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Abstract

P2-type NaxMO2 layered oxides (x < 1) are highly promising cathodes for Na-ion batteries 

(NIBs) but suffer from phase transitions, transition-metal (TM) migration, and structural 

distortions that limit cycling stability. Here, we combine first-principles modeling and 

electrochemical measurements to elucidate how configurational entropy governs their structural 

and electronic response. By comparing low-, medium-, and high-entropy compositions, we 

show that higher configurational entropy mitigates TM-centered octahedral distortions, 

suppresses shear-type deformations associated with P2 → O2 layer gliding, and distributes 

redox activity across multiple cations (Ni, Co, Fe), avoiding local over-oxidation. Defect-

formation analyses reveal that high-entropy mixing significantly discourages out-of-layer TM 

migration, reducing TM/Navac antisite formation and stabilizing the layered framework upon 

deep desodiation. Consistently, medium- and high-entropy materials exhibit superior capacity 

retention and structural reversibility compared to the low-entropy analogue, with further 

performance enhancement when using room-temperature ionic-liquid (RTIL)-based NaFSI-

Pyr14FSI electrolyte, which mitigates Mn dissolution and accounts for enhanced efficiency 

upon cycling. These findings demonstrate that configurational entropy is a powerful design 

parameter for achieving robust, high-performance P2-type layered cathodes and provide clear 

guidelines for entropy-assisted materials engineering in next-generation NIBs.

Keywords

High-Entropy Oxide; Na-ion Battery; P2-type Cathode; DFT Calculation; Ionic Liquid.
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1. Introduction

Driven by the demand for sustainable and cost-effective storage technologies, secondary 

Na-ion batteries (NIBs) have re-emerged as promising alternative to Li-ion batteries (LIBs), 

particularly in sectors where material abundance and low cost are essential, such as grid-

level/residential stationary energy storage, light mobility, backup power systems, low-cost 

electronics and Internet of Things (IoT).1 Owing to the natural abundance and low cost of 

sodium, NIBs offer a viable pathway toward greener electrochemical technologies.2 In NIBs, 

the cathode material is the primary factor dictating the achievable energy density, structural 

stability, and cycling lifetime, as most degradation mechanisms and voltage-limiting processes 

originate from the layered cathode framework. As such, its design is central to the development 

of next-generation Na-based storage systems.

Among the various cathode families, layered transition-metal oxides with the general formula 

NaxTMO2 (TM = transition metal) have attracted considerable attention due to their high 

theoretical capacities and favorable Na+ transport properties.3 According to the Delmas 

notation, these materials are categorized into O3, P3, P2, and O2 structures depending on the 

stacking of the TMO2 layers and the coordination environment of Na+ ions 4. In particular, P2-

type oxides, where Na+ ions reside in trigonal prismatic sites, enable faster diffusion kinetics 

compared to O3-type counterparts, making them appealing for high-rate applications.5 

However, their structural reversibility remains a challenge: repeated Na+ extraction at high 

voltages (> 4.2 V) can induce P2 → O2 transitions via layer gliding or TM migration, leading 

to capacity fading and voltage hysteresis.6,7 Furthermore, Mn-based P2 oxides, though cost-

effective and environmentally benign, suffer from Jahn-Teller distortions associated with Mn3+ 

formation at low potentials, causing lattice strain and structural degradation.8–10 Strategies to 

mitigate these issues include compositional tailoring, partial TM substitution, and the 

introduction of structural disorder to enhance robustness and suppress phase transitions.11–14

Recently, the high-entropy concept, originally proposed for multicomponent alloys,15 has 

emerged as a promising route to design structurally and chemically resilient electrode 

materials.16 By incorporating multiple metal species into a single-phase lattice, a large 

configurational entropy term can stabilize metastable phases, promote homogeneous cation 

distribution, and trigger beneficial “cocktail effects”.17,18 Both O3- and P2-type high-entropy 

layered oxides have demonstrated enhanced cycling stability and rate capability compared to 
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their low-entropy analogues.19,20 Nevertheless, the fundamental mechanisms by which 

configurational entropy influences structure, electronic behavior, and electrochemical stability 

remain insufficiently understood.

In this work, we address this knowledge gap by combining first-principles calculations and 

electrochemical characterization to elucidate the role of configurational entropy in the 

stabilization of P2-NaxMO2 cathodes (where M = Mn, Ni, Co, Ti, Mg, Al, Fe). Configurational 

entropy at the metal site can be easily calculated from the compound’s stoichiometry as:

𝑆= ― 𝑅∑ 𝑥𝑖𝑙𝑛(𝑥𝑖) (1)

Accordingly, compositions are classified as low-, medium-, or high-entropy when the 

corresponding configurational entropy (S) is lower than 1.0R, lies in the 1.0R-1.5R range, or 

exceeds 1.5R, respectively. Herein, three representative compositions with increasing entropy 

are investigated as model systems. Through DFT and hybrid-DFT analyses, we examine the 

local structural distortions, electronic structure evolution, and defect formation tendencies upon 

Na extraction. These computational insights are directly correlated with experimental evidence 

from X-ray diffraction (XRD), cyclic voltammetry (CV), and galvanostatic cycling, enabling a 

comprehensive understanding of how entropy governs the structural and electrochemical 

responses of P2-type cathodes. Consistently, when experimentally tested in lab-scale Na-based 

electrochemical cells, medium- and high-entropy oxide materials (hereafter referred to as MEO 

and HEO) exhibit superior capacity retention and structural reversibility compared to the low-

entropy analogue (LEO). Further performance enhancement is attained when cycling the MEO 

and HEO cathode materials using a room-temperature ionic liquid (RTIL)-based electrolyte 

