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ABSTRACT: The diffusion kinetics of electrons and ions are
enhanced by the beneficial medium-entropy effect in
medium-entropy cathodes, which results in a significant
improvement of sodium storage capacity. However, the design
of medium-entropy materials is usually characterized by high
randomness and uncertainty, primarily due to the absence of
established quantitative design methodologies. In this paper,
NaMn,,.Fes:oNiyq,Tiy20, (MFNT), a medium-entropy (1.286 R)
cathode material for sodium-ion batteries, was rationally
designed based on a quantitative doping threshold determined
via theoretical screening. The distinct contributions of Ni, Fe,
and Ti to enhancing redox potential, improving electrical
conductivity, modulating redox activity of transition metals (TM),
inhibiting phase transitions, and enabling oxygen charge
compensation were investigated systematically. Featuring a

Quantitative regulation

Medium-entropy
configuration

Doping
elements

Experimental verification

medium-entropy crystalline state, MFNT delivered a specific capacity of 127 mAh-g~" at 0.1 C. After 100 cycles, 96 mAh-g~'
was retained, and even at 5 C, 71 mAh-g~' was sustained. The entropy-stabilized structure, activated oxygen redox, and
enhanced Na* diffusion kinetics were confirmed experimentally. The reversibility of phase transitions during the
electrochemical reaction of this medium-entropy cathode was verified by ex-situ X-ray diffraction. The combined
computational-experimental strategy accelerates material development and promotes sustainable design principles for next-

generation sodium-ion batteries.

KEYWORDS: sodium-ion battery, quantitative design, multi-ion doping, first-principles calculation, medium-entropy

1 Introduction

Sodium-ion batteries (SIBs) are promising alternative to lithium-
ion batteries (LIBs) due to the rich raw material reserves, wide
distribution, and low cost [1]. Among various cathode materials,
O3-type layered oxides are regarded as viable candidates for SIBs
due to their high sodium-ion content and substantial theoretical
reversible capacity [2-4]. However, the poor cycle and rate
capability of O3-type layered oxides limit their large-scale
application [5]. Previous studies have demonstrated that cation
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doping can enhance the performance of O3-type layered oxides by
effectively regulating their phase ratios, triggering anionic redox
reactions, and suppressing detrimental phase transitions [6]. To
achieve a balance between performance, cost, and environmental
impact, Mn, Fe, Ni, and Ti are commonly preferred as dopants in
sodium-ion cathode materials. These elements are earth-abundant,
low-cost, and environmentally benign compared to Co, Cr, or V,
which are often used in LIB cathodes but suffer from toxicity, high
price, and supply risks. Specifically, Ni is introduced to enhance
voltage and capacity, and is considered less critical than Co in terms
of resource scarcity [7-10]. Fe, being one of the most abundant
metals on Earth, is employed to provide a low-cost and eco-friendly
redox couple (Fe**/Fe*) [11, 12]. Ti is incorporated to suppress
structural distortion, and is valued for its chemical stability, non-
toxicity, and low cost [13].
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However, undesirable effects may also be induced by single-
element doping, because a balance among all properties is required.
For instance, the cycling reversibility can be enhanced by Ti doping,
but at the same time leads to a decrease in specific capacity due to
the closed-shell d-orbital configuration of Ti* [14, 15]. Therefore, a
balanced co-doping approach is essential to optimize overall
performance while maintaining economic viability and
environmental compatibility. Meanwhile, the conformational
entropy of the cathode material increases accordingly with the
increase in the number of dopant elements. Owing to entropy
stabilization, medium-entropy oxides (MEOs, 1.0-1.5 R) and high-
entropy oxides (HEOs, > 1.5 R) exhibit significantly enhanced
electron and ion diffusion kinetics compared with low-entropy
oxides (LEOs, < 1.0 R), thereby substantially increasing
the sodium storage capacity [16, 17]. Configurational entropy
stabilization is maximized via co-doping of lattice-matching and
physicochemically complementary elements at near-equimolar
ratios; and functional threshold concentrations of each
element are precisely tailored to preserve lattice integrity, balance
redox activity and ion diffusion kinetics, and achieve synergistic
optimization of capacity, rate capability, and cycling stability.
Yao et al [18] successfully synthesized a high-entropy
Na,;Li;cFe cCo,Ni;sMn,;O, cathode, which demonstrated
excellent electrochemical performance unaffected by phase
transitions and oxygen redox reactions. High reversible capacity
and long-term cycling stability were achieved. Mu et al. [19]
explored  NaygsLiyosNigsCtigsMgosFeo0sAlysMngsTigsO,, - which
delivered a discharge capacity of 122 mAh-g' at 02 C and
maintained 90% of its capacity after 1000 cycles at 10 C. Hong et al.
[6] prepared a medium-entropy cathode material by introducing
Fe, Mg, and Li into the traditional P2-type Na,sNij,sMn,,:0,
cathode. This material effectively mitigates the detrimental P2-O2
phase transition that occurs at high voltages. The cathode exhibits
an exceptional rate performance, delivering a capacity of
108.4 mAh-g' at 10 C, with a capacity retention of 99.0% after
200 cycles at 1 C. Notably, configurations of all HEOs and MEOs
reported in the literature are characterized by randomness and
uncertainty, and lack a quantitative theoretical foundation for
dopant content during material design. In addition, the
experimental validation of the doping dosages for all MEOs to
achieve configurations with balanced multifaceted performance is
considered impractical.

