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Abstract: We investigate high-valent oxygen redox in the
positive Na-ion electrode P2-Na0.67@x[Fe0.5Mn0.5]O2 (NMF)
where Fe is partially substituted with Cu (P2-
Na0.67@x[Mn0.66Fe0.20Cu0.14]O2, NMFC) or Ni (P2-
Na0.67@x[Mn0.65Fe0.20Ni0.15]O2, NMFN). From combined analy-
sis of resonant inelastic X-ray scattering and X-ray near-edge
structure with electrochemical voltage hysteresis and X-ray
pair distribution function profiles, we correlate structural
disorder with high-valent oxygen redox and its improvement
by Ni or Cu substitution. Density of states calculations
elaborate considerable anionic redox in NMF and NMFC
without the widely accepted requirement of an A-O-A’ local
configuration in the pristine materials (where A = Na and A’ =
Li, Mg, vacancy, etc.). We also show that the Jahn–Teller nature
of Fe4+ and the stabilization mechanism of anionic redox could
determine the extent of structural disorder in the materials.
These findings shed light on the design principles in TM and
anion redox for positive electrodes to improve the performance
of Na-ion batteries.

Introduction

Li-ion batteries (LIBs) are promising devices for both the
transportation and utility sectors as they provide high energy
density capability to store intermittent renewable sources of
energy. However, the high abundance of sodium (100 times
that of Li)[1] and compatibility of a sodium anode with an
aluminum current collector—which is lower cost than copper
collectors used in LIBs—makes Na ion batteries (NIBs)
viable options for large-scale applications.

Recently, low-cost and non-toxic NIBs made from Mn and
Fe have drawn considerable attention in the battery com-
munity.[2] Yabuuchi et al. demonstrated the effectiveness of

layered oxide P2-Na2/3[Fe0.5Mn0.5]O2 as a positive electrode
material. It delivers a reversible capacity of 190 mAh g@1 at
room temperature with charge compensation that was
presumed to be through Fe3+/4+ redox.[2a] The considerably
improved electrochemical reversibility compared with that of
Li-ion positive electrodes such as LiFeO2 demonstrated the
potential of sodium-based electrodes to deliver high capacity
using earth-abundant materials such as Fe and Mn. However,
the practical use of these materials is inhibited by their
reactivity with moisture and CO2 in air[2e] as well as their
structural instability[2b,3] upon deep desodiation. In the pris-
tine materials, the transition metals (TMs), Fe and Mn, reside
in octahedral sites in the TMO2 layer. However, X-ray and
neutron diffraction studies have shown that the TMs shuffle
into tetrahedral sites in the Na layers upon desodiation,
leading to structural degradation, capacity fade, and de-
creased rate capability.[2b,c] Although partial substitution of Fe
with Mn, Ni, Co, Cu, or Ti has been shown to mitigate these
issues,[2b,c,4] a full understanding of the effect of TM substi-
tution on structural stability-redox coupling has remained
elusive.

Similar to the case of Li layered TM oxides, improving
capacity by accessing both cationic and anionic redox has
been demonstrated in several Na-ion layered TM oxides. The
often-discussed requirement for anionic redox is the presence
of A-O-A’ (where A stands for an alkali metal and A’ stands
for species with no covalent bonding interaction with the
oxygen; for example, Li-O-Li, Na-O-Mg/Zn or Na-O-Vacan-
cy) local configurations in positive electrode materials.[5] The
configuration has been linked to the formation of nonbonding
oxygen 2p states below the Fermi-level which will participate
in charge compensation upon charging. This proposal has
been adopted to explain the anionic redox activity in sodium
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electrode materials such as Na0.6Li0.2Mn0.8O2, Na2RuO3,
Na2Mn3O7 Na0.67Mg0.28Mn0.72O2. Na0.67Zn0.28Mn0.72O2 and
Na0.78Ni0.23Mn0.69O2.

