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Abstract

Li-rich cathodes with an O2-type layer stacking
offer high gravimetric capacities and fast
charge-discharge rates, and are structurally
more stable with respect to transition metal

migration than O3-type Li-rich cathodes.
However, the nature and reversibility of
their  charge-discharge processes remain

poorly understood, in part because these
materials can only be obtained through soft
chemistry routes. This work provides a new
structural model for a recently-reported
O2-type cathode with nominal composition
Li; 1Alg 92aMng 5Nig 2102 and excellent structural
and potential stability. Our new model hints
at the impact of short-range cation ordering
and phase separation on the electrochemical
performance. Neutron and X-ray diffraction
indicate that the as-synthesized compound
comprises two crystallographically distinct
phases—a LixMnOj; component and a Li-poor
(Lig 78 Alg.0oMng 67Nig.3105) component—most
likely stacked epitaxially along the c-axis. "Li, 17O
and 27Al solid-state NMR measurements further
reveal a tendency towards honeycomb ordering
on the transition metal sublattice—long-range
ordering in Li;MnOs; and partial, short-range
ordering in Lio.78A10.02M1’10.67Ni0.310g—and
highlight the presence of dilithium environments
within the transition metal layer in Li;MnOsg,
with important consequences on structural

stability during electrochemical cycling.

Introduction

High capacity cathodes are anticipated to be
critical for the wider uptake of rechargeable
batteries in electronic devices, electric and
hybrid-electric vehicles, and as grid-scale
load levelers to renewable energy sources. In
particular, intercalation compounds that exhibit
anion redox have garnered significant attention
in recent years as high capacity cathodes for
Li- and Na-ion batteries.'™ Here, we define
anion redox as anything beyond conventional
transition metal (TM) redox, and involving
electronic states that the anion (typically oxide,
0?7) contributes to significantly.7>"® In layered
Li-ion oxide cathodes, where the Li* ions occupy
two-dimensional galleries between layers of
edge-sharing TM oxide octahedra, anion redox is
commonly achieved by substituting TM cations
by Li, resulting in a “Li-rich” composition, 71271

Despite their promise, anion redox oxide
cathodes invariably suffer from a large
potential hysteresis (where the difference
between the charge and discharge potentials
far exceeds the polarization in conventional
TM redox-only cathodes), capacity loss, and
potential fade.”* While the precise mechanism
of anion redox remains under debate, and
depends sensitively on the composition and
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local structure (short-range ordering) of the
cathode, it is widely acknowledged that potential
hysteresis, capacity loss and potential fade, are
all associated with structural alterations during
cycling 814172327 Hence, in understanding the
structural evolution of anion redox cathodes
during cycling, it is vital to have a clear picture
of the long- and short-range structure of the
pristine material.

Most studies of anion redox compounds have
focused on Li-rich layered oxide cathodes with
an O3 structure. In such cathodes, interlayer TM
migration involves a TM cation dropping from an
octahedral site in the TM layer into an adjacent
tetrahedral site in the Li layer face-sharing with
three vacant octahedral Li sites (generated on
delithiation or charge), as shown in Figure [1{a).
Subsequent in-plane migration of this TM species
to a neighboring octahedral site is associated
with a relatively low energy penalty, since the
migrated TM does not share faces with nearby
TM cations in the layers above and below (see
Figure [I{a)). Consequently, the TM cation can
move away from the vacancy created in the TM
layer without incurring a large energy penalty,
and this in turn irreversibly changes the structure.

One strategy to mitigate long-range TM
migration is to move away from an O3 layer
stacking sequence. For example, for an O2
layer stacking, TM cation migration from the
TM layer into either a tetrahedral site or an
octahedral site in the partially-delithiated Li
layer may take place, but subsequent migration
within the Li layer is precluded by the large
Coulombic repulsion with TM sites that share a
face with the Li layer tetrahedral or octahedral
sites [Figure b)] 28 Hence, irreversible structural
transformations via TM migration are suppressed.
In this regard, the O2 structural family offers a
chance to realize anion redox in Li-rich layered
oxides without significant rearrangements of
the TM sublattice”” We note that O2 Li-ion
cathodes cannot be synthesized by conventional
solid-state reactions, but instead are prepared
via ion exchange, typically starting from a P2
Na-ion cathode® Consequently, O2 cathodes
have complex, multi-component structures,
containing structural motifs inherited from the
P2 precursor (e.g., cation ordering) as well as
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Figure 1: Structures of O2 and O3 layered cathodes. In

(a), the interlayer TM migration process is shown, with the
tetrahedral intermediate highlighted in purple, alongside
the octahedral Li vacancies (green squares) that the TM can
readily hop into. The TM migration process for O2 cathodes
is depicted in (b), the tetrahedral intermediate again in
purple; the high-energy vacant octahedral Li sites that share
faces with the nearby TM sites (red squares) are high in
energy.

additional structural elements (e.g., stacking
faults) that are introduced during ion exchange.
Leveraging the structural stability imparted by
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the O2 layered structure, several recent studies
have investigated anion redox activity in this
class of cathodes.**! Luo et al”* reported on
a novel O2 cathode with nominal composition
Li1‘1A10‘04M1’10.65NiO.2102 (henceforth LAMNO)
and exceptional electrochemical performance,
including almost no potential fade over 100 cycles.
The structure was described as comprising two
phases: an O2-stacked Li;MnOj structure and an
02 Li-stoichiometric material containing Mn, Ni
and Al on the TM sublattice (whose composition
was not stated), based on previous reports
and qualitative comparisons of calculated
and observed X-ray diffraction patterns.
Furthermore, the favorable performance of
LAMNO was attributed to the presence of
anti-site Ni defects hypothesized to prevent TM
migration. The justification for these defects
came from transmission electron microscopy.
While the study of Luo et al. showed that
LAMNO is a very promising anion redox cathode
material, many questions remain about the local
structure and its impact on the electrochemical
behavior of the material.

Here, we revisit the structure of the pristine
LAMNO cathode. We use powder X-ray
diffraction (PXRD) and powder neutron
diffraction (PND) to evaluate the long-range
structure, and identify the coexistence of two
phases, namely O2-LioMnOj3 and a Li-poor phase
(Lio.78[AIO‘QQMI’IO.67N10.31]02), consistent with
the findings from Luo et al®? and analogous
to the composite structure reported for some
Li-rich O3 cathodes.””*** Our neutron diffraction
results provide no evidence for the presence of
TM cations in the interlayer space, contrary to
the previous report by Luo et al*? Furthermore,
a computational investigation fails to identify
thermodynamically stable configurations with Ni,
Mn and/or Al in the interlayer of LAMNO. Results
from multinuclear ("Li, 'O and 27Al) solid-state
nuclear magnetic resonance (NMR) spectroscopy
reveal the presence of a local ordering of
the TM cations in both the O2-Li;MnOs; and
Li-poor phases, and highlight the presence of
“dilithium” environments in the TM layer of
LioMnOs, whereby Li ion pairs are surrounded
by Mn** ions. Finally, we suggest a connection
between these dilithium environments and the
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electrochemical performance observed for this
material.

