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ABSTRACT

The search for improved energy-storage materials has revealed Li- and Na-rich intercalation
compounds to have promise as a new class of high-capacity cathodes. They exhibit capacities in
excess of what would be expected from alkali-ion removal/reinsertion charge compensated by the
transition-metal ions. The additional capacity is provided through charge compensation by oxygen-
redox chemistry and some oxygen loss. It has been reported previously that O-redox occurs in O-2p
orbitals that interact with alkali-ions in the transition-metal and alkali-ion layers (i.e. O-redox occurs
in compounds containing Li* - O2p - Li* interactions). Naz/3[Mgo.2sMno.72] O, exhibits excess capacity;
here we show this is also due to O-redox, despite Mg?* residing in the transition-metal (TM) layers
rather than alkali-metal ions, demonstrating that excess alkali-metal ions are not required to activate
O-redox. We also show that unlike the alkali-rich compounds, Na;/3[Mgo.2sMng.72]02 does not lose O.
Extraction of alkali ions from the alkali and TM layers in the alkali-rich compounds results in severely
underbonded oxygen promoting oxygen loss, whereas Mg? remains in Naz;[Mgo.2sMno.72]0:
stabilising oxygen.

INTRODUCTION

Traditional oxide-based intercalation cathodes for lithium and sodium-ion batteries store charge on
the transition-metal ions. For example, on charging the LiMn,0, cathode, Li* ions are extracted with
charge compensation by oxidation of Mn** to Mn*.1"3 It is now recognised that charge can also be
stored on the oxide ions by invoking redox chemistry on the oxygens.**! The phenomenon of O-redox
is important because it could offer a route to cathodes with increased capacity, by storing charge on
the transition-metal and oxide ions.

A number of compounds are known to exhibit O-redox, based on the Li- or Na-rich materials such as
Li[Lio.2Nio0.13C00.13Mno.54] 022 and Na,lrOs®. Unfortunately, these alkali-metal rich compounds also exhibit
O-loss from the lattice on charging, which is undesirable in a cathode.*”#1218 The alkali-metal-rich
compounds have alkali-metal ions in transition-metal (TM) as well as the alkali-metal (AM) layers and,
as a result, 2p orbitals of the oxygen (O-2p) overlap with 2s orbitals of Li* from adjacent TM and AM
layers forming Li*-O-Li* interactions. The relatively ionic nature of these interactions places these O-2p
states at the top of the O-valence band, and it is these orbitals, it has been argued, that engage in O-
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redox.* As a consequence, it is important to explore whether alkali-metal ions on the transition-metal
sites are essential and whether they have a unique role in O-redox.

The layered sodium intercalation compound, Nay/3[Mgo2sMno.72]O2, has been reported by Yabuuchi et.
al. to have capacity beyond the normal limit of transition-metal oxidation, but without evidence for its
origin'®. Whilst the work suggested the possibility that the excess capacity arises from O-redox it raised
many important questions about the nature of charge compensation in this material such as: is O-loss
observed?; does oxidation to Mn>* occur?; or, do a combination of processes explain what is seen?
(Mn>* combined with O-redox has been reported in LisMn,05?°). Understanding the excess capacity in
Naz/3[Mgo.2sMno72]02 is important because, unlike previous excess capacity materials, it contains Mg?*
rather than alkali-metal ions in the TM-layers.

Here we show that the Nay3[Mgo.2sMno.72]02 does exhibit O-redox, therefore alkali-metal ions are not
required in the transition-metals layers in order to promote O-redox. Furthermore, unlike the alkali-
metal rich compounds the Nay3[Mgo.28Mng.72]0; does not lose oxygen (and no formation of Mn>* was
detected). The suppression of O-loss is attributed to Mg?* remaining in the lattice and interacting with
0-2p orbitals, whereas in the alkali-metal rich compounds the alkali-metal ions are removed from the
alkali-ion and TM-layers, resulting, at high degrees of deintercalation (high states of charge), in under-
coordinated oxygen and non-bonded, electron deficient, O-2p states, leading to oxygen evolution. The
suppression of O-loss and promotion of O-redox by Mg?* in the TM-layers points the way to new classes
of intercalation cathodes for alkali-ion batteries.

