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ABSTRACT: P2-type Naj4MnO, cathodes suffer from complex
phase transitions during cycling, limiting their practical application.
In this work, first-principles calculations are employed to
systematically investigate the effects of partial cation substitution
in Nay ¢;Mn, sM;,0, (M0.2-NMO) on thermodynamics, structural
evolution, and phase transition evaluation. Our results reveal that
cation substitution exerts only a minor influence on the
thermodynamic driving forces of phase transitions owing to the
marginal formation energy differences among the P2, OP4, and O2
phases. However, cation substitution has a much larger effect on
structure-related factors (octahedral distortion, bond-length
distortion, and shear deformation) and the tetrahedral transition
states arising from MOy octahedral rotations and layer slipping,
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suggesting that structure regulation is a more effective strategy for enhancing phase stability. Our analysis of the P2-to-O2 transition
reveals that the Mg- and Co-NMO systems exhibit significantly higher barriers than pure NMO, whereas nearly all other substituted
systems result in increased slipping barriers. We also investigate the effect of cation substitution on the redox mechanism during
desodiation and identify the activation of oxygen redox at high states of charge. Overall, this study provides mechanistic insights into
how cation substitution governs structural evolution, phase stability, and electrochemical behavior of layered sodium cathodes,
offering valuable guidance for the rational design of high-performance sodium-ion battery materials.

1. INTRODUCTION

Sodium-ion batteries (SIBs) have attracted significant interest
for large-scale energy storage due to the abundance and low
cost of sodium, as well as their “rocking-chair” mechanism
analogous to that of lithium-ion cells."” Layered transition-
metal (TM) oxides are among the most promising cathode
materials, offering high reversible capacity, fast Na-ions
mobility, and crystal structures similar to those of Li-ions
cathodes.” Currently, Nag4,MnO, (NMO) compounds stand
out because manganese is inexpensive and environmentally
benign and its precursors are readily synthesized.” In
particular, P2-type, with a two-layer stacking, Nay¢,MnO,
(P2-NMO) has been widely studied owing to its simple
synthesis and excellent Na-ions conductivity due to two-
dimensional Na-ions diffusion channels within the P6,/mmc
space group. However, P2-NMO suffers from severe structural
changes during repeated desodiation and sodiation processes
across the TM-layers, leading to capacity fading and
mechanical degradation. These issues are primarily caused by
complex stacking transitions during desodiation, including P2-
to-OP4 and P2-to-O2 phase transformations, which induce
substantial volume contraction (over 20%) and can ultimately
lead to the collapse of the layers."’

Cationic substitution modification (depicted in Figure S1,
Supporting Information) has been proposed to address these
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challenges associated with P2-NMO.'® For example, Komaba
et al. systematically investigated P2-type Na,Fe,;Mn,;0,
3% redox activity
and a P2 — OP4 phase transition occur during deep
desodiation, as supported by in situ XRD, XAS, and M6ssbauer
spectroscopy.’’ Bruce et al. showed that in P2-type
Nay 4;Mn, 7,Mg(,530,, oxygen trapped in cation-induced voids
is reversibly reduced during discharge, and partial reversibility
of cation migration allows the high-voltage plateau to reappear
upon subsequent charging.'” Wu et al. demonstrated that the
P2-type Nagg,MnggoAly;;0, cathode, obtained through Al
incorporation, exhibits a remarkable rate capability and
prolonged cycling stability."> Wu et al. revealed the
competitive interactions between Ni**/#* redox and anionic
oxygen redox in P2-N310_67Li0'07Mg0'07Nio'28Mn0'58Oz.14 Yan et
al. reported that Mg-substituted in P2-Na, -, Lij,,Mn, 550, not
only reduces TM-O distances but also widens the Na-layers

cathodes and revealed that reversible Fe
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Figure 1. (a) The schematic crystal structures of the O2, OP4, and P2 phases, where the letters represent the stacking sequence of oxygen layers.
(b) Formation energies of the ground-state configurations and the convex hull of representative M0.2-NMO system. (c) Phase diagram shows
stable phases on the convex hull, as well as those within 0.01 eV atom™, suggesting possible phase coexistence at the same Na content. Lower
positions indicate lower energy. Red, blue, and green bars represent O2, OP4, and P2 phases, respectively.

spacing, strengthening Mn 3d and O 2p orbital overlap, thus
achieving reversible anionic redox and inhibiting oxygen
release.””> Recently, Pavone et al. conducted an important
theoretical investigation into the phase transition mechanisms
of the P2-NMO system. They identified that local and
synergistic Jahn—Teller (J—T) distortions contribute to
structural instability and P2-to-O2 phase change, characterized
by interlayer slip of the metal slabs and rotation of MnOg
octahedra.'® While most studies on cation-substituted NMO
cathodes still rely on long-range or average structural
characterization techniques to track phase evolution and
redox reactions during electrochemical cycling, the local
structures and substituent-induced interactions play a crucial
role not only in enhancing electrochemical performance but
also in governing degradation mechanisms.'”