(i.e., the sodium bis(fluorosulfonyl)imide salt (NaFSI) dissolved in N-butyl-N-

methylpyrrolidinium bis(fluorosulfonyl)imide (Pyr14FSI)), suggesting a pivotal role of RTIL 

solvents in suppressing Mn dissolution and promoting the formation of a denser and more stable 

solid electrolyte interphase (SEI). Although the reported electrochemical performance does not 

yet exceed that of state-of-the-art cathodes, this work represents a substantive conceptual 

advance by delivering new fundamental understanding of entropy-driven stabilization in NIB 

cathodes, and by articulating clear design principles for next-generation materials. Rather than 

introducing new compositions, the study reveals previously unexplored mechanistic insights, 

demonstrating how configurational entropy can be deliberately harnessed to stabilize functional 

cathode frameworks and guide the rational development of high-performance NIB systems.
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2. Experimental Section

2.1. Materials synthesis

The P2-type cathode materials Na0.68Mn0.68Ni0.32O2, Na0.68Mn0.44Ni0.19Co0.25Ti0.09Mg0.03O2, 

and Na0.68Mn0.44Ni0.19Co0.19Ti0.09Mg0.03Al0.05Fe0.01O2, respectively low-entropy, medium-

entropy and high-entropy (namely, LEO, MEO and HEO) were synthesized via solid-state 

reactions. In the first step, stoichiometric amounts of the precursors Na2CO3 (Acros Organics, 

99.95%), MgO (abcr GmbH, 99.5%), Al2O3 (Alfa Aesar, 99.5%), TiO2 (Alfa Aesar, 99.5%), 

Mn3O4 (abcr GmbH, 97%), Fe3O4 (Alfa Aesar, 97%), Co3O4 (Alfa Aesar, 99%) and NiO (Alfa 

Aesar, 99%) were thoroughly mixed by ball milling at 400 rpm for 2 h and compacted into 

pellets under 5 tons. The pellets were then heated to 500 °C for 2 hours and calcined at 900 °C 

for 12 hours under air. The final product was obtained by naturally cooling to room temperature 

and then kept inside an Ar-filled glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm) to prevent further 

air exposure.

2.2. Computational details and structural models

The series of P2-type layered oxide cathodes, LEO, MEO and HEO, was modeled using 

three 8×4×1 supercells of Na0.68MO2 parent material containing 236 atoms within the P63/mmc 

hexagonal space group. Mixed metal occupancy at the 2a Wyckoff site (i.e., the M one) 

introduces configurational disorder, which was simulated via the special quasi-random structure 

(SQS) approach, as implemented in the mcsqs module of the Alloy Theoretic Automated 

Toolkit (ATAT) package.21,22 For each material, SQS optimization was performed by matching 

pair and triplet correlation functions up to a maximum triplet radius of 5.0 Å. The final 

structures exhibit correlation mismatches below ~ 0.03 for all targeted clusters, demonstrating 

a close approximation to a fully random alloy. Na atoms have been placed in edge and face sites 

with Na(e)/Na(f) ratio being close to 2. To simulate the cathode charge, we model the P2-

NaxMO2 series by varying the sodium content with xNa = 0.68, 0.50, 0.30, 0.12, with desodiation 

upon charge representing different States of Charge (SoC). Spin-polarized density functional 

theory (DFT) calculations have been performed with the DFT+U Hubbard-like correction 

scheme to overcome the large self-interaction error (SIE) that affects DFT when applied to mid-
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to-late first row TM oxides with unpaired tightly localized electrons in d orbitals. Projector-

augmented wave (PAW) potentials and plane wave (PW) basis sets have been used, as 

implemented in the Vienna Ab-initio Simulation Package (VASP) code (version 6.4.2).23–25 For 

all the calculations, the following PAW potentials have been considered: Na_pv [Be]2p63s1; 

Mn [Ar]3d7; Ni [Ar]3d10; Co [Ar]3d9; Ti [Ar]3d4; Mg [Ne]3s2; Al [Ne]3s23p1; Fe [Ar]3d8; 

O[He]2s22p4. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional has been 

employed with Ueff = 4.0 eV parameter for Mn, Ni, Co, and Fe atoms. This choice of a common 

effective U value has been validated against hybrid DFT in similar systems.26 The D3-BJ 

dispersion correction was also added to account for van der Waals (vdW) interactions that play 

a crucial role in layered structures.27–29 A kinetic cut-off energy of 600 eV and -point only 

sampling have been used; these values ensure converged energies within 3 meV/f.u. with 

respect to the PW basis set size and Brillouin zone sampling, respectively. For all the self-

consistent field calculations, the convergence threshold for total energy has been set to 10−5 eV. 

Lattice constants and atomic positions have been fully relaxed until the maximum forces acting 

on each atom were below 0.03 eV/Å. Single-point calculations have been carried out at the 

hybrid DFT level of theory with the range-separated Heyd-Scuseria-Ernzerhof density 

functional with a screening parameter µ set to 0.2Å-1 (i.e., HSE06), and analysis reported in 

terms of projected density of states (PDOS) and net magnetization on TM atoms.30

2.3. Structural and electrochemical characterization

The crystalline structure of the samples was analyzed by X-ray diffraction (XRD), using a 

Xpert3 MRD Panalytical diffractometer, equipped with Cu Kα radiation source. The XRD 

patterns were collected in Bragg-Brentano geometry in the 2θ range of 30°-80°. Rietveld 

refinement was performed with FullProf Suite software. 

