fig. 2i and Fig. S11,
Supporting Information). Compared to NFM, Ni/Fe/Mn-O
bonds in HEO exhibit higher -ICOHP values, with more bonding
filling orbitals and anti-bonding empty orbitals. This
observation indicates that the proposed doping strategy can
effectively enhance the covalency of TM-O bonds.2148-50
Subsequently, the electronic localization function (ELF) was
employed to characterize the degree of charge localization

4| J. Name., 2012, 00, 1-3

around the constituent ions within the crystal structyre {Figs2i)k
The localized charges on the O and PVI: Bt&MA%/ € G8e
delocalized in HEO, indicating stronger interactions between
TM and O. Moreover, the weak hybridization phenomenon in
Li/Zn-0 ionic bonds and unique Li/Zn-O-TM bridge-type charge-
transfer structures observed in HEO, aligns with the findings
reported in previous literature.163% As illustrated in Fig. S12 and
Fig. S13 (Supporting Information), the local coordination
environment constructed by the strong-bond-forming ions (Ti,
Cu, and F) anchored within the TM layer plays a pivotal role in
enhancing the overall covalency of the material system. These
results demonstrate that the cation-anion dual-site high-
entropy doping strategy effectively modulates the local
covalency of the material, thereby enhancing its structural
stability and ultimately achieving excellent sodium storage
performance.?®

To validate the superiority of the cation-anion dual-site high-
entropy doping strategy, we evaluated the sodium storage
performance of NFM and HEO using half-cells. As shown in Fig.
3a, the cyclic voltammetry (CV) curves of the two materials
exhibit significant differences. On the one hand, NFM shows
redox peaks at approximately 3.4V due to Na*/vacancy
ordering, a process that reduces structural stability and hinders
Na* diffusion, whereas this phenomenon is absent in HEO.3° On
the other hand, in the high-voltage range of 4.0-4.2V, NFM
presents sharp and asymmetric redox peaks, in stark contrast
to the smooth and symmetric peaks of HEO. This collectively
demonstrates that HEO effectively suppresses Na*/vacancy
ordering, as well as severe phase transitions and irreversible
oxygen reactions at high voltages. The galvanostatic
charge/discharge curves in Fig. 3b further validate the positive
role of the cation-anion dual-site high-entropy doping strategy
in suppressing irreversible phase transitions and limiting
oxygen redox reactions. In addition, HEO shows an accepted
reversible capacity of 152.27 mAh g?! with higher initial
Coulombic efficiency of 98.71%. As shown in Fig. 3c-d and Fig.
S14 (Supporting Information), HEO demonstrates superior rate
performance compared to NFM, with reversible capacities of
150.18, 145.64, 141.21, 126.75, 115.98, 98.01 mAh g at 0.2,
0.5, 1.0, 5.0, 10.0, 20.0 C, respectively. HEO exhibits a middle
voltage of 3.205 V, energy density of 482.3 Wh kg and power
density of 100.69 W kg?! at 0.2 C (Fig. S15, Supporting
Information). Even at a high current density of 20.0 C, its
performance remains outstanding, achieving 2.707 V, 268.1 Wh
kg, and 8.94 kW kg, respectively. Meanwhile, HEO
demonstrates excellent long-term cycling stability and delivers
a high capacity retention of 73.69% with a reversible capacity
of 95.57 mAh g after 500 cycles at 10.0 C (Fig. 3e). In contrast,
NFM exhibits significant capacity degradation, and the battery
fails completely after 150 cycles. It is noteworthy that the
cycling stability of HEO is comprehensively superior to that of
NFM at various current densities and cut-off voltage (Fig. S16-
S20, Supporting Information).

Subsequently, we further investigated the effect of the cation-
anion dual-site high-entropy doping strategy on the temperature
tolerance of 03-type layered oxide cathode materials. As the
operating temperature decreased (-20 °C), the reversible capacities

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 12


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc01783e

Open Access Article. Published on 13 April 2026. Downloaded on 4/14/2026 6:36:47 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

Please«i

Journal Name

of both electrode materials declined with HEO exhibiting
significantly higher capacity retention than NFM (75.16% vs. 69.28%,
Fig. S21, Supporting Information). As shown in Fig. 3f-g, and Fig. S22
(Supporting Information), HEO demonstrated superior rate
performance and cycling stability compared to NFM, delivering a
high reversible capacity of 85.90 mAh g at 4.0 C and a high capacity
retention of 90% after 200 cycles. When the operating temperature
was raised to 60 °C, NFM suffered from severe side reactions, leading
to poor sodium storage performance (Fig. 3h-i and Fig. $23-524,
Supporting Information).> In contrast, HEO exhibited excellent rate
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performance (107.30 mAh g at 20.0 C) and outstapding.cysling
stability (capacity retention of 63.77% after50016yk1é8yDEontParéd
with advanced 03-type layered oxide cathodes reported in the past
three years, the HEO developed in this work achieves a balance
among reversible capacity, cycling stability, rate performance, and
temperature tolerance. Its comprehensive electrochemical
performance significantly surpasses that of previously reported
counterparts (Fig. 3j, Fig. S25, and Table S6-S7, Supporting
Information).
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To elucidate the origin of the enhanced electrochemical
performance, we first systematically investigated the charge

