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ABSTRACT: The increased capacity offered by oxygen-redox
active cathode materials for rechargeable lithium- and sodium-ion
batteries (LIBs and NIBs, respectively) offers a pathway to the next
generation of high-gravimetric-capacity cathodes for use in devices,
transportation and on the grid. Many of these materials, however,
are plagued with voltage fade, voltage hysteresis and O2 loss, the
origins of which can be traced back to changes in their electronic
and chemical structures on cycling. Developing a detailed
understanding of these changes is critical to mitigating these
cathodes’ poor performance. In this work, we present an analysis of
the redox mechanism of P2−Na0.67[Mg0.28Mn0.72]O2, a layered
NIB cathode whose high capacity has previously been attributed to
trapped O2 molecules. We examine a variety of charge
compensation scenarios, calculate their corresponding densities of states and spectroscopic properties, and systematically compare
the results to experimental data: 25Mg and 17O nuclear magnetic resonance (NMR) spectroscopy, operando X-band and ex situ high-
frequency electron paramagnetic resonance (EPR), ex situ magnetometry, and O and Mn K-edge X-ray Absorption Spectroscopy
(XAS) and X-ray Absorption Near Edge Spectroscopy (XANES). Via a process of elimination, we suggest that the mechanism for O
redox in this material is dominated by a process that involves the formation of strongly antiferromagnetic, delocalized Mn−O states
which form after Mg2+ migration at high voltages. Our results primarily rely on noninvasive techniques that are vital to understanding
the electronic structure of metastable cycled cathode samples.

■ INTRODUCTION
The total energy stored in rechargeable lithium- and sodium-
ion batteries (LIBs and NIBs) is at present limited by the
cathode material.1−6 Among the vast phase space for LIB and
NIB cathode materials, layered transition metal oxide
compounds, LiTMO2 and NaxTMO2 (TM = transition metal;
0 < x ≤ 1), whose two-dimensional Li and Na layers offer fast
ionic diffusion (fast charge−discharge rates), are perhaps the
most successful and commercially viable.7,8 The amount of
charge stored (the capacity) at the cathode is limited by the
number of redox-active centers and the number of accessible
oxidation states for each of these centers. Conventionally, only
the TM species participate in redox processes during charge
and discharge,8 ,9 owing to their ability to readily donate and
accept electrons into/from their valence d orbitals.

In recent years, interest in harnessing redox processes
involving the oxide anion, O2−, has grown:9−13 if electrons
from O2− can be reversibly released and recovered during
charge and discharge, the gravimetric capacity of TM oxide
cathodes would increase significantly (assuming the structures
contain sufficient Li/Na ions that can be concomitantly and

reversibly extracted), enabling higher energy densities for LIBs
and NIBs. Indeed, several authors have reported so-called
oxygen redox, enabling capacities that far exceed “conven-
tional” cathodes relying on TM-only redox.10,11,14−18

The premise on which oxygen redox generally relies is the
generation of nonbonding lone pairs on oxygen, typically
generated via ionic interactions with (invariably electrochemi-
cally inactive) metal cations in the TMO2 layer.14,15,19−24 In
LIB cathodes, this has been most successfully achieved in
“lithium-rich” systems, where the Li:TM ratio exceeds one and
the excess Li+ reside in the TMO2 layers, giving rise to the
desired ionic interactions.17,25−28 In NIB cathodes, “excess”
Na+ materials containing the more commercially appealing 3d
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TMs are generally not possible owing to the large size of Na+:
the strains induced by inserting Na+ into the TMO2 layer are
often too great29 and the as-synthesized material forms Na
oxides in addition to a stoichiometric or substoichiometric
cathode material.30 Instead, authors have successfully doped
other metal cations, for example, Li+, Mg2+, Zn2+ and even
vacancies into the TMO2 layer to achieve these ionic
interactions.14−16,19−24

While the generation of high-energy, redox-accessible
oxygen-based lone-pair(-like) electrons is widely accepted,
the stabilization of oxidized oxygen species�and therefore the
charge compensation mechanism�is still under debate within
the battery and solid-state chemistry communities. Several
stabilization mechanisms, including localized O holes,31−33

formation of peroxo-like (O2)n− species,34−36 trapped molec-
ular O2,15,37,38 TM migration induced O2− oxidation17,18,39 and
π-redox,40 have been proposed, with no clear consensus, in
part because there is likely no single mechanism that operates
in all these different systems. Furthermore, when examining
oxygen redox, a single or perhaps two techniques are often
used to deduce a mechanism, and the mechanisms proposed
may differ from those obtained by other research groups using
different methods. The reader is directed toward refs 9,10,41
for a comprehensive examination of each of these charge
compensation mechanisms.

Oxygen redox is of particular interest to NIB cathodes,
where a sustainable, low-cost ethos drives the development and
optimization of these systems. Among the NIB cathodes
known to exhibit oxygen redox, one of the most intriguing
materials is Na0.67[Mg0.28Mn0.72]O2 (henceforth NMMO), first
reported by Yabuuchi et al.,19 whose first-charge plateau is
accompanied by a large voltage hysteresis, but with few phase
changes during cycling, making it an attractive potential
candidate for long-term cycling applications.

Subsequent studies by Maitra et al.,14 House et al.22 and by
us42,43 described the structural changes that occur during the
first charge−discharge cycle of NMMO: an initial single-phase
desodiation process was seen, which was followed by a high-
voltage two-phase reaction process between P2 and a Z-phase
(an intergrowth of P- and O-type layers with no long-range
order of the layers). Experimental data was consistent with
Mg2+ migration from octahedral sites in the TMO2 layers to
tetrahedral sites in the vacant O-type Na+ layers at the end of
charge,22,42 and it was shown42 that this migration was both
kinetically and thermodynamically feasible using ab initio
transition state searches (Figure 1). While Boivin et al.

subsequently proposed a charge compensation scheme
involving Mg2+ migration and concomitant O2 trapping, their
work did not consider additional charge compensation
schemes reported in the literature and relied heavily on ex
situ resonant inelastic X-ray scattering (RIXS), a highly invasive
technique for interrogating electronic and structural changes,
performed using high-energy X-rays while under high
vacuum.22

In this study, we screen possible charge compensation
scenarios in NMMO, combining computations and experi-
ments, and then compare and contextualize our results to
mechanisms proposed in the literature. Novel 25Mg nuclear
magnetic resonance (NMR) measurements confirm that Mg2+

migration takes place at high voltages in NMMO. The
consequences of this migration on the electronic structure
and charge compensation process are evaluated using ab initio
calculations of the density of states, ex situ 17O NMR, bulk
magnetic susceptibility measurements, operando X-band and ex
situ high-frequency electron paramagnetic resonance (EPR)
spectroscopy, Mn K-edge X-ray absorption near edge spec-
troscopy (XANES) and O K-edge X-ray absorption spectros-
copy (XAS). This complements our previous studies on the
Na+ dynamics43 and structures of the pristine and cycled
material.42 We note that we are not presenting 23Na NMR
here; this was covered in our previous work.42,43 Via a simple
process of elimination,44 we reach a mechanistic description
which faithfully describes all data obtained (including that
obtained by previous work14,19,22); our results provide a truly
holistic examination of the charge compensation mechanism in
NMMO and highlight the benefits and pitfalls of each
technique used to probe these fascinating and elusive
mechanisms.

■ EXPERIMENTAL SECTION
Synthesis. A detailed synthetic route and sample preparation

scheme is detailed in the Supporting Information (SI).
Na0.67[Mg0.28Mn0.72]O2 was synthesized via a high-temperature
solid-state reaction as described previously.14,19,22 Stoichiometric
quantities of Na2CO3, MgO, and Mn2O3 were ball milled together
(400 rpm, 2 h total), pressed into a pellet and heated to 1073 K (10 K
min−1) for 10 h under flowing O2 (<30 mL min−1), followed by a
natural cooling process. The pellet was ground in an Ar-filled
glovebox (H2O and O2 < 1 ppm), reheated to 973 K (10 K min−1)
and then immediately quenched to room temperature. For 25Mg
enrichment, the same synthetic procedure was carried out, using
25MgO as the starting reagent. For 17O enrichment, approximately
150 mg of as-synthesized Na0.67[Mg0.28Mn0.72]O2 was taken, packed
into an alumina crucible and then loaded into a quartz tube which was
subsequently evacuated and then refilled with 17O2 gas (Nukem, 70
atom % enrichment) to a pressure of approximately 1.1 bar. The tube
was then sealed and reheated to 973 K for 24 h, before being
quenched to room temperature and immediately transferred to an Ar-
filled glovebox.

Cathodes of Na0.67[Mg0.28Mn0.72]O2 were prepared by dispersing a
mixture of the pristine powder, carbon super P (TIMCAL) and Kynar
poly(vinylidene difluoride) (PVDF, Akerma) in N-methyl-2-pyrroli-
done (NMP; Sigma-Aldrich, anhydrous, 99.5%); the mass ratio of
these powders was 8:1:1. The slurry was blade-coated at a wet film
thickness of 500 μm on an aluminum foil current collector and the
films dried at ambient temperature under dynamic vacuum for at least
12 h. Circular electrodes (13 mm diameter) were punched out and
then dried at 393 K for 12 h under dynamic vacuum; the active
material loading was 1.5−9.5 mg cm−2; the former used for X-ray
diffraction (XRD), XAS, and XANES measurements, and the latter for
NMR, EPR and bulk magnetic susceptibility measurements.

Figure 1. Summary of the structural changes of Na0.67[Mg0.28Mn0.72]-
O2 during the first charge−discharge cycle, highlighting the
contribution of Mg2+ migration to the observed voltage hysteresis.
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For all experiments, a 1.0 M NaPF6 (Acros Organics, 98.5+%; dried
at 393 K for 12 h under dynamic vacuum) in propylene carbonate
(PC; Solvionic, <50 ppm of H2O) electrolyte was used unless
otherwise stated. All cells in this work were half-cells, using a Na metal
disc as the anode; these disks were punched out from Na metal
(Sigma-Aldrich, 99.0%, 13 mm diameter). All electrochemical tests
were carried out using NMMO/Na metal half-cells. Each cell was
assembled from a stack of one cathode, one glass fiber separator
(Whatman, GF/B, 0.68 mm thick, 16 mm diameter, 1.0 μm pore size)
soaked with 150 μL electrolyte and one Na metal disc.

