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ABSTRACT: In this work, we present a variable-temperature Na NMR and
variable-temperature and variable-frequency electron paramagnetic resonance
(EPR) analysis of the local structure of a layered P2 Na-ion battery cathode Mn*
material, Nay¢;[Mgy,sMny7,]0, (NMMO). For the first time, we elucidate the
superstructure in this material by using synchrotron X-ray diffraction and total
neutron scattering and show that this superstructure is consistent with NMR and
EPR spectra. To complement our experimental data, we carry out ab initio
calculations of the quadrupolar and hyperfine Na NMR shifts, the Na* ion
hopping energy barriers, and the EPR g-tensors. We also describe an in-house 20=4 ¢Na ©OMg ©Mn
simulation script for modeling the effects of ionic mobility on variable-temperature

NMR spectra and use our simulations to interpret the experimental spectra, available upon request. We find long-zigzag-type Na
ordering with two different types of Na sites, one with high mobility and the other with low mobility, and reconcile the tendency
toward Na*/vacancy ordering to the preservation of local electroneutrality. The combined magnetic resonance methodology for
studying local paramagnetic environments from the perspective of electron and nuclear spins will be useful for examining the local
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structures of materials for devices.

Bl INTRODUCTION

The development of cheap energy storage systems with long
lifetimes and high capacities for grid-scale applications is
critical to mitigating the effects that arise from the mismatch
between the use and production of electricity and modern
renewable energy sources. In this regard, sodium-ion batteries
(NIBs) are ideally suited, owing to their sustainability and low
production costs."~* If NIBs are to be used on the grid, their
capacities, lifetimes, and rate behaviors must, however, be
optimized and their degradation and failure mechanisms
understood.

At present, the electrochemical performance, and in
particular the capacity of a NIB is limited primarily by the
cathode material. Understanding how the structures of these
cathode materials evolve during cycling—ideally in a non-
invasive manner, such that metastable states can be probed
without damaging the structure—is critical to developing new
cathode materials with high capacities, long lifetimes, and fast
rate capabilities.

Layered sodium transition metal oxide materials, Na,TMO,
(TM = transition metal), similar to their related Li analogues,
represent an important class of NIB cathode materials.” As for
the Li-containing materials, the structures of these materials
may be described using the notation developed by Delmas et
al.,” which uses a letter to denote the coordination environ-
ment of the alkali metal cation—in NIB cathodes, this is either
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P for prismatic or O for octahedral—and a number to indicate
the number of TMO, layers per unit cell. Many problems
remain to be solved before layered sodium transition metal
oxide materials, Na,TMO,, progress to widespread adoption,
one of which is the large number of phase transformations that
they undergo during charge and discharge, leading to poorer
power performance and capacity retention problems.
Arguably one of the most promising classes of cathode
materials is the P2-type cathodes, where Na* ions occupy
prismatically coordinated sites, known as either P(2b) sites—
where the Na* prisms share faces with the TM octahedra—or
P(2d) sites—where the edges of the Na' prismatic
coordination polyhedra share edges with the TM octahedra
in the TMO, layers above and below (Figure la,b,
respectively). Within the Na layer, the large, open faces
through which Na* ions in P2-type cathodes hop enable fast
charge—discharge rates in these materials when cycled in a
NIB. These rates, however, may be severely impacted by Na*/
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Figure 1. Illustrations of the (a) P(2b) and (b) P(2d) sites in P-type Na,TMO, cathodes and the possible Na* ion/vacancy ordering schemes, as
proposed by Hinuma, Meng, and Ceder in refs 9 and 10: (c) x = 3/5, corresponding to “row” ordering; (d) x = 2/3 and (e) x = 5/7, corresponding
to long zigzag ordering; and (f) x = 10/13, corresponding to droplet ordering. The black outline indicates the unit cell of the superstructure, while
the dashed line shows the original parent unit cell (i.e, without Na*/vacancy order).

vacancy ordering phase transitions, where the development of
ordered arrays of Na* and vacancies increases the barrier to
Na* hopping,”*~'” resulting in a slower rate of Na* extraction
and insertion. Such ordering transformations are electrostati-
cally driven and more prevalent in NIB cathodes than in their
Li* ion counterparts (although ordering in Li materials is seen,
such as in Li,CoO, when x = 0.5)."""* The origins of this are
the greater jonicity (i.e., greater charge separation and weaker
covalent interactions) and size of Na* ions compared to Li*,
resulting in strong Na*—Na* and Na*—TM Coulombic
interactions and increased steric hindrance to hopping.” Such
transitions may also be only partially reversible, resulting in
losses in the active material, or require that large overpotentials
are applied to overcome the barrier to Na* extraction (and to
move phase boundaries between ordered and disordered
regions through the solid'?); all are deleterious to the
electrochemical performance of the cathode. Therefore,
understanding and removing these ordering processes are
important if we are to develop new cathodes with good
performances.

The ordering pattern adopted by Na' ions depends
intimately on the Na* content in the cathode (x in Na,TMO,);
in P-type materials, known ordering schemes include row
ordering at x = 0.5 and x = 3/5, where P(2b) Na* are arranged

in straight rows separated by small zigzag rows of P(2d)
centers; long zigzag (LZZ, a term coined by Hinuma, Meng,
and Ceder”'’), at x = 2/3 and x = 5/7, where P(2b) Na*
surround “islands” of P(2d) Na* ions (note that if lines
connected the P(2b) centers, one could describe the hexagonal
set of lines as zigzags; unlike the row ordering, these zigzags
span a larger portion of the unit cell); and “droplet” ordering
above x = 0.75 (a term also coined by Hinuma, Meng, and
Ceder”'?), where islands of P(2b) Na® are surrounded by
“pools” of P(2d) Na* (Figure 1).

In addition to the Na* content, the presence of Jahn—Teller
(JT) active TM ions (either present in the pristine material or
created on cycling) can encourage Na*/vacancy ordering, for
example, in NagsMnO,, where Na* ions and their vacancies
charge-order with the JT-distorted Mn*" centers. In these
systems, it was argued that the JT distortion, rather than
electrostatics, drives Na*/vacancy ordering.14 As such, several
studies have sought to minimize the number of JT centers
present in the pristine material and/or during cycling, most
commonly achieved in Na,MnO,-based materials by doping
low-valent cations into the TM sublattice and raising the
average oxidation state of Mn.

While, in many cases, dopants occupy the TM sites
randomly, some NIB cathode compositions exhibit ordering
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on the TM sublattice, resulting in a superstructure.'> This in
turn influences the Na® ion ordering patterns.'”'” In our
earlier work on Nage,[Mgg,sMng,,]0, (henceforth
NMMO),”® we showed that the Mg and Mn were partially
ordered across the TM layers. This material showed a
surprisingly simple (considering the partial disordering on
the Mg/Mn sublattice’) »*Na NMR spectrum comprising
three peaks. Using hybrid density functional theory (DFT)
calculations and a simplistic statistical averaging model, we
attempted to reproduce the observed spectrum. We noted in
that work the strong dependency of Na* ion mobility on the
state of charge (SOC) and the need for more complex models
to accurately describe the effect of motion on the (variable-
temperature) spectra. A similar method was also employed by
Lin et al.>”> to examine the related material P2—
Na,/;[Mg,/3Mn,,3]O,. This description faithfully models
these complex NMR spectra at fast Na-ion exchange rates,
paving the way for future studies seeking to model para-
magnetic NMR spectra in the presence of ion hopping as a
means to extract useful information about ion dynamics in
paramagnetic NIB cathode materials. These models do not,
however, model all regimes of Na* ion motion: they can
capture only the high-temperature, dynamically averaged (fast-
exchanged) regime.

In this work, we use synchrotron X-ray diffraction (PXRD),
powder neutron diffraction (PND), and neutron pair
distribution function (PDF) analysis on pristine NMMO to
establish the superstructure. Variable-temperature X-band
electron paramagnetic resonance (EPR) is used to examine
the local (super)structure of NMMO from the perspective of
the unpaired electron spins. The effect of this superstructure is
examined in the context of Na* ion mobility by using variable-
temperature **Na NMR. These spectra are accurately
simulated by solving the Bloch—McConnell equations (see
Theoretical Background) for a set of independent two-site
exchanges. These simulations enable the assignment of the
NMR spectra to individual local Na* environments and
provide estimates of the Na" ion hopping barriers, which are
compared to ab initio barriers determined from the climbing
image nudged elastic band (CI-NEB) and against qualitative
observations from molecular dynamics (MD) simulations. Our
approach is unique in its ability to simulate fast-, intermediate-,
and slow-motion regimes, making it applicable to all states of
charge and discharge.

B BACKGROUND THEORY

Theoretical Background: Hyperfine Shifts. The NMR
spectrum of paramagnetic materials is generally dominated by
the hyperfine interaction between an unpaired electron spin
and nearby nuclear spins via through-space (dipolar) and
through-bond (Fermi contact) components.”> The effects of
this interaction are shortened nuclear longitudinal and
transverse relaxation times, T and T, respectively, in addition
to large magnitude isotropic shifts, where the latter is usually
dominated by Fermi contact interactions.””” >’

Previous studies have shown that the hyperfine shift, 5, of
the nucleus of interest (here, »*Na) may be determined by
calculating the shifts induced by a single “bond pathway”
between a nucleus and the unpaired spin (here, Na*—O—TM)
and summing the bond pathway shifts, &, for a given BNa
environment, i.e.,
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5hyp = Z Ziapath,i (1)

where z; is the number of paths with shift 5, and the sum is
taken over all paths between the Na* ion and the TM cations
in the material**>* In practice, this sum is computed only
over nearest and next-nearest neighbors, as TM spins in outer
coordination spheres make negligible contributions to the
observed Fermi contact shift. We note that while Mg** is not a
TM cation, we denote the sites occupied by both Mg and Mn
as TM sites for the sake of clarity.

The layered P2 cathode has two crystallographic Na* sites:
P(2d) and P(2b) (Figure 1a), but due to atomic site disorder,
Na ions on a single crystallographic site can have different local
environments (i.e., a different number of nearby TM cations
with different Na*—O—TM bond angles and distances),
resulting in an NMR spectrum with more than just two
resonances.”>”* In the NMMO, three species can occupy the
TM layer: Mn*, Mn*, or Mg**. All P(2d) sites have six
nearest neighbor TM cations and six next-nearest neighbors; all
P(2b) sites have two nearest neighbors and 12 next-nearest
neighbors. If a “random” distribution of Mn**, Mn*, and Mg**
is assumed, 1144 unique Na* environments occur (784 P(2d)
and 360 P(2b)); this number significantly increases if more
distant shells are considered.

In our previous work, we used a model system,
Na,,5[Mg,/;Mn,/3]O,, to calculate the hyperfine bond path-
ways, as well as the quadrupole-induced shifts.”* We note that
Mg contributes a negligible amount to the total shift of Na, as
Mg** is diamagnetic. Attempts to calculate bond pathways
involving Mn**—either by adding a single Mn®" center or
adding multiple Mn** centers (and charge compensating each
by adding Na* ions) or by doping a polaron into the system
(making the cell charged)—were unsuccessful. Despite this,
the bond pathways calculated for this model represent a good
starting point with which to model the **Na NMR shifts of
NMMO (considering that the “true” composition is
Nay¢; [MgoAstno.l 17Mng6,*]0,).

Previous attempts to model the NMR spectra using a
random arrangement of Mg”* and Mn*" ions (a total of 88
unique local Na* environments) or to model a system with a
honeycomb-ordered arrangement of Mg®>" and Mn*" ions
generated spectra inconsistent with experimental spectra. Each
of these models, however, assumed a static arrangement of Na*
ions, i.e, Na* ions did not hop between sites during the NMR
experiment. As observed in several layered NIB and lithium-
ion battery (LIB) cathodes,”****" the effect of alkali ion
hopping on the NMR time scale results in significant changes
to the appearance of the spectrum.

The form of the NMR spectrum in the presence of Na* ion
motion (more generally known as chemical exchange) depends
primarily on the difference in shift between the sites, Aw, and
the hopping rate, k.”' Three regimes exist: (1) the fast-hopping
regime, where Na* ions hop at a rate that is faster than the
difference in the sites’ resonant frequencies (i.e., k> Aw); (2)
the intermediate regime, where Na* ions hop at a rate which is
comparable to the difference in resonant frequencies (ie., k ~
Aw), and (3) the slow hopping regime, where Na* ions
infrequently hop between sites compared to the frequency
difference (i.e., k < Aw). In the fast-hopping regime, a sharp
resonance is observed at a frequency that is the population-
weighted average of the sites’ frequencies; the intermediate
regime results in resonances that are broad, while the slow
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regime is characterized by two (or more) distinct resonances at
the resonant frequencies of the different sites (Figure S1).

In our earlier work, we modeled the NMMO spectra by
assuming a populat10n—we1ghted average of the Na' sites (in a
fashion similar to Lin et al.>*), using an exchange equilibrium
constant, K, to obtain the 2Na NMR shifts for a Na ion
hopping between a P(2d) and P(2b) site.”> This approach is
appropriate for the fast regime but does not capture the
behavior of the intermediate or slow regimes seen in NMMO.
In this work, we construct a model that accounts for all three
regimes and simulate the variable-temperature **Na NMR
spectra of NMMO using this model.

B EXPERIMENTAL SECTION

Synthesis. The synthetic route used was based on previous reports
(see the Supportlng Information (SI), Section S1 for further
details).'**> Throughout this work, all samples were handled and
prepared in an Ar-filled glovebox (H,O and O, < 1 ppm).

Powder Synchrotron X-ray Diffraction. A powder sample of
NMMO was sealed in a borosilicate glass capillary by using two-
component epoxy resin inside the glovebox. Powder synchrotron X-
ray diffraction (PXRD) patterns were acquired on beamline I11 at the
Diamond Light Source.*”** The pattern was collected with an
exposure time of 1 min using a position-sensitive detector (PSD,
Mythen2; X-ray wavelength = 0.826866 A) over the range 26 = 2.0—
92°. Variable-temperature PXRD patterns were also recorded on
heating from 100 to 500 K (heating rate 3 K min™"), with an exposure
time of 12 s per pattern (i.e,, 0.6 K temperature difference between
the start and end of acquisition), using the same PSD and 20 range.