This journal is © The Royal Society of Chemistry 20xx

transfer kinetics. Based on the linear fitting results between the
square root of the scanning rate (v/2) and the corresponding
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peak current, the Na* diffusion kinetics of HEO are significantly
improved compared to those of NFM (Fig. S26, Supporting
Information). This conclusion was further validated by the
galvanostatic intermittent titration technique (GITT) analysis:
HEO exhibits a higher average Na* diffusion coefficient during
charge/discharge process, especially within the high-voltage
range of 4.0-4.2 V (Fig. S27, Supporting Information).
Meanwhile, the more continuous and smaller variations in the
Na* diffusion coefficient indirectly reflect the milder phase

transitions in HEO. Moreover, electrochemical,.jmpedance
spectroscopy (EIS) results show that theOmpedaAa2evelaess of
HEO during the cycling process are also lower than those of
NFM, indicating fast charge transfer in HEO (Fig. S28, Supporting
Information). These findings collectively highlight the positive
role of cation-anion dual-site high-entropy doping strategy in
enhancing the electrochemical reaction kinetics, which is
responsible for the improved rate performance.
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In-situ X-ray diffraction (XRD) is employed to monitor the
structural evolution of NFM and HEO during the initial
charge/discharge process (Fig. 4a-b and Fig. S29-S30,
Supporting Information). During the initial charge process, both
NFM and HEO show consistent variations in their characteristic
diffraction peaks. As Na* extraction enhances the interlayer 0%
-0% electrostatic repulsion and leads to c-axis expansion, the

6 | J. Name., 2012, 00, 1-3

(003)03 peaks shift toward lower angles. Concurrently, the shifts
of the (101)os and (012)os peaks toward higher angles
corresponds to contraction of the ab-plane, which is attributed
to the progressive oxidation of active transition metal ions.
Subsequently, an O'3 phase (monoclinic, C2/m) distinct from
the O3 phase is observed in NFM. This phase is typically
associated with collective Jahn-Teller distortion of Ni3*, which

This journal is © The Royal Society of Chemistry 20xx
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exacerbates lattice distortion and compromises structural
stability.36424% Noticeably, HEO in the same stage maintains a
solid solution reaction of the O3 phase. The absence of the 0'3
phase indicates that Jahn-Teller distortion is effectively
mitigated, benefiting from the expanded TMO; slabs and a
robust TM-O bonding environment.3%68 Subsequently, the
appearance of the (003)p3 peaks in NFM and HEO confirms the
phase transformation to the P3 phase, with the solid solution
reactions (accompanied by minor variations in unit cell
parameters) proceeding continuously. When the voltage
exceeds 4.0V, NFM and HEO undergo distinct phase transitions:
NFM rapidly transforms from the P3 phase to the Na-deficient
03' phase (hexagonal, similar to the pristine O3 structure),
which induces severe lattice distortion and a propensity for
irreversible lattice oxygen loss and transition metal ions
dissolution.” In contrast, HEO undergoes a gradual evolution
into the highly reversible OP2 phase.%%° Lattice parameters
and volume changes during initial charge/discharge were
further obtained from in-situ XRD patterns Rietveld refinement
(Fig. S31, Supporting Information). NFM exhibits an abrupt
14.2% maximum volume change, triggering stress
concentration and crack propagation, while HEO undergoes a
gentle 5.4% variation to maintain particle integrity. In summary,
the anchored TM layer constructed by the cation-anion dual-
site high-entropy doping strategy enables a highly reversible
03->P3->0P2 phase transition. It efficiently suppresses Jahn-
Teller distortion and the unfavorable 03' phase, thereby
significantly improving cycling stability (Fig. S32, Supporting
Information).