[5] However, anionic redox has also been
linked with structural disorder[6] that results in voltage
hysteresis and fade of both voltage and capacity, impeding
its practicality in devices.[6,7] Recently, House et al. showed
that superstructure control in sodium positive electrodes
could mitigate the structural disorder linked with anionic
redox.[8] Another report by Song et al. examined the oxygen
density of states (DOS) of ordered Li2TMO3 (TM = 3d TMs)
compounds and proposed that TMs surrounding a Li-O-Li
local configuration have a nontrivial p-type interaction with
oxygen which modulates the energy level of O 2p and TM t2g

states. Based on the DOS results, they further demonstrated
that oxygen redox activity could be estimated by the types and
numbers of the TMs surrounding Li-O-Li in Li2TMO3

systems.[9] Although partial metal substitution has been
generally used to diminish structural disorder on cycling,[2b,c,4]

a design rule that involves a specific metal or synthesis
method is further needed to be developed to disrupt the link
of structure-redox coupling in anionic
redox positive electrode materials.

Previously, some of us examined
the effect of substituting Fe by Cu and
Ni in P2-Na0.67@x[Mn0.5Fe0.5]O2 (NMF)
on electrochemical performance,[2b,c]

showing that Ni was particularly effec-
tive in controlling capacity fade. In P2-
Na0.67@x[Mn0.66Fe0.20Cu0.14]O2 (NMFC)
and P2-Na0.67@x[Mn0.65Fe0.20Ni0.15]O2

(NMFN), charge compensation on
charge would be typically achieved
by transition metal redox. However,
our studies hinted that oxygen redox
also occurs in NMF and NMFC, ac-
companied by the TMs migrating from
octahedral sites (pristine state) to
tetrahedral sites (desodiated state).[2b,c]

Such site swapping (i.e., TM migra-
tion) is only partly reversible.

As part of a “deep dive” into
understanding redox mechanisms in
positive electrodes on electrochemical
cycling, here we prove the existence of
anion-redox activity in NMF, and its
modification by Cu/Ni substitution. By
combining analysis of local structure
with spectroscopic probes—specifical-
ly, resonant inelastic X-ray scattering
(RIXS) and X-ray near edge structure
(XANES)—we show how TM substi-
tution tunes the structure-redox rela-
tionship. We unveil the structure-re-
dox link in NIBs, further corroborating
this relationship that has been previ-
ously observed in LIBs in electrode
materials such as
Li1.17@xNi0.21Co0.08Mn0.54O2

[6] and
LixIrySn1@yO2.

[10] We find that substitu-

tion is a vital strategy to lower structural disorder in the
presence of anionic redox, by reducing Jahn–Teller distortion
due to Fe+4 and modulating the TM-O covalency. In addition,
by performing density-functional theory (DFT) calculations,
we explore why NMF and NMFC exhibit considerable anionic
redox even though they do not satisfy the widely accepted
requirement of a local A-O-A’ configuration (Li-O-Li, Na-O-
Mg/Zn or Na-O-Vacancy) in the pristine materials.[5e, 11]

Results and Discussion

To provide background, the electrochemical properties
and X-ray pair distribution function (PDF) analysis of the
NMF, NMFC and NMFN electrodes are compared in Fig-
ure 1. P2-type layered Na0.67TMO2 encounters a change in
stacking order during desodiation. A phase transition from
the P2 to a very poorly crystalline O2-like phase (hereafter,
called the Z-phase) occurs on deep charge as we previously
reported (Figure S1).[2b,c] The changes in the first cycle are

