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The stability and structural aspects of three categories of quenched and annealed LMNO samples,
representing different stages in the processing of realistic materials, were studied by synchrotron powder
X-ray diffraction and Raman spectroscopy. The complex Li-Mn—-Ni—-O energy landscape opens for
coexistence of up to five phases under non-equilibrium conditions. These were evaluated by Rietveld
refinements, assisted by lattice parameter — composition correlations, which quantitatively confirmed the
nominal bulk composition. Mn/Ni cation diffusion occurs at much lower temperatures (400 °C) than
previously anticipated, evidenced by Mn/Ni cation ordering in LMNO and by the (back-)formation of rock
salt (0-RS) and N-layered impurity phases. Raman data reveals local Mn/Ni ordering well before the
formation of domains detectable by X-ray diffraction. The formation of o-RS and Mn/Ni ordering occurs
within the same temperature window. We find that o-RS is most likely the cause for oxygen release,
without formation of O-vacancies in the parent spinel. A Mn-enriched e-LMNO spinel phase can form at
low temperature alongside the ordering process and back-transformation of Ni-rich impurities. Such

. Mn/Ni segregations are the main cause of Mn(i) formation in LMNO electrodes. The described
iig:gﬁ% Zzl;tt?] %Jgtzsgrzgozs procedure provides a basis for detailed analysis of practical LMNO materials, emphasizing that the o-RS

phase must be considered an integral part of all such analyses. Operando SXRD data further show that
DOI: 10.1039/d5ta05130d . T . . )
ordered and disordered LMNO can be distinguished during cycling, that tetragonal variants form at deep

rsc.li/materials-a discharge, and that o-RS remains largely undetectable due to its small amount.

high temperature, but it is important to emphasize that
completely ordered or disordered phases can be hard to obtain

Introduction

The ever-increasing worldwide demand for improved perfor-
mance of rechargeable Li-ion batteries for use in portable
electronics, heavy-duty tools and electric vehicles is a strong
driver for developing next-generation batteries with high-power
and high-energy density based on sustainable materials. In this
perspective the well-known spinel LiMn; 5Ni, 50, (LMNO) is an
appealing cathode material."> LMNO operates at high voltage
(~4.7 V) and has a high achievable specific capacity (~135 mAh
g™ ") and benefits from more earth abundant elements than
conventional LiCoO, (LCO), LiNi;_, yMn,Co,0, (NMC) and
LiNi; _,_,Co0,Al,0, (NCA).>*

The Ni-substituted LMNO variants of the LiMn,0, spinel
represents a solid solution of LiMn,_,Ni,O, 0.00 <z < 0.50 with
a tuneable Li-content. The phase relations in the Li-Mn-Ni-O
multicomponent system are complex and include spinel and
rock salt related phases. For stoichiometric LMNO, an ordered
structure (Li,Mn;NiOg) is thermodynamically favored at room
temperature, ideally with Ni(u) and Mn(wv). Disorder occurs at
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in practice,>® and the degree of Mn/Ni order depends on e.g.
oxygen partial pressure,”® temperature,”'® annealing time®'"*
and nominal Mn/Ni stoichiometry.*>"

The electrochemical performance differs for the ordered and
disordered LMNO variants.”*** The disordered d-LMNO is (de)
lithiated through a solid-solution behavior, as seen in galva-
nostatic cycling and operando diffraction data. Modelling shows
that such behavior is possible throughout the whole charge/
discharge interval,® however, several studies report two-phase
behavior at low Li-contents.*** The ordered o-LMNO (de)lith-
iates as three distinct spinel phases (approximately LiMn, ;-
Nig 504, LigsMn; sNigs0, and Mn, sNijs0,4), with two-phase
equilibria during electrochemical cycling. These o-LMNO vari-
ants exhibit a limited solid-solution behavior at the two-phase
boundaries during charge/discharge.””* Relative to 0-LMNO,
d-LMNO is reported to show improved electrochemical
stability at high voltage®**** with less degradation and capacity
fading.****¢ It has been reported that d-LMNO has a higher
electronic conductivity,”” although several studies dispute that
claim.**®* An improved rate capability®*® is reported for d-
LMNO and explained by higher ionic conductivity,’* however;

This journal is © The Royal Society of Chemistry 2025
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recent reports show comparable rate capabilities across the two
polymorphs,” except for highly ordered o-LMNO.%**

The complex energy landscape in the Li-Mn-Ni-O system is
an issue both for synthesis and electrochemistry. The
complexity is likely rooted in similarities in the atomic
arrangements, with a cubic close packed O-anion sublattice
where cations may fill various tetrahedral and octahedral
interstices. The similar synthesis conditions of 0o-LMNO and d-
LMNO has been theoretically understood from DFT-
calculations showing how the similar characteristics of Ni-O
and Mn-O bonds leads to small differences in lattice enthalpy**
and others have shown how disorder come from intrinsic
defects in 0-LMNO, which are highly sensitive to synthesis
conditions.* Furthermore, depending on temperature (7) and
oxygen partial pressures (pO,), different oxidation states for Mn
and Ni can be stabilized. One consequence is that thermal
decomposition of LMNO may take place (high 7, low pO,) under
formation of a Ni-rich rock salt phase. Several reports suggest
presence of oxygen vacancies in the spinel,>****** but many
neutron diffraction studies do not report vacancies.”***
Notably, the reported formation of (microscopic) Ni-rich rock
salt type precipitates®**** may instead explain any oxygen
release. The decomposition reactions are detrimental for
performance in a Li-ion battery, with capacity loss caused by Li
fixation in impurities and a possible nickel accumulation in the
surfaces of crystallites, that could cause overpotentials and
harm conductivity.*® Any reduction in the electrochemical cell
energy due to a decreased amount of electroactive Ni, as well as
more Mn(m) that can undergo disproportionation and induce
decomposition reactions on the anode, is detrimental for the
electrochemical cell performance.*

Since the X-ray scattering contrast between Mn and Ni is
poor, and Li is a weak scatterer, one can hardly extract reliable
composition data from Rietveld refinements of site occupan-
However, excellent signal-to-noise ratio and high-
resolution synchrotron X-ray diffraction (SXRD) allows us to
identify (i) Mn/Ni (dis)ordered domains and (ii) tiny amounts of
impurity phases, in addition to (iii) resolve overlapping peaks
from related compounds. This enables determination of unit
cell dimensions with good accuracy and allows us to establish
and benefit from volume-composition relationships. This was
previously adopted for the rock salt (RS) impurity described by
McCalla et al., with (partial) cation ordering and Li-substitution
into an MnNigOg-like phase** (with a diffraction pattern similar
to that of Li,Ni; ,0).”* To complement this analysis, other
methods such as powder neutron diffraction (ND),>3¢37
Nuclear Magnetic Resonance (NMR),*® Raman***** and
Fourier-Transform Infrared (FTIR)* spectroscopy are valuable
in phase identification and to identify space group and local
symmetry. In the current work, the SRXD study is com-
plemented by Raman spectroscopy.

The Mn/Ni ordering process as well as the RS segregation rely
on cation diffusion within the spinel structure, facilitated by
empty tetrahedral and octahedral sites. At the atomic scale, the
mechanism for Mn/Ni ordering is proposed*** to involve
Frenkel-type defects where Mn/Ni atoms in 16d sites are
temporarily shifted to empty 16c sites. Such shifts are believed

cies.
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to be central also for formation of RS impurities, accompanied
by Li movement to octahedral sites, redox processes and oxygen
release.”

The fully ordered and fully disordered LMNO represent two
extreme situations. TEM data show that ordered and disordered
domains can coexist at the atomic level and the domains of o-
LMNO are believed to randomly form and grow inside disor-
dered d-LMNO crystallites.*® Tiny clusters of o-LMNO are
detectable by Raman spectroscopy owing to a different local
symmetry. The nanosized domains inside LMNO crystallites
will give rise to very broad diffraction peaks, easily hidden in
background noise. The SXRD patterns will show sharp peaks
from the spinel structure, and broad peaks from the ordered
domains. A few reports have described such coexistence based
on either powder diffraction data* " or electrochemistry.™
Emery et al. reported domains of just a few nm in size for LMNO
prepared at 900 °C.** The detection of such tiny domains can
easily be overlooked, which could lead to erroneous correlations
between ordering and properties.

This work makes use of high-intensity and high-resolution
synchrotron X-ray diffraction to address open issues with
spinel stability, ordering of domains, and segregation, based on
a systematic study of some 80 samples of LiMn; 5.,Nig 5 O, (X
= 0, 0.05, 0.1). One question is how ordering correlates with
(rock salt) impurities. Already for the disordered spinel, short-
range order is likely present as a required means for charge
neutrality. During the domain growth, these may join with
possible formation of antiphase boundaries (APBs).'*'** These
may act as traps for charge carriers, ¢f La,/;_,Liz, TiO3.>° One
should hence aim to engineer an optimum ordering and
microstructure for best electrochemical performance. We
explore the temperature range where the o-RS formation can be
mitigated/reversed, and Ni/Mn ordering occurs to gain insight
to these interconnected phenomena. This includes study of how
the Mn/Ni ratio affects underlying mechanisms. Our efforts are
based on three categories of samples: (i) those with maximum
Mn/Ni order, (ii) those quenched from a high temperature
disordered state and (iii) quenched with subsequent annealing.
These samples span a processing range that is relevant as
a basis for synthesis and optimization of commercial LMNO.
The correlation between ordering and formation of impurities
and segregation is discussed in detail. Finally, we propose
a synthesis route for minimizing the amount of impurities in
the final product, depending on the Mn/Ni stoichiometry.

Experimental
Synthesis

Powder samples of LiMn, 5.,Niy 5,04 (x = 0.00, 0.05, 0.10, 0.20,
0.30, 0.40) were prepared by a modified Pechini method,*
where ethylene glycol (EG, 99.8%, Sigma-Aldrich) and citric acid
monohydrate (CA, 99.0%, Sigma-Aldrich) are mixed in a 4:1
molar ratio.*** Large batches (18 grams; 0.1 mol) were prepared
by first mixing anhydrous LiNO; (99.999%, Alfa Aesar) with
standard solutions of 0.884(2) mmol per g Ni(NOj3), (from 98.5%
Ni(NO3),6H,0, Sigma-Aldrich) and 3.023(8) mmol per g
Mn(NO3), (from 98% Mn(NOj3),-4H,0, Supelco) based on
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gravimetric analysis. Next, EG and CA were added, stirred
overnight at 50 °C, and heated to 120 °C to remove water. On
increasing the temperature to 220 °C the sample self-ignited
and was kept overnight in a muffle furnace at 180 °C. Organic
components were next decomposed at 400 °C for 4 h. A final
treatment was done at 900 °C for 10 h followed by cooling to
800 °C and holding for 10 h. The samples were mildly quenched
by letting the samples cool in ambient air. These quenched
samples were used as starting material for all annealed
samples. The adopted notation describes the Mn stoichiometry,
followed by Q for quenched. Thus, Mn1.55-Q describes
a quenched sample with stoichiometry LiMn; s55Nig4504.
Portions of the Mn1.5-Q, Mn1.55-Q and Mn1.6-Q samples were
subsequently annealed for 6 h, at selected temperatures (400-
750 °C) and atmospheres (static air or O,-flow). Details are
defined by the shorthand notation: e.g. Mn1.55-02-500C is
annealed in O,-flow at 500 °C. A few samples were prepared by
slow cooling during 18 d from 725 to 400 °C (details in Table S1)
to maximize the degree of Mn/Ni cation order. These are named
MO, for maximum order: Mn1.5-MO, Mn1.55-MO, Mn1.6-MO.
The stoichiometry of the MO samples was confirmed by ICP-
OES to be very close to the nominal values, i.e. LipogMn; 496~
Nig 50404, Lig.9sMny 551Nig 44904 and Lig goMn 599Nig.40104.