The effect of cation-anion dual-site high-entropy doping
strategy on structural stability during long-term cycling is
further revealed by XRD, SEM, TEM, and AC-STEM. As illustrated
in Fig. 4c and Fig. S33 (Supporting Information), the NFM
exhibits residual P3 phase peaks after 300 cycles, indicative of
irreversible phase transitions within the material. In sharp
contrast, HEO maintains a pure O3 phase structure, testifying
to its exceptional structural stability that underpins enhanced
cycling longevity. Subsequently, atomic-resolution AC-HAADF-
STEM images in Fig. 4d and Fig. 4e reveal the detailed structural
information of the cathode materials after cycling. Specifically,
the HEO cathode preserves a well-defined layered architecture,
free of discernible cracking or substantial phase
transformations. Evidently, the maximal retention of the
pristine structure constitutes the critical structural basis for the
long-term cycling stability of HEO.®® However, the NFM cathode
suffers from prominent cracking, with extensive rock-salt phase
formation at the fracture sites; meanwhile, severe surface
reconstruction synergistically undermines its structural
integrity.1370 As observed from the SEM and TEM images, the
surfaces of NFM particles are covered with numerous cracks,
accompanied by severe particle fragmentation (Fig. 4f and Fig.
S34, Supporting Information). In stark contrast, the HEO
particles retain their structural integrity after cycling.!?
Furthermore, TEM images clearly demonstrate that a uniform
and dense cathode electrolyte interphase (CEl) layer is formed
on the surface of HEO. This interfacial layer effectively
suppresses the interfacial side reactions and the transition

This journal is © The Royal Society of Chemistry 20xx
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metal ions dissolution, thereby significantly enhangingothe
sodium storage performance of HEO. The HealdirmésSréledse
behavior of O, (m/z = 32) and CO, (m/z = 44) during the initial
charge process is probed by in-situ differential electrochemical
mass spectrometry (DEMS, Fig. 4g).”* Compared to NFM, HEO
exhibits significantly reduction in the release of O, and CO;
during the process, demonstrating that irreversible O, release

and interfacial side reactions are effectively suppressed.
Additionally, inductively coupled plasma optical emission
spectrometry (ICP-OES) measurements reveal that the

dissolution of Ni, Fe, and Mn from HEO is significantly lower
than that from NFM (Fig. 4h).#! This observation indicates that
the robust TM-O bonds exhibit excellent stability during
charge/discharge process, which effectively suppresses
transition metal ions dissolution, preserves active redox sites,
and mitigates structural degradation. Collectively, these
findings underscore the favorable effect of the cation-anion
dual-site high-entropy doping strategy on reinforcing the
covalency of TM-O bonds, a key contributor to the enhanced
cycling performance.

Ex-situ X-ray photoelectron spectroscopy (XPS) and X-ray
absorption spectroscopy (XAS) are employed to elucidate the
charge compensation mechanisms in NFM and HEO. The Ni 2p
and Fe 2p XPS spectra of the two materials exhibit similar peak
shifts during charge/discharge process (Fig. 5a-c and Fig. S35,
Supporting Information). As electrochemically active elements,
Ni and Fe contribute to the capacity via electron transfer and
valence state variations, following the redox pathways of
Ni2*>Ni** and Fe3*->Fe**. In contrast, no significant peak shifts
were observed for Mn in NFM, nor for Mn, Li, Ti, Cu, and Zn in
HEO in the XPS spectra, indicating that these elements act as
electrochemically inert species to stabilize the host structure
(Fig. S36, Supporting Information). Upon charging to 4.2 V, a
new characteristic peak at approximately 530.5 eV (assigned to
(O2)™ species) emerged in the O 1s XPS spectra of both
materials (Fig. 5d). Notably, the signal intensity in NFM was
distinctly higher than that in HEO, which is consistent with the
electron paramagnetic resonance (EPR) measurements,
indicating that more pronounced oxygen redox reactions
occurred in NFM (Fig. S37, Supporting Information).2%3438
Furthermore, obvious disparities between the two materials
were observed after discharging to 2.0 V: the characteristic
peak of (Oz)™ species almost completely vanished in HEO,
testifying to the highly reversible nature of its oxygen redox
reactions; by contrast, partial (O2)"™ species was detected in
NFM, revealing the poor reversibility of oxygen redox
reactions.®472 This phenomenon is further confirmed by the
Raman  spectroscopy results (Fig. S38, Supporting
Information).4>73> These results demonstrate the superior
lattice oxygen stability and controllable redox activity of HEO,
which in turn ensures excellent structural stability throughout
charge/discharge cycling. Normalized X-ray absorption near-
edge structure (XANES) spectra of the Ni, Fe, and Mn K-edges
are shown in Fig. 5e-g and Fig. S39 (Supporting Information).
For both NFM and HEO, the Ni and Fe K-edge XANES spectra
exhibited pronounced shifts during charging and reversibly
reverted to their initial positions upon discharging, further
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demonstrating the key role of Ni and Fe as electrochemically
active elements in the charge compensation mechanism.3¢
Meanwhile, Mn retained a consistent +4 oxidation state
throughout the process, with negligible shifts in its K-edge
XANES profile, thus further verifying its electrochemical
inertness as a structural framework component.”! Fourier-
transformed extended X-ray absorption fine structure (FT-
EXAFS) spectra of the two materials in different states offer
profound insights into the evolution of local structures during

1Sciencel:| (=11

Journal Name

charge/discharge process (Fig. 5h-j and Fig. S40-S41,.Supporting
Information). The first coordination shelllCcBrespehaL/8te
Ni/Fe/Mn-0 bonds. During charging, the Ni/Fe-O bond length
shortens markedly, accompanied by continuous contraction of
the TMOg octahedral structure, a phenomenon closely
correlated with the progressive oxidation of the
electrochemically active Ni/Fe sites. In contrast, the negligible
shifts in the Mn-0 bond signals confirm the stable +4 oxidation
state of Mn throughout the process.346571
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spectra of HEO.