Figure 1. Effect of TM substitution on electrochemistry. a) First cycle electrochemistry for NMF,
NMFC, and NMFN cycled at 0.1 C. b and c) Comparison of the first cycle and voltage hysteresis
upon desodiation, respectively, of the three electrodes cycled at 0.1 C. The substitution of Fe with
Cu or Ni in Na0.67Mn0.5Fe0.5O2 reduces the hysteresis gap and pushes the start of the plateau at
high voltage to higher voltage. d) Scheme of the bilayer model used to fit the pair distribution
function (PDF) curve of NMF, NMFC, and NMFN. The purple and red spheres represent the
transition metals and oxygen atoms, respectively. The yellow arrows indicate the atomic distance,
as labeled. e) Comparison of the experimental X-ray PDF data of pristine P2-NMF with Z-phase
NMF, NMFC, and NMFN. f) Schematic models of Z-phase NMF, NMFC, and NMFN. The
antisite-vacancy defect (AVDF) formation in NMF is mitigated by substituting Fe with Cu or Ni.
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summarized and depicted in different colors in Figure 1a.
Here, to rigorously assess voltage hysteresis between sodia-
tion and desodiation, we performed cycling at different rates
(1 C, 0.5 C, 0.1 C and 0.05 C; Figure S2). While hysteresis is
more dominant at the faster C-rates as expected, it is still
quite significant for NMF at and below 0.1 C (i.e. at 0.05 C).
This indicates a kinetic limitation due to TM shuffling into the
tetrahedral sites (as previously described for lithium metal
oxides)[12] and formation of so-called antisite-vacancy defects
(AVDF)[6] discussed below. Above 3.1 V, the hysteresis gap
amongst the three electrodes diverge, shown in Figure 1b. To
directly compare the voltage hysteresis, the voltage difference
at a given state-of-charge was quantified (Figure 1c). The
largest hysteresis occurs during the P2 to Z phase trans-
formation at a Na composition of & 0.35, & 0.25 and
& 0.25 mol for NMF, NMFC and NMFN, respectively. Sub-
stitution of Ni decreases the maximum hysteresis from 0.66 V
to 0.38 V. Thus the hysteresis is the greatest in NMF, followed
by NMFC and then NMFN.

To elucidate the underlying factors governing the differ-
ence in voltage hysteresis, first, we re-visited the local
structure of the Z-phase in the three P2-oxides. X-ray PDF
analysis quantifies the amount of AVDF in chemically de-
sodiated samples, i.e., the degree of TM migration.[2c] For
simplicity, we assumed the total mass of the AVDF pair is
preserved in the structure during the Z-phase evolution. The
PDF curve fitting (Figure S3) was conducted by adopting a 4 X
4 X 10 supercell extended from an O2-type bilayer model in
Figure 1d, whose origin was described previously.[2b,c] The
decreased intensity of the d3(i) and d3(ii) PDF peaks in
Figure 1e in NMFC and NMFN compared with that of NMF
confirms that the AVDF concentration in the Z-phase
decreases upon Cu or Ni substitution.[2c] The corresponding
bilayer models of the Z-phases from each material are
displayed in Figure 1 f. The effect of Cu or Ni substitution—
namely to reduce AVDF formation in the NMFC and NMFN
electrodes—is reflected in a lower voltage hysteresis evolu-
tion upon forming the Z-phase. This suggests that the two
factors are linked.

Redox Mechanism: Role of Anionic Redox in Charge
Compensation

To understand why Cu and Ni substitution affect the
voltage hysteresis and the concentration of the AVDFs,

insight into the redox behavior of each element is needed.
XANES and RIXS have been widely used to investigate
element-specific redox behavior and to correlate structural
evolution and oxidation state change in TM oxide materials.
In our previous reports,[2b,c] the possible involvement of lattice
oxygen in the redox behavior of NMF and NMFC was
inferred from in situ XANES measurements at the Mn, Fe
and Cu K-edges along with 57Fe Mçssbauer spectroscopy
analysis. In these studies, the XANES spectra of each cation
showed a shift to higher energy upon charge to 4.1 V, but
further desodiation to 4.3 V did not result in any discernible
energy shift in the spectra.[2a,c] Here, we employ TM XANES
studies to probe the behavior of the Ni-analogue, NMFN
(Figure S4). The Ni K-edge XANES spectra in Figure S4(a)
demonstrate that Ni is oxidized, compensating for charge at
potentials above 4.1 V. This is evidenced by a white line shift
from 8352 eV to 8355 eV (Ni2+/4+) and decreasing peak
maxima which are typical redox features of Ni, in agreement
with previous observations of P2-Na2/3[Ni1/3@y/2Mn2/3@y/2Fey]O2

and O3-NaFe0.3Ni0.7O2.
[13] These results confirm that the high-

voltage, Z-phase capacity in NMFN involves significant TM
(specifically Ni) redox, whereas this is not the case for NMF
and NMFC.[2b,c] It suggests that the NMFN Z-phase is inactive
for anion redox, while NMF and NMFC are active.

