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Abstract:

Important efforts are underway to harness anionic redox to obtain high energy Na-ion cathodes.
Previously, we identified disruptive dopants in Na-Mn-O that induced reversible oxygen redox.
Here, we perform detailed mechanistic studies to understand why they are effective. First, we
confirm that no transition metals are being oxidized, it is indeed oxygen redox. We also identify
that reversible transition metal migration occurs in the P2 phase where reversible anionic redox
occurs, while the migration is irreversible in the distorted P’2 phase. Structural control over the
anionic redox is highly significant, but we further elucidate the role of the disruptive dopants.
Localized oxygen holes are identified as the source of the reversible anionic redox and these are
deemed to remain stable due to the dopants minimizing the interactions between oxygens to
prevent their dimerization. These important contributions to understand anionic redox will help

realize viable high energy Na-ion batteries.



1. Introduction

Due to the depletion of non-renewable fossil fuels and the increasing global energy demand, there
has been a significant shift towards electrification, with traditional internal combustion engines
being replaced by more energy-efficient and environmentally friendly electric vehicles.! This
transition has driven a rapidly growing demand for sustainable energy storage technologies, with
lithium-ion batteries (LIBs) dominating the market over the past decade.?™ To address the pressing
need for sustainability and effective cost, sodium-ion batteries (SIBs) have emerged as a promising
next-generation alternative to LIBs.>”’ Leveraging the abundant availability of sodium resources
and cost-effective production potential, SIBs offer a more environmentally and economically
sustainable solution for future energy storage applications. However, despite their potential,
achieving competitive electrochemical performance in SIBs—particularly in terms of energy
density and operating voltage—remains a critical challenge.®® Conventional cathode materials are
primarily limited to redox contributions from transition metals (TMs), creating an upper limit on
specific capacity and thus energy density. Overcoming this limitation is essential to unlock the full

potential of SIBs as viable contenders for large-scale energy storage and electrification solutions.

One promising approach to overcoming the limitations of sodium-ion batteries involves leveraging
anionic redox mechanisms.!® Oxygen redox, in particular, has shown great potential to unlock
additional capacity beyond the conventional cationic redox processes. Despite its promise, the
practical realization of reversible oxygen redox remains challenging. Current research primarily
focuses on limited classes of materials, such as lithium-doped oxides like NaLij;3Mny302!! or
sodium-rich layered oxides like NaxIrO3'?> and Na,RuOs3'*. The core design strategy centers on
elevating the energy of the non-bonding orbitals of lattice oxygen, so they lie at the Fermi energy,
Er, and thereby participate in the redox processes at high voltages.'* By introducing monovalent
ions such as Li" or Na* into the transition metal sites, traditionally occupied by multivalent nd-
orbitals, localized distortions are created to activate the energy level of the antibonding s* orbital
from O-O bond.'>"!” These distortions alter the hybridization between transition metals and oxygen
(TM-0), potentially stabilizing the (O-O)" species and promote oxygen redox activity. However,
there is the risk that the O-O distance shortens as further oxidation occurs, leading to the

irreversible release of O gas associated with capacity loss, and structural collapse.'®



Quantifying oxygen redox contributions is challenging and often requires advanced synchrotron-
based X-ray techniques, such as X-ray absorption spectroscopy (XAS)!® and resonant inelastic X-
ray scattering (RIXS)?. In our previous study?!, we conducted high-throughput investigations?* 2>
involving 52 different dopants in the earth-abundant and environmentally friendly cathode system
Nao.67Mno.9X0.102, where X represents the dopants. A key finding was that several doped cathodes
demonstrated high-voltage redox activity, which we attributed to oxygen redox, though the
materials were mixtures of the P2 and P’2 phases which raises doubts about which phase shows
active oxygen. Notably, the undoped Na.s7MnO> material did not exhibit any high-voltage activity
above 4.0 V. Herein, we identify the P2 phase as being the structure where reversible anionic redox
occurs, but we must emphasize that our past work clearly shows that having the P2 structure is not
sufficient to ensure oxygen redox, in fact 3 pure P2 materials (Li, Mg and Fe doped) showed no
anionic redox whatsoever in ref. 2. The role of the dopants in inducing oxygen redox was further
correlated the bond valence mismatch (BVM) calculated for the various dopants.?! Our results
indicated that a larger mismatch promotes the ionic character of the bonding with oxygen (more
electron density on oxygen), thereby facilitating the oxidation of O 2p orbitals. In fact, we have
discovered benefits to using large dopants in anodes, cathodes and solid electrolytes.*® In the
current study, we solely select dopants with significant bond valence mismatches—K, Rb, Cs, Cu,
and T1 (these all have large BVM and larger radii than Mn as shown in Table S1, but only Cu and
Tl have large electronegativities)—to incorporate into Nag.s7Mno.9Xo.102 and we prepare these as
either pure P2 or P’2 phases. This approach therefore aims to both further elucidate the