For electrochemical tests, electrodes were prepared with a composition of 70 wt.% of active 

material, 20 wt.% of C-65 (from Imerys) as conductive carbon additive, and 10 wt.% 

polyvinylidene fluoride (PVdF, Solef 5130 from Solvay) as binder. The three components were 

mixed in dry conditions and then dispersed in N-methyl pyrrolidone (NMP, from Sigma-

Aldrich), forming a homogeneous slurry (solid content ≈ 30 %) that was then cast onto the Al 

current collector (from MSE Supplies) using a doctor-blade (indicative thickness of 200 μm of 

wet film). NMP solvent was removed by evaporation at ambient temperature and further drying 
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under dynamic vacuum at 120 °C for 24 h prior to be transferred into an Ar-filled glovebox 

(MBraun, O2 and H2O levels < 1 ppm). The thickness reduces to about 50 μm, with an active 

mass loading in electrodes of ca. 3 mg cm–2. Na-metal cells were assembled within ECC-Std 

test cells (EL-Cell GmbH), using metallic Na (from Sigma-Aldrich) as counter electrode, a 

Whatman GF/A glass wool disk as the separator, and as electrolyte either NaClO4 1 M in 

propylene carbonate (from Solvionic) or NaFSI in Pyr14FSI (molar ratio of 1:4, from Solvionic). 

Cyclic voltammetry (CV) was performed on a VMP3 workstation (BioLogic Instruments) using 

Swagelok-type 3-electrode cells in the range from 1.9 to 4.2 V vs. Na+/Na with a scan rate of 

0.1 mV s−1. Galvanostatic cycling tests were carried out at ambient laboratory temperature (≈ 

25 °C) with an ARBIN BT2000 battery tester, from 2.0 to 4.2 V vs. Na+/Na, setting the current 

densities on the basis of an expected capacity of 100 mAh g−1. For both CV and galvanostatic 

cycling test the cut-off voltage was set to 4.2 V vs. Na+/Na to avoid any irreversible phase 

transitions, as already reported in previous studies for analogous materials at very high 

voltages.31 In this way, we could compare the redox behavior of the three materials under the 

same sodiation/desodiation conditions; as a matter of fact, the behavior of the three materials is 

expected to greatly diverge at high voltages, as shown in the sodiation/voltage profile computed 

with DFT (see Figure S2 in SI)). The reproducibility of the electrochemical measurements was 

verified by testing additional cells under identical conditions. Therefore, representative results 

are reported in the manuscript.

3. Results and Discussion

The key properties of LEO, MEO and HEO are hereby addressed in terms of their 

physicochemical and electrochemical characteristics, with the primary aim of elucidating the 

role of configurational entropy in determining their stability, performance, and potentiality for 

future applications in NIBs. 

In the following, we provide an in-depth analysis on the structural and electronic features of 

LEO, MEO and HEO, as well as their evolution upon charging, as revealed by first-principles 

calculations. Furthermore, we assess their electrochemical performance in laboratory-scale NIB 

cells employing both standard electrolytes based on organic solvents (NaClO4 1M in PC) and 

RTIL-based electrolytes (NaFSI in Pyr14FSI 1:4). Our goal is to emphasize the influence of 

Page 7 of 31 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

9:
59

:3
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6TA00673F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta00673f


- 8 -

mixing entropy on the structural stability of layered oxide cathodes, and to showcase promising 

implementations using innovative electrolytes for high-performance energy storage devices.

Figure 1a displays the XRD patterns of the three as-synthesized samples, the diffraction peaks 

of which are all assigned as reflections of P63/mmc hexagonal space group.32,33 The results of 

Rietveld refinement (perfectly aligned with previous works on these materials)16 are reported 

in Figure S1 and Table S1, pointing out a slight shrinkage of the cell volume with increasing 

entropy (from 80.8 to 79.9 Å3 for LEO and HEO, respectively). The first-principles 

characterization shows a good agreement with XRD data, the lattice constants being optimized 

at PBE+U-D3BJ level of theory within <1% error deviation from experiments (as shown in 

Figure 1b). To account for mixing entropy and reliably model homogeneously distributed 

arrangements, the Na/vacancy and metal atoms orderings are incorporated into the crystalline 

lattice using the SQSgen code, which leads to the geometry solution corresponding to the 

maximum configurational entropy (i.e., special quasi-random structures, SQS).34 The SQS 

results for the three systems within the MO2-layers can be visualized in Figure 1c. 
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Figure 1. a) XRD diffractograms of the three P2-NaxMO2 samples, labelled as LEO, MEO and 

HEO, with all the reflections indexed according to P63/mmc hexagonal space group.  b) Lattice 

parameters of the three samples as obtained from Rietveld refinement and PBE+U-D3BJ level 

of theory. Percentage error deviation is reported in parentheses. c) Structural theoretical 

models for P2-NaxMO2 compounds: (top) random distribution of metal atoms within the MO2-

layers; (bottom) 3D view of the hexagonal cells in the P63/mmc space group. Atoms are 

represented as spheres. Colour code: Na, yellow; Mn, violet; Ni, green; Co, blue; Ti, cyan; Mg, 

orange; Al, grey; Fe, brown; O, red.

