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Abstract

Lithium ion cells utilising LiNiosMn1504 (LNMO) as the positive electrode are prone to fast capacity
fading, especially when operated in full cells and at elevated temperatures. The crystal structure of
LNMO can adopt a P43532 (cation ordered) or Fd-3m (disordered) arrangement, and the fading rate of
cells is usually mitigated when samples possess the latter structure. However, synthesis conditions
leading to disordering also lead to oxygen deficiency, rock-salt impurities and as a result generate Mn**,
In this study, in-situ neutron diffraction was performed on disordered and slightly Mn-rich LNMO
samples to follow cation ordering-disordering transformations during heating and cooling. The study
shows for the first time that there is not a direct connection between oxygen deficiency and cation
disordering, as cation disordering is observed to start prior to oxygen release when the samples are
heated in a pure oxygen atmosphere. This result demonstrates that it is possible to tune disordering in
LNMO without inducing oxygen deficiencies or forming the rock-salt impurity phase. In the second part
of the study, electrochemical testing of samples with different degrees of ordering and oxygen deficiency
have been performed in LNMOJILTO (LisTisO12) full cells. The disordered sample exhibits better
performance as also have been reported by other studies, however, we observe that all cells behave
similarly during the initial period of cycling even when discharged at 10C rate, while differences arise
only after a period of cycling. Additionally, the differences in fading rate were observed to be time
dependent rather than dependent on the number of cycles. This performance degradation is believed to
be related to instabilities of LNMO at higher voltages, that is, in its lower lithiation states. Therefore, it
is suggested that future studies should attempt to obtain samples that would allow to study the individual
effect of ordering and oxygen deficiency. It is also suggested that more emphasis during electrochemical
testing should be put on the stability of samples in their delithiated state.
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Introduction

LiNiosMn1504 (LNMO) is a promising spinel-type positive electrode (cathode) material for lithium-ion
batteries (LiBs), with a theoretical capacity of 147 mAh/g and an operating voltage around 4.7 V (vs.
Li/Li*). This voltage plateau at 4.7 V (vs. Li/Li*) is due to the active Ni**/Ni** redox couple, while a
second (minor) plateau around 4.1 V (vs. Li/Li*) due to the Mn**/Mn** redox couple can be present
depending on the synthesis conditions.* In addition to energy gain from high voltage, the spinel crystal
structure possesses 3-D pathways for the lithium diffusion.? As the electronic conductivity of LNMO is
also sufficiently high (10° — 107 S/cm)?, it is thus regarded as a suitable cathode material also for high
power applications (e.g. electric vehicles), even when micron-sized powders are used.* However,
commercialization of LMNO-based cells is held back due to fast capacity fading in full cells, especially
at elevated temperatures.® It is known that synthesis-related factors may have a significant impact on its
fast capacity fading. These factors might be related to the degree of cation ordering,®’ oxygen


https://www.ife.no/en/ife/departments/physics/files/cv-magnus-helgerud-sorby

deficiency,®® formation of impurity phases,®'° particle morphology,''*? etc. Therefore, for the purpose
of developing LNMO-based cells with long lifetimes, it is important to identify the relationship between
those mentioned material properties and their role on the electrochemical performance.

The thermodynamically favoured crystal structure of LNMO crystallises in a structure with P4532
symmetry.*® In this structure, Mn and Ni cations occupy specific atomic sites (12d and 4a, respectively)
and this phase is therefore usually referred to as the ordered phase. In addition, Li atoms are located at
8c while O atoms are at 24e and 8c sites.* Alternatively, the kinetically favoured structure has a higher
symmetry and is represented by the Fd-3m space group. Mn and Ni cations occupy 16d sites randomly
while Li atoms are at 8a and O atoms at 32e sites.!* This phase is referred to as the disordered phase.
High temperature calcination (>750°C) during the synthesis of LNMO has been reported to yield the
disordered phase (Fd-3m)2%% while an additional annealing step around 700°C is necessary to obtain
ordered LNMO with the P4532 space group.”*>1¢ In literature, even though it is common to report
synthesized powders as either of these two structures, it is important to note that the synthesis of
perfectly ordered or disordered phases can be hard to achieve practically,!” and partial ordering-
disordering of varying degrees likely exists. It should be noted at this point that these two structures
reported in the literature represent the global structure of LNMO (e.g. as determined by diffraction
techniques) while an ordered arrangement of Mn/Ni can still exist in the local structure (lattice-cell) of
fully disordered phase.®

The conditions that favor the disordered phase (i.e. high temperatures) are also known to cause oxygen
deficiency in the structure.’®?° The oxygen release is observed around 730°C during heating in air, in
close proximity with the synthesis temperature which also favors the disordered phase.'® At higher
temperatures, further oxygen loss is accompanied by the formation of rock-salt phase impurities
(>750°C), however, this phase can reversibly transform back to the spinel phase during cooling as long
as the cooling is sufficiently slow.> Compositions with varying stoichiometry have been reported for
the rock-salt phase, e.g. NiO,*® LixNi1-«O,? (LiysMn12Niys)xO% and (LixMnoesNio.34),0.%° In summary,
it is thus likely that the ‘disordered” LNMO electrodes reported in the literature might actually have
partial cation ordering, varying degrees of oxygen deficiency, impurity phases and deviations from the
stoichiometric formula, i.e. deviations in Mn/Ni ratio and oxygen occupancy.

