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ABSTRACT

Activating oxygen redox (OR) reactions is an effective strategy for increasing the specific capacity and
energy density of Na-ion batteries (NIBs). However, most OR cathodes require a high charge cut-off
voltage (>4.4V), which severely compromises structural stability and accelerates electrolyte decom-
position. In addition, practical cathode materials should possess high sodium content and robust
structural stability to ensure high capacity and long cycle life. Herein, we propose a high-entropy 03-
type layered oxide, NaggLip1Mgo1Nip1Cup1Mng4Tip 20, (HE-NLMNCMTO), as a practical oxygen-redox
cathode. Benefiting from the elevated oxygen activity induced by the high-entropy configuration, ox-
ygen redox can be fully activated at a relatively low cut-off voltage of ~4.2 V. Combined with the intrinsic
structural stability of the high-entropy framework, HE-NLMNCMTO delivers a high reversible capacity
of 167.1 mA-h/g through synergistic cationic and anionic redox reactions and exhibits outstanding
cycling stability with 91.2% capacity retention after 400 cycles at 1 C. The remarkable structural stability
is confirmed by in-situ XRD, nano-CT and STEM analyses. Moreover, cylindrical cells and anode-free
single-layer pouch cells based on HE-NLMNCMTO exhibit excellent electrochemical performance,
demonstrating its considerable potential for practical applications. This work provides a viable high-
entropy strategy for developing durable and practical oxygen-redox cathodes for NIBs.
© 2026 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

widespread deployment of portable electronics and electric vehi-
cles [1,2]. However, the limited lithium resource and its uneven

Lithium-ion batteries (LIBs) have dominated the electro- distribution cast a serious concern for its sustainable develop-
chemical energy storage market owing to their high energy den- ment. Consequently, Na-ion batteries (NIBs) have emerged as a
sity and excellent cycling performance, playing a pivotal role in the promising alternative because of the natural abundance, low cost,
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and widespread availability of sodium resources [3-5]. Neverthe-
less, the relatively low energy density of NIBs remains a major
obstacle to their practical application. This limitation primarily
originates from the insufficient capacity of current cathode ma-
terials [6,7].

Layered transition metal oxides (NayTMO;) are the most pre-
vailing cathode hosts not only at the beginning but also nowadays
[8]. Inspired by the high specific capacity of “Li-rich” compounds
in LIBs, where additional capacity is achieved through anionic
redox reactions [9,10], activating oxygen redox (OR) reactions in
Na-based oxides opened up a new strategy to increase the energy
density of NIBs. For instance, Rong et al. previously reported the
P2-type Nag72Lip24Mng 7602 cathode for NIBs in 2019, which
showed a high reversible specific capacity (~270 mA-h/g) and the
highest energy density (~700 W-h/kg) between 1.5 Vand 4.5V [11].
Similarly, ]-M Tarascon and co-workers proposed 0O3-type NaLiy,
3Mny;30, synthesized through careful adjustment of synthesis
conditions, which also displayed a reversible capacity of 190 mA-h/
g contributed by OR and Mn>*/Mn** redox processes.

Despite these advances, practical implementation of oxygen-
redox cathodes remains challenging. Most reported materials
require a high charge cut-off voltage (typically >4.4V) to fully
activate lattice oxygen, which accelerates irreversible phase tran-
sitions, oxygen release, electrolyte oxidation, and interfacial side
reactions [12-15]. These issues inevitably result in rapid capacity
fading, poor cycling stability, and limited practical applicability.
Moreover, many P2-type oxygen-redox cathodes suffer from
relatively low sodium content, restricting the amount of reversible
Na't extraction/insertion and further limiting their achievable
energy density. Therefore, an ideal oxygen-redox cathode for
practical sodium-ion batteries should simultaneously satisfy
several key requirements, including a moderate charge cut-off
voltage, high sodium content, robust structural stability, and low
material cost.

Recently, high-entropy oxides (HEOs) have attracted consider-
able attention because their entropy-stabilized structures often
exhibit enhanced phase stability, suppressed structural degrada-
tion, and improved electrochemical performance [16,17]. Our
previous research indicated that HEOs facilitate a more stable bulk
structure and a more reversible phase-transition [18-20]. Fu et al.
designed a high-configurational-entropy P2-type layered oxide
Nag.62Mng 67Nig.23Cug.05Mgo.09-2yTiyO2, which exhibited improved
structural and thermal stability compared with conventional
layered oxides [21]. These findings suggest that the high-entropy
strategy provides an effective route to stabilizing layered oxide
cathodes. However, its influence on oxygen-redox chemistry has
not yet been systematically investigated.