Electrochemical measurements on these half cells were performed
using either a BioLogic MPG2 potentiostat/galvanostat instrument
running EC-Lab software (17O and 25Mg NMR and high-frequency
EPR experiments), or an Arbin potentiostat/galvanostat (Mn K-edge
XANES, O K-edge XAS and bulk magnetic susceptibility measure-
ments). The half cells were galvanostatically charged at a rate of 10
mA g−1 (corresponding to approximately C/19, for a theoretical C
rate determined from the time elapsed and current applied, assuming
that x in Nax[Mg0.28Mn0.72]O2 runs between 0 and 1 and that no
parasitic reactions take place during cycling). This slow cycling rate
was chosen to minimize effects of concentration gradients in the
active material and to avoid the high overpotentials often seen at high
voltages.
Ex Situ Sample Preparation. Cathodes of NMMO were cycled

up to a given cutoff voltage and then allowed to relax for at least 1 h
(see SI, Table S1 for a list of cutoff voltages and open circuit
voltages), before being extracted from the cell inside an Ar-filled
glovebox and either scraped off the Al foil backing (for NMR, EPR,
synchrotron X-ray diffraction (SXRD), and bulk magnetic suscepti-
bility measurements) or peeled off the Al foil intact (for XANES and
XAS measurements).
Solid-State 25Mg Nuclear Magnetic Resonance Spectrosco-

py. 25Mg-enriched ex situ cycled cathodes and pristine powders were
packed into 4 mm diameter ZrO2 magic angle spinning (MAS) rotors
in an Ar-filled glovebox, with inert poly(tetrafluoroethylene) (PTFE)
tape packed at either end to ensure the sample was centered in the
rotor. No rotor spent longer than 5 min outside of the glovebox
before being inserted into the magnet under a protective atmosphere
of flushing nitrogen gas. 25Mg NMR spectra were referenced to solid
MgO at 26.0 ppm as an external reference. NMR spectra were
acquired on a Bruker Avance III (16.4 T) using a Bruker 4 mm MAS
probe; spectra were recorded static, with an effective

2
pulse length of

2.21 μs (which corresponds to
6

, to account for the strong
quadrupolar interaction of 25Mg and excite the central and satellite
transitions equally�i.e., the linear regime45). Hahn-echo pulse
sequences (90°−τ−180°−τ−acquire) at different receiver frequency
offsets were used to record individual slices in a variable-offset
cumulative spectrum (VOCS). The recycle delay (10 ms) was set
such that the bulk, paramagnetically shifted signal was recorded
quantitatively. A background spectrum (acquired via VOCS using the
same number of scans, recycle delay and receiver offset frequencies)
was also obtained and subtracted from the observed spectra. Spectra
were fit using dmfit,46 using the Int2QUAD model to account for
both the quadrupolar and dipolar hyperfine interactions (CSA was
used as a surrogate for the dipolar hyperfine interaction).
Solid-State 17O Nuclear Magnetic Resonance Spectroscopy.

17O-enriched pristine powder and ex situ cycled cathodes were packed
into 1.3 mm diameter ZrO2 MAS rotors in an Ar-filled glovebox; no
rotor spent longer than 5 min outside of the glovebox before being
inserted into the magnet under a protective atmosphere of flushing
nitrogen gas. 17O NMR spectra were referenced to liquid H2

17O (0
ppm). NMR spectra were acquired on a Bruker Avance III (11.7 T)
using a Bruker 1.3 mm MAS probe. A MAS frequency of 60 kHz was
used, with an effective

2
pulse length of 0.66 μs for 17O to account for

the strong quadrupolar interaction of and excite the central and
satellite transitions equally.45 A rotor-synchronized Hahn-echo pulse
sequence (90°−τ−180°−τ−acquire) was used. Spectra were scaled
according to the mass of the sample and number of residuals
recorded. The recycle delay (5 ms; at least 5T1) was set such that the

bulk, paramagnetically shifted signal was recorded quantitatively,
while the diamagnetic signal due to electrolyte decomposition
products was suppressed. Projection magic angle turning phase-
adjusted sideband separation (pjMATPASS) experiments were also
recorded to separate the isotropic resonances from the overlapping
spinning sideband manifold.47,48 Spectra were fit using dmfit,46 using
the Int2QUAD model to account for both the quadrupolar and
dipolar hyperfine interactions (CSA was used as a surrogate for the
dipolar hyperfine interaction).
Synchrotron X-ray Diffraction. Ex situ diffraction patterns of

both the pristine material and cycled cathodes were recorded at
beamline I11 at the Diamond Light Source,49,50 with a wavelength of
0.82652 Å over a range 2θ = 0 to 150°. Samples were loaded into
borosilicate glass capillaries (outer diameter 0.5 mm) inside an Ar-
filled glovebox and sealed using two-component epoxy resin. Rietveld
refinements of the diffraction patterns were carried out using the
TOPAS Academic 6.0 software package.51

Ab Initio Density of States Calculations and Chemical Shift
Calculations. To simplify calculations, a model system, O2−
Na0[Mg1/3Mn2/3]O2, was constructed, using the lattice parameters
and atomic coordinates obtained from ex situ synchrotron X-ray
diffraction at the end of charge. For most calculations, all Mg2+

centers were placed in the tetrahedral sites in the vacant Na+ layers;
additional calculations in which only a fraction of the Mg2+ centers or
none of the Mg2+ centers were displaced were also carried out and
may be found in the SI (Section 2, Tables S2−S6 and Figures S1−
S3). Throughout the calculations, (2 × 2 × 1) supercells were
constructed to account for both inter- and intralayer exchange
interactions between the paramagnetic centers, as well as to capture
the ordering seen in the pristine material. The initial charge
distributions are detailed in the Results section.

The density of states was calculated for a series of charge
compensation schemes, all based on the Na0[Mg1/3Mn2/3]O2 model
system described in the results, using both the VASP52−54 and
CRYSTAL codes.55 In VASP, the projector-augmented wave method
(PAW)56,57 was employed, with a spin-polarized Perdew−Burke−
Ernzerhof exchange correlation functional and Hubbard U model58,59

applied within the rotationally invariant formalism proposed by
Liechstenstein et al.,60 to correct for the known deficiencies of pure
functionals for highly localized 3d states.61 The plane-wave energy
cutoff was set to 520 eV, and an effective Hubbard U parameter for
Mn, Ueff = U − J = 3.9 eV, where U and J are the effective on-site
Coulomb and exchange parameters (J = 1 eV), respectively, was
chosen, in line with previous work on the parent material,
NaxMnO2.35,62 SCF cycles were converged with an energy tolerance
of 10−8 eV and the Brillouin zone was samples with a Monkhorst−
Pack63 γ-centered k-mesh of density <0.025 Å−1.

Periodic spin-polarized density functional theory (DFT) calcu-
lations of the density of states and hyperfine and quadrupole-induced
shifts were performed in CRYSTAL.55 Hyperfine parameters were
calculated with B3LYP64,65 and a modified B3LYP hybrid functional
containing 20 and 35% Hartree−Fock exchange, referred to as Hyb20
and Hyb35, respectively. These weights were chosen based on the
success of these functionals in calculating the properties of TM
compounds and have been previously reported to provide an upper
and lower bound on experimental shifts.66−68

The calculations employed two basis sets: a smaller basis set for
geometry optimizations (denoted BS-I) and a more extended set for
the single-point hyperfine calculations (BS-II). Geometry optimiza-
tions were carried out on a ferromagnetic configuration, with an
energy tolerance of 10−5 Hartree, a root-mean-square force gradient
tolerance of 3 × 10−4 Hartree and integral thresholds of 10−8, 10−8,
10−8, 10−8, and 10−16 for the Coulomb overlap, Coulomb penetration,
exchange overlap and g and n series exchange penetration,
respectively. The BS-I sets were taken�without modification�
from solid-state studies by Catti et al.,69−72 while the BS-II sets
comprised bases from the Ahlrichs set for metal ions73 and IGLO-III
basis set for O.74 Single-point calculations to obtain the density of
states were performed using integral thresholds of 10−7, 10−7, 10−7,
10−7, and 10−17 for the Coulomb overlap, Coulomb penetration,
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exchange overlap and g and n series exchange penetration,
respectively, while the energy tolerance was set to 10−8 Hartree.
These calculations were carried out using Monkhorst−Pack63 γ-
centered k-mesh with density <0.025 Å−1. Note that approximate
oxidation states were obtained from the converged spin densities of
each atom in the structure. Additional computational details,
including the number of Gaussian primitives and the contraction
scheme used for each basis set are provided in the SI (Section 1).
Bulk Magnetic Susceptibility Measurements. The bulk

magnetic susceptibility measurements were carried out on powder
samples and ex situ cycled cathodes (approximately 3−15 mg) using a
Quantum Design Magnetic Property Measurement System 3
(MPMS) superconducting quantum interference device (SQUID)
magnetometer. The zero-field cooled (ZFC) and field-cooled (FC)
susceptibilities were measured in a field of 0.1 T over a temperature
range 2−300 K. As M(H) is linear in this field range, the small-field
approximation to the susceptibility, M

H
, was assumed to be valid.

The data for each sample were corrected for diamagnetism of the
sample using Pascal’s constants.75

Operando Electron Paramagnetic Resonance Spectroscopy.
Operando EPR measurements were carried out on an in-house quartz
cell76 containing the following stack: an Al foil current collector (5
mm diameter), a cathode disc of NMMO (5 mm diameter), a glass
fiber separator (Whatman, GF/B, 0.68 mm thick, 5 mm diameter, 1.0
μm pore size) soaked in 8 μL of electrolyte (1.0 M NaPF6 in a 1:1:1
volumetric mixture of ethylene carbonate, diethylene carbonate and
dimethyl carbonate), a Na metal foil disc (5 mm diameter) and a Cu
foil current collector. A ruby reference was glued to the outside of the
cell using two-component epoxy. The cell was cycled at a rate of 10
mA g−1 between 1.5 and 4.5 V vs Na0/+. The cell was placed in a high-
Q cavity (Bruker 4119HS-LC), and spectra were recorded
continuously during cycling, with 420 s between each spectral slice;
these slices comprised four individual spectra, to improve signal-to-
noise. A microwave power of 6.325 mW was used, with a modulation
amplitude of 4 G.
High-Frequency Electron Paramagnetic Resonance Spec-

troscopy. The high-frequency EPR (HF-EPR) spectra of pristine
powders and ex situ cycled cathodes were recorded on a double-pass
transmission EPR spectrometer built at the high magnetic field
laboratory in Grenoble, France.77 The frequencies were varied from
255 to 383 GHz using a 127 GHz frequency source and its multipliers
(Virginia Diodes), while detection was achieved using a bolometer
(QMC instruments). Temperatures were recorded using a variable-
temperature insert (Cryogenic) at 5, 50, and 150 K. The EPR spectra
were fitted to a powder pattern line shape with axial or isotropic g
tensors using the EasySpin toolbox for MATLAB.78 Note that the
fitted g-factors presented are adjusted from those generated by
EasySpin, owing to the nonlinear observed data being fit in a linear
fashion; see SI, Section 9, Figure S23 for further details.
Mn K-Edge X-ray Absorption Near Edge Spectroscopy. Ex

situ XANES was performed at beamline B18 at the Diamond Light
Source. Mn K-edge data were recorded at ambient temperature in
transmission mode above and below the absorption edge (6539 eV).
Samples were loaded into an in-house (Diamond) transfer chamber
with transparent polyimide (Kapton) film windows. Three spectral
scans were recorded for each sample; no changes between the first
and last measurements were observed. Alignment, background
removal and fitting of the XANES data was carried out in the Athena
software package.79,80

O K-edge X-ray Absorption Spectroscopy. Ex situ XAS was
performed at beamline I10 at the Diamond Light Source. O K-edge
data were recorded at ambient temperature in both fluorescence yield
(FY) and total electron yield (TEY) modes above and below the
absorption edge of 543 eV. Samples were loaded onto an in-house
(Diamond) transfer module using a conductive epoxy resin. Four
spectral scans were recorded for each sample; no drift in the beam
energy was observed between the first and last measurement.
Alignment, background removal and fitting of the data was carried
out in the PyMCA software package.81

■ RESULTS
Electrochemistry. The electrochemical performance of

NMMO in a half cell versus Na metal has been presented in
our previous study.42 To summarize, an initial increase in
voltage is seen (Stage 1 in Figure 2), corresponding to single-

phase Na+ extraction; this is followed by a long voltage plateau
(Stage 2), arising from the two-phase reaction between the P2
and Z-phases of NMMO (Stages 3 and 4) and then a sloping
region throughout discharge, corresponding to reinsertion of
Na+ in which O-type layers gradually transform into P-type;
this manifests as a single, continuous phase transformation but
likely corresponds to a series of overlapping processes. In
addition, a large voltage hysteresis is observed (Figure 2a),
which has been ascribed to Mg2+ migration from octahedral
sites in the TMO2 layers to tetrahedral sites in the vacant O-
type layers of Z-phase NMMO on charge.42

The differential voltage-capacity ( )Q
V

d
d

curve over the first
charge−discharge cycle reveals the four distinct regions readily
and may also be used to delineate the different redox regimes
(Figure 2b). Boivin et al. assigned stages 1 and 4 to Mn

Figure 2. Electrochemical data for the first charge−discharge cycle of
NMMO. (a) shows the voltage profile with ex situ sampling points
labeled, while (b) shows the differential capacity-voltage profile. The
four stages of the charge−discharge cycle are also highlighted.
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oxidation and reduction, respectively, since the pristine
material has an average Mn oxidation state of 3.85+, while
stages 2 and 3 were assigned to O oxidation and reduction with
stabilization via the formation of molecular oxygen, O2.22 The
points labeled on the charge−discharge curve (C0 through to
C5 for charge and D1 to D4 for discharge) are the points at
which ex situ measurements were carried out in the current
study; the corresponding compositions and average Mn
oxidation states (assuming Mn-only redox) are given below
in Table 1.