In this study, a novel medium-entropy (1.286 R) O3-type
cathode material, NaMn,,,Fe;,Ni,;, Ti,,,0, (MFNT), was designed
by quantitative incorporation of dopants and successfully
synthesized, representing a green and efficient strategy for
developing cathode materials. By optimizing cation composition
and leveraging the entropy-stabilized structure, MENT exhibits
enhanced electron and ion diffusion kinetics, leading to improved
sodium storage capacity, rate capability, and cycling stability
compared to low-entropy counterparts. Specifically, it delivers a
reversible capacity of 127 mAh-g* at 0.1 C and retains 71 mAh-g™ at
5 C, with 96 mAh-g"' remaining after 100 cycles. This method
quantitatively predicts the doping threshold before any
experiments, offering a sustainable pathway for the rational design
of medium-entropy oxide cathodes in sodium-ion batteries.

2 Results and discussion

2.1 Quantitative theoretical calculations
A typical structural schematic of the O3-type oxide, together with
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various doping configurations, is presented in Fig. 1(a). The
influence of doping elements on Mn-O bonds across different
configurations was investigated. Due to the distinct interactions
between Mn-O and TM-O, the adjacent Mn-O bond lengths were
altered asymmetrically upon doping. In these cases, the structural
difference between FeO, and MnQy octahedrons remains subtle due
to the relatively similar Fe-O and Mn-O interactions. In
comparison, the bonding disparities among Ni-O, Ti-O, and
Mn-O are manifested in the elongation or contraction of Mn-O
bonds within adjacent MnO, octahedra, which occurs along distinct
directions near the doping sites. The mean squared error (MSE) in
the bond lengths of Mn-O adjacent to the TMO, octahedra
demonstrates that the introduction of Ni has the greatest effect on
the lattice distortion of the O-TM-O layers of the cathode material.

Based on the formation energies at various desodiation
concentrations, the structural evolution is depicted in the convex-
hull phase diagram (Figs. S1(a)-S1(c) in the Electronic
Supplementary Material (ESM)), expressed as Eq. (S1) in the ESM.
The results show that a higher doped concentration decreases the
thermal stability of the structure regardless of the dopant type. This
is due to the fact that an elevated doped concentration may
augment the configurational disorder. In accordance with the
lowest energy structures, the calculated redox potentials are
exhibited in Fig. 1(b), expressed as Eq. (S2) in the ESM. The voltage
is observed to decrease with increasing Ti content, whereas the
increase in Fe content enhances the voltage, although its effect is
more limited compared to Ni. The operating voltage reaches 4.1 V
at high Ni doping levels (y = 4) in the highly desodiated state
(xx = 8), indicating Ni’s superior effectiveness as a voltage-enhancing
dopant in cathode materials.