mechanisms underpinning the oxygen redox activity.
2. Results and Discussion

The X-ray diffraction (XRD) patterns shown in Figure 1 confirm the successful synthesis of the
P2 and P’2 samples through doping and phase control as detailed in the methods section. Both the
P2 and P’2 samples were synthesized using the same sol-gel procedure and sintered at 850°C for
12 hours, but by then quenching from either 450°C or 600°C, the pure P2 and P’2 phases were
obtained, respectively. As will be seen below, only the P2 materials show reversible oxygen redox.
Thus, careful comparison of the two structures is essential, so we performed Rietveld refinements
on all structures using the Cmcm space group only to allow direct comparison of the structures.
The results are summarized in Tables S2 and S3 and discussed in detail in the SI section “Further

structural discussion”. Importantly, all P’2 structures show enlarged Na slabs (i.e. the oxygens



above and below the Na are further apart in the prismatic sites), and much of this is attributed to a
higher dopant concentration in the Na layer in the P’2 structures (hindering O repulsion). It is also
important to recognize that Jahn-Teller distortions are not the only factor impacting the nature of

the octahedra on the TM layer, and large dopants like Cs and Rb end up distorting the octahedra

more than the Jahn-Teller effect.

Furthermore, thermogravimetric analysis (TGA), as shown in Figure S2, highlights the critical role
of the cooling process. Upon cooling from 850°C to 600°C, there is negligible mass change, while
a small but significant mass gain is seen between 600 and 450 °C which corresponds to oxygen
uptake. Thus, the P’2 material made by quenching from 600°C is oxygen deficient, which is
compensated for with Mn** that is Jahn-Teller active and induces lattice strain. By contrast, the
oxygen uptake down to 450°C results in the oxidation of Mn®" to Mn**, effectively suppressing

Jahn-Teller distortion and giving the undistorted P2 hexagonal structure, as evidenced by Table S3,

where the lattice b/a ratio equals to 3.
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Figure 1: X-ray diffraction patterns of doped samples exhibiting (a) the P2 structure and (b) the
P’2 structure, where the prime symbol (*) denotes the Jahn-Teller distortion induced by Mn*". The



insets illustrate the transition metal coordination environments and corresponding bond lengths for
undoped materials (the corresponding values for the 10 materials reported here are in Table S3 and
they differ significantly from these, particularly for the large dopants like Rb and Cs).

The structural differences lead to striking variations in electrochemical behavior, as shown in
Figure 2. The cyclic voltammetry (CV) curves of the P2 materials reveal smoother charge and
discharge profiles compared to the P’2 materials, where multiple redox peaks are observed.
Notably, the high-voltage behavior (>4.0 V) of the two phases differs completely: all P2 materials
exhibit reversible high-voltage redox processes, whereas P’2 materials all show an irreversible
oxidation process. As previously mentioned, bond valence mismatches can serve as indicators of
anionic redox activity.?! In particular, Cs- and Tl-doped samples demonstrate stronger oxygen
redox activity. The exception to this is Cu, which has a more moderate bond valence mismatch,
however, it shows the strongest reversible high voltage peak. We speculate that this is due to nearly
all of the Cu occupying the TM layer, whereas all other dopants show less occupation on the TM
layer (Table S3), however, it is possible that Cu’s highest electronegativity (Table S1) also
contributes by increasing the ionic character of the M-O bonds. There is thus an optimal dopant
that is both large enough to induce the anionic redox but small enough to still occupy the TM layer;
and we also recognize that dopants with a higher electronegativity (see Table S1) like Tl and Cu
do not require as large a BVM to induce the oxygen redox. Two prominent pairs of high-voltage
peaks were observed across all five doped P2 materials, located at approximately 4.27 V/4.12 V
and 4.59 V/4.52 V. Remarkably, unlike the significant voltage hysteresis commonly observed in
Li-rich cathodes (>1.0 V)!26%7  the overpotentials for these two pairs are notably small, measuring
around 0.15 V and 0.07 V, respectively. These peaks are also not kinetically hindered (peak values
of 15 mA/g and higher); in Li-rich cathodes we achieve much smaller currents and in fact CVs
must be performed at very slow rates to see the anionic redox?®. This minimal hysteresis and rapid
kinetics underscores the exceptional reversibility of the oxygen redox processes in these novel

