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Abstract: Sodium-ion batteries are increasingly regarded as a sustainable alternative to lithium-ion technology
for large-scale energy storage, but their development remains limited by the lack of durable high-energy cath-
odes. Among themost promising candidates, P2–Mn-based layered oxides combine high theoretical capacity with
structural versatility, yet their performance is constrained by two degradation pathways: (i) the irreversible
participation of lattice oxygen in the redox process and (ii) voltage-driven solid-state phase transitions. This
research article synthesizes our recent ab initio investigations aimed at disentangling the atomistic origins of
these processes occurring in the high-voltage regime.We show thatMndeficiency activates oxygen redox but also
promotes O2 release, whereas Fe and Ru doping strengthen TM–O covalency, enabling reversible anionic redox.
In parallel, we identify cooperative Jahn–Teller distortions and Na+/vacancy reorganization as the driving forces
of high-voltage phase transitions and propose simple geometric descriptors as predictive tools for structural
stability. Together, these insights help to establish quantum-based design guidelines for layered sodium cathodes:
reinforce TM–O covalency, suppress oxygen evolution, and mitigate phase instabilities. By combining first-
principles modeling with targeted compositional design, we pave the way toward the accelerated discovery of
sustainable, cobalt-free, and high-energy cathodes for next-generation sodium-ion batteries.

Keyword: Quantum science and technology.

Introduction

Since the advent of lithium-ion batteries (LIBs), enormous efforts have been devoted to the development of
alternative electrochemical energy storage technologies capable of supporting the global energy transition.1–6
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Among the available options, sodium-ion batteries (NIBs) are increasingly recognized as a promising candidate,
owing to the abundance and low cost of sodium, coupled with electrochemical principles analogous to those of
LIBs.6–8 NIB potential spans from stationary grid-scale applications integrated with renewable energy plants to
next-generation heavy-duty electric transportation.9,10 Furthermore, the development of all-solid-state NIBs has
the potential to meet stringent requirements of safety, scalability, and cost-effectiveness.11,12

From a materials design standpoint, achieving high energy density requires coupling low-potential anodes
with high-voltage cathodes.13,14 However, sodium analogues of LIB electrodes often suffer from lower interca-
lation potentials, sluggish kinetics, and structural instabilities associated with the larger Na+ ionic radius.8,15

While substantial progress has been achieved on the anode side, from hard carbons to alloys, titanates, and low-
dimensional heterostructures,15–20 the cathode remains the most critical bottleneck for enabling high-
energy NIBs.

Among cathode candidates, layered transition-metal oxides (NaxTMO2) are the most intensively investi-
gated.21–23 Their structural analogy with LiTMO2, already commercialized in LIBs, has accelerated their devel-
opment. The Delmas notation is commonly used to classify NaxTMO2, which distinguishes between prismatic (“P”)
and octahedral (“O”) coordination of Na+ ions and specifies the number of transition-metal layers per unit cell.24,25

Among the different polymorphs, the P2 and O3 phases are the most relevant for sodium storage.23 In particular,
P2-type manganese-based layered oxides have emerged as highly attractive cathodes, as they combine large
prismatic diffusion channels that enable rapid Na+ transport, high theoretical capacities exceeding 200 mAh g−1,
and relatively good cycling stability.15 Moreover, manganese is abundant, inexpensive, and environmentally
benign, making these compounds especially appealing for sustainable, large-scale applications.23,26,27

Despite these advantages, the practical deployment of P2–Mn-based layered oxides remains limited by
structural instabilities and degradation at high voltages. Two phenomena are especially detrimental: (i) the
irreversible participation of lattice oxygen in the redox process and (ii) solid-state phase transitions.23,28–30 Unlike
Li-based analogues, Na-layered oxides exhibit pronounced structural rearrangements such as the P2 to O2, the P2
to OP4, or the P2 to P2′ transitions, which involve TM–O layer gliding and lattice volume variations exceeding
20 %.27,31–33 In particular, in P2-NaxMnO2 (NMO), desodiation induces a P2 → OP4 transition, where sodium
occupies prismatic sites in one layer and octahedral sites in the next (Fig. 1a).34 In P2-NaxNi0.25Mn0.75O2 (NNMO), Ni
incorporation extends the electrochemical window and activates anionic redox processes at high potentials.35–39