Powder Total Neutron Scattering. Powder neutron diffraction
(PND) measurements were carried out at the ISIS Pulsed Neutron
and Muon Source using the GEM instrument.>> A powder sample of
pristine Nay ;[ Mgy ,sMny 7,]0, (3.44 g) was loaded into a thin-walled
vanadium canister (8 mm diameter) to a height of S9 mm to
maximize scattering from the sample. Total scattering data were
initially collected at 130 K, then 1.6 K, followed by a series of
diffraction patterns acquired from 2 K up to 7 K in 1 K steps. The
complete list of temperature steps and data collections may be found
in the SI (Section S4). The data were corrected for absorption effects
using the Mantid software package® to provide data suitable for
Rietveld refinement. To normalize the total scattering data, additional
measurements of the empty vanadium canister, empty cryostat, and
vanadium rod were taken and all data were processed within the
GudrunN software to produce absolute total scattering structure
functions, F(Q). The F(Q) were then Fourier transformed to provide
pair distribution functions, PDF, or D(r), as defined in ref 37.

The structure was determined by Rietveld refinement®”*® against
powder neutron diffraction data collected above the Neéel temper-
ature, Ty, using a model derived from the prewously reported powder
diffraction structure of Nag 5;[ Mgy ,sMny. 72]02 All refinements were
carried out using TOPAS Academic 6.0. *

ISODISTORT and Refining Superstructures. Candidate super-
structures were generated using the software package ISODISTORT,
part of the ISOTROPY suite.” Occupancies and displacements of
ions in the structure are calculated based on the irreducible
representations of the parent structure space group, which are
consistent with the ordering scheme provided (where the ordering
scheme may be deduced from the location of superlattice reflections).
The standalone packages ISOVIS and ISOVISQ_are especially useful
for identifying symmetry-compatible distortion modes, as well as for
visualizing the effects of distortions on the structure and diffraction
pattern.

Rietveld refinements of the superstructure using the candidate Na*
ion occupation and Mg/Mn occupation irreducible representations
(irreps) showed that the M," irrep structures were consistent with the
experimental data. On this basis, the superstructure was refined using
the P3 mode of the M," irrep. Here, P3 is distinct from the labels for
cathode structures, the P here denoting a one-dimensional order
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parameter direction, and three an arbitrary label (i.e., the third such
one-dimensional order parameter direction). All refinements were
carried out by simultaneously refining against the pair distribution
function data (obtained from a Fourier transform of the total
scattering data in GudrunN), the diffraction data collected on banks 2
to 5, and the PXRD data collected.

For refinement against the PND and laboratory XRD data, the
background was fit with a 12-term Chebyshev polynomial. The lattice
parameters and atomic positions were allowed to refine freely, aside
from restraints on the Mn—0 (ca. 1.85 A) and Mg—O (ca = 2.00 A)
bond lengths. Separate sets of isotropic atomic displacement
parameters were freely refined for Na, Mg, Mn, and O atoms, while
the occupancies of Na, Mg, and Mn were refined using the symmetry
modes of the irrep and under the constraint that the sample
composition was Nag;[Mg,,5Mn,7,]0,.

Electrochemistry. Electrodes of NMMO were prepared as
described in the SI. All electrochemical tests were conducted using
NMMO/Na metal half-cells in 2032 stainless-steel coin 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 ym
pore size) soaked with 150 uL of electrolyte (1.0 M NaPFy in
propylene carbonate, PC), and one Na metal disc. The NMMO/Na
cells were galvanostatically charged and discharged at a rate of 10 mA
g™ (corresponding to approximately C/19, for a theoretical C rate
determined from the time elapsed and current applied, assuming that
x in Na,[Mg,4Mn, 7,] O, varies between 0 and 1 and that no parasitic
reactions take place during cycling) over a voltage window of 1.5—4.5
V (vs Na/Na*). A slow cycling rate was chosen to minimize the effect
of ionic concentration gradients and large overpotentials often seen at
higher cycling rates.

Solid-State Nuclear Magnetic Resonance Spectroscopy.
Electrochemically cycled cathodes of NMMO were prepared by
cycling a cathode to a given cutoff voltage and allowing the cell to rest
for at least 1 h. The cell was opened inside an Ar-filled glovebox, and
the cathode was extracted, washed in dimethyl carbonate (DMC;
approximately 1 cm?; Sigma-Aldrich, 99%, anhydrous), and dried in
vacuo for at least 20 min. The cathode was then scraped off the Al foil
current collector and either packed into a 1.3 mm diameter ZrO,
magic angle spinning (MAS) rotor or center-packed into a 2.5 mm
diameter ZrO, MAS rotor, using poly(tetrafluoroethylene) (PTFE)
tape to fill the gap at either end of the rotor and Vespel caps at each
end. No rotor spent longer than 10 min outside of the glovebox
before being inserted into the magnet under a protective atmosphere
of flushing nitrogen gas.

The majority of the ?Na NMR spectra were recorded on a Bruker
Avance III 11.7 T spectrometer by using a Bruker 2.5 mm MAS probe
with an MAS frequency of 28 kHz or a Bruker 1.3 mm MAS probe at
an MAS rate between 30 and 60 kHz. In all cases, a rotor-
synchronized Hahn-echo pulse sequence was used for quantitative
measurements, and the recycle delay (25 ms; at least ST,) was set
such that the bulk, paramagnetically shifted signal was recorded
quantitatively, while the diamagnetic signal due to electrolyte
decomposition products was suppressed. An effective g pulse length

of 1.15 us (for the 2.5 mm probe) or 0.67 us (for the 1.3 mm probe)
was used. This corresponds to %, which is longer than the selective %

pulse which would ensure all quadrupolar *Na centers are in the
quadrupolar liquid limit;*'
between the linear quadrupolar regime and maximizing the signal
intensity). The 2.5 mm ZrO, MAS rotor was chosen so that a
relatively wide range of temperatures could be accessed; the spinning
speed chosen was 28 kHz, as this was sufficient to separate the
spinning sideband manifold from its isotropic resonance while
ensuring rotor stability. Spectra were also recorded on a Bruker
Avance IIT 16.4 T spectrometer using a Bruker 1.3 mm MAS probe
with an MAS frequency of 50 kHz and an effective f pulse length of

a compromise was therefore selected

0.58 ps (again corresponding to —) Additional experlments were

carried out using a Bruker Avance III 9.4 T spectrometer using a
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Figure 2. Rietveld refinement of the PXRD pattern collected for pristine NMMO at room temperature against (a) of the parent phase structure
only (RW}j = 11.85%) and (b) of the parent and superstructure phases together (RW'P‘ =3.93%). Insets show the fits in the regions Q = 0.85—0.95
A~"and Q = 1.75—2.25 A™', where superstructure reflections are prevalent. In (c), Rietveld refinements of neutron pair distribution function data
recorded at 130 K over the region r = 1—40 A, against, in the same model, both the parent (35 wt %) and superstructure (65 wt %) are shown; (d)
shows the same refinement in the region 1—10 A. In (e), (f), and (g), views of the Rietveld-derived (2 X 2 X 1) superstructure and expanded view
of the ordering in the Na and Mg/Mn layers, respectively, are shown. Note that the Mg and Mn occupancies have been set to be perfectly
honeycomb ordered and that all Na occupancies have been set to 1 for clarity. For the true occupancies, please see site occupancies in Table 1.

Bruker 1.3 mm MAS probe with an MAS frequency of 35 kHz and an
effective g pulse length of 1.47 us (again corresponding to %)

All spectra were referenced to solid NaCl at 7.21 ppm and scaled
according to the sample mass and number of residuals recorded.

For all experiments, temperature calibration measurements were
performed either ex situ using the **’Pb shift of Pb(NOj;), (Alfa Aesar,
99%) or in situ by mixing pristine NMMO powder with KBr (Aldrich,
99% FTIR grade, dried at 473 K for 12 h under dynamic vacuum) and
recording the °Br spin—lattice T; relaxation time. Calibrations were
run under the same heater powers, nitrogen gas flow rates, and drive
and bearing pressures used for *Na NMR experiments; the
calibration curves are given in the SI (Figures S2 and S3). Using
the in situ calibration curves obtained at 11.7 T for KBr at probe
temperatures between 300 and 325 K and MAS rates between 30 and
50 kHz, sets of probe temperatures were selected at each MAS speed
so that, at each speed, the sample temperature remained constant (to
within 2 K, corresponding to a change of approximately 15 ppm to the
isotropic shifts of NMMO) and only the MAS rate changed.

Continuous-Wave X-Band Electron Paramagnetic Reso-
nance Spectroscopy. Continuous-wave X-band EPR measurements
were performed on a Bruker ES00 X-band spectrometer with an ER
4122SHQE cavity tuned to 9.373 GHz. The external magnetic field
was modulated at 100 kHz with a modulation amplitude of 0.3 mT.
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The microwave power was set to 0.6325 mW, sufficient to avoid
saturation. The as-synthesized powder (prepared as above) was
loaded into a quartz EPR tube (Aldrich, Wilmad CFQ tubes, outer
diameter 2 mm) inside an Ar-filled glovebox and then loaded inside
an Oxford Instruments ESR900 cryostat with a temperature stability
of 0.5 K. The sample was first cooled to base temperature (5 K), and
spectra were recorded on heating, with a five-min equilibration period
allowed once temperature stability was reached. All EPR spectra were
fitted to a powder pattern line shape with isotropic g-tensors using the
EasySpin toolbox for MATLAB.*

First-Principles Calculations. Three model systems were
examined for calculation of NMR and Na* ion diffusion parameters:
first, a (2 X 1 X 2) supercell of honeycomb-ordered P2—
Na,/;[Mg,/;Mn,;]O, with 88 atoms (chosen to capture as many
exchange interactions as possible; structures available as part of the
SI) for NMR shifts in a Mn**-only system; second, a (2 X 2 X 1)
supercell of P2—Na,,3[Mg,,;Mn,;3]O, for Na* ion hopping barriers
(chosen to minimize self-interactions between hopping Na* centers),
and last a (2 X 2 X 1) supercell of P2—Na[Mg, sMn, /3]0, for NMR
calculations in a mixed Mn*/* system, in which there are equal
number of Mn*" and Mn*" centers. While this composition differs
from pristine NMMO, it is assumed that the Mn** and Mn* bond

https://doi.org/10.1021/acs.chemmater.3c02180
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Table 1. Rietveld-Derived Lattice Parameters, Atomic Coordinates and Occupancies for the Parent Structure of P2-NMMO at
Room Temperature, R, , 9.00%, and the (2 X 2 X 1) Superstructure, R, , 3.93%"

Parent
space group P6,/mem
a (A) 5.02634(2)
b (A) 5.02634(2)
c(A) 11.1929(10)

Site x
Mgl 2b 0
Mnl 2b 0
Mg2 4d 1/3
Mn2 4d 1/3
(¢] 12k 1/3
Nal 6g (P(2d)) 0.301%
Na2 4¢ (P(2b)) 1/3
(2x2x1)
space group P6;/m
a (A) 10.05266(5)
b (A) 10.05266(5)
c(A) 11.1929(10)

Site x
Mgl_1 2b 0
Mgl 2 6g 1/2
Mnl_1 2b 0
Mnl 2 6g 1/2
Mg2 1 12i 1/3
Mg2 2 4f 1/3
Mn2 1 12i 1/6
Mn2 2 4f 1/3
Ol 1 12i 0.1529(S)
Ol 2 12i 0.1529(5)
013 12i 0.6529(5)
Ol1_4 12i 0.6529(5)
Nal 1 6h (P(2d), Na,) 0.8648(12)
Nal 2 6h (P(2d), Na,) 0.8031(12)
Nal 3 6h (P(2d), Na,) 0.3421(12)
Nal_4 6h (P(2d), Na,) 0.4039(12)
Na2_1 6h (P(2b), Na,) 0.1348(4)
Na2_2 2d (P(2b), Na,) 2/3
Na2_3 6h (P(2b), Na,) 0.8970(4)
Na2 4 2¢ (P(2b), Na,) 1/3

a (deg) 90%*

B (deg) 90*

7 (deg) 120%

y z Occupancy B, (A%)
0 0 0.49(2) 0.51(10)
0 0 0.51(2) 0.51(10)
2/3 0 0.174(2) 0.51(10)
2/3 0 0.826(2) 0.51(10)
1/3 0.0880(3) 1* 0.57(10)
0 1/4 0.413(6) 0.26(6)
2/3 1/4 0.386(6) 0.26(6)
a (deg) 90*

B (deg) 90*

7 (deg) 120%

y z Occupancy B, (A?)
0 0 0.82(5) 0.51(10)
0 0 0.82(5) 0.51(10)
0 0 0.18(S) 0.51(10)
0 0 0.18(5) 0.51(10)
1/3 0 0.02(3) 0.51(10)
2/3 1/2 0.02(3) 0.51(10)
1/3 0 0.98(3) 0.51(10)
2/3 1/2 0.98(3) 0.51(10)
0 0.5962(7) 1* 0.57(10)
1/2 0.5962(7) 1* 0.57(10)
0% 0.5962(7) 1* 0.57(10)
1/2 0.5962(7) 1* 0.57(10)
0.0227(12) 1/4 0.40(4) 0.26(6)
1/2 1/4 0.53(14) 0.26(6)
0.9773(12) 1/4 0.40(4) 0.26(6)
1/2 1/4 0.26(13) 0.26(6)
0.3652(4) 1/4 0.41(5) 0.26(6)
1/3 1/4 0.41(5) 0.26(6)
0.6985(4) 1/4 0.41(S) 0.26(6)
2/3 1/4 0.41(5) 0.26(6)

“Standard Errors are shown in parentheses, while asterisks denote values that were not refined. The coordination of the Na* site (P(2d) or P(2b))
and designated name in the superstructure (Na, or Na,) is indicated next to the Wyckoff site label.

pathways are independent and, therefore, additive, based on previous
studies.” ¢

NMR Shift Calculations. The »*Na NMR shifts of different local
Na*
previously. An initial geometry optimization was performed
using the Vienna Ab Initio Software Package (VASP) code (energy

tolerance 10~° eV; force tolerance 0.02 ¢V A™1),** employing the
44748

ion environments were calculated using methods outlined
26-28,43

projector-augmented wave (PAW) metho Spin-polarized
Perdew—Burke—Ernzerhof exchange—correlation functionals were
used under the Hubbard U model*” ™" within the rotationally
invariant formalism proposed by Liechtenstein et al.>> to correct for
known deficiencies of pure functionals in highly localized 3d states.>*
A plane-wave energy cutoff of 520 eV was chosen alongside an
effective Hubbard U parameter on the Mn d states of Uz = U — ] =
3.9 eV, where U and ] are the effective on-site Coulomb and exchange
parameters (J = 1 €V), respectively, in line with previous work on the
parent material, Na,MnO,.>> The Brillouin zone was sampled with a
Monkhorst—Pack® k-point mesh of density <0.5 A~

10569

Periodic spin-polarized DFT calculations of the hyperfine and
quadrupole-induced shifts were performed in CRYSTAL17.>® Hyper-
fine parameters were calculated with B3LYP***” and a modified
B3LYP hybrid functional containing 20 and 35% Hartree—Fock
exchange, referred to as Hyb20 and Hyb3S, 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.”*"** Additional computational details, including
the number of Gaussian primitives and the contraction scheme used
for each basis set, alongside details of convergence criteria used, are
provided in the SI (Section S1).