The Jahn-Teller (JT) effect associated with Mn* can induce
irreversible phase transitions and structural disorder, consequently
impairing the reversible capacity and cycling performance [20]. The
crystal configurations of P- and O-type layered oxides can be
characterized by the ratio of the interlayer distances, specifically
Ao -xe 0/ Ao mv0- A value of approximately 1.62 distinguishes P-type
from O-type oxides [21]. The elevated ratio in P-type oxides stems
from a localized electron distribution within the O-TM-O slabs,
resulting in reduced repulsion between adjacent O-Na-O slabs and
heightened repulsion between adjacent O-TM-O slabs [22].
Consequently, this ratio can serve as an indicator of the phase state
of layered oxides across various sodium concentrations [15]. The
effects of dopants on phase transition characteristics are illustrated
in Fig. 1(c). The phase transition boundary (y = 1.62) is reached by
the Fe-doped cathode material at a low desodiation state (x = 1-3).
No enhancement is observed even at a high doping level (y = 4),
suggesting that Fe exerts only a limited inhibitory effect on the
phase transition. In contrast, phase transitions in Ti-doped cathodes
occur at comparatively high desodiation concentrations (x = 3-5).
Remarkable suppression is achieved even with a low Ti doping level
(y = 1), indicating that excellent phase transition suppression can be
attained with minimal Ti incorporation. The inhibitory effect of Ni
lies between those of Fe and Ti, and a pronounced enhancement is
observed with increasing Ni concentration. Thus, suppression of
the O3-P3 phase transition can be markedly intensified by raising
the Ni doping level.

Bader charge analysis was utilized to examine the influence of
dopants on the charge-transfer behavior of O during desodiation.
As depicted in Fig. S2 in the ESM, the average Bader charge of O™
in NaMnO, increases from —1.24 e to —1.04 e upon desodiation,
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demonstrating that O™ acts as a redox center with a significant
valence change. As shown in Fig. 2(a), the average Bader charge of
O* in Fe-doped cathodes remains consistent with that of the
intrinsic materials across all desodiation levels, indicating that Fe
does not effectively facilitate charge compensation by O™. In
contrast, a significant elevation in the average Bader charge is
observed with increased Ni content, suggesting that the
incorporation of Ni activates the redox activity and thereby
enhances the reversible capacity of the electrode. Notably, contrary
outcomes are observed upon the incorporation of Ti, with the
average Bader charge decreasing as the Ti doping level increases.
This suggests that Ti imposes an inhibitory influence on the charge
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compensation of O™ during desodiation. Meanwhile, the redox
activity of transition metals, recognized as the principal contributors
to the capacity of SIBs, has been thoroughly investigated. The redox
couples Mn* > Mn*, Fe > Fe*, and Ni* > Ni* > Ni" are
respectively facilitated by Mn, Fe, and Ni through electron gain and
loss in the d-orbitals. However, the closed-shell d-orbital
configurations of Ti* are found to be incapable of contributing to
the activity of the Ti*/Ti* redox couple, as displayed in Fig. 2(b).
This conclusion will be further verified by the results of X-ray
photoelectron spectroscopy (XPS).

The partial density of states (PDOS) of Mn 3d, Fe 3d, Ni 3d, Ti
3d, and O 2p were calculated and the results are shown in Fig. 2(c).
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Figure2 (a) Average Bader charge of O™ in doped materials. (b) The evolution of 3d orbital electron structure in transition metals. (c) PDOS for NaMn,_,;,TM,;,0, (TM
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All structures exhibit a distinct Mn 3d orbital distribution near the
Fermi level (E;), emphasising the crucial role of Mn* in redox
activity. Additionally, significant overlap is observed between the
Mn 3d and O 2p orbitals, signifying a robust d-p hybridization
interaction between Mn and O [23]. At the E,, the PDOS of Fe-