Here, we report a high-entropy and cationic/anionic-redox 03-
type layerecl oxide, Nao.gLiOJ Mgo.lNioJCUo']MI‘IOATio,zOz (HE—
NLMNCMTO), as a practical oxygen-redox cathode for NIBs. The
molar configurational entropy of these oxides can be calculated
using Equation (1):

N N
Sconfig = — R [(Zi]xi In x; ) + (Zjﬁ‘j Inx; )

cation—site anionsite:|

(1)

where x; and x; are the mole fractions of the elements at the cation
and anion sites in the bulk structure, respectively. R is the universal
gas constant. Because only one anion is present (i.e., the possible
oxygen vacancy is ignored), the minor effect of the anion site on
Sconfig was not considered. The Sconfig of HE-NLMNCMTO is 1.7R,
which is calculated via the above equation. Based on the config-
urational entropy introduced by Murty et al., “high entropy” is
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defined when the Sconfig>1.5R [22]. So, the designed HE-
NLMNCMTO can be classified as HEOs.

As expected, unlike conventional oxygen-redox cathodes, HE-
NLMNCMTO enables complete oxygen-redox activation at a sub-
stantially reduced charge cut-off voltage of approximately 4.2 V.
Density functional theory (DFT) calculations reveal that the high-
entropy configuration elevates the oxygen 2p electronic states
toward the Fermi level, thereby facilitating oxygen oxidation at
lower potentials. Benefiting from the high Na content, this O3-type
HE-NLMNCMTO displayed a high initial charge capacity of
195.8 mA-h/g and a reversible discharge capacity of 167.1 mA-h/g.
More importantly, the entropy-stabilized structure effectively
suppresses structural degradation during repeated cycling,
resulting in an exceptional capacity retention of 91.2% after 400
cycles at 1C, representing one of the best cycling performances
reported for oxygen-redox cathodes. Finally, Furthermore, the
reduced use of Ni and Li lowers the estimated bill of materials
(BOM) cost. Kilogram-scale synthesis was successfully achieved,
and both cylindrical full cells and anode-free pouch cells
employing HE-NLMNCMTO demonstrated excellent electro-
chemical performance and long-term cycling stability. These re-
sults demonstrate that the high-entropy strategy not only
stabilizes oxygen-redox chemistry but also provides a practical
pathway toward high-energy, long-life sodium-ion batteries.

2. Experimental section

The detailed experimental section are provided in the Sup-
porting Information.

3. Results and discussion
3.1. Theory calculations and performance comparisons

To further highlight the characteristics of the HE strategy for OR
oxides, non-HE NaggLig2Nip15Mngg50 (non-HE-NLNMO) was
purposely designed. Compared with HE-NLMNCMTO, non-HE-
NLNMO has the same Na content and amount of TM, where 0.2Li
triggers OR and 0.15 Ni?* provides cationic charge compensation
(0.3 e transfer), ensuring that differences in electrochemical
behavior primarily originate from configurational entropy rather
than compositional variations. The Sconfig of non-HE-NLNMO was
0.98R, significantly lower than that of HE-NLMNCMTO (1.7R). The
refined oxygen occupancy from XRD and the homogeneous cation
distribution from EDS confirm that oxygen vacancies, if any, are
below the detection limit; thus, the anion-site entropy term is
justifiably omitted. Firstly, we performed DFT calculations to
optimize the structures of both HE and non-HE configurations
across a range of Na contents from Nagg to Nags3. As shown in
Fig. S1-S13, the formation energies of HE-NLMNCMTO are
consistently lower than those of non-HE-NLNMO at any given Na
content, demonstrating the superior thermodynamic stability of
the high-entropy phase.