The air stability and full-cell performance of O3-type layered
oxide cathode materials exert a decisive influence on their
prospects for commercial application.*#?” The phase structure
evolution of NFM and HEO powders upon prolonged exposure
to ambient air with a relative humidity of about 70% was first
investigated by XRD (Fig. 6a and Fig. 6b). After 7 days of air
exposure, characteristic diffraction peaks corresponding to

8 | J. Name., 2012, 00, 1-3

Radial distance (A)

Radial distance (A)

Na,COs3-nH;0, the monoclinic O3 phase, and the hydration
phase emerged in the NFM, indicating that effective sodium
continuously leaches out, accompanied by structural distortion
and further H,O insertion.”* When the air exposure duration
extends to 10 days, the characteristic peaks of the undesired
byproducts become more pronounced. Meanwhile, the (003)o3
diffraction peak exhibits a significant shift relative to the pristine
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sample, signifying substantial alterations in the interlayer
spacing of the layered structure. In stark contrast, the HEO with
regulated local chemistry maintains a highly crystalline, with
negligible shifts in its characteristic peaks even after 10 days of
exposure to such high-humidity air (Fig. S42, Supporting
Information).>” In addition, HEO also exhibits minimal capacity
degradation, excellent rate performance, and remarkable
cycling stability after prolonged air exposure (Fig. 6¢c-e and Fig.
S43-S44, Supporting Information). These observations explicitly
verify that the enhanced local covalency of the material,
imparted by the cation-anion dual-site high-entropy doping
strategy, can effectively elevate the air stability of O3-type
layered oxide cathode materials. Subsequently, full cells were
assembled using hard carbon anodes to systematically evaluate
the electrochemical performance of HEO (Fig. 6f and Fig. 6g). As
illustrated in Fig. 6h and Fig. S45 (Supporting Information), the

ARTICLE

HEO||HC full cell displays excellent rate perfaormance,
delivering high reversible capacities of 138231010 6STH/ 88,
107.28, 99.93 mAh g at current densities of 10, 20, 50, 100,
200 A g1, respectively. At a current density of 50 mA g1, the
HEO| |HC full cell achieves a favorable energy density of 252.35
Wh kg, calculated based on the combined mass of the cathode
and anode. More importantly, the HEO||HC full cell
demonstrates outstanding cycling stability, maintaining a high
capacity retention of 70.35% after 500 cycles (Fig. 6i-j).
Moreover, the HEO||HC full cells exhibit high discharge
capacity and excellent cycling stability over a wide voltage range
(Fig. S46, Supporting Information). These results demonstrate
that the HEO with regulated local chemistry exhibits
considerable potential for practical applications.
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charge/discharge curves of HEO cathode and HC anode after precycled. (h) Rate performance and (i-j) longterm, sysling

performance of the HEO| |HC full cell.

Conclusions

In summary, this work proposes a cation-anion dual-site
high-entropy doping strategy to modulate the local chemical
environment of O3-type layered oxide cathode materials,
thereby achieving a remarkable enhancement in their sodium
storage performance. Specifically, the introduction of Li, Ti, Cu
and Zn at cation sites, combined with F doping at anion sites,
synergistically strengthens the covalency of the TM-O bonds.
This dual-site synergistic modulation effect exhibits prominent
advantages: i) the strongly covalent TM-O bonds can effectively
suppress the undesirable phase transitions during the
charge/discharge process, thus preserving the integrity of the
electrode material; ii) it significantly inhibits the occurrence of
irreversible oxygen redox reactions, reduces oxygen loss, and
simultaneously mitigates the dissolution of transition metal
ions, fundamentally improving the long-term cycling stability of
the material. As a result, the designed HEO not only delivers a
high specific capacity of 152.27 mAh g, but also achieves an
excellent capacity retention of 73.69% after 500 cycles. More
importantly, this material also possesses outstanding
temperature tolerance, favorable air stability and reliable full-
cell performance, highlighting its enormous application
potential in the practical implementation of SIBs. The cation-
anion dual-site high-entropy doping strategy developed in this
work features excellent universality and scalability and provides
an efficient approach for regulating the local chemical
environment of O3-type layered oxide cathodes. Moreover, the
simultaneous doping at both TM and O sites enriches the design
theory of high-entropy cathode materials for advanced sodium-
ion batteries.
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