To enable a comprehensive theoretical investigation of
cation substitutions-induced modifications to the crystal
structure, phase stability, redox mechanism, and phase
transition barrier, this work employs the Nag¢,MnjsM,,0,
(M0.2-NMO) framework to conduct a systematic comparative
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analysis of nine cation-substituted systems. Here, M represents
divalent (Mg**, Ca**, Zn**, and Ni*"), trivalent (Al’*, Cr*,
Fe*, and Co*), and tetravalent (Ti*') ions. Thermodynami-
cally, the desodiation-induced phase stability and electronic
evolution are evaluated, and the structural evolution of the
crystal lattice, including changes in Na-layer spacing, a/c ratio,
octahedral distortion (D,.), bond-length distortion (p,), and
shear fraction (7), is examined in detail. Phase transition
evaluation was performed by calculating P2-to-O2 transition
pathways, including octahedral rotations and TM-layer
slipping, to assess the effects of cation substitution. The roles
of each substitute element in terms of thermodynamic and
structural evolution effects are summarized in two tables for
easy reference, respectively. In addition, the redox mechanisms
and electronic structure modifications induced by different
substituted cations in the M0.2-NMO system are also analyzed
and summarized. Last, two four-cation substituted compounds
are systematically explored to elucidate their phase transition
behaviors and cooperative effects. This work elucidates the
microscopic mechanisms driving phase evolution and the
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influence mechanisms of substitute elements, offering both
theoretical insights and practical guidance for designing high-
energy-density, long-life sodium-ion battery cathodes.

2. METHODS

2.1. Theoretical Methods. All calculations were performed using
density functional theory (DFT) as implemented in the Vienna Ab
Initio Simulation Package (VASP), with electronic wave functions
described using the projector augmented wave formulation of the
generalized gradient approximation and employing the Perdew—
Burke—Ernzerhof (PBE) exchange—correlation functional.'®™*" A
kinetic energy cutoff of 520 eV was chosen for the plane wave basis
set, with error analysis versus 720 eV presented in Figure S2. Brillouin
zone sampling was conducted using a S X 5 X 1 Monkhorst—Pack
grid, which provided a reliable balance between computational
efficiency and numerical precision. To properly account for magnetic
and strongly correlated effects, spin-polarized calculations were
performed with initial magnetic moments of 3 uB for Cr, Mn, and
Fe; 1 uB for Ni; and 0.06 uB for all other elements. Given the
significant 3d electron correlations in transition metals, the DFT + U
approach® was adopted, applying U values of 3.7 eV (Cr), 4.2 eV
(Ti), 3.9 eV (Mn), 4.0 eV (Fe), 3.32 eV (Co), and 6.2 eV (Ni),
respectively, while omitting U for Mg, Al, Ca, Ti, and Zn to prevent
artificial localization.”>”>° Furthermore, the DFT-D3 dispersion
correction scheme developed by Grimme was applied to better
capture van der Waals interactions between adjacent layers.*®
Geometry optimizations were performed using the conjugate gradient
method with convergence criteria set to 107> eV for electronic self-
consistency and 0.02 eV A™! for ionic forces. The tetrahedron method
with Blochl corrections was employed to improve the accuracy of
Brillouin zone integrations and to minimize entropy-related artifacts
introduced by smearing, and the same settings were applied in
nonself-consistent calculations.

2.2, Computational Models. The bulk structures of P2-NMO
were modeled by using 2 X 2 X 2 supercells containing 64 atoms to
represent P2 phases (Figure la). The OP4- and O2-layered TM
oxides share the same space group, P6;mc (no. 186). In the OP4
structure, sodium alternates between prismatic and octahedral sites in
adjacent layers, while in the O2 structure, sodium exclusively occupies
octahedral sites.”>*”*® Cations were introduced at Mn sites with a
substitution level of 0.2, forming M0.2-NMO, using either single-
cation species or multication mixtures. Considering various levels of
desodiation, calculations were conducted on M0.2-NMO with the
sodium content (Xy,) varying from 0.67 to 0 in decrements of 0.12S5.
For the substituted and desodiated compositions, the special
quasirandom structure method was used to generate all possible
atomic configurations.”” To reduce the computational cost, an initial
screening based on Madelung energy calculations was performed
across all substitution and desodiation structures, from which the ten
configurations with the lowest (most negative) Madelung energies
were selected for detailed structural relaxation and optimization.*

To evaluate local distortions induced by substitution, we employed
the Van Vleck distortion analysis tool in pymatgen, which quantifies
octahedral distortion (D,), bond-length distortion (p,), and shear
fraction (17) of MnOy octahedra, providing a quantitative measure of
symmetry perturbation.”’ Charge redistribution effects were further
investigated by mapping the magnetic moments and analyzing the
projected density of states (PDOS) of the TM 3d and O 2p orbitals
for each substituted system. This approach reveals how substitution
modulates electronic and magnetic moments interactions, as well as
underlying charge compensation mechanisms. And all phase transition
tetrahedral transition states were obtained using the rmpath module
implemented in USPEX.*? Finally, all visualizations of the crystal and
electronic structures were performed using VESTA* and pymatgen.*

The formation energies of the substituted systems were determined
according to the following expression:™’
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E; = [E(Na,Mn,gM,,0,) —

_ 0.67 — x
0.67

x
—— X E(Na, ¢ Mn, M, ,0
0.67 (Nag ;MnM,0,)

X E(MnygM,,0,)]/[n(atoms)] (1)
Here, E(Na,Mn,gM,,0,) is the total energy of the substituted
structure at sodium content x, while E(NayeMnggMy,0,) and
E(MnygM,,0,) are the energies of the fully sodiated and fully
desodiated end members, respectively. The coeflicients ﬁ and
0.67 — x :

0.67
by the total number of atoms, yielding the formation energy in eV
atom™. Structures within 0.01 eV atom™ of the convex hull are
considered thermodynamically stable.*®

The voltage of the substituted systems is calculated as

represent the linear mixing fractions. The result is normalized

XX
2

E(NaXZMnOZ) - E(NalenOZ) - E(Na)

Voltage (V) =
X=X

)
Here, E(Na,MnysM,,0,) and E(Na,Mn,gM,,0,) are the total
energies at the corresponding Na contents (xz < x; represent sodium

concentrations), and E(Na) is the per atom energy of metallic Na,
approximated as —2.61 eV.