Climbing Image Nudged Elastic Band Calculations. The
energy barriers to Na® ion hopping were determined using the
climbing image nudged elastic band (CI-NEB) double-ended
transition state searching method implemented in VASP.>® In all
cases, a geometry optimization of the initial and final states was
carried out using PBE functionals, with the same U4 parameter and
plane-wave energy cutoff as above, but a y-centered k-mesh sampling
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Figure 3. Variable-temperature PXRD and neutron PDF data: (a) shows the expansion, ¢, in the lattice parameters, a and ¢, of the superstructure,
and (b) Na site occupancies for both the parent and (2 X 2 X 1) superstructure. Note that the a lattice parameter for the parent structure is one-
half of that for the superstructure, while the c-axis is the same in both the parent and superstructures. The expansion is calculated in the following
way: € = (x—2y95 ) /%595 x, Where x is either a or c and x,g; x is the value of the parameter at 295 K (to compare to lattice parameters under battery
operating conditions). The errors for the lattice parameters and occupancies are given by the sizes of the markers. In (c), the variable-temperature
neutron PDF data is indicated, with the r = 4.1 to 4.35 A and r = 2.1 to 2.6 A regions highlighted. In (d), an expansion of the Na layer of the (2 X 2
X 1) superstructure is shown, with the positions of selected Na and Mg centers highlighted to show exemplar Na* ions with short Na*—Na*
distances that cannot be simultaneously occupied and are likely undergoing rapid exchange.

of <0.2 A™" and energy tolerance of 1077 €V. To obtain the energy
barriers, five linearly interpolated image states were generated
between the initial and final states using the VIST packages,” and
the forces perpendicular to the path connecting them were minimized
to <0.01 eV A~ Linear interpolation of the forces between these
images was then carried out to obtain the energies of each pair of
images. The composition of each cell is given in the SI (Section S9).

Molecular Dynamics Simulations. Molecular dynamics (MD)
simulations—used to assess Na" ion mobility—were also carried out
in VASP. To ensure that the calculations were affordable, the plane-
wave kinetic energy cutoff was lowered to 400 eV and y-centered k-
point sampling was kept at <0.5 A™'. The MD simulations were
carried out in the NVT ensemble using a Nosé—Hoover thermostat
with a time step of 2 fs. To ensure that diffusion could be observed
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over the time scales used, elevated temperatures were required,*”®’
with simulations being carried out at a range of temperatures from
400 to 800 K. The systems were equilibrated for a period of S ps, and
the simulations were then run for at least 160 ps. Final configurations
of MD runs were visually inspected and then optimized to ensure that
the TM framework had not changed. The self-diffusion coeflicient,
D*, could not be obtained owing to highly correlated Na* ion motion
(see Results).

B RESULTS

Synchrotron X-ray Diffraction, Neutron Diffraction,
and Pair Distribution Function Analysis of Cation
Ordering. NMMO was synthesized via a high-temperature

https://doi.org/10.1021/acs.chemmater.3c02180
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solid-state reaction between Na,COj;, MgO, and Mn,Oj; using
the route reported by us” and Maitra et al. Simultaneous
Rietveld refinements'®"” of the synchrotron X-ray diffraction
(PXRD) and powder neutron diffraction (PND) data showed
that the majority of reflections could be indexed within the
previously reported structure of NMMO (space group P6,/
mem),'® in which the Mg and Mn centers are randomly
distributed across the TM sublattice and Na* ions occupy the
Na sublattice with a random occupancy (Figure 2a, Table 1).
Additional reflections (for example, at Q = 0.91, 1.99, 2.21, and
2.83 A7, among others, see Figure 2 inset) were also present;
these have been observed and qualitatively ascribed by several
authors (studying both NMMO and other P2 NIB cathode
materials)m’62 to ordering on the TM and/or Na sublattices,
but the nature of the ordering was not determined in these
previous studies. The low-intensity reflection at Q = 1.88 A™!
was assigned to a Na,CO; impurity phase (consistent with
**Na NMR; see later).

Further refinements of the PXRD and PND data to identify
any potential superstructures proved challenging, as the
additional reflections could be indexed to both (2 X 2 X 1)
and (1/3 X /3 X 1) ordering vectors. To test possible
ordering schemes, several hundred candidate structures based
on these vectors with different combinations of symmetry
distortions of Na and/or O displacements, as well as Na, Mg,
and Mn occupancies, were generated using the ISODISTORT
software package.’” Careful consideration of the low-Q
reflection at Q = 0.91 A™! and the maximal nonisomorphic
subgroups of the parent P6;/mcm space group indicated that
only a handful of space groups allowed this low-Q reflection
(see the Supporting Information, SI). Of these, the best fit was
obtained with both the parent structure (35 wt %) and the P3
mode under the M, irrep. (i.e., a (2 X 2 X 1) expansion of the
parent structure with space group P6;/m indicated by the bold
cell in Figure 1d, 65 wt %). This refinement produced a better
match to the observed diffraction patterns than refinement to
the parent alone, indicating that a superstructure is required to
capture the “true” structure of NMMO (Figure 2b). Note that,
in the refinements, the Na, Mg, and Mn occupancies were
allowed to refine separately (within the constraints dictated by
the symmetry mode distortions) such that each Mg/Mn site
was fully occupied, and the overall stoichiometry of the sample
was preserved.

The superstructure Mg/Mn ordering reflects the ordering
seen in the parent material: Mg at the corners, center, and
centers of edges of the unit cell, with Mn surrounding them
(Figure 2g). This cell, however, has a more pronounced
ordering than in the parent cell (see the site occupancies in
Table 1). The superstructure generates eight different Na
sites—four that are P(2d)- and four P(2b)-like. In Figure 2f,
we have relabeled the Na sites as Na, and Na,, the two
different subgroups, each containing both P(2d) and P(2b)
coordination, so as to illustrate the Na-ion ordering and its
relationship to the LZZ ordering seen in Nag,CoO,, with Na
ions either in the “long zigzags” (to use Hinuma, Meng, and
Ceder’s description”'®) or in the “islands” between the long
zigzags. Some of these sites are clearly too close together to be
simultaneously occupied, as discussed later.

Refinement of both the (2 X 2 X 1) superstructure and
parent structure against, simultaneously, the synchrotron and
neutron diffraction and the neutron pair distribution function
(PDF) data gave an excellent match, suggesting that it also
provides an accurate description of the local structure (Figure
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2c,d). We note, however, that the fit to the long-range
structure from PXRD and PND is not perfect, with some of the
calculated reflections having intensities that are lower than the
observed reflections, for example, (200), (210), and (212) at Q
= 1.44, 1.99, and 2.21 A7, respectively (Figure 2b inset). To
identify possible discrepancies in our structural model that
caused these differences, a Fourier difference map was
synthesized, which suggested that Mg and Mn partially occupy
tetrahedral sites within the TM layer. Given the good fit of Mn
and Mg K-edge EXAFS data published in the work by Boivin et
al. and us to octahedral Mg and Mn, tetrahedral Mg/Mn was
deemed unlikely.'”” Additional refinements, including
domains of O2- or OP4-NMMO, indicated that neither was
present in the pristine material.

It therefore appears likely that the mismatched intensities
arise from additional displacement or occupational distortion
modes; the fit was not improved by incorporating simple
preferred orientation models or without introducing a large
number of additional degrees of freedom.

Overall, our refinement demonstrated the presence of both
Mg/Mn ordering and Na ordering: the Mg and Mn centers
show a strong tendency toward honeycomb order, with Mg
ions preferentially occupying the center, corners, centers of
edges, and faces of the unit cell and Mn centers occupying the
remaining sites (Figure 2e,g).

The effect of Na* ion ordering on the local structure is
observed in the PDF data, where the peaks between r = 2.06 A
and r = 2.76 A correspond to Na—Na distances in the (2 X 2 X
1) supercell; these are not captured by the parent only, as seen
in additional refinements in the SI (Figure S7). Note that the
total number of Na sites in each Na,/Nay, group is equal, with a
2:3 ratio of P(2b) and P(2d) sites, respectively (Table 1).

Variable-temperature PXRD (between 100 and S00 K, on
heating) and PND patterns and PDF data (between 1.6 and
295 K, again on heating) were collected (Figure 3) to explore
Na mobility and changes in ordering with temperature. As
expected, on increasing the sample temperature, the refined a
and ¢ lattice parameters increased, with ¢ increasing
approximately twice as much as a due to the greater flexibility
in the c-axis (Figure 3a).

The variable-temperature PXRD also revealed changes in
Na* site occupancies; in P2-NMMO, the ratio of P(2b) to
P(2d) sites is 2:3, and in a truly “random” occupation of the
Na* sublattice, this ratio should be reflected in the site
occupancies. Thermodynamically, however, the P(2d) sites are
anticipated to be lower in energy owing to the lower
Coulombic repulsions (between Na' and the Mg and Mn
cations in the adjacent TMO, layers). The trend observed for
the P(2d) (Nal 1to Nal 4 in Table 1) and P(2b) (Na2 1 to
Na2 4 in Table 1) Na* ions in the superstructure follows the
expected trend: P(2d) has a higher occupancy at low
temperature, and this occupancy decreases on increasing
temperature due to thermally activated occupancy of the P(2b)
sites (Figure 3b). Refinements carried out with the parent
structure do not follow this trend, with occupancies tending to
1:1 at low temperatures (Figure 3b), further suggesting that
the parent structure does not accurately capture Na® ion
ordering.

The most noticeable differences in the variable-temperature
neutron PDF data occur in the region r = 4.1 to 4.3 A:at 1.6 K,
two distinct peaks at 4.12 and 4.31 A are observed, while at
295 K, the intensity of these peaks drops and an additional
(negative) shoulder peak at approximately 4.20 A appears
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Figure 4. Variable-temperature X-band EPR of NMMO (a) shows the spectra acquired between S and 295 K, with the inset showing the subtle
changes in the point at which the spectrum crosses the x-axis (indicating a change in g with temperature), while the fitted g values for the two
resonances, A and B, are plotted in (b). The fit to the 295 K spectrum is displayed in the inset. The fitted variable-temperature intensities, (c), and
line widths, (d), of the X-band EPR spectra for NMMO. Intensities are arbitrary, so no scale is shown. In (c), a line has been added between data
points as a guide to the eye; the inset shows the paramagnetic region where the Curie—Weiss law was fit to the data. Error bars are shown in the
inset but are omitted in the main plot for clarity. In (d), the line width is plotted against the model described in the text with three different curves,
each with different critical exponents, B. The inset shows the overall variation in line width.

(Figure 3c). Based on the scattering factors of Mn and Mg
(—3.73 and +5.375 fm®"), these distances correspond to the
distance between a Mg’* cation in the TM layer and a next-
nearest neighbor Na* center (e.g, Mgl 1 and Nal 3 or
Na2 1 or Mgl 2 and Nal 2 or Na2 2; Figure 3d),
suggesting that the time-averaged distance between these
sites is changing, likely due to Na* ion motion and changes in
Na site occupancies. Note that on increasing temperature, the
lattice expansion would drive an increase in both distances (by
approximately 0.005 A) rather than an averaging of the two
distances. A small decrease in the intensity of the peak at 2.40
A is also seen from 1.6 to 295 K, alongside a more distinctive,
better-resolved peak at 2.45 A; both are consistent with Na*—
Na* distances (e.g., Nal_2 and Na2_3 to Nal_4; Figure 3d).
The changes in intensity are consistent with Na* ion hopping
and occupancy changes.

Finally, it is noted that NMMO exhibits diffuse magnetic
scattering in the neutron total scattering data below 40 K, but
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no new Bragg peaks appear, suggesting spin-glass-like behavior,
as seen in other layered cathode materials (Figure $10).%® This
highlights the absence of long-range magnetic ordering in
NMMO, as explored below, using variable-temperature
electron paramagnetic resonance (EPR) spectroscopy.
Overall, the PXRD, PND, and PDF results are consistent
with the presence of ordering on both the TM and Na®
sublattices, as well as being consistent with a change in Na* ion
hopping rates/occupancies with temperature. To investigate
the TM ordering scheme and local environments of the TM
centers in NMMO further, variable-temperature and variable-
frequency EPR spectroscopy of NMMO was carried out.
Variable-Temperature X-Band EPR Spectroscopy. At
X-band frequencies (ca. 9 GHz) at room temperature, pristine
NMMO displays a broad resonance spanning the entire field
sweep (0—1 T; Figure 4a). This peak-to-peak line width, AH,,,
is dominated by the strong electron—electron dipolar
interaction and also has contributions from a distribution of
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environments and exchange coupling (which at room temper-
ature has a negligible effect). Only Mn*" species are observed:
transitions involving the electron spin microstates of Mn®"
cannot be seen due to the large zero-field splitting of Mn** (S
= 2) centers.”

The simplest fit to the spectrum is to fit to two isotropic g-
factors; fitting to a single isotropic g-factor yielded poorer
results, while an anisotropic g-tensor or more than two
resonances overfit the spectra with little improvement in the
quality of the fit. The two resonances (labeled A and B, Figure
4b inset) most likely originate from Mn** ions with different
numbers of Mn®*, Mn*', and Mg’* nearest neighbors. A more
detailed assignment of these two features is presented later
(see Discussion). We again note that, in reality, the spectrum is
made up of several overlapping resonances, each correspond-
ing to a unique local Mn*" environment.

On cooling NMMO from 290 to 50 K, the X-band EPR
spectrum increases in intensity, and the g-factors of both
resonances decrease—this is more clearly seen on close
inspection of the spectra and their fits (Figure 4a inset and
b)—and AH,, generally increases (i.e., the resonance initially
narrows, then broadens; Figure 4a—d). The increase in
intensity is ascribed to the increase in the static susceptibility
of the sample, while the decrease in g and narrowing of signals
on cooling can be ascribed to an exchange interaction
effect.”>°° As temperature decreases further, spin fluctuations
occur less frequently (due to less thermal randomization), the
spatially anisotropic magnetic exchange interactions become
poorly averaged, local magnetic environments with different
anisotropic exchange interactions start to be observed, and spin
clusters develop, causing a broadening of the resonances.’®
Below 50 K, the observed signals arise from transitions
between the microstates of spin clusters (these are a distinct
set of spin microstates from the localized, single-center spin
states seen at higher temperatures).66 Cooling the sample
therefore enables new magnetic environments to be observed,
whose resonant frequencies differ from those in the para-
magnetic state and are thus difficult to detect.

