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Exploring sodium-ion layered oxides with broad compositional diversity is an
important approach for the development of high-performance positive elec-
trodes. Structural chemistry determined by composition plays a decisive role
in performance improvement, but the relationship between composition and
structure becomes more elusive in complex multi-component systems. Here
we propose an electronegativity entropy weight concept to understand
entropy-dominated phases formation. Electronegativity and configurational
entropy are used to quantify key interactions in layered materials. Guided by
this understanding, we design a sodium-deficient layered oxide with an O3
stacking sequence. This material demonstrates good structural and thermal
stability, along with air stability (negligible performance degradation after air
exposure), cycling stability (93.02% capacity retention after 200 cycles), and
rate capability (retaining 69.1% capacity retention from 86.5mAg™! to

1.73 Ag™). Even in potassium-ion batteries with larger inserted ions, the
material still exhibits cycling stability. This strategy provides valuable com-
positional guidance for the rational design of high-performance layered oxide
materials.

Sodium-ion batteries (SIBs) have shown significant potential as an
alternative to lithium-ion batteries, especially for applications in the
field of large-scale energy storage due to the abundance and cost
advantage of sodium resources’. Many efforts have been made to
develop high-performance positive electrode materials toward realiz-
ing high-performance SIBs*~°. Among various positive electrodes, the
layered transition metal oxides Na,TMO, (TM refers to transition
metals, such as Ni, Co, Fe, Mn, etc.) are considered as one of the

promising candidates owing to their high theoretical capacities, tun-
able operating voltage, and ease of synthesis®. Most Na,TMO, can be
classified into P2- and O3-type structures according to the local Na
coordination environment and the oxygen stacking sequence, and the
corresponding structure diagram is displayed in Supplementary Fig.1’.
Generally, Na,TMO, with a high Na content (x > 0.80) tends to form an
03-type structure with narrow octahedral Na* sites, originating from
the strong shielding effect of positively charged Na* in the adjacent
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TMO, slabs®. Similarly, the P2 structure with open prismatic paths is
commonly found in low Na compounds due to the dominant role of
electrostatic repulsive forces in low sodium systems’. Although the
sodium content has a significant impact on the stacking structure, the
phase formation is complex and subject to various factors'®". Hu et al.
proposed a recent strategy using cation potentials to modulate TMO,
interslab interaction, contributing to the possibility of predicting
stacked structures™. For a constant Na content, the TM component
with a larger cationic potential (namely, the higher oxidation state or a
smaller ionic radius) leads to stronger electrostatic cohesion forces
between TM-0 with a small do-tm-0), thus contributing to a weakened
Na-O interaction and open prismatic Na sites of P2 stacking structure.
The anomalous P2-type Nas/lisisMnys80, materials with high Na
content were synthesized based on this designing principle. Com-
paratively, the O3-type oxide with low Na content is rarely reported,
mainly because the cationic potential of most TM elements (Ni, Fe, Co,
Mn, etc.) do not conform to the unusual small rules (Supplementary
Table 1)". In addition, for high-entropy systems, the relationship
between composition and structure becomes more elusive because
the cationic potential approach cannot provide a sensible guideline in
entropy-dominated phases.

High-entropy oxides, as an expansive concept of high-entropy
materials, have gained broad recognition in the battery field due to
their characteristic physical and chemical features** . Compared with
traditional oxides, high-entropy layered oxides consist of five or more
elements with a highly disordered transition metal layer”™". Another
definition is derived from the quantification of configurational entropy
(Sconfig), Which is high-, medium- and low-entropy when S ;5. 21.5R,
L5R>S 50 21.0R  and Sconfg <l.OR (R is the gas constant
8.314] mol™! K1), respectively”®. The electronic localization interac-
tions caused by electronegativity differences of bonding elements
affect structures and properties of high entropy materials**%. For
layered oxides, the electron cloud of oxygen is affected by the TM and
Na ions*?*. When the electronegativity of TM increases, its attraction
to electrons of oxygen strengthens, causing a localized electronic
structure of the transition metal layer”. The enhanced electronic
localization also decreased the electron density between Na-0O, limit-
ing the electrostatic interaction between electrons and interlayer
sodium ions**?’. Moreover, the increase of configurational entropy and
the enhanced degree of disorder also perturb the localization degree
of electronic structure, thereby affecting the phase stability?>*’.

Considering the combined effect of cation-oxygen interactions
and configurational entropy, we propose the electronegativity entropy
weight (W,) concept to predict the stacking structure of entropy-
dominated materials, using ion electronegativity (IEN) to quantify the
relationship between cations and oxygen electron cloud, and config-
urational entropy (Sconsg) to characterize the extent of the impact of
entropic disorder on phase structure. The results show that the
weighted value W, reasonably describes the interlayer interactions in
medium- and high-entropy materials. Based on the analysis, we design
a low-sodium-content O3 positive electrode. To construct a highly
disordered TM configuration, the transition metal components are
quantitatively designed for a high electronegativity entropy weight
value. The obtained Na0.67Ni0.13CU0.18Feo_15C00.15Mn0.17Ti0.1702 (03'
Na0.67, N=6) manifests the anticipated O3-type arrangement with
significantly reduced sodium content. The practicality of the material
is demonstrated by its good thermal stability, air stability, and elec-
trochemical stability. The combination of X-ray absorption spectro-
scopy (XAS), X-ray photoelectron spectroscopy (XPS), and density
functional theory (DFT) calculations reveals the diversity of local
structures and the multiplicity of redox centers in the framework,
ensuring its good stability. The material exhibits a good capacity
retention of 93.02% after 200 cycles in sodium-ion batteries, and
70.24% retention after 100 cycles in potassium-ion batteries, com-
paring favorably with conventional O3 materials. The research on high-

entropy oxide materials is still in the early exploratory stage. A deeper
understanding of the key compositional factors in structural chemistry
will help us more rationally design high-performance materials.