RESULTS

The compound P2 Nay;3[Mgo.2sMno72]02 prepared here and in previous work®® is based on a P2 layered
Na»sMnO, where Mn ions have been substituted by Mg. Phase pure samples with 1/3 Mg, and hence
all Mn*, could not be obtained. Powder x-ray diffraction (PXRD) data were used to refine the structure
of Naz/3[Mgo.2sMno 72] 02, Supplementary Figure 1, confirming that the compound possesses the layered
P2 structure. It is composed of oxygen layers stacked in an ABBA arrangement, with Mg and Mn
occupying the octahedral sites between the AB oxide layers and Na occupying trigonal prismatic sites
between the AA and BB layers, as illustrated in Figure. 1(a). So-called honeycomb ordering of Mg and
Mn exists in the TM-layers, similar to that observed between Li and Mn in Li-rich compounds.?*? The
central 2b site of the honeycomb is surrounded by 4d sites predominately filled with Mg and Mn
respectively, Figure. 1(b). This results in characteristic reflections in the 26 range of 20 to 28 degrees,
which have been included in the refinement in Supplementary Table 1.

The composition of the material was confirmed by inductively coupled plasma optical emission
spectroscopy (ICP-OES) and is shown in Supplementary Table 2. The oxidation state of the Mn in the
pristine sample was investigated using a magnetic measurement (Supplementary Figure 2), which
shows that the Mn oxidation state was ~ +3.81, slightly lower than that expected from the nominal
composition +3.85. The value of +3.81 is used throughout for calculations of average oxidation state
and composition based on the charge passed. The synthesis of Naz;3[Mgo2sMno72]0; and
characterisation of its structure and composition are described in the supplementary information. The
synthesis of sodium transition-metal oxides is often accompanied by the formation of Na,C03.23%¢ The
synthesis procedure used here was developed to mitigate this, and is described in the methods section.
Thermo-gravimetric analysis/mass spectrometry (TGA-MS) data of the sample prepared by this
method confirms that the material is largely free from Na,CO; impurities (Supplementary Figure 3).
Scanning electron microscopy (SEM) images of the material are shown in Supplementary Figure 4,



demonstrating plate-shaped particles with diameter of 1-3 um and thickness 0.5-2 um, consistent with
previous observations®®.

Electrode preparation and cell assembly are described in the methods section. The charge-discharge
curves for cells containing Nay/3[Mgo.2sMng72]0; are shown in Figure 2 and the capacity and average
discharge voltage versus cycle number plot in Supplementary Figure 5. The 1% charge in Figure 2 is
divided into two regions. Region | corresponds to the initial extraction of ~0.14 Na*, charge
compensated principally by oxidation of Mn®*, from Nags7[Mgo.28Mno.72]02 to Nao.s3[Mgo.26Mno.72]O2.
Note the measured Mn oxidation state of the pristine was +3.81, which agrees well with the extraction
of 0.14 Na to reach Mn* at the end of Region I. Region I, the plateau region, represents capacity
beyond the limits of normal transition-metal oxidation. The PXRD data collected in operando at
progressive states of charge and discharge are shown in Supplementary Figure 6. There is a small
variation of peak positions on initial sodium extraction (region |), corresponding to a continuous solid
solution. The plateau (region Il), signals 2 phase behaviour and the PXRD data reflect this with the
appearance and growth of a peak at 18 degrees in 26, which is the most prominent peak associated
with the 02 structure. At the end of charge, the average electrode composition, based on charge
passed, is Nao.12[Mgo.2sMno.72]O2. Assuming, the Na deficient end member of the two phase reaction is
Nao[Mgo.2sMno.720]2 , we then would expect a mixture of P2 and O2 phases at the end of charge, as is
observed in XRD data presented (Supplementary Figure 6). The P2 to O2 transition in Na intercalation
compounds is well known; in the absence of Na' ions between the oxygen-layers to stabilise the
trigonal prismatic coordination, the oxygen-layers sheer, changing their stacking to ABAC, replacing the
trigonal prismatic sites with octahedral sites.?’” We have studied further the structure of the charged
material using annular dark-field and annular bright field scanning-transmission electron microscopy
(ADF-STEM and ABF-STEM), Figure 3. The cations appear as bright and dark spots respectively in the
ADF and ABF images. The results show the Mg?* ions do not migrate to the alkali layers. There is a lack
of scattering from the AM-layers and the Mg is still evident in the TM-layers at the end of charge, the
sequence Mg-Mn-Mn-Mg associated with the cation honeycomb ordering in the TM-layers is
highlighted in the Figure by the red ellipse. This indicates that the Mg ions are still present in the TM
layer and are neither displaced nor removed from the lattice on charging, in contrast to Li in the Li-rich
layered materials where on charging the Li* ions from the TM layers are removed. The conclusion is
consistent with that of Yabuuchi et al.»® who, with synchrotron radiation, were able to resolve the
presence of TM-layer ordering for up to 5 cycles in contrast to Li analogues where the Li removal from
the Tm layers results in the loss of order.??