Possible Charge Compensation Schemes. To assist the
interpretation of the ex situ and operando data acquired for
NMMO, we consider four possible charge compensation
schemes and compare ab initio calculated quantities (density of
states, DOS, and NMR shifts) against observations.

The charge compensation schemes are (A) localized holes
on O (i.e., O−);33 (B) Mn5+ formation;82 (C) delocalized or π-
like redox; (D) trapped O2 and peroxo-like ((O2)n−) species
formation,15,22,34,35,37,38,40,83−88 While a final scenario, the
formation of Mn7+, has also been hypothesized,89,90 its
formation likely requires the formation of an intermediate
species, such as Mn5+ (from (B)), or disproportionation from
Mn4+ to, for example, Mn2+ and Mn7+. The calculation of
Mn5+-based states should capture any tendency to form Mn7+

via a Mn5+ intermediate. We note also that, of the species,
Mnn+ (n = 2, 4, and 5) and Mg, the latter is more likely to
prefer tetrahedral sites and have a much lower barrier to
migration, as shown previously.42

In each case, the models contain no Na+ since the O2-like
phase present at the end of charge is fully desodiated (residual
Na+ seen at C5 by 23Na NMR occupies the P-type layers42), all
Mg2+ occupies tetrahedral environments in the vacant Na+

layer (Figure 3a), and all paramagnetic centers are
ferromagnetically aligned. In D, a rearrangement within the
TM layer takes place, whereby two Mn centers move into
vacancies generated by Mg2+ migration (Figure 3b), and four
O species pair up to give O2-like species weakly bound to Mn
center(s). Note that, in some cases, the spin orientations and
amount of unpaired spin density at each nuclear position
evolved from the original input to the final converged system,
as detailed in Table S2 (Figure 3). Additional calculations on
the antiferromagnetic case are described later and in the SI
(Figure S2).

Table 1. Compositions and Average Mn Oxidation States
(Assuming Pure Mn Redox) of Ex Situ Cycled Cathodes,
Determined from the Time Elapsed since the Start of
Cycling and the Current Applied, Assuming that x in
Nax[Mg0.28Mn0.72]O2 Runs between 0 and 1, that x in the
Pristine Material is 0.67, and that No Parasitic Reactions
Take Place During Cycling

sample
x in Nax[Mg0.28Mn0.72]

O2 oxidation state of Mn for Mn-only redox

C0 0.67 +3.85
C1 0.62 +3.92
C2 0.54 +4.03
C3 0.42 +4.20
C4 0.40 +4.22
C5 0.10 +4.64
D1 0.13 +4.60
D2 0.38 +4.25
D3 0.66 +3.86
D4 0.89 +3.54

Figure 3. Schematic charge compensation schemes and calculated spin density maps after relaxation explored for NMMO. (a) shows the structure
of Mg-migrated O2-NMMO (left), used to describe schemes A to C with the MgMn6O9 cluster highlighted (right). In (b), the rearrangement on
the Mn/Mg and O sublattices for scheme D is shown. (c) shows the spin density maps (left) and relative energies (right) of each of the charge
compensation schema A to D. The up and down arrows next to atomic labels indicate whether a spin was polarized up or down.
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We recognize that our structural models represent the ideal
(honeycomb-ordered) material, and deviations could lead to
the formation of other local structures or changes in the
relative stabilities of different oxygen configurations, perhaps
leading to identification of other modes of oxidation as minor
contributions, as discussed later.

For the sake of completeness, a final scenario, in which Mg2+

remains in the TMO2 layer of O2-NMMO, was also simulated.
There, only one charge compensation scheme was generated,
where charge is shared over both Mn and O (i.e., Mn3.5+ and
On− species, n ∼ 1.5, formed); this is denoted as state E. This
was approximately 400 meV/atom higher in energy than all
other states and as such is not considered further in our
discussion. Note that, in the presentation of results below, the
oxidation states of the metal centers are determined from their
spin densities and Bader charges.

The final (relaxed) structures and compositions, for each
compensation mechanism, are listed in the SI (Section 2) and
are depicted in Figure 3c. Briefly, scenarios A, B, and C are
related, whereby the charge is compensated by oxidation of Mn
and O to yield O− (A and B; A with the spins on Mn4+ and
O− parallel and B with these spins antiparallel) or to yield
more delocalized, mixed oxidation states (C; where Mn is in
either the +4 or the +3.75 oxidation state and O is in the −1,
−0.75, or −2 (formal) oxidation state; Figure 3c). We note
that, while the spin density profiles of B and C are similar in
Figure 3c, they differ by the oxidation states of each O and Mn
center.

The charge in D is compensated by the formation of O2 and
by partial oxidation to form hole-like states on nearby O that
are part of the regular oxide framework; Mn remains in the +4
oxidation state.

Figure 4. Ab initio density of state (DOS) plots for each of the O2-NMMO charge compensation schemes: (a) shows the pristine DOS, while (b)
to (e) show the DOSs for schemes A to D, respectively. DOSs were calculated using a hybrid DFT functional with 20% Hartree−Fock exchange.
The upward- and downward-facing DOSs correspond to the spin up and down bands, respectively.
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Note that B, where Mn5+ was given as the input, always
relaxed to give Mn4+ and O− with antiparallel spins. This state
is the lowest in total energy, but state D is only slightly higher
in energy (Figure 3c, right). We note also that states A and C
lie higher in energy than B and D, suggesting that these are less
likely to form. Yet, while D is low in energy, the barrier for
Mn4+ to migrate between octahedral sites in the TM layers
migration is likely to be high, due to the instability of the
tetrahedral Mn4+ transition state, and this state may not be
observed experimentally.
Density of States Calculations. To understand the

electronic structures associated with each of the schemes A
to E, we carried out ab initio density of states (DOS)
calculations and the results, shown in Figure 4, are compared
to the DOS of the pristine NMMO model (P2−
Na2/3[Mg1/3Mn2/3]O2) from our earlier work.42 The DOS
for pristine NMMO is as expected: a set of states below the
Fermi level, EF, dominated by contributions from O and a set
of states above EF dominated by contributions from Mn
(Figure 4). Since in this pristine model all Mn are in the +4
oxidation state, the model is a good approximation of the TM
oxidation limit (i.e., the point beyond which the anomalously
large capacity is extracted). Given that O dominates the states
just below EF, O species are expected to contribute to the
charge compensation mechanism (to some extent) past that
point.

Turning to the end of charge sto ichiometry
(Na0[Mg1/3Mn2/3]O2), under all schemes (A to D) the highest
occupied states in NMMO are dominated by the O centers
with unpaired electron density, further suggesting that O
dominates the redox properties of NMMO at high states of
charge. The lowest unoccupied states vary across the schemes:
in A, B, and C, these states are relatively broad in bandwidth
and dominated by O2−, with approximately equal contributions
from Mn4+ and paramagnetic On− species; in D, these states
are sharp and dominated by paramagnetic O in O2-like pairs;
and in E, dominated by paramagnetic On−, with metallic-like
behavior (i.e., a nonzero DOS at EF; this is attributed to
thermal smearing in the calculations, rather than a genuine
effect).

In scheme B, where On− -like species are present at the end
of charge, the magnetic exchange coupling constant is
approximately −197 K (determined from a magnetic cluster
expansion; see SI Section 2). We anticipate that this coupling
will not be directly experimentally observed, as only bulk
magnetic measurements are made here; it should, however, be
captured in the Weiss constant (see bulk magnetic
susceptibility results).

Since B and D are well separated from states A, C, and E in
energy, we will only continue to focus on these first two states
for the remainder of the study for the sake of brevity and
clarity. An analysis of these latter states in the context of the
experimental data is presented in the SI, but we note that none
of A, C, or E are consistent with all pieces of the experimental
data presented below.
Mg2+ Migration Investigation. Ex situ synchrotron X-ray

diffraction (SXRD) patterns and 25Mg NMR spectra were
obtained on pristine NMMO, and on NMMO samples
collected at the end of charge (labeled point C5 in Figure
2a) and on discharge (point D3) to investigate the role of
Mg2+ migration in the electrochemical processes.

Rietveld refinements of ex situ SXRD patterns revealed that
only the P2 phase is present at points C0 (pristine) and D3

(discharged), while C5 (end of first charge) contains only the
OP4 and O2 phases, consistent with ref 42 (Figure 5). In C5,

the O2 and OP4 phases that comprise the Z-phase (proposed
in ref 42) contain Mg2+ centers that have migrated into the
vacant Na+ layer. While the reflections in the diffraction
patterns are broad and an accurate refinement of the site
occupancies is challenging, the results are nevertheless
consistent with Mg2+ migration taking place in NMMO at
high states of charge, as demonstrated in our prior work.42

25Mg NMR is challenging owing to the low natural
abundance, low sensitivity and large quadrupole moment of
the NMR-active 25Mg isotope. These challenges are
exacerbated by the strong hyperfine interactions74 experienced
by Mg2+ in NMMO, due to close proximity to open-shell Mn
species (approximately 2.5 Å between Mn and Mg). To
mitigate some of these difficulties, 100% 25Mg-enriched
NMMO was synthesized, from which composite cathodes
were prepared and cycled in half-cells. Owing to experimental
constraints on NMR probes (no probe that could spin samples
and tune down to the low frequencies required for 25Mg was
available at the time of measurement) and on acquisition
times, static Hahn-echo VOCS spectra were acquired (Figure
6).

Pristine NMMO exhibits a broad resonance spanning 6500−
14 000 ppm (Figure 6a). Two sharp features are also observed
and correspond to background resonances from the probe
(due to the presence of Mg in the Macor stator; see SI, Section
3 and Figure S6). The width of the observed spectrum makes
data interpretation challenging, as several models can
reasonably fit the data.

The simplest model that can be used to fit the spectrum
contains two sites described by a combination of quadrupolar
interaction parameters and chemical shift anisotropy (the latter
is a surrogate for the dipolar component of the hyperfine
interaction). The fitted parameters, provided in Table 2,
indicate that the two sites have isotropic shifts of 12 740 and
10 070 ppm for the pristine cathode (Figure 6a).
Ab initio calculations of the hyperfine and quadrupolar shifts

of 25Mg environments in NMMO indicate that the 12 740 ppm

Figure 5. Ex situ Rietveld refinements to the synchrotron X-ray
diffraction patterns collected at (a) the end of charge, Rw.p. 14.72%
and (b) at D3 on discharge, Rw.p. 7.29%.
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resonance likely corresponds to Mg2+ centers with six Mn4+

nearest neighbors (with each Mn4+ contributing between 1700
and 1950 ppm to the hyperfine shift; as shown in Figure 6b,c),
while the 10 070 ppm resonance corresponds to Mg2+ with five

Mn4+ neighbors and one Mn3+ neighbor. We note that
additional sites, for example due to Mg2+ centers with Mg2+

nearest neighbors, may also be present and contribute to the
lower-frequency portion (intensity between 6500 and 8000
ppm) of the broad resonance observed experimentally. While a
fit to a single environment can be performed (Figure S9) that
is of similar quality, the extracted values are less physically
reasonable compared to those extracted from the two-site
model in Figure 6a. Furthermore, we anticipate that Mg2+ will
experience multiple local environments, born out in our
previous study where EPR revealed the presence of a Mn4+-
only and a mixed Mn3+/Mn4+ environment. Our two-site
model presented in Figure 6a is, therefore, the fewest number
of sites that we might reasonably expect.