To further reveal the electronic origin of the enhanced oxygen-
redox behavior, the partial density of states (pDOS) of the initial
and desodiated HE and non-HE structures were analyzed. As shown
in Fig. 1a, the O pDOS below Fermi level (Ef) is more prominent for
HE-NLMNCMTO than that of non-HE-NLNMO, indicating a greater
charge distribution on oxygen atom in the HE configuration. When
0.3Na' was extracted for bulk structure (Fig. 1b), the O 2p states in
HE-NLMNCMTO shift closer to the Fermi level and exhibit finite
electronic states at Er, suggesting that oxygen can participate in
charge compensation at lower electrochemical potentials. The
random distribution of six cations creates a wide distribution of
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Fig. 1. Electronic origin and electrochemical characterization between HE and non-HE structures. O-pDOS and TM-pDOS (dotted line) for both HE-Na,LMNCMTO and non-HE-
Na,LNMO at Na contents of (a) 0.9 and (b) 0.6; (c) Electron density nephogram of the O-TM-Na layer in the [102] direction for NagsLNMO (left) and Nag sLMNCMTO (right). (d)
Schematic electronic energy-level diagrams comparing the non-HE (left) and HE (right) configurations at two desodiation states, Na0.9 and Na0.6. The inset compares the
activation energy barriers for oxygen redox (e-f) Experimental initial charge CV profile comparison and initial charge-discharge profiles of HE-NaLMNCMTO and non-HE-NaLNMO.
(e) Comparison of HE-NaLMNCMTO and non-HE-NaLNMO as well as the 3D rendering of NaF- from TOF-SIMS characterization of HE-NaLMNCMTO after being charged and

discharged for one cycle.

TM-0 bond lengths, which broadens the O 2p band and raises its
upper edge toward Ez. This electronic effect is the root cause of the
lowered oxygen-redox potential, as corroborated by the increased O
pDOS at Er in the HE case. Fig. 1c presents the electron density (at
isosurfaces of 0.3 e/A3) of the 0-TM-0-Na layer viewed along the
[102] direction for the electronic structures of both desodiated HE-
NaggLMNCMTO and non-HE-NaggLNMO materials. Evidently, the
electron density localized on the oxygen layer was higher in the HE
configuration than that in non-HE configuration. The energy-level
diagrams in Fig. 1d elucidate the electronic origin of the enhanced
oxygen redox in the HE system. Unlike the non-HE case, where the
O 2p band remains largely below Ey, the HE configuration causes a
pronounced upward shift of the O 2p band towards Eg, particularly
at Nag.g. This shift facilitates electron transfer from oxygen to TM
upon Na " extraction, thereby lowering the activation barrier for

oxygen oxidation. As schematised in the inset, this reduced barrier
rationalises the experimentally observed decrease in the OR onset
potential from ~4.35V (non-HE) to ~4.15V (HE), confirming that
high entropy promotes stable anionic redox at a more practical
voltage. With further Na removal (Fig. S15), the density of states
near Er is demonstrated by the O character in both HE and non-HE
cathodes, confirming that oxygen supplies the majority of the
compensating electrons in this voltage regime. Overall, the HE
cathode has a higher phase thermodynamic stability and more
active OR activity. Therefore, a more stable and reversible OR re-
action at a relatively low voltage can be expected for HE-
NLMNCMTO.

The electrochemical behaviors of both OR cathodes of HE-
NLMNCMTO and non-HE-NLNMO were subsequently verified.
Fig. 1e shows the CV profiles of the initial charge process, which
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reveals that HE-NLMNCMTO displays an intense oxidation peak
corresponding to the oxidation of lattice oxygen at ~4.15V,
whereas the non-HE-NLNMO exhibits a smaller oxidation peak at a
higher potential (~4.35 V). The initial charge-discharge profiles of
both cathodes were shown in Fig. 1f. The non-HE-NLNMO display a
initial charge capacity of 176.8 mA-h/g at an upper cut-off voltage
of 4.5V. In contrast, HE-NLMNCMTO delivers a higher charge ca-
pacity of 195.8 mA-h/g at a increased upper cut-off voltage of 4.2V.
More importantly, HE-NLMNCMTO could exhibit a higher revers-
ible capacity of 167.1 mA-h/g compared with the only 94.5 mA-h/g
of non-HE-NLNMO. Moreover, HE-NLMNCMTO also logically
minimized the side reactions on the electrode surface, as
demonstrated by the time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) results shown in Fig. 1g and Fig. S16. So, the
reduced charge cut-off voltage is highly compatible with currently
available high-voltage electrolytes.