materials.
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Figure 2: Cyclic voltammetry (CV) curves for the first cycle of all doped samples in (a) the P2
phase and (b) the P’2 phase, measured within the voltage range of 1.5 V to 4.6 V at a scan rate of
0.1 V h'l. The P2 materials exhibit reversible redox peaks in the high-voltage region (>4.0 V),
whereas the P'2 materials display irreversible oxidation at high voltages. The oxygen redox in the
Rb-P2 material near 4.2 V shows a doublet indicating that a phase transition may be taking place.
All other P2 materials show a single peak in this region only.
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Figure 3: X-ray absorption spectroscopy (XAS) analysis comparing Cu-doped P2 and P2 ex-situ
cathodes. (a, d) XANES spectra at the Mn K-edge for P2 and P’2, respectively. (b, e) Fourier-
transformed EXAFS at the Mn K-edge for P2 and P’2, respectively. (c, f) XANES spectra at the
Cu K-edge for P2 and P’2.

To ensure that the high voltage peaks are in fact anionic redox and not due to TM redox, we
conducted a comprehensive analysis of over 80 X-ray absorption spectra (XAS) from ex-situ
cathodes, as summarized in Figures 3, S3—S7. In Figures 3a, S3-S6, the X-ray Absorption Near-
Edge Structure (XANES) spectra for the Mn K-edge of all P2 material show Mn is close to 4+
with no further oxidation during charge. A shift toward lower energy is observed only below 3.5
V, aligning with the Mn>*/Mn*" redox process, which predominantly occurs below 3.0 V, as shown
in Figure 2a. Additionally, the XANES spectra for the Cu K-edge (Figure 3c) do not manifest any
edge shift, confirming that Cu does not participate in charge compensation. By contrast, all P’2
materials exhibit Mn K-edge XANES spectra showing that pristine materials have Mn with
oxidation states well below 4. These results are consistent with the CV curves in Figure 2b, which
demonstrate the more intricate electrochemical behavior of P’2 materials where Mn>" is oxidized
during charge. Furthermore, Extended X-ray Absorption Fine Structure (EXAFS) analysis reveals
greater local structural changes in the P’2 material (Figure 3e) compared to the P2 material (Figure
3b). The XANES spectra for the Cu K-edge in P’2 materials also show a slight shift toward higher
energy, potentially indicating a Cu?"/Cu’" oxidation process, as previously reported in the

literature®® 3!,



To further quantify structural variations, we systematically compared the Fourier-transformed
EXAFS (FT-EXAFS) peaks, with results summarized in Tables S4 and S5 for P2 and P’2 samples,
respectively. The P2 materials exhibit overall smaller structural variations and superior structural
reversibility compared to the P’2 materials. For example, the average change in the first-shell Mn-
O intensity between the fully charged (4.6 V) and pristine samples is only 5.4% for P2 samples,
while it is 20.4% for P’2 samples—a nearly fourfold difference. This significant disparity in
structural modification likely explains the differences in oxygen redox reversibility. Specifically,
the stability of the local Mn-O hybridization is key to modulating the energy level of oxygen's non-
bonding 2p orbitals*’. Additionally, dopants were found to have a substantial impact on structural
stability. Notably, Cu- and Rb-doped samples demonstrate better structural stability, consistent
across both P2 and P’2 phases, as detailed in Tables S4 and S5.