3.1. Charge compensation mechanisms regulated by configurational entropy

Once the model structure was established, theoretical investigation has been carried out to 

address the electrochemical behavior of the explored cathodes, namely the evolution of their 

electronic structure at decreasing sodiation, mimicking the charge/discharge process (the 

voltage/sodiation correlation is shown in Figure S2, whereas Table S2 reports the corresponding 
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lattice parameters). By analyzing the magnetization trend, we could derive the oxidation states 

of each transition metal site at different sodium contents, thus assigning the involved redox 

couples at each voltage step. It is noteworthy that such compositionally diverse oxides 

containing multiple metal atoms with intricate and non-trivial spin configurations call for a 

proper treatment of the strongly localized d-electrons. Accordingly, we have performed hybrid 

DFT calculations with the HSE06 functional, which ensures a reliable description of the spin 

states across all the investigated systems (see PDOS in Figure S3 of SI). As reported in Figure 

2, Mn is predominantly found in mixed Mn3+/Mn4+ oxidation states across all systems, 

becoming fully oxidized to Mn4+ at xNa = 0.30. The few Mn3+ at high sodium content could act 

as Jahn-Teller (JT) active centers, and thus may be responsible for structural distortion upon 

cycling. This aspect will be further highlighted in the following discussion (see Section 3.3). 

On average, however, Mn oxidation can be considered a minor contribution in all systems (see 

Figure S4 in SI). In contrast, Ni exhibits a clear and progressive oxidation from Ni2+ to Ni3+, 

and further to Ni4+ in MEO and HEO compositions at the highest degree of desodiation. Again, 

the presence of JT-active Ni3+ species can result in substantial octahedral distortions, as clarified 

below. Similarly, Co undergoes sequential oxidation from Co3+ to Co4+ in both MEO and HEO 

at xNa = 0.30. Finally, in HEO, Fe also participates in the redox process through a Fe3+ → Fe4+ 

oxidation upon sodium removal. Overall, these results demonstrate that Ni, Co and Fe are the 

primary redox active species responsible for charge compensation during desodiation. Because 

multiple species share the redox burden, the systems avoid local over-oxidation and evenly 

distribute not only structural but also electronic changes. This facilitates redox processes and 

enables more stable electrochemical response of higher-entropy compounds (MEO and HEO) 

compared to LEO.
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Figure 2. Electronic structure analysis: net magnetization of Mn, Ni, Co and Fe atoms in LEO, 

MEO and HEO as function of sodiation degree computed at HSE06 level of theory. Electronic 

configurations are declared. Inset: pictorial representation of a P2-NaxMO2 lattice with the 

redox couples involved in the charge compensation upon Na+ extraction. Color code as in 

Figure 1, Na yellow. Polyhedral visualization is adopted for the MO6 units.

The theoretical prediction of the redox active species responsible for charge compensation upon 

desodiation in the three materials is well aligned with the cyclic voltammetry (CV) profiles 

experimentally measured in Na-based cells employing a standard electrolyte (e.g., NaClO4 1M 

in PC). As visible in Figure 3 (panels a, b and c), all samples exhibit a first oxidation peak (at 

2.0 V vs. Na+/Na for LEO, and at 2.2 V for MEO and HEO) corresponding to the partial 

conversion of Mn3+ to Mn4+,35 which is consistent with the detection of Mn4+ species from DFT 

even at high Na content (xNa = 0.68 corresponds to ca. 2.5 V vs. Na+/Na according to the 

capacity-voltage profiles in Figure S2). 
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At higher potentials (i.e., increasing desodiation degree), the CV profile of LEO remarkably 

differs from the other two (Figure 3a vs. 3b and 3c): the Ni2+/Ni3+ transition at 3.0 V is barely 

visible,36 whereas the rest of the profile is dominated by very intense and sharp peaks due to 

reversible yet significant structural changes. As reported by Islam et al., in situ synchrotron 

XRD analysis on analogous materials revealed progressive phase transitions from P2 

(P63/mmc) to P′2 (Cmcm) and finally to OP4 (P63) taking place in this voltage range,35 which 

were classified by Yan et al. as Na+ ions/vacancies ordering processes.37 On the other hand, the 

CV profiles of MEO and HEO (Figure 3b and 3c, respectively) suggest a more extended redox 

participation, due to the presence of many redox active species, partially overlapping with each 

other in the voltage range from 3 to 4 V vs. Na+/Na. In particular, both samples display a sharp 

oxidation peak at 3.0 V due to Ni2+/Ni3+ transition,36 which is followed in the case of MEO by 

a broad oxidation signal centered at 3.25 V, compatible with Co3+/Co4+ transition;38 such signal 

is possibly present also in HEO profile, but in that case it is overlapping with a prominent 

oxidation peak at 3.35 V assigned to Fe3+/Fe4+ transition. All these transitions are in fair 

agreement with the predicted oxidation from the computational results reported in Figure 2, 

taking into account the correlation between sodiation degree and voltage shown in Figure S2. 