However, the system still undergoes a P2→ O2 transition at ∼4.1 V (Fig. 1b).40,41 Such processes result in capacity
fading, voltage hysteresis, and mechanical degradation. Although these instabilities can be partially mitigated
through compositional design, for example via alkali or selected TM doping,33,42 the underlying mechanisms
remain under debate, and simple, predictive descriptors are still lacking.23

In this context, our recent investigations have provided new insights into the electronic and structural
mechanisms governing oxygen redox and phase stability in P2–Mn-based layered oxides. We first examined the
prototypical NMO, systematically exploring its charge-compensation mechanisms at different states of charge.
Our calculations revealed that its intrinsic instabilities originate from the cooperative Jahn–Teller distortions of
Mn3+ centers, coupled with sodium reorganization at high degrees of desodiation, which together drive

Fig. 1: Schematic diagrams of (a) NMO and (b) NNMO phase
evolution during battery operation. View along the y axis.
Atoms are represented as spheres, and TMO6 octahedra as
polyhedra. Color code: Na, yellow; Mn, violet; O, red; Ni,
gray. Reproduced from Langella et al.43 Copyright 2025
American Chemical Society.
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detrimental structural transformations.43 Building on this understanding, we investigated the effect of Ni sub-
stitution, focusing on Mn-deficient NNMO as a representative composition.35

The introduction of Ni improves electrochemical performance, but does not suppress oxygen release at high
voltages, thereby highlighting the delicate balance between capacity enhancement and structural degradation.35

We further demonstrated that Fe and Ru doping enhances TM–O covalency and suppresses oxygen loss, enabling
reversible oxygen redox and improved capacity retention.44,45 Finally, we revealed that phase transitions in NMO
and NNMO can be rationalized using simple geometric descriptors, opening the way to predictive rules for phase
stability.46

Although our analysis focuses on P2–Mn-based layered oxides for NIBs, several insights extend across
chemistries. In Li-rich layered oxides, the coupling between TM–O covalency and anionic redox, as well as the
management of O–Odimerization, has been extensively discussed and experimentally probed.30,47–49 Polyanionic
cathodes such as NASICON and phosphate frameworks offer a complementary design space, where strong
inductive effects stabilize high voltages while mitigating oxygen activity.50–52 These broader perspectives moti-
vate the methodology adopted here and highlight the potential of our descriptors as transferable design handles
beyond P2 oxides.

This research article synthesizes our recent findings into a unified framework, providing a perspective on
digital design guidelines for P2–Mn-based layered oxide cathodes in the high-voltage regime, where first-
principles modeling, informed by structural and electronic descriptors, provides actionable insights to stabilize
high-energy phases, enable reversible oxygen redox, and accelerate the discovery of sustainable and efficient
cathode materials for next-generation sodium-ion batteries.

Methods and computational details

First-principles calculations for P2-NMO, NNMO, NFNMO, NRNMO, and their Mn-deficient analogues were
performed using the projector augmented wave (PAW) method as implemented in the Vienna Ab Initio
Simulation Package (VASP).53–55 Structure optimizations were carried out within spin-polarized generalized
gradient approximation (GGA), employing the Perdew–Burke–Ernzerhof (PBE) exchange-correlation
functional.56

The choice of PBE is motivated by its widespread use andwell-documented reliability inmodeling transition-
metal oxides for battery applications.47,56–59 However, for mid-to-late 3d metals, localized d electrons are poorly
described at the GGA level due to self-interaction error. To correct this limitation, we adopted the DFT+U
approach with an effective on-site correction parameter (U−J)eff = 4.0 eV applied to the Mn, Ni, Fe and Ru
d shells.21,45,46,51 This scheme is the current standard for layered systems,45,60,61 and has been benchmarked
against hybrid functionals (e.g., HSE06), consistently showing good agreement while offering a much more
favorable accuracy-to-cost ratio.62–67 Layered cathodes are also strongly influenced by dispersive interactions
between adjacent TM–O layers. Semi-local functionals alone fail to capture this physics, leading to unrealistic
interlayer spacing. We therefore employed the DFT-D3 correction with Becke–Johnson (BJ) damping, which has
been demonstrated to accurately reproduce van der Waals interactions in layered materials, including graphite,
MoS2, and layered oxides.68–75 The adoption of DFT-D3(BJ) is thus both motivated by previous benchmarking
studies and required for a faithful description of structural energetics.