To explore whether oxygen is lost from the lattice and contributes to the Na,/;3[Mgo.2sMno.72]O, excess
capacity, operando mass spectrometry was carried out. This method permits the analysis of the gases
evolved from the electrochemical cell during charge and discharge. The experimental arrangement is
described in the methods section. The results are presented in Figure 4. There is no evidence of direct
0, evolution on charging and only a very small amount of CO, is observed, corresponding to just 0.009
moles of CO, per mole of the Nay/;3[Mgo.2sMno.72]O2. There is rapid exchange between gases in the
electrolyte and the Ar flow through the cell and any gases dissolved in the electrolyte would only
account for < 1% of the charge passed. As discussed previously, oxygen lost from the lattice of an oxide
cathode can be released as reduced species, which reacts with the solvent of the electrolyte solution
to generate CO,%15282% To examine whether the very small amount of CO, observed here is generated
by O-loss from the lattice, 0-labelled Na,/3[Mgo..sMno.72]O, was prepared, as described in the methods
section, and subjected to operando mass spectrometry, Supplementary Figure 8. No evidence of 0,
or BO-labelled CO, was observed, consistent with no O-loss from the Nay;3[Mgo2sMno 72]O> lattice.
Although all previous studies of oxygen loss from materials exhibiting excess capacity have shown that
CO, is evolved, to investigate the possibility of oxygen loss occurring but leading to solution soluble or
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solid decomposition products without CO,, O NMR and TGA-MS were carried out. O-labelled
Naz/3[Mgo.2sMno.72]02 was prepared as for the 0-labelled material and charged to 4.5 V, the cell was
disassembled and the NMR spectrum from the electrolyte examined for the presence of 7O containing
species (Supplementary Figure 9). The NMR method would detect the release of as little as 0.2 % of
the total oxygen from the material, therefore the lack of any evidence of new 0 species shows no
oxygen loss in the form of soluble oxygen containing species has occurred. The TGA-MS data of the
80-labelled electrode at the end of charging did not show any evidence of additional solid phases,
Supplementary Figure 10, indicating that no solid decomposition products are formed containing
oxygen evolved from the material. The lack of any oxygen loss from Naz/3[Mgo.2sMng.72]O; is in contrast
to previous lithium and sodium O-redox materials containing either 3d or 4d Tm cations and
demonstrates that the substitution of alkali-metal ions on the transition-metal sites with Mg
suppresses O-loss &11/1530-33

The CO; released from the cell does not arise from Nay3[Mgo.2sMno72]02, what therefore is its origin?
The CO, occurs in two regions of the charging curve, Figure 4, the first around 3.5 V and the second at
4.5 V. The first is associated with decomposition of a small amount of Na,COs3 and the second is
consistent with direct electrolyte oxidation at high voltages®'>. We noted above that Na,COs is often
present with sodium transition-metal oxides and we took special measures to reduce it to a minimum,
see SI, but it cannot be eliminated entirely. To demonstrate that the first evolution of CO, arises from
the small amount of Na,COs;, additional Na,COs was intentionally added to the electrode. The
magnitude of the CO; evolved scales with the quantity of Na,COs, Supplementary Figure 11.

