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ABSTRACT: Na-ion batteries are emerging as convenient energy-storage
devices for large-scale applications. Enhanced energy density and cycling
stability are key in the optimization of functional cathode materials such
as P2-type layered transition metal oxides. High operating voltage can be
achieved by enabling anionic reactions, but irreversibility of O2−/O2

n−/O2
evolution still limits this chance, leading to extra capacity at first cycle
that is not fully recovered. Here, we dissect this intriguing oxygen redox
activity in Mn-deficient NaxNi0.25Mn0.68O2 from first-principles, by
analyzing the formation of oxygen vacancies and dioxygen complexes at
different stages of sodiation. We identify low-energy intermediates that
release molecular O2 at high voltage, and we show how to improve the
overall cathode stability by partial substitution of Ni with Fe. These new
atomistic insights on O2 formation mechanism set solid scientific
foundations for inhibition and control of this process toward the rational
design of new anionic redox-active cathode materials.

Electrical energy storage (EES) is key for an effective use
of renewable sources with intermittent nature. The
urgent need for a sustainable world economy is pushing

the production and deployment of large-scale EES systems and
their integration into smart electrical grids.1,2 Since the
breakthrough of Li-ion battery (LIB) technology, extensive
research in both academia and industry has been focusing on
alternative chemistries based on cheaper and widespread
resources (e.g., sodium- or magnesium-based batteries).3−6

When fabricated in all-solid-state configuration, Na-ion
batteries (NIBs) meet the cost and safety requirements that
are essential for their deployment in the market.7,8 Inspired by
working principles similar to LIBs, significant efforts have been
devoted to the design of efficient NIB component materials
starting from electrodes and electrolytes of Li-based cells.9

However, the differences between Li+ and Na+ ions (e.g.,
electrochemical potential, ionic radius) have revealed that, in
most cases, sodium-analogues of state-of-the-art LIB materials
do not represent a satisfactory solution. Thus, the consol-
idation of NIB technology relies on enhanced energy density
and stability to be achieved via high-performing Na+ host
materials and safe Na+ conductors.10−12 Within this frame-
work, the development of high-energy and structurally stable
NIB positive electrodes operating at voltage values in the order
of 4.5 V (or even above) represents a current Grand Challenge

because it is the cathode that mainly affects the battery
performance and manufacturing costs. Among several explored
materials, layered transition metal (TM) oxides, NaxTMO2 (0
< x < 1), have attracted special attention thanks to their easy
synthesis and promising electrochemical performances.13−16

Similar to the LixTMO2 counterpart, the crystalline structure
alternates planar layers of alkali metal ions and edge-sharing
TMO6 octahedra, where Na ions can easily move in and out
upon cycling, with the charge being compensated by the
reversible reduction and oxidation of TM ions. NaxTMO2 can
crystallize in either O3- or P2-polymorphs, which differ in the
symmetry at the Na site (octahedral O or prismatic P) and the
number of TMO2-layers in the unit cell (three layers with
“ABC” scheme for oxygen stacking in the O3- packing or two
layers with “ABBA” sequence in the P2- one).17 P2-type phases
usually exhibit excellent reversible capacity and superior rate
performance compared with O3- ones, thanks to a higher Na+

mobility enabled by the open prismatic diffusion pathways and
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higher Na content, which allows larger specific capacity and
improved stability.18−20 However, a simple gliding of TMO2
sheets with no breaking of M−O bonds can occur upon
electrochemical cycling, leading to an undesired P2−O2 phase
transitions and related instability issues.21,22 For certain
compositions, for example Fe-containing TMO2, even very
complex P2−O2 phase transitions have been reported at high
operating voltage, involving dynamically changing intergrowth
structures called “Z”-phase.23,24