A plane-wave energy cutoff of 750 eV and a 4 × 4 × 4 k-points grid based on theMonkhorst–Pack schemewere
adopted, as determined from convergence tests.76 Electronic self-consistency convergence criteria for electronic
minimization and ionic forces were set at 10−5 eV and 10−3 eV Å−1, respectively.

Structural models of all P2-type Mn-based materials were constructed in the P63/mmc space group using
4 × 4 × 1 supercells, containing 100–120 atoms depending on the sodium content (xNa). Configurational disorder of
Na/vacancy distributions and TM mixing in the transition-metal layers were modeled using the special quasi-
random structure (SQS) approach implemented in the SQSgen code.77,78 Mn-deficient systems were generated by
introducing two Mn vacancies per supercell, arranged in the most homogeneous configuration to avoid artificial
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clustering. Electrochemical cycling was emulated by gradually removing Na atoms at each stoichiometry step,
allowing us to track the structural and electronic evolution during charge.

All the electronic structure calculations and geometry optimizations for O-defective and O2-intermediate
structures followed the same computational protocol. Atomic magnetic moments were extracted from collinear
spin calculations in VASP, obtained as the integrated difference between spin-up and spin-down channels within
default Wigner–Seitz spheres. Geometrical parameters, including bond lengths and angular distortions, were
analyzed using the Van Vleck calculator.79 Phase transition pathways (P2-to-P2′ and P2-to-OP4/O2) in NMO and
NNMO were obtained using the pmpath tool in the modified version developed by Samtsevich.80 √3 × 2 × 1
supercells for NMO and 2√3 × 4 × 1 were employed to capture sodium ordering at lower contents; for direct
comparisons, the larger 2√3 × 4 × 1 supercell was consistently used.46 Transition barriers were evaluated using
the variable-cell nudged elastic band (VC-NEB) method,81 interfaced with USPEX,82 adopting the same conver-
gence parameters as in the structural relaxations.

Discussion

This Perspective focuses specifically on the high-voltage regime, where degradation phenomena are most pro-
nounced and yet most critical for achieving durable high-energy cathodes for NIBs. The discussion follows a
logical progression centered on high-voltage processes: starting from the prototypical NMO and its structural and
electronic evolution during the charge process, moving to theNi-doped systemdesigned to enhance capacity, then
addressing Fe- and Ru-substituted systems to enable reversible anionic redox, andfinally exploring the kinetics of
phase transitions. By combining structural, electronic, and thermodynamic analyses, we track how these prop-
erties evolve upon desodiation and highlight how targeted compositional tuning can mitigate degradation
mechanisms under high-voltage operation.

NaxMnO2: structural and electronic evolution

To gain fundamental insights into the behavior of Mn-based layered oxides, we first examined the prototypical
P2-NMO system across representative states of charge (0.72 ≥ xNa ≥ 0.34). The calculated lattice constants
reproduced experimental values with excellent accuracy, validating the reliability of our description of phase
stability.34 Consistent with experimental observations, the P2 structure was found to be the most stable config-
uration in the intermediate regime (0.47 ≤ xNa ≤ 0.59), while the OP4 and P2′ polymorphs became thermody-
namically favored at high (xNa = 0.34) and low (xNa = 0.72) sodium contents, respectively.43

Analysis of the Mn–O pair distribution functions (Fig. 2a) revealed pronounced distortions of MnO6