Results

The definition of electronegativity originates from the ability of an
atom to attract electrons, and the IEN concept is further proposed
based on the actual coordination environment of atoms. The IEN
values based on oxidation states, spin states, and coordinating cations
can be used to qualitatively assess the nature and strength of chemical
bonds™®. Pauling proposed that the ionic and covalent character of a
bond can be expressed by the percentage of ionic character in a single
bond, which is determined by the electronegativity difference (4y) of
the bonding atoms®. The greater the electronegativity difference
between the bonding anion and cation, the higher the percentage of
ionic bonding and the smaller the covalent bonding percentage®. The
typical Na,TMO, layered structure consists of alternately stacking of
edge-sharing TMOg octahedral and Na ions layers (Fig. 1a). In the O-TM
-0-A-0 configuration of the layered oxide, oxygen atoms are simul-
taneously subjected to Coulombic attraction from the transition metal
and alkali metal in opposite directions®. In the TM-O-A structure, a
higher IEN value of TM leads to reduced electronegativity difference
Ax between TM and O, which enhances their orbital overlap and pro-
motes more covalent TM-O bonding with stronger binding and
shorter do.tm-0) distances. This strengthened TM-O interaction con-
currently weakens the Na-O bonding in the same TM-O-A config-
uration, yielding more open AO¢ structural arrangements with
expanded d(o.a-0) Spacing (Fig. 1b). Differential charge density analysis
on multicomponent TM systems was performed to provide further
evidence for the significant influence of electronegativity on electronic
structure. As shown in Fig. 1c (details in Supplementary Data 1), TMs
with higher electronegativity (e.g., Ni, Cu, Co, x >1.8) exhibit greater
charge accumulation along TM-0 bonds, indicating stronger covalent
character. In contrast, TMs with lower electronegativity (e.g., Mn, Ti,
X <1.6) show more charge transfer to oxygen, reflecting stronger ionic
characteristics.

This shift in electron density on TM-O and O-Na bonds is
essentially a delocalization/localization phenomenon of electrons on
chemical bonds*. Moreover, the degree of disorder introduced by
high-entropy components also exerts a significant influence on the
stacking structure. The high entropy strategy is usually introduced to
construct highly disordered ion arrangements and consequently
delocalized electronic structure. The disordered ion arrangements can
promote delocalized electronic structures, which results in a wea-
kened interaction between TM and O, and thus a stronger Na—O bonds
and a contractive Na layer of O3 structure.

In order to identify a quantitative indicator for the interlayer
interactions in layered oxides, we define the electronegativity entropy
weight to express the weights of electronegativity and configurational
entropy in structure formation:

Sconﬁg ="
Wx: HXCation x R} x rT:j:l @

Where []Xcation represents the cationic electronegativity index,
defined as [] Xcation = ”c Soled (% AXm; 22— s is the molar ratio of alkali
to total cations, which serves as a quantltatlve descriptor for attraction
O of alkali metal ions; x, represents the average electronegativity
difference between O and alkali metal in the AO, layer. Since the
layered oxides crystallize with the coordination number CN = 6, the y;
value of IEN is chosen as the reference (Supplementary Fig. 2)*;
Axtm=Xo — Xt is the difference in electronegativity between O and
the average x; of TM ions. Ay is used to quantify the ionic degree of
bond formation between transition metal ions and oxygen, defined as
the bond polarity index. Sconﬁg‘ represents the absolute value of
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Fig. 1| Electronegativity entropy weight concept and theoretical validation.
a Stacking layered structure of Na,TMO,. b Relationship between cationic elec-
tronegativity and anionic electron cloud. ¢ The two-dimensional differential charge
density maps projected along the (001) plane of 03-Nag ¢6,TMO, (TM: Ni, Cu, Co,
Fe, Mn, Ti). The difference charge density (Ap) is defined as

Ap =p(system) — p(atom), where p(system) denotes the charge density of the

0 1000 2000 3000 4000 5000
Index (n)

system, and p(atom) is the superposition of atomic charge densities calculated by
setting ICHARG =12. The yellow and blue colors, respectively, represent positive
and negative iso-surfaces. The value of the iso-surface is 0.02 e/Bohr’.

d Relationship between W, value and Axyy, of statistic P2- and O3-type.

e Spearman’s rank correlation coefficient heat map of materials with different
configurational entropy. f Distribution of Absolute Spearman Values.

configurational entropy (Supplementary Equation (2))**. ’,T—AM is the ratio
of the average radius of transition metal to alkali metal ions.