Methods

Synthesis. The method used to synthesize LAMNO
was broadly similar to the previously-reported
route (see Supporting Information, SI, for more
details).*? Briefly, LAMNO was prepared from a P2
layered sodium analogue, Nag g7Alp.02Mng 67Nig 2302
(henceforth NAMNO), using chemical ion exchange.
NAMNO was synthesized in 1-2 g batches via
a high-temperature solid-state reaction (10 hr at
780°C under air, then cooled naturally to room
temperature) starting from NapCOs, AlyO3, LipCOs3
and Mng 75Nip25CO3 (the latter synthesized wvia
co-precipitation of NiSO4- 6H20O and MnSOy4- H20
in the presence of NapCO3). To synthesize LAMNO,
the NAMNO powder was added to a molten salt
(0.12 LiCl and 0.88 LiNO3 at 280°C) and reacted for
approximately 6 hours before quenching in water,
filtering and drying the resulting powder under
dynamic vacuum at 180°C for 12 hr. Both materials
were stored in an Ar-filled glovebox (MBraun, HyO,

O2 < 5 ppm).
Electrochemistry. All  electrochemical
measurements were conducted using 2032

stainless-steel coin cells and a galvanostat/potentiostat
(BioLogic) with EC laboratory software.  Each
LAMNOI|Li half-cell comprised a cathode (6 mm
diameter), a glass fibre separator (GF/B, Whatman, 16
mm diameter) soaked with 150uL of electrolyte (1.0
M LiPFs in a 1:1:1 v/v mixture of ethylene carbonate
diethyl carbonate and dimethyl carbonate), and a Li
metal disc (13 mm diameter). The cells were cycled at
a rate of 10 mA g~ !, corresponding to approximately
C/20, for a theoretical C-rate relative to that of
the pristine material. This C-rate was calculated
by assuming that the Li content, x, in the pristine
material is 0.93 (based on compositional analysis of
as-synthesized LAMNO), and that x can vary between
0 and 1 on cycling. The experimentally determined
values of x used for plotting were computed from
the time elapsed and current applied assuming no
parasitic reactions.

Powder X-ray Diffraction. Laboratory powder
X-ray diffraction (PXRD) patterns of NAMNO were
recorded using a PANalytical Empyrean diffractometer
(Cu K7 radiation, \ = 1.541 A). The sample was sealed
in an air-tight sample holder using polyimide (Kapton)
film and patterns were acquired over the range 26 =



Journal of Materials Chemistry A

5-90°, with a step size of 0.02°and a scanning speed of
0.02°s~ L. For synchrotron diffraction data on LAMNO,
powder samples of pristine LAMNO were sealed in a
borosilicate capillary (outer diameter 0.5 mm). Powder
X-ray diffraction patterns were acquired on beamline
I11 at the Diamond Light source.**® The pattern(s)
were collected with an exposure time of 1 minute using
a position-sensitive detector (PSD, Methen2; X-ray
wavelength = 0.824297 A) over the range 260 = 2.0 - 65°.
All Rietveld®”*¥ refinements were carried out using the
TOPAS Academic 7.0 structure refinement software
package. #40

Powder Neutron Diffraction. Powder neutron
diffraction measurements were carried out at the
Institut Laue-Langevin using the D2B instrument.*!
A powder sample of pristine LAMNO was loaded into
a thin-walled vanadium canister (5 mm diameter).
The background was fit using a 12-term Chebyshev
polynomial, and the lattice parameters were refined
alongside the site occupancies for Li, Al, Mn and Ni.

Inductively Coupled Plasma. Inductively coupled
plasma (ICP) measurements were carried out using an
Agilent 5900 ICP optical emission spectrometer (OES).
A powder sample of LAMNO (approximately 10 mg)
was first digested in aqua regia (HNO3:HCI 4:1 v/v, 5
mL) overnight, and an aliquot (0.5 mL) diluted in 3%
v/v HNOj3 (7.5 mL). Standards of Mn, Ni, Al and Li
(1000 ppm each) were purchased from Texas Scientific
Products and subsequently diluted in 3% v/v HNO3 to
concentrations of 100, 50, 25, 10, 1 and 0.1 ppm. The
following elemental emission lines were selected from
the spectra: 231.604 nm (Ni), 260.568 (Mn), 396.152
(Al) and 610.365 nm (Li). The standards were then
measured and calibration curves of intensity versus
concentration built to within a linear regression 72
limit of 0.999. The stoichiometry of the sample was
determined to be Lij ggAlg.04Mng g7Nig.230.

Scanning Electron Microscopy. Scanning
Electron Microscopy (SEM) images were acquired
with a Thermo Scientific Apreo S SEM instrument
operating at an acceleration potential of 10 kV and
current of 0.2 nA.

Nuclear Magnetic Resonance Spectroscopy.
LAMNO and NAMNO powder samples were packed
into 1.3 mm diameter ZrO2 magic angle spinning
(MAS) rotors in an Ar-filled glovebox; no rotor spent
longer than 10 minutes outside of the glovebox before
being inserted into the magnet under a protective
atmosphere of flushing nitrogen gas. NMR spectra
were referenced to 1.0 M aqueous LiCl ("Li, 0 ppm),
H0 (170, 0 ppm) or AI(NO3)3 (37 Al, 0 ppm). "Li NMR
spectra were recorded on a Bruker AVANCE (2.35

T) using a home-built 1.3 mm MAS probe, an MAS
frequency of 60 kHz, and a 7/2 pulse length of 1.75 ps.
170 and 2" Al NMR spectra were recorded on a Bruker
AVANCE III (11.7 T) using a Bruker 1.3 mm MAS
probe, an MAS frequency of 60 kHz, and effective
m/2 pulse lengths of 0.75 s and 0.31 us, respectively,
which corresponds to §, to obtain quantitative spectra
in the presence of strong quadrupolar interactions
between the nuclei of interest and the local electric
field gradient.

Rotor-synchronized Hahn-echo pulse sequences
were used throughout; in the case of 27Al and 170,
spectra were acquired at different receiver frequency
offsets to record individual slices in a variable-offset
cumulative spectrum (VOCS). The recycle delay (100
ms for “Li; 5 ms for 7O and 2 Al) was set such that the
bulk, paramagnetically shifted signal was recorded
quantitatively, while the diamagnetic signal (due to
small quantities of amorphous impurities at the surface
of particles) was suppressed. In the case of “Li, we also
acquired a spectrum with a longer recycle delay, 10
s, quantitative for the diamagnetic signal. Projection
magic angle turning phase-adjusted sideband
suppression (pj-MATPASS) experiments were also
recorded to separate the isotropic resonances from the
overlapping spinning sideband manifold.*® Relaxation
times, including spin-lattice (T7) and spin-spin
(T3), were recorded using saturation-recovery and
pseudo two-dimensional Hahn-echo experiments,
respectively.

First-Principles  Calculations of NMR
Hyperfine and Quadrupolar Shifts. Three
structural models were used to determine the shifts
of "Li, 170 and 27Al in LAMNO: 02-Li;MnO3 (cell
composition: LizsMni6048; @ = b ~ 9.7 A, ¢ ~
9.5 A), 02-Li[Ni; 3Mny/3]O2  (cell composition:
LiosNigMnO48, a ~ 99 A, b ~ 100 A, ¢ ~ 9.8
A) and 02-Lig/3[Niy ;3Mny/3]02 (cell composition:
Li1gNigMni6048, a= b~ 9.9 A, ¢ ~ 9.8 A). These cells
correspond to (2 X 2 X 2) supercells of the primitive
structures (Li4sMnoOg; LigNi;MnsOg; LisNiiMnoOg),
chosen to capture all interlayer and intralayer
interactions between the nuclides of interest (Li,
Al and O) and neighboring paramagnetic transition
metal centers. For 27Al NMR shift calculations, cells
were prepared starting from the O2-Li[Ni; ;3sMny/3]O02
structure and partially substituting Ni or Mn species
by Al to reach a composition of LizgAl;NizMnj6048
or LiogAl1NigMn1504s.

Li, 170 and 2"Al paramagnetic (or hyperfine) and
quadrupolar shifts for each site in the structures of
interest were calculated using methods described
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previously.**#7 All calculations were performed

on ferromagnetically-aligned cells, unless stated
otherwise. Shifts were scaled from 0 K to
room temperature using experimental magnetic
susceptibility data [Supplemental Note 1].