To investigate directly the origin of the extra capacity beyond transition-metal oxidation, a range of
spectroscopic techniques were employed including soft x-ray absorption spectroscopy (SXAS),
resonant inelastic x-ray scattering (RIXS) and x-ray absorption near edge spectroscopy (XANES). The
XANES pre-edge spectra show a small change on extracting Na across region 1, Supplementary Figure
12, consistent with the oxidation state increasing from 3.81 towards 4 in this region. Across the plateau
the pre-edge shows no evidence of a significant shift, indicating no contribution from the Mn to charge
compensation in this region. SXAS data on charge and discharge are shown in Figure 5 and correspond
to electronic transitions from the oxygen 1s to empty states just above the Fermi level. The two peaks
that dominate the spectra up to 533 eV in the pristine material are expected for transitions from the
oxygen 1s to empty Mn 3d states mixed with O-2p states, as discussed previously for Mn rich
materials®!® and is consistent with a MnO, standard as shown. Changes in the area under the spectra
in Figure 5(b) are shown in Figure 5(c) and correspond to changes in the density of empty states just
above the Fermi level (528 to 532 eV). When charging the material through region 1 the increase in
density of empty states is due to the oxidation of Mn. The density of empty states continues to
increases as the material is charged through Region Il in good agreement with the charge extracted,
Figure 5(c). This increase cannot be explained through further oxidation of Mn since the Mn XANES
data shows negligible changes in this region. Therefore the increase seen when x has dropped below
~0.53 in NayMgo.2sMng 720, must correspond to the removal of electrons from oxygen and the creation
of electron hole states on the O. The electronic structure on the oxygen was probed further with RIXS,
Figure 5(d). There is clear evidence of a change in the spectral weight across the plateau region. These
changes are consistent with what we observed previously for Li[Lio.2Nio.13C0013Mnos4]02% and
Li[Lio.2Nio2Mno6]0>™. On discharge, the oxygen hole states are repopulated as shown in Region Ill in
Figure 5(c). The capacity on discharge exceeds slightly that on charge, consistent with some Mn** being
reduced to Mn*', Supplementary Figure 12. As can be seen from Supplementary Figure 12, the position
of Mn edge remains predominately unchanged during discharge until ~2.3 V, however, at the end of
discharge the Mn is reduced to ~+3.7 and accounts for ~0.2 e of charge passed. The discharge
corresponds to ~0.6 e per formula unit and therefore the charge which cannot be accounted for by
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Mn reduction (~0.4 e’) must be charge compensated by oxygen reduction matching the degree of
oxygen oxidation seen on charge and the changes seen in the oxygen SXAS on discharge. The
experimental density of hole states seems further reduced than anticipated on discharge compared to
pristine. SXAS, although not explicitly a surface technique in the collection mode used (fluorescence),
is comparatively sensitive to electronic structure in the near-surface fraction of these 1-3 um diameter
particles. As Na intercalation starts from the surface, the surface or near surface regions can become
somewhat over reduced, resulting in fewer hole states near the surface than predicted based on the
average composition. This may also be related to the 02 to P2 transition.

Considering discharge after the 1°** charge, there is a significant difference between the charge and
discharge voltages. Significant voltage differences, e.g. ~400 mV, have been observed previously in
other Na intercalation compounds, associated with the transition between 02 or OP4 structures and
P2.273435 The reason for these differences is not known and a detailed study of the mechanism of the
transformation, including the investigation of materials that exhibit large as well as those that exhibit
small differences would be needed to understand the origin. It is noteworthy that although the P2
phase is reformed on discharge, there are significant stacking faults in the P2 phase after one cycle
compared with the pristine Naz/3[Mgo2sMno72]0,. The peaks in the PXRD pattern broaden and the
STEM data show evidence for many stacking faults (Supplementary Figure 7). Although Raman
spectroscopy, Supplementary Figure 13, showed no evidence of true peroxide (0O-O distance 1.4 A),
this does not rule out distortions of the oxygen sublattice. Such distortions have been reported in other
O-redox materials.’® The Mn XANES pre-edge intensity changes on charge-discharge indicative of
displacements of the oxygen around Mn associated with O-redox. Such oxygen displacements and the
stacking faults represent structural changes that may be associated with the changes in the voltage
curve on discharge. It is important to note that despite the evidence for some degree of oxygen
displacement, the Mg and Mn cations remain in their sites in the TM-layers. On cycling the plateau
region shortens somewhat. The changes are less dramatic but reminiscent of those seen in lithium rich
layered materials. In the present case the shortening of the plateau is not associated with oxygen loss
but may be related to the structural changes and 02 to P2 transformation just discussed. It is important
to note that the present paper focusses on the 1% charge behavior. Understanding discharge/cycling
and the role of the P2-02 transformation are subjects for further study.