At the end of charge, a single resonance is observed around
5000 ppm, and no signal intensity remains between 6500 and
14 000 ppm, suggesting that the local environments of Mg
have changed (Figure 6a,c). The width of this resonance and
its proximity to the probe background make assignment
difficult, with many models able to produce fits of similar
quality.

The calculated NMR parameters for pristine NMMO and
charge compensation schemes B and D are shown in Table 3.
We suggest that scheme B is more consistent with the observed
spectrum than D (Figure 6c), though some of the features in
the spectrum of D may correspond to fast-relaxing species that
cannot be observed. This is because the line width and shape

Figure 6. Ex situ static 25Mg Hahn-Echo VOCS data recorded at 16.4 T for pristine NMMO; the total acquisition time for each sample was 1 week,
even with 25Mg-enriched samples. In (a), the spectra at each state of charge are shown, scaled by mass and number of scans. Resonances from the
probe background are highlighted in gray. The hyperfine bond pathways are highlighted in (b), from Mn4+ to Mg2+ (gray) and (c) from Mn3+ to
Mg2+ via two Jahn−Teller (JT) shortened Mn−O bonds (green) and one short and one long Mn−O bond (blue). The fits and to the spectra at C0
and D3 are shown in (c) and (d), respectively. A comparison between the observed spectrum at C5 and simulated spectra for charge compensation
schemes B and D (outlined in the text) is shown in (e).

Table 2. Fitted NMR Parameters of the Simple Two-Site
Model (Quadrupolar and Chemical Shift Anisotropy, CSA,
Interactions Included) for the Ex Situ 25Mg NMR Spectra of
NMMO at C0 and D3a

C0 (pristine) D3

Site 1 Site 2 Site 1 Site 2

δiso (ppm) 12 740 10 070 12 250 10 070
Δδhyp (ppm) 2480 2610 2250 2050
ηhyp 0.30 0.10 0.39 0.08
CQ (MHz) 12.6 5.3 8.9 4.2
ηQ 0.15 0.10 0.19 0.10
α (deg) 0* 0* 0* 0*
β (deg) 45* 45* 45* 45*
γ (deg) 26* 26* 26* 26*

aValues listed include: the isotropic chemical shift, δiso, the dipolar
hyperfine shift anisotropy, Δδhyp, the asymmetry of the dipolar
hyperfine tensor, ηhyp, the quadrupolar coupling constant, CQ, the
asymmetry of the electric field gradient tensor, ηQ and the Euler
angles, α, β, and γ, between the dipolar hyperfine and quadrupolar
tensors. Note that asterisks denote quantities which were fixed during
fitting.
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of the resonance in B is more similar to the observed
(experimental) spectrum than D; the distribution of
resonances in D is also quite different from observation. All
other schemes lead to shifts that are either too high or too low
(Figure S8, Table S6). We note that the 25Mg shifts obtained
for scheme E, where Mg2+ remains in the TMO2 layers, are far
greater than those observed experimentally (Table S6, Figure
S8), providing additional evidence for Mg2+ migration into the
Na layers at high states of charge.

The calculated shifts which most closely match those seen
experimentally correspond to the following local environ-
ments: either Mg2+ bound to eight Mn4+ (or Mn3.75+) nearest
neighbors and six “On−” nest-nearest neighbors (B, n ∼ 1) or
Mg2+ centers which sit furthest away from the trapped O2 (D).
On the basis of this and of the relative energies of the different
schemes, B is still the most likely mechanism.

The 25Mg NMR spectrum at D3 is similar to that for pristine
NMMO; the simple two-site model used to fit the pristine
NMMO spectrum can also be applied here, as expected from a

Table 3. Calculated 25Mg NMR Parameters for Pristine NMMO and NMMO under Charge Compensation States B and D,
Using Two Levels of Hybrid Functionals, One with 35% Hartree−Fock Exchange (Hyb35) and One with 20% (Hyb20)a

system pristine pristine B D D D

number of Mn4+ n.n. 6 5 8 6 10 8
number of Mn3+ n.n. 0 1 - - - -
number of On− n.n. - - 4 (n = 1) - - -
number of O2 n.n. - - 0 1 0 0

Hyb35 δhyp.,iso (ppm) 10 200 9310 3700 11 310 5410 3020
Δδhyp (ppm) 1340 1427 −395 1459 −786 −844
ηhyp 0.08 0.1 0.27 0.08 0.12 0.28
CQ (MHz) 8.33 7.34 6.02 6.27 6.97 4.59
δQIS (ppm) −361 −265 −155 −193 −319 −100
ηQ 0.8 0.67 0.09 0.65 0.74 0.48

Hyb20 δhyp.,iso (ppm) 11 700 10 810 4450 13 360 6050 3620
Δδhyp (ppm) 1337 1398 −395 1488 −777 −827
ηhyp 0.08 0.1 0.26 0.09 0.17 0.29
CQ (MHz) 8.05 7.3 5.84 6.38 6.96 4.66
δQIS (ppm) −332 −262 −147 −197 −317 −101
ηQ 0.77 0.66 0.08 0.63 0.76 0.47

aCalculations are performed assuming a field strength of 16.4 T and an experimental temperature of 300 K. Quantities listed include: the isotropic
hyperfine shift, δhyp,iso, the dipolar hyperfine shift anisotropy, Δδhyp, the asymmetry of the dipolar hyperfine tensor, ηhyp, the quadrupolar coupling
constant, CQ, the second-order quadrupole-induced shift, δQIS, and the asymmetry of the electric field gradient tensor, ηQ.

Figure 7. 17O NMR spectroscopy of 17O-enriched pristine NMMO. In (a), the Hahn-echo VOCS data acquired (under 60 kHz MAS rate and a
field of 11.7 T) is presented, with the main isotropic resonance highlighted. Inset shows the isotropic projection obtained from a pjMATPASS
experiment. A fit to the pjMATPASS spectrum is also presented. In (b), the bond pathway hyperfine shifts obtained for 17O are shown; these used
35 and 20% Hartree−Fock hybrid functionals (Hyb35 and Hyb20, respectively), from which the peaks fit to the spectrum in (a) were assigned. The
ranges quoted arise from the distributions in bond lengths and Mn−O−Mn angles.
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(partially) reversible charge−discharge process (Figure 6d,
Table 2). However, it is not possible to eliminate the
possibility of residual Mg2+ in the Na layers, as indicated
from 23Na NMR and XRD in our previous work.42 We note
that the value of CQ obtained for Mg in site 1 differs in the D3
and pristine spectral fits, which likely stems from a change in
the covalency of the Mg−O bonds or a change to the position
of Mg within its octahedral coordination shell in the TM
layers, as CQ is particularly sensitive to the local distribution of
charges around the Mg nucleus.91 It may also arise from errors
in fitting these spectra which do not have high signal-to-noise
and are also poorly constrained due to overlapping resonances.
Ex Situ 17O NMR Spectroscopy. We next explore the local

O environments and charge compensation mechanism in
NMMO further using ex situ 17O NMR spectroscopy (Figures
7 and 8). Strong electron−nuclear hyperfine interactions (due
to short Mn−O distances), combined with the relatively strong
quadrupolar interaction (CQ ∼ 4 MHz) of 17O, yield a broad
spinning sideband manifold spanning several thousand ppm, as
has been observed in several LIB cathodes.92 For this reason,
VOCS 17O NMR spectra were collected on each sample.

The pristine NMMO spectrum exhibits a single resonance at
approximately 2490 ppm, associated with multiple sidebands
(Figure 7a, Table 4). This resonance cannot be fit using a
single tensor and at least three resonances are needed to fit the
sharp sideband manifold. A fit is illustrated (Figure 7a) with
three resonances with isotropic shifts of 2490, 2660, and 2590

ppm, these resonances corresponding to those identified in the
projected magic-angle-turning phase-adjusted sideband sepa-
ration, pjMATPASS, experiments47 (see inset to Figure 7a). A
broad component�likely comprising a broad overlapping
isotropic resonance and its individual sidebands�was also
introduced, which is tentatively assigned to oxygen nearby
Mn3+ ions. First-principles calculations of 17O NMR
parameters on this system, including bond pathway analysis,
reveal that Mn4+ centers bound to O2− contribute a shift of
between 520 and 1690 ppm per Mn4+ ion (Figure 7b, Table
5), the large range here again stemming from the two hybrid
exchange−correlation functionals used. For each functional,
however, a distribution of paths is observed; we attribute this
to small differences in Mn−O−Mn local bond angles and
lengths, consistent with pathways observed for Li2MnO3.93

Clearly, the resonances clustered around 2500 ppm in Figure
7a arise from O bound to two Mn4+ centers and are similar to
those observed in 17O NMR spectra obtained on Li2MnO3.
Additional fits using only two or three sites suggest this four-
site model is the minimum number of components required to
adequately fit the spectrum. Since pristine NMMO is known to
adopt a mixture of both a disordered parent phase with one
crystallographically unique O position and an ordered daughter
phase with four O positions, a four-component fit is
reasonable. However, the values extracted should only be
taken as ranges of quadrupolar coupling constants and
hyperfine interactions for the environments in this material.

Figure 8. Ex situ 17O NMR spectroscopy of 17O-enriched NMMO at 11.7 T and 60 kHz MAS. Note that the spectra are scaled to the number of
scans and sample mass. The dashed line indicates the position of the isotropic resonance in pristine NMMO.

Table 4. Fitted 17O Hyperfine and Quadrupolar Parameters from the Fit to the 17O NMR Spectrum of Pristine NMMO at 11.7
T and 60 kHz MASa

site δiso (ppm) Δδhyp. (ppm) ηhyp. CQ (MHz) ηQ

O−(Mn4+)2Mg2+ 2490(30) −5210(50) 0.85(2) 3.57(3) 0.48(2)
O−(Mn4+)2Mg2+ 2660(20) −8140(20) 0.91(2) 3.65(2) 0.30(3)
O−(Mn4+)2Mg2+ 2590(20) −2030(25) 0.07(2) 3.48(3) 0.60(2)
O−(Mn3+)x 2020(350)

aNote that all sites except the O−(Mn3+)x site were fit using combined chemical shift anisotropy and quadrupolar models; the O−(Mn3+)x site was
fit to a Gaussian/Lorentzian peak shape and as such we report only the center-of-mass of this signal. Values listed include: the isotropic hyperfine
shift, δhyp,iso, the dipolar hyperfine shift anisotropy, Δδhyp, the asymmetry of the dipolar hyperfine tensor, ηhyp, the quadrupolar coupling constant,
CQ, and the asymmetry of the electric field gradient tensor, ηQ.
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Underneath the sharp 17O resonances lies an extremely
broad resonance centered at approximately 2020 ppm, ascribed
to O bound to one or more Mn3+ centers. Bond pathway
analysis of O environments bound to Jahn−Teller (JT)-
distorted Mn3+ indicate that short Mn−O bonds contribute a
shift of between 130 and 940 ppm, while long Mn−O bonds
contribute between 1830 and 2660 ppm (Figure 7b). If the JT
elongated axis of Mn3+ fluctuates on the NMR time scale, O
bound to Mn3+ will experience a large change in resonant
frequency, resulting in rapid transverse signal dephasing (hence
a shortened T2) and a severely broadened resonance; this effect
has also been observed in 17O NMR spectra of Li-
[Ni0.8Co0.15Al0.05]O2 materials.92 Identifying how many Mn3+

centers are bound to O is challenging, owing to the width of
this resonance. Were the Mn3+ centers to be statically JT-
distorted, the local moment around O would change far less,
likely resulting in sharper, more well-resolved resonances, as
seen for JT-distorted Ni3+ in La2−xSrxNiO4+δ.48 The presence
of this broad feature therefore suggests that the JT distortion in
NMMO is dynamic, rather than static. We note however the
errors associated with the analysis of this broad resonance,

since severe overlap of multiple sidebands can often be
modeled by adding a broad resonance. The center of mass of
this resonance is different from that of the sharper
components, indicating that this resonance is real.