By calculating the W, values of a series of reported low/high/
medium-entropy P2-/03-type layered oxides (detailed information in
Supplementary Tables 2-4), we identified a clear linear relationship
between W, and Ayyy, values (Fig. 1d). Further data examination
revealed that there is a clear distinction in W, values among different
stacking structures. Spearman’s rank correlation coefficient (Fig. 1e)
reveals a strong positive correlation between W, and the O3 structure.
Components with higher W, values are more inclined to form the O3
phase, whereas those with lower W, values favor the formation of the
P2 phase. We further performed a comprehensive analysis of basic
operations involving the feature variables in the formula by integrating
machine learning techniques. Among the 5488 combinations
obtained, the current formula demonstrates a prominent correlation
of 0.8182 (Fig. 1f). Notably, the analyzed data also include P2-type
layered oxides with an anomalous high sodium content, indicating that
the sodium concentration is not the sole determinant of the stacking
structure. These findings reveal the critical role of the W, value in
describing the interlayer interactions and the Na* coordination envir-
onment of multicomponent materials. The high W, values are gen-
erally associated with high probabilities of O-type structure formation,
and vice versa. The close correlation between W, and structure pro-
vides a theoretical direction for designing advanced materials. To
further elucidate the role of configurational entropy, machine learning

approaches were employed for analysis. The influence of entropy on
structural properties was found to be negligible in systems where
ISconfigl <1. However, as |S,nagl 21, its effect becomes increasingly
apparent, exerting a notable impact on the resulting structure (Sup-

lementary Fig. 3). We further investigated the influences of Ay, and
Sconfig J on W, to gain a deeper understanding of their impacts on the
evolution of stacking structures.

Based on the above understanding, we design a specific material
with O3 stacking structure but with traditional P-type sodium content
by adjusting ‘Sconﬁg‘ and Axqy (Fig. 2a). Firstly, the impact of config-
urational entropy is quantitatively analyzed. We chose six elements (Ni,
Mn, Cu, Co, Fe, and Ti) to form the TM components according to the
following criteria (Supplementary Table 5): a) the selected TM oxide
precursors have different crystal structure and space group, which
prevents the obtained system from forming the precursor configura-
tion but instead forming a layered structure different from the oxide
precursor”. b) The elements present distinguished valance states and
electronic structures in the multicomponent system, thus promoting
the realization of high entropy properties. ¢) The similar ionic radius
facilitates an easier complete miscibility in a single phase. A high
temperature up to 950 °C is set in order to highlight the impact of
Smnﬁg‘. Based on the common oxide with Ni and Mn component

a0.67Nio 33Mng ¢;0, (abbreviated as N=2), we gradually added Cu,
Co, Fe, and Ti into the transition metal layer (abbreviated asN=3, 4, 5,
6) and characterized the evolution of crystal structures. As shown in
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Fig. 2| The role of configurational entropy in phases. a Schematic illustrations of
do-na-0) / do-Tm-0) With TM species increase. b XRD patterns of the layered oxide
series with an increasing number (N) of transition metal species. N represents the
total number of different TM cations in the composition. Standard reference

patterns for P2 and O3 phases are included. (P2: ICDD No. 01-070-3726, O3: ICDD

No. 01-073-2048). ¢ The change of O/P phase structure with entropy values. d The
0 2p comparative PDOS of mono-TM and multi-TM (N = 6) systems. e XRD patterns
of a composition series where individual components are removed from the 6
compositions. f The change of O/P phase structure with entropy values.

g Relationship between W, value and Axy of synthetic materials.

Fig. 2b, the (002) diffraction peak of P2 phase generally shifts to a
higher angle as the increase of transition metal species, reflecting the
contraction of the unit cell along the c-axis. The peaks from the O3
phase appear when the TM species is increased to 5 (Supplementary
Fig. 4), and the material with 6 TM species shows a pure O3 structure.
The |Sonsg| OF the actual synthesized systems (V=2, 3, 4, 5, 6 in Fig. 2¢)
are .OSR, 1.21R, 1.42R, 1.60 R, and 1.74 R, respectively. According to
the refined crystallographic data summarized in Supplementary
Tables 6-10, the components of the P2 phase gradually decrease,
accompanied by the increase of the O3 phase with the |S .| increase,
and finally the pure O3 phase is obtained. A comparison of the PDOS of
the O 2p orbitals in the multi-component and mono-TM systems
(Fig. 2d and Supplementary Fig. 5) further shows broader bandwidths
in multi-component TM systems, signifying greater global electron
delocalization. These results establish that the high-entropy multi-
component system makes the structure more delocalized in the state
of disordered ion arrangement. Modulating configuration entropy
enables the regulation of electron delocalization/localization, thereby
directing the structural evolution of layered oxides. We further study
the effect of entropy in structural configuration by regulating the
synthesis temperature. The powder sample N=6 with a pure
03 structure was reheated at 750 °C, and the impurity phase appeared
(Supplementary Fig. 6). The enthalpy (4H = TAS) driven phase segre-
gation occurs at a lower temperature, which proves that configura-
tional entropy plays a decisive role in the solid solution phase structure
at high-temperature synthesis conditions. We further confirm the

effect of a high entropy strategy to design an anomalous configuration
by increasing the TM species N from 6 to 8 (Supplementary Fig. 7).

We further demonstrate the influence of transition metal cations
on phase structure formation. In the N=6 system with one of the TM
components removed (abbreviated as No TM in Fig. 2e, f and Sup-
plementary Tables 11-15), no solid solution O3 phase can be synthe-
sized for [Sonse| below 174 R. It is noteworthy that materials with
similar values of |S g (16O R and 1.61R) can exhibit different P/O
composite phase structures, indicating another key factor, in addition
to configurational entropy, affects the stacking structure.