An initial geometry optimization was performed
using the VASP code, 4™ employing the
projector-augmented wave method.”®¢ These
calculations employed the SCAN meta-GGA
exchange-correlation  functional,”™”  and a
plane-wave cutoff energy set to 520 eV. All structural
optimizations were performed with a reciprocal space
discretization of 0.04 A~' without assuming any
symmetry.*® All electronic structures were converged
to 1072 eV for energies, while forces on atoms were
converged to 0.02 eV A

Periodic spin-polarized hybrid density functional
theory (DFT) calculations of the hyperfine and
quadrupolar-induced shifts were performed in
CRYSTAL.*"? Hyperfine parameters were calculated
with a modified B3LYP®Y®Y hybrid functional
containing 20 and 35% Hartree-Fock exchange,
referred to as Hyb20 and Hyb35, respectively. These
weights were chosen based on the success of these
functionals in calculating Fermi contact shifts and
hyperfine tensors, and magnetic properties of TM
compounds and have been previously reported to
provide upper and lower bounds on experimental
shifts.444% The calculations employed extended basis
sets, taken from the Ahlrichs set for metal ions®® and
the IGLO-III basis set for 0.%3 Additional information,
including the number of Gaussian primitives and
contraction scheme used for each basis set, alongside
details of convergence criteria used, are provided in
the SL

First-Principles of Anti-Site
Formation Energies and TM Ordering. Structures
containing different concentrations of Mn, Ni and
Al anti-sites, and different TM configurations, were
enumerated using the CASM software package,®*
and their formation energies were computed with
VASP using the same computational parameters
as described above. To sample compositions and
anti-site defect concentrations that are consistent
with previous work,*? large supercells of 02-LioMnO3
and  02-Lip/3[Nij;3Mny 3]0z (typically at least
three times larger in volume than the primitive cell
containing four TM sites) were required. Given the
large number of possible configurations in such large
supercells, a thorough sampling of all structures was
computationally intractable and a more pragmatic
approach was used instead, where at least 200

Calculations
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configurations were sampled randomly for each
composition of interest.

Results

Analysis of the Na-containing
precursor and pristine O2 cathode

We begin with a brief analysis of the
Na-containing precursor, NAMNO, since the
structure of this P2 cathode dictates the structure
of the LAMNO cathode of interest. The Rietveld
refinement of the powder X-ray diffraction
(PXRD) pattern collected on as-synthesized
NAMNO and corresponding structural model are
shown in Figures S1 and S2, respectively. The
refinement parameters are listed in Table S1.
A two-phase model was required to accurately
fit the data. The two phases were: (1) a high
symmetry (P63mmc) P2 phase with composition
Nao.70Mn0.67Ni0.31Alo.0202, accounting for
approximately 70 wt.% of the sample, and
(2) a lower-symmetry (Cmc2;) phase with
composition NaggaoMng g7Lip 3302, making up
for approximately 30 wt.% of the sample. In the
second phase, Li and Mn preferentially occupy
different TM layer sites, and some anti-site
disorder is also present [Table S1]. The small
peak observed at about Q = 1.4A™" indicates
some amount of honeycomb ordering within the
TM layers. The low intensity of the () = 14477
peak likely arises from the presence of stacking
faults and anti-site disorder,*> % as discussed in
more detail later. The compositions of the two
Na-containing phases were determined from
refinement of the X-ray diffraction data, and our
results do not indicate any Ni, Mn or Al in the Na
layers.

We hereafter analyze the target LAMNO
cathode in detail. First, the composition of
the cathode was determined using inductively
coupled plasma (ICP), which provides the bulk
sample composition, and “Li solid-state nuclear
magnetic resonance (NMR) spectroscopy, which
provides quantitative information about the
fraction of Li in the cathode and in possible
impurity phases, whether these are crystalline or
amorphous. The sample composition obtained
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Figure 2: Simultaneous Rietveld refinements of the (a) Synchrotron powder x-ray diffraction (PXRD) (Ry.,. =
10.6%) and (b) powder neutron diffraction (PND) patterns (R p. 8.9%) recorded at room temperature
on pristine LAMNO. Inset shows the region of the X-ray diffraction pattern, from ) = 25471 — 3247,
corresponding to the broader (hkl)-type reflections that are broader and more challenging to fit. In (c), the refined
structures are shown, with both views of the overall cell and of the TM layers. The Li and TM slab thicknesses
of each phase, as well as the intralayer TM-TM distances, are shown in (d) for each structure. In (e), a scanning
electron microscopy (SEM) image of the pristine material is shown, acquired at 3500 x magnification. The possible
distribution of the two phases within and across particles is shown in (f).

from ICP is Li;j goAly 04Mng ¢7Nig 2302, while "Li NMR indicates that Li-containing diamagnetic
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impurity phases (e.g., Li,CO,, Li,O, LiOH), giving
rise to the sharp resonance at approximately 0
ppm in the quantitative Hahn-echo spectrum
in Figure S3, make up for approximately 7% of
the total Li in the sample. The "Li NMR results
are presented and discussed in more detail later.
Based on the ICP and “Li NMR quantification,
the composition of the electrochemically active
component of the LAMNO cathode comes out as
Lig.93Alg.04Mng 67Nig.230o.

The PXRD and powder neutron diffraction
(PND) patterns obtained for pristine LAMNO
were refined simultaneously wusing three
previously-reported O2  structural models
[Figures [2(a) and (b)]:*¥$8 a high-symmetry
hexagonal (P6s3mc) phase, in which the TM
sublattice comprises Mn (67%), Ni (31%) and
Al (2%), and two phases containing Li and
Mn in a ca. 1:2 ratio in the TM layers (space
groups Cmc2; and P2;), that are approximately
honeycomb ordered (ie., Li;MnOs-like). We
note that the intensity of the neutron diffraction
patterns are much lower than expected, owing
to a low amount of sample in the canister due to
the difficulty in generating large batches of the
ion-exchanged material. The atomic structures of
these three phases are depicted in Figure[2[c). We
henceforth refer to the high-symmetry, Li-poor,
Ni/Mn/Al-containing phase as the 7 phase, and
to the two lower-symmetry, Li-rich, Mn-only
phases as the A phases [[2[(c)].

The (00/) and (hk0) reflections from all phases
of LAMNO are, in general, sharp, while the
(hkl) reflections with non-zero Miller indices are
broad, indicative of stacking faults and consistent
with previous work [Figure [2(a), inset].*2 We
highlight in particular the (200) reflections of the
A (LisMnOs-like) phases, observed around () ~
1.4 A~ and indicated by an asterisk in Figure
2(a). Those reflections exhibit a “Warren-type”
peak shape® with a relatively low intensity,
suggestive of both honeycomb ordering within
the TM layers and the presence of stacking faults
(involving translation of the honeycomb-ordered
layers in the ab plane®). Such planar defects
are reminiscent of the stacking faults observed
in O3-type LisMnOs3,”"> which have been
described as a mixture of eclipsed/staggered
arrangements of the Mng rings along the c
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axis.”" Here, stacking faults are captured by
including two A phases, each having a subtly
different stacking of the Mng honeycombs along
the c-axis. An alternative model in which the
two LixMnOj3 phases were modeled as a single
O4-type phase (essentially taking the Cmc2,
and P2; phases and stitching them together
along c), was also considered [Figure S4]. Whilst
the fits using this two-phase model and the
previously-discussed three-phase model are of
similar quality, the three-phase model is a more
accurate representation of the true structure as
the superlattice reflections expected for the O4
phase and corresponding to a doubling of the cell
along the c-axis are not observed.

Additional analysis of the synchrotron PXRD
data using the DIFFaX software package
(implemented in TOPAS)**” to refine the
structure using a large cell comprising several
stacking faults led to a marginally better fit (R, ;.
= 11.8%) [Figure S5]. However, the refinement
was not sufficiently improved to justify the use
of such a large cell (i.e., of such a large number of
refinable parameters, worsening the refinement
statistics).

