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Abstract

Oxide ions  in  transition metal  oxide cathodes can store  charge at  high voltage offering  a  route 
towards higher energy density batteries. However, upon charging these cathodes the oxidised oxide 
ions condense to form molecular O2 trapped in the material. Consequently, the discharge voltage is  
much lower than charge, leading to undesirable voltage hysteresis. Here, we capture the nature of  
the  electron-holes  on  O2- before  O2 formation  by  exploiting  the  suppressed  transition  metal 
rearrangement in ribbon-ordered Na0.6[Li0.2Mn0.8]O2.  We show that the electron-holes formed are 
delocalised  across  the  oxide  ions  coordinated  to  two  Mn  (O-Mn2)  arranged  in  ribbons  in  the 
transition metal layers. Furthermore, we track these delocalised hole states as they gradually localise  
in the structure in the form of trapped molecular O2, over a period of days. Establishing the nature of 
hole states on oxide ions is important if truly reversible high voltage O-redox cathodes are to be  
realised.

Main Text 

Achieving a step-change in the energy density of rechargeable Li and Na-ion batteries is hindered by  
the  limitations  of  the  cathode.  Conventional  transition  metal  oxide  cathode  materials,  such  as 
LiMn2O4,  operate  by  the  removal  on  charge,  and  reinsertion,  on  discharge,  of  Li+,  charge-
compensated through the oxidation and reduction of the transition metal ions, which imposes a 
limit  on  the  capacity  to  store  charge.  However,  in  the  class  of  so-called  ‘O-redox’  cathodes, 
exemplified by the layered lithium-rich transition metal oxide Li[Li0.2Ni0.13Co0.13Mn0.54]O2, Li+ can be 
extracted on charge beyond the limit  of transition metal oxidation, by oxidation of the O 2- ions, 
providing vital additional capacity at high voltage.1–12 O-redox cathodes offer one of the very few 
routes to increase the energy density of lithium and sodium batteries, a key challenge in the field. 13–
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Understanding the nature of oxidised oxygen in transition metal oxides has proved very difficult. It  
has been shown recently that oxidation of oxide ions triggers migration of the transition metal ions 
forming voids  that  enable  condensation  of  the O to molecular  O2 trapped inside the structure, 
resulting in a significant voltage loss on subsequent discharge.18–20 

As a result of the structural reorganisation, it has not proved possible to capture the nature of the 
hole states on O2- before they form O2. Preserving the hole states on O2- and preventing O2 formation 
is essential if voltage loss is to be avoided and a truly reversible, high voltage O-redox plateau is to  
be achieved, an important goal in the field. We recently demonstrated that structural reorganisation  
and  hence  O2 formation,  can  be  frustrated  by  controlling  the  superstructure  ordering  of  the 
transition  metal  ions  in  the  transition  metal  layers.21 Na0.6[Li0.2Mn0.8]O2 possesses  a  different 
transition metal superstructure to the honeycomb ordering present in most O-redox materials. 21–26 

As a result, voltage hysteresis is suppressed on the first cycle and hole states are present at the end  
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of charge, as demonstrated by O K-edge X-ray absorption spectroscopy (XAS), indicative of electron-
holes on oxygen.21 However, there is a divergence of opinion on the nature of these electron-hole 
states and, particularly, whether they are localised or delocalised.27–31 This question is important for a 
full understanding of O-redox chemistry and the development of O-redox cathodes without voltage 
hysteresis.

Here we exploit the suppressed metal migration in Na0.6[Li0.2Mn0.8]O2 to investigate the nature of the 
hole states on O2- and follow their evolution with time, using a combination of high resolution RIXS,  
17O NMR,  DFT and  SQUID magnetometry.  The  data  show that  the  electron-holes  and  unpaired  
electrons created upon oxidation of the oxide ions are delocalised. In Na0.6[Li0.2Mn0.8]O2, there are 
two coordination environments for O, O-Mn2 and O-Mn3. We show oxidation occurs on the O-Mn2, 
which unlike O-Mn3,  possesses a non-bonding O2p orbital just under the Fermi level. The O-Mn3 

remains relatively unchanged from the pristine state. Over a period of days, the oxidised O ions with  
delocalised hole states condense to form molecular O2, in accordance with the gradual loss of the 
high voltage plateau seen in the electrochemistry. These results provide the first direct evidence of 
the nature of  the delocalised electron-holes that form on the O2- ions when O2- is  oxidised in a 
battery cathode. The majority of O-redox compounds possess the honeycomb arrangement of ions 
on  the  transition  metal  layers  and  this  is  composed  of  the  O-Mn2 environment  exclusively. 
Therefore, by examining Na0.6[Li0.2Mn0.8]O2  where the O-Mn2 are separated into ribbons by O-Mn3 

and condensation of O to O2 is slowed, we have been able to capture the nature of electron-hole 
states  formed  initially  when  O2- ions  are  oxidised  and  to  show  that  the  electron-holes  are 
delocalised.  