The temperature variation in the maximum intensity of the
overall spectrum (i.e., the combined intensity of resonances A
and B together) was fit to a Curie—Weiss law (Figure 4c)
between 50 and 300 K, yielding a localized mean-field Weiss
constant, 6, of —36 K, reflecting weak antiferromagnetic
coupling; the measured value from bulk magnetic susceptibility
measurements in the literature is also negative but is smaller
(=9 K*). The EPR-derived Weiss constant probes only local
interactions rather than the bulk average, likely accounting for
the difference between the two values. Among the exchange
interactions in pristine NMMO, the antiferromagnetic Mn**—
Mn®*" interaction (mediated via ¢, orbitals and by the direct
overlap between t,, orbitals due to shortening of the JT-
distorted Mn—O bonds) should be largest in magnitude but
will likely have a low probability of occurrence (since, per
formula unit, there are only ca. 0.11 equiv of Mn®"); the
Mn**~Mn* and Mn**—Mn* interactions will be either
weakly ferromagnetic or weakly antiferromagnetic, owing to
the competing ferromagnetic superexchange (from thg to tg via
intervening O 2p orbitals; see the SI, Figure S13) and
antiferromagnetic direct exchange interactions; the former will
have a slightly higher probability of occurrence than the
Mn**'—Mn*" interaction; the antiferromagnetic Mn*"'—Mn*"
interaction will be the most abundant, accounting for the
overall negative Weiss constant.
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Extending the local Weiss constant method to the individual
resonances, we obtain 8, = —41 K and 6 = —18 K. This also
matches well with the assignment and expected magnitudes of
the exchange interactions between Mn** and Mn**. Plots of 1/
intensity vs temperature revealed an approximately straight-line
Curie—Weiss trend (Figure S14).

The variation in AH,, as a function of temperature displays
three regimes (Figure 4d): an initial, approximately linear,
decrease from room temperature down to 200 K; an
approximately constant line width between 200 and 140 K;
finally, a rapid increase in the line width down to 50 K. Cooling
below 50 K sharpens the signal, a consequence of exchange
narrowing and the loss of severely broadened signals.

The temperature dependence of AH,, was fit to the
equation derived by Mori and Kawasaki to describe the
temperature dependence of EPR line widths for low- and
three-dimensional antiferromagnetic materials

T p
AH,, = AH* + P(iN] + aT
T - Ty (2)

where AH* is a parameter describing the exchange-narrowed
line width, P and a are constants of proportionality, Ty is the
Néel temperature (6.5 K from our previous work™), and f is
the critical exponent. The second term in the equation
describes the critical behavior between the paramagnetic
regime and the (locally) ordered regime. The critical exponent,
B, in eq 2 may be expressed in terms of a spin correlation
length, #, its divergence v and the divergence of the specific
heat capacity of the material, {

_ (7 +nv
2

p —2(1-9)

3)
For three-dimensional antiferromagnetic materials, f = 1/3,
while two-dimensional antiferromagnets have f = 3/ 268773
These quantities are in contrast to the conventional critical
exponent obtained from magnetization data; the origin of this
difference is complex but primarily stems from magnetization
data requiring no wave-vector-dependent sums over the
dipolar autocorrelation function; EPR data does require this.
For a more detailed explanation, please see refs 69—71.

For NMMO, a value of § = 1/3 produces a relatively good
fit (* = 0.6); B = 3/2 or 1 gives a poor fit (r* = 0.1 or 0.2,
respectively). However, all of these fits appear qualitatively
similar, suggesting a behavior somewhere between a two- and
three-dimensional antiferroma%net, as seen in other layered
honeycomb-ordered materials.”"”>”* Overall, we may con-
clude that the variable-temperature X-band EPR data is
consistent with Mn** centers surrounded by Mn*', Mn*,
and Mg*" neighbors in a honeycomb-ordered array.

Room-Temperature 22Na NMR Spectroscopy. To
investigate the consequences of cation ordering on the Na*
mobility in NMMO, variable-temperature **Na NMR spec-
troscopy was carried out. We chose “intermediate” magnetic
field strengths (11.7 and 16.4 T) in this work as a compromise
between the strong quadrupolar and hyperfine interactions
(see Figure S20 for spectra acquired at different field
strengths).

As shown in our previous work,” the *Na NMR spectrum
of pristine NMMO contains four isotropic resonances: one at 0
ppm, corresponding to diamagnetic Na-containing phases
(most likely surface species, such as carbonates, as seen in
PXRD, Figure 2), and, at “room temperature” (approximately
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Figure 5. (a) “Room temperature” **Na NMR spectra for P2-NMMO, acquired at different MAS rates under a field of 11.7 T; the isotropic
resonances are highlighted in bold. All spectra are scaled by sample mass and number of scans. Note that “room temperature” here refers to the
ambient sample temperature generated by frictional heating under MAS. The low-frequency, central, and high-frequency resonances are labeled I,
11, and III, respectively, as shown in the 60 kHz spectrum. In (b), the variable-temperature 50 kHz MAS **Na NMR Hahn-echo spectra at a field of

16.4 T are shown.

318 K under 60 kHz magic angle spinning, MAS, due to
frictional heating), three overlapping signals between approx-
imately 1350 and 1550 ppm, denoted I, II, and III for the low-
frequency, central, and high-frequency resonances, respectively
(Figure Sa). The isotropic resonances were identified using
PjMATPASS experiments (Figure S15).

The shifts of the resonances are controlled by the strong
electron—nuclear hyperfine interaction between unpaired
electrons on Mn and the nuclear spins of 2Na and, as such,
are temperature-dependent due to the inherent Curie—Weiss
paramagnetism of the sample (i.e., hyperfine shifts are inversely
proportional to temperature).””**~>* On decreasing the MAS
frequency, which also decreases sample temperature, the shifts
increase (Figures Sa, S18). The width of the sideband manifold
is dominated by the dipolar coupling between the **Na nuclei
and the time-averaged magnetic moments centered on the Mn
ions, which for nuclei within the layers of the a-NaMnO,-type

10574

structure gives rise to a characteristic asymmetric line
shape.”>"*

The breadth and intensity of the individual isotropic
resonances vary with spinning: higher spinning speeds (and
thus temperatures) give rise to sharper and more intense
signals, while lower spinning speeds and thus temperatures
yield broader, weaker signals (Figures 5a and S18).”"”” This,
as discussed in our prior work, indicates that mobility of Na*
ions within the layers enters the “chemical exchange” time
scale at temperatures below approximately 318 K.>"”” When
the Na" ion hopping rate between neighboring Na® sites is
high compared to the difference in frequencies of the sites, a
sharp signal is seen, while slower hopping (compared to the
site frequency difference) gives broader, less intense signals.
The relative intensities of resonances I, II, and III change as a
function of spinning speed/temperature. At 60 kHz, II is most
intense, followed by I and then III, while at 40 and 45 kHz
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Figure 6. Simulations of variable-temperature *Na NMR data obtained for NMMO. In (a), the simulated spectra (calculated from the Bloch—
McConnell model; note that the simulations only recreate the isotropic peaks) are shown, with the experimental spectra in (b). The hopping rates
for “forward” (P(2d) to P(2b)) and “reverse” (P(2b) to P(2d)) hops are shown in (c), and the final assignment of the spectra is shown in (d).

(296 and 300 K, respectively), I is most intense, while II and
III have broadened out and decrease in intensity, again
indicating that motion involving the ions that give rise to these
resonances is entering the intermediate regime. Fixed-temper-
ature, variable MAS speed experiments at 316 K and above are
consistent with this (Figure S18). T, experiments indicate that
each resonance experiences a different T, due to their unique
local environments; sites experiencing shorter T,s will
generally be less intense than those with longer T's.

The most surprising observation that we need to rationalize
is that there are three discrete peaks, and yet multiple Na-local
environments are present in the static structure, even with a
degree of cation ordering. While motion can potentially explain
this, it is not immediately obvious why three peaks remain.

Variable-Temperature 2Na NMR Spectroscopy. To
investigate the motion further, we carried out variable-
temperature *Na NMR experiments at fixed spinning speeds
of 50 kHz over a much wider temperature range (Figure Sb).
Between 250 to 391 K, the same three observations as above
are noted, ie., an increase in the isotropic shifts with
decreasing temperatures; a changeover in intensities between
resonances I and II; and a broadening and overall decrease in
the intensity of the resonances as temperature falls, although
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there are some key differences. These spectra were obtained at
a field of 16.4 T, the higher field strength used to determine
what (if any) effect changing the quadrupolar interaction
strength would have on the spectrum, as well as to increase
resolution and identify any additional peaks that may be
hidden underneath the sideband manifolds. Additional
variable-temperature data at 28 and 50 kHz at 11.7 T are
presented in Figures S15 and S16; these results are consistent
with those at 16.4 T, with no change in lineshapes from 11.7 to
16.4 T and no additional peaks were identified (Figure S).

At 250 K, a relatively broad, low-intensity, featureless
isotropic resonance is observed with a very broad spinning
sideband manifold, suggesting slow Na" hopping. Curie—Weiss
scaling of the shifts of the resonance between 250 and 275 K to
the shifts of resonances in the higher temperature spectra
reveals that the low-temperature broad feature corresponds to
resonance I (Figure Sb).

On heating the sample to 275 K, the peaks broaden; at 281
K, two peaks of approximately equal integrals become resolved
(Figure S22). Curie—Weiss scaling indicates that this second
signal corresponds to resonance II (Figure S21).

On further heating to 293 K, resonance II becomes slightly
more intense than resonance I; further heating increases the
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intensity of I more than I (Figure Sb). At 299 K, resonance 111
becomes distinguishable from the baseline. Further heating
increases the integral of peak II but decreases the integral of I;
the integral for III remains approximately constant. I and II
remain significantly sharper than III, suggesting that Na* jons
corresponding to III are in the intermediate regime, even at
high temperatures—diagnostic of either slow hopping and/or
a large difference in the exchanging sites’ shifts. The decrease
in signal Is integral (despite increasing signal height) suggests
population transfer from the Na species in I to those in IL
Additional attempts to reach higher temperatures than those in
Figure 5b to see whether the three resonances would merge
(suggesting exchange across all sites) proved unsuccessful, as
the lower MAS speeds dictated by the larger rotor used to
reach higher temperatures resulted in poorer resolution.
Spectra acquired at lower temperatures (242 and 100 K)
were also consistent with Na* hopping between P(2d) and
P(2b) environments; see the SI for further details (Figure
$23).

Modeling and Simulating 2Na NMR Spectra. To
account for the effect of Na* ion mobility on the observed
NMR spectra, the variable-temperature spectra for NMMO
were simulated using the Bloch—McConnell model described
in the SI and assuming that Na* ions undergo isolated hops
(i.e., hops that are not influenced by other nearby Na* ion
hopping) between pairs of sites. Our model builds on that in
previous work, where spectra were computed assuming a single
hopping rate for all sites,”” or where shifts are computed in the
high-temperature (fast-exchange) regime.””" Since only three
peaks appear in the high-temperature regime, it is a reasonable
first approximation to assume that three exchanging pairs will
be sufficient to describe the system. For the sake of simplicity,
we elected to model hops between sites with Mg>* and Mn**
neighbors only (ie, no Mn*" neighbors). Examining the
probabilities of the different honeycomb-ordered environments
reveals that the most probable site exchanges occur between
these Mn**/Mg**-only sites (Tables S3—S5). The presence of
a dynamic Jahn—Teller distortion, as well as the strong
tendency of the system to order toward Na,,3[Mg, sMn, 3]0,
(a Mn**-only system), makes modeling with Mn>* challenging
(see the SI, Section S8, for further details). Additional
simulations that include Mn*" are included in the SI to
investigate what effect, if any, Mn>* has on the simulations and
resulting spectra [Figures S27 and S28].

The simulation results and extracted hopping frequencies are
listed in Figure 6. The simulations were iterated by varying the
hopping frequencies of each site while keeping the hopping
attempt rate constant and the shifts of static resonances fixed
to those obtained from calculations (scaled to the experimental
sample temperature using the Curie—Weiss law).

The spectra were modeled using all possible combinations of
Na* sites in the honeycomb Na,;[Mg, sMn, /3]0, model. Of
these, only one model reproduced the observed data;
resonance I corresponded to Na® ions hopping between a
P(2d) site and a P(2b) site with one Mg>" nearest neighbor
and one Mn*" nearest neighbor; resonance II corresponded to
Na' ions hopping between a P(2d) site and a P(2b) site with
two Mg** nearest neighbors; and III corresponded to Na* ions
hopping between a P(2d) site and a P(2b) site with two Mn*"
nearest neighbors (Figure 6d); see Discussion for the
connection between each of the peaks and the environments
in the supercell obtained from XRD. Simulations using the
same parameters also provided a good fit to the lower field
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(11.7 T) spectra acquired at 28 and 50 kHz, further validating
the model (Figures S19 and S20). Given the good fit to the
data, alternative models with more than three pairs of
exchanging ions do not appear justified, although much slower
exchange between ions in different pairs will likely be
occurring.

The hopping rates extracted from the simulations reveal an
approximately linear trend in the log of the hopping rates, k, as
a function of the inverse of sample temperature, T, between
250 and 312 K (Figure 6¢), as expected for a constant
activation energy barrier to hopping with respect to temper-
ature. An Arrhenius fit of this line yielded energy barriers
between 260 and 380 meV (Figure S26). Deviations from an
ideal straight line likely arise from small changes to the barrier
due to changes in bond angles and lengths (causing small
changes to the bond pathways). It is also anticipated that the
effect of the dipolar and quadrupolar interactions (not
accounted for here) will influence the line shape; accounting
for these contributions and the effect of correlated motion is
beyond the scope of this work but presents an interesting
avenue of future research.

Ab Initio Calculations of the Na* lon Hopping
Barriers. To compare the extracted hopping rates from **Na
NMR simulations, the energy barriers to Na* ion hopping in
NMMO were determined using a series of climbing image
nudged elastic band (CI-NEB) calculations on a set of model
systems, namely, P2—Na,,,MnO,, P2—Na,,,Mg,,Mn;,0,,
and honeycomb-ordered P2—Na, ;Mg sMn, ;0,; see Section
S9 of the SI for further details and results. The gradual increase
in Mg content was applied to see what effect Mg has on the
energy barriers associated with hopping between the P(2d)
and P(2b) sites. In each case, a (2 X 2 X 1) supercell was
constructed; the P2—Na, ,MnO, and P2—Na, ,Mg, ,sMn; 0,
systems achieved good k-mesh and plane-wave energy cutoff
convergence, but the P2—Na,,;Mg;,sMn, 30, system could
not be converged, regardless of cell size or distribution of Mg
and Na ions. For all Na* hops investigated, the hopping Na*
ion begins in a P(2d) site and ends up in a P(2b) site with a
different local environment (i.e., a different number of Mg2+,
Mn?*', and Mn** nearest neighbors); in all cases, the P(2b) site
was higher in energy than the P(2d), as expected on
Coulombic repulsion grounds.