Based on the understanding, we design an anomalous
O3 structure with at a low Na content of 0.538 (designated as
Na0.538Nio_lSCU0.13COO.15Feo.15Mn0.17Ti0.1702 (O3'N30538) in Supple-
mentary Fig. 8) by maintaining W, value above this critical threshold.
Inductively coupled plasma-optical emission spectroscopy (ICP-OES)
analysis of 03-Na0.538 confirmed the Na content (Supplementary
Table 16), a relatively low value for O3-type materials. In addition, we
synthesized more medium- and high-entropy materials to explore the
factors influencing the structure (Supplementary Fig. 9). We calculated
the W, values for a series of materials based on Eq. (1) and compared
them with Ayry as presented in Fig. 2g and Supplemen-
tary Tables 17-18. There is a positive correlation observed between Wy
and Ay Itis worth noting that the component with a W, in the range
of 0.58-0.71 often exhibits a mixed P/O phase, and slight variations in
synthesis conditions can significantly affect phase stability. These
findings underscore that the ‘Sconﬁg‘ and Ay playing a critical and
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03-Na0.67. d TEM-EDS mapping results of 03-Na0.67. e EXAFS spectra of Fe k-edge,

Cu k-edge, Co k-edge and Mn k-edge.

synergistic role in determining the stacking structure of the entropy-
driven materials.

High entropy 03-Na0.67 is synthesized by a simple solid-state
reaction as a studied object and compared with common P2 materials
with a normal Na content of 0.67. Supplementary Table 19 displays the
ICP-OES result of 03-Na0.67, consistent with our initial design com-
positions. The X-ray powder diffractometer (XRD) pattern of O3-
Na0.67 is fully indexed to the O3-type layer structure with a R3m space
group (Fig. 3a)*®. The Rietveld refinement results further indicate its
common O3-structure lattice parameters of a=b=2.9554,
¢=16.335A, and 1.555 of do-Nna-0) / dio-Tm-0y Value. All diffraction peaks
are well-fitted with a structural model in which six transition metal
components are randomly distributed in the TMO, slabs. No sig-
nificant characteristic superstructure peak can be observed, originat-
ing from the high entropy component breaking the ordering
distribution in the AB-plane. The transmission electron microscope
(TEM) image (Fig. 3b) also demonstrates the layered structure with a
lattice plane distance of 0.546 nm, corresponding to the (003) plane of
the O3 phase. The scanning electron microscope (SEM) image in Fig. 3¢
shows the bulk samples with a particle size range from 3 to 5 um. The
uniform distribution of various elements is demonstrated by energy
dispersive spectroscopy (EDS) mapping (Fig. 3d). The extended X-ray

absorption fine structure spectra (EXAFS) in Fig. 3e provide more
information on the local coordination structure, and the correspond-
ing refined bond lengths of TM-O and TM-TM are summarized in
Supplementary Table 20. The first shell of Mn-0 bond length is about
1.91A, while the other bond lengths are higher than 1.95 A. The bond
length between the transition metal and oxygen is susceptible to
valence state the higher the valence state the shorter the bond length.
The second shell TM-TM bond lengths are almost the same for all
elements, which means that the transition metal ions are randomly
distributed in TMO, with a disordered arrangement®“°, The homo-
geneous distribution of metal ions results in a more homogeneous
redox reaction and reduces the heterogeneity of the composition,
resulting in lower stresses and better interparticle stability.

The effect of the random distribution of transition metal ions on
the electrochemical performance was also examined by galvanostatic
charge/discharge (GCD) tests in Na half-cells. The unmodified P2-
Nag.¢7Nig33Mng 6,0, (P2-Na0.67) with low entropy component and
traditional P2 structure is selected to be the control group. From the
XRD patterns in Supplementary Fig. 10, P2-Na0.67 contains obvious
Na‘/vacancy ordering in alkali metal layers, indicated from the super-
lattice peaks at 27.2° and 28.4°". The superlattice characteristic is in
stark contrast to the highly disordering of high-entropy system
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the first charge. e The a, c axis, and V lattice parameter changes in the as-prepared
samples obtained by fitting the in situ XRD data. f Schematic diagram of charge-
discharge behavior. g The first three cyclic voltammetry curves of 03-Na0.67.

discussed above. 03-Na0.67 also shows unusual electrochemical
behaviors benefited from the different structure features. Figure 4a
displays the GCD curve of the first cycle tested at a current density of
86.5mAg™ (1C=173mA h g7) in the voltage range of 2.0-4.0 V. Four
improvements of 03-Na0.67 are observed, firstly, 107.7% of initial
Coulombic efficiency is achieved instead of the common -~ 80% in low
Na content systems, which is an important indicator for the material
practicality*>*. Secondly, 03-Na0.67 displays a smoother charge/dis-
charge curve above 3.3V, indicating a solid-solution behavior without
Na*/vacancy superlattice rearrangement, which is different from the
multiple plateaus of traditional O3 or P2 materials. Thirdly, 03-Na0.67
affords a better rate performance originating from the highly dis-
ordering structure. As shown in Fig. 4b, 03-Na0.67 can deliver a high-
capacity retention of 84.2% and 69.1% even cycled at 865 mA g™ and
1.73Ag™. Lastly, a good cycling stability is obtained with 93.02%
capacity retention after 200 cycles at 86.5 mA g™, which is competitive
in the conventional O3 materials with multiphase transition (Supple-
mentary Table 21). Moreover, the 03-Na0.67 can cycle for 837 times
with 70% capacity retention (Fig. 4c), and 03-Na0.538 demonstrated
good rate and cycle performance (Supplementary Fig. 11).