Time-dependent electrochemical behaviour of Na0.6[Li0.2Mn0.8]O2

The O-redox cathode, Na0.6[Li0.2Mn0.8]O2, was prepared following the method in our previous report.21 

Na0.6[Li0.2Mn0.8O2] exhibits a layered structure of P2 stacked layers of O2- ions (ABBA stacking), where 
Li- and Mn occupy octahedral sites between a pair of O2- layers forming TMO2 slabs separated by 
layers of Na-ions, Figure 1a and Supplementary Figure 1. The Li and Mn ions are ordered in a ribbon 
arrangement throughout the TMO2 layers. In this configuration, the oxide ions are bonded to three 
Mn ions in the ribbons, that separate oxide ions bonded to two Mn ions (and one Li) in a 2:3 ratio  
within the TMO2 slabs.

The electrochemical load curve for Na0.6[Li0.2Mn0.8]O2 on the 1st cycle in a Na-ion cell  is shown in 
Figure 1b. Na is removed on charge and reinserted on discharge. The high voltage plateau observed 
on the first charge is mostly returned on subsequent discharge. Across this plateau, the charged 
structure nucleates and grows as a second phase at the expense of the pristine material. We have 
previously  shown  that  this  charged  phase  retains  the  ribbon ordering  scheme  but  with  Li  ions 
displaced from the Mn layer to the adjacent interlayer (the TMO 2 slabs glide to form the O2 stacking 
and octahedral  sites between the slabs,  which can accommodate Li+ as  opposed to the trigonal 
prismatic sites of P2 (which accommodated Na) and leaving behind a ribbon ordered array of cation 
vacancies in the TM layers.21

Investigation of the electrochemical load curves as a function of time for Na0.6[Li0.2Mn0.8]O2 reveals 
that the discharge process changes. If the cells are left resting at the end of charge for increasing  
time periods, then on discharge, Figure 1c, d, the length of the plateau diminishes, giving way to a 
progressively lower and more sloping voltage. These observations indicate that the structure of the  
charged material is undergoing a time-dependent change, such that Na reinserts into a different  
structure during subsequent discharge. To confirm this structural change, PXRD data were collected 
on electrodes that had been discharged after resting in the charged state for different lengths of 
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time. The data show a gradual loss of ribbon ordering over similar timescales to the loss of plateau,  
Supplementary Figure 2. We note that there is also a slight decrease in the voltage of the discharge 
plateau with time. Electrochemical impedance spectroscopy (EIS) measurements in Supplementary 
Figure 3 show that this is at least in part due to increased cell impedance, likely from thickening SEI.  
There may also be a contribution from changes in the Na+ diffusivity as the TM structure slowly 
reorganises. 

Despite the loss of high voltage plateau over a period of days, the unrelaxed charged structure of  
Na0.6[Li0.2Mn0.8]O2 exists for a long enough time to permit experimental interrogation. This behaviour  
contrasts with that of most other known Li-rich O-redox cathodes, such as Li 1.2Ni0.13Co0.13Mn0.54O2, 
where, following O oxidation, there is no reverse plateau, and instead the entire discharge exhibits a  
sloping profile at lower voltage.2,32–36 Na0.6[Li0.2Mn0.8]O2 therefore presents an opportunity to capture 
and examine the oxidised O species that is responsible for reversible, high voltage O-redox before  
the O atoms condense to O2.

Magnetic Properties of Oxidised O

To investigate the evolution of the electron spin configuration of Na0.6[Li0.2Mn0.8]O2 during charge, we 
performed SQUID magnetometry measurements on the pristine material (Supplementary Figure 4) 
and on an electrode measured within 1 hour of charging to 4.5 V. The magnetic moments before and 
after charging, μeff = 3.53 μB and μeff = 3.52 μB respectively, are virtually unchanged. This indicates 
that the unpaired electrons created upon oxidation of the oxide ions do not contribute significantly 
to the magnetic moment, i.e. S = 0, implying they are delocalised in nature.