In the case of NaysMnO,, the energy barrier to hopping was
approximately 180 meV, while that for Na,,Mg,,Mn;,O,
was approximately 270 meV (Figure $32). These barriers are
consistent with those extracted from the Arrhenius fits from
the NMR simulations. The increased hopping barrier to a site
with Mg?* nearest neighbors is perhaps unsurprising: to keep a
net charge of +2 from the nearest neighbor cations around O*~
(i.e,, to remain locally electroneutral), the oxidation state of
Mn must increase from +3 to +4 when Mg’ is introduced.
The increase in the Mn oxidation state increases Coulomb
repulsion with nearby Na®, raising the barrier to Na* hopping.

Intriguingly, CI-NEB runs with Mg-doped into the TMO,
layer resulted in more cooperative Na* ion motion, while in all
systems, when one Na* ion was set to hop, others also changed
the position, and when Mg2+ was introduced, more Na* ions
nearby the hopping Na® center moved and/or the distance
moved by nearby Na" ions increased. It is anticipated that this
cooperative motion results in a relatively shallow potential
energy surface, meaning that converging in a transition state
becomes challenging. The cooperative motion can also be
ascribed to a tendency toward electroneutrality around O*”: if
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the O™ center loses a Na* nearest neighbor, the nearby Na*
ions will hop toward the vacancy to minimize the change in
local charge (removing one Na' from the O first
coordination shell decreases the positive charge delivered to
o by +1/6, as each Na' is bound to six 0%7). As a result, a
single Na" ion hopping will encourage nearby ions to hop in
such a way that it preserves electroneutrality and, therefore, the
local ordering of Na* jons.

This strongly cooperative motion is also reflected in ab initio
molecular dynamics (AIMD) simulations of (2 X 2 X 1)
supercells (a = b ~ 10 A, ¢ ~ 11 A) of Na,,;;Mg,,;Mn,,;0,
(Figure 7): hops from one Na' to the next are not

(PN A) (O™ (A (P@D™ A)  Aroh™ (A) (FmD™ (A)

0 20 40 60 80 100 120

t(ps)

Figure 7. Ab initio molecular dynamics results for Na* ions diffusing
in P2—Na,,3[Mg,/;sMn, /3]0, (a &~ 102 A, b ~ 102 A, c ~ 114 A),
showing the root-mean-square displacement of Na* ions, (r*(t))"?,
between 400 and 800 K.

independent, but instead are cooperative, with one hopping
Na* causing its neighbors to also (begin to) hop. Instead of a
linear trend in the root-mean-square (rms) displacement,
(Ar(t)*), with time, an initial sharp rise in (Ar(t)?) is seen,
followed by an oscillatory rms displacement about an
approximately constant value (ca. 40 AZ), suggesting that,
after an initial perturbation, Na® ions do not necessarily
displace in a way to explore a large region of space but instead
remain constrained to a small region of space. It is
acknowledged, however, that this picture is limited as the
simulation time is relatively short, and only a few hundred Na*
hops are observed.

This variation in (Ar(t)?) with time has been previously
seen in similar cooperative motion systems, for example, in
polymer-in-solution systems®"*> and other ionic systems,*’
and has also been explored in other NIB cathodes, where Na*
ion motion was seen to be significantly faster at or near
antiphase boundaries between Na*/vacancy ordered regions.
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Our results indicate that Na* ion motion in NMMO is
cooperative and likely driven by local electroneutrality.

B DISCUSSION

The tendency of pristine NMMO to adopt an ordered
structure in which Mg and Mn are approximately honeycomb
ordered and the Na sublattice is also ordered can be
understood by a tendencz for local electroneutrality, as seen
in other cathode systems.”* Ideally, each 0>~ center would be
coordinated by three species in the TM layer (Mg, Mn**, or
Mn*") and zero, one, two, or three Na* ions in the adjacent
layer. From the perspective of an O anion (charge —2), there
are always three TMs in the first coordination sphere (ignoring
vacancy defects) and either zero, one, two, or three Na*
neighbors. Since each of the TM and Na® centers shares
their charge with six O centers (assuming no O~ vacancies),
each O receives one-sixth of a metal center’s charge.

Local electroneutrality can therefore be achieved only in six
ways (assuming a random distribution of all cationic species;
Table 2). Based on the 2/3 occupancy of the Na* sublattice,

Table 2. Locally Electroneutral Sites Around the O® in
Pristine NMMO, with Probabilities of Each Environment
Based on the Occupancies of the Na and TM Sublattices

no. of Na* no. of Mg?* no. of Mn®* no. of Mn**  probability

n.n. n.n. n.n. n.n. (%)
(1) 0 0 0 3 284
(2) 1 0 1 2 154
(3) 2 1 0 2 39.1
4) 2 0 2 1 2.8
(s) 3 1 1 1 14.1
6) 3 0 3 0 0.2

the probability of an O* center having no Na® nearest
neighbors is approximately 4%, while the probability of having
one Na" nearest neighbor is 22%, two Na" nearest neighbors is
44%, and three Na" nearest neighbors is 30%. When combined
with the probability of the occupancies of the TM sites, we find
the most probable environments are environments (1), (3),
and (5); O(1) has no Na* neighbors, so it is very unlikely
given the high Na* content in NMMO, while O(3) and O(S)
correspond to locally honeycomb-ordered environments and
are closest in composition to the bulk stoichiometry. These
two constitute over half of the electroneutral environments.
The presence of (at least local) honeycomb order on the TM
sublattice is also evident from X-band EPR, where two
resonances, A and B, were observed. In previous work,
Stoyanova et al. observed larger g-shifts (i.e., greater deviation
of the g-factor from the free-electron g-value, g,) for centers in
Na,[Co;,,NiMn,]O, (x = 1/2, 1/3; y = 1/2, 1/3) with
strong local exchange couplings, while species with weaker
exchange couplings showed a g-value closer to g..”® This may
be rationalized by considering that strong exchange coupling
augments the apglied field significantly, resulting in a large
apparent g-factor.””*" In the case of Mn**, the less-than-half-
filled shell results in a g lower than g.*” If these Mn*'
experience strong superexchange, the g-values will be even
further from g,. Since Mn*" typically has a stronger exchange
than Mn*" (as the Mn®" exchange interactions are mediated by
€ orbitals), the more Mn®* centers near Mn*', the lower the g-
factor is expected to be.”® It is also expected that more Mg**
centers around a Mn*" will move g closer to g,, as Mg has a
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Figure 8. Identifying the superstructure with (a) EPR and (b) NMR observations. In (a), the two most likely local electroneutral environments
around O are depicted and assigned to the two resonance classes seen in EPR, A and B. In (b), a view down the c-axis of the Na*/vacancy ordering
obtained from PXRD refinements is shown, with loops drawn around pairs of Na* ions which exchange between the local environments shown
below, labeled as I, II, and III, corresponding to the three resonances seen in >*Na NMR, shown to the right.

smaller spin—orbit coupling constant than Mn and therefore a
smaller influence on the g-factor of the unpaired electron.
Based on these observations and assumptions, resonance A
(with a g-factor further from g,.) can be tentatively assigned to
Mn** with at least one Mn®* nearest neighbor and resonance B
to Mn*" with only Mn* and Mg*" nearest neighbors. The
presence of JT-distorted Mn®" near Mn*" will likely also
increase the spin—orbit coupling contribution to the g-factor.””
This is also consistent with observations that Mn** species in a
Mn*"-only lattice have g-factors of approximately 1.98, as
observed (Figure 4b).678482 On the basis of empirical
observations by Stoyanova et al,**~* in which species with
stronger exchange interactions have larger g-shifts, A may be
assigned to Mn*" with one Mn’" neighbor, two Mn*"
neighbors, and three Mg2+ nearest neighbors (i.e., electro-
neutral environment (5)) and B may be assigned to Mn*" with
three Mn*" neighbors and three Mg>" neighbors (electro-
neutral environment (3); Figure 8a). Additional high-
frequency EPR results also indicated the formation of spin
clusters below 50 K, consistent with the temperature at which
the field-cooled and zero-field cooled susceptibility bifurcate®
and the point below which diffuse magnetic scattering in
neutron diffraction is observed (Figure S10). These spin
clusters likely develop through competing exchange inter-
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actions between domains of the lattice with different TM and
Na*/vacancy orderings.

The effect of ordering on the TM sublattice has
consequences for the Na* sublattice: Na* ions adopt a “long-
zigzag” (LZZ)-like configuration, as seen in other cathode
materials with a Na* content x = 0.67.7'%%*°~% Here, Na*
ions can be grouped into those Na* in the zigzag regions of the
LZZ structure, Na,, or the island regions, Na,. Based solely on
the vacancy concentration, the former is anticipated to be more
mobile than the latter. This is also borne out in the observed
and simulated variable-temperature **Na NMR spectra (Figure
6): resonances II and III may be ascribed to Na* ions in layers
with LZZ-like ordering, where Na® ion hopping occurs
between P(2d) sites and P(2b) sites with two Mg** nearest
neighbors (and no Mn*" nearest neighbors) or between P(2d)
and P(2b) with two Mn*" nearest neighbors (and no Mg**
nearest neighbors, Figure 8b), respectively. We see only three
peaks because the exchange is a local rather than a long-range
process (on the time scale probed by the NMR experiments)
in which Na* ions explore only two local environments (the
initial and final states), such that local electroneutrality before
and after the hop is preserved. The tendency of NMMO to
order limits the total number of local environments, resulting
in a spectrum with many fewer lines than expected.
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Resonance II is assigned to Na® ions hopping between
P(2d) and P(2b) with two Mg** nearest neighbors. Of all of
these local exchanges, one-third arise from Na, < Na,
hopping, one-third from Na, < Na, hopping, and one-third
from Na, < Na, hopping. Here, the difference in the resonant
frequency of the exchanging Na® sites is small; since resonance
IT is sharp and high in intensity at most temperatures but
rapidly decreases in intensity at lower temperatures, we
anticipate the barriers to hopping to be small, such that
these ions are (on the NMR time scale) in the fast (high T) or
intermediate (lower T) regime of motion. The low barriers
likely stem from the low Coulomb repulsion experienced in the
P(2b) site coordinated by two Mg>" neighbors, in contrast to
the higher repulsion expected when either one or two Mn
centers coordinate the P(2b) site. The relative energies of
these pathways are also consistent with the bond valence
energy landscapes obtained from the PXRD Rietveld-derived
structures (Figure S12). We note, however, the difference in
the barriers to hopping to a P(2b) site with only Mg
neighbors and to hopping to a P(2b) with Mn neighbors
(according to bond valence energy landscapes) is approx-
imately 100 meV, so not significantly larger.

When Na' ions hop between P(2d) sites and P(2b) sites
with two Mn*" nearest neighbors, the difference in resonant
frequency is large: approximately 1840 ppm at 318 K. We
therefore suggest that, due to the large difference in site
frequencies, these Na® centers only enter the fast-hopping
regime at the highest temperatures. On this basis, we assign
these local hops to 2*Na resonance III, consistent with
simulations. These local environments are present in both
Na, and Na, sites seen in PXRD (Figure 2f); approximately
40% of these local exchanges are from Na, <> Na, hopping,
40% is from Na, <> Na, exchanges, and 20% from Na, < Na,
exchange. Again, the barrier to this hopping is not expected to
be significantly larger than that for the exchange in resonance
I, as these hops were those seen most clearly in variable-
temperature PXRD and PDF (Figure 3d).

Resonance I is assigned to Na* ions in the parent-like layers,
where the adjacent TMO, layers have a honeycomb arrange-
ment of Mg and Mn, but the relative lateral positions of Mg
and Mn from one layer to the next are random. Such local
environments may also be achieved in antiphase boundaries
between different domains of the crystallites. The loss of order
in these regions results in a loss of LZZ-like ordering of these
layers, with Na* ions instead randomly occupying sites in these
parent material layers. It is expected that the energy barrier for
hops between these sites lies between the barriers for the Na*
ions corresponding to resonances II and III, again based on the
local vacancy concentration. Since the difference in the **Na
NMR frequencies of the island sites (either P(2d) and P(2b)
with two Mg** nearest neighbors or P(2d) and P(2b) with two
Mn*" nearest neighbors) is, on average, lower than the
difference for the honeycomb border sites (Figures 7, S29) but
the rate of hopping is likely slower, it is expected that the island
sites will behave in a fashion similar to the honeycomb border
Na® ions, i.e., resonances from these Na* ions will only sharpen
at high temperatures, where Na* is in the fast-hopping regime;
at lower temperatures, the resonance will remain broad and
low in intensity, as observed.

Finally, it is noted that Na* ion motion in NMMO (both in
the parent phase and superstructure) can readily occur because
all the Na sites are partially occupied; motion is, however,
expected to be highly correlated based on CI-NEB and AIMD
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results. This cooperativity is likely a direct consequence of
retaining local electroneutrality, with one Na* hop resulting in
different Na*—Na* and Na*—TM Coulombic interactions; it
explains, at least in part, the difficulty in obtaining a good
Rietveld fit of the long-range structure to the observed PXRD
and neutron diffraction (Figure 2b) while faithfully capturing
the average local structure in both NMR and PDF. In other
words, the cooperative Na* ion motion results in several local
ordering schemes, each of which could be described by a
superposition of several symmetry modes describing Na*
displacement.

The superstructure adopted by layered NIB cathodes such as
NMMO has important consequences for the electrochemical
performance of the cathode. In general, the presence of
ordering on the Na sublattice makes Na* ion diffusion sluggish
compared to disordered materials, owing to the increased
(enthalpically driven) energy barrier to Na* ion hopping;” this
will likely result in a large activation barrier to Na* extraction at
the early stages of desodiation to overcome the energy barrier
to disrupting the Na/vacancy ordering.”*”'" Indeed, the
Nay¢;Mg,Mn,_,0, family (of which NMMO is a member)
adopts multiple polymorphs depending on the stoichiometry
of the material and synthetic conditions, with each member of
the family having different electrochemical performances
depending on the Mg content.”*”> The best performance
was observed for NagsMgyoMnggyO, where the random
distribution of Mg in the TM layer disrupted Na* ion ordering,
leading to large capacities even at high cycling rates. In
NMMO, the superstructure is expected to enable fast Na* ion
motion for the Na' in the hexagonal borders but slower
motion in the island sites, as seen from NMR simulations. The
ordering on the TM site is anticipated to have implications for
the electronic structure of NMMO: it has been proposed by
several authors that the superstructure in layered NIB (and
lithium-ion battery) cathodes can enable more reversible
oxygen redox reactions by developing more delocalized states
or by facilitating TM migration and pairing of oxidized O
centers to form O,."> Therefore, the superstructure present in
the pristine material may be the cause of the high capacities at
relatively fast cycling rates seen in NMMO.