The CV profiles of MEO and HEO also exhibit an oxidation peak at 3.6 V that is reasonably 

associated to Na+ ions/vacancies ordering,37 and both profiles conclude at 4.2 V with an 

oxidative current that corresponds to the incipient Ni3+/Ni4+ transition; as a matter of fact, DFT 

results reveal the presence of Ni4+ at xNa = 0.30, but the whole oxidation peak cannot be properly 

observed in the profiles of Figure 3b and 3c as it closely lies at the cut-off voltage of the CV 

measurements.36

Beyond metal-specific contributions to charge compensation, configurational entropy itself 

clearly modulates the electrochemical response. Indeed, the CV profiles of LEO and MEO/HEO 

differ not only in the presence of multiple redox peaks associated with different transition 

metals, but also in the shape of structure-related signals attributed to Na/vacancy ordering. This 

indicates that mixing entropy can indirectly tune structural stabilization and evolution during 

cycling, as examined in detail in the following sections.
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Figure 3. Cyclic voltammetry curves of a) LEO, b) MEO, and c) HEO with standard electrolyte 

(NaClO4 1M in PC). d) Specific capacity and Coulombic Efficiency of Na-metal cells based on 

LEO, MEO, and HEO with standard electrolyte, upon galvanostatic cycling at different C-rates 

(representative voltage profiles vs. specific capacity are reported for each sample in Figure 

S5).

3.2. Electrochemical performance controlled by configurational entropy

When testing P2-NaxMO2 samples for galvanostatic charge/discharge cycling in 

combination with standard liquid electrolyte (NaClO4 1M in PC), it is well evident that the cell 

with LEO fails after 20 cycles (top panel in Figure 3d): after the rate capability test, upon 

resetting the current to C/10 regime, the cell gets stuck in charging mode without reaching the 

targeted voltage because all the electric current is consumed in parasitic reactions, such as Mn 

dissolution. Indeed, even if not expressly quantified in this work, this is a well-known issue of 

Mn-containing cathodes for NIBs, typically exacerbated at higher states of charge.39 On the 
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other hand, MEO and HEO (middle and bottom panels in Figure 3d, respectively) demonstrate 

to completely recover the initial capacity (ca. 80 mAh g–1) after the rate capability test and 

stably sustain charge/discharge cycles up to the end of the testing protocol (although with a 

rather limited Coulombic Efficiency (CE), viz. 97 and 93% for MEO and HEO, respectively). 

However, also MEO and HEO, tested in these conditions, suffer from high initial polarization, 

resulting in a CE lower than 90% during the first 6 cycles.  

Clearly, managing large compositional diversity arising from metal mixing introduces 

complexity into the system, which can make any prediction or understanding of electrochemical 

behavior more difficult. Notwithstanding the beneficial effects that high entropy can induce by 

delocalizing the electronic response, individual metal species may also promote undesired 

processes.40 In principle, a metal ion can migrate into the sodium layer and occupy a vacant Na 

site, either created during cycling or intrinsically present in Na-deficient formulations.41 The 

resulting metal-Navac antisite defect disrupts the ideal alternating Na-layer/M-layer stacking, 

leading to partially mixed cation layers.42 Such defects can be detrimental for the battery 

performance by causing capacity loss, voltage hysteresis and structural degradation: (i) when 

sitting in Na sites, the metal ion physically blocks the diffusion channels and lowers the ionic 

conductivity; (ii) M-rich local environments along Na+ pathways can hinder subsequent Na+ re-

insertion, leading to irreversible capacity loss and voltage hysteresis; (iii) metal ion migration 

can also trigger layer gliding (e.g., P-to-O transitions) and generate local strain that promote 

structural transformations, micro-cracking and long-term instability; (iv) migrated metal ions 

can diffuse themselves into the electrolyte and promote detrimental ion dissolution. For all these 

reasons, the tendency of a P2-NaxMO2 cathode to release metals from their layers can be 

considered as an early step toward degradation processes. To clarify this aspect, we focus on 

the metal ion out-of-layer migration in our investigated P2-NaxMO2 cathodes, so as to unveil 

whether the increasing entropy may prevent it, thus inducing major stability toward 

degradation. 

The migration of a metal ion into a sodium vacant site is simulated as the formation of a 

metal/Navac antisite defect under low-sodiation conditions (xNa = 0.30 and 0.12). We focus on 

Mn and Ni as the most abundant metals in MEO and HEO formulations and the only species 

present in LEO. Figure 4 depicts the energy landscape associated to the process: the overall 

energetics of antisite formation becomes more favorable at lower sodium content (∆E ~ – 0.7 

to 4.6 eV vs. –5.3 to 1.6 eV at xNa = 0.30 and 0.12, respectively), reflecting the stronger 
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interactions established to compensate for the increased number of Na+ vacancies. We should 

point out that not only negative values of ∆E, but also slightly positive energy variations would 

still be accessible under the battery operating conditions (i.e., under an applied voltage upon 

charge), indicating that most of these defects are likely to occur. Across the series, LEO easily 

accommodates the antisite defects, with the Mn being particularly stabilized at xNa = 0.12 due 

to a 4-fold coordination with the oxygen atom exposed from the opposite MO2-layer. A similar 

stabilization occurs for the Mn antisite defect in MEO already at xNa = 0.30, which is even more 

pronounced in the 5-fold coordination attained at xNa = 0.12. Together with the low-energy Ni 

antisite defects, MEO clearly allows easy metal out-of-layer migrations, which raises concerns 

regarding its electrochemical durability. However, the Ni antisite detected at  xNa = 0.12 retains 

its Ni4+ oxidation state, suggesting that the foreseen capacity loss may remain limited. 