3. RESULTS AND DISCUSSION

3.1. Thermodynamic Evaluation of Cation Effects in
Na,Mng M, ,0,. First, the ground-state Na/vacancy config-
urations and the corresponding convex hulls derived from
formation energies as a function of Na content are investigated
for all ten M0.2-NMO, as shown in Figures 1b and S3. For
pure NMO, the P2- and O2-type phases exhibit comparable
formation energies between Xy, = 0.67 and 0.375, suggesting a
thermodynamic coexistence or competition between the two
structures in this intermediate regime. At Xy, < 0.125, the O2-
type phase emerges as the most stable structure. Surprisingly,
the OP4 phase consistently exhibits high formation energy in
the intermediate sodium content range, which not only reveals
its thermodynamic instability but also implies that this phase is
unlikely to form spontaneously under equilibrium conditions.
Overall, for pure NMO, the phase transition initiates with the
coexistence of P2 and O2, followed by stabilization of the P2
phase, and ultimately transforms into the O2 phase.

For Mg-substituted Na,MnO, (Mg-NMO), we note that
across the full desodiation range, the O2-type phase
consistently exhibits lower formation energy than the P2
phase, indicating a thermodynamic preference for the O2
structure. These findings indicate that Mg-substitution not
only stabilizes the O2-type phase thermodynamically but also
promotes a balanced coexistence of the P2 and the O2 phases
during desodiation, thereby enhancing structural stability.
Similarly, Zn- and Ca-substituted NMO systems are also
found to stabilize the O2-type phase thermodynamically. In the
AI-NMO system, a persistent three-phase coexistence of P2,
02, and OP4 is maintained throughout the whole desodiation
process, which is attributed to the small differences in
formation energies among these phases. For the Ni-NMO
system, the calculated formation energy (—0.04 eV atom™) is
obviously higher than pure NMO (—0.08 eV atom™)), relative
to the two end-member reference compounds, suggesting a
weaker thermodynamic driving force compared to pure NMO.
As Na-ions are removed, the formation energies of the P2, O2,
and OP4 phases become increasingly comparable, indicating a
greater tendency for phase transitions and accelerated
structural instability. Figure S4 present the ground-state
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Figure 2. (a) Voltage step profiles (upper inset) and corresponding average voltages of various substituted samples (lower inset). (b) Magnetic
moment variations of M and O elements with sodium content in various M0.2-NMO systems. (c) Comparison of PDOS of Mn®** and its six
coordinated oxygen atoms within MnOg octahedra at Xy, = 0.67 and 0.375, illustrating the electronic structure evolution during desodiation.

structures of the MO0.2-NMO systems, where the Na-ion
configurations within the Na-layers suggest a homogeneous
extraction process rather than a layer-by-layer deintercalation.
Figure lc presents a comprehensive overview of the phase
diagrams for M0.2-NMO systems as a function of sodium
content, with phase coexistence assessed according to the
criterion that structures within 0.01 eV atom™ of the convex
hull are regarded as thermodynamically stable. We find that
Mg-, Zn-, Ca-, and Fe-substituted NMO systems preferentially
stabilize the O2-type phase during desodiation. In contrast,
Ni-, Cr-, Ti-, and Co-substituted NMO systems tend to
promote the formation of the OP4 phase. Furthermore, Al, Tj,
Cr, and Co substituents induce multiphase coexistence, leading
to more complex phase transition behaviors.

Having constructed the convex hulls of the M0.2-NMO
systems, we further investigate the voltage profiles and
electronic structures corresponding to each desodiation step
between the identified ground states, as presented in Figure 2.
Figure 2a shows the voltage profiles during desodiation,
average voltage, and average volume change between Xy, =
0.67 and 0. The voltage steps are contributed to different redox
couples and phase transformation during desodiation. To
identify active redox elements during desodiation in MO0.2-
NMO systems, the changes in magnetic moments across
sodium contents are shown in Figure 2b. For pure NMO,
when Xy, falls from 0.67 to 0.375, charge compensation
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primarily involves the Mn**/** redox couple, corresponding to