Among all TMs layered oxides, many studies focus on Mn
because it promises reduced costs, increased sustainability, and
improved performance.25 One of the most exploited
approaches to retain the P2 structure upon cycling consists
in playing ion substitutions at the Mn site by doping with a
variety of metal ions (e.g., Li+, Mg2+, Ti4+, Fe2+, Co2+, Ni2+,
Cu2+, Zn2+), which can affect the phase stability and thus the
overall cell efficiency.23,26−34 For example, it has been shown
that the substitution of inert alkali metals, such as potassium, at
the Na site in NaxTMO2 allows to uphold the layer-structured
framework upon cycling and thus improve the overall cycle
life.35 Remarkably, recent works suggested that high energy
density in both LIBs and NIBs can be attained via an
additional redox activity, that is, the charge being stored not
only by the TM but also by the oxide sublattice.16,36−40 In this
way, the theoretical specific capacity goes beyond the fixed
limits of TM redox potentials, leading to a new paradigm in
research and development of advanced cathode materials.
Experimental evidence of oxygen participation to charge
compensation upon delithiation in LIBs is extensively
reported,41−46 and its correlation with high Li content has
been elucidated from ab initio calculations:47 in alkali-rich
layered oxides, some oxygen atoms are coordinated by two
TMs, thus showing just below the Fermi level a nonbonding 2p

oxygen orbital, which can directly participate in the oxidation
process. These findings have suggested an optimization
strategy based on alkali metal ion substitutions at the TM
Wyckoff sites, but it has been observed that the metal migrates
upon cycling, with detrimental effects on overall perform-
ances.48,49 Introducing a TM vacancy emerged as another
possible approach, leading to similar 2p nonbonding orbital on
oxygen atoms and, at the same time, keeping the TM migration
suppressed.20,50 TM-deficient layers feature Na−O−TM
vacancy configurations that can act as highly ionic sites
where electron holes on O atoms can be stabilized, and thus,
the anionic activity can be triggered.42,47,51 Whether these
materials can accomplish a fully reversible O-redox process or
undergo O2 loss still remains an open question.19,20

Recently, the first-cycle voltage hysteresis observed during
galvanostatic cycling of Na-based high-energy cathodes has
been associated with cation ordering at the superstructure
level, suggesting that specific arrangements can drive the
stabilization of oxygen electron holes and preserve the O-redox
activity upon subsequent cycling.36,52 However, an in-depth
investigation on these charge compensation mechanisms is still
missing. Indeed, increasing efforts are devoted to assess the
structure−property−function relationships in these promising
NIB electrode materials and to find suitable descriptors that
are able to correlate their chemical compositions and
electrochemical performances.53 With these aims, computa-
tional modeling offers the atomistic perspective needed to
assist experiments in elucidating the details of O-based redox
processes and the effects of point defects on the related
mechanisms. The success of in silico experiments is well-
established in this research area as rational strategies are
fundamental toward the design of highly performing sodium
intercalation electrodes for advanced Na-ion batteries.54−56

Figure 1. (a) Minimum-energy structures of NNMO systems obtained at the PBE+U(-D3BJ) level of theory. Atoms are represented as
spheres and coordination octahedra at the TM (TM = Mn, Ni) sites are highlighted. Color code: Na, yellow; Ni, green; Mn, purple; O, red.
Values of e/f ratio after relaxation are reported. (b) Coordination details of both edge and face Na sites. (c) Computed capacity-voltage plot
of NNMO (red solid lines) in comparison to experimental-derived data taken from ref 20 (blue dashed lines). (d) PDF of Mn−O (purple)
and Ni−O (green) distances in NNMO computed at the PBE+U(-D3BJ) level of theory.
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Within this context, here we report a first-principles study of
the P2-type Mn-deficient layered oxide with formula
NaxNi0.25Mn0.68O2 (NNMO). This material exhibits out-
standing electrochemical performance for rechargeable
NIBs.20 From EELS and sXAS experiments, the electrochemi-
cally cycled NNMO particles show a gradient of TM oxidation
states that is ascribed to the loss of oxygen,20 a novel
electrochemical feature also found in other similar high-energy
NIB cathodes. The presence of Mn vacancies is shown to be
beneficial for the cathode performances and is considered to be
responsible for the O-redox activation.20 For this reason, the
focus of our study is the Mn-deficient NaxNi0.25Mn0.68O2

phase. We aim at dissecting this NNMO feature at the
atomistic level and from first-principles to determine the O-
redox activity at different sodiation stages, while concurrently
providing new insights on the underlying mechanisms.
The minimum-energy structures for NNMO systems

obtained at the PBE+U(-D3BJ) level of theory are reported
in Figure 1a. We have employed the special quasi random
approach (SQS), a state-of-the-art method to study solid
solutions with two or more components.57−60 The SQS
models would allow our NNMO local minimum-energy

structures to account for the configurational entropy properly.
The relative Na occupancies at edge/face (e/f) sites (Figure
1b) change in the Mn-deficient systems (e/f ratio values turn
out to be lower than 2), showing a stabilization of face sites
over edge ones in NNMO compared to the NaxNi0.25Mn0.75O2
counterpart (see Figure S1 in SI for comparison). The DFT+U
scheme is widely adopted to investigate structural and
electronic features of transition metal oxides.61−64 Lately,
several studies focusing on similar layered NaxTMO2 as
cathode materials have shown that the PBE+U approach allows
to reach good accuracy with affordable computational
costs.35,37,38,65 We have computed the intercalation potential
values for each sodiation state according to eq 1:

= −
− − −

−
V

E E x x E

x x

( )

( )
Na NNMO Na NNMO 2 1

1
2 Na

2 1

x x2 1

(1)

where ENa NNMOx2
and ENa NNMOx1

are the total energies of

NNMO at, respectively, x2 and x1 Na composition (x1 < x2),
ENa is the total energy of sodium metal considering the bcc
lattice with 2 atoms in the unit cell.54 The corresponding
computed capacity-voltage profile (red profile in Figure 1c) is

Figure 2. Electronic structure analysis of NNMO as a function of Na content: net magnetic moments on Mn (a) and Ni (b) species, with the
corresponding electronic configuration on the side; (c) atom- and angular momentum- pDOS computed at the PBE+U(-D3BJ) level of
theory; (d) Bader charge analysis reported as the average charge for each element; (e) net magnetic moment on O atoms with corresponding
electronic configuration on the side. Color code: Na s states, yellow; Mn d states, purple; Ni d states, green; O p states, red.
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in qualitative agreement with intercalation potentials derived
from the available experimental data (blue profile in Figure
1c), thus confirming the reliability of our model.20 We have
analyzed the structural properties along the desodiation
process by calculating the pair distribution function (PDF)
of Mn−O and Ni−O distances, as shown in Figure 1d. While
the Mn−O distance pattern is almost identical for each
sodiation degree (with an average value of ∼1.9 Å), Ni−O
bonds undergo a significant shortening with decreasing Na
content (the highest peak shifting from ∼2.1 Å to ∼1.8 Å),
which is even more pronounced than in the stoichiometric
NaxNi0.25Mn0.75O2 case (Figure S2 in SI).
Analysis of the electronic structure clarifies the origin of

these structural features. The magnetization of each Mn and Ni
atom, plotted against Na content (panels a and b, respectively,
of Figure 2), reveals that desodiation induces Ni2+ → Ni3+ →
Ni4+ oxidation, while Mn4+ oxidation state is essentially
retained. This is in agreement with previous spectroscopic
measurements performed on similar NaxNiyMn1−yO2 cathode
materials.20,40 Other Mn oxidation states (Mn3+, Mn2+)
detected on the surface of cycled NNMO samples are
attributed to O vacancies,20 or to detrimental electrolyte
decomposition occurring at the cathode/electrolyte interface.40

As a matter of fact, alternative ionic liquid-based electrolytes
are shown to effectively improve the cycling stability.40 In any
case, such variations are not related to the sodiation/
desodiation process. We must note that, in this material, real
charges are far from the ionic limit, as a result of the high
covalent character of TM-O bonds, because of the strong
hybridization of TM d states with O p ones. This feature is
evinced by the projected density of states (pDOS) reported in
Figure 2c. That being said, oxidation state variation trends
upon desodiation are confirmed by the constant/increasing
Bader charges for Mn/Ni species, respectively (Figure 2d).
Figure 2e shows the trend of magnetization at O sites, which
increases to ∼0.3 μB at x = 0.25 and up to ∼0.5 μB at x = 0.125,
indicating a partial oxidation of O2− species. The formation of
electron holes on oxygen atoms can be also identified from the
pDOS, where O p states in the valence band cross the Fermi
level, leading to a p-type character at x = 0.25 and 0.125. Our
findings are in close agreement to recent DFT and XAS results
by Zhao et al. for the closely related Na10−xLiNi3Mn8O24
layered oxide, which indicate electron extraction taking place
from Ni 3d states upon charge, and O 2p states starting to
participate at high desodiation degrees.19