To directly quantify the extent of oxygen redox, RIXS at
the O K edge was conducted on each electrode at different
states during the first oxidation cycle. Points were chosen
between 3.9 and 4.3 V (Figure 1 a) to sample the uppermost
state of charge. RIXS has been used extensively to determine
the presence of depopulated O 2p states in Li and Na
oxides.[6,10, 11e, 14] By combining XANES and RIXS analyses on
the TMs and oxygen, respectively, we can explore the
correlation between cation disorder and cation/anion redox.

RIXS maps for NMF charged to between 3.9 and 4.3 Vare
shown in Figure 2. In pristine NMF, we observed two
excitations involving intermediate state transitions into the
unoccupied hybridized TM 3d-O 2p* and TM 4sp-O 2p*
states appearing at approximately 528–533 eV and > 535 eV
in excitation energy, respectively. Accompanying emission
occurs at approximately 522–527 eV due to decay from the
relatively broad (delocalized) oxygen valence band states to
fill the excited O 1s core hole.[14] The TM 3d-O 2p* features
corresponds to the pre-edge of O-K edge spectroscopy and is
dominated by TM 3d character through a strong TM-O
hybridization effect which evolves during cationic redox
(Figure S7).[14,15]

Figure 2. O K-edge RIXS measurement of NMF. a–d) RIXS maps of the pristine electrode and of electrodes at 3.9, 4.05, and 4.3 V, respectively. A
white dotted line is drawn across the maps to indicate the region of the map (&531.5 eV in excitation energy) where the anionic redox feature
should be located. e) Integration of the map at &531.5 eV excitation. The integration reveals a localized shoulder at approximately 523 eV in
emission energy. Therefore, oxygen is involved in compensation of charge during desodiation above 3.9 V.
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The O K-edge RIXS map of NMF at 3.9 V (Figure 2b)
reveals similar excitation and emission states to the pristine
electrode. In contrast, for electrodes desodiated to 4.05 and
4.3 V, a sharp feature appears at 531.5 eV in excitation and at
523.3 eV in emission, which differs from the broad 522–
527 eV emission features. This localized feature has been
linked to anionic redox.[2a,h, 6,10, 11e, 16] To further examine this
feature, single-energy RIXS spectra at an excitation energy of
531.5 eV were obtained (Figure 2e). A peak emerges at an
emission energy of & 523 eV and grows with voltage, indicat-
ing anionic oxidation above 3.9 V. The oxygen redox suggest-
ed here is consistent with the absence of Mn and Fe redox
activity in XANES in the same voltage range.[2a,c]

Similar to NMF, the RIXS evolution in NMFC confirms
the existence of an oxygen redox feature in the 4.3 V-charged
electrode (Figure 3d). However, the oxygen redox feature
from the single-energy RIXS spectra at 531.5 eV excitation
energy in Figure 3e indicates that the onset of oxygen
oxidation occurs at a higher voltage than in NMF, specifically,
above & 4.15 V.

In contrast to NMF and NMFC, the O-K edge RIXS maps
of NMFN exhibit no discernible oxygen redox feature upon
desodiation to 4.3 V, which is also confirmed by the single-
energy RIXS spectra (Figure 4). Consistent with this finding is
that the Ni K-edge XANES white line shifts by 3 eV between
4 and 4.3 V (Figure S4). This confirms that Ni oxidation,
rather than that of oxygen, occurs upon desodiation of NMFN
at high voltage (> 4.1 V).