The in situ XRD measurements during the first electrochemical
cycle were executed at 17.3 mA g™ within a voltage range of 2.0-4.0V
to explore the structure evolution upon de-/sodiation (Supplementary
Fig. 12). Figure 4d is the contour maps of the main diffraction peaks
evolution and corresponding electrochemical curves. When Na' is
being extracted from the crystal structure, the (003) peak of the 03

phase gradually moves to a lower angle without the appearance of any
new peaks, indicating a solid solution reaction with the c-axis expan-
sion. Upon further charging, the electrochemical curve exhibits a
plateau at approximately 3.0 V, corresponding to the formation of the
0'3 phase and an O-P two-phase region. This phase transition is evi-
denced by a reduction in the intensity and splitting of the (104)03 peak
and accompanied by the emergence of P3 phase diffraction peaks*.
After the complete disappearance of the O phase, material continues
to be desodiated with P3 structure until charged to 4.0V, consistent
with a solid solution reaction of the sloping region above 3.0 V. Upon
the discharging process, the XRD patterns undergo an opposite evo-
lution, indicating the high reversibility of the O—P phase transition. We
further analyzed the variation of lattice parameters and volume of O3-
Na0.67 along with Na extraction/insertion. As Fig. 4e shown, the lattice
parameters a, ¢ and volume V change by 2.47%, 3.44% and 1.74% upon
charged to 4.0V, respectively. When discharged to 2.0 V, the a, cand V
values only varied by 0.088%, 0.154% and 0.021% relative to the ori-
ginal structure. The material undergoes only one rapid phase transi-
tion of O-P throughout the charging process, and the P3 phase with a
large diffusion channel exists in a high-capacity range of up to 86.35%
(Fig. 4f), which results in small volume changes and good structure
stability and rate performance. The galvanostatic intermittent titration
technique (GITT) measurements were performed to obtain more
insight into Na* transport during charge/discharge. 03-Na0.67 main-
tains a Na* diffusion coefficient (Dya+) of 8.2x107™ to 1x10 ™ cm?s™
throughout the plateau, and sloping regions of the charging curve
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exchange method. f Cycling performance of the 03-Na0.67 positive electrode in a
K half-cell. The inset shows the galvanostatic charge-discharge profiles for the first
cycle in the range of 1.5-3.9V at 86.5 mA g™. g Initial charge/discharge curves of
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efficiency of the full-cell at 86.5mA g™, and i schematic drawing of the full-cell
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(Supplementary Fig. 13). The gentle fluctuation of Dy,. implies that the
O-P phase transition is mild, which is different from traditional O3
materials. Besides, cyclic voltammetry (CV) tests were carried out at a
scanning rate of 0.1 mV s™ in the voltage range of 2.0-4.0 V (Fig. 4g). It
can be seen that the first cycle of 03-Na0.67 only shows a pair of main
redox peaks assigned to O3-P3 phase transition at 2.6/3.1V. Com-
paratively, the traditional P2-Na0.67 electrode with 0.67 Na content
displays three pairs of additional peaks at 3.35/3.25, 3.65/3.55 and 3.70/
3.63V (Supplementary Fig. 14), which represent Na‘/vacancy rearran-
gement in the Na layer upon de/sodiation. The disruption of Na*/
vacancy order originates from the ionic disorder distribution of the
transition metal layer in the high entropy system, and thus facilitates
efficient and reversible Na* de/intercalation (Supplementary Fig. 15).
The series of characterization confirms the anomalous structure can
effectively suppress the Na“/vacancy rearrangement, exhibits a stable
electrochemical behavior and good electrochemical properties.

The redox mechanism of transition metals is further corroborated
by ex situ XAS and XPS results over the electrochemical process.
Supplementary Fig. 16 presents the X-ray absorption near-edge
structure (XANES) spectra at Ni, Fe, Co, and Mn K-edges. The spectra
of these elements all exhibit an obvious shift towards the higher energy
region at charging and subsequently move backward upon discharging
to 2.0V, highlighting its multi-redox centers characteristic*”*%,

Analysis of XPS spectroscopy evolution in Supplementary
Figs. 17-18 further confirms the active redox centers in the forms of
N2>, Co?"**, Fe**'*, and Mn*”*, Comparatively, no significant spectra
shift is observed for Cu and Ti throughout the charging and