To further elucidate the mechanism of oxygen redox, we employed Resonant Inelastic X-ray
Scattering (RIXS), a technique that simultaneously collects excitation and emission photon
energies to generate a two-dimensional map®®*. Due to the long measurement times required, we
selected two materials to focus on: the Cu-doped as the most reversible anionic redox material and
the Cs-doped material as an example of a very high bond valence mismatch dopant. The RIXS
map provides enhanced resolution of the O K-edge features and reveals the hybridization between
TM-3d and O-2p orbitals, as illustrated in Figure 4. Two distinct hot spots are identified in the
RIXS maps shown in Figures 4a—c and 4f—h. A prominent hot spot appears at an excitation energy
of 529.5 eV, accompanied by a weaker shoulder at approximately 532 eV. The intense hot spot at

the lower excitation energy (529.5 eV) corresponds to a superposition of the 5, | state and the e,
T state, collectively accommodating five electrons. In contrast, the weaker shoulder at 532 eV is
associated with the eg | state, which contains the remaining two electrons.>*** These observations

underscore the sensitivity of the RIXS technique to orbital-specific interactions, making it an

invaluable tool for probing the electronic and orbital contributions to the oxygen redox process.
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Figure 4: Resonant inelastic X-ray scattering (RIXS) maps of the O K-edge for (a—c) Cu-doped
P2 and (f~h) Cu-doped P’2 ex-situ cathodes. (d, 1) Partial fluorescence yield (PFY) XAS spectra
at the O K-edge for P2 and P'2, respectively. (e, j) Integration of RIXS spectra over the excitation

energy range of 530.5-531.5 eV (region bound by red dashed lines in (b, g). The intersection of
the red and white guidelines highlights the active region commonly associated in the literature
with the formation of dimers or peroxo-like species.

Two common mechanisms are commonly known to stabilize oxidized oxygen species. The first
involves the formation of dimers or peroxo-like (O-O)"" species, characterized by a significant
reduction in neighboring oxygen bond lengths (from ~2.86 A oxides to ~1.49 A in peroxide).*
This mechanism has been widely reported in Li-rich cathodes.’” % Such dramatic lattice oxygen
bond shortening triggers a distinct bright spot in the RIXS map, serving as a fingerprint for the
formation of (O-O)"" species. This feature is typically observed near an excitation photon energy

V2737 as indicated by the guide lines in

of 531 eV and an emission energy between 523-524 ¢
Figure 4b and 4g. However, the RIXS maps for the ex-situ cathodes at the fully charged state do
not show this feature. Instead, upon integrating the emission and excitation energies, we observe
minor changes in the peak profiles of the Partial Fluorescence Yield (PFY)** and RIXS spectra.
Specifically, there is a subtle increase in peak intensity at an excitation energy of 531 eV (Figure
4d) and an emission energy of 524 eV (Figure 4e). Such features are absent in the P’2 materials,
as illustrated in Figures 4i and 4j. Similar changes can also be observed in the Cs-doped samples

shown in Figure S11. These subtle shifts in the O K-edge spectra suggest the occurrence of oxygen

redox®”*!#2_ further supporting the presence of reversible oxygen oxidation in the P2 materials.



Given that only mild changes are observed in the PFY and the absence of the additional hot spot
in RIXS maps, the dimer or peroxo (O-O)” mechanism appears to not be at play. Instead, the
primary contribution to the oxygen redox likely arises from the second mechanism: the formation
of localized electron-holes on lattice oxygen®®*. In this scenario, the partial oxidation of O
generates holes in the oxygen 2p orbitals. When these holes localize on specific oxygen sites, the
minimal changes in the M—O bond intensity observed in Figure 3b suggest that stabilizing the local
structures is critical for supporting the localized electron-hole configuration.** This mechanism is
often associated with TM vacancies, as seen in materials such as Na;Mn3O07*%*. To further validate
this mechanism, we compared the RIXS maps of freshly prepared samples with those stored for
six months in an Ar-filled glove box, as shown in Figure S10: they are identical, demonstrating the
robustness of the oxidized materials. The consistent spectral features across the storage period
highlight the stability of the localized electron-hole configuration. We speculate that large dopants
(even Cu and T1 are larger than Mn, see Table S1) play an essential role in stabilizing the localized
holes by preventing neighboring oxygens from interacting. Thus, by modulating the local
structural environment, dopants can dramatically reinforce the stability of the electron-hole

configuration*®, further enhancing the overall performance of the material.