doped cathodes is markedly lower than that of Ti- and Ni-doped
counterparts, suggesting a reduced carrier density. This indicates
that Fe incorporation is unlikely to significantly enhance intrinsic
electronic conductivity. Intriguingly, a distinctive feature is
observed at approximately —1 eV for Ni-doped cathodes: As the Ni
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content increases, the PDOS of Mn 3d decrease, while that of O 2p
exhibits a modest increase. This complementary variation indicates
that Ni modifies the electronic structure of Mn*, thereby
modulating the charge-compensation capabilities of both Mn 3d
and O 2p orbitals [24]. Conversely, increased Ti content
simultaneously attenuates the PDOS of Mn and O, suggesting a
detrimental effect on the redox activity of Mn 3d and on the charge
compensation ability of O 2p. Furthermore, as illustrated in Figs. S3
and S4 in the ESM, the intensified PDOS near the E: upon
desodiation suggest enhanced carrier density and, consequently,
improved electronic conductivity [20].

Based on the analysis of properties such as redox potential, phase
transition inhibition, O* charge compensation, transition metal
redox activity, and electrical conductivity, a correlation between
doping content and performance has been established, as presented
in Table 1. As the doping content of Ni increases, the
aforementioned properties are significantly enhanced. Although it
has been demonstrated that Ti incorporation can effectively inhibit

which was obtained by screening the lowest energy configuration in
Fig. S5 in the ESM. As shown in Fig. 3(b), the substantial negative
formation energy of MFNT highlights its characteristic multi-
electron reaction behaviour [20]. In accordance with the lowest
energy structures, the calculated redox potential is exhibited in
Fig. 3(c). Its excellent operating voltage of 4.12-4.33 V significantly
exceeds the performance of NaMn,,Ni,;,0, (NMNO). As can be
seen in Fig. 3(d), the average Bader charge shifts from —1.24 e to
—0.98 e. This phenomenon is unprecedented among all single-
doped configurations and suggests that MFNT is proficient at
providing additional capacity from O™. As depicted in Fig. 3(e), the
phase transition characteristics of NFMT reveal that the Na*
concentration at the phase transition boundary is comparable to
that of NaMny,,Ti,,,0, (NMTO), highlighting MFNT’s remarkable
ability to suppress the O3-P3 phase transition. Due to the entropy
stabilization effect, the O3-P3 phase transition is rendered more

Table 1 The optimal doping content of dopants in different properties

phase transitions, its contribution to increasing the redox potential Properties Dopants
and charge compensation capability remains limited. The Fe Ni Ti
introduction of Fe provides moderate improvements across Redox potential 2/12-3/12 4/12 1/12
multiple properties, and a higher Fe content can reduce material Inhibition of phase transition 212-3/12  4/12 112
cost. In summary, we established the optimal medium-entropy Charge compensation of TM W12-3/12 412 12
configuration as MFNT, and thoroughly validated the diverse Redox activity of O" 912312 412 UL
properties associated with this specific composition. Electrical conductivit 2/12-3/12 4/12 2/12-3/12
The crystal structure of MENT is shown schematically in Fig. 3(a), Y
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Figure3 (a) Schematic crystal structure. (b) The convex hull. (c) Calculated voltage profile. (d) Values of di v, o/do nuo- (€) Bader charge of the O atoms. (f) PDOS of

MENT. (g) Property comparison of NMFO, NMNO, NMTO, and MFNT based on calculations.
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gradual by the relatively high configurational entropy (1.286 R) of
MENT, as illustrated in Fig. S6 in the ESM, and the calculation is
detailed in Eq. (S3) in the ESM [25]. As shown in Fig. 3(f), the
PDOS of MFNT at the Fermi level are comparable to that of
NaMny,,Fe;,,0, (NMFO). This implies that, similar to NMFO,
MENT is influenced by the incorporation of Fe and fails to
significantly improve the material’s electrical conductivity. The
property comparison between all singly doped compositions and
MENT is illustrated in Fig. 3(g). The comprehensive performance
of MFNT has been significantly improved, implying that the
utilization of first-principles calculations for designing medium-
entropy cathodes with superior performance is anticipated to offer
substantial benefits to the development of cathode materials.