Powder X-ray diffraction

Synchrotron powder X-ray diffraction data (SXRD) were
collected at ambient conditions at SNBL, BMO1@ESRF, Gre-
noble. To compare the data, collected at slightly different
wavelengths, the observed profiles are presented as a function
of Q rather than 26. During the campaigns different sample-to-
detector distances were applied which allowed us to collect data
for a very broad Q-range, and notably also for a smaller Q-range
with superior resolution. An overview is given in Table S2, for
angular resolution, wavelength and counting time. The choice
of Q-range has an impact on the outcome of Rietveld refine-
ments, especially in terms of domain and crystallite sizes.
Details regarding which samples were measured under which
conditions as well as the goodness of fit for each diffractogram
are shown in Fig. S1. All samples were kept in 0.3 mm borosil-
icate capillaries, and a Pilatus 2M detector was used. To inte-
grate the 2D-data, we used the Bubble software.>® The detector
was calibrated using a LaBg standard (NIST Standard Reference
Material 660c), adopting an intrinsic peak broadening function
for the 2D detector.> Operando SXRD studies by cycling 1.5-
5.0 V (C/8) were done at SNBL, BM31@ESRF, as described in
Table S11. Further description of methodology and instru-
mentation is published previously.*®

Structure analyses

Up to six phases were included in the structural analyses, see
Table S3 for crystallographic data. These include: the Mn/Ni
disordered LMNO (d-LMNO) described in space group Fd3m
with Li in 8a (1/8, 1/8, 1/8); Mn/Ni in 16d (1/2, 1/2, 1/2); O in 32e
(x, x, x); the expanded spinel (e-LMNO), similar to d-LMNO but
with a prominent Li and Mn/Ni mixing; the Mn/Ni ordered
LMNO (0-LMNO) described in space group P4332; Li in 8c (x, y,
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z),Mnin 12d (x, y, ), Ni in 4a (x, y, ), O1 in 8c (x, y, 2); O2 in 24e
(x, ¥, 2); the ordered rock salt phase (0-RS), literature composi-
tion MnNigOyg, described in Fm3m, with Mn in 4a (0, 0, 0), Ni in
24d (0, 1/4, 1/4), O1 in 8c (1/4, 1/4, 1/4), O2 in 24e (x, 0, 0), where
the 4b site (1/2, 1/2, 1/2) is vacant, but can accommodate Li; the
layered rock salt-related phase (N-layered) described in R3m,
with predominantly Mn/Ni in 3a (0, 0, 0) and mainly Li in 3b (0,
0, 1/2), but cation mixing occurs, and O in 6c (x, 0, 0). A similar
description is adopted for the M-layered phase, thus ignoring
superlattice peaks that can be indexed in the C2/m space
group.®® For the analysis of low voltage behaviour, the tetrago-
nally distorted Li-rich phases T1 and T2 were included, both
space group I4,/amd. T1 is refined as L,MNO (Li,Mn; 5Nij 50,4),
with Li in 8c (0, 0, 0), Ni and Mn in 8d (0, 0, 1/2) and O in 16 h (0,
¥, 2). T2 is more Li rich, (Li, sMn, 5Niy 50,4), and here Li occupies
also the 4a-site (0, 3/4, 1/8), see Jobst et al.”’

Rietveld refinements

All profile and Rietveld refinements were performed using
TOPAS v6 (Bruker AXS). The background was modelled as
a polynomial of 7™ degree. For the largest Q-range data, addi-
tional corrections were introduced as three very broad peaks;
one at Q = 1.5 A™* to account for an amorphous signal from the
capillary, and two at Q = 4.76 A~* and 6.77 A™* to account for
a sinusoidal shape of the background. In refinements
combining data sets for two detector positions, a weighting of 9-
to-1 in favour of the superior resolution position was applied.
This led to similar Ry,-values for both detector positions
(weighting 1/Y,ps). Details on structural and thermal parame-
ters, Bragg reflections and fitted parameters are given in Table
S3. Distance restraints based on reported bond-lengths***° were
applied to help assuring realistic values for certain site occu-
pancies and atomic positions. Details are given in Tables S4 and
S5. The reported errors throughout this work refer to the e.s.d.
values obtained from Topas multiplied by a factor of three, thus
representing probable errors (e.p.e.), see Bérar et al.*

Methodology for evaluating Mn/Ni ordering

The global (local) Mn/Ni ordering is evidenced by additional,
often broad, diffraction peaks due to symmetry lowering and
particle size, as well as by additional modes observed by Raman
spectroscopy. Upon ordering, the symmetry is lowered from
Fd3m to P43;32, which gives rise to superstructure peaks with
mixed parity of &, k and [ (i.e. not all odd, or not all even). Owing
to the poor X-ray scattering contrast between Mn and Ni cations,
a proper characterization requires synchrotron radiation and
use of 2D-detectors. Experimentally, the superstructure peaks
are broader than the characteristic peaks of the spinel phase.
This is due to the microstructure where the ordered domains
are significantly smaller than the crystallite size."

The width (FWHM) of the (hkl) superstructure peaks is
described in eqn (1) by a Lorentzian broadening, Lorgwm:

A
cos(f) x & )

Lorpwum =

This journal is © The Royal Society of Chemistry 2025
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Dy = m*KIE (2)

where £ is the correlation length of the ordered domains, A the
wavelength and 6 refers to the (hkl) peak position. £ correlates to
the domain size, D,, through eqn (2), where K is a dimension-
less constant set to 0.94 as conventionally done when using
Scherrer's formula.

The intensity of the superstructure peaks cannot be
explained by the moderate difference in Mn/Ni X-ray scattering
power and ordering of Mn and Ni at 12d and 4a sites. In fact, our
analysis shows that the main contribution to the intensity stems
from atomic displacements owing to the differently sized and
ordered Ni(un) and Mn(wv) cations. Hence, these peaks are indi-
rectly a measure of ordering.

In this situation, we quantify the degree of Mn/Ni ordering
by comparing intensities of superstructure peaks relative to
peaks from the regular spinel-type structure, specifically, the
ratio between the (310) ordering peak and the (222) spinel peak.
These are chosen as (310) is a prominent ordering peak and
(222) occurs at a similar Q value and is not influenced by any
transition metals on Li sites as is the case for (311). This ratio we
define as the relative ordering (RO), as shown in eqn (3). The
peak intensities are determined analytically as described in
Table S6.

I
RO = 2% (3)
122y

Owing to the broadening, domains of a certain size are
needed for the quantification. Care should be taken, since RO is
thus not only a measure on the degree of ordering, but also
correlates with the size of the domains, and may furthermore be
affected by instrument resolution and impurity phases during
the profile/Rietveld fitting. Due to this the RO is not a measure
to quantify the distribution of Ni and Mn in the 4a/12d sites, but
rather a measure of the ordering in the sample overall - thus
correlating with the relative amount of o-LMNO compared to
the total amount of LMNO (both ordered and disordered).

Raman spectroscopy

Data were collected with a Renishaw inVia, instrument (Aarhus
University) using a green 514 nm Ar-ion laser with a grating of
1200 I mm . Using a x50 objective, the lateral resolution is ~1
um, and the spectral resolution is ~1 ecm™*. Multiple sets of
data were collected to remove outliers due to poor focus. At least
three spots were probed on each sample, and for most samples
only the measurement with the most prominent ordering
signatures is reported in this work. We provide examples of
spots showing different degree of order, to highlight the varia-
tions observed.

Results
Benchmarking-model samples

Three categories of LMNO samples were examined; samples (i)
subjected to long term annealing at moderate temperatures to

This journal is © The Royal Society of Chemistry 2025
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maximize ordering (MO) of Mn/Ni cations; (ii) quenched (Q)
from 800 °C, which represents the starting point for all samples
subjected to post-annealing; (iii) quenched and post-annealed
under temperatures and pO, relevant to study the structural
features and imperfections present in real LMNO samples. A
multitude of structurally related phases occur in these synthe-
sized materials, dependent on the conditions.

Identification of spinel phases from XRD data

Up to at least five phases may exist in Li-Mn-Ni-O samples with
nominal compositions relevant for LMNO spinel synthesis. We
first describe how these phases are conveniently identified
based on high resolution SXRD data. Concrete examples from
Mn1.6-500C are included.

The main spinel phases; disordered (d) and ordered (0) LMNO

d-LMNO. Characteristic spinel peaks according to space
group Fd3m (Fig. 1a). Lattice parameters 8.17-8.21 A, depending
on Mn/Ni stoichiometry. May exhibit a small degree of inversion
with minor amounts of Mn/Ni in tetrahedral sites,** evidenced
by increased peak intensity of certain reflections, especially
(220) at around Q = 2.17 A™*, but also (422), (620) and (642)
shows a similar variation in high-quality diffraction data.

0-LMNO. In addition to characteristic Fd3m peaks, weak
superstructure peaks are observed (marked by “+” in Fig. 1a). A
high-intensity X-ray source is required. The most prominent
ordering peaks are (310), (320) and (410), around Q = 2.44 A™%,
2.78 A™' and 3.18 A7, respectively. The ordering peaks are
broader due to small domain size of ordered regions and may be
hard or impossible to detect for very small domains, depending
on data quality. The data and peak fitting should be visually
inspected, as very small domains may easily drown in the
background.

Co-existence of d-LMNO/o-LMNO. This situation is most
prominent for Mn-rich samples, where the lattice parameter of
d-LMNO becomes significantly larger than for o-LMNO, but
Mn1.5-samples can also show sign of phase coexistence. The
most apparent sign of o-LMNO is not necessarily the super-
structure peaks (which can be very hard to detect), but rather
asymmetric peak shapes of the spinel Fd3m peaks. High-
resolution data is normally required. An example of unravel-
ling the coexistence of d-LMNO and o-LMNO is shown in
Fig. S3-S5.