discharging cycle (Supplementary Figs. 19-20), suggesting electro-
chemically inactivity and the structural pillar role of Cu?* and Ti***°. The
binding energy of all elements returns to the original positions at the
discharging state, indicating the high reversibility of the redox pro-
cess. The combination characteristics of multiple redox centers, high
redox reversibility, and dual pillar ion promise good cyclic stability.
Further tests, including structural stability, air/water stability,
thermal stability, potassium-ion battery and full cell performance,
were performed to evaluate the practical application capability of the
03-Na0.67 materials. After 100 cycles at 86.5mA g™, the 03-Na0.67
positive electrode was characterized by XRD, and the pattern was
compared with uncycled material to investigate the structural integ-
rity. Although the diffraction peaks of cycled positive electrode slightly
shift to the higher angles, the structure still retains a clear O3 phase
without any additional phase, indicating good structural reversibility
during repeated Na* de-intercalation (Fig. 5a). To test the air stability,
the as-prepared sample was aged in a box with a controlled relative
humidity of 60% for 18 hours (Exp 18 h) or soaked in deionized water
for 12 h (Water 12 h). Figure 5b displays the comparison of XRD results
of as-prepared and aged materials. All three samples show a pure 03-
type phase without any new peak. Furthermore, air exposure has vir-
tually no effect on electrochemical performance (Supplementary
Fig. 21). Water immersion does not lead to significantly decayed elec-
trochemical property (Supplementary Table 22) and only reduces the
capacity by 5mAhg?, and the cycling stability of soaked sample is
even improved (Fig. 5¢). To eliminate the effect of Cu element on the
stability of air and water, the Cu-free low-sodium O3 material we
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synthesized also demonstrated an equally comparable stability (Sup-
plementary Fig. 22). A differential scanning calorimetry (DSC) test was
conducted on a 4.0 V charged sample to evaluate its thermal stability.
The thermal behavior of the positive electrode shows an onset tem-
perature consistent with typical layered oxides, while the measured
heat generation of 208.2)J g1 is reduced (Fig. 5d)*°. In addition, the
strategy also presents an opportunity for potassium-ion batteries de/
inserting larger charge carrier ions (Fig. 5e). Figure 5f and Supple-
mentary Fig. 23 show the electrochemical performance of K||O3-
Na0.67 cells in a voltage range of 1.5-3.9 V at 86.5 mA g™ Due to the
obvious electrostatic repulsion between potassium ions, K* generally
tends to occupy a larger prismatic position rather than an octahedral
space. Consequently, the synthesis of O-type K;_,TMO, layered
structures poses significant challenges. 03-KCrO, is the only electro-
chemically active O-type K-ion layered oxide and exhibits multi-
platform electrochemical curves and poor cycling stability during de/
potassiation®% The positive electrode showcases smooth GCD pro-
files and a good cycling stability of 70.24% capacity retention after 100
cycles. A full cell with 03-Na0.67 as the positive electrode and hard
carbon (HC) as the negative electrode was assembled to assess the
practical application potential. The cell can show an initial reversible
specific capacity of 115.22mAh g™ and an initial coulombic efficiency
of 83.5% cycled within 1.0-4.0V at 17.3mA g (Fig. 5g), this perfor-
mance is competitive among recently reported layered oxide cathodes
with Na content of 0.67 (Supplementary Table 23). Under cycled at
86.5mA g™, the battery maintains a good capacity retention of 83.28%
after 150 cycles (Fig. 5h, i), indicating the practicality of the material.

DFT calculations were carried out to gain a deeper understanding
of the structural evolution and high stability (The atomic coordinates
of the optimized structures are provided in Supplementary Data 1). In
the mono-TM systems, the transition metal exhibits a mixed valence
state of +3/+4. Given the lack of reported stable electronic config-
urations for Cu and Ti within a layered oxide structure, mono-TM
configurations of other elements (Mn, Co, Fe, and Ni) are used for
calculation comparison. The formation energy calculations for
Nag ¢,TMO; configuration indicate that typical mono-TM compounds
exhibit the P2 phase with positive Eqos—Ep, energy, whereas the high-
entropy material still maintains the thermodynamically stable O3
phase at 0.67 of Na content (Fig. 6a), consistent with the aforemen-
tioned XRD observations. The structural inversion is primarily

attributed to the configurational anisotropy of the transition metal
layers within the high-entropy system, as shown in the electronic
localization function (ELF) calculation results in Fig. 6b and Supple-
mentary Fig. 24. The disordered ion arrangement originates from
diverse transition metal ion components. By reducing the average
ionic electronegativity of transition metals, we can enhance the ioni-
city of TM-0, increase the bond length, and alleviate the lattice dis-
tortion caused by the local distortion of ions due to the Jahn-Teller
effect. The calculated partial density of states (PDOS) in Fig. 6¢ further
substantiates the multiple redox centers feature in high-entropy
material upon the desodiation process from Nage;TMO, to
Nag 33TMO,. The vast majority of transition metal elements, namely Ni,
Co, Cu, Fe, and Mn, are actively involved in charge compensation, as
evidenced by the electronic state variation. The PDOS change for Cu is
relatively insignificant, and thus its redox behavior cannot be observed
in the experimental spectrum. In contrast, Ti serves as an inactive pillar
element to improve structural stability, primarily because the Ti 3d t4
level located at relatively lower energy and far from the Fermi level is
less likely to participate in redox reactions®. We also compare the
bond length variations of elements upon desodiation in multi-
component and corresponding mono-TM systems, as illustrated in
Fig. 6d. For single-component materials, redox centers uniformly dis-
tribute throughout the crystal lattice and undergo more consistent
local structural variation during charge compensation, which readily
leads to substantial structural alterations. Comparatively, the coex-
istence of 6 TMs in high-entropy materials forms multi-level redox
centers. These centers prevent excessive accumulation of local char-
ges through step-based redox reactions, avoid phase transition stress
caused by intense voltage jumps of single elements, and enhance the
stability of the structure during charging and discharging. Benefiting
from the combined effects of structural anisotropy, multiple redox
centers, and pillar elements, the local structural changes in high-
entropy systems are considerably minimized, contributing a good
long-term cycling stability.