While  delocalised  electrons  do  not  exhibit  Curie  paramagnetism,  they  do  contribute  Pauli  
paramagnetism to the χ, which is several orders of magnitude weaker. Since Pauli paramagnetism is  
temperature independent, it should give rise to a small degree of non-linearity in the 1/χ vs T plot.  
As shown in Supplementary Figure 5, non-linearity is observed in our data after charge and the  
fitting is improved by including a temperature independent term, χ0. This value obtained for χ0 of 8.6 
x  10-3 cm3 mol-1 (or  6.8  x  10-4 emu  mol-1)  is  within  the  range  of  expected  values  for  Pauli 
susceptibilities (10-4 to 10-5 emu mol-1) and consistent with the idea that the Pauli contribution to the 
paramagnetism  is  weak.  This  further  supports  the  conclusion  that  the  electron  hole  states  are  
delocalised.

SQUID measurements were then performed on samples that had been charged to 4.5 V, extracted 
from their cells, and left for different periods before the SQUID measurements were made. The data  
in Figure 2 (extracted from Zero-Field Cooled (ZFC) data), show an increase in the effective magnetic  
moment (μeff)  indicating the emergence of  unpaired electrons over  time.  After  2 weeks,  the μ eff 

appears to be level out at μeff = 3.61 μB. This is in good agreement with the theoretical value, μeff = 
3.63 μB, calculated assuming localisation of these unpaired electrons on O2 molecules (S = 1) trapped 
within the structure, see Supplementary Note 1. Along with the increase in magnetic moment, the  
1/χ vs T plot also becomes more linear and the value of χ 0 decreases to 1.2 x 10-3 cm3 mol-1 (9.5 x 10-5 

emu  mol-1)  after  14  days  further  indicating  the  loss  of  the  delocalised  state  over  time, 
Supplementary  Figure  6.  The SQUID data  collected immediately  after  charging  are  invaluable  in 
distinguishing  delocalised from localised electron holes  on the oxidised oxide ions.  They cannot 
easily distinguish between localised O- from O2 at long relaxation times, Figure 2, whose theoretical 
effective magnetic moments are similar since the number of unpaired electrons per O are the same.  
However, combined with the RIXS data we can see that after extended time the unpaired electrons 
are on O2 molecules.
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To probe the local chemical environment around the oxide ions,  17O magic angle spinning (MAS) 
nuclear  magnetic  resonance  (NMR)  spectroscopy  was  employed  on  17O-labelled  samples  of 
Na0.6[Li0.2Mn0.8]O2.  For  the  pristine  material  (Figure  3a),  two  distinct,  well-defined  chemical 
environments are seen centred at 2450 ppm and 2150 ppm. These can be attributed to the oxide 
ions bonded to two Mn (O-Mn2) and three Mn ions (O-Mn3), respectively. Signal fitting reveals a 
58:42 intensity ratio between these two environments, in accord with the 3:2 ratio expected from 
the structure.

The spectrum for the charged material  is  shown in  Figure  3b.  It  can be deconvoluted into two 
distinct chemical environments, one centred at 3750 ppm and the other at 2350 ppm in a 63:37 
ratio. Again, this is consistent with the expected 3:2 ratio of O-Mn 2 and O-Mn3 sites respectively. The 
substantial increase in isotropic chemical shift of the O-Mn2 environment from the pristine to the 
charged state is indicative of stronger paramagnetic interactions between the O nuclei and their 
surroundings. We attribute this to the presence of the delocalised unpaired electrons in the O 2p 
band, as seen by SQUID, whose Pauli  paramagnetisation effectively induces a Knight shift  in the 
observed signal. The fact that there is only one, well-defined peak for O-Mn2 and that the peak for O-
Mn3 barely changes chemical shift at all, supports the idea that the electron-holes form primarily on  
and are  delocalised across  the sublattice  of  O-Mn2 sites.  In  other  words,  the electron-holes are 
delocalised within an O2p band centred on the O of the O-Mn2 moieties.