octahedra upon desodiation. At high Na content (xNa = 0.72), two distinct Mn–O bond lengths were
observed (∼1.9 Å and ∼2.2 Å), indicative of Jahn–Teller (JT) distortions associated with Mn3+ centers.43 Pro-
gressive extraction of Na+ reduced the long Mn–O distances, signaling the oxidation of Mn3+ to Mn4+. The
projected density of states (PDOS) (Fig. 2b) further confirmed this behavior: the characteristic splitting of Mn eg
orbitals (green bands) gradually disappeared as the Mn3+ fraction decreased, thus reducing the Jahn–Teller
activity.83,84 Crucially, JT-related distortionswere not confined to local octahedra, but propagated cooperatively
across the lattice, evidencing the presence of a cooperative Jahn–Teller effect (CJTE).83,85–88 As reported in
Fig. 2c, at intermediate sodiation (xNa = 0.47), Mn3+/Mn4+ ordering adopted a zig-zag arrangement in the ab
plane, which minimized the overall distortion and stabilized the P2 phase. In contrast, at higher and lower Na
contents (xNa = 0.72 and xNa = 0.34), this cooperative arrangement was lost, giving rise to local distortions and
facilitating gliding-driven transitions toward P2′ or OP4 phases. This “exotic” cation ordering in the ab-plane
thus represents a direct fingerprint of the cooperative Jahn–Teller effect, as widely discussed in the
literature.86,87,89–92
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In parallel, Na+ rearrangement was found to play a pivotal role in driving structural transitions. The
P2→OP4 transition requires prismatic Na sites to evolve into octahedral ones. Upon desodiation, Na+ ions located
at face-sharing sites (NaF) were found in pseudo-octahedral displaced positions (NaD) (Fig. 3a). To assess the
relative stability of all the Na sites (Fig. 3a), we computed the sodium vacancy formation energy at each xNa as:

ΔEv = ENaxMnO2 − ENa*xMnO2
+ 1
2
ENa (1)

where ENaxMnO2 and ENa*xMnO2
represent the total energy before and after Na removal, respectively, and ENa is the

total energy of sodiummetal in its bcc structure.93 As shown in Fig. 3b, edge sites (NaE) were generallymore stable
than face-sharing sites (NaF) within the range 0.4 < xNa < 0.7, but displaced NaD sites exhibited the highest stability
overall. At higher voltages, Na+ ions therefore preferentially occupy pseudo-octahedral positions, making
the transition from face to pseudo-edge configurations thermodynamically favorable. Since the P2 lattice
cannot accommodate both prismatic and octahedral coordinations simultaneously,94 this displacement
necessitates TM–O layer gliding, thereby activating the P2 → OP4 transition.

Fig. 2: Structural and electronic evolution. (a) Pair distribution functions (PDFs) of Mn–O distances in NMO at different Na contents. The
inset highlights the axial Mn–O compression. (b) Atom-, angular momentum-, and spin-projected density of states (PDOS) as a function of
xNa for NMO computed at the PBE+U-D3(BJ) level of theory. Colour code: Na s states, yellow; Mn t2g and eg bands, violet and green,
respectively; O p states, red. (c) Geometrical distributions of Mn3+ andMn4+ in the a–b plane of NMO lattice. The periodic replica images are
displayed for a more comprehensive visualization, while O and Na atoms are removed for clarity. Colour code: Mn3+-centered octahedra,
violet; Mn4+-centered octahedra, green. Voltage values are reported for each composition, derived from the calculated intercalation
potentials plotted in the capacity-voltage curve.44 Reproduced from Langella et al.44 Copyright 2024 American Chemical Society.
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Taken together, these results highlight that the structural evolution of NMO is dictated by the delicate
interplay of three factors: (i) Jahn–Teller distortions of Mn3+, (ii) long-range cooperative effects, and (iii) Na+

ordering. These insights provide an atomistic rationale for the poor cycling stability of pristine NMO and point
to compositional tuning (via aliovalent doping or Na-site substitution) as essential strategy to suppress gliding-
driven transitions and unlock its potential as a viable high-energy cathode material.28,85

NaxNi0.25Mn0.68O2: reversible AR vs. O2 release

One of the main strategies to enhance the capacity of P2-NMO is partial substitution of Mn with Ni, since the
multiple Ni2+/Ni3+/Ni4+ redox couples provide access to higher capacities.95 Among these systems, P2-type
Mn-deficient cathodes have attracted considerable attention due to their high reversible capacity and prom-
ising rate capability. However, spectroscopic investigations (i.e., EXAFS) consistently indicate oxygen loss at
high voltage, evidenced by radial gradients in transition-metal oxidation states after cycling.38 To clarify the
atomistic origin of this behavior, we investigated NaxNi0.25Mn0.68O2 (Mn-deficient NNMO) across representa-
tive states of charge (0.125 ≤ xNa ≤ 0.75). For clarity and consistency, only the Mn-deficient system is here
reported.