a voltage of 2.18 V. Below Xy, = 0.375, however, a pronounced
rise in the oxygen magnetic moment signals the onset of the
0*/0%~ (0 < «x < 1) redox process, which corresponds to
the emergence of a voltage plateau around 4.0 V.”**
Compared with pure NMO, substitution with Mg, Ca, and
Zn induces an earlier appearance of a voltage plateau around
4.0 V. This behavior is accompanied by a pronounced increase
in oxygen magnetic moments, indicating an enhanced
involvement of oxygen redox processes. In the AlI-NMO
system, Mn magnetic moments resemble those of pure NMO,
but oxygen moments rise noticeably below Xy, = 0.375,
indicating the onset of oxygen redox activity. Cr-, Ni-, Co-, and
Fe-substituted NMO systems actively participate in redox
processes during desodiation, providing additional redox
couples. Specifically, Co-, Cr-, and Ni-substituted NMO
systems exhibit Co**/*, Cr**/#, and Ni**/*" redox couples,
respectively, during deep desodiation (Xy, < 0.25). These
systems also display similar O>/O™~ redox activity to that
of pure NMO; however, the presence of additional redox-
active cations contributes to an enhanced overall voltage
profile. In the Fe-NMO system, as desodiation proceeds from
Xna = 0.375 to 0, the Fe magnetic moment gradually decreases
from 4.5 to 4.0 uB, suggesting a possible oxidation from Fe®*
to Fe*". Notably, compared to pure NMO, the oxygen
magnetic moment exhibits a significantly smaller increase,
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indicating that oxygen redox activity is effectively suppressed in
the Fe-NMO system during desodiation. For the Ti-NMO
system, as the sodium content decreases from Xy, = 0.67 to
0.125, the Mn magnetic moment gradually decreases, while the
O magnetic moment correspondingly increases. Notably, at
Xna = 0.125, the Mn magnetic moment suddenly drops,
indicating a high-spin to low-spin transition, accompanied by a
simultaneous decrease in the O magnetic moment. This
behavior suggests partial charge transfer from Mn to O. The
PDOS of Ti-NMO corroborates this observation: at Xy, = 0.67
and 0.375, the O 2p and Mn 3d orbitals partially overlap near
the Fermi level, whereas at Xy, = 0, the Mn 3d orbital
occupancy near the Fermi level is significantly higher.
Together, these results indicate electron localization and
charge transfer from Mn to anode O.

To further illustrate the involvement of oxygen in the redox
process during desodiation, Figure 2c presents the PDOS of
Mn 3d and O 2p orbitals within MnOy4 at Xy, = 0.67 and
0.375. As Na-ions are progressively extracted, the contribution
of O 2p states near the valence-band maximum becomes more
pronounced, accompanied by the emergence of unoccupied O
2p states close to the conduction-band minimum, indicating
the formation of oxygen-hole states. Concurrently, the
magnetic moments of oxygen atoms increase during
desodiation, further confirming the active participation of
lattice oxygen in the redox process. Similar phenomena are also
observed in the Mg-, Ni-, and Fe-substituted NMO systems, as
shown in Figure SS5. Oxidation of transition metals to higher
valence states drives O>” anions to participate in charge
compensation through Mn—O interactions, resulting in the
formation of O™~ species characterized by delocalized holes.
Furthermore, to assess the extent of oxygen redox in the
different substituted compositions during desodiation, the
variation of the O magnetic moments in M0.2-NMO from Xy,
= 0.67 to 0 was evaluated, and the results are presented in
Figure S6. It is apparent that in systems substituted with
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relatively metals such as Mg, Al, Zn, and Ca, the magnetic
moment variation of the O is comparatively large, indicating a
higher degree of oxygen participation in the redox process. In
contrast, for Cr-, Fe-, Co-, and Ni-substituted NMO systems,
the presence of additional active sites reduces the relative
contribution of O compared with pure NMO. Finally, in Ti-
NMO, the degree of participation of O is further diminished,
likely due to the electron localization and lattice distortions
introduced by Ti-substitution, which enhance the involvement
of Mn in charge compensation. It should be noted that oxygen
redox exhibits a double-edged effect: if not properly controlled,
it may cause lattice instability and accelerate structural
degradation;"’9 however, when effectively regulated, the
reversible redox activity of lattice oxygen has been shown to
significantly enhance capacity without compromising structural
integrity, particularly in Mn-based materials.*”*'

Moreover, transition-metal migration from the TM-layers to
the Na-layers is clearly identified in Mg-, Ca-, Fe-, and Zn-
substituted compositions (Figures S7 and S8). For Mg-, Fe-,
and Zn-NMO, the migration manifests as three elongated and
three contracted M—O bonds within the octahedron. The Ca-
NMO system follows a distinct pathway, with Ca-ions passing
through a tetrahedral coordination at intermediate Na
concentrations before stabilizing in the Na-layers. Together,
these results demonstrate that partial TM migration, coupled
with oxygen redox activity, stabilizes the O2 phase in Mg-, Ca-,
Zn-, and Fe-substituted NMO, consistent with experimental
observations."*~**

Based on the calculated average voltages, the M0.2-NMO
systems with different cations can be ranked as follows: Mg ~
Ca>Zn > Ni> Al > Co > Cr > Fe &% Mn > Ti. The calculated
voltage values corresponding to each redox couple are listed in
Table S1, alongside the experimental values for comparison,
showing overall consistency and thereby validating the
reliability of the computational approach. From the average
volume change between Xy, = 0.67 and 0, a noticeable volume
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shrinkage is observed during desodiation. The detailed lattice
parameters and cell volumes of all substituted systems are
listed in Table S2. The extent of shrinkage follows the trend:
Cr < Zn < Co < Al < Mg < Ni < Mn < Fe < Ti, suggesting that
Cr-, Zn-, and Co-substituted NMO systems offer superior
structural stability against volumetric collapse, while Fe- and
Ti-substituted NMO systems are more prone to severe lattice
contraction during deep desodiation. According to the
calculated desodiation processes of different phases and the
analysis of redox couples and volume changes, we systemati-
cally evaluated the thermodynamic effects of substitute cations
on electrochemical performance, as summarized in Table S3.
From the table, it is evident that cations substitution can
enable the coexistence of P2 and O2 phases, as well as
modulate redox potentials and structural stability. For instance,
Ni, Co, and Cr substitutions exhibit a favorable balance of
these effects. Mg, Al, Ca, and Zn substitutions contribute to
enhanced structural stability and promote oxygen redox
activity, while also mitigating volume changes during cycling.
The Fe-NMO system consistently worsens all evaluated
properties and is thermodynamically least desirable. Overall,
from a thermodynamic perspective, cation substitution may
have a limited impact on the energy differences among the
three competing phases, indicating the necessity of further
investigating the phase transition mechanisms from a kinetic
perspective.