3.2. Structural characterization and electrochemical performance

The detailed structural information of HE-NLMNCMTO was
then analyzed. The elemental composition determined by induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES)
agrees well with the designed stoichiometry (Table S2), confirming
the successful synthesis of the target composition. The crystal

¢ Oberserved
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Intensity

(D) 1 Luyer DR
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Na Layer
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structure of HE-NLMNCMTO was investigated using X-ray
diffraction (XRD) and Rietveld refinement. Fig. 2a shows the XRD
pattern of HE-NLMNCMTO, which indicates an O3 type layered
structure with a space group of R 3 m. The sharp diffraction peaks
of these HEOs suggest high crystallinity. The refined structural
parameters (Table S3) further confirm the ordered arrangement of
Na and transition-metal layers within the layered framework, as
schematically illustrated in Fig. 2b. The morphology of the as-
prepared HE-NLMNCMTO was observed using scanning electron
microscopy (SEM), as shown in Fig. S17. Smooth flake-like particles
with a size distribution in the range of ~2-4 pm demonstrated a
typical layered structure. To probe the atomic-scale cation distri-
bution, aberration-corrected high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) was
performed. The atomic-resolution image viewed along the [110]
zone axis (Fig. 2¢) exhibits irregular intensity variations within the
transition-metal slabs, reflecting the random occupation of six
different cations. The corresponding intensity profile further
confirms the absence of elemental ordering, which is consistent
with the characteristics of a high-entropy solid solution. In addi-
tion, the fast Fourier transform (FFT) pattern (Fig. S18) verifies the
excellent crystallinity of the layered framework without detect-
able secondary phases. In addition, energy dispersive spectroscopy
(EDS) elemental mapping (Fig. 2d) confirmed the homogeneous

(9)
° °

RORERA
oz Sess
Vo, Bonn

... Average.d=0.54 nm

o

Fig. 2. Structural characterization of HE-NLMNCMTO sample. (a) Powder XRD pattern and Rietveld refinement of the as-synthesized HE-NLMNCMTO sample. (b) Schematic
illustration of the O3 type structure showing the stacking sequence of the Na and TM layers. (c)HAADF-STEM image viewed along the [110] crystallographic direction and intensity
profile according to the blue line (inset). (d) HRTEM image and EDS mapping for diverse elements in HE-NLMNCMTO.
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distribution of the six elements in the prepared particles. X-ray
absorption near-edge structure (XANES) analysis demonstrated
that the oxidation states of Ni and Mn were approximately +2
and + 4, respectively, compared with standard references
(Fig. S19). The local electronic structures of Cu?*/Ni** were
analyzed using extended X-ray absorption fine structure (EXAFS)
spectroscopy. Fig. S20 shows the EXAFS spectra of Cu and Ni with
the k3-weighted y(k) function. A relatively short Cu-O bond length
(~1.5A) and a longer Ni-O bond length (~1.7 A) can be calculated
from the EXAFS spectra. However, the second shell M-Me for both
spectra is located at approximately the same 2.5 A, indicating that
high-entropy effects lead to the random and even distribution of
six metal ions in the TM layer [23].

xin Na,LMNCMTO
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The electrochemical properties of HE-ENLMNCMTO were evalu-
ated in Na half-cells within the voltage range of 2.0-4.2 V. As shown
in Fig. 3a, the initial charge/discharge capacities were 195.8 mA-h/g
and 1671 mA-h/g with an initial coulombic efficiency of 85.3%.
Specifically, The lower-voltage region below approximately 3.5V is
mainly associated with the oxidation of Ni>* and Cu®**, whereas the
higher-voltage sloping region corresponds predominantly to
oxygen-redox reactions. The latter contributes approximately
120 mA-h/g, indicating that lattice oxygen provides substantial
additional charge compensation beyond the conventional
transition-metal redox capacity. This indicates that oxygen redox
provides ~60% of the total charge compensation, consistent with the
DFT-predicted O 2p participation. The initial irreversible capacity
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Fig. 3. Electrochemical performance of HE-NLMNCMTO cathode. (a) Typical charge/discharge profiles of the HE-NLMNCMTO cathode at a current rate of 0.2 C (1 C =200 mA/g) in
the voltage window of 2.0-4.2 V. (b) GITT curves and corresponding Na + apparent diffusion coefficients of NLMNCMTO during the charge and discharge processes. (c) Long-term
cycling performance at 0.2/0.5/1.0 C with initial 2 cycles of the activation process. (d) DEMS data collected during the first two cycles. (e) Comparison of lifespan and retained
capacity of reported oxide cathode materials with oxygen redox reaction for NIBs. (The diameter and transparency of the ball are directly proportional to its cycle life and specific