The refined lattice parameters and site
occupancies for the 7 and for the two A
phases in the three-phase model [Table S2]
are broadly consistent with the work by Luo et
al.,”? albeit a lower Li content is obtained for
the 1 phase. We note that the previous work
did not provide Rietveld refinements, but only
qualitatively compared calculated patterns to the
observed data. The refined stoichiometries are
Lig 7s[Alg.02Mng 7Nig 31 ]O5 for the 1 phase, which
makes up approximately 82 mol % of the cathode,
and LixMnOj for the A\ phases, making up for
18 mol % of the cathode. While no crystalline
impurity phases were detected in our samples,
the total Li content in the three O2 phases was
constrained to the Li content in the cathode
derived from ICP and “Li NMR analysis (which
is sensitive to amorphous Li-containing impurity
phases, as discussed earlier), while the Mn, Ni and
Al contents were constrained to their ICP values.
This way, our refined compositions and phase
fractions are entirely consistent with the cathode
stoichiometry obtained from the combined ICP
and NMR analysis. Notably, while the previous
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work”” identified a rather significant fraction
of Ni in the Li layers (33%) in this material
using high resolution scanning transmission
electron microscopy (STEM), the inclusion of
such anti-site defects in our refinements yielded
a poorer fit of both the neutron and X-ray
diffraction patterns (Ryp pxrp = 10.6 % and
Ry p.pnp = 8.9 % for the refinement without
Ni anti—sites; Rw.p.,PXRD = 13.8 % and Rw.p.,PND
= 11.8 % for a representative refinement with
Ni anti-sites), suggesting no such defects in
our material [Figures S6 to S10]. Similarly,
we found no evidence for Mn or Al anti-site
defects. Refinements that included Ni in the
A-phase models were also performed, but this
did not improve our fit [Figure S11]. Overall,
our refinement results of LAMNO indicate good
retention of the TM ordering present in the initial
NAMNO compound in LAMNO [Supplemental
Note 1], and the absence of TM cation migration
into the Li layers during the ion exchange

process.
Careful examination of the Li and
TM slab thicknesses suggest that the 7

(Lig.78[Alg.02Mng 67Nig.31]02) and A (Li;MnO3)
phases cannot be located contiguously with
co-planar TM and Li layers without considerable
internal strain, as shown in Figure d). The
in-plane TM-TM distances, however, are very
similar, suggesting that, if the phases are
contained within a single particle/grain, an
epitaxial arrangement of the two phases is
more probable, where the (00/) layers stack on
top of each other, as was suggested by Luo
et al®® based on TEM analysis. This phase
distribution is presumably inherited from the
NAMNO precursor, where the Na and TM slab
thicknesses are significantly different in the
two P2 phases, but the TM-TM distances are
similar [Table S1 and Figure S2]. However, our
analysis cannot conclusively determine whether
the different phases co-exist within single grains
or are present in separate grains. Indeed, our
Rietveld refinements suggest an approximate
average crystallite size of 0.62 um for the n
phase, and of 15 nm for the A\ phases, while a
broad distribution of particle sizes, ranging from
hundreds of nanometers to microns, is observed
by scanning electron microscopy (SEM) [Figure

2(e) and S12 to S15].

DFT investigation of anti-site defect
formation energies.

While our Rietveld refinements did not suggest
any anti-site defects in LAMNO, for the sake of
completeness, we examined whether such defects
could form, at least on a local scale, by computing
their formation energies [Figure [3(a) and (b)]. We
calculated the formation energies of anti-sites
in LAMNO, rather than NAMNO, on the basis
that anti-sites were anticipated to be less stable
in NAMNO due to the prismatic coordination
of interlayer species in this structure. Hence,
our calculations of anti-site defect formation
in LAMNO represent the “worst-case scenario”
of retaining such defects in the ion-exchanged
material. In previous work, Luo et al.** computed
the energies of three different configurations of
02-MnyNiO;,—deemed to be representative of
the material after Na has been removed but before
Li has been inserted into the structure**—in
which Ni either (i) occupies the TM layer
or (ii) occupies one of two symmetrically
distinct Li layer sites. It is unclear whether
this work accounted for Ni vacancies in the
TM layer when Ni was added to the Li layer.
Here, we elected to examine the energies of
a large number of configurations with overall
composition Liz/3Nij;3Mny /302  or  LioMnOs,
and containing either Ni or Mn in the Li layers.
These compositions are representative of the 7
and A phases observed in pristine LAMNO. The
calculations were conducted on cells three times
the size of the O2 primitive cells and containing
twelve TM sites arranged in a honeycomb pattern,
which is the preferred ordering observed in our
diffraction (as indicated by the reflections around
Q ~ 1.4A7" in Figure a)) and NMR results
(see later). Configurations were enumerated by
first moving one of the TM ions from a TM layer
site to the Li layer below. Then, starting from
this T'Mj,; configuration, different Li/vacancy
orderings were enumerated in the Li layers. We
investigated two concentrations of Ni anti-sites
that are consistent with the concentrations
reported by Luo et al, and one concentration of
Mn anti-sites. Given the large number of possible
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configurations of both displaced TM cations and
Li/vacancy orderings, sampling all structures
was computationally intractable and a more
pragmatic approach was used instead, where at
least 200 configurations were sampled randomly
for each composition of interest.

The types of anti-sites considered herein are
shown in Figure a) for O2-Lis/3Nij/3Mny 50,
and in Figure [(b) for O2-Li;MnOs.  For
honeycomb-ordered 02-Liy/3Ni; ;3Mny /30,
anti-sites were created by (i) swapping one or
more Ni?* or Mn** cation(s) in the TM layer with
one or more Li" cation(s) in the Li layer —these
defects are denoted as Nij;/Lin; and Mny,;/Liyy,,
respectively—or (ii) by swapping a Li in the Li
layer for a Ni and leaving a vacancy in the TM
layer—these defects are denoted as [y;. In (i)
the overall Li and TM stoichiometry is preserved,
while in (i) one in eight Li is removed from
the cell, which is charge compensated by the
oxidation of one Ni. For each configuration, we
calculated the difference between the formation
energy of the defective structure and the convex
hull at the same Li,[Ni;/3Mny/3]O, composition
without a TM defect. This energy difference
(per TM defect) is a measure of the energy cost
of moving one TM cation to the Li layer in
Li, [Ni; /3Mny/3]O; and is equivalent to the grand
canonical defect formation energy at a constant
Li chemical potential. For LixMnOs, anti-sites
were created by swapping Mn?* in the TM
layer for Li* in the Li layer without altering the
overall composition. Again, this corresponded to
computing the grand canonical defect formation
energy at a constant Li chemical potential.

In all cases, anti-sites raise the energy of
Lip/3Nij ;3Mny /305, and of Li;MnOj considerably.
As expected, Mn anti-sites have high defect
energies; in fact, such defects are rarely, if ever,
observed in pristine layered oxide cathodes’
and were not explicitly mentioned by Luo et al.**
In O2-Liy/3Nij3Mny 302, a single Nij; anti-site
raises the energy of the structure by a minimum
of 400 meV, while a Mny; defect raises the energy
by approximately 600 meV and a Niy, defect
raises the energy by approximately 300 meV
[Figure [3fa), left]. In Li;MnOj, a single Mny;
defect raises the energy by at least 300 meV
[Figure [3(a), right]. On the basis of these DFT

Journal of Materials Chemistry A

calculations, we are led to conclude that anti-site
defects in the 1 and A\ phases of LAMNO are
highly unlikely.

Investigation of the local structure
using solid-state NMR spectroscopy.

Having established the long-range structure of
LAMNO, we next examine its local structure
using Li, 'O and ?7Al solid-state NMR
spectroscopy. = The NMR spectra presented
here comprise highly shifted and severely
broadened resonances, a consequence of strong
electron-nuclear hyperfine interactions due to
the presence of paramagnetic Ni and Mn in
the material and, in the case of 7O and 27Al,
significant quadrupolar interactions.