A sharp resonance at approximately 72 ppm was also
observed in all of the 17O spectra and can be assigned to
diamagnetic 17O species, e.g., carbonates and hydroxyls on the
surface of the NMMO particles (Figure 7a), due to the
presence of residual precursors (pristine sample) and/or
electrolyte decomposition products (cycled samples).94,95

Quadrupolar parameters for the sharp environments near
2500 ppm were also obtained from a fit of the observed
spectrum. The CQs for each of the O sites, approximately 3.5
MHz, are consistent with calculated values (between 3.6 and
3.8 MHz; Tables 5 and S5 and S6) and with fits of spectra
acquired at a different magnetic field strength (Table S9,
Figure S11). Since the CQ value is related to the degree of
ionicity or covalency of the local 17O environment,96 with
small CQs corresponding to high ionic character and large CQs
to high covalent character, a CQ value of 3.5 MHz suggests a
relatively ionic bond (approximately 60%, according to ref 96),
as expected for Mn4+ bound to O2−.

On charging NMMO through stage 1, minor changes are
observed in the 17O NMR data, with only a small increase (ca.
50 ppm) in the shift of the NMMO cathode signal (Figure 8).
This increase in the Fermi contact shift likely arises from a
change in the O−Mn bond lengths and Mn−O−Mn bond
angles, as expected from the oxidation of the few JT-distorted
Mn3+ centers in the pristine cathode to Mn4+.97 In addition to
the shift increase, the very broad and underlying resonance
previously ascribed to O bound to Mn3+ decreases in intensity.

During stage 2, the well-defined, relatively sharp resonances
observed for the pristine (C0) and C2 samples become less
well-defined and are replaced by a broad feature with a center-
of-mass at approximately 3800 ppm for the C4 and C5 samples
(Figure 8).

Simulations of the 17O NMR spectrum at point C5 were
performed using the parameters computed for charge
compensation scenarios B and D (Figure 9; simulations from
A, C, and E are in the SI, Figure S13). On− and O2
environments appear at either large positive shifts (ca.
16 000 to 20 000 ppm for schemes A, C, and D) or large
negative shifts (ca. −25 000 to −12 000 ppm for schemes B, C,

Table 5. Calculated 17O NMR Parameters for Pristine
NMMO Using Two Levels of Hybrid Functionals, One with
35% Hartree−Fock Exchange (Hyb35) and One with 20%
(Hyb20)a

O−(Mn4+)2Mg2+ O−Mn3+Mn4+Mg2+

Hyb35 Δδhyp (ppm) −4785 2034
ηhyp 0.407 0.593
CQ (MHz) 3.84 3.6
δQIS (ppm) −16 −30
ηQ 0.840 0.519

Hyb20 Δδhyp (ppm) −4574 792
ηhyp 0.394 0.603
CQ (MHz) 3.57 3.4
δQIS (ppm) −14 −26
ηQ 0.800 0.492

aCalculations are performed assuming a field strength of 11.7 T and
an experimental temperature of 318 K (60 kHz MAS). Quantities
listed include: the dipolar hyperfine shift anisotropy, Δδhyp, the
asymmetry of the dipolar hyperfine tensor, ηhyp, the quadrupolar
coupling constant, CQ, the second-order quadrupole-induced shift,
δQIS, and the asymmetry of the electric field gradient tensor, ηQ.

Figure 9. Comparison of the ex situ 17O NMR spectrum acquired at point C5 of 17O-enriched NMMO (at 11.7 T and 60 kHz MAS) with
simulated spectra for charge compensation mechanisms B and D. Arrows which face one side or the other in spectrum D indicate isotropic
resonances beyond the plot window shown here.
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D, and E). No such resonances are observed experimentally,
consistent with the paramagnetic nature of On− (n ∼ 1) and
(O2)m− species (0 < m < 2), which results in very rapid nuclear
relaxation times and complete signal decay by the time the data
is recorded. The only simulated resonances that agree well with
observation correspond to O environments with very little
unpaired electron density at the nuclear position (i.e., O2−

interacting with nearby paramagnetic O−, with O2-like species
and/or with Mn4+). Assignment of the spectrum to specific
local environments, however, is not possible, as both B and D
have at least one set of resonances consistent with the observed
spectrum. We note that, unlike previous work, we see no
evidence of sharp resonances corresponding to trapped O2 in
the 17O NMR spectra,15,98 at either the previously reported
shifts (approximately 3000−3300 ppm at 318 K and 7.05 T) or
Curie−Weiss scaled shifts of liquid 17O2 (approximately 27 500
ppm at 318 K and 7.05 T).99

Discharging NMMO to point D2 yields a spectrum similar
to C4, indicating that O environments similar to those present
during charge are regenerated on discharge (Figure 8). At
point D3, the spectrum remains severely broadened, but a
relatively sharp, low-intensity resonance appears at approx-
imately 2600 ppm. This resonance is attributed to O2− bound
to Mn4+; the small change in the isotropic shift compared to
the resonance observed for pristine NMMO likely stems from
slight changes in the bond lengths and bond angles around
17O. The resonance observed for the D3 sample is at a slightly
higher shift (center-of-mass at approximately 3000 ppm in D3,
compared to 2500−2600 ppm in C0) and is much broader
than that observed for the pristine material, suggesting a
broader distribution of bond lengths and angles that leads to
greater overlap of closely spaced resonances. At the end of the
first discharge, the overall signal intensity decreases and the
distinct feature present at D3 disappears. We attribute the
decrease in intensity to two effects: first, the larger number of
Mn3+ centers in NMMO, leading to shorter spin−spin
relaxation (T2) times, and therefore loss of 17O signal intensity
and signal broadening; second, a loss of 17O species at or near
the surface of the particles. The latter was confirmed by the
increase in signal intensity between the pristine state and end
of first change in solution state NMR, where we compared the
17O signal intensity of unenriched electrolyte when cycled with
an unenriched and a 17O-enriched cathode (Figure S16). We
expect the former dominates over the latter, as only a small
increase (1.4 times) in 17O NMR signal was seen in solution
state NMR between the electrolytes of half cells with enriched
and unenriched cathodes, while the solid-state NMR intensity
at D3 is approximately half that of pristine NMMO.

The 17O NMR results indicate a large change in the local
environments of O species during charge, with O going from
well-defined environments in the pristine material and during
stage 1 on charge, to a severely broadened resonance in stage 2
(top of charge). This broadening likely stems from rapid
nuclear relaxation times and/or a broad distribution of local
environments. To interrogate the local environment of the
electronic spins in NMMO, we performed bulk magnetic
susceptibility, operando X-band electron paramagnetic reso-
nance (EPR) spectroscopy and ex situ high-frequency EPR.
Bulk Magnetic Susceptibility. Bulk magnetic suscepti-

bility measurements on ex situ samples of NMMO were carried
out at a field of H = 0.1 T. In addition, isothermal
magnetization measurements (M(H) curves) were carried
out between 2 and 300 K (Figures S14 and S15) and indicate

that saturation is never achieved in the region −7 to +7 T. For
each sample, high-temperature magnetic susceptibility (T >
150 K) data were fitted to the Curie−Weiss law, yielding the
Weiss constants, θ, and effective magnetic moments, μeff,
shown in Figure 10.

All samples displayed spin-glass behavior, as indicated by the
frequency-dependent peak in the AC susceptibility for pristine
NMMO (Figure S19), similar to other layered cathode
materials.100 This behavior is attributed to competing intra-
layer exchange interactions between Mn3+ and Mn4+ in
NMMO: the Mn3+−Mn3+ interaction is anticipated to be
antiferromagnetic and strong, while the Mn3+−Mn4+ and
Mn4+−Mn4+ interactions are expected to be either weakly
ferromagnetic or weakly antiferromagnetic, owing to the

Figure 10. Extracted Curie−Weiss parameters obtained from ex situ
bulk magnetic susceptibility data collected for NMMO under a field
of 0.1 T: (a) shows the Weiss constant, θ, while (b) shows the
effective magnetic moment per mole of Mn in NMMO, μeff, with the
predicted μeff for Mn-only redox shown in black. The error in θ is 1 K,
while the error in μeff is 0.04 μB per Mn; the error bar in θ is omitted
in (a) for clarity and for μeff is represented by the marker size in (b).
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competing ferromagnetic superexchange (from t2g to t2g via
intervening O 2p orbitals) and antiferromagnetic direct
exchange interactions (Figure S20). Although strongest,
Mn3+−Mn3+ interactions only just compensate the weak net
Mn3+−Mn4+ and Mn4+−Mn4+ interactions owing to the low
probability of finding two neighboring Mn3+ centers in pristine
NMMO. Besides causing spin-glass behavior, competing
ferromagnetic and antiferromagnetic interactions result in an
unusually small Weiss constant (compared to other oxide-
based framework materials) of −10 K.

On charging NMMO through stage 1, the Weiss constant
goes from weakly antiferromagnetic (−10 K at C0) to weakly
ferromagnetic (+14 K at C2) due to the oxidation of Mn3+, and
dominant ferromagnetic interactions between Mn4+ centers
(Figure 10a). Further oxidation along stage 2 results in a small
initial increase in the Weiss constant�which likely stems from
oxidation of any residual Mn3+ centers�followed by a sharp
decrease at the end of charge (point C5). This rapid decrease
suggests a new strong antiferromagnetic exchange interaction
in NMMO, which we tentatively attribute with the strong

exchange coupling between Mn4+ and O− ions (−500 K)
discussed earlier for charge compensation scenario B.

On discharge, θ becomes more positive initially, and then
more negative. The sharp decrease in θ to more negative values
observed at the end of discharge stems from reduction of Mn4+

to Mn3+. At D3, θ does not return to the value obtained for the
pristine NMMO sample, despite having the same nominal Na+

content, suggesting a significant change in the electronic
structure between charge and discharge (and consistent with
the 17O NMR results, where the spectrum at D3 is significantly
different to C0). This could be related to residual Mg2+ in the
Na+ layer on discharge (see Discussion).