2.2 Experimental verification

All samples were synthesized via a greener sol-gel route that
minimizes volatile organic solvents and reduces energy
consumption compared with conventional co-precipitation

(a)
I
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methods. In order to verify the variances in performance between
MENT and single-doped configurations, a series of comprehensive
characterisations and electrochemical tests were conducted. The X-
ray diffraction (XRD) patterns of all samples are presented in
Fig. 4(a), wherein the diffraction peaks of all structures are indexed
to an O3-type layered structure (PDF #54-0887) associated with the
R3m space group [26]. The morphology and structure of the
materials were investigated by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) analyses.
Figures 4(b)—4(e) reveal that NMFO, NMNO, and NMTO consist
of irregular particles of 3-5 pm, whereas MFNT particles are
predominantly 1-3 pm. Low-magnification SEM images (Figs.
S7(a)-S7(d) in the ESM) confirm uniform sample production over
a wide area. The smaller particles shorten the solid-state Na*
diffusion length and enlarge the electrode-electrolyte interfacial
area, both of which are beneficial for Na* transport and the overall
electrochemical performance. High-magnification images (Figs.
S7(e)-S7(h) in the ESM) show smooth and layered morphologies,
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Figure4 (a) XRD patterns of MFNT and doped materials. ((b)-(e)) SEM images of (b) NMFO, (c) NMNO, (d) NMTO, and (¢) MFNT. (f) TEM image of MENT, (g)
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indicative of high crystallinity, corroborated by high-resolution
TEM (HRTEM, inset in Fig. 4(f) and Figs. S8(a)-S8(c) in the ESM).
The corresponding line profiles of the Z-contrast information with
the measured spacing are presented in Fig. 4(g). Lattice fringes with
an interplanar spacing of 2.67 A, corresponding to the (006) plane,
are clearly resolved. The corresponding fast Fourier transformation
(FFT) pattern depicted in Fig. 4(h), recorded along the [111] zone
axis, confirms the single-crystal nature [27]. The uniform
distribution of Na, Mn, Fe, Ni, Ti, and O elements within the
MENT framework is further confirmed through energy-dispersive
X-ray spectrometry (EDS) mapping (Fig. 4(i) and Fig. S8(d) in the
ESM).

XPS was employed to analyze the elemental composition and
electronic states of the sample surface. The survey spectrum of
MENT (Fig. S9 in the ESM) exhibits characteristic peaks
corresponding to Na 1s, Mn 2p, Fe 2p, Ni 2p, Ti 2p, and O 1s [5].
The Mn 2p spectrum (Fig. 4(j)) contains spin-orbit doublets at
641.6/653.2 eV (Mn*) and 642.8/654.2 eV (Mn"), confirming the
coexistence of both oxidation states [28]. The Ni 2p,, (854.8 V)
and Ni 2p,, (8723 eV) peaks, along with their satellite peaks at
861.0 and 879.2 eV in the Ni 2p spectrum, verify that Ni retains the
+2 oxidation state [5]. The Fe 2p,, peak at 711.1 eV is assigned to
Fe™, consistent with previous reports [26, 29]. In the Ti 2p spectra,
the Ti 2p,, (457.8 eV) and Ti 2p,, (463.6 €V) peaks indicate that Ti
exists as Ti* in the sample [5]. The oxidation states of all transition

metals in doped configurations were verified by first-principles
calculations. Before doping, the Mn sites possess a specific valence-
electron count that facilitates diverse bonding interactions. Upon
the introduction of foreign atoms, the local electronic environment
of the Mn sites is modified, resulting in variations in their valence
electron counts. According to the principle of charge conservation,
the variation in the valence electron count of Mn* serves as a direct
indicator of the electron transfer status of the dopant element
within the chemical equilibrium configuration (TM* in NaTMO,).
The valence-electron difference of Mn* before and after doping is
illustrated in Fig. S10(a) in the ESM. Mn7 in NaMn,,;,Ni,;,O,
undergoes a transition from Mn* to Mn* via electron loss,
concomitant with the reduction of Ni* to Ni**. Similarly, Ti adopts
the +4 oxidation state in NaMn,,,,T1,,,0,. To elucidate bonding
characteristics, electron localization function (ELF) maps on the
(001) plane were calculated (Fig. S10(b) in the ESM). Compared
with the pristine material, the variation observed in the charge
density of Mn™ within NaMn,,,,Fe, O, is negligible. In the doped
configurations involving Ni and Ti, the charge density of adjacent
Mn* is found to be reduced and increased, respectively, suggesting
an electron localization and delocalization phenomenon.