Considering such variations that might originate during synthesis, it is reasonable that the ‘ordered’ and
‘disordered” LNMO display diverse electrochemical performance in many studies. Additionally,
possible changes in particle shape and size could even increase the complexity in comparisons.
Nevertheless, a majority of studies agree on better cycling stability and rate capability of ‘disordered’
electrodes? while exact reasons behind this improvement are still unclear. Understanding of these
reasons becomes even more important since some of the characteristics of ‘disordered” LNMO would
not be desired. For instance, the ordered LNMO, with its ideal stoichiometry of LiNigsMnisOs,
compensates the charge neutrality via the Ni?*/Ni** redox couple during lithiation/delithiation while the
Mn oxidation state (4+) remains constant. Therefore, a single voltage plateau around 4.7 V (vs. Li/Li")
is observed.?? Disordered LNMO, on the other hand, consists of some amount of Mn** which is oxidized
to Mn** state at the beginning of charging, thereby causing the voltage plateau around 4.1 V (vs.
Li/Li*).%2 This is not desirable as the decrease in voltage reduces the energy density. Moreover, the
presence of Mn*" can favor the formation of Mn?* via disproportionation (2Mn*" — Mn?* + Mn*) on
the particle surface, resulting in dissolution of Mn?* into the electrolyte and a decrease in the cell life
time.>2 Despite this, some Mn** is still desired as it is believed to be responsible for the better cycling
performance of the disordered phase, e.g. increased electronic conductivity.® This conception has been
challenged in some recent studies. For instance, when electronic conductivities were investigated as a
function of lithiation state, significantly higher electronic conductivity for the disordered sample was
indeed observed, but only at the beginning of charging. The conductivities were comparable for most of
the cycling period, where Mn®* was absent.*2

For the ordered LNMO, during charging (delithiation) and discharging (lithiation), two successive ‘two-
phase transformations’ are observed through three cubic phases.”*"?* For the disordered LNMO, not
only two-phase reactions are present; but also a solid solution behavior is observed (at high lithiation
states). This causes a reduction of two-phase transformation domains.'” This would decrease the



mechanical strain caused by coexisting phases and reduce the kinetic barriers caused by nucleation and
growth processes.?® Therefore, as an alternative explanation, the presence of solid-solution regions in
the disordered phase may be the reason of its better electrochemical performance, rather than the Mn®*
presence.

In literature, it still remains unclear if the disordering in the structure, or the presence of Mn® is
responsible for the enhanced electrochemical performance of ‘disordered” LNMO.?® Additionally, given
that the terms ‘ordered’ and ‘disordered’ are not well-defined, variations in experimental results are
observed!’ and this makes understanding the origins of difference in electrochemical performance
harder. Ideally, it would be easier to achieve such an understanding if it was possible to synthesize and
test a cation disordered LNMO without any Mn** presence. In order to explore such a possibility further,
it is first necessary to understand how Mn3®" is introduced into the structure and how it is linked with the
cation disordering. In that way, it could be possible to obtain samples at least with different ordering
and Mn*" content and thus test their individual effect.

Following the oxygen release during heating, Mn** can be introduced into the structure in different ways.
By creation of oxygen vacancies in the structure, some Mn** is generated in order to maintain charge
neutrality.?® Alternatively, Cabana et al. reported that a rock-salt phase with a lower Mn/Ni ratio (Ni-
rich) can be formed following oxygen release at high temperature.'® This increases the Mn/Ni ratio in
the spinel phase, thus introducing Mn** without oxygen vacancy requirement. In either case, the presence
of Mn3* (65 pm) can favor cation disordering as a result of its larger ionic radius (vs. 54 pm for Mn**)
that is comparable to the Ni?* (69 pm) radius.® In other words, oxygen release and subsequent Mn3*
formation can be said to cause disordering.

In a recent theoretical study, it was suggested that oxygen vacancies would decrease the energy of the
disordered structure.?’ Therefore, during heating, oxygen release (and Mn** formation) could be
favoured by the cation disordering transition instead, rather than the other way around. In all scenarios,
if there is a direct relation between disordering and the existence of Mn3" (or just oxygen vacancies),
this would render the individual role of disordering on the electrochemical behavior complex to isolate.
It is also clear that, depending on the nature of this relation, cooling conditions can play an important
role (e.g. due to kinetics of re-ordering, oxygen uptake and rock-salt elimination).® Therefore, in
exploring these relations, in-situ characterizations of structure can be highly useful compared to ex-situ
characterization of samples ‘quenched’ from different temperatures.

In this study, in order to gain further insight on cation ordering and its effect on electrochemical
behaviour, we use in-situ neutron diffraction (ND) to follow ordering transitions during the heating of
LNMO powders. The use of neutron diffraction is necessary for an accurate characterization of cation
ordering, as Mn and Ni have very similar scattering powers with X-ray diffraction, whereas with
neutrons they are very different enabling accurate identification of P4;32 and Fd-3m structures.?® So far,
there have been only two important studies which have investigated ordering transitions via in-situ ND
techniques. Pasero et al. studied heating of LNMO under vacuum?® and Cai et al. under air atmosphere.*®
Here, with an effort to understand relationship between ‘ordering < oxygen release < presence of
Mn®"’; we perform in-situ heating/cooling characterization of slightly Mn-rich LNMO under pure
oxygen atmosphere, for the first time, using ND. It could be expected that the increasing oxygen partial
pressure would shift the onset of oxygen release to higher temperatures. Therefore, if there is a direct
relation between oxygen release and cation disordering, the ordering-disordering transition temperature
(To-p) would also shift accordingly. Furthermore, instead of stoichiometric LNMO (Mn/Ni = 3), we
used slightly Mn-rich LNMO (Mn/Ni = 3.5), making sure there was always some Mn** present in the
structure. If there is a direct relation between the Mn® content and the tendency to disordering, a shift
of To-p to lower temperatures would be expected as large Mn** atoms would disrupt the structure and
facilitate disordering. In the second part of the study, ‘ordered’ and ‘disordered’ samples were prepared
by careful annealing/cooling of powders without introducing the impurity phase and without changing
the particle morphology. After characterization of oxygen deficiency and cation ordering,
electrochemical performance of these samples are tested in full cells using LisTisO12 (LTO) as the
negative electrode, which is known for its electrochemical and structural stability.*® Using this cell



chemistry, it is possible to get useful information on cycling stability and power capability of LNMO
electrodes.®

Experimental

Sample preparation. Micron-sized commercial LNMO powders were used as reference samples. In
order to obtain disordered LNMO, powders were heated up to 800°C and annealed for 12 hours in air
and then quenched to room temperature (by water quenching the alumina crucible). For ordered samples,
LNMO powders were heated to 600°C and annealed for 12 hours under pure oxygen (atmospheric
pressure). Later, powders were cooled down to 300°C slowly in 12 hours, where after the furnace was
cooled to room temperature. It should be noted that the use of submicron-scaled powders would not be
suitable as particle size and shape would also tend to change during heat treatment.