Identification of impurity phases (0-RS, e-LMNO, N-layered
RS)

o-RS (ordered RS). In some cases, the simple NiO rock salt
(RS) structure is sufficient for describing the rock salt impurity
phase (marked by “*” in Fig. 1a). However, in high-quality data,
as presented in this work, most samples show additional peaks
due to Mn/Ni ordering corresponding to a partially cation-
deficient MnNigOg-like structure, o-RS. The phase is recog-
nized by (222) and (400) at around Q = 2.62 A~" and 3.02 A™%,
corresponding to (111) and (200) for the simple rock salt. This
phase has a large a-axis (a = 8.27-8.32 A), which makes it easy to
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Fig. 1 Powder X-ray diffractograms for Mnl.5; (a) comparison of
a disordered sample (Mn1.5-Q, blue), heated at 800 °C and quenched
(Q) and a maximum ordered sample (Mn1.5-MO, orange), cooled very
slowly in O,-flow. Logarithmic intensities are used to highlight low-
intensity peaks. In addition to the characteristic (311) and (222) from
the spinel, diffraction peaks due to Mn/Ni ordering, including (310) (+),
rock salt impurities (*) and an expanded spinel impurity e-LMNO (**)
are visible, see text below; (b) calculated intensity ratio according to
egn (3) for MO-samples, showing variation in the relative ordering
(RO), calculated from data collected at the two different detector
distances, as described in Table S2. The value for Mn1.5-MO (0.036) is
considered the maximum value for our experimental procedure.

distinguish the o-RS peaks from (222) and (400) of the spinel in
well-crystalline samples.

e-LMNO (expanded LMNO). The third spinel phase is best
identified in the low Q-region, as for Mn1.5-MO in Fig. 1a. A
large strain makes it difficult to definitively identify the phase at
high Q. A signature is lack of proper fitting of (220) in the XRD
data, particularly a non-fitted intensity contribution for the low-
angle part of (220). In some cases, this is first evident when
visualizing the intensity data on a logarithmic scale (see Fig. 2).
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Fig. 2 Rietveld refined high-resolution SXRD data for Mn1.6-500C,
highlighting the presence of e-LMNO with its relatively large intensity
contribution at (220), and shoulders for (310) and (222).

This enhanced intensity is due to Mn/Ni in tetrahedral sites,
and the peak shift is due to a change in the Li:Mn/Ni compo-
sition. When the mass fraction is significant a left shoulder is
observed also on the main spinel peaks. Its lattice parameter
varies a lot from sample to sample (@ = 8.21-8.29 A), but is
generally less than the o-RS phase.** Another way to separate it
from o-RS is that the (310) is more intense than (222), while it is
opposite for o-RS. A relevant example is shown in Fig. 2. It is
worth noting that throughout this work, as also the d-LMNO
phase shows sign of Mn in tetrahedral sites, the e-LMNO
phase is only included in the analysis if there are signs of two
disordered LMNO-phases. That means if only one disordered
LMNO phase is present, it will be denoted as d-LMNO.

N-layered RS. As the degree of distortion can vary, it is
sometimes difficult to distinguish the hexagonal N-layered RS
phase®® from a cubic phase (this goes also for the M-layered
phase, for which we refer to McCalla et al.*® for more insight).
This phase lacks intensity in the range of (220) discussed above.
In general, this phase is identified by a low-angle shoulder to
the spinel peaks, and notably on the high-angle side of o-RS-
peaks. For instance, its most prominent peak, (104) at around
3.07 A7, occurs in between the (400) peaks for the o-RS and
spinel phases. Its presence is usually indicated in a refinement
that fails to pick up all the intensity for low-angle shoulders of
the spinel peaks. This is more pronounced at high Q. The high-
resolution data in Fig. 3 show a shoulder that is not accounted
for by an e-LMNO phase, or by an o-RS phase. We thus allocate
these shoulders to the N-layered rock salt phase.

Samples with maximum order (MO)

The MO-samples were obtained upon slow stepwise cooling (see
Experimental). Prior to cooling, their phase contents

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Rietveld refined high-resolution SXRD data for Mn1.6-500C at
high Q, showing all present phases — including the N-layered impurity.
Miller indices are included. It is possible to distinguish these phases at
high scattering angles, however, this is hardly possible at low angles (or
for data with low resolution).

correspond to those of the quenched samples described below.
We consider these MO-samples to be the most phase pure
LMNO spinel materials that can be obtained within reasonable
efforts.

The relative ordering (RO) was estimated for MO-samples of
LiMn,Ni,_ ,O,4, x =1.50, 1.55, 1.60, 1.70, 1.80 and 1.90, based on
eqn (3). The RO decreases rapidly with increasing Mn content,
and for x = 1.8 no ordering can be detected, Fig. 1b. As
mentioned, the RO-value cannot be translated into Mn/Ni site
occupancies, since atomic displacements strongly contribute to
the intensity of superstructure peaks owing to differences in
Mn-O and Ni-O bond lengths. For ideal Li,MnzNiOg, one
expects close to complete Mn and Ni ordering between 12d and
4a sites (P4;32). Based on previous neutron diffraction data,
there are three Mn-O distances of around 1.91 A, whereas the
Ni-O bond is longer at 2.05 A.** This implies that the (x, y, 2)
coordinates for the oxygen atom in the 24e site have major
impact on the intensities of the superstructure reflections.
Owing to the poor X-ray scattering contrast, we constrain the
occupancies to 100% Mn in 12d and 100% Ni in 4a for all
ordered phases and refine atomic coordinates while restraining
the bond distances. The obtained bond lengths for Mn1.5-MO
are 1.935(8) A, 1.873(8) A and 1.896(7) A for the Mn-O bonds
and 2.065(8) A for the Ni-O bond. Similar values were obtained
for Mn(1.55/1.6)-MO within estimated errors. Obtained atomic
coordinates and bond lengths are given in Table S7.

The minority phases were included in the Rietveld refine-
ments. Derived mass fractions and unit cell dimensions are
compared for the spinel and rock salt type phases in Fig. 4a.
Note that the x-axis represents the nominal sample
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stoichiometry, not the stoichiometry of the individual phases.
Spinel phase(s) dominate for all MO-samples and except for
Mn1.5-MO, significant amounts of d-LMNO are present. The
real stoichiometries of the spinel phases can hardly be deter-
mined, however, the actual d-LMNO and e-LMNO stoichiome-
tries are most likely shifted towards higher Mn contents relative
to the sample average, whereas the stoichiometry of 0-LMNO is
close to Li,Mn;NiOg.

The cubic a-axis is reported to vary linearly with the Mn
content in LMNO.* The currently enhanced resolution in the
PXRD data makes it possible to reveal peak splitting and finer
details. To compare with previous data (see Fig. S6 for
a comparison of various LiMn; 5.,Ni, 5s_,O4-sample series and
reported lattice parameters®*>****) a weighted average of the
lattice parameters for all observed spinel phases is calculated,
see Fig. 4b. It is not obvious that this relation is linear; (i) first,
one would expect different impacts of Mn entering the 8c site
(replacing Li(1)), the 4a site (replacing Ni(u)) and the 12d site; (ii)
the effect of increased Mn content will be different for o-LMNO
and d-LMNO and (iii) the presence of any amorphous/
nanocrystalline impurity phases would affect the composi-
tional analysis. Note that Mn1.5-MO is not following the trend
(its lattice parameter is significantly larger than 8.163 A as ex-
pected from linear extrapolation).

Just a minor rock salt impurity (0.2 wt%) is observed for the
Mn1.5-MO sample. The o-RS phase is here refined in accor-
dance with data on the Nig,,,Mn;_,Og-system® and the phase
diagrams by McCalla et al.** From the expanded unit cell (a =
8.324(3) A) we expect that the o-RS phase contain some Ni also
in the 4a site. Although this impurity phase exists just in trace
amounts there could in principle exist further (nano)domains
(invisible to the diffraction) that hinder the refined o-LMNO
phase to obtain its thermodynamically ideal Mn/Ni ratio of 3.
The slightly enlarged lattice parameter for o-LMNO may reflect
a redistribution (say 0.5 wt%) of transition metal onto tetrahe-
dral Li sites as indicated by increased intensity of e.g. (422).%°
This has been reported for 0-LMNO previously®” and is sup-
ported by current findings, see Fig. S7, in terms of a small, yet
significant, improvement of the fit, thanks to the extraordinary
signal-to-noise ratio provided by the adopted Pilatus detector.
Such redistribution is larger for d-LMNO, and even more
prominent in e-LMNO, see below. This may explain why the
current lattice parameters of the average spinel are slightly
higher than reported by Zhong et al.,* nevertheless in line with
Berg et al.®®* who adopted a similar synthesis approach with low
temperature annealing (400 °C) that could promote formation
of e-LMNO.*®

The d-LMNO phase is well refined and contains a few percent
Mn/Ni at tetrahedral sites based on the intensity gain of specific
Bragg reflections. No clear conclusion can be drawn for the
expanded spinel e-LMNO, in particular not for Mn(1.5,1.55,1.6)-
MO due to the trace amounts. However, the lattice parameter
for e-LMNO is rather well defined (Fig. 4a) and is larger than
that of e.g. LiMn,O, (8.24-8.25 A).3*** Therefore the e-LMNO
appears to be Li-deficient with some character similar to
[Li;_,Mn,]MnNiO,.®* From interpolating the lattice parameters
by Feltz et al. (Fig. S8) we estimate y = 0.64, 0.58 and 0.52 for
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(a) Phase content (weight percent written for each data point) and lattice parameters for LMNO-MO-samples with different stoichi-

ometries. In Mn1.8-MO there are some very broad low intensity peaks, seemingly arising from a cubic structure with a lattice parameter of some
8.1 A, which were included in a Le Bail peak fit. (b) The weighted average of the lattice parameters of the spinel phase(s) for each sample is plotted,
and fitted to a linear function. For Mn-rich samples (*Mn1.5 is not included in the fit) a good linear correlation (R> = 0.999) is obtained, providing
a useful relationship for estimating the Mn content of an LMNO spinel phase based on its lattice parameter.

Mn1.5-MO, Mn1.55-MO and Mn1.6-MO, respectively. For
Mn1.7-MO the additional spinel phase has much lower lattice
parameter and is well described as LiMn; gNi, ,0, without any
clear evidence of Mn/Ni in tetrahedral sites. For simplicity, we
still refer to this phase as e-LMNO. In general, whenever there is
evidence of two disordered spinel phases, the one with the
highest lattice parameter is labelled e-LMNO. Also, Mn1.8-MO
shows two disordered LMNO phases, though with strongly
overlapping peaks (see Fig. S9). On the other hand, Mn1.9-MO is
dealt with as one phase. We emphasize that the results refer to
samples subjected to the described heat treatment protocol and
do not necessarily correspond to equilibrium for samples sub-
jected to (multiply) repeated crushing, annealing and slow
cooling.

As-synthesized materials quenched from 800 °C

The quenched (Q) samples represent materials that are
commonly achieved after the initial synthesis, prior to subse-
quent treatments and annealing (see Experimental). By
comparing the quenched and MO samples, we identify how
annealing time, temperature and atmosphere affect the
complex phase stability.