3.2. Structure Evaluation of M0.2-NMO during the
Desodiation Process. To investigate the structure evaluation
aspects governing these solid-state electrochemical phase
transitions, the key structural parameters based on the
desodiated structures of the O2, P2, and OP4 phases in the
MO0.2-NMO systems are systematically analyzed. Specifically,
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we first examine the average interatomic distances within the
Na-layers (do_na—0) and the TM-layers (do_p_o), the lattice
parameter ratio (a/c), and the structural ratio R (do_n,_0/
do_m-0), as shown in Figure 3a. These parameters collectively
reflect the degree of lattice distortion, interlayer slipping
tendency, and structural anisotropy, all of which are closely
associated with phase evolution of MO0.2-NMO during
desodiation.* As shown in Figures 3b and 3c, as Na-ions are
extracted, the interlayer spacing do_n,_o exhibits an initial
expansion followed by contraction, whereas the dy_y_g
spacing decreases almost linearly with decreasing Na content.
This behavior can be rationalized as follows: at the early stages
of desodiation, the removal of Na-ions weakens their
electrostatic shielding effect on adjacent O-ions located
between the TM-layers. The resulting increase in O—-O
repulsion leads to an expansion of the dy_y, o interlayer
spacing. As desodiation progresses, a delicate balance is
maintained between the shielding effect of Na-ions and the
repulsive interactions among O—O species. Once the balance
between O—O repulsion and cationic support is disrupted, a
collapse of the dy_y,_o spacing occurs.***” At Xy, = 0.67, the
average do_n._o interlayer spacing in pure NMO is
approximately 3.408 A. By contrast, Zn-, Ti-, and Cr-
substituted NMO systems exhibit smaller initial dy_n,_o
values, indicating that substitutions induce the contraction of
the Na-layers. Notably, during desodiation, the dgo_y,_o
spacings in Cr- and Ti-substituted NMO systems become
larger than that of pure NMO in the medium-to-high voltage
region, suggesting a facilitated Na-ion migration environment.
Moreover, compared with pure NMO, the evolution of
do_na—o as a function of Na content reveals distinct inflection
points in Mg-, Co-, Ti-, and Al-substituted NMO systems
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along with a delayed onset of structural contraction. These
systems preserve relatively large interlayer spacings over a
broader Na content range (Xy, = 0.67—0.25), indicating an
enhanced capacity to sustain efficient ion transport even at
lower sodium concentrations, prior to the onset of structural
contraction. "’

Furthermore, from the structural ratio R, dg_n.—o0/do-mM—0»
which reflects the balance between Na-layers expansion and
TM:-layers contraction rather than serving as a simple stability
descriptor, as shown in Figure 3d, most substituted systems
exhibit an increasing R value from Xy, = 0.67 to 0.5. This
indicates that the expansion of the Na-layers exceeds the
contraction of the TM-layers, which potentially facilitates Na-
ions diffusion. As reported by a previous study, when R > 1.62,
the P2-type layered structure becomes more stable and forms
more open diffusion pathways, thereby enhancing Na-ions
conductivity and cycling stability."® In sharp contrast, pure
NMO and Fe-NMO systems maintain consistently lower R
values throughout desodiation, consistent with their exper-
imentally observed P2-to-O2 phase transitions. This behavior
reflects their inferior structural stability and limited ionic
transport capabilities. Notably, the Ni-, Zn-, Co-, and Cr-
substituted NMO systems sustain an R value above 1.62 across
a broad Xy, range, suggesting that these substituents broaden
the Na-layers, thereby facilitating Na-ions migration and
reinforcing the lattice framework. Nevertheless, it is important
to underscore that structural stability requires a delicate
balance of Na-layers spacing. Excessive expansion destabilizes
the lattice by promoting interlayer gliding or even irreversible
phase transitions, whereas excessive contraction narrows the
ionic conduction channels and diminishes the Na-layers” ability
to accommodate TM-layers contraction, thus accelerating
unfavorable structural transformations. And as shown in Figure
S9, the relative variation of the TM-layers spacing throughout
the desodiation process is smaller in Ca-, Fe-, Co-, Ni-, and Zn-
substituted NMO systems compared with pure NMO, which
exhibits a contraction of 9.34%. This result indicates that
substitution effectively suppresses TM-layer contraction, there-
by contributing to enhanced structural stability during cycling.
Finally, the a/c ratio is also used as an indicator of the overall
unit cell anisotropic structural changes during desodiation, as
shown in Figure 3e. During the initial stage of desodiation (Xy,
> 0.5), the c-axis expands more rapidly than the a-axis, causing
a sharp decline in the a/c ratio. At lower Na contents (Xy, <
0.5), the c-axis variation diminishes, and the a/c ratio stabilizes.
Upon approaching full desodiation, the slight rebound of the
a/c ratio arises from contraction of the c-axis parameter. Figure
3f presents a spider plot that comprehensively evaluates
different cations in terms of Na-ion mobility, layer stability,
and unit cell stability. Our results reveal that Ni, Zn, Co, Cr,
and Al cations demonstrate overall advantages in enhancing
the performance of M0.2-NMO materials.