In order to explore the O-redox activity in NNMO, we first
address the thermodynamics of oxygen vacancy (VO)
formation. The removal of one oxygen atom in our 4 × 4 ×
1 supercell corresponds to 1.56% of VO concentration, which is
in agreement with experimental records from a Li-based
analogue.66 As shown in Figure 3a, four types of vacancies have
been considered, differing for both the coordination to the
Mn-deficient site (first or second coordination shell, VO (1)
and VO (2), respectively) and the chemical environment (Mn−
O−Mn or Mn−O−Ni, VO (a) and VO (b), respectively). The
VO formation energy, EVO

, has been computed according to eq
2:

= − +E E E E
1
2V def prist OO 2 (2)

where Edef and Eprist are the total energies of O-defective and
pristine NNMO, respectively, and EO2

is the total energy of the

oxygen molecule as computed in its triplet ground state.
Calculated values for each nonequivalent VO at each Na
content are listed in Table 1.

These results show that (1) oxygen vacancies are more likely
to occur next to the Mn-deficient site rather than in the second
coordination shell, as it is easier to remove a two-coordinated
oxygen atom than a three-coordinated one ( *EV (1 )O

< *EV (2 )O
).

Indeed, VO(1)-like vacancies are also more stable than three-
coordinated VO ones in the stoichiometric phase (see Table
S1). (2) There is a general trend of decreasing formation
energy upon desodiation because of charge compensation
effects, leading to more favorable accommodation of reducing
defects (VO) in oxidized states (desodiated structures). (3)
Mn−VO−Ni configurations are more convenient than Mn−
VO−Mn ones, as a result of the higher lability of the involved
M−O bonds ( *EV b( )O

< *EV a( )O
). Even at low Na contents,

breaking the Ni−O bond is still more favorable than breaking a
Mn−O one, since the excess charge mostly delocalizes on the
whole O sublattice (see corresponding panels in Figure 3b),
leading to a significant defect stabilization.67,68 (4) Lower

Figure 3. (a) Optimized structures of different kind of oxygen
vacancies considered in the present work. In pink, the original
position of the leaving oxygen. (b) Cumulative charge variation
upon vacancy formation, Δq = qdef − qprist, for each element
sublattice plotted for each sodiation state. Color code: Na, yellow;
Ni, green; Mn, purple; O, red. The black dashed lines at threshold
Δq = 0.2e− are included as guideline for the eyes for an easier
identification of significant charge variations.

Table 1. Oxygen Vacancy Formation Energies (in eV)
Computed at the PBE+U(-D3BJ) Level of Theory
According to eq 2a

x Na VO (1a) VO (1b) VO (2a) VO (2b)

0.75 1.866 2.623 3.204 3.443
0.50 1.944 1.447 2.865 2.858
0.25 1.515 1.079 2.454 2.587
0.125 1.077 0.114 2.537 2.390

aLabels of O-vacancies according to Figure 3a.
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vacancy formation energies are found in the p-type Mn-
deficient phase than in the stoichiometric one (see Table S1
and Figures S3−S5 in SI for comparison between
NaxNi0.25Mn0.68O2 and NaxNi0.25Mn0.75O2), this is consistent
with the same charge compensation effect as stated in point
(1). However, such effect can be less relevant when a large
structural reorganization occurs upon formation of the oxygen
vacancy; for example, the VO(2a) configurations in Mn-
deficient phase are slightly less stable than VO(a) ones in the
stoichiometric material. In these cases, the root mean squared
displacement (RMSD), computed and collected in Table S2
(SI), shows a clear correlation between structural reorganiza-
tion and defect formation energies. Overall, our computed EVO

values are consistent with those reported for the parent layered
oxide Li1.2Mn0.6Ni0.2O2.

69

The cumulative charge variation, Δq, calculated on each
element sublattice upon VO formation is shown in Figure 3b.
We have considered a threshold of 0.2e− to establish a
significant charge variation within a given sublattice. With this
criterion, we can state that electrons left in the cell by the
leaving oxygen atom are mostly host by the Mn and O
sublattices, regardless of the sodiation stage (purple and red
diamonds in Figure 3b), while Na and Ni sublattices are not
involved in the reduction. This is particularly true when the
leaving oxygen is not linked to Ni, that is VO (1a) and VO (2a).
For the VO (1b)-kind of vacancy, only the O sublattice is

significantly reduced at low Na contents. While the oxygen
contribution to Δq is extended to the whole sublattice,
reduction on manganese atoms shows a very local character
(see atom-resolved contribution to charge variations in Figure
S6). Actually, no differences in the overall electronic structure
can be detected among the different type of VO (see pDOS in
Figure S7).
Inspired by the partial oxidation of some oxygen atoms