We summarize the redox mechanism in the three electro-
des by combining the XANES, RIXS and Mçssbauer
spectroscopy (Fe) results from this and previous studies in
Figure 5a.[2a–c] We followed two methods to quantify oxygenQs

involvement in redox. First, we calculated how much capacity
is unaccounted for by the TM redox from XANES and
Mçssbauer spectroscopy. The extent of oxygen redox is here
defined as the number of electrons per oxygen that contribute
to charge compensation during desodiation (Figure 5b).
Second, we analyzed the intensity of the anionic redox
feature in the single energy RIXS spectra. Both methods
resulted in the same trend for the extent of anionic redox:
NMFC + NMF @ NMFN. Variations of capacity from cell to
cell and limits of instrument resolution were used to estimate
error bars. Details of these analyses, including quantification
procedures, are explained in Table S1 and Figure S6.

Structure-Anionic Redox Link

Our combined structural and spectroscopic characteriza-
tions suggest a significant fraction of antisite-vacancy defects
form on initial desodiation in NMF and NMFC, and are
accompanied by anionic oxidation. On the other hand,
NMFN exhibits Ni oxidation and does not form such
discernible defects. This observation from the sodium layered
oxide positive electrodes mirrors the structure-anionic redox
link reported for Li layered oxide positive electrode-
s.[6, 10, ,11e, 14a,17] The correlation suggests that AVDF formation
could be one form of local structure stabilization during
oxygen activity.[10, 18] Before we discuss what determines the
extent of defect formation in these materials, we first address
why we observed anionic redox in NMF/C, contrary to
prediction based on previous models.

A local configuration of A-O-A’ (Li-O-Li, Na-O-Mg/Zn
or Na-O-Vacancy) in the reduced materials has been pro-

Figure 3. O K-edge RIXS measurement of NMFC. a–d) RIXS maps of the pristine electrode and of electrodes at 4, 4.15, and 4.3 V, respectively.
e) Integration of the map at 531.5 eV (white line in (b)–(e)). The integration reveals a localized shoulder appearing at approximately 523 eV in
emission energy, indicating that oxygen is involved in charge compensation during desodiation above 4.15 V.

Figure 4. O K-edge RIXS measurement of NMFN. a–d) RIXS maps of the pristine electrode and of electrodes at 4, 4.15, and 4.3 V, respectively.
e) Integration of the map at 531.5 eV (white line in (a)–(d)). The integration reveals no localized shoulder appears at approximately 523 eV in
emission energy. Therefore, oxygen involvement in charge compensation during desodiation at higher voltage is negligible.
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posed as a requirement for anionic redox. This configuration
can form a narrow non-bonding O 2p state that can
participate in anionic redox.[5e, 11] In this requirement, A and
A’ have to be redox inactive metals and the A@O bond has to
be relatively ionic, so that electrons that form the bond are
highly polarized (and more localized on the oxygen anions).
Based on this supposition, NMF, NMFC and NMFN are not
expected to exhibit anionic redox due to the absence of this
specific configuration. However, our experimental results
suggest otherwise. Thus, we performed density of states
(DOS) calculations to shed light on the factors that control
the fraction of oxygen activity during charging. We reduced
the number of transition metals in each composition to
simplify the calculation and explore the role of a given metal.
We kept the Mn content to be 1=2 of the transition metal sites
and filled the other 1=2 with Fe, Ni, or Cu. This systematic
exploration allows us to clearly correlate the changes in the
DOS with the type of transition metal. Using three metals per
material would make it harder to isolate the role of each.
Figure 6 shows the DOS of Na2/3Mn1/2Fe1/2O2 (NMF), Na2/