Disordered LMNO (d-LMNO) is the main component in all
quenched samples. The Q-samples have two types of impurities.
All samples contain a Ni-rich layered rock-salt related structure

4128 | J Mater. Chem. A, 2025, 13, 41122-41143

(N-layered). In Mn1.5-Q and Mn1.55-Q the second impurity
phase is a rock salt phase (0-RS), whereas in Mn1.6-Q the second
impurity complies with the Mn-rich layered phase (M-layered)
as described by McCalla et al.>® This suggests that the border
between the three-phase regions SMN (spinel - M-layered - N-
layered) and RSN (rock salt - spinel - N-layered) in the
pseudo-ternary phase diagram at 800 °C, as described by
McCalla et al., is located between the Mn1.55 and Mn1.6 stoi-
chiometries. The complex coexistence of phases is documented
in the Rietveld refinements (Fig. S10), and the results are
summarized in Table 1.

The N/M-layered phases are conveniently identified based on
their lattice parameters. These were hence refined for samples
located in the RSN- (Mn1.5-Q and Mn1.55-Q) and the SMN-
regions (Mn1.6-Q). The chemical compositions were locked to
Liy gMng 34Nig g6O, and Li; ,,Mng ,Nig 160, for the N- and M-
layered phases, respectively, in line with previous reports. For
both phases the Mn-atoms were fixed to the 3a site (the metal-
layer), whereas for the N-layered phase the Li and Ni distribu-
tion on 3a- and 3b sites (the lithium-layer) was refined. Since
compositions are uncertain, no bond length restraints were
installed for these phases.

The diffraction peaks for the o-RS-phase with 32 available
octahedral sites are reasonably well separated in the SRXD
pattern. Hence, information could be extracted from Rietveld

This journal is © The Royal Society of Chemistry 2025
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Table 1 Refinement details for Q-samples. See Experimental for relevant crystallographic data. Calculated errors in parentheses. (*) Value was
kept constant during refinement. (**) Estimated error is larger than the value itself. Mn1.6-Q contains in addition 2(1)% M-layered phase; a =
2.856(8), c = 14.30(5); fixed contents of 0.66 Li in 3a and 3.00 Li in 3b. Calculated average sample stoichiometry based on the refinements are

given
Sample Mn1.5-Q Mn1.55-Q Mn1.6-Q
Ry/Ryp/Rexp 4.2/5.9/2.5 3.3/5.0/2.4 2.0/3.2/2.6
d-LMNO a(A) 8.19303(9) 8.1902(1) 8.19381(6)
wt% 89(1) 94(1) 94(2)
TM in 8a 0.26(4) 0.22(4) 0.23(4)
16d site 13.001(4) Mn 12.930(6) Mn 13.080(3) Mn
2.999(4) Ni 3.070(6) Ni 2.920(3) Ni
N-layered a(A) 2.895(1) 2.895(5) 2.899(8)
c(d) 14.339(8) 14.33(3) 14.34(7)
wt% 4.4(9) 3(1) 41)
Li in 3a 0(**) 0(**) 0.009(**)
Liin 3b 2.4(1) 2.4(3) 2.4(3)
o-RS a(h) 8.278(3) 8.282(5)
wt% 6.3(6) 2.5(7) 0.00(*)
Li in 24d 6.00(*) 6.00(*)
Li in 4b 3.75(%) 3.75(%)

Sample stoichiometry Lip.0oM1 51Nio.4903.84

refinements using a total of 43 peaks, of which 14 are well
identified (note the log-scale in Fig. S11). For the isostructural
MgsMnOg (ref. 69) and Nig,,,Mn; ,Og (ref. 65) the otherwise
empty 4b site is slightly filled by Ni upon Mn substitution. For
the Li-Mn-Ni-O equilibrium phase, McCalla et al. claim that
significant amounts of lithium occupy the 4b site. However, we
cannot reliably determine the Li-occupation based on the
powder XRD data. Hence, two assumptions are made; (i) full
occupancy of Mn(wv) at the 4a site consistent with the parent
structure NigMnOg and (ii) every Li(1) substituting for Ni(u) in
24d is charge compensated, either by a neighbouring Mn (i)
replacing another Ni(u) or by insertion of Li(1) into a 4b site.
Using these charge neutrality assumptions, our findings are
evaluated in view of the phase diagrams from Rowe” (quench-
ing from 900 °C or 800 °C, in air) and McCalla et al*
(quenching from 800 °C in O,). Results and details are given in
Table S8 and Fig. S12. We note that significant differences in
cation distribution result in only minor changes in R, and
since these correlate strongly with O-coordinates, the distribu-
tion would be influenced by Mn/Ni-O bond length restraints.
Our best composition estimate for o-RS in Mn1.5-Q and
Mn1.55-Q is Lig.307Nig.406MNo.1070 (MN[Ni3 o4Lis 50Mng 56][Lio.04]
Og), which fulfills the charge neutrality criteria and is in line
with previous work by McCalla et al.***®

Due to the presence of Ni-rich impurities the actual Mn
stoichiometry of the dominant d-LMNO phase will be higher
than the average sample composition. The relative Mn/Ni
occupation of the 16d site was settled based on unit cell
parameters and the trend established by MO-samples (Fig. 4b).
Based on the multi-phase Rietveld refinements, the average Mn
content of the bulk sample was calculated and found to corre-
spond well to the nominal composition, Table 1 (see also the
section on validation of refinements).

One uncertainty worth mentioning is the possible presence
of oxygen vacancies in the spinel structure.*'However, our

This journal is © The Royal Society of Chemistry 2025

Lip.9oMny 56Ni.4403.9 Lip.9oMny 6Nip 403,02

refinements cannot support any claim for O-vacancies in d-
LMNO. Even though R, slightly improves, visual inspection
(Fig. S13) reveals that the fit to some reflections like (222) is
improved whereas it is worse for other reflections like (622).

Annealed samples: phase segregation, intermediate situations
and realistic materials

The complexity and diversity evidenced by quenched and long-
term annealed samples, reflect changes that occur within the
processing window applied in both small and large scale LMNO
synthesis. The essential phases are identified above in the
studies of the Q and MO model samples. In this section we
address time-dependent changes that occur for the Q-samples
when annealed for 6 h between 400 and 750 °C in static air or in
O,-flow. An overview of changes is shown in Fig. 5 (O,-treated
samples) and S14 (air treated samples) in terms of annealing
temperature and phases identified based on cubic (pseudo-
cubic) unit cell dimensions.

Phase segregation induced by Mn/Ni ordering

The MO-samples show definite signs of Mn/Ni ordering, see
above. For Mn1.55, Mn1.6, and Mn1.7 this implies either vari-
ations in the composition for the ordered Li,Mn;NiOg phase or
a coexistence of ordered and disordered spinel with slightly
different compositions. We observed evidence for the latter
situation, whereas no such coexistence is indicated for any of
the Q-samples. As seen in Fig. 6, the data for Q-samples after 6 h
anneal prove a progressing phase segregation, most
pronounced in Mn-rich samples. At the onset of ordering and
under conditions where lattice parameters are almost equal for
0-LMNO and d-LMNO, this segregation can hardly be followed
by diffraction, and in any case high-resolution data are required
(see Fig. S16). Whenever we observe an asymmetrical peak
shape, it is reasonable to claim the coexistence of two spinel
phases, where the smaller volume variant represents o-LMNO.
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The detection of coexisting spinel phases is hampered by their
similarity in lattice parameter and by peak overlap from impu-
rity phases. It may easily escape detection in the home-
laboratory, in particular for low Mn content, low annealing
temperatures, and annealing in air. Currently, the unique
superstructure peaks of o-LMNO in the synchrotron data allows
precise determination of lattice parameters. By implementing

the procedures and phases as described in the Experimental
section, mass fractions of o-LMNO and d-LMNO were deter-
mined, see Fig. 5d-f (annealing in O,) and S14d-f (annealing in
air). The trend of increasing the mass fraction of d-LMNO at
higher annealing temperatures correlates with decreasing
lattice parameters for both 0o-LMNO and d-LMNO. Both phases
are thus becoming less Mn-rich upon higher temperature
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Fig. 6 SXRD-data (optimized detector position) for samples annealed 6 h in O,-flow at different temperatures. From top to bottom; 625 °C
(green), 600 °C (yellow), 550 °C (red), 500 °C (blue) and 450 °C (purple). Peak splitting is clearly visible in the Mn-rich samples, with subscripts o
(for 0o-LMNO) and d (for d-LMNO). A corresponding plot is given in Fig. S16 for a different detector position, highlighting challenges with inferior

instrumental resolution.

4M30 | J Mater. Chem. A, 2025, 13, 41122-41143

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta05130d

Open Access Article. Published on 30 October 2025. Downloaded on 4/4/2026 3:52:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

annealing. The weighted average lattice parameter of these two
phases (interpreted as the average LMNO composition in the
sample) however stays rather constant throughout the heating
series as the relative mass fractions change. This is highlighted
in Fig. S14 (air) and S15 (O,), where the weighted lattice
parameter average for the spinel phases is plotted for all
samples.

The peak splitting — which is a definite token of Mn/Ni
ordering (and thus o-LMNO/d-LMNO coexistence) - sets in at
very low temperatures, already seen from annealing Mn1.6 at
400 °C (see Fig. S14). As the ordering process strives towards a 3-
to-1 ratio of Mn and Ni, possibly for charge balance and/or
strain reasons, ordered islands are formed and the disordered
spinel phase becomes enriched in Mn. The difference in
composition between o-LMNO and d-LMNO is thus enhanced
by the Mn/Ni ordering. The strain decreases with higher
annealing temperatures for 0o-LMNO (Fig. S17a and b), whereas
it increases for d-LMNO when more o-LMNO is present
(Fig. S17c and d).

As seen also in the MO-samples, we note that d-LMNO always
has a certain occupancy of Mn/Ni atoms on tetrahedral 8a sites.
This correlates with increased lattice parameter for d-LMNO,
which again results in a more pronounced peak splitting
between o- and d-LMNO. This Mn/Ni redistribution is dynamic
with maximum impact for the 8a sites at 650 °C for Mn1.55 (5%
Mn in 8a) and at 550 °C for Mn1.6 (2% Mn), after annealing in
O,-flow, Fig. S17e and f.

We emphasize that the precipitated Ni-rich impurities have
a significant effect on the unit cell dimensions of the spinel
majority phase. This effect is probably overlooked in many
studies. The o-RS is thus of practical relevance, both for the
ordering process and for locking up nickel in an inactive
electrochemical state.

Impurity phases: the rock salt phase (0-RS)

A small amount of rock salt impurity is frequently present in
LMNO but is challenging to fully characterize. In all quenched
samples the o-RS impurity is quite prominent, but upon
annealing the impurity phase disappear gradually. The o-RS
impurities are of MnNigOg-type** with lattice parameters
significantly smaller (~8.28-8.32 A) than those of NiO (8.36 A
for the MnNisOg-type supercell™).