DISCUSSION

The P2 structure of Nay;[Mgo2sMng72]0; is stabilised by the presence of the Na* ions in the trigonal
prismatic sites. On deintercalation, the lower Na content favours shearing of the oxide layers to form
the O2 structure, via a two phase reaction. As a result, the electron deficient oxide ions (i.e. the holes
on 0O) in the 02 structure are coordinated octahedrally on one side by 1 Mg? and 2 Mn* from the TM-
layer and on the other side by 3 vacancies when the Na content is zero, as shown in Figure 6(a). We do
not observe any Mg extraction or displacement to the AM-layers as Na is deintercalated, the Mg remain
in their sites in the TM-layers. The holes on oxygen are located in the 2p orbitals that interact directly
with the Mg?* 3s and Mn* 3d orbitals, Figure 6(a).

Work on the layered alkali-rich compounds that exhibit O-redox, e.g. Li[Lio.2Ni0.13C00.13Mng54]02, has
demonstrated the important role of the alkali-metal ions in the TM-layers. Their presence results in Li*
- O2p - Li* interactions, involving Li* from the transition-metal and AM-layers, and the relatively ionic
nature of the interactions places these O-2p states at the top of the O-valence band relative to the O-
2p states that interact with Ni, Co and Mn i.e. the alkali-ions in the TM-layers promote O-redox in these
materials®. The results presented here show that Mg?* in the TM-layers also results in O-redox and that
alkali-metal ions are not essential to promote O-redox. The O-2p orbitals in Nay/;3[Mgo28Mng72]02



interact with 1 Mg?* and 2 Mn*, Figure 6(a). If we take the Mg?* 3s interaction with O-2p, the 3s states
are relatively high in energy compared with O-2p, resulting in weak, ionic, Mg-O bonding and, similarly
to Li-O, placing the O-2p states relatively high in energy and accessible within the stability window of
the electrolyte. In contrast, strongly covalent M-O interactions would push the O-2p states down in
energy, Supplementary Figure 14 (showing a schematic of the M-O interactions). We have carried out
calculations of the electronic structure of Nays[MgisMny3]0,, the results are presented in
Supplementary Figure 15. The procedure is described in the supplementary information. The
calculations show that the O-2p states at the top of the valence band. The schematic band diagram
Figure 6(b) is derived from the calculated density of states in Supplementary Figure 15.

Nay/3[Mgo.2sMno.72]0, does not exhibit O-loss, in contrast to the alkali-metal rich transition-metal oxides
such as Li[Lio2Ni0.13C00.13Mno 54] 02 and NaalrOs. In alkali rich compounds, alkali-metal ions are removed
from both the transition-metal and AM-layers simultaneously on deintercalation. For example, nuclear
magnetic resonance (NMR) data for Li[Li19Ni1sMnsss]02*® and Nags[Lio.12Nio22Mnoss]0237 show
depopulation of the Li in the TM-layers. As a result, at high degrees of deintercalation (high states of
charge) corresponding to compositions more Li deficient than [Lio2Nio.13C00.13Mngs4]02, some of the
oxygen will be under-coordinated with oxygen being coordinated by only two cations in the alkali-rich
compounds, Figure 6(c). The under-coordination results in non-bonded O-2p orbitals, Figure 6(c) (i.e.
0O-2p orbitals that no longer interact directly with any cations). These non-bonded O-2p states will be
at a higher energy compared with the other oxygen states and are where the holes on oxygen will be
concentrated. Such under-coordinated and electron-deficient oxygen will be unstable in the lattice
leading to oxygen evolution. It is at just these highly Li deficient compositions (i.e. less than 0.2 Li per
formula unit) where we see the charge capacity dominated by oxygen evolution from the lattice rather
than O-redox®. This is also in accord with a recent suggestion that under-coordinated oxygen more
easily forms 0-O species’®, a necessary precursor to O evolution. In contrast, in Naz/3s[Mgo.2sMno.72] 02,
oxygen is always coordinated by at least 3 cations and all O-2p orbitals interact with at least 1 cation.
The absence of non-bonding and highly electron-deficient O-2p states, even at high levels of
deintercalation in Nay;3[Mgo.2sMno72]0,, in contrast to the alkali-metal rich compounds, is consistent
with the observation of no O-loss.