3Mn1/2Cu1/2O2 (NMC), and Na2/3Mn1/2Ni1/2O2 (NMN). The
integrated partial DOS between @1.5 eV and 0 eV was
analyzed to estimate how much a given band dominates near
the Fermi level (giving an estimate of the fraction of electrons
available for redox) (Figure 6d). The extent to which the
oxygen band dominates the band near the Fermi level is in the
following order: ONMC > ONMF > ONMN. We note that these
calculations are for the pristine materials prior to desodiation.
As the charged state is highly disordered and not structurally
resolvable, we could not perform DFT. Nonetheless, based on
the DOS, we expect Cu and Fe containing materials to have
more oxygen-electron availability for redox than Ni during
desodiation of the corresponding positive electrode. This is
consistent with our experimental observation where the
extent of anionic redox follows the order NMFC + NMF @

NMFN. This finding corroborates the reliability of our
theoretical analysis to predict the redox behavior upon
cycling based on the structure of the pristine material.

The relative contribution of a given band near a Fermi
level can also be understood as the relative location of the
bandQs centroid (Figure 6e). The more the band dominates,
the closer is its centroid to the Fermi level. The effect of the
location of the centroid of the band (with respect to the Fermi
level) on the surface exchange kinetics – in fuel cells,
electrolysis cells[19] and on catalysis activity for the oxygen

evolution reaction[20] – has also been previously reported.
While the A-O-A’ configuration forms a nonbonding oxygen
2p state close to the Fermi level and thereby increases the
extent of oxygen participation in redox, our work here shows
that chemical substitution is an effective knob to tune oxygen
participation. The type of transition metal, the strength of
covalency and local symmetry (among other factors) can play
a role in enhancing the presence of O 2p states near the Fermi
level. For example, NMF, NMFC and NMFN—despite similar
local structure and stoichiometry—have different oxygen
band dominance near the Fermi level due to the difference in
the transition metal. This introduces oxygen dominance near

Figure 5. a) Summary of charge compensation in the three electrodes. b) The extent of anion redox (e@/O). c) The extent of AVDF formation
(fraction of TMs that swap their position from the octahedral sites in the TM layer to tetrahedral sites in the Na layer.).

Figure 6. DOS calculation for NMF, NMC, and NMN (a), (b) and (c).
The area under a given band was calculated between @1.5 eV and 0 eV
(highlighted region) to estimate the DOS contribution of each ele-
ments (d). From the electrochemistry, we expect to extract &0.5 elec-
trons during this voltage window, and we estimated the @1.5 eV to
0 eV range in the pDOS will contribute to this number of electrons.
The DOS contribution of both TM and O is consistent with the
respective charge compensation obtained from experiment (Fig-
ure 5a). (e) Schematic summarizing the O-band dependence of the
extent of anionic redox. The more oxygen 2p states near the Fermi
level, the more their relative contribution to charge compensation
(extent of anionic redox). The respective O 2p and TM 3d state
contribution compared in the schematic diagram is based on the
integrated values from the pDOS between @1.5 to 0 eV.
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the Fermi level as a more general descriptor to determine the
extent of anionic redox. We recognize that structural changes
upon desodiation may affect the electronic structure and
thereby slightly alter the relative cationic and anionic charge
compensation mechanism in the resulting oxidized species.[21]

However, while our calculations are conducted on the pristine
material, the relative partial DOS contribution near the Fermi
level (Figure 6d) and the charge compensation by the
respective ions determined from experiment (Figure 5a) are
strikingly similar, confirming the robustness of this method.

The degree of AVDF and the extent of anionic redox are
not correlated in a 1:1 manner. The trend in the degree of
AVDF is NMF > NMFC > NMFN, whereas the trend in the
extent of anionic redox is NMFC + NMF @ NMFN. This
suggests that there is an additional factor that plays a role in
determining the extent of AVDF.