The incorporation of Li into the o-RS phase leads to shorter
lattice parameters. As already introduced above, two substitu-
tion routes appear feasible: mechanism 1 where every Li(i)
substituting for Ni(u) at the 24d site is charge compensated by
an additional Li(1) in an empty 4b site; and mechanism 2 where
charge compensation occurs by replacing a second Ni(u) by
Mn(m). According to unpublished DFT-work,”> mechanism 1
would result in a (linear) lattice parameter change on Li-
substitution, whereas no such change is seen for mechanism 2.

Fig. 7 shows the variation of lattice parameters and mass
fractions of the o-RS phase in Mn1.5 and Mn1.55 for different
annealing conditions. The a-axis varies significantly, demon-
strating that temperature-driven compositional changes occur.
The refinements indicate correlations between the a-axis and

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

_ _la)Mnl.5 b) Mn1.55

= °F ‘ :

< i

(@) - L

ALY

w 2T -

gl B4

[c) Mn1.5 'd) Mn1.55

8.32 i
<< 8.30 ‘fo - f
© : * ,*

8.28f + i +

400500 600 700 400 500 600 700
Annealing T[°C] Annealing T [°C]
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green) samples.

the refined Li-content in the 24d site (Fig. S18) as well as bond-
distances (Fig. S19). The clear, yet moderate variations in the
lattice parameter (8.28-8.32 A) seen in Fig. S20 can be accoun-
ted for by realistic variations in the Li-content (z), using the
relation given in eqn (4), with 8.32 A as the reference value for
the parent compound, MnNigOg (ref. 65 and 73) and ags the
lattice parameter of the o-RS phase.

(8.32 A)3 — ags®

(4)

zZ =

(8.32 A)3 % 0.0163

Hence, we conclude that mechanism 1 is operative for
[Mn],a[Nig_,Li,]54a[Li,]sOs. This is a reasonable simplification,
as published phase diagrams*' suggest that samples (after
“regular cooling” from 800 °C) contain an o-RS phase with
~15% Mn, in fair agreement with the current values of 14% for
x = 0and 12% for x = 1. Further details including bond distance
restraints, along with simulated diffraction patterns for
different site-filling schemes are provided in the SI, e.g. Fig. S2.

For samples annealed in air, the a-axis of the o-RS impurity
obtains a maximum after annealing ~650 °C, Fig. 7a and b. In
general, the g-axis of the o-RS phase after 6 h annealing at
a specific temperature is largest for Mn-rich bulk samples. We
believe that the actual Mn-amount remains quite unchanged,
hence, the increase in the g-axis is rather attributed to a more

J. Mater. Chem. A, 2025, 13, 41122-41143 | 41131
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effective Li-removal from o-RS upon annealing - and possibly
indicating that equilibrium is not reached after 6 h. This
assumption was strengthened in an in situ study of annealing
Mn1.5-Q at 650 °C (Fig. 8). Here we observed a continuous
change in the lattice parameter for the 0-RS phase, which shows
that the equilibrium composition is not reached within a time-
frame of 15 h.

The o-RS weight fraction varies with nominal Mn content
and thermal history (Fig. 7c and d). Both Mn1.5 and Mn1.55
contain less o-RS after annealing, as seen from comparing with
the purple line representing the quenched starting-material (Q).
Hence, the initial o-RS precipitation at 800 °C is partly reversed
on subsequent annealing. The data show that the oxygen
holding atmosphere destabilizes o-RS and reforms LMNO
spinel. This is evident from the data on Mn1.55-samples at T <
550 °C where O,-flow removes all the o-RS. For Mn1.5, a higher
annealing temperature is required for reducing the o-RS
amount; with minimum amounts of 0-RS achieved at 700 °C
in O,-flow and 650 °C in air. Mn1.6 behaves differently, Fig. S22.
Here, no o-RS is present in the starting material (Mn1.6-Q).
Nevertheless, tiny amounts of o-RS forms at 7> 525 °C in air and
T > 600 °C in O,. The diffraction peak profiles give some
information on crystallite size and strain, however, these
parameters are strongly correlated and the uncertainty is
considerable (Fig. S22). It appears that the o-RS crystallite size
increases during annealing, from around 30 nm in Mn1.5-Q to
around 50-150 nm, and that strain is decreasing as lattice
parameter increase. This suggests fewer, but larger, o-RS crys-
tallites after annealing.

Impurity phases: the third spinel phase (e-LMNO)

After annealing at moderate temperatures (<625 °C) the
samples exhibit shoulders on the low-angle side of the spinel
peaks along with certain intensity changes. These features are
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Fig. 8 0-RS details plotted from in situ SXRD of Mn1.5-Q annealed in
air at 650 °C, showing the time dependant changes of the lattice
parameter and the mass fraction (inset).
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not observed for the quenched (Q) samples and are weakly
developed in the MO samples (<0.5 wt%). This is considered as
a signature of an expanded spinel phase (e-LMNO) that repre-
sents an intermediate stage in the restructuring process of Q-
samples upon annealing. Above some 600 °C these shoulders/
peak broadening are hardly distinguishable.

The refined lattice parameter for e-LMNO - along with mass
fraction and amount of Mn at tetrahedral sites — are shown for
Mn1.55 in Fig. 9, and for Mn1.6 in Fig. S23. For Mn1.5, we only
observe one disordered spinel phase and thus attribute the
phase to d-LMNO, as discussed in the section on identification
of impurity phases. The e-LMNO has rather high lattice
parameter after 6 h annealing, largest after low annealing
temperatures and for MO-samples (green line in Fig. 9). This
temperature variation indicates that the Li/Mn/Ni redistribu-
tion is dynamic and that long annealing times are required to
reach a “final” state. The involved structural changes extend
beyond the formation of Mn-enriched octahedral sites
(approaching that of LiMn,0, with a = 8.243 A),* since the
intensities for e.g. (220) clearly indicate that the tetrahedral sites
must contain significant amounts of Mn/Ni, relative to the
situation for d-LMNO. In Fig. 9c it is worth noticing that the
amount of Mn in the 8a-site is increasing for lower annealing
temperatures, except for the lowest annealing temperature,
400 °C in air. The diffraction peaks of e-LMNO are very broad at
high scattering angles, due to high strain in addition to rather
small crystallites (<100 nm, but hard to determine accurately),
and are hence difficult to separate from background. The strain
is considerable after low temperature annealing, Fig. S24.

Impurity phases: the N-layered phase

The N-layered hexagonal phase can be described within
a (pseudo)cubic unit cell deypic = Peubic = Thex X V8 and
Ceubic = Chex/V/3. McCalla et al. suggested that the N-layered
structure represents an equilibrium phase at 800 °C. We
observe this phase for Mn1.6 samples annealed at 450-500 °C
and for Mn1.5 samples annealed at T > 725 °C, with a mass
fraction of 1-3%, see Fig. S25. Even in the quenched samples
with a significant content of the layered phase, its composition
can hardly be determined from Rietveld refinements due to low
intensities and severe peak overlap. This is especially the case
for Mn1.6-samples, see the huge uncertainty as represented by
the red areas in Fig. S25. Worth noting is the increased amount
of the N-layered phase for the annealed Mn1.6-samples, and
that the lattice parameters differ significantly from those of
Mn1.6-Q. The g-axis remains quite constant (2.88-2.90 A)
whereas the c-axis changes from ~14.2 to ~14.4 A. Pseudo-cubic
lattice parameters are shown in Fig. 5 (annealed in O,-flow) and
Fig. S14 (annealed in air), hexagonal a- and c-lattice parameters
are shown in Fig. S25. Note that the N-layered phase is readily
removed by an annealing step within the range 525-700 °C.

Validation of methodology

To validate the quantitative Rietveld XRD analysis, the refined
composition and mass fraction of each phase were used to
backtrack the overall stoichiometry of each bulk sample, ie.
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the maximum ordered sample (Mn1.55-MQO, green line). The quenched starting material (Q, purple line) has zero content of e-LMNO.

Mn1.5, Mn1.55 and Mn1.6. In these endeavours, the composi-
tion of 0-LMNO is set as stoichiometric Li,Mn;NiOg. The Mn
content of d-LMNO/e-LMNO ([Li;_,Mn,[Mn, 5,,Niy5_,04) is
based on (i) the trend shown in Fig. 4b for lattice expansion due
to excess Mn in 16d site (Aa;6q = 0.166 A x x), and (ii) the lattice
expansion due to Mn on tetrahedral 8a sites, applying the
variation of lattice parameters for [Li; _,Mn,]MnNiO, according
to Feltz et al.®® (Aag, = 0.289 A x y). Assuming that this also
applies to [Li; _,Mn,]Mn, 5,,Ni, 5,0, then less Mn is required
into the 16d site to achieve the same expansion (since
substituting Mn for Li at the 8a site leads to an expansion ~1.74
times larger than that achieved by substituting for Ni at the 16d
site). The excess Mn, x, can thus be estimated from the refined
datasets (eqn (5)) based on the extrapolated lattice parameter
for stoichiometric LMNO (8.163 A, as seen in Fig. 4b).
a—8.163 A

X = 0166 — 1.74y

(5)

The overall Mn/Ni ratios in each sample were calculated
based on the Rietveld refinements and are plotted in Fig. 10.
The currently reported Li-contents (Fig. S26) were normalized
relative to the total amounts of Mn and Ni and are in excellent
agreement with the ICP-OES data (e.g. a reported Li-content of
1.00 means there is twice as much Mn + Ni than Li, in line with

what is expected for LMNO). We note some discrepancy in the
calculated compositions, ascribed to low Li-scattering power
and poor Mn/Ni scattering contrast. Nevertheless, the Q-
samples (purple lines) comply well with the expected Mn/Ni
contents of 3, 3.44 and 4 (dashed black lines) for Mn1.5-Q,
Mn1.55-Q and Mn1.6-Q, respectively. However, for the most
ordered samples (except Mn1.5-MO) the Mn content is under-
estimated. There are several possible sources for this inconsis-
tency; (i) the o-LMNO phase can be Mn-enriched, (ii) the o-RS-
phase composition could be adjusted according to eqn (4),
(iii) some Mn can be located in antiphase boundaries and
escape detection, and not least, (iv) discrepancy in the assumed
composition of the layered phase. In conclusion, the applied
approach is highly appropriate; however, more detailed infor-
mation on phase compositions is needed, e.g. as provided by
combined X-ray and neutron diffraction experiments.

Mn/Ni ordering and RO

As described in the Experimental section, it is hardly possible to
determine the Mn/Ni distribution with respect to the 12d and 4a
sites (space group P4,;32) by means of XRD. The main reason is
that the intensity of the superstructure reflections is dominated
by shifts in the (oxygen) atomic coordinates. This will not be
a major issue in the case of powder neutron diffraction data.
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Fig. 10 Estimated sample stoichiometries based on Rietveld refinement of annealed samples of (a) Mnl.5, (b) Mn1.55 and (c) Mn1.6. Corre-
sponding values for quenched (Q, purple lines) and maximum ordered (MO, green lines) samples are included. Values based on ICP-OES are

shown by dashed black lines.
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Furthermore, Raman spectroscopy is sensitive to the local
symmetry and the o-LMNO and d-LMNO are easily distin-
guished in terms of observed vibration modes. Below we
compare XRD and Raman spectroscopy results.