The effective magnetic moment, μeff, also provides useful
information on the electronic structure of the cathode (Figure
10b). Pristine NMMO exhibits an effective magnetic moment
of 3.80 μB per Mn center, below the spin-only (SO) value
based on the average Mn oxidation state (μSO(Mn3.85+) = 4.05
μB). This discrepancy originates from deviation of the g-factor
from the free-electron value ge ≈ 2 (see EPR results) for both
Mn3+ and Mn4+ centers, a consequence of spin−orbit coupling,

Figure 11. Operando X-band EPR of an NMMO/Na metal half cell during the first charge−discharge cycle, cycled at a rate of 10 mA g−1. In (a),
the voltage profile for the half cell is shown, with every fifth spectrum along the profile shown in (b), and the ruby resonances highlighted in gray.
Individual spectra at the voltages corresponding to ex situ points C0, C2, C5, D2, and D3 are shown in (c) to (g), respectively; note that the y-axis
scale is the same on all these plots. Panels (h), (i), (j), and (k) show the fitted line widths, extracted peak-to-peak heights, total peak areas and the
fitted isotropic g-values plotted as a function of time along the charge−discharge cycle, respectively. The peak-to-peak height and peak are have
been normalized relative to the pristine material. The black trace in (k) corresponds to the smoothed g-factor; a Savitzky−Golay filter was applied
to the data to carry out the smoothing.
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delocalization of electron spin density from Mn centers to
nearby species (Na, Mg, and O) and possible temperature-
dependence of the Curie constant.101−103 For comparison, the
spin-only moments expected at each state of charge based on
Mn-only redox have been plotted in Figure 10b.

During stage 1 on charge, μeff decreases due to oxidation of
Mn3+, which decreases the net spin per Mnn+ center. On
further charging through stage 2, μeff continues to decrease. At
the very end of charge, μeff increases back to the moment
obtained for pristine NMMO. The small decrease in μeff seen
along the charge plateau suggests a gradual change in the
electronic structure and a sudden change at the end of charge.
The expected spin-only moments for B and D are 4.24 and
4.15 μB per Mn center, respectively, neither of which match
well with experiment. This is explored further in the discussion,
but we speculate that this stems from a deviation from the
spin-only moment and interactions between Mn and O spins.

On discharge, μeff remains approximately constant from C5
to D2. While there is little change in the Na+ content (and
therefore in the average Mn oxidation state) from C5 to D1, by
point D2 approximately 0.3 equiv of Na+ have been reinserted
and the lack of change in the moment is surprising. One
possibility is the presence of competing effects: if, for example,
Mn and O are both reduced, this would cause the moment on
Mn to increase, but the moment on O to decrease; this
scenario is explored further in the Discussion section. At the
end of discharge, μeff increases sharply, as anticipated for Mn4+

reduction back to Mn3+. The deviation from the spin-only
moment arises from the large spin−orbit coupling expected for
Mn3+ (Eg ground term). The increase in μeff between C0 and
D3 (approximately the same Na composition) indicates a
larger number of unpaired spins at D3, perhaps due to some
residual spin on O at point D3. This is explored further in the
discussion.
Operando EPR Spectroscopy. To further investigate the

local distribution of electron spins and their evolution during
charge and discharge, operando X-band EPR was performed on
a half-cell of NMMO vs Na metal (Figure 11).

Three noticeable features are evident from the EPR spectra:
(1) two sharp, low-intensity features at 203 mT (effective g =
3.447) and 545 mT (effective g = 1.286), corresponding to the
ruby reference; (2) a broad resonance centered at 340 mT
spanning at least 250 mT, corresponding to the cathode signal
and (3) a sharp, high-intensity resonance centered at 350 mT
(g = 1.999), corresponding to conducting electrons in the
carbon additive (part of the cathode composite) and the Na
metal counter electrode (Figure 11b). The spectrum exhibits a
severe background arising from the current collectors and wires
that has been subtracted from the spectra (Figure S22).
However, this subtraction is not perfect, due to changes in the
background signal during charging (potentially due to the
changing susceptibility of the cell).

The spectra were fit using the methodology explained in the
SI (Section S1). The following discussion focuses on changes
to the broad resonance associated with the cathode material.
The pristine cathode resonance arises due to Mn4+ species in
the material (the strong zero-field splitting prevents the
observation of Mn3+ species at X-band microwave frequencies,
ca. 9 GHz). The signal is extremely broad, spanning several
hundred mT, a result of the strong, spatially anisotropic dipolar
interactions between Mn3+ and Mn4+ spins, as well as the
distribution of Mn environments.43 On charge, transitions
involving other spin microstates (delocalized states, On− and

(O2)m− species) are expected to be observed, but their
lineshapes and g-factors cannot be predicted a priori. The peak-
to-peak line width, ΔHpp, depends on the strength of the
dipolar and magnetic exchange interactions�the former
generally broadens spectra, while the latter narrows them�
as well as on the distribution of local environments. The g-
factor is analogous to the chemical shift in NMR and is
diagnostic of the local chemical and magnetic environment of
the (here, electronic) spin under observation. Deviation of g
from the free electron value (ge ≈ 2.0023) arises from spin−
orbit coupling, the size of the deviation depending on the
strength of spin−orbit coupling and hence the difference
between the ground and excited states, as well as the size of the
orbital spin−orbit coupling constant.104 Residual magnetic
interactions may also result in further deviations (see below).
The peak-to-peak height and signal intensity may be combined
to give a peak area (intensity multiplied by ΔHpp

2), which is
related to the static susceptibility of the sample.

Throughout stage 1, the line width decreases (Figure 11h)
while the peak-to-peak height increases (Figure 11i),
corresponding to a decrease in peak area (Figure 11j) and
therefore susceptibility. Those changes are attributed to the
loss of Mn3+, resulting in a narrower distribution of Mn4+ local
environments, as well as weaker dipolar interactions (the
strength of the dipolar coupling depends on, among other
factors, the number of unpaired electrons (or S), which is
larger for Mn3+ than for Mn4+). Simultaneously, the g factor
decreases from approximately 1.984 to 1.983, which, while a
seemingly small difference, represents a large change in the
local environment (Figure 11k). This drop in g (away from ge)
is consistent with g-factors reported in the literature101,105,106

and likely stems from the change in local exchange
interactions, as the nearby Mn3+ ions are oxidized, altering
the local field experienced by electrons and therefore their g-
factors.107,108

On charging through stage 2, the increase in line width
suggests either a broader distribution of local environments, an
increase in the electron−electron dipolar coupling strength
and/or a decrease in magnetic exchange interaction strength,
while the decrease in peak-to-peak height under an
approximately constant peak area indicates a decrease in the
number of spin microstates that can be excited. The initial
increase in g (toward ge) suggests a decrease in the spin−orbit
coupling interaction strength, which could arise from forming
delocalized states between Mn and O. This increase in g,
followed by a constant g over the high voltage plateau region, is
explored further in the Discussion section.

During stage 3 on discharge, the line width initially decreases
and the peak-to-peak height increases, leading to a gradual
increase in peak area. This is followed by an increase in the line
width and a decrease in the peak-to-peak height, giving a faster
rise in peak area. The initial decrease in line width suggests a
narrower distribution of environments (consistent with the
increase in peak-to-peak height), a decrease in the dipolar
coupling strength and/or an increase in magnetic exchange
interaction strength. The increase in line width partway
through stage 3 suggests stronger dipolar coupling, likely due
to the formation of Mn3+ species, while the concomitant
increase in peak area corresponds to an increase in static
susceptibility (Figure 11h,I,j), suggesting an increase in the
number of unpaired electrons.

At stage 4, the line width falls, while the peak-to-peak height
continues to decrease. The former suggests a smaller
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distribution of local environments, while the latter likely arises
from the loss of X-band EPR-active Mn4+ centers (perhaps via
oxidation of Mn4+ to Mn3+); this is also reflected in the
decrease in peak area. Throughout discharge, g remains
essentially constant, surprising given the significant change in
Na content on discharge (from 0.10 equiv Na to 0.89 equiv
Na). It is also noteworthy that the signal seen for pristine
NMMO is not recovered, which we suggest is consistent with
the formation of delocalized states between Mn and O.
Independent of the mechanism, there is a consistent change in
structure between the pristine sample and D3.
Ex Situ High-Frequency EPR Spectroscopy. X-band

EPR, while beneficial for providing information about the
electronic structure of “dilute” paramagnetic systems, is
resolution-limited for “concentrated” paramagnetic systems
such as those studied here, due to the severe line broadening
induced by the strong electron−electron dipolar interactions.
Hence, variable-temperature EPR spectra were acquired on ex
situ cathode samples at extremely high frequencies (>200
GHz) to maximally resolve overlapping resonances and obtain
additional information on the exchange interactions involving
the different electron spin environments (Figure 12). By

varying the temperature, both the paramagnetic (Curie−
Weiss) regime, where EPR probes each spin individually, and
the magnetically ordered regime, where EPR probes spin
ensembles, can be studied.

The microwave phase in high-frequency EPR (HF-EPR)
differs from “conventional” (low-frequency) EPR, owing to the
spectrometer design to allow broad frequency operation (i.e.,
the signal is simply the light transmitted through the sample
that arrives at the bolometer).109 To assist interpretation, each
spectrum was phased using a spherical harmonic function to
minimize the out-of-phase component of the spectrum. The
low-temperature spectra span a large field range, consistent
with strongly coupled spin systems. Since the phase may vary
in a nonlinear way across these spectra, making phasing and
fitting challenging, only the highest temperature spectra (T =
150 K) for each ex situ sample was fitted. The fitted g-values
are given in Table 6. We note these values differ in part from
those observed at X-band, a consequence of the offset between
the true field at the sample and the requested set field,
generated from the large inductance built up from sweeping
across large magnetic field ranges. Qualitative assignments of
the full set of spectra can be made based on the temperature

Figure 12. Ex situ high-frequency EPR of NMMO, recorded at 383.04 GHz microwave frequency. Spectra have been rephased using a spherical
harmonic function and are plotted scaled by the sample mass. In (a), the spectra at 150 K are shown alongside fits; (b) and (c) show spectra
recorded at 50 and 5 K, respectively.

Table 6. Fitted High-Frequency EPR g-Values: gx,y Represents the In-Plane Component of the g-Tensor and gz the Axial
Componenta

sample gx,y,1 gz,1 giso,1 gx,y,2 gz,2 giso,2

C0 2.024(16) 1.991(2) 2.013(2) 1.963(19) 2.008(4) 1.978(3)
C2 1.989(4) 1.978(12) 1.985(8) 1.971(10) 1.970(6) 1.971(5)
C5 1.992(3)
D2 1.991(5) 2.011(4) 1.998(5) 2.007(13) 2.027(7) 2.014(4)
D3 1.97(3) 1.90(9) 1.95(6) 1.98(2) 2.00(2) 1.99(2)

aFor samples C0, C2, D2, and D3, two axial resonances were used to model the spectrum; for comparison, the isotropic g-values were computed via
giso = (2gx,y + gz)/3. At C5, the low intensity and breadth of the resonance could only reasonably be fit to one, isotropic resonance. The strain
(approximate error bar) in each g-value is shown in parentheses.
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behavior of the signals. The changes in g as a function of
temperature (caused by, for example, slowing down of the
magnetic fluctuations) and microwave frequency will be the
focus of a future study.

It is anticipated that the HF-EPR spectra probe Mn4+

environments only, based on the spectra acquired for
NaMnO2, an ordered, Mn3+-only system, where no HF-EPR
resonances could be observed. Parallel-mode (X-band) EPR
spectra were also recorded to try and excite Mn3+-based
transitions, but no additional resonances were observed. This is
likely due to a combination of a large Mn3+ zero field splitting
interaction and insufficient distortion of the local Mn3+

coordination environment (to enable the mixing of ground
and excited states required to observe the formally forbidden
integer-spin transitions). We note that hyperfine couplings to
17O are not observed (Figure S21); our calculations suggest a
splitting of between −0.43 and −0.14 mT in the pristine
material and between −0.18 to +1.6 mT for the antiferro-
magnetically coupled state and −5.4 to +3.2 mT for the
trapped O2 state at the end of charge. These are much smaller
than the width of the observed lines; while such couplings may
be present, obtaining a meaningful value of the hyperfine
splitting by adding this to our fits would be very challenging.