(Figure 2e) and the facility to create an oxygen vacancy upon
desodiation (Table 1), we have investigated the release of O2

starting from the formation of dioxygen−metal compounds.
Experimental evidence shows that the oxygen sublattice
participates to the charge compensation mechanism upon
sodium extraction only at high voltage (>4.0 V).20 Thus,
anionic redox activity should be observed in the desodiated
states of such materials, enabling the chance to store extra
capacity. For this reason, we have investigated the dioxygen
formation only at low Na contents (>4 V state of charge) to
clarify the origin of the oxygen redox processes and its
underlying mechanism. Figure 4 shows the stable O2-
intermediate structures identified at x = 0.25 and 0.125 after
relaxation and the corresponding energy variation, ΔE, given
by eq 3:

Δ = −E E Edioxygen NNMO (3)

Figure 4. Dioxygen formation in NNMO: (top panel) top-view of A−D structures identified at (a) x = 0.25 and (b) x = 0.125. The yellow
circles indicate the initial positions before dioxygen binding; (bottom panel) dioxygen formation energetics at (a) x = 0.25 and (b) x = 0.125.
Side-views and moiety labels are also displayed according to the assignments reported in Table 2. Color code as in Figure 1, O atoms
involved in the dioxygen−metal complexes are depicted in orange. Only atoms around the dioxygen complex are shown for clarity.

Table 2. O−O and M−O Distances of Dioxygen−Metal Complexes Represented in Figure 4 at x = 0.25 (Top) and x = 0.125
(Bottom) and Corresponding Assignment According to Their Coordination

x Na O2-intermediate dO−O (Å) dM−O (Å) moiety coordination

0.25 A 1.266 2.153 (Mn) - 2.272 (Ni) μ2-η1-O2 bridging
B 1.293 2.074 (Mn) - 2.383 (Mn) μ-O2 binuclear bridging
C 1.289 2.022 η1-O2 end-on
D 1.263 2.281 (Mn) - 2.062 (Ni) μ2-η1-O2 bridging

0.125 A 1.279 2.123 η1-O2 end-on
B 1.288 2.155 η1-O2 end-on
C 1.243 2.575 (Mn) - 2.575 (Ni) μ2-η1-O2 bridging
D 1.231 - O2 molecular O2
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where Edioxygen is the total energy of the O2-intermediate within
NNMO lattice, and ENNMO is the total energy of NNMO in its
minimum-energy structure. Defined this way, negative ΔE
values correspond to favorable formation of dioxygen−metal
compounds from two regular O positions in the NNMO
lattice. The A−D structures have been assigned to specific
moieties according to M−O and O−O bond lengths and the
geometry coordination, as illustrated in Table 2.
At x = 0.25, all the O2-intermediate structures consist of

superoxide species (dO−O ∼ 1.26−1.29 Å, intermediate
between dO−O in O2 and dO−O in O2

2−),70,71 which coordinate
the TM in different binding modes: in A and D configurations
there is a similar bridging coordination of O2

2− on two
adjacent Ni and Mn atoms (μ2-η1-O2); B configuration
involves one binuclear bridging coordination of O2

− to
contiguous Mn atoms (μ-O2); C configuration shows an
end-on coordination of O2

2− on a single Mn atom (η1-O2).
The highest formation energy is found for the μ2-η1-O2
complex in D case (ΔE = 0.244 eV), which is associated to
an oxygen removal from the Mn−O−Mn site, while removing
an oxygen atom away from a Mn−O−Ni site always results to
be easier (A, B, and C cases). Among the four cases, the
formation of μ2-η1-O2 complex in A is the most energetically
favorable (ΔE = −0.097 eV), suggesting that the O-redox
activity is already playing an important role at this state of
charge. Since the x = 0.25 Na content can be assimilated to 4.1
V, this outcome explains the origin of the additional plateau
exhibited during first charge cycle reported by Ma et al.20 At x
= 0.125, two superoxide-based complexes have been identified:
both configurations A and B are assigned to end-on
coordination on, respectively, a Ni and Mn atom (η1-O2),
with structure A showing the lowest (and negative) formation
energy (ΔE = −0.431 eV) due to the breaking of a Ni−O bond
instead of a Mn−O one compared to structure B. The C
configuration, still bound but with large M-O distances,
presents a near-zero formation energy and a much shorter O−
O distance (1.24 Å). Beyond the formation of these dioxygen−
metal complexes, such low Na content enables also the
complete release of molecular oxygen: the D species features a