The synchrotron diffraction data allows us to quantify the
growth (integrated intensity) and size of ordered domains (peak
width), unit cell dimensions and phase fractions (Rietveld
analysis) as function of annealing conditions. Fig. 11a-c shows
derived RO-values for Q-samples subjected to 6 h annealing.
The pO, has a pronounced effect, in particular for Mn1.5, which
is disordered at 725 °C when annealed in air, but ordered in O,-
flow, which is in line with literature.®* The underlying mecha-
nism is not clearly established. We observe that a lower pO,
tends to stabilize o-RS or N-layer impurities that have a lower
average oxidation number for the transition metal cations
compared to LMNO, and these are Ni-enriched. A higher pO,
stabilizes Mn(iv) and lower the amount of manganese in tetra-
hedral sites, which in turn stabilizes the spinel phase. Since the
o-RS and N-layer precipitation reactions involve formation of
new phases, these do not need to generate O-vacancies in the
spinel phase itself. To our knowledge, there are currently no
neutron diffraction data addressing the complexity of the
segregation of these impurity phases and the induced changes
in the spinel structure.

It is noteworthy that the ordering process for Mn1.55 and
Mn1.6 sets in at a lower temperature compared to Mn1.5, even
though the latter has the optimum composition for complete
Mn/Ni order. The fact that ordering is achieved already at 400-
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450 °C implies that cation diffusion is rapid already at such low
temperatures, which we attribute to the numerous available
cation sites in the ccp anion lattice of the spinel. To our atten-
tion, such low ordering temperatures has not been reported
previously, except for delithiated samples.” This shows that the
properties of a batch of LMNO depend not only on synthesis
route, cooling procedure, atmosphere, and typical medium
temperature annealing temperatures, but also on the cooling
speed and time. For Mn1.55 and Mn1.6, the RO is gradually
reduced at higher annealing temperatures, whereas for Mn1.5
the RO remains high up to a maximum temperature of 725 °C in
O,-flow for the current study (713 °C in air).

The size of the ordered domains (Do) is estimated from the
FWHM of the superstructure peaks using the Scherrer equation
as explained in the Experimental section (eqn (1) and (2)). The
domain size is somewhat smaller for Mn1.5-MO (~100 nm)
than for Mn1.55-MO and Mn1.6-MO (~130 nm), Fig. 11d-f. The
domain sizes for the MO samples represent the final stage of the
growth process. These domains ultimately fill the entire crys-
tallite volume and are separated by (anti-phase) boundaries at
the atomic level. Domain nucleation in the quenched samples
begins at relatively low temperatures. After 6 h annealing at
various temperatures, Fig. 11d-f, the domains have not yet
reached the size as seen for MO-samples. For 6 h anneal, the
domains in Mn1.6 reach their largest size at some 500 °C, where
also the RO is highest. There are correlations between domain
size and RO; however, other factors also play a role. This is
evidenced by Mn1.55 where the largest domains occur at 700 °C,
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(a—c) Relative order (RO) calculated according to egn (3) for samples annealed in air (blue) or O,-flow (red), relative to the situation for the

quenched starting material (Q, purple line) and the maximum ordered sample (MO, green line). (d—f) Size of the ordered domains, based on
evaluation of superstructure peaks of 0-LMNO found from Rietveld refinement and the Scherrer equation, eqn (1), and (2).
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yet the RO is low, approximately 0.01. At higher annealing
temperatures RO is decreasing without necessarily leading to
smaller ordered domains. This is evident in the Mn-rich
samples, but also for Mn1.5-713C. This suggests that above
a certain temperature (depending on stoichiometry), ordering
may still occur, but it may be limited to a few domains.

Ordering as seen by Raman spectroscopy

Whereas the diffraction analysis requires a minimum domain
size of ~5 nm, Raman spectroscopy is sensitive to local
symmetry and complements diffraction by enabling the detec-
tion of even smaller ordering domains. Fig. 12 compares Raman
spectra for the Q- and MO-samples. The cation ordered state is
manifested by a large number of additional modes. Based on
the number and intensity of modes, the current Mn1.5-MO and
Mn1.55-MO samples appear to be among the most ordered
LMNO materials reported to date.**

The spectra obtained during scanning of different parts of
the anticipated homogeneous samples were not fully repro-
duced. Raman exhibits a relatively low penetration depth, likely
below 160 nm in our case (160 nm was assumed by Boulet-
Roblin** et al. using a longer wavelength than used in our work).
As a result, Raman probes a much smaller sample volume than
XRD. A relevant example of an ordered bulk material with
characteristics of a disordered surface region is presented in
Fig. S27, highlighted by two sets of data points for some of the
samples in Fig. 13. As a measure of the degree of ordering, the
intensity ratio of the peaks around 162 and 496 cm™ " is utilized.
The 496 cm ' peak is not very sensitive to the degree of
ordering, whereas the peak at 162 cm ™' is a T,, mode connected
with Li sublattice vibration” and is highly sensitive to the Mn/
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Fig. 12 Raman spectra of (a) Q-samples heated at 800 °C before
quenched (disordered) and (b) MO-samples cooled very slow in O,-
flow (ordered). The peaks around 160 cm~* and 500 cm ™ are used as
means to compare the degree of ordering.
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Ni ordering in the spinel. The latter is furthermore not signifi-
cantly affected by neighbouring signals. In some studies the
638 cm™ -peak is used instead,”® and the resulting ratios of
638 cm ' and 496 cm ' are seen in Fig. $28. However, the
638 cm ™~ -peak is highly influenced by Ni-rich impurity phases
(typically 600-650 cm ™) and is related to the Li-O1-distance**
in 0-LMNO - which is influenced by Mn, but less by Ni (as this
does not bond to O1).

An unavoidable complexity arises for the 500 cm™ " region,
affecting the use of the 496 cm ™" peak intensity. As shown by
Dokko et al. the intensity decreases for more Mn-rich samples,
which has been attributed to Ni(u)-O stretching.”” This region
can be influenced by impurities, i.e. an NiO-like RS impurity
displays peaks from phonon scattering around 500 cm ™" (ref.
78) and the layered impurity phase contributes within the range
400-700 cm '.7° Therefore, this approach is useful for
comparing samples with similar stoichiometries but should not
be used to quantify Mn or Ni at their respective sites.

High intensity ratios for the 162 versus 496 cm™ ' peaks
observed for Mn1.5-MO and MO1.55-MO point towards a high
degree of ordering. Interestingly, according to the Raman data,
the Mn1.5-sample annealed at 700 °C in air is more ordered
than Mn1.5-MO, see Fig. 13. This probably reflects the length
scale for the order and fluctuations due to beam and focus point
(e.g- more/less impurity phases in the illuminated part of the
sample). Similarly, several Mn-rich samples show both ordered
and disordered characteristics, depending on the focus point
(see the two data points for Mn1.55-625C and Mn1.6-625C in
Fig. 13), probably reflecting the physical coexistence of ordered
and disordered spinel phases. Significant ordering is further-
more detected already at 525 °C for Mnl.5, ie at lower
temperatures than detected by SXRD for this stoichiometry
(where 575 °C was the lowest temperature with detectable
superstructure peaks). Raman data further support the SXRD
refinements by showing that Mn1.6-400C and Mn1.55-450C
do indeed exhibit cation ordering. In these samples the split-
ting of the main spinel peak(s) was the only indication of
ordering in the SXRD data, as the superstructure peaks were not
visible (RO = 0 as seen in Fig. 11b and c). Interestingly Mn1.55-
400C is the only low temperature Mn-rich sample that shows no
signs of ordering. This, together with the strong indications of
no tetrahedral Mn in the sample (Fig. 9c) clearly suggests a link
between 0-LMNO and e-LMNO at low temperatures.

This study aligns with the recent research conducted by
Stuible et al.** We note that all Raman modes reported in their
work are also present in the Mn1.5-MO, Mn1.55-MO and Mn1.6-
MO samples (even for Mn1.7-MO many of the modes are
observed). In addition to these, we observe additional modes,
which are predicted based on DFT-calculations by Miwa,*® and
listed in Table S9.

Electrochemical characterization and operando SXRD

A brief assessment of the electrochemical behavior is given for
samples prepared according to Table S10. These data give an
estimate of the ratio of electrochemically active Ni and Mn in
the samples, and therefore also the relative amount of inactive
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Comparison with the quenched starting material (Q, purple line) and the maximum ordered sample (MO, green line). For e.g. Mn1.55-625C and

Mn1.6-625C more spots were measured to illustrate material variations.

Mn(wv) and active Mn(m). As shown in Fig. S29 all Mn-rich
samples have close to the expected ratio of capacity coming
from Mn-activity. That is 26(3), 44.4(5), 60(2) and 78(1)% of the
capacity comes from below 4.4 V vs. Li/Li" for Mn1.6, Mn1.7,
Mn1.8 and Mn1.9, respectively. For Mn1.5 the percentage is
higher than expected, 8.6(5)%, mainly as a consequence of the
presence of o-RS. These experiments provide an indirect esti-
mate of the amount of o-RS, i.e. the amount of Ni being less
capable of participating in the (de)lithiation process due to
trapping. Such trapping is almost non-existing in Mn-rich
samples, as documented by the very weak o-RS peaks in the
diffractograms, see Fig. S30.

These data fail however to describe effects connected to the
ordering of the spinel. Even though 0-LMNO and d-LMNO have
different electrochemical characteristics for their Ni-plateau
(different voltages for Ni*"** and Ni**/*', with a separation
that decreases from ~70 to ~20 mV as LMNO orders®®'!951),
these cannot be discriminated when the sample contains both
0-LMNO and d-LMNO in addition to other electroactive phases
(N/M-layered impurities are electroactive; the contribution from
0-RS is almost negligible®?). The e-LMNO phase is invisible due
to its tiny molar fraction and its electrochemical properties
remains unknown.

To better understand the effect of the different phases on the
electrochemical performance, a model material (Mn1.6-500C-72
h) was synthesized and subjected to 72 hours of annealing in
O,-flow (for details see Table S11). We emphasize that a proper
electrochemical assessment of the long-term stability of the
different phases within the cathode material, require full cell
studies,® i.e. an optimized high-voltage compatible electrolyte
and a relevant anode material must be in place. Currently, we
report on half-cell studies (Li metal as anode), in line with most
works in literature. We focus on an expanded voltage window
down to 1.5 V which enable us to distinguish electrochemical
effects for the different phases as excess Li is being inserted into
empty (interstitial) sites. In this way we exploit the “unlimited”
Li-reservoir in the anode, and explore the reversibility upon
pushing excess Li into materials with different degrees of cation
ordering.”® This cycling program also accelerates the

4M36 | J Mater. Chem. A, 2025, 13, 41122-41143

degradation process. For Mn1.6-500C-72 h, Fig. 14a shows that
the discharge capacity has degraded to 70% of the initial value
already after 50 cycles (comparable to the report of Lee et al. for
cycling down to 2.0 V*’). By comparing the capacity contribu-
tions from the different voltage ranges, shown in Fig. 14b, the
electrochemical performance can be correlated with crystal
structure information - especially in combination with oper-
ando SXRD data. From the pure electrochemical assessment in
Fig. 14b we conclude that the main drivers for reduced capacity
are decreasing Ni****** activity (>4.4 V) in addition to the loss
of Mn-activity at the lowest potentials (<2.1 V).