Conversely, the HEO composition offers a noticeably different behavior, with ∆E values shifted 

upward compared to LEO and MEO. At xNa = 0.30, Mn antisite formation is highly unfavorable, 

whereas Ni antisites remain energetically accessible. Further desodiation leads to a mostly 

unchanged picture for Ni antisite, while Mn antisite formation is slightly stabilized owing to a 

a 5-fold coordinated intermediate. To sum up, the low-entropy composition seems highly prone 

to out-of-layer metal migration, with thermodynamically convenient formation of Mn2+/Navac 

antisite occurring already at xNa = 0.30. This finding can be fairly regarded as an easy tendency 

of LEO to undergo Mn dissolution upon cycling, which could be a feasible reason for the cell 

failure denoted in Figure 3d. Even though the energetics of Mn2+/Navac antisites in MEO seems 

to suggest accessible intermediates at xNa = 0.30, the established geometries in this case are 

sensibly different. The higher coordination attained by the migrated Mn2+ allows to pin the 

oxide slabs, reinforce the crystalline structure and thus prevent layers gliding, which is the main 

driver in the P-to-O phase transition. By enabling the formation of migrated yet peculiar Mn2+ 

sites that act as lattice pillars, the medium-entropy composition seems able to limit structure 

collapse, as confirmed by the stable capacity showed upon cycling (Figure 3d). Analogously, 

the steady performance of HEO perfectly aligns with the largely unlikely formation of 

Mn2+/Navac at the same SoC predicted by DFT, suggesting a mitigated tendency for Mn 

dissolution and a consequent enhancement of the electrochemical durability with increasing 

configurational entropy in the cathode formulation. It is worth mentioning that in the antisite 

defect calculations, the oxidation state of the transition metal was not imposed a priori; instead, 

the electronic structure was determined self-consistently within the DFT framework, allowing 
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the metal charge state associated with migration into a Na vacancy to emerge naturally from 

the calculation.

Here, the indirect influence of configurational entropy becomes even more pronounced: despite 

involving the same metals (Mn and Ni), the three compositions exhibit markedly different 

behaviors due to their highly diverse local chemical environments. Out-of-layer migration of 

Mn and Ni into Na vacancies is strongly modulated by configurational entropy, with increasing 

metal mixing progressively disfavoring the formation of TM/Navac antisite defects. This 

highlights the role of entropy in promoting structural robustness by suppressing detrimental 

cation migrations, which can lead to Mn dissolution and cathode degradation.

Figure 4. Mn and Ni out-of-layer migration, i.e., M/Navac antisite defects. E is the formation 

energy of each defect, calculated as the energy difference between the defective and the pristine 

structure, plotted for LEO, MEO and HEO at (left) xNa = 0.30 and (right) xNa = 0.12. Insets: 

structural detail of the optimized configurations. Oxidation states of migrated Mn/Ni are 

declared. Color code as in Figure 1.

3.3. Structural effects of configurational entropy

With the scenario depicted so far, we aim at further elucidating the electrochemical 

performance, stability and durability of our cathode systems. The use of RTIL-based 

electrolytes is known to beneficially mitigate the detrimental Mn dissolution,43 by avoiding the 

formation of the convenient solvation shell around Mn2+ that in the case of carbonate solvents 
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can compete with and even exceed the solvation of Na+ ions.44 Therefore, we employ NaFSI in 

Pyr14FSI (1:4) as electrolyte in combination with the three cathode materials and perform 

additional galvanostatic cycling tests. The performance of LEO under these conditions 

considerably improves, with an almost stable capacity of 90 mAh g–1 in the first 5 cycles at 

C/10 (with a CE of 97 %) and a good capacity retention after the rate capability test (around 70 

mAh g–1). The capacity strongly reduces at higher currents (60, 28, and barely 8 mAh g–1 at 

C/5, C/2, and 1C, respectively). Also, in the case of the RTIL-based electrolyte, much better 

performances are achieved by MEO and HEO (Figure 5b and 5c, respectively). HEO, in 

particular, displays an initial capacity of 83 mAh g–1 at C/10 with a CE above 99% starting from 

the fourth cycle. However, a decrease of the capacity is observed upon increasing current (64, 

52 and 42 mAh g–1 at C/5, C/2 and 1C, respectively), a decrease even more pronounced than in 

the case of standard electrolyte (Figure 3c) reasonably due to the higher viscosity of RTILs 

compared to carbonates. HEO completely retains the initial capacity upon resetting the current 

regime to C/10, maintaining a stable performance in terms of capacity and CE (> 99 %) up to 

the end of the cycling test (final capacity at the 40th cycle of 76 mAh g–1). 