O−O distance of 1.23 Å and shows no direct coordination to
any nearby TM atoms, with an unfavorable formation energy
ΔE = ∼ 0.8 eV that is however easily accessible under NIB
operating condition. Alike O−O peroxo-like dimers have been
visualized with TEM and neutron diffraction techniques in
Li2Ir1−xSnxO3 and have been ascribed to be responsible for the
capacity gain in the Li-rich layered electrode.72 These findings
prove that O-redox activity in NNMO is triggered at very low
sodiation stage, i.e., high-voltage range, and that it likely occurs
via formation of low-energy O2-intermediate structures leading
to the release of molecular O2. These results have shown that
Mn-bridged superoxide can form spontaneously already at x
Na = 0.25 in a Mn-deficient site, while at x Na = 0.125,
molecular O2 can be easily released. However, the reversibility
of this process strictly depends on what extent molecular O2 is
removed from the electrode material. Whether the oxygen
molecule is trapped in the Mn-deficient site or is removed from
the lattice requires further investigations. These results also
clearly assess the active role of Ni in the electrochemistry of
NNMO, not only in terms of the overall charge compensation
upon desodiation (i.e., increasing electronic charge and
decreasing magnetization upon desodiation- Figure 2b,d) but
also in stabilizing dioxygen complexes. Both the Ni atom
involved in the dioxygen binding and the Ni site where oxygen
is removed undergo electron reduction to compensate the
oxide-to-superoxide process. As shown in Figure 4, the energy
difference between two similar bridged superoxide structures
(i.e., A and D) can be ascribed to the different final oxygen
vacancy configuration (Mn−VO−Ni and Mn−VO−Mn,
respectively, as highlighted in top panels of Figure 4). The
easier removal of one oxygen atom from a Mn−VO−Ni site
compared with the Mn−VO−Mn (as denoted by oxygen
vacancy formation energies, see Table 1) affects the final
energetics of dioxygen formation, leading to the negative ΔE in
A and the positive one in D. Analogously, at x Na = 0.125, the
stable A structure presents a Ni−O bond and a Mn−VO-Ni
configuration, while its η1-O2 counterpart (i.e., the B structure
without involvement of Ni) lies at higher energy.

Figure 5. Dioxygen formation in Fe-NNMO: (top panel) top-view of A-D structures identified at (a) x = 0.25 and (b) x = 0.125; (bottom
panel) dioxygen formation energetics at (a) x = 0.25 and (b) x = 0.125. Side-views and moiety labels are also displayed according to the
assignments reported in Table 3. Color code as in Figure 4, plus Fe atoms depicted in light blue. Only atoms around the dioxygen complex
are shown for clarity.
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From a general perspective, the activation and control of
reversible O2−/O− reactions call for fine-tuning all the
constituent elements in the electrode. Increasing the TM−O
bond covalency, substituting TM for d0 or alkali metals, as well
as using cation-disordered structures are among the promising
strategies to suppress an irreversible O2 loss.34,36,39,65 Other
very recent experiments also suggest that TM migration via in-
plane mechanism can trigger the reversible oxygen activity with
no voltage fade.16 We have shown that Mn-deficiency is
required to enable anionic redox reaction in NNMO and thus
push the cathode capacity to its upper limit, but at high
voltage, the labile Ni−O bond tends to release O2 from the
Mn-vacancy site via formation of low-energy superoxide
intermediates. Indeed, implementing a stronger covalent
nature for the TM−O bond via substitution of Ni with Fe
has been recently proven to be effective: Fe-doped P2-type
NaxTMO2 cathodes exhibit enhanced specific capacities owing
to reversible O2−/O− redox and no further evolution to
molecular O2.