Based on Pavone’s findings, the phase transition is closely
tied to the evolution of MOy units, involving both the TM-
layers slipping and distortion-induced rotation of the MO
octahedra, as illustrated in Figure 4a.'® To this end, the Van
Vleck distortion modes of the octahedral units®' (Figure 4b)
according to the symmetry of the octahedral point group are
adopted to quantify the octahedral distortion (D), bond-
length distortion (p,), and shear fraction (7), as shown in
Figure 4c—e. The detailed explanations and equations are
provided in Section SI1.1. In brief, # values approaching 1
indicate dominance of shear modes, whereas progressively
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smaller 7 values reflect a greater contribution from bond-length
distortion modes. The relative trends of # and p, also reveal
that during the desodiation process, the contribution of bond-
length distortion to octahedral distortion is gradually
diminishing, whereas the influence of shear distortion is
becoming more pronounced. At Xy, = 0.67, the pure NMO
and Ti-NMO systems exhibit the highest D, indicating the
most severely distorted MOy geometry. Substituents such as
Mg, Co, and Ni significantly reduce this distortion, enhancing
structural stability. The consistent trends of p, and 1 with D,
imply that both bond-length distortion and shear deformation
contribute to MOy distortion. During desodiation, MOy
octahedral units undergo contraction, with substituted systems
typically stabilizing at ~1.93 A M—O bond-lengths and lower
distortion degrees. However, Mg-, Ca-, and Zn-substituted
NMO systems retain high D, po, and 7 values at low Na
content, likely due to increasing O*>7/ 0%~ redox activity.
Further analysis of its changes during desodiation, in pure
NMO, both D, and p, remain high, while # rises mainly at
deep Na depletion, suggesting bond-length distortion p,
dominates at high Na content, and shear deformation becomes
dominant as p, subsides. The trend of MOy octahedral
distortion shows a gradual reduction with decreasing Na
content due to the increasing concentration of Mn*" ions,
which do not exhibit J—T distortion. This irregularity in shear
mode contributions highlights the complex evolution of MOg
octahedra in different chemical environments. These effects are
especially pronounced in systems substituted with Fe, Ti, Zn,
and Mg. Overall, these results suggest that at high sodium
concentrations, D, is primarily governed by p,, while at low
sodium levels, shear deformation becomes the dominant factor
influencing D, thereby shaping the overall degree of
structural distortion. A more detailed analysis of Mn—O and
O—O bond-length distributions is performed using the pair
distribution functions (PDFs), with the results presented in
Figure S10 and discussed in Section $2.1.* To further
understand the structural influence of substitute cations, the
average integrated crystal orbital Hamilton population
(ICOHP) of the M—O bond at Xy, = 0.67 is presented in
Figure 4f. A lower ICOHP value indicates stronger M—O
bonding, which is expected to effectively mitigate interlayer
slipping and enhance structural integrity during electro-
chemical cycling.’”" In Al- and Ti-substituted NMO, the
M-O0 bonds exhibit higher ICOHP values than the Mn—O
bonds, reflecting a stronger covalent character of these
interactions. This observation is consistent with the charge
transfer and the elevated D, values seen in Ti-NMO.
Enhanced covalency drives local structural rearrangements,
promoting electron redistribution and resulting in pronounced
distortions of the MOy octahedra. These results indicate that
cation substitution not only modifies the electronic structure
but also directly affects the geometry of the transition-metal—
oxygen framework. In contrast, substituents such as Mg, Ca,
Ni, and Zn exhibit significantly lower ICOHP values compared
with Mn—O bonds, indicating weaker covalency.

In summary, to better clarify the role of cation substitutes,
we summarize the structural evaluation impacts of each
substitute on interlayer stability, lattice stability, and phase
stability (slipping and rotation), by Na-layers spacing, R value,
a/c ratio, octahedral distortion, bond-length distortion, and
shear fraction, as shown in Table S4. The results suggest that
Al, Cr, and Co emerge as promising substitutes for enhancing
the overall electrochemical performance of pure NMO. In
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contrast, Ca, Fe, Zn, and Ni may accelerate degradation and
should be used with caution. Mg demonstrates mixed
performance, exhibiting small values of D, #, and p,, which
suggests its potential to promote phase structural stability by
suppressing interlayer slipping and MOy octahedral rotation.
However, it also results in a small Na-layer spacing, a lower R
value, and a larger a/c ratio, leading to increased unit cell stress
and strain, potentially compromising long-term mechanical
stability. Thus, achieving a balance between phase transition
suppression and structural stability is critical.