The different response of the three materials in the galvanostatic cycling test is reflected also in 

the post-mortem XRD patterns, collected by disassembling the cells in the glovebox after 40 

charge/discharge cycles. The XRD pattern of HEO (Figure 5f) is perfectly maintained, 

demonstrating the high structural stability of the material that reversibly sustains Na+ 

insertion/extraction. In the pattern of MEO (Figure 5e), barely noticeable shifts of some peaks 

reveal minor changes in the lattice parameters; in particular, the left-shifted peaks related to 

lattice parameter c (such as (004) and (106)) and the right-shifted peaks related to a and b 

parameters (such as (100), (110) and (112)) indicate a minimal anisotropic cell distortion, with 

c-axis elongation and basal-plane contraction. On the contrary, the pattern of LEO (Figure 5d) 

reveals a general decrease in the crystallinity of the material and the coexistence of multiple 

phases (as previously discussed for the redox processes observed in CV profile in Figure 3a); 

for instance, the OP4 phase is well evident with (004) reflection at 31.5°.45

Overall, these results confirm the beneficial effect of RTILs as electrolyte solvents with the 

investigated cathode materials in Na-based cells, especially at low current densities, where 

longer time usually allows the parasitic reactions to become more relevant and even compete 

with the main operating redox processes (at high currents this issue is negligible because of the 

very high rate of the main processes). With CE normally decreasing as current density 
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decreases, the improved performance under low current regime clearly indicates a key role of 

the RTIL-based electrolyte: the highly electrochemically stable and non-volatile RTIL-based 

electrolyte can efficiently suppress the unwanted side reactions by acting on several levels. 

First, they discourage ion dissolution and formation of intermediate species that typically feed 

parasitic reactions, including self-decomposition, which is largely reduced thanks to their high 

chemical stability. The promotion of a denser and more stable SEI induced by RTILs is also 

desirable to physically screen and protect the electrode surface and thus to block long-term side 

reactions. The distinct solvent properties of RTILs can also reduce the solubility of by-products 

into the electrolyte, confining them on the electrode surface. 
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Figure 5. Specific capacity and Coulombic Efficiency of Na-metal cells containing a) LEO, b) 

MEO, and c) HEO in combination with RTIL-based electrolyte (NaFSI in Pyr14FSI 1:4), upon 

galvanostatic cycling at different C-rates (representative voltage profiles vs. specific capacity 

are reported in Figure S6). XRD patterns of d) LEO, e) MEO, and f) HEO, comparing the fresh 

powder and the electrode after galvanostatic cycling with RTIL-based electrolyte (the 

reflections due to the Al foil current collector are marked with an asterisk).
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Provided the mitigated Mn dissolution owing to RTIL-based electrolyte, we need to understand 

the enhanced structural retention featured by the higher-entropy compounds. The Na-O 

coordination illustrated in Figure S7 of SI suggests that Na+ ordering is almost constant among 

the three compounds across the explored sodiation range. On the other side, the pair distribution 

functions, i.e., PDFs, for M-O coordination are largely affected by desodiation (see Figure S8 

in SI). Therefore, we dissect the contribution of each metal sublattice to the overall structural 

evolution upon charge, that is the analysis of distortion modes within any MO6 octahedron. 

Indeed, Na+ extraction from the layered crystal structure upon cathode charging can induce 

variations in both cell volume and geometry, potentially affecting phase stability and 

mechanical integrity. Whether such distortions arise primarily from oxidation of the central M 

atom or depletion of the Na layer, different metals may exhibit distinct distortion behaviors. 

The degree of octahedral tilting is evaluated through variations in both M-O bond lengths and 

O-M-O bond angles within the MO6 octahedron at different sodiation levels. Following the 

definitions by Nagle-Cocco and Dutton, the variations of bond lengths and bond angles 

accounting for the octahedral tilting can be quantified in terms of the six VanVleck modes (Q1, 

…, Q6). By extracting these quantities with the VanVleckCalculator for each M-centered 

octahedron from our PBE+U-D3BJ minimum-energy structures, we could calculate the average 

distortion magnitude (ρ, that contains the information on bond length variations) and the 

fraction parameter (η, which relates to the angular motions) as function of desodiation (as 

shown from the equations displayed on the right-hand side of Figure 6).46,47 In LEO (left 

panels), Ni-based octahedra exhibit increasing ρ values up to xNa = 0.30, followed by a sharp 

decrease at xNa = 0.12, while η increases steadily upon desodiation (the PDF, reported in Figure 

S8, shows significant shifts to lower Ni-O distances with decreasing sodium content, from 

~2.05 to ~1.85 Å). The Mn sublattice contributes minimally to the overall distortion (the PDF 

in Figure S8 is rather constant upon desodiation, the highest peak lying at ~1.90 Å). In MEO 

(middle panels), the inclusion of Co, Ti and Mg atoms, yielding a medium-entropy composition, 

does not significantly alter the octahedral distortions associated with bond lengths (as also 

mirrored in the PDF of Figure S8, with the bond length being kept constant in the range 1.8-2.1 

Å), but it modifies the angular displacements. Similarly to LEO, Ni-centered octahedra 

dominate the ρ trend, with negligible contributions from the other metals. However, Mg and Ti 

markedly impact the fraction parameter, reducing the contribution of shear-type deformations 

(η << 1). A similar behavior is observed for HEO (right panels), where Ti-based octahedra limit 

the angular shear motions and Ni-based ones drive the increasing  trend upon charge even 
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after incorporation of Al and Fe atoms. Because the η trend correlates with the angular motion 

of the oxide ligands, it serves as an indicator of materials’ propensity for layer gliding. As 

demonstrated by Langella et al.,6 the P-to-O phase transition is governed by shear-like 

deformations; thus, lower η values indicate a reduced tendency for phase transformation. 

Accordingly, increasing configurational entropy seems to enhance cathode phase stability, with 

MEO and HEO compositions showing lower shear-like structural distortions compared to LEO 

(see black dashed lines in the three panels). In particular, Ti-centered octahedra play a critical 

structural role, substantially mitigating distortion effects and promoting structural retention 

upon desodiation. This analysis aligns well with the XRD patterns of the samples collected 

before and after the galvanostatic cycling test previously discussed, where HEO and MEO 

(Figure 5f and 5e, respectively) feature a highly retained structure compared to LEO (Figure 

5d). 