65 Inspired by this evidence, we have also
addressed the dioxygen formation in Fe-doped NNMO in
direct comparison with NNMO in order to endorse the design
strategy outlined above. We consider the substitution of one
Ni with one Fe atom in the Mn-deficient site (i.e., where
dioxygen formation takes place), corresponding to 3% at. of
metal doping, for each structure along the A−D series at both
x = 0.25 and 0.125 Na contents. As illustrated in Figure 5a, at x
Na = 0.25 a bridged-superoxide moiety binding to Mn and Fe
atoms can form spontaneously, thus confirming that anionic
activity is enabled also for Fe-NNMO at this state of charge (∼
4.0 V).65 Figure 5b shows that two stable structures are
identified at x Na = 0.125, namely A and C, the former being
end-on coordinated to Fe and the latter bridged to Fe and Mn
atoms. Structural details and moiety assignments are listed in
Table 3.
Different from NNMO, all the explored cases present

coordinated O2 moieties (M−O distances ranging from 2.01 to
2.61 Å) with O−O distances ascribed to superoxide-like O2,
never reaching the status of free O2. Thus, Fe-doped NNMO is
predicted to present both oxygen activity and reduced O2
release.
As in NNMO, the energy differences among the A−D

structures seem to rely on the O departure position
(highlighted in top panels of Figures 4 and 5). We think
that oxygen vacancy formation can also provide direct
information on the tendency to form dioxygen compounds
and thus be considered as correlated to the O2 evolution. To
this end, we have also computed the oxygen vacancy formation
energies in Fe-doped NNMO at x Na = 0.125. Only two-
coordinated VO(1)-like vacancies have been considered. For
three possible configurations, we obtain the following

formation energies: 2.253 eV (Mn−VO−Mn), 1.755 eV
(Mn−VO−Fe), and 1.533 eV (Mn−VO−Ni). These values
are ∼1 eV higher than the corresponding formation energies in
NNMO (1.077 eV for Mn−VO−Mn and 0.114 eV for Mn−
VO−Ni), suggesting that Fe doping leads to an overall
stabilization of the oxide lattice. On the other hand, the EVo
trend found in Fe-NNMO shows that breaking the Fe−O
bond is easier than the Mn−O, but more difficult than Ni−O
one. The Fe−O bond is less labile than Ni−O, and it
effectively allows to inhibit O2 release in the high voltage range,
but dioxygen can still form. In this way, extra specific capacity
can be achieved, but it can also be recovered upon subsequent
charge/discharge cycles since O2 release is suppressed or at
least reduced.
While a general picture of O-redox activity is rapidly taking

shape,37,38 our new insights on NNMO and Fe-doped NNMO
highlight simple descriptors (oxygen vacancy formation and
TM-O2 coordination energy) that could allow to predict the
oxygen evolution in a given structure and the critical state of
charge for the irreversible material degradation.
In conclusion, we proposed a thorough first-principles

investigation of the P2-type Mn-deficient NaxNi0.25Mn0.68O2
layered oxide, which is among the most promising candidates
for an advanced high-energy NIB cathode. We focused on the
anion redox activity that has been suggested by experiments20

in order to provide new theoretical insights into the charge
compensation mechanism driven by partially oxidized oxygen
atoms. The O-redox process was investigated considering the
formation of oxygen vacancies and dioxygen−metal species at
different sodiation degrees. Accurate electronic structure
analysis on NNMO revealed that desodiation is coupled to
Ni2+ → Ni3+ oxidation and, when the state of charge goes up to
4.5 V, further oxidation to Ni4+ with a noninnocent
contribution of O2− takes place, while Mn4+ does not
participate, in agreement with the available experimental
observations. Increased magnetization on O atoms and p-
type character of the material at x = 0.125 composition confirm
that stable oxygen electron holes can be formed in NNMO at
4.5 V. Further data analysis outlined that (i) oxygen vacancies
are more likely to form nearby the Mn-deficient site at low Na
content (x = 0.125, i.e., 4.5 V state of charge), preferably along
Mn−O−Ni bonds than along Mn−O−Mn ones; (ii) the low-
energy superoxide-based structures at x = 0.25 act as possible
intermediates toward the formation of molecular O2; (iii) an
oxygen molecule is expected to be released from a Mn-
deficient site at x = 0.125 with preferential breaking of Ni−O
bond; (iv) Fe substitution leading to increased TM−O
covalency in NNMO is shown to be effective toward the
stabilization of the oxide lattice and possible suppression of O2
release. These findings set clear directions for further research