3.3. Phase Transition Evaluation of Cation Effects in
Na,MngygM;,0,. To more directly illustrate the effect of
different cation substitutions on the phase transition barrier of
pure NMO, the P2-to-O2 transition state was constructed
using the rmpath module in USPEX.** The transition pathway
was modeled by combining octahedral rotations with the TM-
layer slipping. As illustrated schematically in Figure Sa, the
octahedra within the TM-layers initially distort toward a
tetrahedral-like configuration before eventually reorienting,
During this process, the Na coordination environment evolves
from NaOyg prisms to NaOg octahedra through layer slipping.
As shown in Figure S5b, the maximum P2-to-O2 phase
transition barrier in pure NMO is 0.82 eV atom™!, which
already indicates a considerable kinetic penalty for structural
rearrangement. Among the substituted systems, only Mg- and
Co-substituted NMO display significantly higher barriers
(~2.5 eV atom™), suggesting strong resistance to the P2-to-
O2 phase transition. In contrast, all other cation-substituted
systems exhibit lower barriers than pure NMO, implying that
most substitutions kinetically facilitate this transition. This
observation highlights the delicate role of substitutes in tuning
not only the thermodynamic stability but also the kinetic
accessibility of competing phases.
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To further evaluate the influence of cation substitution on
structural shear mechanisms, TM-layer slipping along the ab-
axis was simulated for P2-type M0.2-NMO, as illustrated in
Figure Sc. The calculated relative slipping energy change
(Figure Sd) reveals that all substituted systems increase the
barrier compared to pure NMO (0.07 eV). Particularly, Al-,
Ti-, Zn-, and Ca-substituted systems exhibit the most
pronounced enhancements, indicating a significantly reduced
propensity for TM-layers slipping. The origin of this
stabilization can be traced to strengthened M—O covalency,
which anchors the oxygen sublattice more rigidly, as well as to
the active participation of oxygen redox states, which modifies
the electronic landscape and suppresses facile shear displace-
ments.

Taken together, these results suggest a dual effect of cation
substitution: (i) most substitutions lower the barrier for the
P2-to-O2 transition, thereby promoting the phase trans-
formation pathway that accommodates sodium extraction,
while (ii) simultaneously increasing the resistance to
undesirable TM-layer slipping events, which are typically
associated with structural degradation and capacity fading. This
apparent trade-off points to a design principle wherein carefully
chosen dopants can accelerate favorable phase transitions while
inhibiting harmful shear instabilities. In particular, elements
such as Al, Ti, Zn, and Ca emerge as promising candidates for
enhancing structural robustness, whereas Mg and Co may
serve to suppress phase transitions altogether, potentially
beneficial under high-voltage operation, where the O2 phase
formation is detrimental.

Opverall, the interplay between phase transition kinetics and
slipping energy underscores the critical role of cation
substitution in governing the structural dynamics of layered
sodium transition-metal oxides. A balanced optimization of
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Figure 6. (a,b) show the formation energy profiles and thermal stability phase diagrams for the multication systems MgAlFeNi-NMO and
MgTiCrNi-NMO, respectively. (c,d) display the evolution of magnetic moments during desodiation for each composition. (e) shows the voltage
profiles for both systems. (f) shows the relative energy change for TM-layer slipping for the two systems.

these two factors may provide a pathway toward improved
cycle stability and higher energy efficiency in SIBs.

3.4. Effect of Multication Substitution on Phase
Stability in Na,Mn,gM;,0,. Among the various strategies
to enhance the phase stability of P2-NMO compounds, the
recently explored multielement substitution has emerged as a
particularly attractive approach.””*> To this end, two four-
cation substituted systems,
Na ;Mg 05Alg 0sMng gFeg 0sNigosO, (MgAlFeNi-NMO) and
Nay 67Mgo 05 Ti9.0sMn sCr 05sNip 05O, (MgTiCrNi-NMO), are
modeled and systematically investigated. As shown in the
convex hulls (Figure 6ab), both multication substitutions
consistently reduce the baseline formation energies across
various Xy, values compared to pure NMO. These systems
predominantly exhibit coexisting P2- and O2-type phases,
favoring biphasic solid-solution behavior and significantly
enhancing structural phase stability. Further magnetic analysis
(Figure 6¢,d) reveals that the Mn magnetic moment decreases
only slightly during desodiation, remaining within the range of
3.3—3.5 uB. This indicates that the Mn>*/** redox activity is
maintained, thereby maintaining electrochemical functionality,
although its degree of participation is somewhat reduced. In
contrast, the substituents display divergent magnetic responses
during desodiation. Fe (~4.3 uB) and Cr (~2.8 uB) show high
spin states at high Xy, with only minor decreases upon
desodiation, indicating that they predominantly remain as
Fe¥*/Cr’*, with limited Fe** — Fe*' or Cr’* — Cr*
transitions. Conversely, the magnetic moment of Ni (<1 uB)
drops sharply during desodiation, reflecting a sequential
oxidation process from Ni** to Ni’* and eventually to Ni*"
Simultaneously, the oxygen magnetic moment (red curve)
increases markedly below Xy, < 0.375, indicating the sustained
redox activity of oxygen. This signifies active oxygen redox
processes that enhance charge compensation and expand the
accessible capacity of SIBs. As a result, a notable voltage
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enhancement is achieved, with both multication systems
delivering average voltages around 3.53 V (Figure 6e). This
indicates that multication substitution not only elevates the
operating voltage but also fine-tunes the local crystal field and
electronic structure, thereby improving structure stability.
Notably, in the MgAlFeNi-NMO system at Xy, = 0.125, a
pronounced migration of Mg from TM-layers to Na-layers is
observed (Figure S11). This migration is primarily driven by
extensive Na-ion depletion in the Na-layers under deep
desodiation, which leaves numerous vacancies. Mg ions
migrate to fill these sites, mitigating local electrostatic repulsion
and stabilizing the crystal structure.”® A similar cation
migration trend is observed for Ca®*, Zn**, and Fe’" ions, as
shown in Figure S7. Finally, we calculated the TM-layer
slipping relative energy change for both compositions (Figure
6f). The results show that the slipping energy in these
substituted systems is higher than in pure NMO, indicating a
reduced tendency for layer slipping. This effect partially
suppresses the P2-to-OP4 or P2-to-O2 phase transitions,
which are consistent with the thermodynamic observations to a
certain extent. Collectively, these findings demonstrate that
multication substitution at the Mn site enhances the structural
stability of the P2 phase, while simultaneously improving
charge compensation and supporting high-voltage output,
offering a practical strategy for designing high-performance
layered sodium-ion electrode materials. The lattice parameters
and cell volumes of these two compositions are summarized in
Table Ss.