Bl CONCLUSIONS

In conclusion, an ordering scheme accounting for the
additional superstructure reflections in Nay ;[ Mgy,sMng7,]O0,
has been proposed using synchrotron X-ray and neutron
diffraction, pair distribution function analysis, variable-temper-
ature »Na NMR, and variable-temperature and -frequency
EPR. This ordering arises from a tendency for local
electroneutrality.

By carefully modeling the PXRD, an average bulk structure
was generated using distortion modes on the Na and TM
sublattices to describe ordering on both the TM and Na
sublattices. It is acknowledged that the true superstructure may
be a combination of two different k-vectors (supercells), one
for each sublattice, or that it contains more subtle distortions,
with more modes active within the supercell We note,
however, that the peaks that are not well fit are small relative to
the main peaks in the pattern.

At a local level, the superstructure presented in this work is
consistent with neutron PDF, variable-temperature, variable-
frequency EPR, and variable-temperature NMR. Analysis of
the EPR data revealed at least two Mn*" environments, which
differ in the number of Mn®*" and Mn*" nearest neighbors,
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rationalized by considering the magnetic exchange interactions
for each unique resonance. A thorough analysis of the observed
®Na NMR spectra using Bloch—McConnell simulations
enabled the mobilities of three distinct honeycomb Na*
environments to be identified, rationalized, and explained
within the superstructure ordering model. It was determined
that those Na* closest to Mg2+ centers hop fastest, while those
closer to Mn** centers hop at a much slower rate, presumably
on account of the lower repulsion from Mg giving smaller
activation barriers.

Our analysis shows that the relatively simple *Na NMR
spectrum at room temperature stems from the presence of
short-range, rather than long-range, hopping of Na® ions
between sites. In other words, Na* ions explore only a
relatively small region of space. Furthermore, hops encourage
nearby Na' ions to move to preserve local electroneutrality,
resulting in little change in the short- and long-range structures
before and after hopping.

The methodology presented in this work—studying local
and bulk structures using noninvasive scattering and magnetic
resonance techniques in combination with ab initio calculations
and simulations—is critical to understanding the local
structures adopted by cathode materials and the consequence
of superstructures on their electrochemical performance.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02180.

The Supporting Information contains a detailed
experimental, additional variable-temperature **Na
NMR, NMR simulations, additional Rietveld refine-
ments, details on calculations and assignments, and a
discussion of the theory behind the Bloch—McConnell
equations (PDF)

B AUTHOR INFORMATION

Corresponding Author
Clare P. Grey — Yusuf Hamied Department of Chemistry,
University of Cambridge, Cambridge CB2 1EW, UK,;
orcid.org/0000-0001-5572-192X; Email: cpg27@
cam.ac.uk

Authors
Euan N. Bassey — Yusuf Hamied Department of Chemistry,
University of Cambridge, Cambridge CB2 1EW, UK,;
Present Address: Materials Research Laboratory,
University of California, Santa Barbara, Santa Barbara,
California 93106-5121, United States of America;
orcid.org/0000-0001-8827-7175
Ieuan D. Seymour — Department of Materials, Imperial
College London, London SW7 2AZ, UK, Present
Address: Advanced Center for Energy and Sustainability
(ACES), Department of Chemistry, School of Natural and
Computing Sciences, University of Aberdeen, King’s
College, AB24 3UE Aberdeen, Scotland, U.K,;
orcid.org/0000-0002-9550-9971
Joshua D. Bocarsly — Yusuf Hamied Department of
Chemistry, University of Cambridge, Cambridge CB2 1EW,
U.K; Present Address: University of Houston,
Department of Chemistry, Lamar Fleming Jr., Building,
3585 Cullen Blvd, Room 112, Houston, Texas 77204-

10580

5003, United States of America.;
7523-152X

David A. Keen — ISIS Facility, STFC Rutherford Appleton
Laboratory, Didcot OX11 0QX, UK,; ® orcid.org/0000-
0003-0376-2767

Guido Pintacuda — Centre de RMN a Tres Hauts Champs,
UMR 5082 (CNRS/Université Claude Bernard Lyon 1/
Ecole Normale Supérieure de Lyon), University of Lyon,
69100 Villeurbanne, France; ® orcid.org/0000-0001-7757-
2144

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.3c02180

orcid.org/0000-0002-

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

E.N.B. acknowledges funding from the Engineering Physical
Sciences Research Council (EPSRC) via the National
Productivity Interest Fund (NPIF) 2018 (EP/SS515334/1).
J.D.B. acknowledges funding from the Faraday Institution
(EP/S003053/1, FIRGO016). The authors also thank the
Science and Technology Facilities Council (STFC) and ISIS
Neutron and Muon source for neutron data (experiment no.:
RB2010350). Additional thanks are given to the staff scientists
at beamline I11 of the Diamond Light Source for synchrotron
data using block allocation group time under proposal
CY34243. This work also utilized the ARCHER UK National
Supercomputing Service via our membership in the UK’s HEC
Materials Chemistry Consortium, funded by the EPSRC (EP/
L000202). The research was also carried out at the Center for
Functional Nanomaterials, Brookhaven National Laboratory,
through the U.S. Department of Energy, Office of Basic Energy
Sciences, Contract DE-AC02-98CH10866. E.N.B. would also
like to thank A. Van der Ven and M.A. Jones for illuminating
discussions.

B REFERENCES

(1) Slater, M. D.; Kim, D.; Lee, E; Johnson, C. S. Sodium-Ion
Batteries. Adv. Funct. Mater. 2013, 23 (8), 947—958.

(2) Palomares, V.; Serras, P.; Villaluenga, I.; Hueso, K. B.; Carretero-
Gonzilez, J.; Rojo, T. Na-Ion Batteries, Recent Advances and Present
Challenges to Become Low Cost Energy Storage Systems. Energy
Environ. Sci. 2012, 5 (3), 5884.

(3) Palomares, V.; Casas-Cabanas, M.; Castillo-Martinez, E.; Han,
M. H;; Rojo, T. Update on Na-Based Battery Materials. A Growing
Research Path. Energy Environ. Sci. 2013, 6 (8), 2312—2337.

(4) Delmas, C. Sodium and Sodium-Ion Batteries: 50 Years of
Research. Adv. Energy Mater. 2018, 8 (17), No. 1703137.

(5) Mariyappan, S.; Wang, Q.; Tarascon, J. M. Will Sodium Layered
Oxides Ever Be Competitive for Sodium Ion Battery Applications? J.
Electrochem. Soc. 2018, 165 (16), A3714—A3722.

(6) Delmas, C.; Fouassier, C.; Hagenmuller, P. Structural
Classification and Properties of the Layered Oxides. Phys. B+C
1980, 99 (1—4), 81-85.

(7) Clément, R. J.; Bruce, P. G.; Grey, C. P. Review—Manganese-
Based P2-Type Transition Metal Oxides as Sodium-Ion Battery
Cathode Materials. J. Electrochem. Soc. 2015, 162 (14), A2589—
A2604.

(8) Fouassier, C.; Delmas, C.; Hagenmuller, P. Evolution Structurale
et Proprietes Physiques Des Phases AXMO2 (A = Na, K; M = Cr,
Mn, Co) (x < 1). Mater. Res. Bull. 1975, 10 (6), 443—449.

(9) Meng, Y. S.; Hinuma, Y.; Ceder, G. An Investigation of the
Sodium Patterning in NaxCoO2 (0.5<x<1) by Density Functional
Theory Methods. J. Chem. Phys. 2008, 128 (10), No. 104708.

https://doi.org/10.1021/acs.chemmater.3c02180
Chem. Mater. 2023, 35, 10564—10583


https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02180?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c02180/suppl_file/cm3c02180_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clare+P.+Grey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5572-192X
https://orcid.org/0000-0001-5572-192X
mailto:cpg27@cam.ac.uk
mailto:cpg27@cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Euan+N.+Bassey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8827-7175
https://orcid.org/0000-0001-8827-7175
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ieuan+D.+Seymour"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9550-9971
https://orcid.org/0000-0002-9550-9971
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+D.+Bocarsly"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7523-152X
https://orcid.org/0000-0002-7523-152X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Keen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0376-2767
https://orcid.org/0000-0003-0376-2767
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guido+Pintacuda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7757-2144
https://orcid.org/0000-0001-7757-2144
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02180?ref=pdf
https://doi.org/10.1002/adfm.201200691
https://doi.org/10.1002/adfm.201200691
https://doi.org/10.1039/c2ee02781j
https://doi.org/10.1039/c2ee02781j
https://doi.org/10.1039/c3ee41031e
https://doi.org/10.1039/c3ee41031e
https://doi.org/10.1002/aenm.201703137
https://doi.org/10.1002/aenm.201703137
https://doi.org/10.1149/2.0201816jes
https://doi.org/10.1149/2.0201816jes
https://doi.org/10.1016/0378-4363(80)90214-4
https://doi.org/10.1016/0378-4363(80)90214-4
https://doi.org/10.1149/2.0201514jes
https://doi.org/10.1149/2.0201514jes
https://doi.org/10.1149/2.0201514jes
https://doi.org/10.1016/0025-5408(75)90166-X
https://doi.org/10.1016/0025-5408(75)90166-X
https://doi.org/10.1016/0025-5408(75)90166-X
https://doi.org/10.1063/1.2839292
https://doi.org/10.1063/1.2839292
https://doi.org/10.1063/1.2839292
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c02180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(10) Hinuma, Y,; Meng, Y. S.; Ceder, G. Temperature-Concen-
tration Phase Diagram of P2-Na x CoO 2 from First-Principles
Calculations. Phys. Rev. B 2008, 77, No. 224111.

(11) Reimers, J. N.; Dahn, J. R. Electrochemical and In Situ X-Ray
Diffraction Studies of Lithium Intercalation in Li x CoO2. J.
Electrochem. Soc. 1992, 139 (8), 2091—2097.

(12) Shao-Horn, Y.; Weill, F.; Croguennec, L.; Carlier, D,;
Ménétrier, M.; Delmas, C. Lithium and Vacancy Ordering in T#2-
Li,CoO, Derived from O2-Type LiCoO,. Chem. Mater. 2003, 15
(15), 2977—-2983.

(13) Kaufman, J. L.; Van der Ven, A. Cation Diffusion Facilitated by
Antiphase Boundaries in Layered Intercalation Compounds. Chem.
Mater. 2022, 34 (4), 1889—1896.

(14) Li, X;; Ma, X;; Su, D,; Liu, L.; Chisnell, R;; Ong, S. P.; Chen,
H.; Toumar, A,; Idrobo, J.-C.; Lei, Y.; Bai, J.; Wang, F.; Lynn, J. W,;
Lee, Y. S.; Ceder, G. Direct Visualization of the Jahn—Teller Effect
Coupled to Na Ordering in Na 5/8 MnO 2. Nat. Mater. 2014, 13 (6),
586—592.

(15) House, R. A.; Maitra, U.; Pérez-osorio, M. A.; Lozano, J. G.; Jin,
L.,; Somerville, J. W,; Duda, L. C,; Nag, A.; Walters, A,; Zhou, K;
Roberts, M. R.; Bruce, P. G. Superstructure Control of First-Cycle
Voltage Hysteresis in Oxygen-Redox Cathodes. Nature 2020, 577,
502—508.

(16) Maitra, U.; House, R. A; Somerville, J. W.; Tapia-Ruiz, N.;
Lozano, J. G.; Guerrini, N.; Hao, R.; Luo, K; Jin, L.; Pérez-Osorio, M.
A.; Massel, F.; Pickup, D. M,; Ramos, S.; Lu, X;; McNally, D. E;
Chadwick, A. V.; Giustino, F.; Schmitt, T.; Duda, L. C.; Roberts, M.
R,; Bruce, P. G. Oxygen Redox Chemistry without Excess Alkali-Metal
Ions in Na2/3[Mg0.28Mn0.72]02. Nat. Chem. 2018, 10 (3), 288—
29S.

(17) Boivin, E.; House, R. A.; Pérez-Osorio, M. A.; Marie, J. J.;
Maitra, U.; Rees, G. J; Bruce, P. G. Bulk O2 Formation and Mg
Displacement Explain O-Redox in Na0.67Mn0.72Mg0.2802. Joule
2021, S (5), 1267—1280.

(18) Bai, X; Sathiya, M.; Mendoza-Sénchez, B.; Iadecola, A.;
Vergnet, J.; Dedryvere, R.; Saubanére, M.; Abakumov, A. M.; Rozier,
P.; Tarascon, J.-M. Anionic Redox Activity in a Newly Zn-Doped
Sodium Layered Oxide P2-Na2/3Mn 1—y Zny O 2 (0 < y < 0.23).
Adv. Energy Mater. 2018, 8 (32), 1802379.

(19) Yang, L.; Li, X,; Liu, J.; Xiong, S.; Ma, X,; Liu, P.; Bai, J.; Xu,
W.; Tang, Y.; Hu, Y.-Y.; Liu, M.; Chen, H. Lithium-Doping Stabilized
High-Performance P2—Na, ¢4Liy 1 sFey ;,Mng,0, Cathode for Sodium
Ion Batteries. J. Am. Chem. Soc. 20191416680.

(20) Bassey, E. N.; Reeves, P.; Jones, M.; Lee, J.; Seymour, L; Cibin,
G.; Grey, C. Structural Origins of Voltage Hysteresis in the Na-Ion
Cathode P2—Na0.67[Mg0.28Mn0.72]02: A Combined Spectro-
scopic and Density Functional Theory Study. Chem. Mater. 2021,
33 (13), 4890—4906.

(21) Song, B,; Hu, E; Liu, J; Zhang, Y,; Yang, X.-Q.; Nanda, J;
Hug, A.; Page, K. A Novel P3-Type Na 2/3 Mg 1/3Mn 2/3 O 2 as
High Capacity Sodium-Ion Cathode Using Reversible Oxygen Redox.
J. Mater. Chem. A 2019, 7 (4), 1491—1498.