For electrochemical performance evaluation, the galvanostatic
charge/discharge (GCD) curves of the materials are presented in
Fig. 5(a) and Figs. S11(a)-S11(c) in the ESM, recorded at a current
density of 0.1 C between 2.0 and 4.0 V. Reversible capacities of 120,
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Figure5 (a) GCD curves and (b) corresponding CV curves of MFNT. (c) Schematic diagram of phase transition during charging and discharging. (d) GCD curves at
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108, 108, and 127 mAh-g" were obtained for NMFO, NMNO,
NMTO, and MFNT, respectively. The GCD curves of NMFO,
NMNO, and NMTO exhibit several distinct voltage plateaus,
indicating phase transitions (stages 1-6) that accompany TMO,
slab gliding. In contrast, the MENT curve is smoother and shows
fewer plateaus (stages 1-4), implying that its medium-entropy
crystalline structure undergoes fewer phase transitions. Cyclic
voltammetry (CV) tests were performed at 0.1 mV-s™ in Fig. 5(b)
and Figs. S11(d)-S11(f) in the ESM, and the resulting CV curves
exhibited good correspondence with the GCD analysis. Compared
with the single-doped samples, the CV curve of MENT
demonstrates exceptional smoothness and presents the fewest redox
peaks, highlighting its mild O3-P3 phase transitions (Fig. 5(c)).
Rate performance was evaluated at various current densities and is
shown in Fig. 5(d) and Fig. S12 in the ESM. MFNT delivers
discharge capacities of 126, 120, 112, 105, 94, and 71 mAh-g* at 0.1,
0.2, 0.5, 1, 2, and 5 C, respectively. This indicates that the medium-
entropy configuration of MENT provides sufficient diffusion
pathways for the rapid Na® migration, as illustrated in Fig. 5(e).
Additionally, average discharge voltages at various rates are
recorded in Fig. 5(f). The observed elevated average discharge
voltage of MENT indicates a higher energy density, consistent with
the calculated results (Figs. 1(b) and 3(c)). In the post-rate
cycling test (Fig. 5(g)), 96 mAh-g" is still retained by MFNT after
100 cycles, demonstrating substantial structural reversibility and
capacity recovery. Moreover, compared with NMFO, NMNO, and
NMTO, the characteristics of the long-term charge/discharge
profiles of MFNT exhibit no significant variations during repeated
(de)sodiation processes, underscoring its resilient structural
integrity arising from entropy-stabilization effects (Fig. 5(h) and Fig.
S13 in the ESM).

Further investigation and comparison of the apparent Na*
migration kinetics are crucial for understanding the behavioral
differences. Three evaluation methods were employed, one of
which was based on CV curves recorded at sweep rates of
0.1-0.5 mV-s™ (Fig. 6(a) and Figs. S14(a)-S14(c) in the ESM). Due
to the enhanced polarization, the intensities and potential
separations of all redox peaks increase with increasing scan rate. A
linear relationship was obtained by plotting the peak current (3,)
against the square root of the scan rates ('), as shown in Fig. 6(b)
and Figs. S14(d)-S14(f) in the ESM. The equations are given in Egs.
(S4)-(S6) in the ESM. The b values for the MFNT electrode,
derived from peaks O2 and R2, are 1.019 and 0.803, respectively,
indicating that sodium storage is predominantly capacitive. In
contrast, the b values for Ol and Rl are 0446 and 0.407,
respectively, demonstrating that sodium storage in these peaks is
dominated by Faradaic intercalation. The capacitive contribution
percentages at various sweep rates were further calculated. As
depicted in Fig. 6(c), a capacitive contribution of 66% is observed
for MENT at 0.1 mV-s". Furthermore, Fig. 6(d) shows that the
corresponding ratio values increase to 72%, 78%, 84%, and 91% at
0.2, 0.3, 04, and 0.5 mV-s?, respectively, confirming enhanced
capacitive behavior at higher scan rates. Notably, the capacitance
contributions of MENT surpass those of singly doped samples
across the entire scan-rate range (Fig. S15 in the ESM). These
findings imply that the enhanced sodium-ion storage capacity of
MENT can be attributed to the higher proportion of capacitive
contribution stemming from its medium-entropy structure.