Discussion

The stacking structure of the layered oxide is essentially the manifesta-
tion of the competition between the electrostatic polarization of AO» and
TMO; layers. In the complex high-entropy systems with diverse com-
ponents, we proposed the concept of electronegativity entropy weight
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Wy to describe the interlayer interactions within high-entropy systems.
Here, IEN quantifies the interaction between cations and oxygen electron
clouds, while Sconsg characterizes the extent of the impact of entropic
disorder on phase structure. By designing systems with a relatively large
W,, we constructed an unusual O3-type structure with the low sodium
content of 0.538. Designed unusual materials exhibit different properties
from conventional O3 materials, where low sodium content provides
improved air stability, and high entropy-induced electron localization
imparts good structural stability. The low sodium content creates more
alkali metal vacancies, and the high entropy configuration forms a stable
framework that facilitates the de-intercalation of large-radius K* ions.
This different O3 structure makes the material a promising positive
electrode candidate for potassium-ion batteries, demonstrating good
structural stability. This different structural design represents an effec-
tive strategy for exploring potential alkali metal positive electrode
materials. Building on the advances in low-sodium O3-phase, we estab-
lished a computational descriptor for entropy-dominated structures by
integrating parameters such as electronegativity difference, ionic radius,
configurational entropy, and alkali-to-transition-metal ratio, thereby
constructing an O3/P2 phase stability database. This enables neural
network-driven prediction of next-generation battery materials candi-
dates, creating a pathway from fundamental descriptor development to
large-scale industrial deployment. Furthermore, a deeper understanding
of how diverse components determine structural chemistry will provide
critical theoretical insights for the future development of high-
performance layered positive electrode materials.

Methods

Material synthesis

Nao_67Ni0.33Mn0.6702 (N=2, P2'N3067), NaQ.67Ni0.18CUQ_18Mn0.6402
(N=3), Nag.¢7Nip18CU018C0015MNo4902 (N=4), Nag¢7Nip18Cuois
Coo.15Fe01sMno 340, (N=5), Nag ¢7Nio18Cuo18C00.15F€0.15MNo 17Ti0.17
0, (N=6,03-Na0.67), Nag s33Nig.1sCu0.18C00 15F€0.15MNg 17 Ti0.1702 (03-
Na0.538), NaNip15Cuo18C00.15F€015MNo17Tio 1702 (03-Nal), Nager
Cug18C00.15F€015MNg 35Tip 1702 (No Ni), Nag ¢7Nio15C00.15F€0.15Mng 35
Tip 1702 (No Cu), Nag 67Nig15Cuo15F€015Mng 3,Tip 1702 (No Co), Nag.67
Nio.18CU018C00.15MNg 35 Tin1702 (No Fe), Nag 67Nip15Cuo18C00.15F€0.15
Mng340> (No Ti), Nage7NigisCuoisC0o1sFe015Tin3402 (No Mn),
Nag ¢7Nio.18CU0.18M8o.12F€0.1MN0 22Tip 202 (N=61), Nag.67Nio18CUo1s
Fe.15C0015sMng14Ti01SN0102  (N=7), Nag.¢7Cup15Mgo.15F€015C00.15
Mng 1 Tio1Snp 20, (N=71), Nage7Nio12Zn0.12Mg0.12F€01C00.1Alp 1MNg 24
Tip10, (N=8) and materials of supplementary information were syn-
thesized through a typical solid-state method from stoichiometric
amounts of Na,CO5; (Smol% excess, 99.5%, Aladdin), Li,CO5 (99%,
Aladdin), K,CO3 (99%, Aladdin), NiO (98%, Sinopharm Chemical
Reagent Co., Ltd), Mn,03 (98%, Aladdin), CuO (99.9%, Aladdin), Co304
(99.9%, Aladdin), Fe,03 (99.9%, Aladdin), SnO, (99.5%, Aladdin), MgO
(98.0%, Aladdin) and TiO, (99.99%, Aladdin). The powder was pressed
into pellets under 16 MPa and heated to 950 °C at a rate of 5°C per
minute, and calcined in air for 12 h (BTF-1200C-4D-4M, Anhui Beyike
Equipment Technology Co, Ltd). The samples transfer to the glove box
filled with Ar immediately after preparation (H,O and O, < 0.1 ppm).

Hydration tests

The exposed samples were obtained by placing fresh materials in a
constant temperature and constant humidity box with a controlled
relative humidity (RH) value of 40% under 25 °C in the air. The accurate
RH is determined accuracy +1%. The exposed samples were obtained
by soaking fresh samples in deionized water for 12 h and then dried in a
vacuum drying oven at 80 °C for 12 h.

Materials characterization

The XRD data were acquired by a Persee instrument with Cu Ka radia-
tion (\=15406A) of Rigaku Ultima IV diffractometer. The residual
species in the samples was identified by TGA (NETZSCH STA 449F5)

under an Ar atmosphere. Surface information on materials was collected
by XPS (ESCALAB 250Xi spectrometer, Thermo Fisher Scientific) with an
Al Ka achromatic X-ray source. Microstructural information was
obtained by scanning electron microscopy (TESCAN MIRA LMS), and
HRTEM image were obtained by TEM (JEM 2100 F). The EDS mapping
were obtained by TEM (FEI Talos F200X G2). The elemental composition
of the materials was analysed through an inductively coupled plasma
optical emission spectrometer (Thermo Fisher, ICP-OES). X-ray absorp-
tion fine structure (XAFS) spectroscopy was carried out using the Rapid
XAFS 2M (Anhui Absorption Spectroscopy Analysis Instrument Co.,
Ltd.) by fluorescence mode at 20 kV and 30 mA (or 10 kV and 20 mA),
and the Si (533) spherically bent crystal analyzer with a radius of cur-
vature of 500 mm was used for Co, the Si (553) spherically bent crystal
analyzer with a radius of curvature of 500 mm was used for Cu, the Si
(531) spherically bent crystal analyzer with a radius of curvature of
500 mm was used for Fe, the Si (440) spherically bent crystal analyzer
with a radius of curvature of 500 mm was used for Mn.