(22) Lin, M,; Liu, X; Xiang, Y.; Wang, F; Liu, Y; Fu, R.; Cheng, J;
Yang, Y. Unravelling the Fast Alkali-Ton Dynamics in Paramagnetic
Battery Materials Combined with NMR and Deep-Potential
Molecular Dynamics Simulation. Angew. Chem., Int. Ed. 2021, 60
(22), 12547—12553.

(23) Pell, A. J; Pintacuda, G.; Grey, C. P. Paramagnetic NMR in
Solution and the Solid State. Prog. Nucl. Magn. Reson. Spectrosc. 2019,
111 (May), 1-271.

(24) Clément, R. J.; Middlemiss, D. S.; Seymour, 1. D.; Ilott, A. J;
Grey, C. P. Insights into the Nature and Evolution upon
Electrochemical Cycling of Planar Defects in the f-NaMnO 2 Na-
Ion Battery Cathode: An NMR and First-Principles Density
Functional Theory Approach. Chem. Mater. 2016, 28 (22), 8228—
8239.

(25) Clément, R. J.; Xu, J.; Middlemiss, D. S.; Alvarado, J.; Ma, C.;
Meng, Y. S.; Grey, C. P. Direct Evidence for High Na + Mobility and
High Voltage Structural Processes in P2-Na x [Liy Ni z Mn 1—y—z ]

10581

O 2 (x, v, z £ 1) Cathodes from Solid-State NMR and DFT
Calculations. J. Mater. Chem. A 2017, S (8), 4129—4143.

(26) Middlemiss, D. S.; Ilott, A. J.; Clément, R. J.; Strobridge, F. C.;
Grey, C. P. Density Functional Theory-Based Bond Pathway
Decompositions of Hyperfine Shifts: Equipping Solid-State NMR to
Characterize Atomic Environments in Paramagnetic Materials. Chem.
Mater. 2013, 25 (9), 1723—1734.

(27) Kim, J.; Middlemiss, D. S.; Chernova, N. A;; Zhu, B. Y. X,;
Masquelier, C.; Grey, C. P. Linking Local Environments and
Hyperfine Shifts: A Combined Experimental and Theoretical 31 P
and 7 Li Solid-State NMR Study of Paramagnetic Fe(III) Phosphates.
J. Am. Chem. Soc. 2010, 132 (47), 16825—16840.

(28) Clément, R. J.; Pell, A. J.; Middlemiss, D. S.; Strobridge, F. C.;
Miller, J. K;; Whittingham, M. S.; Emsley, L.; Grey, C. P.; Pintacuda,
G. Spin-Transfer Pathways in Paramagnetic Lithium Transition-Metal
Phosphates from Combined Broadband Isotropic Solid-State MAS
NMR Spectroscopy and DFT Calculations. J. Am. Chem. Soc. 2012,
134 (41), 17178—1718S5.

(29) Mirker, K; Reeves, P. J; Xu, C.; Griffith, K. J.; Grey, C. P.
Evolution of Structure and Lithium Dynamics in LiNi 0.8 Mn 0.1 Co
0.1 O 2 (NMC811) Cathodes during Electrochemical Cycling. Chem.
Mater. 2019, 31 (7), 2545—2554.

(30) Xu, C,; Mirker, K; Lee, J.; Mahadevegowda, A.; Reeves, P. J;
Day, S. J; Groh, M. F.; Emge, S. P,; Ducati, C.; Layla Mehdi, B,;
Tang, C. C; Grey, C. P. Bulk Fatigue Induced by Surface
Reconstruction in Layered Ni-Rich Cathodes for Li-Ion Batteries.
Nat. Mater. 2021, 20, 84—92.

(31) Levitt, M. H. Motional Lineshapes and Two-Site Exchange. In
Spin Dynamics; John Wiley & Sons Ltd: Southampton, 2007; pp 516—
527.

(32) Yabuuchi, N.; Hara, R;; Kubota, K.; Paulsen, J.; Kumakura, S.;
Komaba, S. A New Electrode Material for Rechargeable Sodium
Batteries: P2-Type Na2/3[Mg0.28Mn0.72]02 with Anomalously
High Reversible Capacity. J. Mater. Chem. A 2014, 2 (40), 16851—
16855.

(33) Tartoni, N,; Thompson, S. P,; Tang, C. C; Willis, B. L;
Derbyshire, G. E.; Wright, A. G.; Jaye, S. C.; Homer, J. M.; Pizzey, J.
D.; Bell, A. M. T. High-Performance X-Ray Detectors for the New
Powder Diffraction Beamline I11 at Diamond. J. Synchrotron Radiat.
2008, 15 (1), 43—49.

(34) Thompson, S. P.; Parker, J. E.; Potter, J; Hill, T. P.; Birt, A;
Cobb, T. M,; Yuan, F.; Tang, C. C. Beamline I11 at Diamond: A New
Instrument for High Resolution Powder Diffraction. Rev. Sci. Instrum.
2009, 80 (7), No. 075107.

(35) Day, P.; Enderby, J.; Williams, W.; Chapon, L.; Hannon, A;
Radaelli, P.; Soper, A. Scientific Reviews: GEM: The General
Materials Diffractometer at ISIS-Multibank Capabilities for Studying
Crystalline and Disordered Materials. Neutron News 2004, 15 (1),
19-23.

(36) Arnold, O.; Bilheux, J. C.; Borreguero, J. M, Buts, A;
Campbell, S. I; Chapon, L.; Doucet, M.; Draper, N.; Ferraz Leal, R;
Gigg, M. A; Lynch, V. E; Markvardsen, A,; Mikkelson, D. J;
Mikkelson, R. L.; Miller, R,; Palmen, K.; Parker, P.; Passos, G
Perring, T. G.; Peterson, P. F.; Ren, S.; Reuter, M. A.; Savici, A. T.;
Taylor, J. W.; Taylor, R. J; Tolchenov, R.;; Zhou, W.; Zikovsky, J.
Mantid—Data Analysis and Visualization Package for Neutron
Scattering and p SR Experiments. Nucl. Instrum. Methods Phys. Res.,
Sect. A 2014, 764, 156—166.

(37) Keen, D. A. A Comparison of Various Commonly Used
Correlation Functions for Describing Total Scattering. J. Appl
Crystallogr. 2001, 34 (2), 172—177.

(38) Rietveld, H. M. Line Profiles of Neutron Powder-Diffraction
Peaks for Structure Refinement. Acta Crystallogr. 1967, 22 (1), 151—
152.

(39) Rietveld, H. M. A Profile Refinement Method for Nuclear and
Magnetic Structures. J. Appl. Crystallogr. 1969, 2 (2), 65—71.

(40) Coelho, A. A. TOPAS and TOPAS-Academic: An
Optimization Program Integrating Computer Algebra and Crystallo-

https://doi.org/10.1021/acs.chemmater.3c02180
Chem. Mater. 2023, 35, 10564—10583


https://doi.org/10.1103/PhysRevB.77.224111
https://doi.org/10.1103/PhysRevB.77.224111
https://doi.org/10.1103/PhysRevB.77.224111
https://doi.org/10.1149/1.2221184
https://doi.org/10.1149/1.2221184
https://doi.org/10.1021/cm021816x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm021816x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c04152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c04152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat3964
https://doi.org/10.1038/nmat3964
https://doi.org/10.1038/s41586-019-1854-3
https://doi.org/10.1038/s41586-019-1854-3
https://doi.org/10.1038/nchem.2923
https://doi.org/10.1038/nchem.2923
https://doi.org/10.1016/j.joule.2021.04.006
https://doi.org/10.1016/j.joule.2021.04.006
https://doi.org/10.1002/aenm.201802379
https://doi.org/10.1002/aenm.201802379
https://doi.org/10.1021/jacs.9b01855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b01855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b01855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c00248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c00248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c00248?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8TA09422E
https://doi.org/10.1039/C8TA09422E
https://doi.org/10.1002/anie.202102740
https://doi.org/10.1002/anie.202102740
https://doi.org/10.1002/anie.202102740
https://doi.org/10.1016/j.pnmrs.2018.05.001
https://doi.org/10.1016/j.pnmrs.2018.05.001
https://doi.org/10.1021/acs.chemmater.6b03074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b03074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b03074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b03074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6TA09601H
https://doi.org/10.1039/C6TA09601H
https://doi.org/10.1039/C6TA09601H
https://doi.org/10.1039/C6TA09601H
https://doi.org/10.1021/cm400201t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm400201t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm400201t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja102678r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja102678r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja102678r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja306876u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja306876u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja306876u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b00140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b00140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-020-0767-8
https://doi.org/10.1038/s41563-020-0767-8
https://doi.org/10.1039/C4TA04351K
https://doi.org/10.1039/C4TA04351K
https://doi.org/10.1039/C4TA04351K
https://doi.org/10.1107/S0909049507046250
https://doi.org/10.1107/S0909049507046250
https://doi.org/10.1063/1.3167217
https://doi.org/10.1063/1.3167217
https://doi.org/10.1080/00323910490970564
https://doi.org/10.1080/00323910490970564
https://doi.org/10.1080/00323910490970564
https://doi.org/10.1016/j.nima.2014.07.029
https://doi.org/10.1016/j.nima.2014.07.029
https://doi.org/10.1107/S0021889800019993
https://doi.org/10.1107/S0021889800019993
https://doi.org/10.1107/S0365110X67000234
https://doi.org/10.1107/S0365110X67000234
https://doi.org/10.1107/S0021889869006558
https://doi.org/10.1107/S0021889869006558
https://doi.org/10.1107/S1600576718000183
https://doi.org/10.1107/S1600576718000183
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c02180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

graphic Objects Written in C++. J. Appl. Crystallogr. 2018, SI (1),
210-218.

(41) Campbell, B. J.; Stokes, H. T.; Tanner, D. E.; Hatch, D. M.
ISODISPLACE: A Web-Based Tool for Exploring Structural
Distortions. J. Appl. Crystallogr. 2006, 39 (4), 607—614.

(42) Wasylishen, R.; Ashbrook, S.; Wimperis, S.; Vega, A. J.
Quadrupolar Nuclei in Solids. In NMR of Quadrupolar Nuclei in Solid
Materials; Wiley, 2012; pp 17—44.

(43) Stoll, S.; Schweiger, A. EasySpin, a Comprehensive Software
Package for Spectral Simulation and Analysis in EPR. J. Magn. Reson.
2006, 178 (1), 42—55.

(44) Kim, J.; llott, A. J.; Middlemiss, D. S.; Chernova, N. A.; Pinney,
N.; Morgan, D.; Grey, C. P. 2H and 27Al Solid-State NMR Study of
the Local Environments in Al-Doped 2-Line Ferrihydrite, Goethite,
and Lepidocrocite. Chem. Mater. 2015, 27 (11), 3966—3978.

(45) Kresse, G.; Hafner, J. Ab Initio Molecular Dynamics for Liquid
Metals. Phys. Rev. B 1993, 47 (1), 558—561.

(46) Kresse, G.; Hafner, J. Ab Initio Molecular-Dynamics Simulation
of the Liquid-Metalamorphous- Semiconductor Transition in
Germanium. Phys. Rev. B 1994, 49 (20), 14251—14269.

(47) Kresse, G.; Furthmiiller, J. Efficiency of Ab-Initio Total Energy
Calculations for Metals and Semiconductors Using a Plane-Wave
Basis Set. Comput. Mater. Sci. 1996, 6 (1), 15—50.

(48) Blochl, P. E. Projector Augmented-Wave Method. Phys. Rev. B
1994, 50 (24), 17953—17979.

(49) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the
Projector Augmented-Wave Method. Phys. Rev. B 1999, 59 (3),
1758—1775.

(50) Anisimov, V. L; Zaanen, J.; Andersen, O. K. Band Theory and
Mott Insulators: Hubbard U Instead of Stoner I. Phys. Rev. B 1991, 44
(3), 943—954.

(51) Anisimov, V. L; Solovyev, 1. V.; Korotin, M. A; Czyyk, M. T,;
Sawatzky, G. A. Density-Functional Theory and NiO Photoemission
Spectra. Phys. Rev. B 1993, 48 (23), 16929—16934.

(52) Liechtenstein, A. I; Anisimov, V. I; Zaanen, J. Density-
Functional Theory and Strong Interactions: Orbital Ordering in
Mott-Hubbard Insulators. Phys. Rev. B 1995, 52 (8), R5467.

(53) Zhou, F.; Cococcioni, M.; Marianetti, C. A,; Morgan, D.;
Ceder, G. First-Principles Prediction of Redox Potentials in
Transition-Metal Compounds with LDA + U. Phys. Rev. B 2004, 70
(23), 235121-235128.

(54) Toumar, A. J.; Ong, S. P.; Richards, W. D.; Dacek, S.; Ceder, G.
Vacancy Ordering in O3 -Type Layered Metal Oxide Sodium-Ion
Battery Cathodes. Phys. Rev. Appl. 2015, 4 (6), No. 064002.

(55) Monkhorst, H. J.; Pack, J. D. Special Points for Brillouin-Zone
Integrations. Phys. Rev. B 1976, 13 (12), 5188—5192.

(56) Dovesi, R.; Erba, A.; Orlando, R,; Zicovich-Wilson, C. M,;
Civalleri, B.; Maschio, L.; Rérat, M.; Casassa, S.; Baima, J.; Salustro,
S.; Kirtman, B. Quantum-Mechanical Condensed Matter Simulations
with CRYSTAL. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2018, 8 (4),
e1360.

(57) Becke, A. D. Density-functional Thermochemistry. III. The
Role of Exact Exchange. J. Chem. Phys. 1993, 98 (7), 5648—5652.

(58) Lee, C; Yang, W,; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. Rev. B 1988, 37 (2), 785—789.

(59) Henkelman, G.; Uberuaga, B. P.; Jénsson, H. A Climbing
Image Nudged Elastic Band Method for Finding Saddle Points and
Minimum Energy Paths. J. Chem. Phys. 2000, 113 (22), 9901—9904.

(60) Henkelman Group. VIST Tools 3.1. Transition State Tools for
VASP. https://theory.cm.utexas.edu/vtsttools/ (accessed 2023—11—
15).

(61) Van Der Ven, A; Deng, Z.; Banerjee, S.; Ong, S. P.
Rechargeable Alkali-Ton Battery Materials: Theory and Computation.
Chem. Rev. 2020, 120 (14), 6977-7019.

(62) Urban, A,; Seo, D. H.; Ceder, G. Computational Understanding
of Li-Ion Batteries. Npj Comput. Mater. 2016, 2 (1), No. 16002.