The origin of TM vacancies is also commonly associated with the migration of TMs into the Na
layer in the charged material. To investigate this phenomenon, we performed wavelet transform
(WT) analysis on the EXAFS spectra of ex-situ cathodes*’**® focusing on the kinetic processes
during charge and discharge cycles in doped materials. In Figure 5, the WT-EXAFS data for the
Cu-doped P’2 sample reveal that Cu reversibly migrates from the TM layer into the Na layer, with
Cu acting as a coordinator to stabilize the vacancy. Notably, the WT-EXAFS analysis of Cu-doped
P’2 indicates a loss of long-range ordering, suggesting that Cu migration into the Na layer is
accompanied by structural reordering around the TM vacancies. This process appears to result in
irreversible oxygen oxidation. For the Cu-doped P2 phase, Figure 5 shows a much more moderate
decrease in the intensity of the second-shell Cu-TM interaction upon charging to 4.6 V as
compared to the P’2 materials. Subsequently, the Cu ions return to their original positions upon
discharging to 3.5 V. Notably, even at 4.6 V, the WT-EXAFS maintains long-range ordering (Figure
5¢), indicating that some Cu may migrate into the Na layer but they remain near the TM vacancy
rather than further diffusing within the Na layer. This stabilization explains the rapid restoration

observed after discharge (Figure 5d). In comparison, the WT-EXAFS of the Mn K-edge for Cu-



doped P2 materials (Figure S13) displays consistent patterns, with both short- and long-range
ordering well-preserved throughout the charge-discharge process. This strongly suggests that Cu
doping effectively suppresses Mn migration. Importantly, reversible TM migration plays a critical
role in maintaining structural integrity.*” Overall, the WT-EXAFS results reveal the critical role of
dopants in stabilizing TM vacancies through reversible migration during high-voltage operation,

thereby mitigating structural degradation and enhancing oxygen redox stability.
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Figure 5: Wavelet transform (WT) of EXAFS at the Cu K-edge for (a—e) Cu-doped P2 and (f—))

Cu-doped P’2 ex-situ cathodes. The k-R space maps illustrate the evolution of electronic structure
and bonding distributions during charge and discharge steps. The first coordination shell
corresponds to Cu—O bonds, while the second shell is attributed to Cu—TM bonds (primarily Cu—

Mn, given the 10% Cu content). The WT-EXAFS plots reveal different structural behaviour in
long-range ordering and Cu migration between the P2 and P’2 phases.

3. Conclusion

In this study, a novel design strategy is used to enhance anionic redox activity and stability in
layered oxides for sodium-ion batteries by combining selective doping with precise phase control.
By leveraging dopants with high bond valence mismatches?'—such as K, Rb, Cs, Cu, and Tl—we
effectively modulated the hybridization of TM-O bonds, enabling the oxidation of non-bonding
oxygen 2p orbitals at high voltage (>4.0 V). Notably, we identify that it is only the P2 materials
that exhibited reversible oxygen redox activity, though the correct dopant choice is also essential.

In contrast, the P’2 materials demonstrated only irreversible oxygen redox.



Through comprehensive electrochemical analysis and over 80 ex-situ XAS spectra, we elucidated
the electronic and structural transformations associated with oxygen redox. The reversible
migration of dopants further mitigates phase transitions and structural degradation. Furthermore,
RIXS analysis of the P2 samples revealed that the primary mechanism of oxygen redox in the P2
materials stems from localized electron-holes on lattice oxygen, and these show remarkably low
overpotentials and rapid kinetics. The findings highlight that reversible oxygen redox is closely
tied to the structural rigidity of the P2 phase and the stability provided by large dopants that prevent
oxidized oxygen ions from interacting. Further developments of electrolytes are undoubtedly
necessary to achieve long-term cycling at these high voltages. Nonetheless, by providing a clear
pathway to the rational design and control of oxygen redox through synergistic doping and phase
engineering, our work paves the way for the development of high-performance sodium-ion

batteries with higher energy density.

Supporting Information. Experimental methods and supporting data (TGA, XANES spectra, pair
distribution functions from EXAFS, wavelet transform EXAFS, RIXS maps, tables with structural

information extracted from both XRD and FT-EXAFS), and further structural discussion.
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