Li NMR. The “Li Hahn-echo spectrum of
pristine LAMNO [Figure [4(a)] exhibits seven
broad resonances attributed to the paramagnetic
LAMNO phases and centered at approximately
318 ppm (T2-weighted integral = 15%, where T is
the transverse relaxation rate), 388 ppm (8%), 457
ppm (32%), 770 ppm (7%), 788 ppm (25%), 1566
ppm (1%) and 1579 ppm (5%). In addition, a sharp
resonance is observed at approximately 0 ppm,
corresponding to diamagnetic impurity phases
(such as LiOH, Li,CO3, and Li,O) at the surface
of the LAMNO particles, as described earlier.
The number and shifts of the paramagnetic
resonances were confirmed from a pjMATPASS
experiment, whereby spinning sidebands are
suppressed, resulting in a “cleaner" spectrum™®
[Figure S3].

The large "Li shifts observed in the spectrum of
LAMNO arise from the large paramagnetic (Fermi
contact) interactions between the “Li nuclear
spin and unpaired d electron spins from nearby
open-shell TM species. These interactions result
in the delocalization of unpaired electron spin
density from the TM d orbital, to a bridging O p
orbital, and eventually to an s orbital on the Li of
interest, referred to as TM—-O-Li bond pathways.

To assist the assignment of the LAMNO
resonances, the contributions from individual
neighboring open-shell TM ions to the overall "Li
Fermi contact shift, or TM-O-Li bond pathway
contributions, were obtained from first principles
using the CRYSTAL software package*™¢ for
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OZ-LiQMl’lOg and 02-L12/3 [Nil/ng’lg/g]Og model
structures [Figure [4(b)]. We also added Al into
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Figure 3: Schematic  structures of  (a)
02-L12/3Ni1/3M1’12/302 and (b) OZ-LIQ Ml’lOg with

anti-site defects. The structures are viewed down the c axis
and show one TM layer and one Li layer. In (c), anti-site
defect energies are plotted for O2-Liy/3Ni; ;3Mny /304 (left)
and O2-LisMnOg (right).
energy of one configuration. The zero energy corresponds
to defect-free O2-Liy/3Ni; 3Mny 302 (left) or defect-free
02-Li,MnOj (right).

Each line corresponds to the
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the O2-Liy/3[Ni;/;3Mny /3]0, structure at both Mn
and Ni positions to obtain pathways involving
Al (see ?"Al NMR). TM-O-Li bond pathway
contributions are additive and short-range,
such that the shifts of all possible Li local
environments in the LAMNO phases can be
predicted by summing over all the contributions
from nearest- and next-nearest neighbor cations
(NN and NNN, respectively). Based on the
LAMNO composition derived from ICP and NMR,
open-shell TM ions in the pristine cathode are
predominantly Ni** or Mn** (0.91 equivalents),
with a small amount of Mn3" (0.09 equivalents).
Unfortunately, NMR shift calculations on cells
containing Mn3* did not converge, and we do not
include environments with Mn3" neighbors in
our assignments. Still, we expect our assignments
to cover the vast majority of the Li environments
present in the material.

In LAMNO, Li species can occupy octahedral
sites in the Li and TM layers. When occupying
Li layer sites, Li interacts with cations in the
layers above and below in two ways: on one
side, Li shares a face with one cation and has
six NNN cations, while on the opposite side,
Li shares edges with three cations and has
three NNN cations. Using the bond pathway
contributions in Figure [(b), the average Fermi
contact shift of Li occupying an octahedral Li
layer site between two honeycomb-ordered
Ni;/3Mny/3 layers in the 7 phase, and sharing a
face with Mn**, is of approximately 500 ppm, as
determined from two calculations using hybrid
exchange-correlation functionals with 20%
(Hybrid 20) and 35% (Hybrid 35) Hartree-Fock
exchange (see methods), respectively. If Li
instead shares a face with Ni%*, its average shift
is of approximately 490 ppm. If Li occupies an
interlayer site in O2-Li;MnOj3 and shares a face
with Li, its average shift is of approximately
420 ppm, while if it shares a face with Mn*t, its
average shift is of approximately 250 ppm.

Li in a TM layer site has six cation NN. In this
case, the NNN cations are not directly connected
to Li and therefore do not contribute to its Fermi
contact shift; instead, they interact with the Li
nuclear magnetic moment via the much weaker
spin dipolar hyperfine interactions, resulting in
broadening of the resonance. Using a similar
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method as described above, the shift of Li with six
Mn NN is predicted to be of approximately 1605
ppm, while that of Li with five Mn and one Ni NN
is expected at approximately 1338 ppm (see bond
pathway contributions in Figure [4(b)).

Based on these predictions, the broad
resonances below 1000 ppm are attributed
to Li in the Li layers in the  and A\ phases
[Figure S16 and Tables S3 and S4]. Combining
the information obtained from the bond pathway
calculations and from the phase fractions derived
from Rietveld refinement of the diffraction data,
the resonances at 318 ppm and 770 ppm are
assigned to Li in the interlayer space of the A
phases with a Mn NN and a Li NN, respectively.
Those two resonances account for 15% and
7% of the total "Li signal intensity, thus the
corresponding Li environments to 0.15 and 0.07
equivalents of Li in LAMNO, respectively. Three
resonances are tentatively attributed to Li in the
interlayer space of the 7 phase: 1) The 388 ppm
resonance (8% of the signal or 0.08 equivalents of
Li) is assigned to interlayer Li species between
two honeycomb-ordered TM layers, where
the local composition matches the 2:1 ratio of
Mn:Ni required for honeycomb order. The shifts
expected for Li face sharing with a Mn or Ni
in the adjacent honeycomb-ordered TM layer
only differ by 10 ppm, and as such both of these
environments may contribute to the observed
resonance. 2) The 457 ppm resonance (32% or
0.32 equivalents of Li) corresponds to a “dynamic
average” peak, as its shift is approximately equal
to the average shift (440 ppm) for all possible
Li layer environments in this phase (with Mn,
Ni and Al occupation probabilities equal to the
bulk stoichiometries). We note that, out of all “Li
resonances present in the spectrum, the linewidth
and intensity of this signal at 457 ppm changes
most as a function of temperature [Figure S17],
which is consistent with its assignment to
an average Li environment arising from fast
Li-ion dynamics. 3) The 788 ppm (25%, or 0.25
equivalents of Li) resonance is assigned to Li in
Mn-rich environments, for example where Mn
replaces a Ni in the middle of a Mng ring.

The two signals at 1566 and 1579 ppm are
assigned to Li in the TM layers of the A\ phase
[Figure S18, Table S5]. The 1579 ppm signal is
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Figure 4: Solid-state “Li NMR of pristine LAMNO. In
(a), the bond pathway contributions to the Fermi contact
shift are shown for the two distinct local Li environments:
Li in the TM layers (left) and Li in the Li layers (right).
Bond pathways are provided for nearest- and next-nearest
neighbor (NN and NNN, respectively) TM cations; the
values correspond to pathways calculated using the hybrid
20 (hybrid 35) exchange-correlation functional, with 20%
(35%) Hartree-Fock exchange.
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spectrum is shown, recorded at a field of 2.35 T under
40 kHz magic angle spinning (MAS); assignments based
In (c), the
corresponding assignments to local Li environments in both
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ascribed to Li with six Mn*" nearest-neighbors
on the basis of the computed bond pathways in
Figure [4(a). The 1566 ppm signal could result
from Li with five Mn?" and one Ni’"T nearest
neighbors (here, denoted as LiMnsNi,), as has
been suggested in previous work on related
systems,”” but could also correspond to Li
with five Mn*" nearest neighbors and one Li"
(LiMn;Li;). Indeed, our calculations suggest that
the shift of Li in a LiMnsNi; environment is in
the range of 1205 to 1470 ppm, while that of Li
in a LiMnsLi; environment is in the range of
1183 to 1441 ppm (the ranges again arising from
the two levels of Hartree-Fock exchange used).
Furthermore, given that our Rietveld refinement
indicated that the only phase containing Li in
the TM layers is Li;MnOgs, and that adding a
small (1%) fraction of Ni occupancy to the TM
layer sites in the A\ phases does not improve
the fit [Figures S6 to S10], the 1566 ppm signal
is attributed to Li in a LiMn;sLi; or “dilithium”
environment, where two Li" ions sit directly
next to each other in the TM layer. We also note
that the signal at 1566 ppm is sharper than that
at 1579 ppm (assigned to a LiMng environment),
which suggests that the corresponding Li species
are involved in weaker or fewer TM-O-Li bond
pathway interactions and is consistent with a
LiMn;Li; environment but not with a LiMnsNi;
environment.