CONCLUSIONS

The presence of O-redox in compounds with Mg?* rather than alkali-ions in the TM-layers,
demonstrates that alkali-metal ions on the TM layers (and hence an alkali/transition-metal ratio >1)
are not essential for a compound to exhibit O-redox. Furthermore, the presence of Mg* instead of
alkali-metal ions suppresses O-loss, in contrast to alkali-rich compounds. This material clearly has
drawbacks such as large voltage hysteresis and, as for other 3d O-redox compounds, the excess
capacity is at a potential on charge close to the limits of stability for current electrolytes, which limits
its implementation in practical systems. However, the results presented here do advance our
fundamental understanding of O-redox and its associated extra capacity, especially the
structural/compositional features necessary for a material to exhibit O-redox and to suppress O-loss.
Suppressing oxygen loss is important if the true potential of O-redox materials as higher capacity
cathodes is to be realised.

METHODS SECTION

Synthesis Nags7Mgo2sMno720; was synthesized by solid-state reaction between stoichiometric
amounts of Na,CO; (Aldrich, 299.0%), MgO (Aldrich, 299.99%) and Mn,0; (Aldrich, 299.9%). The
precursors were ball-milled for 2 hr at a rotation rate of 400 rpm. This mixture was then heated at 800
°C for 10 hours under flowing oxygen and the product slowly cooled to room temperature at 5 °C min-



1 under oxygen. The resulting product contained a small amount of carbonate consistent with earlier
reports on similar Na transition-metal oxides after synthesis?*?®. To eliminate the carbonate residue
the as-synthesised powder, prepared as previously described, was transferred immediately to a glove
box and reground prior to the application of a second heating step to 700 °C under an Ar atmosphere
at 10 °C min and immediately cooled by quenching under Ar. The material was transferred to an Ar
filled glove-box and stored under Ar without any exposure to air. The TGA-MS data in Supplementary
Figure 3 show no evidence of the carbonate. 80 and ’O-labelled Nap7Mgo.28Mno.720, was prepared
by the same method except for the first heating step where the reaction was carried out in a sealed
atmosphere of 80, or 70,-gas (BOC 99.9%) instead of flowing oxygen gas.

Further details about the electrode preparation, electrochemical methods, XRD, DEMS, ICP, XANES,
SXAS, RIXS, NMR, TGA-MS, Raman spectroscopy and STEM analysis are provided in the methods section
in the supplementary information. Refined cell parameters obtained from powder XRD are include as
Table 1 in Supplementary information. All other relevant data are provided in the supplementary
information or can be obtained from the authors on request.

Computational Methods Structural and electronic properties were investigated using density
functional theory (DFT) as implemented in the Quantum ESPRESSO package.” We employed the
generalized gradient approximation of Perdew, Burke, and Ernzerhof (PBE) to the exchange and
correlation functional.® We described the core-valence interaction by means of norm-conserving
pseudopotentials.® The electron wave functions and charge density were represented by a plane wave
basis set using an energy cut off of 100 Ry. The Brillioun zone was sampled using a 3 x 3 x 3 Monkhorst-
Pack k-point grid. In order to correctly describe the energetics of the Mn 3d states, we introduced
Hubbard corrections in our calculations using the simplified rotational-invariant formulation by
Cococcioni and de Gironcoli.’® A Hubbard U parameter of 4 eV was used, similar to what is reported
for other closely related compounds.'**2 Spin polarisation was included in our calculations. A2 x 2 x 1
supercell of the closely related compound Nay/3[Mgi/3Mn2/3]0,, containing 88 atoms and with "large
zig zag" ordering of the Na proposed by Lee et. al.,'* was relaxed until forces on the atoms were less
than 0.08 eV/A and the total stresses of the unit cell were less than 0.5 kbar. Despite the slightly
different composition, the relaxed unit cell parameters match extremely well with our experimental
parameters obtained from Rietveld refinement for Nay/3[Mgo.2sMno.72]0: (see Supplementary Table 3).
The total and projected density of states were calculated for this optimised structure and the results
are shown in Supplementary Figure 15. Relaxed structural model will be available from the authors on
request.
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Figure Captions

Figure 1. Structure of Na;/3[Mgo.2sMnq.72]O2. (a) Schematic of the P2 structure showing the stacking
sequence of the MO, layers, (b) shows the in-plane honeycomb ordering in the transition-metal (TM)
layer where the Mg sits in the center of the honeycomb surrounded by Mn ions. Structures were
prepared using VESTA.