As the second method, the galvanostatic intermittent titration
technique (GITT) was additionally employed, as illustrated in
Fig. 6(e) and Figs. S16(a)-S16(c) in the ESM. The diffusion
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coefficient of Na* (Dy,") was calculated by Eq. (S6) in the ESM. As
depicted in Fig. 6(f) and Figs. S16(d)-S16(f) in the ESM, smaller
fluctuations in Dy, values are exhibited by MFNT, with these values
falling within a relatively narrow range of approximately 10°-
107 cm*s™, outperforming those of NMFO, NMNO, and NMTO.
Finally, in-situ electrochemical impedance spectroscopy (EIS) was
implemented to probe the dynamic behavior (Fig. 6(g) and Figs.
S17(a)-S17(c) in the ESM). The distribution of relaxation time
(DRT) was employed to analyse the complex impedance responses
and identify the multi-time-scale mechanisms involved in
interfacial impedance evolution. Quantitative tracking of the
variations in resistance associated with limitations in charge-
transfer and mass-transport across the electrode—electrolyte
interface is demonstrated in Fig. 6(h) and Figs. S17(d)-S17(f) in the
ESM. As depicted in Fig. 6(i) and Figs. S17(g)-S17(i) in the ESM,
spatiotemporal visualization of these processes is achieved via two-
dimensional DRT contour plots, where three distinct relaxation-
time peaks are observed. Peak 1 (P1) is attributed to the interfacial
contact resistance between active material particles and the current
collector, representing the efficiency of electron transport
throughout the electrode matrix. Peak 2 (P2) is associated with the
charge-transfer impedance inherent to the electrode material,
serving as a quantification of the electrochemical reaction kinetics at
the active material/electrolyte interface. Peak 3 (P3) displays
temporal evolution characteristics that are tentatively linked to the
dynamic restructuring of the cathode-electrolyte interphase (CEI)
layer. The result demonstrates that the Na* diffusion resistance of
MENT primarily originates from the P2 and P3 stages, namely the
charge-transfer process within the material and the reconstruction
process of the CEI on the electrode surface. Initially, MFNT
displays a relatively high electrochemical impedance of
approximately 500 Q) during charging. As the voltage increases, this
value declines rapidly to 30 (), confirming its exceptional ion-
diffusion kinetics under high-voltage conditions. Subsequently, an
increase in electrochemical impedance is observed during the
discharge process. The entire charge-discharge cycle is
characterised by high symmetry, which is the underlying cause of
its exceptional cycling performance. The second-cycle EIS results
(Fig. S18(a) in the ESM) demonstrate that the interfacial impedance
decreases to below 400 Q in the early charging stage, while the P3
segment (Fig. S18(c) in the ESM) exhibits enhanced symmetry.
These observations indicate the formation of a stable CEI at the
electrode—-electrolyte interface following two charge-discharge
cycles.