4. CONCLUSION

In this study, first-principles calculations are employed to
systematically investigate the thermodynamics, structural
evaluation, and effects of cation substitution in P2-type
Najs;MnggM,0,. We first evaluated the geometric and
electronic structures of MO0.2-NMO across different Na
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concentrations and substituent species and analyzed how each
substituent influences phase transition behavior during
desodiation. Thermodynamically, Mg-, Zn-, Ca-, and Fe-
substituted systems tend to stabilize the O2-type phase. Ni-,
Cr-, Ti-, and Co-substituted systems favor the formation of
P2/02 coexistence at low Na content. Al-, Ti-, Cr-, and Co-
substitution promote multiphase coexistence, increasing the
complexity of structural evolution. Notably, Al and Ti show
strong covalency with oxygen, significantly reducing the energy
differences between phases and increasing the likelihood of
phase coexistence. Substituents such as Mg, Al, Cr, Co, Ni, and
Zn also effectively suppress volume shrinkage (within 7%),
enhancing overall structural stability. During deep desodiation,
the oxidized O*~ anions actively participate in redox processes,
coupled with Mn—O interactions, forming partially oxidized
0=~ species with delocalized electronic holes. This oxygen
redox behavior complements the transition-metal redox
couples (Ni#*/**, Co®>*/*, Cr**/*, and Fe**/* redox couples)
and helps maintain the overall charge balance. Moreover, a
correlation is observed between transition-metal migration,
oxygen redox activity, and phase stability. At the same time, the
stronger metal—oxygen bonding introduced by substituents
can induce additional structural distortions, which may in turn
promote electron localization. In Mg-, Ca-, Zn-, and Fe-
substituted NMO, pronounced migration of transition-metal
cations from the TM-layers to the Na-layers occurs
concurrently with enhanced oxygen redox participation.
Notably, in these compositions, the O2 phase exhibits greater
stability compared to other competing phases. Overall, at a
substitution level of M = 0.2, the thermodynamic energy
differences between competing phases are relatively small,
indicating that cation substitution alone has limited effect on
suppressing phase transitions from a purely thermodynamic
perspective. However, structure evaluation, energy barriers,
and electronic structure modifications may still play a
significant role in stabilizing the P2 phase.

In the structure evaluation, significant structural changes
occur during desodiation, especially within the MnOg
octahedra. In the early stages, bond-length distortions
dominate, while angular shear distortions become more
prominent at lower Na content. Substituents such as Mg, Ni,
and Zn help mitigate these distortions, improving structural
integrity. In Mg-, Co-, Ti-, and Al-substituted systems, the Na-
layers spacing remains large during desodiation, facilitating Na-
ions transport. Additionally, Ni-, Zn-, Co-, and Cr-substituted
systems maintain R values (dg_n._o/do_m—0) above 1.62
across a broad range of Na content, indicating more stable Na-
layers. In the barrier calculations, Mg- and Co-substituted
systems exhibit the highest energy barriers for the overall phase
transition, suggesting a certain degree of kinetic stabilization of
the phase. In contrast, the evaluation of TM-layer slipping
barriers reveals that nearly all substituted compositions possess
higher barriers than pure NMO. Multication substitution
strategies increase the average desodiation voltage, activate
additional reversible redox couples, suppress J—T distortions,
and mitigate phase degradation, achieving a better balance
between structural stability and electrochemical performance.
From a structure evaluation and energy barrier perspective, we
summarize the evaluation criteria for structural evolution and
phase stability: low octahedral distortion, high R value, and
stable a/c ratio indicate structurally stable phases with minimal
lattice deformation during cycling; high values of D, #, and
po correlate with an increased risk of layers’ slipping and
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structural units’ rotating, which can lead to phase instability;
Mg- and Co-substituted compositions exhibit a distinct kinetic
advantage in maintaining phase stability compared with other
substituted systems; high ICOHP values (e.g,, for Ti and Al)
suggest stronger M—O covalent bonding, enhancing lattice
rigidity and effectively suppressing structural degradation
during electrochemical cycling.

By integration of the results from thermodynamic analysis,
structural evaluation, and energy barrier calculations, Al, Co,
Ca, and Mg are identified as substituents with consistently
strong performance across multiple aspects. In particular, Zn,
Ca, and Cr demonstrate pronounced advantages in structural
modification, effectively functioning as structure-stabilizing
substitutions. These elements collectively contribute to
balanced improvements in phase stability, thereby rendering
them promising candidates for enhancing the overall electro-
chemical performance of the M0.2-NMO cathodes.

Moreover, our study highlights the intrinsic coupling
between charge-compensation mechanisms and local structural
dynamics. Specifically, octahedral distortion, bond-length
variation, shear deformation, and metal—oxygen covalency
are found to synergistically govern phase transition pathways
and lattice stability. These insights not only deepen the
fundamental understanding of structure—performance relation-
ships but also provide practical design strategies for the
development of high-performance layered cathodes for SIBs.
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