Having assigned each peak to a local
environment, we now turn to examine the
fraction of Li in each of the n and A phases. The
resonances attributed to Li in the 1 phase at 388
ppm, 457 ppm, and 788 ppm account for 0.08, 0.32,
and 0.25 equivalents of Li, respectively. The total
amount of Li in the n phase is therefore 0.08 +
0.32 + 0.25 = 0.65 equivalents, consistent with the
refinement results (82 mol % x 0.78 equivalents
of Li = 0.64 equivalents of Li). Furthermore, the
total Li in LAMNO sitting in the Li layers of the
A phase corresponds to 0.25 equivalents, also
consistent with observations. Our assignment
also suggests that 0.08/0.65 = 12% of the Li in the
7 phase sits in environments where the Ni and
Mn cations are honeycomb ordered. Hence, while
honeycomb order is present, the ordered domains
are quite small and only lead to low-intensity
superlattice reflections in the diffraction patterns

12

(see discussion).

Overall, our “Li NMR analysis indicates that
cations in the TM layers of the 7 and A phases
are at least partially honeycomb-ordered, with
evidence for domains exhibiting greater disorder,
including pairs of neighboring Li" ions in the
A phase. In addition, the "Li NMR results are
not consistent with Ni*" anti-site defects in
the pristine material, as these would lead to a
total “Li shift of either 100 ppm or 1100 ppm
for nearby Li species (depending on the bond
angles and distance between the Li and the Ni
anti-site), and such signals are not experimentally
observed. The absence of signals from Li nearby
anti-sites is in line with our diffraction and
first principles results presented in the previous
sections, and contrasts with the previous report
on this material.**

2TAl1 NMR. The 2"Al NMR spectrum collected
on pristine LAMNO consists of a broad,
‘wedge-shaped’ resonance whose center-of-mass
lies at approximately 2300 ppm, which we
attribute to Al in the TM layers of the n phase
[Figure [5(a)]. Two additional sharp features are
observed at approximately 12 ppm and 75 ppm,
which account for approximately 25% and 14%
of the total signal intensity, respectively [Figures
[5(a).(b)].  These lower-frequency resonances
are assigned to octahedral and tetrahedral Al
environments in diamagnetic Al-containing
impurity phase(s), most likely Al,O3, consistent
with previous work.” A precise determination
of which polymorph(s) of Al,Oj3 is (are) present
in the sample is challenging on account of the
broad line-shapes and lack of crystalline impurity
phase(s) observable by diffraction. The sideband
manifolds of the diamagnetic signals extend over
thousands of ppm, indicating strong spin-dipolar
interactions between the Al nuclei and unpaired
electrons on nearby Mn species. Hence, the
diamagnetic Al,O3; phase(s) is (are) in close
proximity to (within 1-2 nanometers from) the
paramagnetic, Mn-containing cathode, and likely
cover(s) the surface of the particles.

Deconvolution of the wedge-shaped resonance
is challenging, with multiple possible solutions,
but the fit can be informed by predictions of
plausible 27 Al Fermi contact shifts based on bond
pathway analysis [Figure [5(c)]. For Al in the TM
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Figure 5: Solid-state 27 Al NMR of pristine LAMNO. In (a), the overall Hahn-echo spectrum recorded at a field
of 11.7 T and a MAS speed of 60 kHz is shown. In (b), a fit of the isotropic diamagnetic signals is shown. Bond
pathways are shown in (c) for nearest-neighbor (NN) TM cations; the values correspond to pathways calculated
using the hybrid 20 (hybrid 35) exchange-correlation functional, with 20% (35%) Hartree-Fock exchange, and
example configurations are shown on the right. The bond pathways were used to assist the interpretation of
the paramagnetic 27 Al NMR signals in (a), with a fit of that region of the spectrum shown in (d).

layer, the predicted contribution from individual
Mn?™ NN is between 650 and 715 ppm to the total
shift (depending on the hybrid functional used
in the calculation), while a Ni?* NN contributes
between -110 and -120 ppm [Figure [5(c)]. On
the basis of these pathway contributions, the
signal observed at approximately 2000 ppm is
assigned to Al with three Mn and three Ni nearest
neighbors, and those observed at 2600 ppm and
3250 ppm likely correspond to Al with four Mn
and two Ni, and with five Mn and one Ni nearest
neighbors, respectively. While the distribution of
27 Al resonances is close to that expected based on
a random distribution of TM cations [Figure[5(a)],
there are no environments in which Al does not
have at least one Ni nearest neighbor, indicating
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a partial preference of Al to be coordinated by Ni.

Overall, our 2’Al NMR results indicate the
presence of (an) amorphous surface aluminate
phase(s) undetectable by diffraction methods,
which account for approximately 40% of the
Al content in the sample, explaining the
lower-than-expected refined Al content in
the Li-poor phase (0.02 equivalents instead
of the targeted 0.04 equivalents) as obtained
from analysis of the neutron and X-ray
diffraction results presented earlier® In the
Liy/3[Ni; ;3Mny /3]0, phase, A" ions occupy TM
sites, once again consistent with the neutron
and X-ray diffraction results, with a tendency to
segregate to Ni-rich regions.

170 NMR. Having established the distribution
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of Li and Al local environments in LAMNO,
we now turn to O NMR. The observed
chemical shift of O species in LAMNO
depends on competing paramagnetic and
quadrupole-induced shift contributions, and is
highly sensitive to the local geometry around
the 1O nucleus (bond angles and lengths), as
well as the degree of ionicity or covalency of the
metal-oxygen bonds.”” Here, O?~ is bound to
three cation species in the TM layers and up to
three Li in the Li layers. The 7O NMR spectrum
obtained for pristine LAMNO comprises one
severely broadened resonance whose center
of mass lies at approximately 6500 ppm. The
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spectrum extends from approximately 0 ppm
up to 12000 ppm, however, suggesting a range
of local environments. We focus hereafter on
the effect of the three NN cations occupying the
TM sites, as these dominate the observed shift
(Li* being diamagnetic). The bond pathway
contribution for a Mn** NN lies between 800
and 1200 ppm (depending on the bond angle and
length, as shown previously”?%), and that for a
Ni?* NN is between 5000 and 6000 ppm [Figure
l6(a)].

Using these bond pathway contributions, we
attribute the observed overlapping signals, in
order of increasing frequency, to O*~ bound to,
in the TM layer: two Mn** and one diamagnetic
species (Li or Al, eg, which corresponds
to the expected O?~ local environment in
honeycomb-ordered O2-LiouMnO3 or A phase),
02~ bound to three Mn*t, O?>~ bound to one Ni**
and two Mn**, and O?~ bound to two Ni*t and
one Mn*" [Figure Ekb)] Additional simulations
of all possible environments are highlighted in
Figure S19. Notably, the absence of any signal
in the 15000-18000 ppm range suggests no O
environment with three Ni?* NN, although it is
also possible that the signal lifetime of these O
environments is too short on the timescale of
NMR data acquisition (see Discussion).

Electrochemical Results.

The initial electrochemical profile of LAMNO
is similar to that of O3-type Li-rich layered
oxide cathodes: the first region of the initial
charge curve features a steep rise in potential,
corresponding to approximately 15% of the total
capacity of the cathode. This is followed by a
high-potential region with a shallower slope
[Figure , consistent with previous work on
this material.”* A large potential hysteresis is
observed on subsequent discharge, with later
cycles exhibiting a smoother (S-shaped) profile
and a smaller (yet still considerable) hysteresis,
alongside a gradual loss of capacity over the first
100 cycles.