Despite its lower anionic activity, the extent of AVDF in
NMF is higher than NMFC. We propose the higher concen-
tration of Jahn–Teller active Fe4+ ions per formula unit in
NMF than NMFC can explain this for two main reasons:
1. Jahn–Teller active Fe4+ facilitates the AVDF formation by

lowering the energy barrier for TMs to migrate from the
octahedral sites in the TMO2 layer to tetrahedral sites in
the Na layer as illustrated in Figure 7a.[22] Poor cycling of
O3-NaFeO2 has also been ascribed to Jahn–Teller induced
AVDF.[23] The presence of a non-cooperative Jahn–Teller
effect of high-spin Fe4+ in NMF was previously reported[2a]

based on the Debye-Waller factor extracted from EXAFS.
We have also confirmed local structural changes in NMFC/
N using EXAFS (Figure S5).

2. Stabilizing the Fe4+ ion by ligand metal charge transfer
promotes weakening of the TM@O bonding to neighbor-
ing TM atoms.[24] Thus, it increases susceptibility to AVDF
formation by TM migration in NMF as shown in Figure 7b.

Comparing NMFC and NMFN, anionic redox is more
significant in the former than the latter which means the
structural changes that could take place to stabilize the
oxidized species (such as oxygen dimer or TM = O formatio-
n[10, 17a, 18]) are more significant in NMFC. The combination of
these two phenomena describes the AVDF trend observed,
NMF > NMFC > NMFN (Figure 5c), although the trend for

the extent of anionic redox is NMFC + NMF @ NMFN
(Figure 5b).

Conclusion

Our investigation of the effect of transition metal
substitution in sodium layered metal oxides based on P2-
Na0.67@x[Mn0.5Fe0.5]O2 (NMF) reveals the complex interplay of
the factors that control electrochemical behavior in this
material. The study disentangles the complex contributions of
anion redox and TM migration to establish a relationship
between structural disorder and oxygen redox. It demon-
strates why partial substitution is a viable method to design Fe
based compounds with optimal composition and good proper-
ties—a design that takes into account the role of anion redox.

First, the combination of experiment (RIXS, XANES,
electrochemistry and PDF analysis) together with theory
(density-of-state calculations) indisputably prove the contri-
bution of anion redox and evaluate its effect. While iron-rich
sodium metal oxides are a cost-effective, environmentally
beneficial choice as Na-battery cathodes, they suffer struc-
tural hysteresis on deep charge. This owes to formation of
significant antisite-vacancy defects (AVDF) and oxygen
anion redox activity in the high-valent state, which results in
structural disorder that is further triggered by the Jahn–Teller
nature of Fe+4.

While an A-O-A’ local structure can increase the amount
of O 2p states near the Fermi level, it is not a necessary
condition for oxygen redox in the P2 sodium layered TM
oxides as previously thought. NMF and its Cu-substituted
analogue lack this configuration yet have significant anionic
redox. DOS calculations show that anion redox is more
favored if the oxygen 2p band dominates the band near the
Fermi level in the TM@O bond. The more oxygen 2p states
near the Fermi level, the more their relative contribution to
charge compensation. Consequently, the covalency of the
TM, among other factors, can increase the oxygen density
near the Fermi level and thereby the propensity for anionic
redox.

Reducing the concentration of Fe+4 ions in the charged
state via their partial substitution is necessary to alter

Figure 7. Schematic showing the correlation between out-of-plane disorder and concentration of Fe4+ ions. a) JT-assisted distortion could reduce
the energy barrier for disorder by reducing the energy difference between the octahedral sites in the TM layer and prismatic sites in the sodium
layer.[18] b) Schematic of the Fe3+ migration process by LMCT of Cu/Ni in NMFC or NMFN. LMCT weakens the metal-oxygen bond, which enables
the disordering of TMs out of the TMO2 layers.
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composition, and hence tune anion redox and affect structural
stability-redox coupling. We outlined two approaches here: 1)
choosing a TM substituent which minimizes AVDF but
optimizes anion redox (e.g. Cu); 2) choosing a TM substituent
whose band is closer to the Fermi level than the oxygen band
in order to suppress anion redox and AVDF formation (e.g.
Ni). While it isnQt yet clear which strategy is best, we believe
our understanding of the mechanisms at play sheds light on
design principles and can guide future directions to improve
the performance of sodium-ion battery positive electrodes.
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