Electronic-structure analysis reveals that, upon desodiation, Mn remains essentially in the Mn4+ state
(Fig. 4a), while charge compensation is primarily carried byNi, which undergoes progressive Ni2+→Ni3+→Ni4+

oxidation (Fig. 4b). It thus becomes evident that Ni substitution reduces the presence of Mn3+, and, as we will

Fig. 3: Analysis of sodium
displacements within NMO
structures: (a) top views of
different Na crystallographic
sites in the PBE+U-D3(BJ)
minimum-energy structures. Na
atoms in green, orange, and blue
show edge, displaced and face
sites, respectively. (b) Sodium
vacancy formation energies, ΔEv,
calculated according to eq. 1 for
all the possible sites occupied in
NMO and reported as a function
of xNa. Reproduced from Lan-
gella et al.35 Copyright 2024
American Chemical Society.
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discuss in the final section, the Ni/Mn ratio can be optimized to mitigate structural instabilities. At deep
desodiation, the increase in magnetization on oxygen sites (Fig. 4c), together with the partial crossing of O 2p
states at the Fermi level observed in the PDOS (Fig. 4d), clearly signal the onset of lattice oxygen redox. While
oxygen participation in charge compensation is thus well established, its reversibility remains the critical
challenge.

Oxygen redox in layered oxides is often coupled to dimerization reactions, which have been widely reported
both experimentally and computationally.21,29,35,93,96 Stabilizing such oxygen dimers is crucial for ensuring
reversibility, and this can be achieved through increased TM–O covalency via targeted substitutions.35,48,95 To
investigate this process in Mn-deficient NNMO, we computed the formation energy of dioxygen intermediates
bound to neighboring transition-metal cations:

ΔE = ETM−O2−TM − ENaxTMO2 (2)

where ETM−O2−TM is the energy of the superoxide/peroxide complex within the cathode lattice, and ENaxTMO2 is
the energy of the pristine structure. As shown in Fig. 5, at low Na content the Mn-deficient NNMO cathode
stabilizes several dioxygen species, most commonly μ2–η1 superoxides with O–O bond lengths of 1.26–1.29 Å,97,98

coordinated to adjacent TM atoms in various modes (Mn–O–Ni, Mn–O–Mn, or bridging between multiple sites).
In addition, we identified a metastable molecular O2 species (dO–O ≈ 1.23 Å) with no TM coordination, corre-
sponding to the irreversible release of oxygen gas. At xNa = 0.25, the most stable dioxygen complex has
ΔE ≈ −0.10 eV, consistent with the extra voltage plateau at ∼4.1 V observed during the first charge.38 At deeper
desodiation (xNa ≈ 0.125), the formation energy of free O2 rises to only ∼0.8 eV, a value easily accessible under
typical operating conditions thereby explaining the irreversible capacity loss near 4.5 V.38 Taken together, these
results establish a mechanistic link between Mn deficiency, oxygen-dimer intermediates, and irreversible O2

evolution, highlighting the need for bond-strength tuning strategies to decouple capacity gains from oxygen
release.

Fig. 4: Electronic structure analysis of NaxNi0.25Mn0.68O2 as a function of xNa: net magnetic moments on Mn (a), Ni (b), and O (c) with the
corresponding electronic configuration on the side; (d) atom-, angular momentum-, and spin-pDOS computed at the PBE+U(-D3BJ) level of
theory; colour code: Na s states, yellow; Mn d states, purple; Ni d states, green; O p states, red. Reproduced fromMassaro et al.35 Copyright
2021 American Chemical Society.
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NaxFe0.125Ni0.125Mn0.68O2 and NaxRu0.125Ni0.125Mn0.68O2: highly covalent TM–O
networks

Drawing inspiration fromLi-rich analogueswhere high TM–O covalency correlates with reversible anionic redox
and suppressed dimerization, we investigated Fe and Ru doping as a strategy to enhance TM–O bond covalency
and stabilize oxygen redox in Mn-deficient NNMO.99–101 Specifically, we explored NaxFe0.125Ni0.125Mn0.68O2

(NFNMO) NaxRu0.125Ni0.125Mn0.68O2 (NRNMO) across various states of charge xNa. While the electronic-structure
fingerprints of anionic redox are well established, here we focus on how doping alters the fate of oxygen dimers
and suppresses irreversible O2 release.44,45Mapping dioxygen intermediates according to eq. 2 nearMn vacancies
reveals that all stabilized species are superoxides (dO–O ≈ 1.26–1.37 Å) in either bridging or binuclear geometries,
with formation energies that decrease as xNa decreases.