To further investigate the nature of the oxygen environments, we conducted a study using hybrid-
exchange  density  functional  theory  (DFT)  to  calculate  the  electron  spin  density,  ρ(0),  around 
different  O nuclei  in  each of  the structures.25  The calculated spin  density is  proportional  to the 
chemical  shift  (ppm),  permitting  qualitative comparison to the experimental  17O NMR data.  The 
degree  to  which  electrons  are  localised  in  these  hybrid  DFT  calculations  is  determined  by  the  
electron exchange energy, which can be varied by changing the fraction of Hartree-Fock exchange 
(HFX).37 First, the pristine material was modelled, lower panels in Figure 3a, based on cell parameters  
determined by refinement and in-plane ribbon ordering of Li and Mn as determined previously by 
ADF-STEM and PXRD.21 The calculated signals for the oxygens in O-Mn2 and O-Mn3 environments 
cluster together in a narrow distribution centred around two different spin density values. The spin  
density  calculated  for  O-Mn2 is  slightly  higher  than  O-Mn3,  supporting  the  experimental  peak 
assignments, Figure 3a. Next, the charged material was modelled. As shown in the panels beneath 
Figure 3b and in Supplementary Figure 7, the calculated spin densities for the O-Mn 2 sites are higher 
on average than those of the O-Mn3, supporting the conclusion that it is the oxide ions in O-Mn2 sites 
that  are  oxidised.  The  distribution  of  calculated  spin  densities  for  O-Mn2 and  O-Mn3 becomes 
significantly wider as the % of HFX is increased as a result of increasing electron localisation. In the  
high HFX calculations (20% and 35%), the electron-hole density is forced to localise on alternating O–
Mn2 atoms around the ring, which would make them and the neighbouring O-Mn3 inequivalent, and 
would  result  in  several  distinct  environments  in  the  NMR  resonance,  Supplementary  Figure  8. 
However,  this  is  in contrast to the observed single NMR signal.  The closest agreement with the  
experimental data is found for the low (5 %) HFX calculations, where the electron-hole density is  
delocalised approximately evenly across all O–Mn2 atoms in the rings, giving rise to a much narrower 
distribution  of  spin  densities.  This  reinforces  the  conclusion  that  the  electron-hole  states  are 
delocalised across all the O atoms coordinated by two Mn in the charged material (i.e. O-Mn2).

To  track  the  changes  in  the  oxidised  O  species  over  time,  17O-labelled  charged  samples  were 
measured within one hour of charging completion and then again after one- and two-week’s rest.  
Two different NMR pulse sequences were used to detect slow relaxing (Figure 4a) and fast relaxing  
(Figure 4b) environments which arise due to the influence of weaker and stronger paramagnetic  
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interactions of the O nuclei with their environment, respectively. The spectra shown in Figure 4a  
comprise a contribution from O-Mn2 and from O-Mn3 environments with isotropic chemical shifts of 
3750  ppm  and 2350  ppm respectively,  as  discussed  previously.  As  shown  in  the  fitted  spectra 
(Supplementary Figure 9), the sharp O-Mn2 and O-Mn3 features gradually disappear over time and 
are replaced by a single broad feature indicative of the appearance of many unique resonances with  
slightly different chemical shifts. This signal broadening is consistent with an increase in disorder in  
the  oxide  environment  due  to  the  structural  rearrangement  that  takes  place.21  Concurrently,  in 
Figure  4b,  a  new,  fast  relaxing  chemical  environment  emerges  at  2900  ppm  and  grows  with 
increasing time. This large chemical shift is consistent with that previously measured for condensed, 
pure  O2 as  well  as  for  molecular  O2 trapped  in  a  different  O-redox  battery  cathode, 
Li1.2Ni0.13Co0.13Mn0.54O2.18,38 Possessing two unpaired electrons, O2 is strongly paramagnetic, resulting 
in a substantial relaxation enhancement and a large chemical shift. Together with the disappearance 
of the O-Mn2 signal in a, with time, these results are consistent with the O of O-Mn 2 converting to O2 

on oxidation. 

Spectroscopic Characterisation of Oxidised O

A spectroscopic study of the O K-edge was conducted to probe the electronic structure of O in the 
charged material following one day and one month’s rest. High resolution resonant inelastic X-ray  
scattering  (RIXS)  and  soft  XAS  were  employed  to  measure  the  filled  and  empty  O  2p  states 
respectively. O RIXS maps were obtained by collecting the emission spectrum (x-axis) at a series of 
different excitation energies (y-axis) across the O K-edge Figure 5a. In the one day sample, a feature  
at 528 eV is evident in the XAS, assigned previously to the electron-holes formed on lattice O during 
charge.21,27 At this excitation energy in the RIXS map, an intense energy loss feature centred 1 eV 
below the elastic line is observed, associated with the remaining electrons in the partially depleted  
band of  O-Mn2 states.  There is  also evidence of  emission intensity between 0-1 eV energy loss, 
linking this feature with the elastic line, suggesting there are electronic states in this band all the way  
up  to  the  Fermi  level,  supporting  the  conclusion  that  these  new  O  2p  electronic  states  are 
delocalised.