In-situ characterization. In-situ neutron diffraction data were collected on the POLARIS medium
resolution time-of-flight (TOF) powder diffractometer at the ISIS spallation neutron source, Rutherford
Appleton Laboratory (RAL), UK.%2 Approximately 2 grams of powdered sample were loaded into a
reaction cell manufactured from 316 stainless steel (inner diameter 11mm; wall thickness 0.2mm)
capable of allowing a flow of gas through the sample. The cell was placed into a RAL-designed neutron
diffraction furnace (comprising a heating element and heat shields made from vanadium foil) mounted
on the diffractometer. The in situ reaction cell incorporates a collimating mask made from neutron-
absorbing boron nitride ceramic and gadolinium foil, making it possible to collect diffraction patterns
in the Polaris 90° detector bank (83° <20 < 97°, dmax = 4.0 A, 8d/d = 0.70%) which are free of Bragg
reflections from the steel reaction cell itself. Gas flow through the cell was from bottom to top, with a
coiled section in the inlet pipe allowing the flowing gas to heat to the furnace temperature and minimize
any sample cooling effect due to the gas flow. A type K thermocouple located close to the outside of the
collimation was used to control furnace temperature, with a second type K thermocouple inserted into a
drilled hole in the top flange of the reaction cell used to monitor the resulting sample temperature. The
temperature of this latter thermocouple is reported in the results. A disordered LNMO sample (see
sample preparation section for details) was heated and cooled under pure oxygen flow (atmospheric
pressure, around 1 bubble per 1-2 seconds in a Dreschel bottle) at different rates (1°C/min and 2°C/min).
For every pattern, data collection time was 5 minutes and 257 patterns were collected in total. Sequential
Rietveld refinement was performed on 257 patterns using the GSAS® suite of programs with graphical
user interface EXPGUI.** Refinements were performed on data range 0.64 A —2.74 A,

Characterization of LNMO samples used in LNMO-LTO full cells. Reference and ordered samples
were characterized ex-situ at room temperature on the constant wavelength (1.555 A) powder neutron
diffractometer PUS at the JEEP Il reactor, Norway.* The datarange was 10°~130° (2-theta) and Rietveld
refinements were made on the whole range, however, graphs were drawn in a smaller range in order to
directly compare with the data from the POLARIS diffractometer. Thermal gravimetric analysis (TGA)
analysis was performed under pure oxygen gas flow using Q500-TGA 1000°C equipment from TA
instruments. The maximum temperature was 780°C and the sample holder was platinum. Raman
spectroscopy was performed through a Raman microscope (Renishaw — inVia) using an excitation
wavelength of 532 nm provided by a solid-state laser (Renishaw) with a maximum power of 500 mW.
Prior to the measurements, a calibration was carried out by means of a crystalline Si sample to ensure
that a characteristic reference peak was obtained around 520.6 cm™. Twenty consecutive acquisitions
with a nominal laser power of 0.5 mW and a measuring time of 20 s were run between 100 and 800 cm-
! to collect the spectra, while applying beam exposure minimization in between subsequent acquisitions
to avoid possible surface degradation of the specimens. Inductively coupled plasma — optical emission
spectroscopy (ICP-OES) was used for determining Mn/Ni ratio in the LNMO powders using
PerkinElmer Optima 7300DV spectrometer. Sample was digested in aqua regia and diluted with
deionized water. Measurement was performed via internal standard method (scandium) with two point
calibration.



Electrochemical characterization. Positive electrodes consisting of LNMO powders (90 wt%) with
carbon black (Imerys, C65, 5 wt%) and a poly(vinylidene difluoride)-based binder (5 wt%, PVdF-HFP,
Kynar Flex 2801) were prepared. The average porosity was 40-50% after electrode calendaring. The
capacity of LNMO electrodes were in the range of 1.5-1.6 mAh/cm2. Commercial LTO electrodes
(Leclanché) with a capacity of 1.7 mAh/cm? were used as counter electrodes. Less capacity for LNMO
was intentionally chosen as LNMO-limited cells would immediately reflect cyclable lithium loss in this
full cell chemistry.®! In pouch cells, Celgard 2500 (two layers) was used as separator and 1 M LiPFes
(Ferro Corp.) dissolved in EC:DEC (1:1 by volume, BASF) was used as electrolyte (120 ul per cell).
More details of electrode and cell preparation are described in our earlier study.®* Full cells were
galvanostatically cycled between 1.5 V-3.5 V (vs. LTO) at varying rates. A Novonix HPC (High
Precision Charger) system was used for testing of cells at 55°C. All cells testing started with a 10 hours
OCYV period at 55°C and unless stated, there was no constant voltage (CV) step nor pausing (at open
circuit voltage, OCV) between charging—discharging.

Results and Discussions

In-situ analysis of LiNios«Mn1s5+QOa.y during heating/cooling. It is known that LNMO starts releasing
oxygen at elevated temperatures,*® and it is also reasonable to expect that the onset of oxygen release
should shift to higher temperatures under higher oxygen partial pressures. Therefore, in-situ neutron
diffraction experiments were performed under pure oxygen flow (atmospheric pressure) in order to see
if To_p is shifted accordingly. Disordered samples were first analyzed via TGA to verify the shift of
oxygen release. For this purpose, two identical samples were heated/cooled either under air or oxygen
flow. As seen in Figure 1, the disordered samples start to take up oxygen when the temperature is above
400°C. The oxygen uptake rate and the total amount of oxygen recovery are higher when heating under
oxygen flow. When the temperature is increased further, this time oxygen release starts. Under air flow,
oxygen release starts around 690-695°C (temperature where the tangent to the weight vs. temperature
on the graph is 45°, or the slope is -2.89 x 10° x °Ct) while this temperature is shifted to 725-730°C
under oxygen. Therefore, it is verified that changing from air to pure oxygen atmosphere increases the
onset of the oxygen release temperature around 35-40°C. Oxygen occupancy in the LNMO chemical
formula is also given on the right-y axis of the Figure 1 to demonstrate the relative amount of oxygen
released. It should be noted that oxygen occupancy values are based on the assumption that oxygen
release is compensated by vacancies on the oxygen site. It is also assumed that full oxygen occupancy
(y=4) is reached at the point of maximum weight under oxygen flow. Values obtained for heating under
air are in accordance with the values reported earlier.?
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Figure 1. TGA analysis of disordered LNMO samples heated/cooled (1.5 ‘C/min) under air flow or oxygen flow.
The maximum point in the case of oxygen flow was normalized to 1 (weight). On the right y-axis, corresponding
oxygen stoichiometry is shown with the assumption that the oxygen-cooled sample is not oxygen deficient.