Although the overall capacity retention remains
relatively high for an anion redox cathode, there
are clear signs of structure-altering processes
from the electrochemical profiles. These are
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perhaps most evident from the gradual decrease
in the average potential of LAMNO, calculated
as the average of the average potential on charge
and the average potential on discharge (i.e.,
for a full cycle), over the first hundred cycles
[Figure S20]. The average potential decay of
our material, that of Luo et al.*? and for a
series of Li- and Mn-rich O3-type cathodes, are
compared in Table S6. Unfortunately, none of
the previous studies have indicated whether the
potential decay was computed for a full cycle or
per half cycle (only charge or only discharge),
and we hereafter assume the former. Our full
cycle potential decay is slightly higher than that
reported by Luo et al.,, particularly after the first
10 cycles; we note, however, that a higher rate
and narrower potential window was used in that
previous work, which reduces cathode utilization
and likely mitigates degradation. Beyond the
first 10 cycles, the potential decay stabilizes
and becomes as low as -0.5 mV per full cycle.
From cycle 10 to 100, the average potential of
LAMNO on charge gradually increases from one
cycle to the next, whilst the average discharge
potential gradually decreases. We suggest that
the gradual increase in charge potential arises
from an increase in the impedance of LAMNO,
rather than structure-altering processes, which
would likely manifest as a sudden change to the
average potential (for example, as seen between
the first and second cycle average potentials of
LAMNO, Figure S20). We note also that, despite
previous claims, the potential decay in LAMNO
is comparable to other O3 cathodes for the
first cycle, but then becomes much smaller on
subsequent cycles, further hinting at irreversible
structural changes taking place in LAMNO over
the first cycle [Figure S20 and Table S6].

Discussion

Our results on as-prepared LAMNO reveal a
similar long-range structure as that reported
by Luo et al:** the LAMNO cathode comprises
chemically distinct O2-type phases, the 7 phase
(Li0.78 [AIO,QQMHD_67N10_31 ] 02) and A\ phase(s)
(LisMnOg) containing stacking faults (that can be
modeled with two simple stacking sequences),
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Figure 7: electrochemical profiles over the first 100
cycles of LAMNO cycled in a half-cell configuration
at 298 K and a rate of 20 mA g~! between 2.0 and 4.8
V using LiPFg in a 1:1:1 v/v solution of EC/DMC/DEC
as the electrolyte.

as determined from neutron and synchrotron
X-ray diffraction. The electrochemical behavior
of our LAMNO material is also consistent with
that reported by Luo et al, which suggests
very similar local structures in our materials.
Despite those apparent similarities, we diverge
on the origin of the remarkable electrochemical
performance of LAMNO, as explained below.
Firstly, Luo et al. synthesized NAMNO (the
precursor to LAMNO) using 13 mol.% excess of
transition metal carbonates, which they justified
as necessary to form TM anti-site defects in
the layered oxide product. In the present work,
we instead used stoichiometric amounts of the
precursors and, to the best of our knowledge,
obtained a very similar product, as noted earlier.
We rationalize these results by possible hydration
of the carbonates prepared by Luo et al,
requiring additional precursor mass for a similar
TM content. Indeed, MnCO3; and NiCO; are
strongly hygroscopic”® and we have found that
such compounds require temperatures of at least
120 °C to remove the water of crystallization. Luo
et al. instead used 90 °C to dry their precursors
and those may have remained partially hydrated.
Secondly, Luo et al. observed ordered spots
in the Li layers of LAMNO using TEM, which
they ascribed to anti-site defects, T'Mp;. TM
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cations in the Li layer is inconsistent with our
Rietveld refinements [Figure S11]. Furthermore,
our DFT calculations indicate that as-prepared
LAMNO is unlikely to contain anti-site defects
in either the 7 or A phases. DFT calculations
by Luo et al. of excess Ni in delithiated MnOgs
also predict a preference for the TM layer as
opposed to the Li layer. TM anti-sites in the
prismatically coordinated sites of the Na layers of
the P2 NAMNO precursor is also highly unlikely,
due to the unfavorable coordination and the
size mismatch between Na™ and the TM cations.
While the NAMNO precursor could contain local
O2-stackings, in which a TM cation could occupy
an octahedral interlayer site, our DFT results
indicate that the formation of such octahedral
anti-site defects is unfavorable when Li is present
in the interlayer space [Figure [3{(c)], likely on
account of sharing a face with a neighboring TM
cation.

Our structural characterization results indicate
partial honeycomb ordering on the TM layers in
the 1 and X phases. In the 7 phase, such ordering
is not immediately apparent from the diffraction
results, but is evident from the NMR results. The
"Li NMR spectrum indicates that a fraction of the
Li (0.08 equivalents out of 0.65, or approximately
12% of the Li) in the 1 phase occupies Li-layer sites
with a honeycomb arrangement of neighboring
TM cations in the adjacent layers. The absence
of long-range honeycomb order likely stems
primarily from the presence of approximately 2%
Al in the TM sublattice [Figure [§]]. Starting from
a perfect honeycomb ordering (i.e., a 2:1 ratio of
Mn:Ni), either a Ni or Mn is replaced with an Al
cation. On the basis of the TM layer composition,
Nig 31 Al 02Mng 7, we suggest that Ni is replaced
by Al However, the inclusion of Al in the TM
layers does not result from a simple substitution
of Ni: for example, if Al were to replace a Ni
in the center of a Mng ring, one would observe
a signal at 3900-4290 ppm (based on our bond
pathway calculations; Figure c)), which is
not the case. Instead, we find that Al occupies
TM sites with at least one Ni nearest neighbor.
Hence, other substitution schemes must be
considered. For instance, if instead of replacing
Ni, Al were to replace Mn, and Mn then replaces
a Ni according to the average composition of
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the TM layer, a “defective honeycomb" structure
would develop. Clearly, Mn could substitute
either the nearest Ni, yielding a Al[NisMny]
environment, or a next-nearest Ni, yielding a
Al[NizMnj3] environment [Figure [8{a), (b), (c) and
(d)]. Furthermore, in a honeycomb, one might
expect the presence of anti-phase boundaries:
extended defects that separate two translational
variants of well-ordered domains [Figure [§[e)].
These anti-phase boundaries are likely formed
during synthesis as two honeycomb-ordered
domains impinge on each other as they grow.
Under this scheme, it is possible for Al to acquire
only one Ni nearest neighbor [Figure [8(e) and
(f)]. These ordering scenarios are depicted in
Figure [8| and additional examples of defective
honeycomb structures are depicted in Figures S21
to S23.

Overall, the introduction of Al can lead to a
departure from a pure honeycomb arrangement
of the cations in the TM layers in the 7 phase.
Partial and short-range honeycomb ordering in
this phase is consistent with the "Li, 2’ Al and 7O
NMR results [Figures and []], and with the
low intensity, broad reflection at ) ~ 1.4A71
in the synchrotron XRD pattern [Figure [2(a)].
In addition to the loss of long-range in-plane
order due to Al incorporation, stacking faults
of the TM layers are also likely to be present
in the ion-exchanged structure; these, too, will
reduce the extent of long-range order [Figures
S24 to S26]°" and may further explain the
weak superstructure reflections observed in the
synchrotron XRD pattern.