In comparison, for the one-month sample, there is a clear decrease in the intensity of the 528 eV  
features seen in XAS and the RIXS map, and evidence of some growth in intensity in the region of  
531.5 eV. The feature at 531.5 eV was probed further by conducting RIXS line scans at this excitation  
energy.  The resulting  RIXS  line  scans in  Figure  5b reveal  two main features  that  are  shared by 
molecular O2 gas,39 a broad peak at 7.5 eV energy loss and a series of sharp peaks between an energy 
loss of 0-2 eV, both of which grow in intensity over time. These features and their intensity change  
with time are also seen in the RIXS maps in Figure 5a and highlighted by the dotted regions. The 
decrease of  the feature at  528 eV and increase at 531.5 eV over time, reflect the decay of the  
oxidised oxide ions to trapped molecular O2, in accord with the SQUID and 17O NMR data. Despite 
the change in intensity of the features, the peak spacing in the progression remains the same as 
shown in Figure 5c and by the Birge-Sponer plot, Figure 5d. These peaks arise from transitions to 
different vibrational energy levels of the O2 molecule and are consistent with RIXS data collected on 
trapped O2 previously in other systems.18,36,40 The lack of change in spacing with time indicates that 
the bonding nature of the O2 remains constant.

Discussion

Establishing the reaction pathway of the O-redox process has been complicated by the fact that 
transition metal migration and O−O dimerization occurs following the oxidation of oxide ions in the 
majority of known oxide cathodes materials. Here, by using Na0.6[Li0.2Mn0.8]O2 as a model material, 
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with a ribbon-ordered transition metal layer superstructure that slows transition metal migration,  
we can capture and study the oxidised O species before O2 formation in greater depth than before. 
Ultimately, O-redox that arrests at oxidised lattice O rather than O2 is required in order to deliver a 
cathode that is truly reversible in terms of voltage; therefore, understanding the nature of these O  
states is important. 

The combined SQUID,  17O NMR, DFT and RIXS results demonstrate that the hole states formed on 
oxidised oxide ions are delocalised and occur on the oxide ions coordinated to only two transition 
metal ions (O-Mn2). Such oxide ions possess O 2p orbitals directed towards a Li + cation vacancy in 
the transition metal layers rather than a Mn ion, as in the case of O-Mn 3.7 These essentially non-
bonding O2p states place electrons in these orbitals at the top of the valence band just below the 
Fermi level, Figure 6a and therefore available for oxidation.7,21,41

Removal of electrons from these non-bonding O 2p orbitals generates a partially filled band of O 2p 
states which sits across the Fermi Level, Figure 6b. The density of states plot computed with 5% 
Hartree-Fock exchange,  Supplementary  Figure 10,  which gives  the closest  agreement to the  17O 
NMR, predicts a band shape that is consistent with the RIXS measurement. The O-Mn2 configuration 
is the only O coordination that exists in the majority of O-redox layered compounds that exhibit the  
honeycomb  superstructure.  The  value  of  examining  Na0.6[Li0.2Mn0.8]O2 is  that  by  separating  the 
regions of O-Mn2 by ribbons of O-Mn3, the transformation of O to O2 is sufficiently inhibited that we 
can examine the holes states and demonstrate delocalisation that will also occur in the honeycomb 
compounds, Supplementary Figure 11. 

Our findings are relevant to Li-rich cathodes as removal of electrons from oxide ions should in the  
first instance form electron holes whatever the cations, e.g. Na or Li, in the alkali ion layer. However,  
in most materials TM migration is facile, forming voids that allow the oxygen hole states to condense 
to form trapped molecular O2, giving rise to voltage hysteresis. Even though our results show that 
delocalised holes on oxidised oxide ions are more stable than localised holes,  realising  O-redox  
cathodes  without  voltage  hysteresis  will  require  materials  that  prevent  TM  migration.  This  is  
demonstrated by the fact that the material does gradually form O2 and our previous calculations 
showed the energy stabilisation that accrues from the formation of the dioxygen bond. Therefore, 
the focus must turn to finding materials in which TM migration can be avoided, thus preserving the 
hole states and the high voltage plateau for many cycles.