To gain deeper insight into the reaction mechanism and the
crystal structure evolution, ex-situ XRD analysis was conducted
during the first cycle (Fig. 6(j)). During the initial desodiation up to
2.5V, the O3 structure remains stable without phase transition.
Upon further Na* extraction, the (003) peak of the O3 phase splits
and new peaks characteristic of the hexagonal P3 phase appear at
lower angles, indicating a two-phase O3/P3 coexistence consistent
with the 2.5-3.0 V plateau in the electrochemical profile. Upon
continued extraction to 4.0 V, the mixed phase disappears and a
new O3 phase (O3) is subsequently generated. This corresponds
precisely to the oxidation peak observed at 3.5 V in the CV curve
(Fig. 5(b)). Upon discharge, when the voltage decreases to 3.5 V, the
diffraction peak corresponding to the O3’ phase shifts leftward and
subsequently splits into a new P3 phase (P3). O3'is a distorted O3-
type layered phase generated by Na* ordering and lattice distortion
during deep charging, while P3'is a modified P3-type phase formed
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Figure 6 (a) CV plots at various sweep rates from 0.1 to 0.5 mV-s” and (b) the corresponding fitting curves between i, and v"* of MFNT. (c) CV profile at 0.1 mV's”
expressing the pseudocapacitive contribution (blue region) to the total current and (d) the corresponding capacity contribution ratio at different scan rates for MENT. (e)
GITT profiles in the initial charge/discharge process and (f) the corresponding calculated Dy, values for MENT. (g) In-situ EIS for MENT. (h) DRT curves and (i) their
contour maps for MENT. (j) The ex-situ XRD pattern for the first charge/discharge process at the rate of 0.1 C in the voltage range between 2.0 and 4.0 V. (k) Schematic

illustration of phase evolution during charging and discharging for MFNT.

by the rearrangement of transition metal slabs to adapt to partial
Na* extraction. As desodiation proceeds, the structure completely
recovers to the original state after a full cycle, indicating a reversible
phase transition. The structural evolution during the entire
charge-discharge process is depicted in Fig. 6(k). Upon removal of
Na’, the electrostatic repulsion between O atoms within the
O-Na-O slabs intensifies because the shielding effect is lost.
Consequently, the O-Na-O slabs expand while the O-TM-O slabs
contract, driving the O3 > P3 phase transition. When Na" is further

94908572 (9 of 11)

extracted up to 3.5 V, the O-Na-O layers collapse for lack of Na,
causing the O-Na-O slabs to shrink and the O-TM-O slabs to
expand. This ultimately triggers a further transition from the P3
phase to a new O3 phase (O3’). This ultimately results in the further
phase transition from the P3 phase to a novel O3 phase (O3). The
phase transitions that occur during discharge are exactly reversed
during charging. Comparative analysis reveals that the superior
mild phase transition and high reversible capacity exhibited by
MENT are ascribed to its optimized medium-entropy configuration
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(Fig. S19 in the ESM). The coexistence of these two phases reflects
the structural adaptability of the cathode material under
electrochemical cycling, which contributes to its excellent rate
performance and cycling stability. Beyond sodium-ion batteries,
this medium- and high-entropy design strategy exhibits equal
universality for lithium-ion batteries, potassium-ion Dbatteries,
aqueous systems, and other entropy-stabilized electrode families.

3 Conclusions

A medium-entropy (1.286 R) O3-type cathode MEFNT was
quantitatively designed by first-principles calculations and
successfully synthesized. Theoretical screening assigns Ni, Fe, and
Ti to boost potential, stabilize Fe*'/Fe*, and suppress Jahn-Teller
distortion, yielding an optimal dopant dosage that balances overall
performance. Experimental validation confirmed that the
entropy-stabilized structure delivered 127 mAh-g* at 0.1 C, retained
96 mAh-g* after 100 cycles, and sustained 71 mAh-g* at 5 C. The
reversible oxygen redox process is evidenced by the Bader charge
transition of oxygen from -1.24 e to -0.98 e, through which
additional capacity is obtained without relying on expensive or
toxic transition metals. Capacitive-dominated Na* storage behavior
and stable diffusion coefficients are revealed by CV, GITT, and in-
situ EIS analyses. The reversible phase transitions of O3 > (O3 +
P3) > 03 » (03" + P3) > O3 in MFNT featuring a
mediumentropy configuration were further corroborated by ex-situ
XRD. Overall, the integrated computational-experimental
approach demonstrated in this study not only markedly shortens
the development cycle of sodium-ion battery cathodes but also
exhibits universal applicability to lithium-ion, zinc-ion, and other
battery chemistries.

Electronic Supplementary Material: Supplementary material
(crystal structure, Bader charge, DOS, configurational entropy,
SEM images, TEM images, ELF, electrochemical performance, and
XPS spectra) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908572.
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