Table 3. O−O and M−O Distances of Dioxygen−Metal Complexes in Fe-Doped NNMO represented in Figure 5 at x = 0.25
(Top) and x = 0.125 (Bottom) and Corresponding Assignment According to Their Coordination

x Na O2-intermediate dO−O (Å) dM−O (Å) moiety coordination

0.25 A 1.277 2.083 (Mn) - 2.309 (Fe) μ2-η1-O2 bridging
B 1.299 2.010 (Mn) - 2.279 (Fe) μ2-η1-O2 bridging
C 1.298 2.011 (Mn) - 2.297 (Fe) μ2-η1-O2 bridging
D 1.267 2.169 (Mn) - 2.179 (Fe) μ2-η1-O2 bridging

0.125 A 1.255 2.472 (Fe) η1-O2 end-on
B 1.345 2.056 (Mn) η1-O2 end-on
C 1.265 2.445 (Mn) - 2.472 (Fe) μ2-η1-O2 bridging
D 1.253 2.492 (Mn) - 2.606 (Fe) μ2-η1-O2 bridging
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to prevent O2 release and feature simple descriptors (oxygen
vacancy formation and TM−O2 coordination energy) that
could be helpful in predicting the evolution of oxygen redox
activity. Future research efforts need to focus on the effects of
different TM ions on the O2 formation mechanisms, and to
chase the complete characterization of O2−/O2

2−/O2 evolution
from the bulk to the exposed surfaces. We believe that
atomistic details on these processes can provide the scientific
community with new rational design strategies for advanced
and more efficient P2-type NaxTMO2 that are able to recover
the extra specific capacity in subsequent charge/discharge
cycles, paving the route toward the application of these
promising cathode materials in high-performing Na-ion
batteries.

■ METHODS AND COMPUTATIONAL DETAILS
We have performed spin-polarized density functional theory
(DFT)73,74 calculations with the DFT+U Hubbard-like
correction scheme75 to overcome the large self-interaction
error (SIE) that affects DFT when applied to mid-to-late first-
row TM oxides with tightly localized d-electrons. 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 5.4.4).76 For all the
calculations, the following PAW potentials77 have been
considered: Na_pv [Be]2p63s1; Ni [Ar]3d10; Mn [Ar]3d7; O
[He]2s22p4. We have employed the Perdew−Burke−Ernzerhof
(PBE)78 exchange-correlation functional with Ueff = 4.0 eV
parameter for both Ni and Mn atoms79 and added the D3-BJ
dispersion correction to account for van der Waals (vdW)
interactions that play a crucial role in layered structures.80,81 A
kinetic energy of 750 eV and Γ-centered 4 × 4 × 4 k-points
sampling mesh have been used; these values ensure converged
energies within 3 meV/f.u. with respect to the PW basis set
size and Brilluoin zone sampling, respectively. For all the
calculations, the convergence threshold for energy has been set
to 10−5 eV. We have built up a 4 × 4 × 1 supercell of
Na0.75Ni0.25Mn0.75O2 containing 120 atoms within the P63/
mmc space group. The mixed occupancy of Ni/Mn at the 2a
atomic site results in TM disorder13,82 that can be simulated
via the special quasi random structure (SQS) approach,83,84 as
implemented in the Alloy Theoretic Automated Toolkit
(ATAT) code.85,86 Na atoms have been placed in edge and
face sites with Na(e)/Na(f) ratio being equal to 2 for each
sodiation state.87 Lattice constants and atomic positions for the
NaxNi0.25Mn0.75O2 system with x = 0.125, 0.25, 0.50, 0.75 have
been fully relaxed until the maximum forces acting on each
atom were below 0.03 eV/Å (see Table S3 and Figures S8 and
S9 in SI for details). Two Mn vacancies have been introduced
in the 4 × 4 × 1 supercell arranged in the most homogeneous
configuration (Figure S10) to model the Mn-deficient
NaxNi0.25Mn0.68O2 systems and further relaxation of atomic
positions has been performed. No local aggregation of Mn
vacancies has been reported in experiments and macroscopic
samples present isotropic properties, so we considered the
homogeneous configuration as best reliable model of the
system. All the electronic structure calculations and geometry
optimizations for O-defective and O2-intermediate structures
have been carried out within the same computational protocol.
The net magnetic moment on each atom is obtained from
electronic structure calculations: in case of collinear spin,
VASP reports the magnetization density from the difference in
the up and down spin channels, as integrated within a sphere

with a Wigner-Seitz radius for each atom type (we used the
default values from VASP). Hybrid calculations with the
HSE06 density functional have been performed as benchmark
on selected systems as reported in the Supporting Information.
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