Conclusion

The removal of electrons from the oxide ions in O-redox cathode materials on charging results in the 
formation of delocalised electron-holes in the O 2p band. These are delocalised across the O 2p  
states directed towards vacant cation sites in the transition metal layer coordinated by only two Mn  
ions (O-Mn2).  This  coordination occurs  on every oxygen in honeycomb ordered materials,  which 
make up the majority of layered O-redox cathodes. By studying Na0.6[Li0.2Mn0.8]O2, where these O2p 
states  are  separated  into  O-Mn2 ribbons  by  regions  of  O-Mn3,   transition  metal  migration  is 
suppressed therefore suppressing O2 formation and we are able to capture these states on oxidised 
O and show that they are delocalised in nature. Furthermore, we follow these delocalised electron-
hole states over time as they condense to form molecular O2 which is trapped within the structure 
due to the slow transition metal disordering. Our results show that the unpaired electrons formed 
on the oxidised oxide ions are more stable if delocalised than localised. The slow evolution to form  
O2 and our previous calculations that show a strong stabilisation by formation of covalent dioxygen 
bond in O2, indicate that delocalisation alone will not avoid voltage hysteresis. Ultimately, O-redox 
cathodes that form hole states on O and do not transform into O2 are desirable to deliver truly 
reversible cathodes (i.e.  with the same high voltage on discharge as charge),  understanding the  
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nature of the reversible O-redox reaction could unlock a new generation of high energy density 
battery cathodes.

Methods

Materials Preparation. Na0.6Li0.2Mn0.8O2 was prepared as described previously.21 Intimately mixed precursors were heated 
to 800 C under flowing O2 for 12 hours, then cooled at 2 C min-1 to room temperature. 17O labelled samples were prepared 
following the same calcination procedure but in an atmosphere of O2 gas (CortecNet >70 atom% 17O).

Electrochemical  Measurements.  Self-supporting  cathode  films  of  Na0.6Li0.2Mn0.8O2 were  prepared  by  grinding  the  as-
synthesised  material  with acetylene black  and polytetrafluoroethylene  in  an 8:1:1  mass ratio  in  a  pestle  and mortar  
followed by calendaring to a thickness of ~100 μm. Cathodes were assembled into coin cells with 1M NaPF 6 (Kishida) in PC 
(Merck) used as the electrolyte and Na metal foil as the counter electrode. Cells were disassembled and the electrodes  
rinsed with dry dimethylcarbonate prior to ex situ characterisation. All handling was performed under inert atmosphere (< 
0.1 ppm H2O and O2). Electrochemical charge-discharge cycling was carried out using a Maccor Series 4000.

EIS Measurements. After galvanostatic charging to 4.5 V, EIS measurements were recorded once every 24 hours for 7 days  
on a Biologic VMP3 with EIS capability over a frequency range of 100 mHz to 10 MHz. Each EIS measurement lasted ~8.5 
mins.

Resonant Inelastic X-ray Scattering.  RIXS spectra were obtained at the I21 beamline at Diamond Light Source.42 Samples 
were transferred to the spectrometer using a vacuum transfer suitcase to avoid air exposure and were pumped down to 
UHV and left to fully degas overnight. RIXS maps were measured in 0.2 eV energy increments from 526 eV to 536 eV at 3  
different sample locations summed together. RIXS line scans were recorded at the resonance energy for molecular O2 at 
fifteen different sample locations and averaged together.

Powder X-ray diffraction. PXRD patterns were obtained for the as-prepared materials using a Cu source Rigaku SmartLab 
diffractometer  equipped  with  a  Ge(220)  double  bounce  monochromator  and  a  Hypix  2D  detector.  Reitveld  profile  
refinements were performed using the GSAS suite of programs. Ex-situ PXRD was collected on a Cu source Rigaku Miniflex  
benchtop diffractometer housed within an N2-filled glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm).

SQUID magnetometry.  Samples were weighed,  packed into plastic  capsules,  and then loaded into a Quantum Design 
MPMS 3 Magnetometer where they were pumped down under vacuum. Zero-field cooled measurements were performed  

between 100-300 K under a magnetic field of 500 Oe. 

Solid-state 17O MAS NMR spectroscopy. All 17O magic angle spinning (MAS, υR = 37037 Hz) solid state NMR were completed 
at 9.45 T (υ0

17O = 54.25 MHz) using a Bruker Advance III HD spectrometer and a 1.9 mm double air bearing MAS probe. The 
achieved spectra were referenced to H2O at 0 ppm. All spectra were recorded using a Hahn echo (π/2-τ-π-τ) sequence, 
where  τ is 1/υR and  π/2 is 250 kHz, the resultant FID is processed as a half echo.  These spectra were completed with  
relaxation times of 100 ms (slow relaxation) and 1 ms (rapid relaxation) to give greater contrast between the oxide and O 2 

environments.