In a similar way, the disordered LNMO sample was heated and cooled under pure oxygen flow during
the in-situ neutron diffraction experiment (1 or 2°C/min rate vs. 1.5°C/min rate during TGA). The
heating/cooling was interrupted several times with isothermal steps to observe any effect of kinetic
limitations during phase transitions. The sample first was heated up to 597°C and kept at this temperature
for 35 min to observe the progress of cation ordering. Later, the temperature was raised to 680°C and
kept similarly at this temperature for 56 min. It was followed by cooling and then isothermal treatment
at 604°C for 315 min. As a final step, the sample was heated up to 820°C and cooled down to 494°C.
ND patterns are shown as a contour plot in Figure 2 where the temperature vs. time profile is also shown
on the right-hand side of the plot.
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Figure 2. Neutron diffraction data for the heating/cooling of disordered LNMO powders under oxygen
atmosphere. The intensity values are in arbitrary units.

Starting from the bottom of Figure 2, initially only the peaks of disordered LNMO (Fd-3m) are present
except for some small peaks originating from the collimating mask (boron nitride ceramic and
gadolinium foil) at 1.76 A and 2.03 A (small contribution to the left tail of peak at 2.05 A). As the sample
is heated, peaks from the ordered structure (P4s32) begin to appear (around run number 50). During the
isothermal step at 604°C, those superlattice peaks reach their highest intensity indicating a high degree
of ordering. While cation ordering is easily observed, no visible peaks originating from a rock-salt
impurity phase can be seen in Figure 2. In the study by Cai et al., the formation of rock-salt phase was
clearly visible above 750°C through the appearance of new reflections, e.g. the rock-salt 220 reflection
at 1.48-1.49 A.*5 At 800°C, both spinel and rock-salt peaks were present. In Figure 3, with an attempt to
detect any traces of rock-salt phase formation, the data in Figure 2 are drawn with zoomed-in sections
of 1.44-1.50 A and 2.03-2.13 A, where the two most intense peaks for the rock-salt phase are expected
to be seen. Indeed, only a small trace of rock-salt phase appears at the very end of heating in the region
800-820°C (e.g. at 1.486 A and 2.095 A, see Figure S1 for a single diffraction pattern at 820°C). These
small peaks disappear during subsequent cooling (with 2°C/min rate). Nevertheless, it is clearly seen
that both excess Mn in LNMO and oxygen environment make the material less prone to rock-salt phase
formation during heating. This can be considered as an advantage since rock-salt phase would lower the
charge capacity and possibly increase the ionic resistance.
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Figure 3. Zoom-in view of neutron diffraction data for d-spacing ranges of 1.44-1.50 A and 2.03-2.13 A where
two most intense peaks for the rock-salt impurity phase (Fm-3m) would be expected to be visible. The intensity
values are in arbitrary units.

To obtain more quantitative information from the in-situ neutron diffraction experiment, sequential
Rietveld analysis has been performed on a total number of 257 patterns collected during the experiment.
For the refinements, an ordered structure (P45;32) model with a fixed Mn:Ni ratio of 0.78:0.22 (based on
ICP analysis) was applied for all temperatures. Li occupancy was fixed to 1.0. An attempt to refine O
occupancy was also made, however, although the refined O occupancies were close to 1.0, estimated
standard deviations (esds) on the refined parameters were much larger than the scatter in their values
meaning that the changes observed in TGA analysis could not be detected. An additional refinement
was also made on the merged data file corresponding to the isothermal step at 680°C (56 min), but the
change in O occupancy was again within the range of esds. Therefore O occupancy was also fixed to
1.0. Site mixing of Mn and Ni was allowed in the refinements and therefore it was possible to quantify
the degree of ordering by evaluating the preferential occupation on the Ni-4a atomic site. It should be
noted that 4a is the preferential Ni site while 12d is the preferential Mn site in the P4,32 structure. If Mn
and Ni are randomly distributed over the 12d and 4a sites, the 4a occupancy would be 0.22 when the
sample is fully disordered. Since the material is slightly Ni-deficient, the 4a occupancy can never reach
full occupancy (i.e. 1) but the maximum possible ordering will show a Ni occupancy on this site of 0.88.
With these limits in mind, the Ni-4a occupancy can be used to quantify cation ordering in the samples.
The changes in ordering with respect to temperature are shown in Figure 4(a). It is seen that a sharp
increase in Ni-4a occupancy starts around 530°C, and ordering continues to increase with temperature
until 630°C where disordering starts again. It is important to note that no oxygen release was observed
until 725-730°C when the same sample was tested with TGA. The cation disordering is thus not initiated
by oxygen release.