Partial honeycomb-ordering is also evident
in the A\ phases of LAMNO. Once again, this is
supported by the reflections around @ ~ 1.4A7"
in the synchrotron XRD data. Furthermore,
the signal observed at 1579 ppm in the "Li
NMR spectrum provides direct evidence for
the presence of Li in the TM layers surrounded
by six Mn nearest neighbors. This honeycomb
ordering, as in the 7 phase, is far from perfect.
This is evident from the presence of dilithium
(Li[MnsLi]) environments revealed by the
1566 ppm signal in the ‘Li NMR spectrum.
Those dilithium environments may arise from
anti-phase boundaries in the NAMNO precursor,
as indicated by “Li NMR [Figure S27], formed
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Figure 8: The effect of Al doping on local Al and O environments in the 7 phase of LAMNO. In (a), the perfect
Ni; ;3Mny 3 ordering is shown, viewed directly down the c-axis, onto the TM plane. When an Al replaces a Mn site
and the displaced Mn replaces a nearby Ni, an ordering as shown on the right develops, creating an Al[NioMny]
environment. The corresponding O environments in the layer are highlighted in (b). A similar scheme is shown
in (c), with the displaced Mn now replacing a different Ni center, yielding an Al[NigMng] environment; the
corresponding O environments are given in (d). In (e), the region around an anti-phase boundary (APB) is shown,
with perfect honeycomb ordering on each side of this boundary. On replacing a Mn with Al and then replacing Ni
with Mn, a Al[Ni;Mns] environment forms. The corresponding O environments are shown in (f).

during the initial high-temperature solid-state
reaction. We illustrate the formation of dilithium
and dimanganese environments at anti-phase
boundaries in Figure [9(a). It is also possible
that, instead of extended anti-phase boundaries,
the dilithium environments occur as isolated
point defects (i.e., Li/Mn anti-sites). Discerning
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between anti-phase boundaries and localized
defects is experimentally challenging and are
beyond the scope of this work. Based on the
quantification of the "Li NMR results, dilithium
environments in the A\ phase(s) make up for 1%
of the total Li content (i.e, 0.01 equivalents of
Li), while Li in perfect honeycomb environments
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(LiMng) in these TM layers make up for 5% of the
total Li content in LAMNO. From this, we deduce
that approximately 16% of the Li in the TM layers
of the A phase have a Li nearest neighbor, with
important consequences on the electrochemical
behavior.

Finally, we relate the phase composition and
structure of LAMNO to its electrochemical
performance. Our LAMNO cathode comprises
82% of an 7 phase with chemical formula
Lig 7s[AL 1,Mnj {,Mngt.Ni2t 10, based  on
charge balancing and the relative redox potentials
of the Ni**/3* and Mn’*/** couples. This
distribution of oxidation states means that 0.74
equivalents of Li can be removed from this phase:
0.12 from the oxidation of Mn®t —Mn**, and
0.62 from the oxidation of Ni** —Ni**. This
corresponds to a total theoretical capacity of
214 mAh g~!, which when scaled by the phase
fraction becomes 160 mAh g! or 0.56 equivalents
of Li. The theoretical capacity of the A phase
is approximately 459 mAh g~! (assuming full
removal of Li in Li,MnOj3 from anion redox), and
when scaled by the phase fraction amounts to
115 mAh g~ ! or 0.33 equivalents of Li.

Based on the observed first charge capacity
of 216 mA h g~ ! upon cycling over a wide
potential window of 2.0-4.8 V, it is clear that
not all of the Li can be extracted from LAMNO.
Given that the 7 phase is structurally similar
to the 02-Liy/3Nij/;3sMny 30, compound first
reported by Paulsen et al,”” we suggest that
almost all of the available theoretical capacity
in this material (corresponding to the extraction
of 0.67 equivalents of Li, or 130 mA h g~!) can
be and is extracted at least on the initial charge.
We note also that the shape of the LAMNO
electrochemical profile is similar to the full
electrochemical profile of O2-Lis/3Ni;/3Mny/30;
between 2.0 and 4.2V, also suggesting that a large
fraction of the capacity of LAMNO comes from
the n phase. As such, the capacity limitations
observed from LAMNO stem primarily from the
A phase.

One possibility for the difficulty in removing
Li from the X phase arises from the evolution of

the dilithium environments during -cycling.
On extracting Li species from dilithium
environments, divacancies are expected to
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form in the TM layers [Figure [9(a) and (b)].
As with Li hopping in the interlayer space,””
these divacancies enable low-energy pathways
for in-plane TM migration as the Coulombic
repulsion experienced by the TM is significantly
lower when migrating into the tetrahedral
transition state site that does not share faces
with any TM atom [Figure [%c)]. In turn, a lower
barrier for TM migration is expected to increase
the mobility of Mn within the TM layers of
LisMnOs, enabling densification. We suggest
that densification of the A-phase accounts
for the significant potential decay observed
for LAMNO during the first cycle, which is
comparable to many O3 cathodes [Table S7]. A
follow-up study is underway that explores the
charge compensation mechanisms and structural
rearrangements taking place during the first
few cycles, providing additional insight into
the remarkable cycling stability of LAMNO
compared to other anion redox cathodes.

Conclusion

Lij 29Alg 02Mng 67Nig 2102 (LAMNO)
O2-type layered oxide -cathode,

reported  with  excellent electrochemical
performance for an anion redox material,
with little potential fade and minimal irreversible
capacity losses.”” In previous work, the cathode
was found to comprise a Li-stoichiometric and
LioMnOs-like phase mixture, but details of its
local structure remained poorly understood.
Meanwhile, its exceptional electrochemical
performance was ascribed to the presence of
TM anti-site defects in the Li layers pinning
the honeycomb-ordered layers and ensuring
good structural stability during electrochemical
cycling. In the present work, we conducted
a detailed structural characterization of the
as-prepared LAMNO material using synchrotron
X-ray diffraction, neutron diffaction, and
multinuclear ("Li, 17O and 27Al) solid-state NMR
spectroscopy. Our results confirm the presence
of two distinct phases but with a lower overall
Li content than previously reported. The two
components were found to be LixMnOj3 (which
we term the A-phase, comprising 18 mol.%

iIs an
previously
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Figure 9: Impact of in-plane TM/vacancy ordering
on TM migration. In (a), a TM layer with perfect
honeycomb-ordered (left) and a honeycomb-ordered
with anti-phase boundary (right) are shown, with the
dilithium environments highlighted. In (b), the effect
of removing Li species from anti-phase boundary
regions is shown, while (c) highlights the expected
impact of divacancies in the TM layer on the energy
barrier for in-plane TM migration, compared to the
monovacancy mechanism.

of LAMNO) and Li0‘78[AI0.0QMno_67NiO.31]OQ
(the n-phase, 82 mol.%), both of which have
the O2 stacking. We find no evidence for
the previously-reported Ni anti-site defects
and instead identify the presence of partial
honeycomb ordering in the TM layers of
the n and A phases. In particular, our NMR
results highlight a clear deviation from a
random distribution of transition metals, but
the absence of clear reflections in X-ray and
neutron diffraction suggest that this ordering
is not long-range. Further, our "Li NMR results
reveal the presence of “dilithium” environments
in the TM layers of the A (Li;MnOs) phases,
where Li has five Mn*" and one Li" nearest
neighbor. We propose several structural models
consistent with our results, indicating that Al
cations disrupt perfect honeycomb ordering in
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the 1 phase, whilst anti-phase boundaries and
stacking faults disrupt this ordering in the A
phase. Finally, we suggest that the presence of
dilithium environments likely has a significant
effect on the electrochemical performance of
LAMNO.

Supporting Information

The Supporting Information is available free of
charge at ...

The SI contains: a detailed experimental,
additional PND and XRD Rietveld refinements,
SEM results, additional electrochemical results,
additional “Li NMR results, details about the
NMR shift calculations, and TM ordering
schemes. All raw data and scripts for processing
are located on Materials Commons, with DOI
10.13011/m3—ydfw—6495.
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The data supporting this article have been included as part of the Supplementary Information.

Neutron diffraction data is available under the DOI https://doi.ill.fr/10.5291/ILL-DATA.5-23-
812

We will upload the full data set to a DOI at the revisions stage, alongside crystal structures
(which will be uploaded to the Inorganic Crystal Structures Database, also at revisions)
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