Figure 2. Electrochemical behavior of Na,/3[Mgo.2sMno.72]0,. Galvanostatic charge-discharge curves
for Nay3[Mgo.2sMno.72] 02 showing the first 3 cycles (black, red and blue from the 15t to 3™ cycle
respectively) at a rate of 10 mA g™. Indicated with arrows are two distinct regions on charging, the
first (1) corresponds to approximately the capacity expected from oxidation of Mn and the second (Il)
to additional capacity from anionic charge compensation. A third (1) region indicates the discharge.

Figure 3. Scanning tunneling electron microscopy images showing the structure of the charged
Naz/3[Mgo.2sMno.72]02 a) ADF-STEM and b) ABF-STEM micrographs of charged

Nay/3[Mgo.2sMno 72]O,viewed along the ab plane. Cations appear as light spots in a) and dark in b). The
Fast Fourier Transform (inset in (a)) and the atomic arrangement observed are consistent with those
of the 02 type material along the [1-10] direction. In (c) an atomic model of the same 02 materials
along the [1-10] crystallographic direction is displayed for comparison. The appearance of fully
occupied transition metal sites in the ABF images as opposed to the periodic differences seen in the
ADF image confirms that Mg ions do not move from the transition metal layer during sodium
deintercalation.

Figure 4. Gas loss of Na,/3[Mgo.2sMny.72] 0, during electrochemical (de)sodiation. Operando mass
spectrometry data collected during the first cycle of Nay/3[Mgo2sMno.72]0,. Top panel shows the
electrochemical response of the cell and the bottom panel shows the O, and CO, gases evolved as a
function of the state of charge. No oxygen gas could be detected during cycling, and only a negligible
0.009 moles of CO; per mole of Nay3[Mgo.2sMng 72]02 were observed.



Figure 5. O K-edge Soft xray absorption spectroscopy and resonant inelastic xray spectroscopy of
Naz/3[Mgo.2sMng 72] 0,. (a) First cycle charge-discharge load curve with points indicating the states of
charge a-g where SXAS and RIXS data were collected. (b) SXAS O K-edge spectra collected at different
states of charge in total fluorescence yield mode. (c) Variation of the density of states in the low
energy region (below 533 eV) of the O K-edge SXAS during the first cycle showing a corresponding
increase and decrease in hole states on charging and discharging. (d) RIXS on O K-edge of
Naz/3[Mgo.2sMno.72]0, with an excitation energy of 531.5 eV showing the growth of the peak at 523 eV
across the plateau representing an emission from the O-2p valance band. The inelastic peaks show a
general broadening in the samples a-c. There are two visibly distinct peaks in the RIXS spectra for
samples d and e in region Il implying a change in the electronic distribution around O-sites. The RIXS
spectra return to a similar profile as in the pristine material after discharging to f and g. (Data were
collected at Swiss light source, PSI30)

Figure 6. Coordination around oxygen and O-2p orbitals. (a) Left — O2 structure of the sodium
deficient phase Nag[Mgo.2sMno.72]02. Mg and Mn in the octahedral sites in the transition-metal layers
shown by orange and purple octahedra respectively. The layers of translucent octahedra represent
the vacant Na sites. Red spheres represent oxygen. Right - coordination around oxygen in the 02
structure of Nag[Mgo.2sMno72]02, where oxygen is coordinated octahedrally by 2 Mn and 1 Mg from
the transition-metal layer and 3 vacancies from the alkali-metal-ion layer. (b) Schematic illustrating
the energy versus density of states in the sodium deficient phase of Nao[Mgo2sMno 72]02, (c) Left — O3
structure of the lithium deficient phase Lio[LixNio_13C00_13Mn0_54102 , x<0.2. Li and (Nio_13COo_13Mno_54) in
the octahedral sites in the transition-metal layers shown by blue and green octahedra respectively.
The layers of translucent octahedra represent the vacant Na sites. Red spheres represent oxygen. (c)
Right coordination around oxygen in an alkali-rich compound where all alkali-metal ions have been
removed (x= 0) to leave an oxygen with only 2 coordinating cations and a completely non-bonded O-
2p orbital (red). Other O-2p orbitals shown in green. Structural figures were prepared using VESTA.

Table of Contents Summary

Alkali metal-rich compositions like Li[LixM1]O2 exhibit oxygen redox, however, the removal of the alkali
metal ions leads to severely underbonded oxygen promoting oxygen loss. In Nay/s[Mgo2sMng72]04,
Mg?* ions are present instead or Li* or Na* ions in the TM layer, here oxygen redox was seen without
oxygen loss.
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