After further heating, the sample temperature was kept constant during an isothermal step at 680°C. At
this temperature, cation ordering is mostly disrupted and the Ni-4a site occupancy becomes stable
around 0.34. Following the isothermal step at 680 °C, the sample is cooled and cation ordering is quickly
recovered. With increasing time during another isothermal step at 604°C, the Ni-4a occupancy reaches
0.6, which corresponds to a 58% degree of ordering. These isothermal steps show that there is not a
specific transition temperature separating completely ordered and disordered phases, but rather there is
a transition window allowing partial ordering. In the final heating/cooling step (note that the
heating/cooling rate was doubled), ordering started to be disrupted around 640°C and full disordering
was achieved at temperatures around 730°C. Since the ordering-disordering transition occurs over a
temperature window and heating/cooling rate also affects this window, it is necessary to define a term
that can be used for comparison purposes in future studies. In this study, Too will refer to the
temperature at which 50% ordering is achieved in case of very slow heating/cooling. This would



obviously require very long measurement times, however, the average value of To_p during relatively
faster cooling/heating can be used to estimate To_p. For 1°C/min rate, 50% ordering is reached at 633-
634°C during heating and at 607-608°C during cooling, which would give an average value of 620°C
for Top. Similarly, for 2°C/min rate, Top is estimated as 617 °C which is in good agreement with the
previous value considering the error bars in Figure 4(a).

These results show that oxygen release from LNMO has no direct role in driving the cation disordering,
since disordering starts at significantly lower temperatures compared to the onset of oxygen release.
This is an important observation as it shows us that it is possible to obtain samples with varying degrees
of ordering without changing the oxygen content if suitable annealing temperature, gas environment and
cooling rates are chosen during heat treatment. Secondly, when compared to work by Cai et al. which
studied ordering for the stoichiometric LNMO compound (Mn:Ni ratio of 3:1)," our results show that
the excess Mn in the chemical formula causes a decrease in To_p as most of the ordering is lost at 680°C.
The presence of Mn** seems to lower the tendency towards ordering to some degree, as also reported in
earlier studies.?®% In the study by Kunduraci and Amatucci,'® which was based on ex-situ analysis of
guenched samples, it was suggested that the oxygen loss determines the ordering-disordering transition
temperature. However, as demonstrated in this study, there is no direct relation between these two
processes. On the other hand, oxygen loss can still cause disordering if certain conditions are not met.
Theoretical calculations show that the energy difference between ordered and disordered phases can be
significantly lowered by introduction of oxygen vacancies.*” In other words, presence of oxygen
vacancies would reduce the thermodynamical driving force for keeping the cation ordering at high
temperature. When our findings are considered in context of previous studies, it can be suggested that
if To-p is slightly higher than the oxygen release temperature, then the formation of oxygen vacancies
would spontaneously lower the measured To_p during heating to the same temperature as the onset of
oxygen release. This would explain the coincidence of ordering-disordering and oxygen release
temperature. However, if the oxygen release temperature is higher than To_p, cation disordering will
begin independently from the onset of oxygen release as observed in our study.
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Figure 4. Change of Ni (4a) occupancy with temperature as obtained from sequential Rietveld refinements (a). Ni
(4a) occupancy can be interpreted as the degree of cation ordering. Its value is 0.22 for fully disordered phase and
0.88 for the maximum ordering possible for the LiNio44Mn15604 sample. The change of lattice parameter with
temperature is shown in (b). For easier evaluation, y-left and y-right axes are scaled so that the lines initially

overlap completely (any disruption of the overlap is an indication of structural changes). A graph of lattice
parameter vs. temperature is also shown as an inset.

If oxygen vacancy formation is assumed to cause weight change alone (see Figure 1 for the TGA
analysis), the corresponding change in occupancies would still be small in the temperature range studied
here (e.g. 0.985 at 780°C). Therefore, the oxygen occupancy was fixed to 1.0 for both oxygen sites (24e
and 8c). While the oxygen content could not be directly analyzed from the ND data, an attempt was
made to get information about the possible chemical changes by following the trends in lattice parameter



with temperature. In Figure 4(b), these are presented by scaling the y-axes so that both lines initially
overlap with each other. In this way, any deflections from linearity between the rate of lattice expansion
and the temperature increase becomes clear. It is then seen that a deflection towards lower values starts
around 460°C, which corresponds to the temperature at which oxygen uptake also starts (see Figure 1).
This is in accordance with the reduction in Mn®" amount. The rate of cell parameter expansion starts to
increase around 520°C. This is in close proximity to the temperature at which cation ordering starts.
Even though the variations are quite small, it can be interpreted that the oxygen uptake during heating
reduces the rate of lattice expansion, while the cation ordering increases it. Above 730 °C, a comparably
larger increase in the rate of cell expansion occurs. This is in agreement with the considerable oxygen
release expected at these temperatures. It is not possible to draw any direct conclusions by evaluating
these trends. However, it was also observed that there was no rock-salt phase formed until 800°C (and
only negligible fractions at 820°C). Therefore, it can be speculated that higher lattice constants are likely
caused by oxygen vacancies. A slight increase also seems to originate from cation ordering, although
more efficient packing could be expected for the ordered phase.

Characterization of LNMO samples used in LNMO-LTO full cells. In the first part of this study, it
is shown that the disordering and oxygen release are not necessarily linked to each other. Certain
conditions required to obtain LNMO powders with varying degrees of ordering while not changing the
oxygen content have been described and hopefully this knowledge will lead to new studies focusing
solely on the effect of disordering (or oxygen content) on the electrochemical performance. As part of
this study, instead, we heat treated LNMO powders to obtain conventionally named ‘ordered’ and
‘disordered’ samples. As mentioned earlier, the terms ‘ordered” and ‘disordered’ are not well defined.
In the majority of research papers, either of these phases is normally assigned to synthesized powders
while the possibility of partial ordering is usually ignored. Additionally, even if the terms ordered and
disordered are used, it is usually not the ordering alone, but also other related properties, e.g. oxygen
deficiency and Mn** content, which possibly affect the electrochemical performance. Therefore, in the
second part of this study, ‘ordered’ and ‘disordered’ samples were carefully characterized with respect
to their oxygen content and their ordering degree. Following this, their electrochemical performance
were tested in full cells in order to have a reference point as compared to the previous literature.
‘Ordered’ samples were obtained by annealing starting powders at 600°C (for 12 hours) which were
thereafter cooled slowly (all performed under oxygen flow). In order to obtain ‘disordered” samples,
powders were annealed at 800°C (under air) for the same duration and later quenched to room
temperature. Starting powders were also characterized and will be referred as ‘reference’ through the
rest of the article.