capacity. Detailed information is presented in Table S4).
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(14.7%) is predominantly associated with the non-fully reversible
oxygen redox at the first cycle and a small amount of surface
electrolyte decomposition, as supported by the differential elec-
trochemical mass spectrometry (DEMS) and TOF-SIMS results.
Notably, the subsequent cycles show negligible additional irre-
versibility, confirming that the HE structure stabilizes the oxygen
redox after the initial activation. During the subsequent discharge
process, the voltage profile evolves into a continuous slope. This
electrochemical behavior can also be confirmed by the CV curves
(Fig. S21). The two oxidation peaks that occurred in the first
oxidation state agreed with the two-voltage platforms in the initial
charge voltage profile, further confirming the reversible electro-
chemical behavior. The apparent Na' diffusion coefficient
(~10719 cm?/s) was calculated using the galvanostatic intermittent
titration technique (GITT), as shown in Fig. 3b. The OR of this HE-
NLMNCMTO is completed below 4.2V, substantially lower than
that reported for most oxygen-redox layered oxides (>4.4V),
Operating within this moderate voltage window effectively sup-
presses electrolyte oxidation and irreversible structural degrada-
tion, providing a solid basis for achieving prolonged cycling stability.
Tailorable properties are the main driving factors for the
increasing interest in HEOs. Coupled with the support of a greatly
reduced charge cut-off voltage, long-term cycling stability may be
the highlight of these HEOs electrode materials. Fig. 3¢ shows
promising long-term cycling stability at a voltage range of
2.0-4.2V at different current densities. Specifically, it shows an
outstanding capacity retention of 92.6% after 200 cycles/96.5%
after 250 cycles/91.2% after 400 cycles at 0.2, 0.5C, and 1.0C,
respectively. All capacity retention values are calculated based on
the discharge capacity after the second activation cycle. The ma-
terial maintained a discharge capacity of 137.7 mA-h/g after 250
cycles, and almost no capacity decay was observed after 400 cycles
at 1C. In addition, the rate capability of HE-NLMNCMTO was
evaluated between 2.0 and 4.2 V under various current densities
from 0.05C to 2.00C, as shown in Fig. S22. The material still
exhibited a capacity of ~120 mA-h/g at 2 C. The 2 C rate perfor-
mance of HE-NLMNCMTO is competitive among O3-type oxygen-
redox cathodes, yet there remains considerable room for
improvement through further optimization of particle
morphology, doping schemes, or electrode engineering. For
example, the Al/Cu co-doped 03-NaNij;3Fei;3sMnq ;302 (NFM)
cathode delivers 113 mA-h/g at 5C, while the Co-doped porous
NFM cathode could achieves a better capability of 116.7 mA-h/g at
10C report by Wen and co-workers [24,25]. The DEMS data
collectively suggest that the HE-NLMNCMTO doesnot release O,
gas, indicating a successful limitation for the over-oxidation
leading to the catastrophic recombination of peroxo/superoxo
species into gaseous O, gas (Fig. 3d). Trace CO, was observed
originating from superficial electrolyte oxidation. The cycling
performances and reversible capacity of the HE-NLMNCMTO
cathode and other reported OR cathodes were compared, as
shown in Fig. 3e. In which, the bubble diameter is proportional to
the cycle number, and the transparency is inversely proportional
to the remaining capacity (i.e., darker bubbles indicate higher
remaining capacity). All data are collected from reports with
similar voltage windows and Na-metal counter electrodes to
ensure a fair comparison. The detailed parameters are listed in
Table S4. The proposed HE-NLMNCMTO exhibited the best
cycling life and retained capacity at different current densities.