Beginning with the high-temperature (150 K) spectra, two
overlapping resonances are observed for pristine NMMO
(C0), and for sample C2, D2, and D3 and can be fitted with
two axial g-tensors (Figure 12a, Table 6). Axial g-tensors are
expected for layered Mn4+-containing systems, as the in-plane
component, gx,y, will differ from the out-of-plane component,
gz, by virtue of the near-axial symmetry around Mn. Yet, the
spectrum at C5 could only be fitted to a single, isotropic
resonance, suggesting a significant change in the local
environment of the unpaired spins.

The g-factors for the two NMMO signals decrease between
C0 and C2, then slightly increase at C5 and decrease again at
D2 and D3, with the values at D2 and D3 lower than those
observed in the pristine material. On the basis of empirical
observations by Stoyanova et al., whereby sites with stronger
net exchange coupling interactions have larger deviations of g
from ge,

110 the lower g resonance in C0 is tentatively assigned
to Mn4+ with only Mn4+ and Mg2+ nearest neighbors, while the
higher g resonance is assigned to Mn4+ with Mn4+, Mn3+ and
Mg2+ nearest neighbors. The decrease in both g-factors from
C0 to C2 is in line with the operando measurements and is
attributed to Mn3+ oxidation, while the increase between C2
and C5 is again consistent with the operando data and suggests
a decrease in spin−orbit coupling that could be due to the
formation of delocalized Mn−O states. This scenario is
explored further in the discussion.

The increase in g on discharge differs from the operando data
fits, where a flat trend in g on discharge was observed.
However, it is also noted that size of the distribution of the g-
tensor components (the “strain” in g) at points D2 and D3 are
far greater than those at C0, C2, or C5, suggesting a much
broader distribution of environments for the paramagnetic
species. Therefore, it is possible that the operando X-band
spectra capture less information in the limit of a broad
distribution of environments; it will, however, better capture
metastable states not seen in ex situ measurements. Compared
to C5, the g values increase at D2, suggesting a further decrease
in spin−orbit coupling experienced by the unpaired electron.
Discharging to D3 results in a decrease in g back to values
consistent with those observed in the pristine material,

indicating that the unpaired electrons sit primarily on Mn4+

centers. Complete assignment of these spectra require ab initio
calculations of the g-factors, but such calculations are
challenging in concentrated paramagnetic systems and beyond
the scope of this work.

On cooling to 50 K, the exchange interaction begins to
dominate the spectrum, indicated by the spreading of
resonances to high and low fields. The spectrum of pristine
NMMO splits into (at least) five overlapping resonances, while
the spectra at points C2, D2, and D3 split into at least two
resonances, the latter further suggesting axially symmetric g-
tensors. At point C5, an isotropic resonance is still observed,
but the signal intensity drops significantly compared to the 140
K spectrum (Figure 12c). At this stage, it is anticipated that
each sample is starting to form spin clusters, with some of the
resonances remaining near the g = ge region and some
resonances spreading up- and downfield. We note that the
feature at 14.8 T in sample D2 at 50 K corresponds is a spike,
(i.e., an artifact) rather than a true resonance.

Finally, at 5 K, all samples are in the magnetically ordered
regime (the sample temperature lying well below the
experimental Weiss temperatures), meaning that the electron
spin microstates are poorly defined, as spin clusters develop
and microstates of individual paramagnetic centers become
mixed by the exchange interactions within the cluster.107,108

This manifests as a spreading of resonances to higher and
lower field (Figure 12a,d). For pristine NMMO, five
resonances are seen, with some additional features imposed
on the high-field resonance, which we attribute to different
local magnetic environments.

At 5 K for points C2 and D2, the axial symmetry of the g-
tensor is retained, as expected. The broadening of the
resonances can be attributed to the smearing of resonances
by the exchange interaction, in addition to the greater
distribution of local environments generated during cycling.
At point C5, a low-intensity isotropic resonance is observed;
additional “spikes” are anomalies in the detection process, as
confirmed from phasing (spikes in the out-of-phase component
also exist but remain unaffected by phasing; these spikes are
also absent when changing temperature). The loss of intensity
on cooling may be ascribed to an increase in the energy gap
between spin microstates due to strong exchange coupling in
the system, resulting in an antiferromagnetic ground state with
few transitions that can be excited using these frequencies, and
a spreading of resonances over a wider field range.111

We note that all the EPR spectra may contain contributions
from radicals in the electrolyte resulting from electrolyte
degradation reactions, These contributions will be small in
these samples since all samples were washed and dried prior to
measuring. In the operando measurements, these signals if
present are likely obscured by the carbon/sodium metal sharp
signals. Mn-containing surface species, with different environ-
ments from those in the bulk will also be present, however,
they are likely obscured by the EPR signals of the bulk.

Ex Situ XAS and XANES. To investigate the redox
processes taking place in NMMO over the first charge−
discharge cycle further, ex situ X-ray absorption spectroscopy
(XAS) measurements at the Mn and O K-edges were carried
out (Figures S25 and S26). A brief outline of the results is
given here; the reader is direct to the SI (Section 10) for
deeper analysis.

In Stage 1, the Mn K-edge XANES shows a small increase in
the edge energy, consistent with oxidation of Mn3+ to Mn4+,
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and an increase in the pre-edge intensity, suggesting greater
distortions to the local Mn coordination environments. The O
K-edge shows little change in the position or intensity of the
edge and pre-edge features.

Over stage 2, the Mn K-edge XANES shows a decrease in
the pre-edge energy and further increase in intensity, as well as
a loss of features near the edge. Both indicate greater p−d
mixing and an increase in octahedral distortions. In the O K-
edge XAS, the features corresponding to transitions to the 1s to
Mn(3d, t2g*)−O(2p) and 1s to Mn(3d, eg*)−O(2p) states
increase in energy, a new pre-edge feature is observed between
the two. The former indicates greater mixing of the Mn(3d)
and O(2p) states, while the latter suggests the development of
a new electronic state. This new feature could correspond to a
transition to delocalized π-like states; the precise identity of
this new state is challenging to pin down, however.112

During stages 3 and 4, the Mn K-edge undergoes little
change, while the pre-edge becomes less intense and moves to
higher energies, consistent with the decrease in local Mn
distortions. The O K-edge pre-edge decreases in intensity and
energy and resembles the spectrum for pristine NMMO.

■ DISCUSSION
Structural Changes from SXRD and NMR. Building

upon our previous work42 on NMMO, the SXRD and 25Mg
NMR results presented here provide further evidence for Mg2+

migration at high states of charge. A quantitative assessment of
the proportion of Mg2+ that migrates is challenging using both
methods, owing to the width and low intensity of the observed
reflections/resonances.

Migration of Mg2+ will drastically alter the local electronic
structure around both O and Mn, as some O centers become
“underbonded”; we anticipate that this manifests as an increase
in Mn−O bond covalency. These changes in electronic
structure may be teased apart by careful examination of the
NMR and EPR data.
Examining the Electronic Structure on Charge. Our

earlier work42 showed that, on charging NMMO through stage
1, single-phase Na+ extraction from the pristine P2 phase
occurs, with residual Mn3+ ions oxidizing to Mn4+. This was
borne out in ex situ magnetometry results, where a decrease in
the effective magnetic moment and more ferromagnetic Weiss
constant was seen. The increase in sharpness of the 17O NMR
resonances from C0 to C2 is also consistent with the loss of
Mn3+ (which induces short T2s and severely broadened
signals). This was also corroborated by operando X-band and
ex situ high-frequency EPR, where a decrease in g and a smaller
line width�a consequence of both longer spin−spin lifetimes
(longer T2es) and a smaller distribution in local environ-
ments�was seen. Additional evidence from Mn K-edge
XANES and O K-edge XAS results also indicated oxidation
of Mn (Figures S22 and S23), as well as slightly less mixing of
the Mn 3d and O 2p states, which can be attributed to the loss
of the JT-shortened Mn3+−O bonds.

During stage 2, μeff remained approximately constant, while
θ gradually became strongly antiferromagnetic. The trend seen
in μeff�i.e., a relatively flat profile throughout the charge
plateau, with only a small increase at the very end of charge�
is consistent with a gradual oxidation of both Mn and O, such
that the moment at Mn decreases while that at O increases.
This is also consistent with the approximately constant
operando EPR peak area (proportional to the magnetic
susceptibility) over stage 2. On oxidizing both species, an

increasingly strong antiferromagnetic interaction between the
Mn and O− centers or between the Mn and O2 is generated,
causing the observed gradual decrease in θ (i.e., a more
antiferromagnetic net exchange interaction).

At the end of charge (C5), the effective magnetic moment
per mole of NMMO is 3.21 μB mol−1, where the composition
is Na0.10[Mg0.28Mn0.72]O2; note that this value differs from that
in Figure 10 where it was presented as the moment per mole of
Mn. Assuming a mixture of the material at the start of the
charge plateau (nominally Na0.56[Mg0.28Mn0.72]O2, whose
moment is 3.30 μB per mole, comprising 18% of the material
at the end of charge, based on Na+ content) and a Na+-
deficient O2-phase at the end of charge (Na0[Mg0.28Mn0.72]O2,
82% of the material at the end of charge), then the total
moment of NMMO at C5 is 2.89 μB per mole for model B
(Mn4+ and O−, with O− spins antiparallel to Mn spins) and
3.42 μB per mole for D (trapped O2 with additional O1.5− and
On−, 1.78 < n < 2). We note that degradation involving
electrolyte-surface reactions and potentially particle cracking,
leading to increased surface area, could lead to the formation of
paramagnetic surface species, or differences in local environ-
ments at and near the surface. However, no clear signature of
isolated and additional paramagnetic environments was
observed.

Additional evidence of the charge compensation mechanism
during stage 2 was obtained from the operando X-band and ex
situ high-frequency EPR data. Here, the approximately
constant g-factor (closer to ge than the pristine material)
combined with the drop in signal intensity and increased line
width (constant peak area) indicated overall weaker exchange
interactions in NMMO and little change of the magnetic
susceptibility of NMMO over stage 2. The absence of any
additional resonances at the end of charge�which would
correspond to trapped O2 or electrons localized to O�
suggests that no new species are generated or that these species
cannot be detected by EPR (owing to a large zero-field
splitting, as for Mn3+), or that delocalized states form. Since
molecular O2 has been observed in both layered systems and
disordered rocksalts at low temperatures (<50 K) using EPR
previously,113,114 this leads to one of two conclusions: either
(1) O2 formation is unlikely, or (2) any O2 which forms is
effectively part of a delocalized state, thus contributing to the
broad EPR resonance observed (in this case, any description of
a molecular O2 or (O2)n−like state seems inappropriate).