Neutron diffraction (ND) patterns together with the calculated models (via Rietveld refinements) are
shown in Figure 5. The ordered sample shows intense superlattice peaks indicating a high degree of
cation ordering in the structure (see Figure 5a). As obtained from Rietveld refinements, the Ni-4a
occupancy is ~ 0.8. If a maximum possible occupancy of Ni-4a (0.88) is taken as 100% and minimum
(0.22) as 0%, the degree of ordering can be represented as ~87% for the ‘ordered’ sample. The ND
pattern for the reference sample is shown in Figure 5(b). At first sight, no superlattice peaks are
observable which indicates the presence of a fully disordered structure. However, when inspected
carefully, it is possible to see the presence of weak, very broad, overlapping peaks at positions where
superlattice reflections are expected. Therefore, during the refinements, cation mixing was allowed and
as a result Ni-4a was found to be ~ 0.45. This would correspond to an ordering degree of ~ 35%, which
could be considered a ‘partial ordering’. Ordered domains might be homogeneously distributed through
the particles, or be concentrated near the surface or the core. At the onset of ordering, it is reasonable to
expect the same orientation for the new ordered domains with respect to the host crystals. Therefore,
while the superlattice peaks are broadened due to size effects, such broadening would not be expected
for the sublattice peaks,? thus causing anisotropic broadening. For this reason, the fit was worse in
regions where superlattice peaks are expected. Therefore, some degree of error should be considered for
this specific sample (the real Ni-4a occupancy value would be slightly higher than the calculated
number, i.e. 0.45).
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Figure 5. Neutron diffraction patterns (at room temperature) with calculated patterns from Rietveld refinements
of ordered sample (a), reference sample (b) and disordered sample (c). The ordered and reference samples were
measured using a ‘constant wavelength’ diffractometer while the disordered sample was measured on a different
“TOF’ diffractometer.

In the case of the disordered sample, no trace of superlattice peaks was visible. This pattern also
corresponds to the initial data (prior to heating) in the in-situ diffraction experiment, which gave a Ni-
4a value of 0.22 (0% ordering) when modelled using the P45;32 symmetry. Therefore, refinement here
was made using the Fd-3m structure. Structural parameters obtained from the refinements are provided
in Table 1 for all three samples. Based on these refinement results, the three samples can be categorized
as ‘highly ordered’, “partially ordered’ and ‘fully disordered” LNMO samples.



Table 1. Structural parameters (at room temperature) obtained from Rietveld refinements for ordered, reference
and disordered samples (Uiso parameters were refined alone after the initial refinement of positions and occupancies
and in later stages of refinements Uis, parameters were fixed).

Wyckoff position X Y z Occupancy  Uiso (A?)
Ordered sample

Li—8c 0.0016(13) 0.0016(13)  0.0016(13) 1 0.015
Mn — 4a 0.625 0.625 0.625 0.204(4) 0.006
Ni —4a 0.625 0.625 0.625 0.796(4) 0.006
Mn — 12d 0.125 0.3794(7) -0.1294(7) 0.972(1) 0.006
Ni —12d 0.125 0.3794(7) -0.1294(7) 0.028(1) 0.006
0-8c 0.3861(3)  0.3861(3) 0.3861(3) 1 0.004

0 - 24e 0.1475(3)  -0.1417(2) 0.1263(3) 1 0.007

P4332, a=h=c=8.1947(1), z2 = 18.08, Rp = 8.3%, WRp = 10.56%.

Reference sample

Li —8c 0.0025(20)  0.0025(20)  0.0025(20) 1 0.013
Mn — 4a 0.625 0.625 0.625 0.551(5) 0.006
Ni — 4a 0.625 0.625 0.625 0.449(5) 0.006
Mn — 12d 0.125 0.3806(23)  -0.1306(23) 0.856(2) 0.006
Ni — 12d 0.125 0.3806(23)  -0.1306(23) 0.144(2) 0.006
0-8c 0.3875(3)  0.3875(3) 0.3875(3) 1 0.003
0 - 24e 0.1415(4)  -0.1376(4)  0.1249(3) 1 0.011

P4332, a=h=c=8.2023(1), z2 = 15.29, Rp = 6.1%, wRp = 8.1%.

Disordered sample

Li—8a 0.375 0.375 0.375 1 0.013
Mn — 16d 0 0 0 0.78 0.004
Ni - 16d 0 0 0 0.22 0.004
0-32e 0.2368(0)  0.2368(0) 0.2368(0) 1 0.020

Fd-3m, a=b=c=8.2001(2), »2 = 2.01, Rp = 7.93%, wRp = 7.36%.

Following the characterization of cation ordering, the oxygen deficiency in the samples was also
determined using TGA analysis. For this purpose, all samples were heated and cooled under pure oxygen
flow (see Figure 6a). There is slight oxygen deficiency for the reference when compared to the highly
ordered sample. In contrast, the difference is significantly higher for the fully disordered sample. This
again shows us that the cation ordering is not directly connected with the amount of oxygen deficiency
as samples with similar oxygen stoichiometry can have largely different degrees of cation ordering.

While a precise determination of cation ordering is possible with neutron diffraction, this technique’s
availability to most researchers is limited and often some other analytical tools are used to make
qualitative comparison between ordered and disordered samples. One of these techniques is Raman
spectroscopy, which is sensitive to atom vibrations and crystal symmetries, and is comparatively more
available than neutron diffraction. In Figure 6(b), we show characteristic Raman spectra for the samples
previously investigated by neutron diffraction (ND). For comparison purposes, it should be reminded
that neutron diffraction probes the whole sample depth while Raman spectroscopy is relatively surface
sensitive (typical probing depths of 20-300 nm)*® and LNMO powders used in this work are micron-
scaled. As seen in Figure 6(b), the two most obvious differences are observed for peaks located at 162
and 407 cm™. These are assigned to Ni-O bands and their intensity increases with the degree of
ordering.’®% The spectrum of the ordered LNMO sample displays sharper peaks and also three minor
features approximately around 218 cm?, 240 cm* and 328 cm'%, together with an evident peak splitting
at 594 and 613 cm™ for one of the Mn-O vibrations, matching well with earlier observations.*® All
together, these characteristic peaks for the ordered specimen suggest the formation of a superlattice*