3.3. Charge compensation mechanism and structural stability
analysis

The charge compensation of HE-NLMNCMTO during the
charge/discharge process was investigated using hard/soft X-ray
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absorption spectroscopy (h/sXAS) and X-ray photoelectron spec-
troscopy (XPS). Fig. S23a-b displays the normalized XANES spectra
of the Ni and Cu K-edges for various electrochemical states. As
observed, the Ni K-edge and Cu K edge shifted to a higher energy
when charged to 3.8V, suggesting the oxidation of Ni>* and Cu?".
Notably, both the K-edges of Ni and Cu returned to low energy
when charged further to 4.2V. This may be associated with the
reductive coupling mechanism or ligand-to-metal charge transfer
(LMCT) process [26]. For the oxidation/reduction processes of Mn
and O, soft X-ray absorption spectroscopy (sXAS) was performed,
as shown in Fig. S24. The data were collected in total electron yield
(TEY) mode, from which we obtained information with a detection
depth of ~10 nm. The Mn spectra display two peaks in the high-
energy range (metal L2-edge) and low-energy range (metal L3-
edge), which are associated with the core-hole spin-orbital-
coupling split [27]. The intensity ratios of the double-peak features
in the Mn-L3 regions (A and B) have a negative relationship with
the oxidation state of the TM. In the first charge and discharge
process, the peak B Mn-L3 edge was relatively strong, indicating
that Mn** was held in the bulk structure. When discharged to
2.0V, the peak A Mn-L3 edge intensified, corresponding to the
reduction of Mn** to Mn>".

The O K-edge sXAS in the high-energy range (above 535 eV) is
attributed to excitation from the O 1s orbital to the hybridized
orbital of TM and O. The pre-edge peak at a lower energy (531.4 eV)
is related to the transition from the O 1s orbital to the unoccupied
hybridized orbital of the TM 3d and O 2p [28]. As shown in
Fig. S24b, the intensity of the pre-edge peak at 531.4eV
increased during the charging process, indicating an increase in
the hole state. As Mn*" is maintained in the charge process, as
discussed above, it can be concluded that the increased hole state
originates from 0?~. Notably, the intensified pre-edge is obvious at
the first charge to 3.8 V, consistent with the theoretical prediction
that HE construction lowers the electrochemical potential of ox-
ygen redox.

High-entropy materials generally exhibit enhanced structural
stability because of the synergistic effects arising from multiple
constituent elements. To uncover the intrinsic mechanism of the
excellent cycling stability of HE-NLMNCMTO, the combined in-situ
XRD, nano computed tomography (nano-CT) and STEM were
conducted. Fig. 4a and b shows the in-situ XRD patterns and the
corresponding calculated evolution of the lattice volume. Pristine
03 evolves into O'3 when charging from OCV to 3.0V, after which a
new P3 phase emerges for further desodiation, and finally turns
into an OP2 phase at the end of charging. Notably, the (003)
reflection shifted to a higher angle at a high state of charge. This is
caused by OR, which decreases the negative charge and has the
opposite effect compared to the TM redox [29-31]. Notably, the
phase transition was highly reversible compared to the XRD pat-
terns for the first and the second charging processes. The lattice
volume was calculated as shown in Fig. 4b. The lattice experienced
a volume change of ~2.44%, indicating excellent structural stability
during sodiation/desodiation. Fig. 4c shows the structural evolu-
tion during first cycle (the green and red arrows represent the
charging and discharging processes). The 3D-reconstructed parti-
cle models of the nano-CT slices for HE-NLMNCMTO and non-HE-
NLNMO before and after the cycles were conducted. As shown in
Fig. 4d, the HE-NLMNCMTO particle maintains great particle
integrity without any cracks even after 100 cycles, accounting for
its outstanding cycling stability. However, non-HE-NLNMO
showed obvious cracks (purple region) after cycling, and these
cracks originated from the inside of the particle, which deterio-
rated the structural stability and consequently worsened the
cycling life (Fig. S25). Besides, we tracked the evolution of the
layered structure during the electrochemical cycling process using
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analysis process for interplanar spacing is shown in Fig. S26.