(63) Tapia-Ruiz, N.; Dose, W. M.; Sharma, N.; Chen, H.; Heath, J.;
Somerville, J. W.; Maitra, U.; Islam, M. S.; Bruce, P. G. High Voltage

10582

Structural Evolution and Enhanced Na-Ion Diffusion in P2-Na2/
3Nil/3-: XngMnZ/SOZ(O < x < 0.2) Cathodes from Diffraction,
Electrochemical and Ab Initio Studies. Energy Environ. Sci. 2018, 11
(6), 1470—1479.

(64) Sears, V. F. Neutron Scattering Lengths and Cross Sections.
Neutron News 1992, 3 (3), 26—37.

(65) Mukherjee, P.; Paddison, J. A. M.; Xu, C.; Ruff, Z.; Wildes, A.
R; Keen, D. A; Smith, R. I; Grey, C. P,; Dutton, S. E. Sample
Dependence of Magnetism in the Next-Generation Cathode Material
LiNi 0.8 Mn 0.1 Co 0.1 O 2. Inorg. Chem.2021 60 (1), 263—271. .

(66) Krzystek, J.; Ozarowski, A.; Telser, J. Multi-Frequency, High-
Field EPR as a Powerful Tool to Accurately Determine Zero-Field
Splitting in High-Spin Transition Metal Coordination Complexes.
Coord. Chem. Rev. 2006, 250 (17—18), 2308—2324.

(67) Kalapsazova, M.; Ivanova, S.; Kukeva, R.; Simova, S.; Wegner,
S.; Zhecheva, E,; Stoyanova, R. Combined Use of EPR and 23Na
MAS NMR Spectroscopy for Assessing the Properties of the Mixed
Cobalt—Nickel-Manganese Layers of P3-NayCol-2xNixMnxO2.
Phys. Chem. Chem. Phys. 2017, 19 (39), 27065—27073.

(68) Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance of
Transition Ions; Oxford University Press, 1970.

(69) Kawasaki, K. Anomalous Spin Relaxation near the Magnetic
Transition. Prog. Theor. Phys. 1968, 39 (2), 285—311.

(70) Richards, P. M. Critical Exponents for NMR and ESR
Linewidths in a Two-Dimensional Antiferromagnet. Solid State
Commun. 1973, 13 (3), 253—256.

(71) Vasilchikova, T.; Vasiliev, A.; Evstigneeva, M.; Nalbandyan, V.;
Lee, J.-S; Koo, H.-J; Whangbo, M.-H. Magnetic Properties of
A2Ni2TeO6 (A = K, Li): Zigzag Order in the Honeycomb Layers of
Ni2+ Ions Induced by First and Third Nearest-Neighbor Spin
Exchanges. Materials 2022, 15 (7), 2563.

(72) Anders, A. G.; Volotski, S. V. EPR in 1-d and 2-d
Antiferromagnetic Systems. ]. Magn. Magn. Mater. 1983, 31—34
(PART 3), 1169—-1170.

(73) Kawasaki, K. Ultrasonic Attenuation and ESR Linewidth near
Magnetic Critical Points. Phys. Lett. A 1968, 26 (11), 543.

(74) Zvereva, E. A; Savelieva, O. A.; Titov, Y. D.; Evstigneeva, M.
A.; Nalbandyan, V. B,; Kao, C. N,; Lin, J. Y.,; Presniakov, I. A;
Sobolev, A. V.; Ibragimov, S. A,; Abdel-Hafiez, M.; Krupskaya, Y;
Jdhne, C; Tan, G.; Klingeler, R.; Biichner, B.; Vasiliev, A. N. A New
Layered Triangular Antiferromagnet Li4FeSbO6: Spin Order, Field-
Induced Transitions and Anomalous Critical Behavior. Dalton Trans.
2013, 42 (5), 1550—1566.

(75) Lee, Y. J.; Wang, F.; Grey, C. P. 6Li and 7Li MAS NMR Studies
of Lithium Manganate Cathode Materials. J. Am. Chem. Soc. 1998,
120 (48), 12601—12613.

(76) Lee, Y. J.; Grey, C. P. 6Li Magic-Angle Spinning (MAS) NMR
Study of Electron Correlations, Magnetic Ordering, and Stability of
Lithium Manganese(III) Oxides. Chem. Mater. 2000, 12 (12), 3871—
3878.

(77) Pan, C,; Lee, Y. J.; Ammundsen, B.; Grey, C. P. 6Li MAS NMR
Studies of the Local Structure and Electrochemical Properties of Cr-
Doped Lithium Manganese and Lithium Cobalt Oxide Cathode
Materials for Lithium-Ion Batteries. Chem. Mater. 2002, 14 (5),
2289-2299.

(78) Lee, Y. J; Grey, C. P. Determining the Lithium Local
Environments in the Lithium Manganates LiZn0.5Mnl.504 and
Li2MnO3 by Analysis of the 6Li MAS NMR Spinning Sideband
Manifolds. J. Phys. Chem. B 2002, 106 (14), 3576—3582.

(79) Mcconnell, H. M. Reaction Rates by Nuclear Magnetic
Resonance. J. Chem. Phys. 1958, 28, 430—431.

(80) Antechamber software package. https://ambermd.org/
antechamber/ac.html (accessed 30 November 2023).

(81) Purdue, M. J,; Macelroy, J. M. D.; O’shea, D. F.; Okuom, M.
O.; Blum, F. D. A Comparative Study of the Properties of Polar and
Nonpolar Solvent/Solute/ Polystyrene Solutions in Microwave Fields
via Molecular Dynamics. . Chem. Phys. 2006, 125, No. 114902.

https://doi.org/10.1021/acs.chemmater.3c02180
Chem. Mater. 2023, 35, 10564—10583


https://doi.org/10.1107/S1600576718000183
https://doi.org/10.1107/S0021889806014075
https://doi.org/10.1107/S0021889806014075
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1021/acs.chemmater.5b00856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b00856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b00856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.48.16929
https://doi.org/10.1103/PhysRevB.48.16929
https://doi.org/10.1103/PhysRevB.52.R5467
https://doi.org/10.1103/PhysRevB.52.R5467
https://doi.org/10.1103/PhysRevB.52.R5467
https://doi.org/10.1103/PhysRevB.70.235121
https://doi.org/10.1103/PhysRevB.70.235121
https://doi.org/10.1103/PhysRevApplied.4.064002
https://doi.org/10.1103/PhysRevApplied.4.064002
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1002/wcms.1360
https://doi.org/10.1002/wcms.1360
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://theory.cm.utexas.edu/vtsttools/
https://doi.org/10.1021/acs.chemrev.9b00601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/npjcompumats.2016.2
https://doi.org/10.1038/npjcompumats.2016.2
https://doi.org/10.1039/C7EE02995K
https://doi.org/10.1039/C7EE02995K
https://doi.org/10.1039/C7EE02995K
https://doi.org/10.1039/C7EE02995K
https://doi.org/10.1080/10448639208218770
https://doi.org/10.1021/acs.inorgchem.0c02899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c02899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c02899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2006.03.016
https://doi.org/10.1016/j.ccr.2006.03.016
https://doi.org/10.1016/j.ccr.2006.03.016
https://doi.org/10.1039/C7CP04849A
https://doi.org/10.1039/C7CP04849A
https://doi.org/10.1039/C7CP04849A
https://doi.org/10.1143/PTP.39.285
https://doi.org/10.1143/PTP.39.285
https://doi.org/10.1016/0038-1098(73)90585-1
https://doi.org/10.1016/0038-1098(73)90585-1
https://doi.org/10.3390/ma15072563
https://doi.org/10.3390/ma15072563
https://doi.org/10.3390/ma15072563
https://doi.org/10.3390/ma15072563
https://doi.org/10.1016/0304-8853(83)90847-8
https://doi.org/10.1016/0304-8853(83)90847-8
https://doi.org/10.1016/0375-9601(68)90536-7
https://doi.org/10.1016/0375-9601(68)90536-7
https://doi.org/10.1039/C2DT31938A
https://doi.org/10.1039/C2DT31938A
https://doi.org/10.1039/C2DT31938A
https://doi.org/10.1021/ja9817794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9817794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm000469t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm000469t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm000469t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm011623u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm011623u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm011623u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm011623u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp013224s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp013224s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp013224s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp013224s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1744152
https://doi.org/10.1063/1.1744152
https://ambermd.org/antechamber/ac.html
https://ambermd.org/antechamber/ac.html
https://doi.org/10.1063/1.2353112
https://doi.org/10.1063/1.2353112
https://doi.org/10.1063/1.2353112
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c02180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(82) Buchenau, U.; Zorn, R; Ramos, M. A. Probing Cooperative
Liquid Dynamics with the Mean Square Displacement. Phys. Rev. E
2014, 90, 42312.

(83) Lysenko, S.; Kumar, N.; Ria, A.; Figueroa, J.; Lu, J.; Fernandez,
F. Ultrafast Structural Dynamics of VO2. Phys. Rev. B 2017, 96 (7),
No. 075128.

(84) Jones, M. A.; Reeves, P. J.; Seymour, L. D.; Cliffe, M. J.; Dutton,
S. E; Grey, C. P. Short-Range Ordering in a Battery Electrode, the
‘Cation-Disordered’” Rocksalt Lil.25Nb0.25Mn0.502. Chem. Com-
mun. 2019, S5, 9027-9030.

(85) Stoyanova, R;; Ivanova, S.; Zhecheva, E.; Samoson, A.; Simova,
S.; Tzvetkova, P.; Barra, A.-L. Correlations between Lithium Local
Structure and Electrochemistry of Layered LiCo ;_,, Ni ,Mn , O ,
Oxides: 7 Li MAS NMR and EPR Studies. Phys. Chem. Chem. Phys.
2014, 16 (6), 2499—2507.

(86) Kittel, C. Theory of Antiferromagnetic Resonance. Phys. Rev.
1951, 82 (4), 565.

(87) Keffer, F.; Kittel, C. Theory of Antiferromagnetic Resonance.
Phys. Rev. 1952, 85 (2), 329—337.

(88) Stoyanova, R;; Gorova, M.; Zhecheva, E. EPR Monitoring of
Mn4+ Distribution in Li4Mn5012 Spinels. J. Phys. Chem. Solids 2000,
61 (4), 615—620.

(89) Stoyanova, R; Barra, A-L; Yoncheva, M.,; Zhecheva, E;
Shinova, E.; Tzvetkova, P.; Simova, S. High-Frequency Electron
Paramagnetic Resonance Analysis of the Oxidation State and Local
Structure of Ni and Mn Ions in NiMn-Codoped LiCoO 2. Inorg.
Chem. 2010, 49 (4), 1932—1941.

(90) Stansby, J. H.; Dose, W. M.; Sharma, N.; Kimpton, J. A.; Lépez
del Amo, J. M,; Gonzalo, E;; Rojo, T. Structural Evolution and
Electrochemistry of the Mn-Rich P2— Na2/3Mn0.9Ti0.05Fe0.0502
Positive Electrode Material. Electrochim. Acta 2020, 341, No. 135978.

(91) Gutierrez, A.; Dose, W. M.; Borkiewicz, O.; Guo, F.; Avdeev,
M,; Kim, S.; Fister, T. T.; Ren, Y.; Barefio, J.; Johnson, C. S. On
Disrupting the Na + -Ion/Vacancy Ordering in P2-Type Sodium-
Manganese-Nickel Oxide Cathodes for Na + -Ion Batteries. J. Phys.
Chem. C 2018, 122 (41), 23251—23260.

(92) Clément, R. J; Billaud, J.; Robert Armstrong, A.; Singh, G.;
Rojo, T.; Bruce, P. G.; Grey, C. P. Structurally Stable Mg-Doped P2-
Na 2/3 Mn 1—y Mg y O 2 Sodium-Ion Battery Cathodes with High
Rate Performance: Insights from Electrochemical, NMR and
Diffraction Studies. Energy Environ. Sci. 2016, 9 (10), 3240—3251.

(93) Billaud, J.; Singh, G.; Armstrong, A. R.; Gonzalo, E.; Roddatis,
V.; Armand, M.,; Rojo, T.; Bruce, P. G. Na 0.67 Mn 1-x Mgx O 2 (o
< x £ 0.2): A High Capacity Cathode for Sodium-Ion Batteries.
Energy Environ. Sci. 2014, 7 (4), 1387—1391.

(94) House, R. A; Rees, G. J.; Pérez-Osorio, M. A.; Marie, J.-J.;
Boivin, E.; Robertson, A. W.; Nag, A,; Garcia-Fernandez, M.; Zhou,
K.-J; Bruce, P. G. First-Cycle Voltage Hysteresis in Li-Rich 3d
Cathodes Associated with Molecular O2 Trapped in the Bulk. Nat.
Energy 2020, S, 777-78S.

(95) House, R. A;; Maitra, U,; Jin, L.; Lozano, J. G.; Somerville, J.
W.; Rees, N. H;; Naylor, A. J.; Duda, L. C.; Massel, F.; Chadwick, A.
V.; Ramos, S.; Pickup, D. M.; McNally, D. E.; Lu, X,; Schmitt, T;
Roberts, M. R.; Bruce, P. G. What Triggers Oxygen Loss in Oxygen
Redox Cathode Materials? Chem. Mater. 2019, 31 (9), 3293—3300.

10583

https://doi.org/10.1021/acs.chemmater.3c02180
Chem. Mater. 2023, 35, 10564—10583


https://doi.org/10.1103/PhysRevE.90.042312
https://doi.org/10.1103/PhysRevE.90.042312
https://doi.org/10.1103/PhysRevB.96.075128
https://doi.org/10.1039/C9CC04250D
https://doi.org/10.1039/C9CC04250D
https://doi.org/10.1039/C3CP54438A
https://doi.org/10.1039/C3CP54438A
https://doi.org/10.1039/C3CP54438A
https://doi.org/10.1103/PhysRev.82.565
https://doi.org/10.1103/PhysRev.85.329
https://doi.org/10.1016/S0022-3697(99)00245-0
https://doi.org/10.1016/S0022-3697(99)00245-0
https://doi.org/10.1021/ic902351u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic902351u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic902351u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2020.135978
https://doi.org/10.1016/j.electacta.2020.135978
https://doi.org/10.1016/j.electacta.2020.135978
https://doi.org/10.1021/acs.jpcc.8b05537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b05537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b05537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6EE01750A
https://doi.org/10.1039/C6EE01750A
https://doi.org/10.1039/C6EE01750A
https://doi.org/10.1039/C6EE01750A
https://doi.org/10.1039/C4EE00465E
https://doi.org/10.1039/C4EE00465E
https://doi.org/10.1038/s41560-020-00697-2
https://doi.org/10.1038/s41560-020-00697-2
https://doi.org/10.1021/acs.chemmater.9b00227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b00227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c02180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