DFT calculations. Density functional theory (DFT) calculations to assign the 17O NMR environments were performed using 
the CRYSTAL17 code, which implements local Gaussian basis sets.43 Previous studies have indicated that hybrid functionals 
give a reasonably accurate description of the unpaired spin density and the nuclear position for transition metal oxides,  
and have shown that the description of the spin density depends on the amount of Hartree Fock exchange (HFX) included  
in the hybrid functionals.37  In general terms, as the HFX varies, the nature of the wavefunction can be considered to vary 
from delocalised to localised; pure DFT with no HFX produces more delocalised wavefunctions, whereas increasing the HFX  
results  in  increasingly  localised  wavefunctions.  In  this  work,  we adopted  a  benchmarking  approach,  in  which  all  the  
properties are calculated with seven hybrid functionals based on the B3LYP parameterisation, varying HFX from 5% to 35%,  
in steps of 5%.

Using a  similar  procedure  for  computing  17O NMR parameters  described in  Ref44 we first  performed  a full  geometry 
optimisation of each structure with each functional, using standard double-zeta basis sets taken from the CRYSTAL online  
repository  (https://www.crystal.unito.it/basis-sets.php),  denoted  Mn_pob_DZVP_rev2,  O_pob_DZVP_rev2, 
Li_pob_DZVP_rev2 and Na_pob_DZVP_rev2. For the calculation of spin density at the nuclear positions, single point energy  
calculations were performed by replacing the DZVP O basis set only with a modified version of a more extended IGLO-III  
basis set for O, available in original form from the Basis Set Exchange (https://www.basissetexchange.org/). To obtain the 
modified IGLO-III basis set, the most diffuse s and p orbitals were removed, yielding (10s6p2d)/[6s5p2d].45,46 
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The structural model of the cathode contained 20 formula units, comprising 72 atoms for pristine Na0.6[Li0.2Mn0.8]O2 and 60 
atoms for the delithiated structure with composition Li0.2Mn0.8O2.  For geometry optimisations and the calculation of 
hyperfine parameters, a Monkhorst-Pack mesh47 was used to sample reciprocal space in the cells, with 36 irreducible k-
points. To model the partially filled Na layer in pristine Na0.6[Li0.2Mn0.8]O2, 10 different random distributions of Na ions in the 
unit cell (containing 72 atoms) with P1 symmetry were assessed. A small energetic difference between models of <5 meV 
f.u.–1 was found, consistent with a disordered arrangement of Na. The most stable structure was selected to perform the 
calculation of the unpaired spin density (ρ(0)) at the 17O nuclear positions. 

The calculations were converged with an energy tolerance for the self-consistent field procedure of 10 -7 Hartree, and with 
Coulomb  and  exchange  integral  series  tolerances  set  at  10 -7,  10-7,  10-7,  10-7 and  10-14 for  the  Coulomb  overlap  and 
penetration,  exchange  overlap  and  g and  n series  exchange  penetration,  respectively.  Structural  optimizations  were 
performed with a ferromagnetic alignment of ions, in which the atomic positions and unit cell parameters were allowed to  
fully  relax.  The structural  optimizations  were performed with a  quasi-Newtonian  algorithm and structural  parameters  
converged using the standard convergence criteria in CRYSTAL17. 
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Figure Legends/Captions

Figure  1.  Structure  and  electrochemistry  of  Na0.6[Li0.2Mn0.8]O2.  a  Crystal  structure  of 
Na0.6[Li0.2Mn0.8]O2 viewed  parallel and perpendicular to the layers. O2- ions (red) adopt P2 stacking, 
ABBA, Li (blue octahedra) and Mn (purple octahedra) are ordered in a ribbon arrangement within  
the transition metal layers and Na (green) occupies trigonal prismatic sites between the layers.  b 
First-cycle  charge  (Na  extraction)  then  discharge  (Na  reinsertion)  curve  for  Na 0.6[Li0.2Mn0.8]O2 

cathodes cycled at 10 mA g-1.  c  Discharge voltage curves after charging, then resting the cell for 
different lengths of time. Low voltage sloping capacity appears over time at the expense of the high  
voltage plateau. d Plateau length as a fraction of the entire discharge plotted against increasing rest  
time. 
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Figure  2.  SQUID  magnetometry.  Evolution  of  the  effective  magnetic  moment,  μeff,  for  charged 
Na0.6[Li0.2Mn0.8]O2 with increasing rest  time as  measured by SQUID magnetometry.  The magnetic  
moment measured within 1 hour of charging to 4.5 V, 3.52 μB, is almost identical to the pristine 
material,  3.53 μB,  indicating  that  the hole  states  generated  on  the  oxide ions  on oxidation  are 
delocalised  in  the  O  2p  band.  Over  time,  the  magnetic  moment  increases  consistent  with  the  
localisation of electron-holes on trapped O2 molecules which each have 2 unpaired electrons (S = 1). 
Note the SQUID data alone cannot easily distinguish between localised O - and O2 at long times but 
combined with the RIXS data identifying O2 formation it can be concluded the magnetic moment 
after  extended  time  is  associated  with  O2.  The  sample  size  for  each  point  was  one  SQUID 
measurement. The error bars represent the compounded standard errors from sample weighing and  
the Na content determined electrochemically.