In Mn1.6-500C-72 h the difference in lattice parameters
between 0-LMNO and d-LMNO is sufficiently large to be iden-
tified by the Dexela-detector of BM31 (SNBL, ESRF), see Fig. S31,
even in a situation with interference from a number of
components in the operando-cell (custom cells based on the
design by Drozhzhin et al.**). However, peaks arising from o-RS
can barely be observed in this setup (see Fig. S32), probably due
to the low quantity and the limited signal-to-noise ratio in
operando data. This highlights that systematic post mortem
studies are required to explore any change in the impurity
phases during cycling. Fig. S33 shows the electrochemical
cycling data alongside diffractograms for two charge/discharge
cycles (1.5-5 V) for Mn1.6-500C-72 h, highlighting prominent
phase changes. The diffraction data in Fig. 14c is showcasing
the low voltage behaviour, with two Li-rich tetragonal phases
emerging (T1 and T2). A Rietveld refinement was performed for
the low-voltage region (for details, see the figure caption of
Fig. S33) and the derived relative mass fractions as a function of
discharge voltage are shown in Fig. 14d. Interestingly, o-LMNO
transforms first (seemingly into the tetragonal variant T1),
whereas d-LMNO does not degrade noteworthy until it reaches
down to 2 V, whereafter the growth of T2 increase significantly.
This is interesting, as d-LMNO is reported to accept excess Li at
a higher voltage (discharge plateau starting already at 2.3 V
according to Lee et al.'’). This may be due to the Mn-rich
composition of d-LMNO in the current Mn1.6-500C-72 h
sample. The semi-simultaneously measured XANES data
(Fig. S33) show that the oxidation state and local environment

This journal is © The Royal Society of Chemistry 2025
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the full 50 cycles. A parallel sample shows reproducible data plotted as a shadow. (c) Operando SXRD data of Mn1.6-500C-72 h from the first
deep discharge (C/8 in operando cell), from 4 V (bottom) to 1.5 V (top). As voltage lowers, LMNO peaks disappear [see (531)-reflection of d- and
0-LMNQ] and two tetragonal phases, L,MNO (T1) and L, sMNO (T2), arise. The dominant peak (*) represents the Al current collector. The final
diffractogram in pink color was not used in the Rietveld refinement, as explained in the caption of Fig. S33. (d) Rietveld refined mass fractions from
the diffractograms in (c), illustrating how o-LMNO and d-LMNO are transforming into the two Li-rich tetragonal phases. Plotted without errors

for improved readability, see Fig. S34 for included error bars.

of Ni remain largely unchanged throughout this voltage region,
which implies that the low voltage activity is driven by Mn-
redox. Coin cell data in Fig. 14a and b show that the activity
from Ni is gradually altered and contributes significantly to the
overall capacity fading. The correlation of T1 with 0o-LMNO and
T2 with d-LMNO, as well as the prominent electrochemical
fading in the low voltage regime, suggests that the insertion of
excess Li is more reversible for o-LMNO than for (in our case;
Mn-rich) d-LMNO - in line with previous reports.'”?*

This journal is © The Royal Society of Chemistry 2025

Discussion

The excellent signal-to-noise ratio for the synchrotron data
along with high angular resolution enables disclosure of
features that otherwise are partly hidden in background or peak
profiles, related to phase coexistence, cation-ordering and
segregation. The various phases in the Li-Mn-Ni-O multicom-
ponent system have their distinct characteristics that facilitate
the analysis. The current quantitative approach was evaluated
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by comparing the calculated average chemical composition
based on refined phase fractions, lattice parameters and cation
site occupancies with nominal composition. Since X-rays have
limitations regarding Mn/Ni scattering contrast and scattering
from light elements, it would be beneficial if powder XRD and
neutron diffraction could be combined, taking advantage of the
scattering contrast provided by neutrons and the peak resolu-
tion by X-rays. We see this as a preferred route for analysis of
multicomponent materials where slight compositional varia-
tions may impact technological (electrochemical) performance.
The complexity arises from substantial cation mobility at
temperatures as low as 400-500 °C, which is governed by the
large number of available tetrahedral and octahedral sites. In an
energy landscape perspective, the way of site filling in the O-ccp
gives rise to many well-defined structure types, see Fig. 15.
However, there may exist intermediate (metastable) situations
that also are low in total energy. Hence, at the local scale
restructuring is feasible and dynamic.

Since the Mn-rich samples show clear splitting into more
spinel phases, it is tempting to suggest that this is the case also
for the stoichiometric Mn1.5-samples, but to a much lesser
extent. We observe that e.g. Mn1.5-02-700C has ~2 wt% o-RS.
Assuming eqn (4) holds, the o-RS in this sample has composi-
tion Liy 74Ni5 6sMnOg and the resulting average spinel must be
Mn-rich (Mn/Ni ratio of 3.2, ~LiMn; 53Ni, 4,0,) to maintain the
overall Mn/Ni ratio of 3.0 for the bulk as confirmed by ICP-OES.
This would explain why presumably stoichiometric LMNO in
practice always show Mn*"** electrochemical activity.**

Main LMNO phase

View Article Online
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The initial high-temperature calcination (800-900 °C)
provides substantial amounts of 0-RS and N-layered impurities,
up to 6 wt% and 4 wt%, respectively. These Ni-rich impurities
reduce the energy capacity of the cathode material and are thus
unwanted. Based on ex situ data for annealed samples, we
identified the conditions where these impurities back-
transform into LMNO. The N-layered impurity transforms to
spinel for in the range 500-725 °C, whereas the o-RS impurity is
most efficiently removed at around 650 °C in air, and even more
effectively at 700 °C in O,-flow. In general, higher pO, and more
Mn-rich samples, leads to both (i) less 0-RS and (ii) less Li-rich
composition (based on the proposed lattice parameter-
stoichiometry relation, eqn (4)). The Mn-rich samples back-
transform most of their Ni-rich impurities already at low
annealing temperatures (~500 °C), most effectively in O,-rich
atmosphere. The experimental snapshots after 6 h of annealing
do not represent a final stage, for that prolonged annealing is
necessary, as for the MO-samples. Restructuring continues for
extended times, and this also applies to the cation ordering. For
the Mn-rich samples the temperature range where o-RS is most
effectively removed coincides with the range where Mn/Ni
cation ordering is fast.** Hence, the mechanisms for impurity
formation and ordering appear to be linked. When the octa-
hedral 16c sites in the spinel (oxygen ccp) are filled (as is the
case for 0-RS), they become a hindrance that disrupts the cation
ordering process in LMNO.*

The o-RS precipitate has Mn and Ni in the same oxidation
states as in the parent o-LMNO phase. However, the removal of
a relative high fraction of Ni(u) from the octahedral voids of the

(Nano)domains

d-LMNO; Li(Mn, ;Ni, )0,

d-LMNO

(400)

Log intensity [a.u.] v

0-RS; Rock Salt like =~ =i

Fig. 15

3.0 3.1 3.2

Illustration of the complexity of the phases that can be present in LMNO-materials. What can look like phase pure d-LMNO might very

well have domains of other phases, e.g. partially ordered o-LMNO or impurities such as N-layered or ordered rock salt-structures. The phases are
hard to separate in diffractograms, especially as the spinel phase peaks tend to be rather broad and dominant, unless impurities as present in large

amounts or are measured with very high-resolution diffraction.
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spinel may have a significant effect on the stability of the oxygen
anions in the spinel that bonds to 1 Li, 2 Mn and 1 Ni in the
ideal 0-LMNO case. Considering a local O-LiMn,Ni tetrahe-
dron, this O-anion will experience a too high positive charge if
one Ni(u) is replaced by Mn(wv). At least two options then appear;
(i) incorporation of some Li(1) in octahedral sites, or (ii)
a reduction of manganese. The latter case will in turn trigger
oxygen release. Hence, it is plausible that the o-RS precipitation
triggers a restructuring and reduction of the Mn-spinel cations,
which is a likely cause for the reported O, release:

LiMnl_sNi0_504 4 nLiMn1_5HNi0_5,xO4 + mMn[Li:Niﬁ,z] [le]Og
nXxx

—0
+2 P

(6)

According to McCalla et al. no RS phase exists for the
nominal stoichiometry LiMn; 5Nij 5004 at 800 °C.** This repre-
sents the ideal (equilibrium) situation. In real samples, the
compositional fluctuations and the dynamics of the synthesis,
provide an energy landscape with 4-5 potentially co-existing
phases, as a metastable mix. The properties of an LMNO
batch are not only dependent on the synthesis route, cooling
procedure, atmosphere, and post annealing, but also on
holding time/conditions at low temperatures.

The current analysis indicates the presence of spinel crys-
tallites with a surplus of Mn in tetrahedral voids. The Bragg-
reflections of this relevant e-LMNO-phase are unusually
broad, which make detection and analysis more difficult.
However, the broadening can be attributed to strain and is thus
indicative of local variations in the Mn content in the tetrahe-
dral voids. The identification of Mn-enriched e-LMNO has
earlier for the most part escaped detection, though with
exceptions.” For the mass balance calculations based on Riet-
veld refinements, it turned essential to incorporate e-LMNO. We
note that e-LMNO is only present after low annealing temper-
atures and with Mn at Li-site only in the samples where also o-
LMNO is present, see eqn (7). Its formation is probably linked to
cation relocations as a response to local charge neutrality. Due
to the complex phase relations, no balanced equation can be
feasibly presented:

LiMn; 5+,Nigs O4 < LiMn, 5Nig 504 (0) + [Li;,Mn,]
Mn, 54 Nig5_O4 (€) )

There is consensus in literature that d-LMNO shows the best
electrochemical performance, although some reports suggest
that a combination of d-LMNO and 0-LMNO is superior.*” In
such evaluations, a correct structural analysis is obviously
required, which could present challenges. As means to evaluate
the status with respect to Mn/Ni ordering, we recommend the
concept of relative order (RO), and to make comparisons based
on integrated intensities of Bragg reflections that are sensitive
to Mn/Ni ordering and its related atomic displacements. A
major drawback is that synchrotron radiation data appears to
be required. However, very recently we proved that a top-end
rotating anode system with 2D detector can provide the

This journal is © The Royal Society of Chemistry 2025
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required basic data (Fig. S35). This could broaden the use of RO
as a facile structural parameter. SXRD and Raman spectroscopy
provide complementary insights into the ordering process,
particulary regarding the size of the ordered domains, and to
early stages of nucleation and growth. Raman spectroscopy is
indeed a facile tool for distinguishing o- and d-LMNO, given
that due attention is paid to impurities.