and the sharpness of its Raman bands can be related with well-separated Ni and Mn sites. In fact, the
splitting between the peaks around 594 and 613 cm™* disappears with increasing disorder, yielding only
a broad band in agreement with previous studies.* The intensities of the most intense peaks around 496
cm and 638 cm'* are also changed in disordered and ordered samples, in line with previous reports.*°
The observations made for the reference sample is qualitatively comparable to the neutron diffraction
results and indicates that partial ordering is not solely concentrated near the surface or the core of
micron-scaled samples (since otherwise Raman spectra for the reference sample would be similar to
ordered sample, or disordered sample, respectively).
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Figure 6. Comparison of the amount of oxygen uptake for ordered, reference and disordered LNMO during
heating/cooling under oxygen as obtained from TGA analysis (a). The right y-axis here is given with the
assumption of only oxygen vacancy formation. In (b), normalized Raman spectra for the same samples are shown.
In (c), first voltage curves for the three samples are shown while the inset shows differential charge change with
respect to voltage for the high voltage region.

As a final complementary analysis, we also looked at voltage curves during the first charge, as the shape
of the curve would depend both on cation ordering and oxygen deficiency. The results are shown in
Figure 6(c). Here the curves were obtained from LNMO-LTO full cells (note that LTO has a flat voltage
plateau around 1.55 V vs. Li*/Li). The main differences are observed in the low voltage region (2.2-3.0



V) where mostly Mn3/Mn*" activity is expected. While the behavior of the highly ordered and reference
samples are relatively similar, it is significantly different for the disordered sample. This is in accordance
with the trends observed for oxygen deficiencies (see Figure 6a). This is not surprising since oxygen
deficiencies would introduce Mn®" into the structure. While highly ordered and reference samples were
relatively similar, some differences were still distinct. Highly ordered samples had relatively higher
voltage in this region (2.2-3.0 V) and the plateau had two characteristic shoulders. Splitting of this region
into two shoulders, related to ordering, was reported for Mn-rich samples in previous studies.®*°

The inset in Figure 6(c) shows a zoomed-in view of the 3.0-3.25 V region, and for an easier interpretation
it is represented as ‘dQ/dV vs. V’ in ‘y’ and ‘X’ axes, respectively. There are two high voltage peaks in
this region. The first one has a sharp peak (i.e. flat plateau) at 3.15 V for the ordered sample while it
becomes gradually broadened (i.e. more sloped in the voltage profile) in the reference (~ 3.14 V) and
disordered samples (~ 3.11 V). The second plateau is observed at 3.19 V for all samples and the main
differences occur through peak widths (increase with disordering). During charging, as the Li is
extracted from tetrahedral sites, it would leave vacant Li sites (\VLi). It was reported that a configuration
with Li-VLi—Li—VLi would be energetically favored rather than Li—Li or VLi—VLi pairs, especially at Li—
occupancy (x) = 0.5.4 It was also suggested that cation disordering is compatible with such favorable
Li—VLi configurations for x > 0.5, and accordingly a voltage step near x = 0.5 is observed for disordered
samples.*! In agreement with this explanation, the peak at 3.19 V (x < 0.5) does not move while the
second peak (x > 0.5) shifts to lower values with decreasing cation ordering.

Electrochemical characterization in LNMO-LTO full cells. Following the in-situ and ex-situ
characterization of LNMO samples, testing of electrochemical performance was performed. It is known
that cyclable lithium loss can play a significant role in the fading of LNMO based cells, however, this
type of contribution is only observable in full cells, since there is practically unlimited Li reserves in the
Li electrode in half cells. Additionally, Li electrodes can contribute significantly to internal cell
resistance, especially during high rate cycling. Therefore, LTO was used as negative electrode due to its
good electrochemical stability and rate capability. It was shown in our previous paper that the
electrochemical cross-talk, i.e. migration of oxidized products, dissolved metal ions, etc. from LNMO
to LTO is the main reason of capacity fading.®! If the samples characterized in the previous section (e.g.
highly ordered, partially ordered and fully disordered) have a different tendency towards electrolyte
oxidation and transition metal dissolution, this would also be reflected in capacity during cycling of
LNMO-LTO cells. In the same study,®! it was shown that LTO had limited contribution to cell resistance
during cycling. Therefore, it is possible to evaluate rate capability of different LNMO samples in such
a full cell chemistry. Since performance degradation of LNMO-based cells is accelerated at elevated
temperature, we performed all cell testing at 55°C.

In Figure 7, galvanostatic cycling results of full cells cycled at C/10 rate are shown. It is seen that
differences in capacity and coulombic efficiency are small and are likely within the reproducibility error
of the tested cells. This indicates that the degree of side reactions are similar for all three samples. After
30 cycles, degradation of the highly ordered sample is accelerated (roll-over point) while a similar
behaviour is observed for the reference sample (partially ordered) after 40 cycles. It is likely that the
disordered sample would also reach such a roll-over point if the cycling was to be continued. As seen
from the selected voltage curves in Figure 7(b-d), there is a gradual increase in overpotential with
increasing cycling number, and this increase is more severe for the ordered and reference sample. It is
also seen from voltage curves that the differences in observed capacity fading is dominated by kinetic
limitations evolving during cycling, rather than the differences in cyclable lithium loss, which is in
agreement with the similar coulombic efficiency values.
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Figure 7. Galvanostatic cycling of LNMO-limited LNMO-LTO full cells at 55°C and C/10 rate (a). Selected
voltage curves are shown in (b) for the first cycle, in (c) for the 25t and (d) for the 50™ cycle.