Previous reports of the EPR spectrum of O2 at X-band and
at room temperature show many lines, corresponding to the
vibrational and rotational modes of the O2 molecule.115 No
such features are seen in our operando EPR, suggesting the
absence of O2. One possibility is that resonances from O2 are
severely broadened due to, for example, restricted motion, the
resonances then becoming indistinguishable from the baseline;
such signals might become visible at high frequencies under
variable temperatures: this is not observed. More generally,
when O2 is cooled below the condensation point (typically <10
K), an EPR signal whose breadth depends on the surrounding
matrix is observed (e.g., in silica gels, a broad line,
approximately 100 mT peak-to-peak, is seen, while sharp
features, around 2.5 mT, are seen when in N2). At high
frequencies (>95 GHz), transitions between microstates
separated by the zero field splitting may be readily observed.116

In our system, the presence of other paramagnetic centers
nearby any trapped O2 in the NMMO lattice may lead to
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broadening of the EPR signal so that it is no longer
observable.115,117

DOS calculations of the O2 trapped state, suggest that the
formation of O2 results in strongly localized states, so it seems
unlikely that “molecular” O2 forms in this system. This is
further supported by XANES and XAS measurements, which
suggest the formation of a new mixed Mn(3d)−O(2p) state,
corresponding to the 529.8 eV shoulder seen in O K-edge XAS
at the end of charge. The appearance of the new peak could be
a transition to a new hybridized state (whose nature is
unknown), or it could be a splitting of the Mn(3d, t2g*)−
O(2p) state by the exchange interaction. If the latter, the
splitting corresponds to approximately 0.8 eV; given that the
exchange splitting of the O K-pre-edge peak can be empirically
related to the number of unpaired electrons in the system
(splitting = 0.6 eV × number of spins in the paramagnetic
state),118 this suggests a total of 1.33 unpaired spins, which
may be generated by strong antiferromagnetic coupling
between the three unpaired electrons from Mn4+ with the
unpaired electrons from nearby On− centers. These strong
interactions are also predicted in ab initio calculations of the
Mn4+−O− exchange coupling constant, estimated to be
approximately −200 K (or 17 meV; see SI for further
information). Based on the greater EPR line width, however, it
would appear that the exchange interactions in NMMO
weaken along the charge plateau. We suggest this weakening is
not a bulk property, as ex situ magnetometry suggests the net
exchange interaction strength increases, but in fact indicates
the observable spins experience weaker exchange interactions,
consistent with the reduced peak-to-peak height of the
operando EPR signal observed during stage 2. These observable
spins are likely not part of the Mn4+−On− units, so the X-band
operando EPR spectra do not provide information on these
Mn4+−On− units.

It seems unlikely that the new peak in the O K-edge XAS
stems from O2, as the pre-edge for molecular O2 lies just below
531 eV and is strongly peaked. The effect of binding to Mn on
the XAS spectrum (in terms of transition energies and
intensities) is, however, unknown. The Mn K-edge XANES
is also consistent with delocalized redox: the small change in
the Mn K-pre-edge peaks suggests that both the Mn and O are
involved in redox along the charge plateau, but it is expected
the majority of the redox occurs on O, as the relative change in
energy of the pre-edge is larger for O than Mn. It should also
be noted that the absolute energy of charge compensation state
D (trapped O2) is the second lowest of all the configurations.
We suggest, however, that the energy barrier to forming this
state is extremely large, as it requires a rearrangement of the
TM sublattice. If Mn migrates, there will be a large energy
penalty due to the d3 (Mn4+) center passing through a
tetrahedral transition state.119,120 Such a migration would
therefore involve an energy barrier that far exceeds the
overpotentials applied and is therefore unlikely to account for
the bulk of this high voltage capacity. Note that some Mn
migration may take place in certain unique local environments,
however, further ab initio calculations are required to
determine under what conditions Mn migration becomes
favorable.89,90 Indeed, it is possible, however, that Mn could
migrate as Mn5+ or Mn2+, though we observe no evidence for
such a migration from NMR, EPR or XANES. We anticipate
that these migrations are likely irreversible, as the driving force
for migration must be substantial to overcome the large energy
barrier, making the barrier to return to the initial configuration

very high. This would further contribute to the path hysteresis
between charge and discharge in NMMO.

While several mechanisms may coexist, our results suggest
that the formation of strongly magnetically coupled and/or
delocalized-like states are more consistent with the observed
data. Indeed, the tendency of Mg and Mn in NMMO to
honeycomb order43 will encourage π-redox behavior.40 We
acknowledge, however, that other mechanisms may be present
where the structure deviates from honeycomb order. For
example, for several Mg2+ nearest neighbors, one might expect
sufficient free volume to enable O2 trapping.
Evolution of Electronic Structure on Discharge.

During stage 3, the effective magnetic moment of NMMO
remains approximately constant; this is analogous to stage 2,
where concomitant oxidation of Mn and O lead to a relatively
flat profile for μeff. In stage 3, reduction of these delocalized
Mn−O states results in an increase in μeff at Mn but a decrease
at O. At the same time, θ increases, suggesting a less
antiferromagnetic interaction between Mn and O, as there is
less unpaired electron density on O to interact with Mn. This
gradual change in electronic structure is also reflected in the
EPR: the g-factor of NMMO remains approximately constant
throughout discharge, with a much broader distribution in the
g-values than seen on charge (seen in both the line width and
peak area in operando EPR and the g-strain in high-frequency
EPR, respectively).

Discharging through stage 3 results in the migration of Mg2+

back to the octahedral sites in the transition metal layers, as
seen the 25Mg NMR spectrum. It is anticipated that not all the
Mg2+ will return to these sites, owing to the asymmetric energy
profile seen;42 quantification of this using 25Mg NMR will
likely be challenging. Nevertheless, based on the observed
integrals of the 8000 to 14 000 ppm region of the spectrum
(corresponding to Mg2+ in the TM layers), a semiquantitative
estimate from 25Mg NMR suggests that 30% of Mg2+ in the
sample remains trapped in the Na+ layers; SXRD suggests this
value is 5%. It is expected that the true value lies between
these, but more likely closer to the estimate from SXRD than
NMR, as the SXRD refinement will be (marginally) more
quantitative. The migration process back into the TM layers is
likely driven by Na+ insertion into the O-type layers, causing
the Mg2+ to be repelled back into the Mn layer. As seen in our
earlier work,42 the energy barrier for the migration process is,
however, much higher in the presence of Na+, further
suggesting that some of the Mg2+ will remain kinetically
trapped in the Na+ layer and prevent slipping back to a P-type
layer.

The presence of residual Mg2+ in the Na+ layers will change
both the interlayer and intralayer exchange coupling constants,
as the local Mn−O−Mn bond angles and distances will
change, causing a change in the Weiss constant (compared to
the pristine material), as observed. Furthermore, the absence of
some Mg2+ in the TM layer on subsequent charge cycles will
likely change the degree of overlap between Mn and O orbitals,
resulting in a new manifold of electronic states and thereby
changing the voltage at which oxidation and reduction occurs.
This is consistent with theoretical observations from the
delocalized π redox charge compensation scheme.40

It is anticipated that the large voltage hysteresis seen
between charge and discharge stems almost exclusively from
the Mg2+ migration. A recent study of Na2Mn3O7 also
suggested that O redox was stabilized by strong antiferro-
magnetic interactions in delocalized Mn−O states.88 This
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material exhibits no metal migration processes and has a
limited voltage hysteresis, suggesting that, in NMMO, Mg2+

migration dominates the voltage hysteresis seen. It is, however,
also possible that the delocalized Mn−O states drop in energy
once oxidized (owing to the strong antiferromagnetic
interactions between Mn and O) and are only repopulated
at lower voltages on discharge; this would also contribute to
the observed voltage hysteresis, as seen in previous studies.17,18

Stage 4 is dominated by Mn4+ reduction, as evidenced by the
net stronger antiferromagnetic interactions (reflected in θ) and
the increase in μeff. This is accompanied by a decrease in the
operando EPR peak area, as fewer spins are excited by EPR on
forming more Mn3+. The g-factor of NMMO during stage 4 (as
measured from operando EPR) remains approximately
constant, suggesting that the local chemical environment of
the unpaired electrons again undergoes little change. High-
frequency EPR reveals a small decrease in g, but with a broad
distribution. As mentioned earlier, the absolute g values cannot
be (readily) compared, but the changes can; assuming the true
g value lies close to 1.98 for pristine NMMO (consistent with
operando X-band measurements and with reported literature
values101,106,110,121), this small decrease in g is a move away
from the free-electron g-value (i.e., it is expected that the true g
value is below 1.98). This suggests an increase in the extent of
spin−orbit coupling, which we attribute to a decrease in the
energy between the ground and excited states (consistent with
the lower energy O K-pre-edge feature).

■ CONCLUSIONS
In this work, the evolution of the electronic structure of
Na0.67Mg0.28Mn0.72O2 (NMMO) and its charge compensation
mechanism has been presented. Initially on charging, Mn3+ is
oxidized to Mn4+; this is associated with the extraction of Na+

from the P2 phase. Further charging results in the development
of the Z-phase and migration of Mg2+ from the octahedral sites
in the TMO2 layers to the vacant tetrahedral sites in the Na+

layer. This migration process results in some of the O centers
becoming undercoordinated, raising the energy of their
electrons and generating a new set of electronic states. The
nature of these states was identified by a combination of ab
initio calculations, bulk magnetic susceptibility measurements,
operando and high-frequency EPR, Mn and O K-edge XAS.
Bulk magnetic susceptibility ruled out the presence of isolated
holes on O aligned either ferro- or antiferromagnetically with
Mn, while operando and high-frequency EPR, as well as Mn
and O K-edge XAS ruled out the formation of trapped
molecular O2, leaving the most likely mechanism to be the
formation of delocalized states between Mn and the O centers
nearby the migrated Mg2+, the spins on these Mn and O being
antiferromagnetically aligned.

Overall, the results presented here suggest that the charge
compensation mechanism in NMMO is primarily the oxidation
of oxygen stabilized by strong antiferromagnetic interactions
with Mn4+ species and delocalization of charge onto Mn.
During charge, the highest occupied Mn−O states are
depopulated, resulting in a gradual change in the electronic
structure around both Mn and O, with the majority of the
changes occurring around O, as these centers dominate these
states. The formation of On−−like (n < 2) species results in
strong antiferromagnetic coupling with Mn and stabilization of
these states. On discharge, the delocalized states are
repopulated, with the voltage hysteresis almost exclusively
arising from the asymmetric profile to Mg2+ migration found

previously.42 Once repopulated, some of the Mn4+ is then
reduced back to Mn3+, up to the limit of Na+ solubility in the
lattice. The precise oxidation state and degree to which the
antiferromagnetic Mn−O states are (de)localized could not be
determined from these results, but an ab initio investigation of
the formation of delocalized states in different local environ-
ments of Mn (i.e., different numbers of Mn and Mg nearest
neighbors) would prove invaluable to studying the true extent
of (de)localization.

The results shown here indicate that the dominant bulk
redox mechanism relies on the formation of these strongly
antiferromagnetic states; we acknowledge that other mecha-
nisms may be invoked in local environments that deviate from
the average honeycomb ordered structure or at grain
boundaries or pores within the material. This is perhaps why
studies of different O redox materials have concluded different
mechanisms.

The implication of these findings is that O redox appears to
be strongly correlated with the local structures in materials.
Each material will have a range of local structures, which
themselves differ in type and distribution. While most of the
O-redox-active materials studied have O-based states just
below the Fermi level available for oxidation, the way in which
the unpaired electrons generated on O are stabilized depends
intimately on the local chemical structure. If the new states
developed during charge are high in energy and encourage
degradation�for example by partially reversible or irreversible
phase transformations�the cathode should be redesigned to
avoid such transformations, perhaps by removing the mobile
redox-inactive dopants from the TM layer or by preventing
their rearrangement and migration, for example, by “pillar-
ing”.122 For example, Li migration is mitigated in Na layered
materials because of the larger Na-oxygen layer.123,124

Future research on O redox materials should focus on
determining the factors which govern mechanism hetero-
geneity and attempting to control this heterogeneity syntheti-
cally, for example by generating “perfect” superstructures, in
which all local TM and O environments are fully determined
and known and remain unchanged during cycling. As part of
such studies, noninvasive experimental techniques such as
NMR and EPR, combined with ab initio calculations, are
invaluable in teasing apart these complex mechanisms.
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