In Fe-doped systems (Fig. 6a), Mn–O2–Fe environments are energetically favored at xNa = 0.125, yielding a
particularly stable superoxide (ΔE≈ −0.20 eV) formed by breaking a Ni–Obond. Crucially, free O2 is not stabilized,
indicating that Fe doping effectively pins the O–O dimer in a reversible superoxide form and raises the barrier to
molecular oxygen evolution. This mechanism explains experimental reports of enhanced and reversible ca-
pacities in Fe-doped NNMO without detectable O2 release, while simultaneously meeting low-cost and sustain-
ability requirements.

Ru doping exerts a complementary effect (Fig. 6b). In NRNMO, all stabilized intermediates are again su-
peroxides (dO–O ≈ 1.28–1.32 Å), but their formation energies are substantially higher than in NNMO or NFNMO,
particularly when Ru–O bonds would be broken or when the dioxygen binds directly to Ru. No free O2 is
stabilized. This behavior is consistent with the stronger covalency of Ru–O bonds, which disfavors O–O

Fig. 5: Dioxygen formation inMn-deficient NNMO: (top) top-view of A–D structures and (bottom) dioxygen formation energetics identified
at (a) xNa = 0.25 and (b) xNa = 0.125. Colour code: Ni, green; Mn, violet; O (lattice position), red; O (dioxygen position), orange; the yellow
circles highlight the initial positions before dioxygen formation. Only atoms around the dioxygen complex are shown for clarity. Repro-
duced from Massaro et al.35 Copyright 2021 American Chemical Society.
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dimerization and suppresses oxygen release. Notably, in Li-rich systems, Ru has been shown to enable reversible
oxygen redox through robust O–O coupling mechanisms; here, Ru similarly prevents O2 evolution in the Na
framework by strengthening the TM–O network.102–104

The covalency-based rationale we establish for stabilizing oxygen redox in Mn-rich P2 oxides echoes the
trends reported in Li-rich layered systems, where increasing TM–O overlap correlates with reversibility of

Fig. 6: Formation of dioxygen species in the Mn-deficient site of (a) NFNMO and (b) NRNMO. Corresponding formation energy, ΔE,
computed according to eq. 2 at PBE+U(-D3BJ) are also reported. Colour code: O atoms at dioxygen positions are depicted in brown, Fe in
blue and Ru in cyan. Reproduced from Massaro et al.45 Copyright ©2000–2022 by John Wiley & Sons, Inc. 134 and from Massaro et al.44

Copyright 2022 American Chemical Society.
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O-redox and suppressed O2 evolution.101,102 In contrast, polyanionic frameworks such as phosphates and NASI-
CONs rely on strong inductive effects from the polyanion groups, which elevate redox potentials while inherently
suppressing lattice-oxygen participation by stabilizing the anion sublattice.105 These cross-chemistry parallels
help to position our “digital design toolbox”within a broader context and highlight where each descriptor is most
predictive.

Taken together, Fe and Ru dopings illustrate two complementary stabilization routes: Fe lowers the
energy cost of forming superoxides while preventing O2 release, enabling reversible oxygen redox; Ru
strengthens TM–O bonds and suppresses dimerization altogether. Both approaches demonstrate that intro-
ducing mild modifications to TM–O covalency can decouple capacity enhancement from structural degra-
dation. In this way, anionic redox not only delivers additional capacity but can also be recovered over cycling,
since O2 evolution is effectively mitigated. Finally, Massaro et al. have further shown that oxygen-vacancy
formation energy (EVO) provides a simple yet powerful energetic descriptor of TM–O bond lability and, by
extension, of a composition’s propensity for O2− oxidation and O2 evolution.93 This parameter, easily
accessible from first-principles, offers a predictive framework to rationalize and guide compositional design
strategies.