Electrochemical measurements

Coin cells (CR2032) were assembled in an argon-filled glovebox (H,O
and 0, < 0.1 ppm) for all the electrochemical tests. All electrochemical
tests were conducted inside a temperature-controlled climatic cham-
ber maintained at 27 +1°C with convection heating, in ambient air
atmosphere. The specific current (A g~1/mA g!) and specific capacity
(mA h g1) values reported throughout this work are calculated based
on the mass of the active material alone in the positive electrode. The
working electrode was prepared by grinding in a mortar with a uniform
mixture of active material (80 wt.%), polyvinylidene difluoride (PVDF)
(10wt.%) and Super P carbon (10 wt.%) with N-methyl-pyrrolidone
(NMP, > 99.5%, Aladdin) as dispersion solvent. The slurry was coated to
the surface of aluminum foil by doctor blade in a controlled environ-
ment with RH <30% and used vacuum drying oven at 80 °C for 12 h.
The areal loading of the active material was about 2.0-3.5 mg cm™ The
electrodes were cut into circular discs with a diameter of 10 mm by an
MTI slicing machine (MSK-T10). The various electrochemical proper-
ties of the electrodes were tested by assembling CR2032 by using
sodium and potassium pieces as the negative electrode. Sodium
(=299.7%, Aladdin) and potassium (=99 %, Aladdin) ingots stored in
kerosene were first cleared of surface oxidation using a knife. The
cleaned metals were rolled into thin sheets (<1 mm thick) using a
stainless steel rod and cut into 10 mm diameter circular pieces. For
sodium-ion half-cells, the electrolyte is 1M NaClO, (5% by volume of
fluoroethylene carbonate (FEC)dissolved in propylene carbonate
(supplier DoDoChem), and separator using by porous glass fiber
(Whatman, Grade GF/C, No0.1822-047) to isolate the direct contact
between positive and negative electrodes. Charge-discharge mea-
surements were performed in a voltage range of 2.0-4.0 V (versus Na|
Na*) at 86.5mAg! after 6 h of relaxation on a LAND (Wuhan, China)
battery test system. For the K ion half-cell, the electrolyte solution used
in this study was 0.8 M KPFg in ethylene carbonate /diethyl carbonate
(1:1 by volume, supplier DoDoChem). A typical galvanostatic charge-
discharge test was performed in the voltage range of 1.5-3.9 V (versus
K|K") for the half-cell. The hard carbon negative electrode was pre-
pared by grinding in a mortar with a uniform mixture of the hard
carbon (Kuraray, 80 wt.%), Super-P carbon black (10 wt.%) and poly-
acrylic acid (dissolved in water, 10 wt.%). The resultant slurry was
uniformly pasted onto Cu foil using the doctor blade method and then
carefully dried at 110 °C for 12 h under vacuum. The electrodes were
cut into circular discs with a diameter of 12 mm by an MTI slicing
machine (MSK-T10). The areal loading of the active material was about
1.4-2.5mgcm™ To remove irreversible capacity in the first cycle, the
hard carbon negative electrode was recycled in the voltage range of
0.01-2.0V for three cycles before the full cell was fabricated. Full cell
balance was achieved by maintaining the capacity ratio of the negative
electrode to the positive electrode (N/P ratio) at 1.2:1. CV experiments
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were performed within the same potential range at 0.1 mVs™. CV was
carried out on an Autolab electrochemical workstation in a voltage
range of 2.0-4.0V. For each type of electrochemical experiment, at
least three independent coin cells were fabricated and tested to ensure
the reproducibility of the results. The charge-discharge curves and
performance data presented in the main text figures are from a single,
representative cell that exhibited performance closest to the average
of all tested cells. The Coulombic efficiency (CE) for each cycle was
calculated as the ratio of the discharge capacity to the charge capacity
in the preceding charge cycle.

The GITT test were carried out on a Land CT2001A battery test
system (Land, Wuhan, China) by CR2032. In the GITT test, the battery
was charged/discharge at a current density of 8.65mA g™ for 15 min
and relaxed for 4 h, and the above steps were repeated to reach 4.0/
2.0 V. The voltage data were recorded at a sampling rate of 1 point per
20 s. The detailed calculation formula is as follows:

4 (nV,\*(AE\?
“w('s?) ()
This formula is applicable when the working current is very small.
The 7 represents relaxation time; The n represents moles number of
electrode active material; The V,, represents the molar volume of the
electrode material; The AE, represents the current charging/discharging

voltage variety. The AE; represents the voltage change caused by the
pulse; The S represents the contact area of the electrode/electrolyte.

Dpa+ ()]

In situ XRD diffraction measurement

The in situ XRD measurements were performed using an opening
window cell to allow the X-ray to collect the positive signal on the Al
foil collector. The 03-Na0.67 positive electrode and sodium negative
electrode were prepared as described in the ‘Electrochemical Mea-
surements’ section. The electrolyte was 1M NaClO4 in PC with 5% FEC.
A glass fiber separator (Whatman, Grade GF/C, N0.1822-047) was used.
The cell was assembled in an Ar-filled glovebox (H,0/02 < 0.1 ppm).

Data availability
The source data generated in this study are provided in the Source
Data file. Source data are provided in this paper.
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