Also in this case, the functional role of a given metal element appears to be influenced by 

configurational entropy. For example, the mitigation of shear deformations (reflected by a 

decrease in η values with increasing SoC) ascribed to Ti sublattice is more pronounced in MEO 

than in HEO. This suggests that the enhanced structural retention in the HEO composition can 

be ascribed not only to a metal-specific effect, but also to an additional synergic contribution 

of entropy-driven lattice stabilization. 

Figure 6. Structural distortion analysis: magnitude of distortion, , and shear fraction 

parameter, , calculated for (from left to right) LEO, MEO, and HEO, with the 

VanVleckCalculator. Equations are reported on the right side of the figure. Insets: structural 
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detail of the random distribution of metal atoms within the ab lattice plane. Color code: Mn 

purple, Ni green, Co blue, Ti cyan, Mg orange, Al gray, Fe brown, O red. Atoms are represented 

as spheres.

4. Conclusions

In this work, we demonstrated that combining first-principles modeling and electrochemical 

analysis can lead to a comprehensive knowledge on how configurational entropy governs the 

behavior of P2-type NaxMO2 layered oxides cathode materials for Na-ion batteries. 

At the purpose, three representative compositions with increasing entropy, i.e., 

Na0.68Mn0.68Ni0.32O2 (LEO), Na0.68Mn0.44Ni0.19Co0.25Ti0.09Mg0.03O2 (MEO), and 

Na0.68Mn0.44Ni0.19Co0.19Ti0.09Mg0.03Al0.05Fe0.01O2 (HEO), have been synthesized via solid-state 

reactions and fully characterized by means of XRD measurements, DFT calculations, cyclic 

voltammetry and galvanostatic cycling in Na-based cells assembled with both standard 

NaClO4-PC and NaFSI-Pyr14FSI RTIL-based electrolytes.

From our outcomes, configurational entropy is shown to be a key driver on several levels: 

(i) as unveiled from HSE06-resolved electronic structures and CV profiles, increasing entropy 

can improve the electrochemical response of the cathode material by enabling charge 

compensation across multiple redox-active species (i.e., Co3+/Co4+ and Fe3+/Fe4+ in 

addition to Ni2+/Ni3+/Ni4+), which avoid local over-oxidation, prevent phase transitions 

(observed instead in the CV of LEO and confirmed by post-mortem XRD analysis), reduce 

voltage hysteresis, thus improving cycling reversibility upon subsequent 

charging/discharging.

(ii) DFT results on out-of-layer metal migration suggest that increasing entropy can effectively 

discourage Mn dissolution (e.g., unfavorable formation of Mn2+/Navac antisite defects), 

which is instead highlighted as the main cause of cell failure for the low-entropy 

formulation. While LEO suffers from rapid degradation with conventional carbonate 

electrolytes, MEO and HEO materials deliver superior cycling stability and capacity 

retention. In particular, the best performance is obtained by HEO in combination with the 

RTIL-based NaFSI-Pyr14FSI electrolyte (92% of capacity retention at the 40th cycle with 

respect to the initial capacity of 83 mAh g–1), which is consistent with a mitigation of Mn 

dissolution and with the formation of a dense and stable SEI.
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(iii) as evinced from post-mortem XRD measurements, increasing entropy can greatly improve 

structural retention upon cycling. By dissecting each metal contribution to the overall 

structural evolution upon charge, we elucidate the role of metal mixing in mitigating 

octahedral distortions occurring upon desodiation and retaining the shear-type 

deformations that typically drive layer gliding and thus the P-to-O phase transitions.

Overall, configurational entropy emerges as an effective design lever for stabilizing P2-type 

layered cathodes. This study focuses on a specific set of materials and further efforts would be 

required to fully assess the transferability of these results, as for example through a systematic 

exploration of the complete compositional space via stepwise elemental incorporation. 

However, several robust trends already emerge and provide a solid foundation for transferable 

design guidelines. By implementing broader metal mixing, it is possible to attenuate Jahn-Teller 

distortions and any octahedral tilting, suppress shear-type lattice deformations linked to P-to-O 

layer gliding, and distribute charge compensation across multiple redox-active cations. Such 

collective effects stabilize the host framework and reduce the driving force for detrimental 

metal ion migration. Beneficial effects are highlighted as metal-specific and may therefore be 

achieved through appropriate metal doping strategies. For example, Co and Fe act as redox-

active elements that promote redox delocalization and stabilize the electronic response, while 

Ti serves as an electrochemically inert species that suppresses shear-induced structural 

distortions. However, these mechanisms appear to be further enhanced in the presence of high 

configurational entropy. Whether exerting direct or indirect effects on the structural and 

electronic responses to the electrode functioning, mixing entropy engineering can enable robust 

and durable Na-ion battery performance. These insights provide clear guidelines for the 

development of next-generation high-entropy layered oxides for sustainable energy storage.

Supporting Information

The Supporting Information is available free of charge and contains:

▪ XRD pattern and Rietveld refinements

▪ Lattice parameters obtained from DFT+U calculations

▪ PDOS and average magnetization obtained from hybrid DFT calculations

▪ Representative voltage profiles at different C-rate upon galvanostatic charge/discharge 

cycles

▪ PDF of Na-O and M-O distances.
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