Solid-state phase transitions: mechanisms, barriers, and descriptors

Another critical aspect in modeling P2–Mn-based cathodes at high voltage is the detrimental P–O glide. To
unravel the structural degradation induced by phase transitions, we mapped the minimum-energy paths for the
key P2 → P2′ and P2 → OP4/O2 (hereafter P2 → O) transformations in NMO and NNMO using the variable-cell
nudged elastic band (VC-NEB) method.81

As shown in Fig. 6, VC-NEB quantifies how state of charge (SoC) and doping bias the competition between
pathways. For NMO (Fig. 7a), the P2 → P2′ transition is kinetically favored at high Na content (xNa ≈ 0.75),
whereas the P2 → O transition dominates at low Na (xNa ≈ 0.375). In NNMO (Fig. 7b), the P2 → P2′ barrier
increasesmarkedly (≈ 1.70 eV vs. 1.24 eV in NMO), indicating enhanced stability at low voltage. At high voltage,
however P2 → O becomes easier (≈ 1.04 eV at xNa ≈ 0.125), rationalizing the phase conversion observed near
the O-redox region (∼≥ 4.1 V). Notably, at an intermediate SoC (xNa ≈ 0.375), the P→O barrier in NNMO is large
(∼2.9 eV), suggesting that glides are only triggered at deep desodiation.46 Two elementary motions underpin
these transitions: (i) an in-plane shift/rotation of TMO6 units within the ab plane that preserves oxygen-layer
superimposability, driving P2 → P2′, and (ii) an alternating glide of TMO2 sheets with a π/3 rotation that
disrupts O-stacking, driving P2 → O (Fig. 7c). Along both pathways, the transition state (TS) features a
tetrahedral coordination around TM, consistent with EXAFS evidence of coordination changes during
cycling.39

To derive a practical metric for predicting phase-transition propensity, and to complement the previously
proposed EVO descriptor, we employed Van Vleck crystal-field theory,79,106 as implemented in the Van Vleck
calculator.79 Decomposition of octahedral distortions (DOct) into distinct modes reveals two key drivers: (i)
bond-length (Jahn–Teller-like) distortions, quantified by the magnitude ρ0, and (ii) bond-angle (tilt/shear)
distortions, summarized by the fractional parameter η46 (Fig. 8). For NMO, as shown in top right panel of Fig. 8,
DOct follows a U-shaped trend versus xNa, with a minimum near xNa ≈ 0.47.43,46 At low Na content, tilt/shear
distortions (bottom right panel) increase (η↑), eventually approaching unity, at which point the P→ O barrier
becomes favorable.

In NNMO, ρ0 (Mn) (left middle panel, Fig. 8), decreases uponMn3+ toMn4+ oxidation, while ρ0 (Ni) (left bottom
panel, Fig. 8), increases due to the Jahn–Teller activity of Ni3+. Nevertheless, the net ρ0 remains smaller than in
NMO, consistent with the higher P2 → P2′ barrier. This highlights ρ0 as a fundamental parameter to assess the
effect of doping, whether it alleviates or amplifies octahedral distortions. In this case, Ni substitution enhances
capacity, but excessive Ni content could reverse the trend at low xNa, increasing distortions and thus favoring
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structural instabilities. At deep desodiation, η (bottom left panel, Fig. 8) again approaches unity, at which point
even in NNMO the P → O barrier becomes accessible, confirming shear as the primary kinetic lever for phase
transitions at high voltage.

Fig. 7: Energy profiles for phase transitions at the critical xNa: (a) NMO and (b) NNMO. Barriers for P2→ P2′ and P2 → O transitions are
plotted in blue and red, respectively. (c) Schematic representation of the P2 → P2′ mechanism, highlighting the in-plane shifts of TMO6.
Yellow and orange circles mark the oxygen ligands involved and their displacements; dotted and filled circles indicate initial and final
positions, respectively. Reproduced from Langella et al.46 Copyright 2025 American Chemical Society.
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Fig. 8: Structural distortion parameters plotted as a function of xNa in (left) NMO and (right) P2-NNMO. The first row shows the octahedral
distortion, %Doct, as a function of xNa. The second and the third rows present themagnitude of the distortion, ρ0, and fraction parameter, η,
respectively. Insets are as follows. (first row) Cation distributions in the ab-planewith O andNa atoms removed for clarity. Color code:Mn3+-
centered octahedra, violet; Mn4+-centered octahedra, green; Ni2+-centered octahedra, gray; Ni3+-centered, turquoise. (second row)
Schematic of an ideal Mn4+O6 octahedron and axially elongated Mn3+O6 one. Reproduced from Langella et al.46 Copyright 2025 American
Chemical Society.
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Conclusions and perspectives

This work has outlined a comprehensive theoretical framework for understanding P2–Mn-based layered oxides,
emphasizing how oxygen redox activity and solid-state phase transitions jointly govern their electrochemical
stability at high voltages. By integrating electronic-structure analysis, defect energetics, and transition-state
modeling, we establish descriptor-based guidelines that can inform the rational design of advanced sodium-ion
cathodes.