In this work we observe Mn/Ni ordering already around 400-
450 °C. To our knowledge, such low ordering temperatures have
not been reported previously for LMNO, except for in partly
delithiated samples.” This is interesting, as Frenkel defects are
not expected to occur below 500 °C for stoichiometric LiMn; 5-
Niy504.** The lack of such earlier findings could be due to
challenges in characterization, since there is currently no doubt
that Mn/Ni ordering, locally and globally, occurs already at 400-
450 °C, in particular for Mn-enriched samples.

The literature reports a large spread in the lattice parameters
of stoichiometric LiMn,; sNi, 50,4, not only for d-LMNO,** but
also for the ordered variant. Several reports suggest that this is
due to varying Mn(m)-amounts in LMNO, and further argue that
this correlates with oxygen vacancies. The current work rather
provides support for claiming that the change in lattice
parameters, is directly connected to the o-RS and N-layered
precipitation reactions, and consequent compositional
changes in the spinel. The changes with respect to annealing
temperature then reflects partial back-transformation of o-RS
and N-layered phases to an LMNO spinel with slightly modi-
fied composition.

The Mn-rich LMNO samples, with an Mn/Ni ratio above
three, will contain Mn(m) given full Li occupancy and no O-
vacancies. The presence of electroactive Mn(m) is easily
confirmed and quantified from galvanostatic cycling data.
Fig. 16 shows the variation in the g-axis for o-LMNO for various
nominal compositions and annealing temperatures. A pertinent
question is how this variation can be understood. One may
envisage that the Mn(m) Jahn-Teller active d*-ion is slightly

destabilized in its deformed octahedral environment.
= -
8.180 - * 5.
*
= ® ®
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Fig. 16 Lattice parameter development of the o-LMNO phase in

samples heated in O,-flow, showing a clear decreasing trend for
higher annealing temperatures.
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Alternatively, one may envisage a charge disproportionation:
2Mn(m) — Mn(u) and Mn(v) where Mn(wv) is stabilized with
a local structure corresponding to that in Li,Mn;NiOg whereas
Mn(u) enters a tetrahedral site (partly exchanged with Li). In this
way Mn(wv) acts as a driving force for local ordering and
favourable Mn-O-Ni bonding. This driving force remains in
Mn-rich samples and may explain why ordering occurs at low
temperatures for such samples. Furthermore, the current
observation of the third spinel phase (e-LMNO), enriched in Mn
at the tetrahedral sites, aligns with this hypothesis. Notably, e-
LMNO is only detected at the lowest annealing temperatures,
i.e. below 500-550 °C for Mn1.6 and below 600-625 °C for
Mn1.55, which correlates well with the observation of 0o-LMNO
in these samples. The link between e-LMNO and o-LMNO is
even clearer when considering Mn1.55-400C. This is the only
Mn1.55-sample heated below 725 °C that shows no signs of
cation ordering. For this sample there is no clear sign of Mn in
the 8a-site of e-LMNO as opposed to the situation for ordered
Mn-rich samples heated at similar conditions (450/500 °C in air/
0,). Since tiny, ordered domains will easily escape SXRD
detection, Raman stands out as the key tool for characterizing
LMNO with very small ordered domains (as is the case in low
temperature ordering), and subsequently for correlating them
with electrochemical performance. This ought to be given
weight in future works.

We believe that the two characterization techniques used in
this work, along with the fact that we are using a wet chemical
synthesis approach, is crucial for identifying low temperature
ordering. The route enables atomic mixing, and localized order
can be detected by Raman in cases where additional peaks and
splitting are hardly identified by SXRD. It is clear that the Mn/
Ni-ratio of a given sample affects the ordering properties. For
the current samples we observed from post mortem analyses by
Raman that cation order can be enhanced by electrochemical
cycling itself. However, further studies are needed.

The thermal stability of 0-LMNO in Mn1.5, Mn1.55 and
Mn1.6 differs significantly (Fig. 11la-c). For Mnl1.5, the RO
increases with holding temperature up to 725 °C in O,, after
which the spinel partly decomposes and changes composition.
For Mn1.55 the RO increases for annealing up to around 575 °C,
and above this it gradually decreases. Notably, Raman still sees
the Mn1.55-700C as very ordered (Fig. 13), despite being
predominantly disordered at the length scale of diffraction
(Fig. S14). Hence, the apparent disordered state could rather
represent a situation with nanosized ordered domains in
a disordered matrix. This could also be the case for Mn1.6,
where RO decreases for annealing temperatures above 450 °C.
Possibly, the lowered stability of o-LMNO in Mn1.55 and Mn1.6
reflects an increased Mn(m) content that reduces the energy
gain for the chemical bonding between small Mn(wv) and large
Ni(u) cations.

Even for MO-samples, subjected to very slow cooling, a slight
broadening occurs for the superstructure peaks relative to the
spinel main peaks. This reflects the smaller size of ordered
domains that nucleate randomly and grow until they encounter
a separate domain with a non-matching Mn/Ni distribution,
forming an anti-phase boundary (APB), which in turn limits the

41140 | J Mater. Chem. A, 2025, 13, 41122-41143

View Article Online

Paper

domain size. This is in line with reports claiming that 48 hours
annealing still gives peak broadening® and that a large number
of APBs are present at equilibrium.™

Electrochemical data provides an independent supplement
to the SXRD data for validating the Mn/Ni-ratio. Stiible et al.
used such data to determine the Mn/Ni-stoichiometry of the
spinel.* In principle, this represents a more accurate descrip-
tion beyond just reporting the bulk stoichiometry. It is,
however, not an ideal way to characterize the pristine material,
as side reactions are occurring, especially at high voltages where
the electrolyte is outside its stability window. Furthermore,
various impurity phases may contribute electrochemically. It is
noteworthy that reported capacities, here and in the literature,
are significantly lower than the theoretical values. Hence, the
electrochemical data do not fully describe the entire sample,
but rather just the electrochemically active parts.** In this
respect, SXRD can help identifying the reason for reduced
electrochemical activity. The current operando data shows that
0-LMNO and d-LMNO can be distinguished during cycling.
However, this is not feasible for all relevant Mn/Ni stoichiom-
etries during conventional cycling (3-5 V) owing to major peak
overlap between relevant phases (i.e. LiMn; 5.,Nig 5 O, Lig s
Mn, 54,Nig 5,04 and Mn, 5,,Nips_,O4 in ordered and disor-
dered variants). However, operando SXRD is suitable to study the
behavior at the very low potentials, as the tetragonally distorted
Li-rich phases (T1 and T2) are easily distinguishable and can be
correlated with the degradation of 0-LMNO and d-LMNO. This
process can successfully be studied operando, whereas any post
mortem studies are unsuited as T2 transforms into T1 after
short resting times." Our findings suggest that the low voltage
behavior should be further investigated, to improve structural
insight, to become able to distinguish the phases electro-
chemically, and to improve the knowledge basis for making pre-
lithiated LMNO a viable option in future batteries.

A note with respect to capacity fading is that even if the
initial phase composition is known, it remains open how phase
fractions may change during charge/discharge. As these are
long term processes, often with very subtle changes from one
cycle to the next, post mortem studies of aged cells should be
prioritized over operando studies, at least for cycling in the
conventional voltage range. That is also the case when studying
the finer structural details that are highlighted in the current
work, as operando studies may fail to properly identify such
details.

Conclusions

We have explored stability and structural aspects of three
categories of LMNO materials that in sum are representative as
realistic electrode materials, based on detailed characterization
using synchrotron powder X-ray diffraction and Raman spec-
troscopy. The work benchmarks how structural properties
depend on processing conditions and how insight is achieved
by means of sharp characterization methods.

Five different phases are observed in these samples, with
coexistence of up to four phases identified in snapshots from
different stages of synthesis and processing. We observe that

This journal is © The Royal Society of Chemistry 2025
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Mn/Ni cation diffusion takes place at much lower temperatures
than earlier anticipated, as evidenced by progressing Mn/Ni
cation ordering in LMNO and (back)formation of rock salt
and N-layered impurity phases. As a response to this as well as
cation ordering and restructuring of the spinel phase(s),
a distinct e-LMNO spinel impurity with excess Mn/Ni in tetra-
hedral sites is formed during low-temperature annealing of
quenched samples. All these processes are drivers for formation
of Mn(m) as recognized by galvanostatic cycling, thus providing
highly valuable input to composition-property correlations for
LMNO.

The excellent SXRD data document peak broadening, peak
shoulders and weak diffraction peaks. Based on such observa-
tions we identify and describe size and growth/stability of
ordered domains of 0-LMNO in co-existence with d-LMNO and
determine lattice parameters as function of composition and
processing parameters. We note that o-RS reactivity and Mn/Ni
ordering occur within the same temperature window and
conclude that the formation of o-RS triggers an oxygen release
without formation of O-vacancies in the parent spinel.

The quantitative Rietveld analysis of the multi-phased
samples fully reproduced the nominal composition of the
bulk material. The analysis benefited from correlations between
composition and lattice parameters for the different LMNO-
phases. We conclude that a proper analysis of any LMNO
materials should include the o-RS phase and should not assume
the phase purity of LMNO. In terms of validating the proposed
lattice parameter-composition relations in this work, the poor
scattering contrast of X-rays should be compensated for by
conducting a combined X-ray and neutron diffraction experi-
ment in future works. We point out that operando studies can
distinguish 0-LMNO and d-LMNO for certain compositions,
however, the o-RS phase is often present in too small amounts
to be observed owing to a moderate signal-to-noise ratio. On the
other hand, the transformations into tetragonal LMNO variants
at low voltages are easily investigated.

We deliberately made large batches and subsequently
treated small-scale samples differently. Although the Mn/Ni
distribution is homogeneous in the gel after drying, subse-
quent (Pechini) combustion may affect nucleation in the large
batch. Possibly, even more homogeneous batches can be ach-
ieved. The current goal was to mimic materials likely to be
synthesized and studied in various laboratories, relevant also
for scaling up production capabilities. Impurities and inho-
mogeneities are then unavoidable, and one should know how
this may unfold - especially if LMNO is to be produced at the
massive scale needed to be industrially relevant.

The recommended synthesis route based on our findings is
thus a soft chemical synthesis approach to enforce a homoge-
nous cation distribution. Lowering the calcination temperature
to some 700-800 °C and shorter durations (<20 h) are also ex-
pected to have a positive impact (less impurity formation, see
eqn (6)). Based on our findings we recommend having a Mn-
enriched sample to avoid trapping of active Ni in impurity
phases. Annealing under O,-flow around 500 °C appears effi-
cient for removing of any impurities (0-RS/N-layered) for these
samples. In our work, 6 hours were used; however, less time is
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likely sufficient - especially for samples with a softer calcination
step. Our work shows that holding time - even at low temper-
atures (see eqn (7)) during e.g. cooling - is an essential pro-
cessing parameter to consider and must be optimized. Even at
500 °C Mn-rich samples undergo ordering (and can even form e-
LMNO, having an unknown electrochemical effect), so finding
the perfect compromise remains a challenge.
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