A second set of full cells have also been tested at 1C rate (Figure 8a). The initial performances of all
three samples are comparable, nevertheless a relatively better capacity retention is seen for the
disordered sample. As expected for 1C cycling rate, more drastic roll-over points are observed when
compared to C/10 cycling (Figure 7). First, the highly ordered sample fails, which is followed by the
reference and disordered sample, respectively. These observations indicate that the rate capabilities are
similar for all three samples initially, but that these change during cycling. It is common to attribute the
better performance of the disordered samples to enhanced electronic® and ionic conductivity.*? More
recent studies show that the electronic conductivities are comparable when the whole lithiation range is
considered.*?* Similar values of ionic conductivity have also been reported.* In agreement with these
results, our observations also do not indicate any significant differences in intrinsic rate capability of
samples. On the other hand, after some duration of cycling, disordering (or oxygen deficiency) clearly
improves the retention of initial rate capability. If this capacity difference originates primarily from
structural degradation related to volume change and strain during charging—discharging, the fading rate
would be expected to be more dependent on ‘cycle number’ than on ‘cycling time’. Comparison of
Figure 7 (C/10 rate) and Figure 8 (1C) show that the fading of cells is more dependent on ‘time’ rather
than on ‘cycle number’ which is usually the case when parasitic reactions cause the cell degradation.*
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Figure 8. Galvanostatic cycling results of LNMO-limited LNMO-LTO full cells at 55°C and 1C rate (a). In (b),
similar cells were initially cycled asymmetrically (C/2 for charging and 10C for discharging) and later were
cycled at C/2 rate symmetrically, however, there was a 2 hour constant voltage step (3.5 V) and a 2 hour OCV
step at the fully charged state to make cycling conditions more severe in terms of side reactions on LNMO.

In order to obtain more information on cell degradation, we performed a combined cell testing procedure
(see Figure 8b) with an aim to test both intrinsic rate capability and high voltage stability for the same
cells. Despite the fact that initial performances were similar in Figure 8 (a), intrinsic rate capability can
still play a role in performance degradation. This can be due to slightly higher overpotentials caused by
ordering, especially in the 3.0-3.2 V region. As a possibility, such an overpotential during charging can
accelerate the issues related to high voltage instability and subsequent reduction of power performance.
Therefore, in the first part of cycling, the charging rate was set to C/2 to minimize any effects coming
from differences in the overpotential. In contrast to charging, the electrodes are less prone to side
reactions during discharge. We therefore tested rate capability on discharge and applied a 10C rate so
that any difference due to intrinsic rate capability would be easier to observe. In Figure 8(b), for nearly
15 cycles all cells behave similarly even at a high rate of 10C. Changes instead only evolve afterwards.
In the second part of testing, the charging rate was again C/2, however, this was followed by a constant
voltage step at 3.5 V for a duration of two hours, and a subsequent OCV time-step (two hours). These
steps were added to ensure ‘similarly severe’ conditions for all samples in terms of high voltage stability.
Thus, any possible effect of overpotential would be eliminated. As the results demonstrate, adding those
steps accelerate cell fading dramatically even at C/2 rate. The results in Figure 8(b) confirm that the rate
capabilities are almost the same initially, even at 10C discharging rate. The different electrochemical
performances mainly originate from the changes occurring during cycling, which is seen to be more
time dependent, particularly for time when the batteries are in the high voltage region (i.e. low lithiation
states).



Conclusions

In this study, the cation ordering—disordering transition in slightly Mn-rich LNMO has been studied
during heating and cooling under pure oxygen atmosphere. As expected, TGA analysis confirms that
the oxygen release from LNMO is shifted to higher temperatures (725-730 °C) when samples are heated
under pure oxygen instead of air. However, cation ordering—disordering transition temperature (To-p)
does not shift accordingly and the transition to disordering begins earlier, at 630°C. Therefore, the
disordering occurs in a temperature region where oxygen release is not observed, and it can be concluded
that there is not a direct relation between oxygen release and (To p), as suggested earlier.® It is also
observed that ordering-disordering transition takes place through a temperature window in which
ordering gradually decreases as opposed to a full transition at a certain temperature.

There is theoretical evidence that cation disordering would favor single-phase delithiation reactions,
enabling access to solid-solution reaction paths, which is expected to be beneficial for electrochemical
performance.?® If it is only the disordering that improves the performance, but not the Mn3* presence
and oxygen deficiency, then the minimization of Mn** content while still maximizing the disordering
would be desired for this material. Our in-situ ND experiment shows that it is indeed possible to tune
disordering without causing oxygen deficiency nor rock-salt impurity phases, since no direct relation
between oxygen release and To_p was found. For such a purpose, the three most important parameters
to be considered will be the annealing temperature, gas environment (e.g. oxygen pressure) and cooling
conditions.

In the second part of this study, LNMO powders were heat treated to obtain ‘ordered” and ‘disordered’
samples as could be categorized in the literature and samples were quantitatively characterized together
with the starting powders to determine their relative oxygen content and cation ordering.
Electrochemical testing in full cells showed that even at 10C discharge rate (at 55°C), initial
performances of all three samples are nearly identical. This observation contradicts the generally
accepted explanation that disordered LNMO has a better intrinsic rate capability, while being in
agreement with some recent publications*?* which suggest no significant difference in electronic and
ionic conductivity of ordered and disordered samples. However, as the cycling proceeds, fast
degradation of rate capability was observed for highly ordered samples while the retention was better
for disordered samples. If the degradation was mainly originated from subsequent phase changes and
expansion/shrinkage during cycling, dependency on cycle number would be expected. Surprisingly, this
degradation is rather dependent on time than on number of cycles, and this indicates that the reasons
behind the degradation are more related to instability of LNMO at higher voltages — i.e., at lower
lithiation states. Even though similar coulombic efficiencies were observed for all samples, the
differences in electrochemical performance might still originate from variances in reaction products (e.g.
products causing pore clogging)*! or structural changes such as formation of reconstruction layers (e.g.
rock-salt surface layers)**“® or transition metal dissolution,*® etc. Future work should be performed to
determine if it is the disordering or oxygen deficiency that dominates the differences in electrochemical
performance. In light of these findings, we suggest that upcoming studies should focus on the
performance comparison of LNMO that have varying amount of ordering but having the same oxygen
content. Our findings from the first of part of this study will hopefully guide such future studies.
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