Figure  3.  17O  NMR  spectra  and  DFT  modelled  electron  spin  densities.  a  Top  -  17O  MAS  NMR 
spectrum and its deconvolution for the pristine Na0.6Li0.2Mn0.8O2, fitted with 2 unique sites in a 58:42 
ratio, corresponding to O coordinated by either 2Mn  or 3Mn within the transition metal layer (3:2 
ratio), indicated by the purple and green spectra and associated oxygens coloured similarly in the  
structures shown. Below, DFT calculated electron spin densities, ρ(0), at the two different oxygen 
positions  in  the  structure,  O-Mn2 and  O-Mn3,  with  decreasing  Hartree-Fock  exchange  (HFX) 
corresponding  to  increasing  electron  delocalisation.  Calculated  spin  density,  ρ(0),  is  directly  
proportional to the chemical shift, δpara. O-Mn2 exhibits a consistently higher ρ(0) for all percentages 
of  HFX  and  therefore  higher  chemical  shift  than  O-Mn3,  confirming  the  experimental  peak 
assignment. b Top - 17O MAS NMR spectrum and its deconvolution for charged Na0.6Li0.2Mn0.8O2. The 
data are fitted to a model with two unique O sites in a 63:37 ratio corresponding to the oxidised O  
ions in 2Mn coordination and the unoxidized 3Mn oxide ions (3:2 ratio), indicated by orange and 
green  respectively.  The  shift  in  the  O-Mn spectrum on  charging  is  due  to  interaction  with  the  
delocalised electrons that are located primarily on O-Mn2 not O-Mn3. The calculated spin densities, 
ρ(0), for the O–Mn2 atoms in the charged material give better agreement to the NMR spectrum as 
HFX is  decreased,  tending towards a single  value,  indicating delocalisation of  the electron-holes  
across these O-Mn2 oxygen atoms. a0 is the Bohr radius.

Figure 4.  Time-dependent evolution of  17O NMR. a  Slow relaxation 17O MAS NMR spectra for a 
charged sample of  Na0.6[Li0.2Mn0.8]O2 measured over time.  The charged material  with resonances 
associated with O-Mn2 (orange) at 3750 ppm and O-Mn3 (green) at 2350 ppm changes with time. 
The O-Mn2 resonance at  3750 ppm gradually  decreases  and the signal  for  O-Mn3 at  2350 ppm 
broadens over time, indicating the appearance of multiple overlapping resonances. b Fast relaxation 
17O MAS NMR reveals  another  strongly  paramagnetic  chemical  environment  of  O at  2900  ppm 
(purple)  that  grows  in  intensity  over  time.  It  is  consistent  the  molecular  O 2 trapped  in  bulk 
cathodes.18,38 

Figure 5. Oxygen K-edge Spectroscopy. a RIXS maps (left) and XAS spectra (right) of the O K-edge for 
Na0.6Li0.2Mn0.8O2 collected 1 day and 1 month after charging. XAS plotted sideways to relate to the 
RIXS maps b RIXS line scans obtained at the resonance energy for the vibrational peaks arising from  
O2  (531.5  eV).  The  electron-hole  feature  appears  intense  after  1  day  in  the  XAS  and  RIXS  but  
diminishes over time. Concurrently, features attributed to molecular O2 increase in intensity with 
time implying the delocalised electron-holes gradually condense to form stable O2 molecules. c Peak 
spacings between the vibrational peaks.  d  Birge–Sponer plot showing the linear decrease in peak 
spacing  characteristic  of  an  anharmonic  oscillating  diatomic.  ν,  vibrational  quantum number.  Y-
intercept values indicate a fundamental vibrational frequency close to that of molecular O 2 (1556 
cm-1). 
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Figure 6. Delocalised electron-holes on O. Structural schematics illustrating a the pristine structure, 
b the charged structure with delocalised electron-holes on O-Mn2 and  c a charged structure after 
condensation of the delocalised holes to form molecular O2.  Below each structure are schematic 
density  of  states  plots  illustrating  the  changes  to  the  O2p  states  near  the  Fermi  Level.  d 
Electrochemical load curve for stable electron-holes on O. e Loss of plateau and onset of hysteresis 
with time as electron-holes condense to molecular O2.
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