Key insights can be summarized as follows:
– Charge-compensation mechanisms. In all doped systems, the Mn sublattice remains largely electro-

chemically inert at high voltage, retaining Mn4+ or mixedMn3+/Mn4+ states. Instead, selected TM dopants (Ni,
Fe, Ru) act as the primary redox-active species, enhancing capacity. However, their amountmust be carefully
tuned, as excessive substitution can induce structural instabilities, a balance that can be assessed through the
ρ0 parameter.

– TM–O covalency and oxygen activity. In undoped NNMO, low-energy superoxide intermediates act as
precursors to O2 release, especially near Mn-deficient sites. By contrast, Fe and Ru substitution strengthen
TM–O covalency, confining anionic oxidation to reversible superoxide formationwhile suppressingmolecular O2

evolution.
– Oxygen vacancy energetics. The formation energyof oxygenvacancies (EVO) emerges as a simple,first-principles

descriptor of TM–Obond lability and, by extension, of a composition’s propensity forO2−oxidation andO2 evolution.
– Phase-transition mechanisms. Beyond redox chemistry, instability also arises from P2 → P2′ and P2 → O

glides. Geometric descriptors (ρ0, η) derived from octahedral distortion analysis, provide a direct and intu-
itive link between transition-metal composition and phase-transition propensity.

Table 1 summarizes the main cathode compositions investigated in this work, the dominant high-voltage in-
stabilities, and the associated structural and electronic descriptors (ρ0, η, EVO). Together with their physical
meaning and computational accessibility, these descriptors serve as a digital design toolbox to rationalize
degradation mechanisms and guide targeted mitigation strategies.

Together, these findings serve as foundation for a new design strategy for high-voltage sodium cathodes:
reinforce TM–O covalency to enable reversible oxygen redox while suppressing O2 release; optimize ρ0 to
minimize Jahn–Teller distortions; and maintain η below unity to prevent shear-driven P → O glides. Such
descriptors are readily accessible from first-principles calculations and can thus accelerate the discovery of new
effective sodium-ion cathodes. Beyond their immediate use in rational design, these physics-based descriptors
can also act as transferable features for automated high-throughput screening and as input parameters for
machine-learning models, offering a powerful route to efficiently explore the vast compositional space of
candidate cathode materials.

Although developed here for P2–Mn layered oxides, the descriptors advanced in this work, ρ0 (bond-length
distortion), η (shear/tilt), and EVO (oxygen-vacancy formation energy), map naturally onto other cathode families:
they connect to covalency-controlled O-redox in Li-rich layered materials, to inductive-effect stabilization in
polyanion frameworks, and to vacancy-governed stability in Prussian blue analogues.107

Table : Summary of the main P–Mn-based layered oxides investigated, their dominant high-voltage instabilities, and the associated
electronic/structural descriptors.

Composition Main high-voltage
instability

Descriptor Predictive role Mitigation strategy

NMO P → O transition η, ρ η →  indicates shear-driven instability
ρ → evaluates dopant content

Aliovalent doping, Na-substitution

NNMO O release EVO Low EVO signals high O-evolution tendency NRNMO/NFNMO
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Looking ahead, future research should address the interplay between bulk mechanisms and
surface/interface phenomena, where oxygen activity may be strongly influenced by electrolyte reactivity.
Bridging first-principles modeling with operando characterization will be essential to validate these descriptors.
Moreover, integrating parameters such as EVO, ρ0, and η into machine-learning (ML) frameworks for crystal
design offers a promising route to rapidly screen compositional space and identify cathode materials that
combine reversible anionic redoxwith structural robustness. Preliminary studies have already demonstrated the
potential of ML for Na-based cathodes, for example in predicting redox potentials, phase stability, and Na-ion
mobility in layered oxides.108–112 While these approaches remain at an early stage compared to the more
established Li-ion field, they underscore the feasibility of using descriptors such as ρ0, η, and EVO as effective
features in future ML-guided discovery of sodium-ion cathodes. This synergy between physics-based modeling,
data-driven approaches, and experimental validation will be key to accelerating the digital discovery of sus-
tainable, high-energy sodium cathodes tailored for next-generation solid-state batteries.
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