STEM analysis. Fig. 4e-g shows the HAADF images of HE-
NLMNCMTO at the first charge (4.2 V), first discharge (2.0 V) and
100-cycle-discharge (2.0 V) states. Overall, the layered structure
was well maintained with continuous charge and discharge, even
after 100 cycles. When first charged to 4.2V, the average inter-
planar (d) spacing of (003) increased to 0.6 nm owing to the
increased repulsion of 0-O in the deep desodiation state. The d-
space decreased to 0.56nm when the Na content recovered
(discharge state), which is close to that of the as-prepared powders
(0.54 nm in Fig. 2c). This observation indicates that the crystal
structure can largely recover to its original state, demonstrating
excellent structural reversibility. Even after 100 cycles, the average
d-space was maintained at 0.53 nm, and the layered structure was
well preserved, contributing to the excellent cycle life of this HE-
NLMNCMTO. The Fast Fourier Transform (FFT), Inverse FFT and
Intensity profile of HAADF-STEM images for HE- NLMNCMTO
electrode at the status of 1st charged to 4.2V, 1st discharged to
2.0V and cycled after 100 cycles were shown in Fig. S26,

respectively. These results also suggest a excellent structural sta-
bility of this HE- NLMNCMTO during the electrochemical process.

3.4. Behaviors of HEOR in Ah-level cells and anode-free pouch

To evaluate the practical applicability of the high-entropy ox-
ygen-redox cathode beyond half-cell configurations. Firstly, the
coin-type full cell consist of HE-NLMNCMTO//hard carbon (HC)
was assembled and cycled between 1.0 and 4.2V. The full cell
exhibits a reversible specific capacity of 164.4 mAh/g (based on the
cathode active mass) with an initial Coulombic efficiency of 78.2%
at 0.1 C (Fig. 5a), confirming that the reversible oxygen-redox re-
action can be effectively retained in practical full-cell configura-
tions. Then, to further assess the scalability of the proposed
material, kilogram-scale HE-NLMNCMTO powders were synthe-
sized using the same solid-state process employed for laboratory-
scale preparation. Ah-level cylindrical batteries coupled with hard
carbon anode were successfully prepared, as seen the detailed
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capacity retention(the detail information is presented in Table S5).

processing procedure shown in Fig. 5b. Fig. S27 displays the gal-
vanostatic charge and discharge profiles of prepared cylindrical
batteries ranging from the first cycle to the 100th cycle, showing
reversible voltage profiles and excellent cycling performance
throughout prolonged operation. The lighted “IOP-CAS” shown
indicates the promising practical application prospects of the
proposed cathode in realistic battery systems.

Furthermore, to further challenge the structural stability of HE-
NLMNCMTO under more demanding operating conditions, the
single-layer anode-free pouch cell was also assembled and cycled
between 2.0 and 4.15 V. As shown in Fig. 5¢, this anode-free cell could
display a reversible capacity of 130.8 mA-h/g (based on the total mass
of cathode and anode electrode mass) with an initial Coulombic ef-
ficiency of 78.2% at 0.1 C. Benefiting from the high structural stability
and suitable cutoff voltage window of HE-NLMNCMTO. This single-
layer anode-free pouch cell maintains a high capacity retention of
91.4% after 400 cycles at 0.5 C (Fig. 5d), which outperform the other
reported anode-free batteries across the cycling number, charge cut-
off voltage and capacity retention (Fig. 5e).The ability to simulta-
neously achieve low-voltage oxygen-redox activation, long-term
cycling stability, kilogram-scale synthesis, and successful demon-
stration in cylindrical and anode-free pouch cells highlights the
considerable potential of the high-entropy strategy for the practical
deployment of next-generation sodium-ion batteries.

4. Conclusion

In summary, conventional oxygen-redox cathodes generally
suffer from poor cycling performance because of their intrinsic
structural instability and the requirement for high charge cut-off
voltages. Here, we demonstrate a high-entropy strategy for
designing practical oxygen-redox cathodes. The high-entropy 03-
type HE-NLMNCMTO delivers a high reversible capacity of
167.1 mA-h/g and outstanding cycling stability, retaining 91.2% of its

capacity after 400 cycles at 1C. The high-entropy configuration
lowers the oxygen-redox potential and enables complete activation
of oxygen redox below 4.2V, thereby suppressing electrolyte
decomposition and irreversible structural degradation. Combined
with its intrinsically stable framework, HE-NLMNCMTO exhibits
excellent performance in both cylindrical cells and anode-free pouch
cells, demonstrating considerable potential for practical sodium-ion
batteries. This work provides a promising strategy for developing
durable oxygen-redox cathodes with practical applicability.
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